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Relaxation in silicate melts 
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Abstract: The glass transition is a kinetic barrier that divides the behavior of silicate melts into two types, liquid and 
glassy. Liquid behavior is the equilibrium response of a melt to an applied perturbation, resulting in the determina-
tion of an equilibrium liquid property. The equilibrium may be stable (superliquidus) or metastable (subliquidus). 
Glassy behavior occurs when the timescale of the perturbation is too short for melt equilibration. This can occur 
when the frequency of an applied sinusoidal perturbation is too high or when the observation time of an experiment 
is too short. The time- or frequency-dependent response of the structure and properties of a melt to a perturbation 
is termed relaxation. Liquid and glassy behavior are relaxed and unrelaxed behavior, respectively. 

Linear viscoelastic theory provides mechanical models for the prediction of the isothermal transition from liquid 
to glassy behavior. A simple series combination of Hookean spring and Newtonian dashpot (a Maxwell element) is 
capable of predicting the timescale corresponding to the glass transition from the ratio of the relaxed viscosity to the 
infinite frequency elastic modulus. We review some experimental work on silicate melts that can be used to 
constrain the location of the glass transition in time-temperature space at 1 atm pressure (e.g., ultrasonic wave 
propagation, fiber elongation, torsional testing, scanning calorimetry). 

The microscopic origin of the glass transition in silicate melts is related to the exchange ofSi-O bonds. Recent" Si 
NMR work indicates that the Si-O bond exchange frequency matches the timescale of the glass transition. This 
explains the Newtonian viscosity of silicate liquids. No extended species (e.g., "polymers") can exist at higher 
temperatures and longer timescales than the lifetime of the fundamental Si-O bond. Silicate melts, however, become 
non-Newtonian as the strain rate approaches the equilibration rate of the Si-O bonds. Such a correlation between 
Si-O bond exchange and the viscous flow mechanism, in turn, explains the success of the Eyring relationship in 
relating high temperature oxygen and silicon self-diffusion to viscosity. 

Knowledge of the structural relaxation timescale is important in extracting equilibrium information from studies 
of the structure and properties of quenched glasses. Quench rate-dependent speciation data for glasses imply a 
temperature-dependence of the species equilibrium in the liquid state. Estimation of the relaxation times associated 
with the quench rates allows reconstruction of the temperature-dependence of homogeneous equilibria in liquids. 

Experimental work on silicate melts should consider the location of the experimental method in time-tempera-
ture space, with respect to the glass transition. Diffusivity measurements, for example, are influenced by the glass 
transition. When the duration of a diffusivity experiment crosses the volume relaxation time, an inflection in the 
temperature-dependence of diffusivity of cations is observed. A second "transition" in diffusivity behavior is 
expected to occur at higher temperatures when the diffusivity of network oxygen and silicon approaches that of 
other cations. 

Key-words: structural relaxation, viscosity, diffusivity, speciation, non-Newtonian, quench rate, silicate melt, liquid, 
glass. 

1. Introduction 

The glass transition has been described as "that 
phenomenon... in which a solid amorphous 
phase exhibits with changing temperature a more 

or less sudden change in the derivative thermody-
namic properties such as heat capacity and ther-
mal expansivity from crystal-like to liquid-like 
values" (Wong & Angell, 1976). The development 
of frequency domain methods for experimental 
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determination of physical properties (e.g. ultra-
sonic inteferometry, a.c. calorimetry) has demon-
strated that such behavior characterizing the glass 
transition may also be observed at constant 
temperature by varying the frequency of observa-
tion (Tauke et al, 1968; Birge, 1986). Frequency 
domain observations of the glass transition can 
probe the frequency-dependence of the relaxation 
of various structural elements of an equilibrium 
melt structure at a single temperature. In contrast, 
the temperature-dependence of melt properties 
near the glass transition result from the relaxation 
of structural elements of the melt superimposed 
upon the temperature-dependence of the equilib-
rium configurational state. The generalization of 
these features defining the glass transition in 
temperature-time space are the subject of this 
paper. 

The key to understanding the dynamics of sil-
icate melts lies in the determination of the re-
sponse or relaxation time of macroscopic and mi-
croscopic melt properties. The glass transition re-
presents the highest temperature relaxation 
process observed in silicate melts. Above the glass 
transition (at longer times and higher tempera-
tures) the silicate melt is a true liquid in equilibri-
um with, and "instantaneously" (i.e., faster than 
the observation timescale) responding to, pertur-
bations in stress, temperature and electrical fields 
(section 1.). 

Recent, careful observations of the "freezing 
out" of structural degrees of freedom across the 
glass transition have begun to yield a mechanistic 
description of the processes responsible for struc-
tural relaxation (section 2.). 

A knowledge of the thermal history of glass 
permits the estimation of the "Γictive" or last 
equilibration temperature of the liquid during 
cooling. Such data, combined with quench rate-
dependent glass property data, yield estimates of 
the temperature-dependence of the liquid struc-
ture or property (section 3.). 

By measuring physical properties across the 
glass transition it is possible to model disequilib-
rium behavior of natural melts during igneous 
processes and experimental studies (section 4.). 

The glass transition has an influence on most 
physical properties of silicate melts. In order to 
understand the observed physical properties of a 
melt in any given experiment, two timescales must 
be considered, the experimental dwell time (ΓJ) 
and the inverse of the probe frequency (rp) (sec-
tion 5.). 

2. The glass transition 

2.1. Viscoelasticity 

Fig. 1 is a representation of the glass transition in 
temperature-time space. The line divides the dy-
namic behavior of silicate melts into two fields of 
response; a liquid field at long timescales and high 
temperatures and a glass field at short timescales 
and low temperatures. The response of silicate 
melts in the liquid field is termed "relaxed" and 
the response in the glass field is termed "unre-
laxed". The glass transition "temperature" varies 
with the timescale of the laboratory measurement 
but the relatively restricted timescale range (10 to 
1000 sec) of most classical (calorimetric, dilato-
metric) determinations of the glass transition 
temperature (Tg) has made it useful to define a 
single glass transition temperature for most prac-
tical considerations in glass-making. 
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Fig. 1. The glass transition in temperature-time space. 
The liquid and glass fields are defined as relaxed and 
unrelaxed, respectively. The vertical section A—B 
across the glass transition is illustrated in Fig. 2. The 
glass transition line is the locus of mean relaxation 
times at varying temperature. 

The glass transition is, on closer inspection, a 
region of mixed, relaxed and unrelaxed, or "par-
tially relaxed" behavior. An isothermal section 
through the glass transition curve is illustrated in 
Fig. 2 with the example of stress — strain behav-
ior. If a sinusoidal perturbation of the shear stress 
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Fig. 2. Calculated frequency-dependent behavior of longitudinal, volume and shear viscosities (ηL, ηv and η$, 
respectively) and moduli (M, K and G, respectively) of a linear viscoelastic material with a relaxation time, T, plotted 
as a function ofωr, where ω is the angular frequency of the applied sinusoidal stress. The subscripts "0" and "o°" 
indicate zero frequency and infinite frequency values. 

field is applied to a silicate melt near the glass 
transition then the strain response recorded will 
be a mixture of viscous dissipation or "loss", and 
elastic "storage", of strain energy. Alternatively, 
the response of melt properties (e.g., volume) re-
sulting from a step function in the external condi-
tions (e.g., stress) consists of three segments: an 
instantaneous, elastic segment, a delayed, recov-
erable component and a delayed non-recoverable, 
viscous component. In both cases, (frequency 
domain or time domain) the proportions of 
energy storage and loss can be described in terms 
of mechanical components which model the ma-
croscopic linear viscoelastic behavior of the melt. 
The simplest mechanical model of linear visco-
elasticity (Maxwell, 1867) is a series combination 
of a viscous dashpot with Newtonian viscosity η 
and a Hookean spring with elastic modulus M 
(or its inverse, compliance J). The components 
are illustrated in Fig. 2. The relaxation timescale 
(r) defining the glass transition curve in Fig. 1 
corresponds to the timescale calculated from the 
ratio of Newtonian viscosity to infinite frequency 
elastic modulus. 

T=A//M00. (1) 

In Fig. 2, the viscoelastic behavior in the vicinity 

of the relaxation time is illustrated in terms of the 
phase shift (q? (ω)) of measured strain (e* (ω)) with 
respect to applied sinusoidal stress (or* (ω)) by 
plotting real (M') and imaginary (M") compo-
nents of the modulus across the glass transition, 
where 

M(ω) exp i(p(ω) = M'(ω) + iM"(ω) (2) 
= a*(ω) / £*(ω), 

(Kampfmann & Berckhemer, 1985). The maxi-
mum of the imaginary component and the inflec-
tion in the real component of the modulus corres-
pond to the mean relaxation time. For the Max-
well element, the relaxation function (M") is 
described by a Debye function with a full width at 
half maximum of 1.14 logio units of time (or fre-
quency). 

Fig. 3 illustrates that the real behavior of sil-
icate melts is more complex than that described 
by the Maxwell model. Fig. 3a presents the results 
of Mills (1974) for torsional stress relaxation in a 
sodium trisilicate glass. The frequency of the ap-
plied sinusoidal torsional stress was varied and the 
resulting phase shift of strain was recorded. The 
resulting distribution of real and imaginary com-
ponents of the shear modulus (G' and G", respec-
tively) indicate a significant broadening of the vis-
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Fig. 3. The real and imaginary components of the shear (torsional) and electrical moduli for sodium trisilicate melt. 
Torsional data from Mills (1974) (M' in units of 10n dyne/cm2, M" in units of 1010 dyne/cm2) and normalized 
electric modulus data from Provenzano et ah (1972). 

coelastic region and a distinct asymmetry skewed 
towards higher frequency, compared with the 
Maxwell model. These two features of stress re-
laxation have been observed in numerous relaxa-
tion studies of silicate and non-silicate materials 
and appear to be a general feature of the relaxa-
tion process, unrelated to chemistry. Fig. 3b illus-
trates the same general features for the electrical 
modulus obtained from electrical field relaxation 
studies in sodium trisilicate glass (Provenzano et 
al, 1972). Other examples of frequency domain 
investigations of relaxation include flexural, ultra-
sonic (Tauke et al., 1968) and a.c. calorimetric 
(Birge, 1986) techniques. In each case the struc-
tural relaxation of the sample is recorded from 
the observation of a different physical property 
such as heat capacity, elastic modulus or electrical 
conductivity. 

One additional feature of stress relaxation in 
silicate melts is illustrated in Fig. 4 where the vis-
cosity determined by longitudinal acoustic wave 
propagation (Rivers & Carmichael, 1987) is com-
pared with the shear viscosity determined from 
concentric cylinder viscometry (see references in 
Rivers & Carmichael, 1987). The longitudinal vis-
cosity is related to the shear viscosity by 

where η^ηy and ηs are the longitudinal, volume 
and shear viscosities, respectively. If we set the 
shear and volume viscosities to be equal, then the 
solid line in Fig. 4 is the expected result. The 
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Fig. 4. The relationship between longitudinal and shear 
viscosities in silicate melts. The solid line represents the 
correlation predicted from the assumption that the vol-
ume and shear viscosities are equal. The dashed line is 
the best fit from a least squares regression and lies with-
in \o of the theoretical line. The longitudinal data are 
from Rivers & Carmichael (1987) and the shear data are 
from references therein. (Reproduced from Dingwell & 
Webb, 1989a.) 
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dashed curve of Fig. 4 represents the best fit to the 
available data which lies within error of the solid 
curve (Dingwell & Webb, 1989a). This equival-
ence of the shear and volume viscosities combined 
with data for the shear and volume (or bulk) 
moduli (see below), permits the comparison of 
volume and shear relaxation studies. 

2.2. Γ curves 

The shear viscosity of silicate melts ranges over 
several orders of magnitude with temperature 
and with composition (e.g., Fig. 1 of Richet, 
1984). In contrast, the value of the shear modulus 
is relatively constant at logio G^ (Pa) = 10 + 0.5 
(Bansal & Doremus, 1986; Bucaro & Dardy, 
1974). The Maxwell relationship (Eqn. (1)) thus 
illustrates that the shear viscosity of a silicate melt 
is a near linear measure of the shear relaxation 
time for the melt (Angell, 1984; Angell, 1988; An-
gell & Torrell, 1983). Values of the shear relaxa-
tion time of several silicate melts, calculated using 
Eqn. (1) and setting logio G^ (Pa) = 10, are 
illustrated in Fig. 5 in temperature-time space. It 
can be seen from Fig. 5 that the range of relaxa-

tion times corresponding to the glass transition 
for each silicate melt composition is very large. 
SiO2 melt has the longest relaxation time at any 
temperature, while sodium disilicate has very 
short relaxation times. Some of the curves cross 
with decreasing temperature and the curvature 
can vary significantly, indicating that the temper-
ature-dependence of structural relaxation is rela-
tively complex. As noted above, the glass transi-
tion "temperature" of each melt composition oc-
curs approximately where the T curves of Fig. 5 
cross the range of 10 to 1000 s. Thus the glass 
transition temperature of SiO2, obtained using 
experimental methods in the time range of 10 to 
1000 s, occurs at = 1100 °C whereas that of sodi-
um disilicate occurs at = 450 °C. The glass tran-
sition temperatures obtained from Fig. 5 at 10— 
1000 s should and do correspond to Tgdata from 
scanning calorimetry (Martens et a/., 1987) and 
dilatometry (Richet, 1984). These T curves record 
the timescale of measurements required to ob-
serve the glass transition at a specific temperature. 
For example ultrasonic measurements at timesca-
les of 10~7 s record a glass transition of 840 °C for 
sodium disilicate whereas torsion measurements 
at a timescale of 1 s record the glass transition at 
500 °C. 

Fig. 5. The liquid-glass transition as a func-
tion of temperature plotted for several sil-
icate melts calculated from Eqn. (1). The 
viscosity data used are from references in 
Richet (1984), for SiO2, AB-albite, AN-anor-
thite, Dl-diopside: Astin (1962: 710-soda 
lime SRM 710). (Redrawn from Dingwell & 
Webb, 1989a.) 
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2.3. Atomistic origin 

The self diffusivity of oxygen in silicate melts has 
been correlated with shear viscosity through the 
Stokes-Einstein and Eyring equations (Glasstone 
et al, 1941; Dunn, 1982; Shimizu & Kushiro, 
1984). The Eyring equation is: 

D = YX/ηλ (4) 

for D, k, T, η and λ, the oxygen diffusivity, 
Boltzmann's constant, temperature (K), viscosity 
and the diffusive jump length, respectively. 

Shimizu & Kushiro (1984) have plotted shear 
viscosity versus oxygen diffusivity for a number of 
melt compositions. Their Fig. 2 (redrawn in Fig. 
6) indicates calculated viscosities that are close to 
the Eyring prediction for an oxygen atom as the 
diffusing unit. When the longitudinal viscosity 
(2.33 t/s) is substituted for shear viscosity (ηs) in 
the comparison of Shimizu & Kushiro (1984) the 
data are within error of the prediction of Eqn. 
(4), using a diffusing species diameter of 2.8 X 
10~10 m. This supports the proposal that the basic 
unit of viscous flow is the diffusive jump ofO2". 

The Eyring equation fails for oxygen in SiO2. 
The calculated diffusivities for the Si-O bond 
breaking mechanism using Eqn. (4) (viscosity 
data from Hofmaier & Urbain, 1968) are up to 3 
orders of magnitude slower than oxygen diffusivi-
ties measured using isotopic gas permeation or 

exchange methods (Sucov, 1963; Williams, 1965; 
Muehlenbachs & Schaeffer, 1977). This may be 
explained by the proposal (e.g., Muehlenbachs & 
Schaeffer) that these experiments involve trans-
port of physically dissolved O2 gas. This interpre-
tation is consistent with the low activation energy 
(-20kcalmole"1)forthe process (Muehlenbachs 
& Schaeffer, 1977; Schaeffer & Muehlenbachs, 
1978; Schaeffer, 1984). The Eyring equation pre-
dicts the diffusivity of Si in silicate melts (see Fig. 
19). It is possible that the Eyring equation will 
predict the timescale of O diffusion in SiO2 in the 
absence of physically dissolved O2 gas. 

Further information on the basic viscous flow 
process comes from high-temperature static 29Si 
NMR work of Liu et al (1988). They have studied 
the static 29Si NMR spectrum of Na2Si2O5 melt as 
a function of temperature (Fig. 7). At low 
temperature they observed a distribution of Q 
species including Q2, Q3 and Q4. At temperatures 
near 650 °C the distinction of Q species was lost 
and a single time-averaged position of the Q spe-
cies was obtained. At temperatures near the loss 
of resolution of the Q species, Liu et al. (1988) 
have used the resonant frequency difference be-
tween Q species as an estimate of the rate of ex-
change. We have plotted the range for their esti-
mate of the timescale of Q species exchange in 
Fig. 1. It falls within error of the r curve for Na2 

Si2O5. This is consistent with the idea that the ex-
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Fig. 7. Location of the glass transition using 
Si T2 (spin-spin) relaxation times from the 

nuclear magnetic resonance study of Liu et 
al. (1988). The loss of species distinction 
across the glass transition is consistent with 
Si-O bond exchange at the timescale of 
structural relaxation. Also plotted are the 
torsional data of Mills (1974). (Inset re-
drawn from Liu et al, 1988.) 
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change of oxygens between Si atoms is the origin 
of the glass transition. More recent, better data 
and lineshape simulations on K2Si4O9 liquid con-
firm this behavior (Farnan & Stebbins, 1990). 
These results indicate that it should be possible to 
study the temperature-dependence of the struc-
ture of relaxed silicate melts using high-tempera-
ture NMR. The experiments must be performed 
at temperatures high enough to accomplish struc-
tural relaxation on a reasonable dwell timescale 
(rd, see section 5.2) but low enough to maintain 
bond exchange frequencies lower than the NMR 
probe frequency (TP, see section 5.3). This should 
be possible for a reasonable temperature range, 
for example, for Na2Si2O5 melt. 

3. Quench rates 

3.1.q curves 

Data obtained on glasses cannot be used to pre-
dict liquid behavior without an understanding of 
the kinetic barrier separating the two, i.e., the 

glass transition. Given a quench rate-dependence 
of the glass transition, however, the quench rate 
may be used as the independent variable in indi-
rect studies (on glasses) of the temperature-de-
pendence of the liquid structure. A large number 
of microscopic (e.g.. Infrared, Raman, NMR, 
Mossbauer) and macroscopic (density, heat capac-
ity, thermal conductivity, mass and thermal dif-
fusivity) investigations of glasses have been per-
formed in an effort to constrain the structure and 
behavior of silicate liquids that form the domi-
nant component of igneous processes. Few of the 
studies reported in the geological literature, how-
ever, contain a treatment of the glass transition 
in interpreting the data. As a result, one potential-
ly important aspect of liquid structure, i.e., its 
temperature-dependence, is very poorly con-
strained. Below we illustrate that the glass transi-
tion can be controlled, by varying quench rate, to 
yield information on the temperature-dependence 
of liquid structure and properties. The method is 
based on recent estimations of the quench rate-, 
temperature- and composition-dependence of the 
Active or equilibration temperature of silicate 
melts (Scherer, 1984; Dingwell & Webb, 1989 
a,b). 
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One of the earliest models of the glass transi-
tion was presented by Tool & Eichlin (1931) who 
proposed that a single parameter, in addition to 
the number normally required to define the equi-
librium state of the system (via the phase rule), 
could be specified, in order to predict glass prop-
erties. The single "rate" parameter proposed was 
termed the "fictive" temperature of the glass. If 
the timescale of relaxation or equilibration of a 
glass were single-valued then the fictive tempera-
ture concept would predict glass properties exact-
ly. In practice, this is not so and thus modifica-
tions to the original fictive temperature concept 
were subsequently found to be required for 
glasses with complicated thermal histories (Rit-
land, 1954) and for the description of the relaxa-
tion process in detail (e.g., Kurkjian, 1963; Na-
rayanaswamy, 1971) and far from equilibrium 
(Scherer, 1986). The fictive temperature concept 
however, remains valuable in predicting liquid 
properties from glass data (Moynihan et aL, 1976; 
Narayanaswamy, 1988) and is an important first 
step towards characterizing the temperature of 
equilibration recorded by a glass structure. 

The significance of quench rates in experimen-
tal studies of liquid silicates can be illustrated in 
time-temperature space. Fig. 8 is a schematic plot 
of time versus reciprocal absolute temperature. 
The upward curving line represents the glass tran-
sition between equilibrated, liquid properties (at 
Jong timescales and high temperatures) and un-
equilibrated, glass properties (at short timescales 
and low temperatures). An experiment performed 
by holding a melt at a dwell temperature for a 
certain time is represented in Fig. 8 as a point in 
time-temperature space. In order to achieve equi-
libration, the dwell point of an experiment must 
lie on the high-temperature, long timescale side of 
the Γ curve for the composition being studied. 

The equilibration time pertaining to a given 
quench rate is a constant, independent of tempera-
ture (Ritland 1954; Moynihan et aL, 1976; Scherer, 
1986). The locus of points defining the equilibra-
tion time at the glass transition, obtained during a 
single quench rate, defines a horizontal line in 
Fig. 8. These quench lines may be termed "q" 
curves. It is the relationship between the (1) exper-
imental dwell point, (2) quench (q) curve and (3) 
glass transition (r) curve which determines the fic-
tive or true equilibration temperature of glass 
properties dependent on the configuration or 
mobility of oxygens, measured in quench glasses. 
It is the intersection of the q and r curves that 
yields the value of the relaxation time at the glass 

1/T 

Fig. 8. Illustration of the relationship between quench 
rate, dwell point and the glass transition in silicate melt 
studies. Of the four experimental quenches of the sam-
ple from the equilibrated dwell point, only the fast 
quenches, C and D record the speciation extant at the 
dwell temperature. Quench rates A and B are too slow 
and the sample re-equilibrates during the quench to 
a lower glass transition value (Tg). A quench rate-
dependence of speciation here indicates a temperature-
dependence of speciation in the liquid. 

transition temperature. Fig. 8 illustrates four 
cases that are distinguishable with respect to the 
dwell point and the r curve: A, B, C, and D. In 
case A, a slow quench rate has been chosen. The 
dwell time of the experiment is shorter than the 
equilibration timescale corresponding to the 
quench rate. The equilibration time of the quench 
intersects the r curve at a lower temperature than 
the dwell temperature. This intersection of the q 
curve with the r curve is the fictive temperature, 
the effective temperature of last equilibration of 
the cooling liquid. In case B, a faster quench rate 
has been chosen, the timescale corresponding to 
the chosen quench rate is shorter than the equili-
bration time of the dwell point and thus the 
quench or q curve crosses the r curve at a point 
that is at lower temperature than the dwell 
temperature, but at higher temperature than the 
fictive temperature of case A. This last point is 
crucial. Two different quench rates yield two dif-
ferent equilibration temperatures. Thus knowl-
edge of the location ofq and r curves permits the 
calculation of equilibration temperatures as a 
function of quench rate. Continuing with case C, 
the quench rate has again been increased. In this 
case the equilibration time corresponding to the 
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quench rate is high enough that the q curve 
crosses the x curve at a temperature above the 
dwell temperature. The intersection of the q and x 
curves no longer defines the glass transition 
temperature, which is fixed instead at the dwell 
temperature. Comparison of cases B and C illus-
trates that it is the lower of the dwell temperature 
or the x curve — q curve intersection temperature, 
that defines the Γictive temperature of the resul-
tant glass. In practice, the quench rates needed to 
achieve case C are quite high, see below. Case C is 
assumed implicitly (and often incorrectly) in stud-
ies that assign dwell temperatures to glass spec-
tra in order to infer high temperature liquid struc-
ture, from glass data. 

Finally, the Active temperature obtained in case 
D is equal to that for case C. The experimental 
observation of a quench rate-dependence of spe-
ciation or properties corresponds to cases equi-
valent to A and B. An experimental observation 
of quench rate-independent structure or proper-
ties may correspond to cases C and D. If a quench 
rate-dependence is observed, then (1) the property 
must be temperature-dependent, (2) the resultant 
properties cannot correspond to the dwell 
temperature of the experiment and (3) the true 
temperature-dependence of the property can be 
estimated from an analysis of the q and x curves. 
If a quench rate-dependence of the measured 
property is not observed, then either (1) the prop-
erty is not measurably temperature-dependent, (2) 
the range of quench rates is too small or the slope 
of the x curve is too high to access a sufficient 
range offictive temperature or (3) the actual dwell 
temperature state is being preserved (Fig. 8, case 
C and D). This discussion is quantified below. We 
note here that recent studies of silicate glasses 
have demonstrated a significant quench rate- (and 
thus temperature-) dependence of speciation for 
reactions involving Na and H in silicate liquids 
(Brandriss & Stebbins, 1988; Silver, 1988, respec-
tively). 

3.2. Equilibration and preservation 

A common experimental strategy for the investi-
gation of silicate melt structure by studying glass 
properties is to dwell a melt at high temperature 
for a certain time and then to quench the melt as 
fast as possible, using a single quench rate. 

Three possibilities exist for the dwell equilibra-
tion and subsequent re-equilibration during 
quenching of speciation and properties in silicate 
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Fig. 9. Equilibration versus preservation in silicate melt 
studies. Case A is an equilibrated but unquenchable 
state. Case B is an unequilibrated but quenchable state. 
Case C is an equilibrated and quenchable state. 

liquids that are quenched to glasses. These are 
schematically illustrated in Fig. 9 where three 
cases, using the same single quench rate, are illus-
trated. Cases A, B and C have different relation-
ships to the T curve. Each case portrays a time 
series of experiments; the sort of test for equili-
bration that is often carried out in silicate liquid 
studies. The experiments of increasing duration 
are represented by a series of points lying on ver-
tical (isothermal) lines. In case A all the experi-
ments lie well above the relaxation curve (i.e. at 
longer times and higher temperatures) and the 
melt is equilibrated (i.e. a relaxed liquid). Upon 
the fastest possible quench however, case A yields 
an equilibration temperature (q — x intersection) 
that is considerably below the dwell temperature. 
In other words, case A is equilibrated but un-
quenchable. Case B is a time series of experiments 
that have not achieved equilibrium. The location 
of the dwell points below (at shorter times and 
lower temperatures than) the x curve indicate this 
and also indicate that the speciation obtained du-
ring these experiments will be preserved during 
the quench. These experiments are unequilibrated 
but quenchable. The evidence of such behavior 
would be a time-dependence of speciation if the 
time series approaches the x curve. (If the time 
series remains remote from the x curve, then no 
change will occur in the starting glass.) Case C is 
the desired case. In this case the experiments have 
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equilibrated as indicated by their position with 
respect to the T curve and the dwell temperature 
has been preserved because the quench rate corres-
ponds to an equilibration timescale shorter than 
the liquid's relaxation time (the x curve) at this 
temperature. Clearly, case C is the goal in studies 
of liquid structure conducted on quench glasses 
that assign the resultant data to the dwell temper-
ature of the experiment. Case C does not hold 
for many experiments performed on low viscosity 
liquids using currently available quenching tech-
niques. The consequence of this is that quench rate 
must be used as an independent variable in such 
glass studies. 

3.3. Quantifying q 

The observed quench rate-dependence of specia-
tion and properties of glasses can be used to 
quantitatively reconstruct the temperature-de-
pendence of the structure and properties of sil-
icate liquids, the goal of many workers (e.g., Sei-
fert et al, 1981; Liu et a!., 1988). 

As noted above, the simplest model for predict-
ing viscous versus elastic response is that of Max-
well (1867) where the timescale that divides vis-
cous from elastic behavior is given by the ratio of 
the shear viscosity to the shear modulus (Eqn. (1)). 
Although equation (1) is not an exact description 
of relaxation/equilibration in complex silicate 
melts (Fig. 3) or glasses with complex thermal 
history, several workers have demonstrated that 
the location of the mean relaxation time corres-
ponding to the glass transition in temperature-
time space may be closely approximated using 
Eqn. (1) (Moynihan et al., 1976; Scherer, 1986; 
Narayanaswamy, 1988). 

The calculation of q curves is derived from the 
scan rate-dependence of the glass transition 
temperature in scanning calorimetry (e.g., Scher-
er, 1984). When this scan rate — glass transition 
temperature is compared with the temperature-
dependence of viscosity (Fig. 10), equivalent 
slopes are obtained, as would be expected if the 
microscopic origin of these shear and enthalpic 
relaxations is the same. Given an equivalence of 
mechanical (shear) and enthalpic relaxation in sil-
icate liquids the relaxation time (Eqn. (1)) pertain-
ing to a given scan (quench) rate can be obtained 
via 

log107* (Pa s) = logio 101 ] 3(Pa K) - log101 q| (K/s) 
= logiorq(s) + log io Goo (Pa) (5) 

where q is the quench rate, η* is the viscosity at 
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Fig. lO. The quantification of relaxation times corres-
ponding to quench rates. Comparison of the quench 
rate-dependence of the glass transition using differential 
scanning calorimetry (dots) with the temperature-de-
pendence of viscosity (line) reveals similar slopes linking 
enthalpic and shear relaxation at the glass transition. 
(Redrawn from Scherer, 1984.) 

the glass transition (Scherer, 1984) and rq is the 
equilibration time of the quench or q curve; this 
has been done in several glass science studies 
(DeBolt et al., 1976; Scherer, 1986; Crichton & 
Moynihan, 1988). 

Now that the q and r curves (see section 2.2) 
have been quantified they can be plotted in 
temperature-time space and the fictive tempera-
ture of a given class can be read as their intersec-
tion. The viscosity for most simple silicate melts 
can be found in one of the literature reviews (e.g., 
Bansal & Doremus, 1986; Ryan & Blevins, 1987). 
Complex melt viscosities can be estimated from 
the schemes of Bottinga & Weill (1972) or Shaw 
(1972), usually to an accuracy of ± 0.5 logio units. 
The shear modulus or modulus of rigidity in Eqn. 
(l) is that for the glass. Bansal & Doremus (1986) 
have compiled G^ values for a wide range of sili-
cate glasses. Their compilation indicates that the 
composition- and temperature-dependence of G^ 
is very slight (relative to viscosity variations). 

The fastest quench rates used in silicate glass 
work are limited by the thermal conduction with-
in a quenching sample of the required size. Drop 
quenches are probably no better than = 500 °C/s. 
Faster quench techniques on smaller samples can 
extend this range to = 104—105 °C/sec. The slow-
est quench rates are limited by phase separation 
concerns (i.e., crystallization or liquation) and 
this constraint varies widely with melt composi-
tion. Rate cooling as slow as degrees per hour is 
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probably a generous lower limit on experimental 
q values. This yields a range of approx. 3.5 logio 
units of q accessible for silicate liquids. A quench 
rate of 500 °C/s yields fictive temperatures of ap-
proximately 1500, 1100, 800 and 550 °C for SiO2, 
NaAlSi3O8, CaMgSi2O6 and Na2Si2O5 liquids, re-
spectively. Although the viscosity data are less 
well constrained, the fictive temperatures (at 
500°C/s) for anhydrous rhyolite, andesite and 
basalt are, approximately, 1100, 800, and 600 °C, 
respectively. The assignment of homogeneous 
equilibria obtained from glass spectra, to temper-
atures above these limits, presumes that such dis-
placive equilibria can be frozen in well above the 
glass transition: an assumption that has no experi-
mental support. 

We have seen that both viscosity and quench 
rate are linearly proportional to relaxation time. 
The relaxation time corresponding to the dwell 
temperature of an experiment is the relaxation 
time that must be achieved by the quench to pre-
serve the equilibria. We can quantify this in terms 
of an inequality corresponding to equation (5). 

logio//*(Pas)>log l o10113(PaK) 
- log io |q | (K/s ) (6). 

In order to preserve the structure of a melt 
residing at a dwell temperature, the quench rate 
must be chosen so that relationship (6) holds for 
the viscosity of the melt at that temperature. 
Alternatively, the maximum temperature structure 
quenchable using a known quench rate is given by 
the temperature at which the viscosity of the 
liquid yields an equality for relationship (6). 

3.4. Water — an example 

The reaction to be considered is 

2OH " ^ H 2 O + Om
2" (7) 

where H2O is molecular water, Om
2~ is a "dry" 

oxygen (structurally bound to an anhydrous 
component of the melt) and OH" is a hydroxyl 
group dissolved in the melt. In a fully polymer-
ized melt such as rhyolite, the dry oxygen is a 
"bridging oxygen", bonded to two tetrahedral ca-
tions, and represents the strongest bonds in the 
liquid. Thus a bridging bond must be broken for 
reaction (7) to proceed to the left and one must be 
formed for progress to the right. In a situation 
where all reactants are in the vicinity of the reac-
tion site, we can reasonably suppose that the pro-
gress of reaction (7) will be rate-limited by the 
formation and breakage of the strongest bond in 

the reaction. For the case of reaction (7) this leads 
to the conclusion that the exchange frequency of 
the oxygen bridging bonds to O^" is the rate-lim-
iting step. This exchange frequency corresponds 
to the structural relaxation time of rhyolite melt 
(Webb & Dingwell, 1990a). Thus the r curves of 
hydrous rhyolite should record the glass transi-
tion with respect to reaction (7). 

One further consideration concerns the concen-
tration ofreactant OH" in the melt. Water contents 
from 1 to 3 wt. % correspond to minimum (un-
dissociated) mole fractions of 0.02 to 0.09. Two to 
9 % of the oxygen atoms are therefore coordinat-
ed by hydrogens (any dissociation increases this 
number). Thus (in the most ordered case) the 
OH" component could be spaced out by several 
Si-O bond lengths. In this case, diffusion of a 
second OH" to the reaction site is necessary be-
cause 2 OH" are required for reaction (7). It is 
conceivable that this diffusion could rate-limit 
reaction (7) when progressing to the right (i.e., 
during a quench). To evaluate this possibility we 
can calculate the average spacing of hydrous spe-
cies (in units of oxygen bond lengths) in a rhyolite 
melt at a given concentration of dissolved water, 
as the cube root of the reciprocal of the mole 
fraction. For 1 wt. % water (2 mole %), the aver-
age spacing is the cube root of 1/0.02 which is 3.7. 
Thus a diffusive lengthscale of hydrous species 3.7 
times as large as the oxygen diffusive lengthscale 
will suffice to provide a second OH" to the reac-
tion site at the rate of reaction progress defined by 
the oxygen mobility. This translates into a factor 
of 13.7 (a logio factor of 1.2, through Dt = x2) for 
the relative diffusivities of hydrous species and 
oxygen. This value is far less than that recorded 
for the relative tracer or self-diffusivities of hy-
drous species versus oxygen in SiO2 (Bruckner, 
1971). For type II silica (150-400 ppm OH" ), at 
temperatures of 400—700 °C the diffusivity of 
OH" is approximately 10 logio units higher than 
that of oxygen, and hydrogen diffusivity is 5 logio 
units higher than that of OH" (Bruckner, 1971). 
This observation leads us to conclude that reac-
tion (7)'s progress to the right during quenching is 
not rate-limited by the hydrous species mobility; 
and that the r curves of hydrous rhyolite do in-
deed record the glass transition with respect to 
reaction (7). 

Silver's (1988) study of the effect of composi-
tion on the speciation of water in silicate glasses 
includes a set of data illustrating the quench-rate 
dependence of the proportions of molecular wa-
ter and water dissolved as hydroxyls in rhyolite 
melts (Fig. 11). These speciation — quench rate 
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Fig. 11. The quench rate dependence of water specula-
tion illustrated by the data of Silver (1988). Water 
dissolved in silicate melts dissociates with increasing 
temperature. A slower quench rate yields more molecu-
lar water. This plot cannot be considered an isothermal 
comparison of water speciation because the glass tran-
sition temperature varies with water content. (Redrawn 
from Silver, 1988.) 

data (Table 13, (Silver, 1988)), combined with cal-
culated r curves for the hydrous rhyolites permit 
us to estimate the temperature-dependence of the 
speciation reaction. 

In Fig. 12 we have plotted the viscosity-
temperature relationships (calculated using the 

method of Shaw (1972)) for the KS rhyolite of 
Silver (1988) with 1, 3 and 5 wt. % H2O added. 
When transformed using equation (1) these re-
present r curves for these compositions. We have 
also plotted the q curves for the quench rates 
estimated by Silver (1988) for her rapid quench 
(200°C/s) and air quench (200°C/m) techniques, 
using equation (5). The fictive temperatures for 
each glass may be read from Fig. 12 as the inter-
sections of the q and r curves. In Fig. 13 we have 
plotted the quench rate — speciation data (inter-
polated from Table 13 of Silver (1988)) versus the 
reciprocal of the (fictive) temperature. We present 
the temperature-dependence of the water specia-
tion data as 

k - a(H2O) • a(Om
2l/a(OFΓ)2 (8) 

where k is the equilibrium constant of equation 
(7), and a(H2O), a ( O J and a(OH") are the activi-
ties of molecular water, dry oxygen (in the melt 
but not associated with any H atoms) and hy-
droxyl groups dissolved in the melt. If we assume 
the simplest case of ideal mixing of species in 
equation (7) then the activities in equation (8) 
may be replaced by mole fractions. The value of 
In k will then vary as a linear function of recipro-
cal absolute temperature 

In k = - Δ G / R T (9) 

where G is the free energy of the reaction and R is 
the gas constant. In Fig. 13a, the error estimate 
for 1/T derives from the uncertainty in calculated 
viscosity which Shaw (1972) gives as a factor of 2 
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Fig. 12. The derivation of fictive 
temperatures for the hydrous 
rhyolites of Silver (1988). The q 
curves are for quench rates of 
20()°C/s and 200°C/minute, the 
r curves are for KS rhyolite with 
0, 1, 3, 5 wt. % water. The inter-
sections of q and r curves yield 
the fictive temperatures. 
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Fig. 13. (a, top) The temperature-depen-
dence of the value of the equilibrium 
constant of Eqn. (7) expressed as the na-
tural log (i.e. In k). The extrapolations to 
higher teperature and water contents are 
linear in In k. B & D refers to the region 
of P-V-T data for ualbite"-H20 (Burn-
ham & Davis, 1971). (b, bottom) The 
proportions of water dissolved in rhyoli-
te melt as dissociated and molecular spe-
cies, as a function of temperature. (Cal-
culated using the best fit line of Fig. 13a, 
for 1, 3 and 5 wt. % water dissolved.) 
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and the uncertainty in In k is derived from propa-
gating an analytical (infrared spectroscopy (Silver, 
1988)) error o f ± 0.1 wt. % H2O or OH" through 
equation (8). It can now be seen (Fig. 13a) that, 
when the hydrous rhyolite glasses (Silver, 1988) 
are corrected to their fictive temperatures, the 
proportion of hydroxyl increases strongly with 
increasing temperature. At a constant fictive 
temperature, the proportion of hydroxyl de-
creases with increasing water content, but the ef-
fect is diminished compared to what has previous-
ly been proposed (Stolper, 1982a, b). 

To clarify this last point, in Fig. 13b we have 
plotted our estimates (from Fig. 13a) of water 
dissolved as H2O and OH" as a function of 
temperature. Fig. 13b indicates that dissociated 
water (OFT) dominates the speciation of water 
dissolved in moderately water-rich (up to 3 wt. %) 
rhyolite melts above 800 °C. 

The strong shift of fictive temperature (and 
thus temperature of last equilibration during the 
quench) with water content means that compari-
sons of glasses varying widely in water content 
but quenched at the same rate cannot be consid-
ered isothermal comparisons. 

4. Non-Newtonian rheology 

4.1. Fiber elongation 

The onset of non-Newtonian rheology in silicate 
melts has been investigated recently by Webb & 
Dingwell (1990a, b) using fiber elongation tech-
niques. Four melt compositions, chosen to re-
present a wide chemical range of geological melts, 
were investigated. The compositions are a high 
silica rhyolite from Little Class Mountain, an an-
desite from Crater Lake, a tholeiitic basalt from 
Hawaii and an "average" nephelinite from the 
compilation by Chayes (1975; see Mysen, 1987). 

In fiber elongation measurements, the viscosity 
is determined as the ratio of the applied tensile 
stress to the observed strain rate. In this geome-
try, the observed viscosity is the elongational vis-
cosity, ^/e|ong, and is related to the shear viscosity 
*7sby; 

belong ~ 
a 

£ 

9/7v*7s 
(10) 

3>7v + >7s 

where ηv is the volume viscosity (e.g. Mazurin, 
1986), a is the stress and e is the strain rate. 
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Temperature was chosen to set the viscosity to 
~1012 Pa s and each fiber was initially annealed at 
temperature for a period of 104 s. This equilibra-
tion time is greater than both the shear and vol-
ume relaxation times of a melt with ηv = ηs « 
1012 Pa s and G^ (shear modulus) « Koo (bulk 
modulus) Ä 10 GPa ( r v = r s = 100 s). The deter
minations of non-Newtonian viscosity were be
gun with an initial stress of 10 MPa (è~10~5); the 
applied stress being increased step wise to —100 
MPa until either the fiber broke or the limit of 
travel of the dilatometer was reached. 

Although infinite shear strains are possible in a 
melt, volume strain must be limited in magnitude 
(Mazurin, 1986). Volume viscosity therefore ap
proaches an infinite value with increasing time, 
and Eqn. (10) becomes; 

belong = 3 ?7s 0 0 

for time > > r. For periods >100 s, the shear 
viscosity calculated using Eqn. (11) is at most 0.02 
logio Pa s less than the relaxed shear viscosity. 

The critical data illustrating non-Newtonian 
behavior are illustrated in Fig. 14 and 15. In Fig. 
14, high strain rate viscosity data for the rhyolite 
(LGM), andesite (CLA), basalt (HTB) and ne-
phelinite (NEP) are plotted as functions of strain 

rate, at temperatures of 818, 754, 716 and 673 °C, 
respectively. Each melt exhibits similar behavior, 
with viscosity remaining constant over a range of 
low strain-rates, decreasing as the strain rate is 
increased. The log stress versus log strain rate for 
these melts is plotted in Fig. 15. Departure from 
Newtonian behavior is illustrated by the deviation 
from a slope of 1 for strain rates > 5 X 10" s~. 

4.2. Maxwell approximation 

The temperature at which each melt composition 
was investigated was chosen in order to set the 
shear viscosity to ~1012 Pa s. The relaxation time 
calculated from Eqn. (1) for this viscosity is 100 s; 
corresponding to a relaxation strain-rate of—1 X 
10~2s_1, where érelax = r_1. The calculated relaxa
tion strain rates are plotted, for each composition, 
as arrows in Fig. 14. The deviation from a Newto
nian relationship occurs at strain rates which are 
~ 3 orders of magnitude less than the calculated 
relaxation strain rates. In the case of melts de
scribed by a single relaxation time, a 2 % deviation 
from relaxed behavior is expected to occur 2 
orders of magnitude below the relaxation strain 
rate. A number of studies of silicate melts in the 
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glass transition region (e.g., torsional, Mills, 1974; 
ultrasonics, Sato & Manghnani, 1985), however, 
indicate more complex relaxation behavior than 
that described by a single relaxation time. Any 
distribution of shear relaxation times results in a 
broadening of the width of the relaxation zone 
and the occurrence of non-relaxed behavior at 
lower strain rates than predicted from single re
laxation strain rate theory. This onset of non-
Newtonian shear viscosity is a consequence of the 
rate of shear deformation approaching the rate 
of Si-O bond exchange. 

4.3. Time versus frequency domain 

These fiber elongation studies underline an im
portant distinction to be made between low strain 
measurements of the glass transition (i.e. frequen
cy domain studies such as mechanical torsion or 
ultrasonic wave propagation experiments) and 
high strain measurements such as fiber elongation. 
Both types of experiments observe non-Newtoni

an viscosity as a frequency- or strain rate-depend
ence of the stress — strain rate ratio. In frequency 
domain experiments, the frequency of the applied 
stress may be increased through the glass transi
tion frequency (r -1 = 2πf) and the shape of the 
relaxation function recorded. In time domain 
experiments, however, the stress required to reach 
strain rates approaching the relaxation strain rate, 
£ relax* approximates the tensile strength of the 
melt, and the material fails before êreiax is reached. 
Fig. 16 is a plot of the location of the propagation 
of longitudinal shock (Rigden et al, 1988) and 
ultrasonic (Sato & Manghnani, 1985) waves in 
rhyolitic melts in time-temperature space. The 
fiber elongation location is from Webb & Ding-
well (1990a). The relaxation or T curve of the 
LGM rhyolite is plotted using the viscosity data 
of Webb & Dingwell (1990a) at low temperatures, 
and the method of Shaw (1972) at higher tempera
tures in combination with the Maxwell relation. 

The strain rate — temperature range of two 
time-domain methods that have been used with 
rhyolite melts are also plotted in Fig. 16; the con-

Fig. 15. Stress versus strain rate 
for Little Glass Mountain rhyo
lite. Crater Lake andesite, Ha
waiian tholeiite, and nephelinite. 
Vertical scale is 0.2 logio Pa s. 
Lines of slope = 1 — representing 
a linear stress — strain rate rela
tionship — are fit to each set of 
data. (Redrawn from Webb & 
Dingwell, 1990a.) Iog10  STRAIN  RATE  (s~1 

29 Eur. J. Mineral. 2 
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centric cylinder (Dingwell et a/., 1985; Spera et ai, 
1988) and fiber elongation (Webb & Dingwell, 
1990a, b) methods. The study of Webb & Ding
well (1990a) illustrates that, as in frequency-do
main experiments, the fiber elongation technique 
records the onset of non-Newtonian behavior in 
the melt. However, it is possible that the large 
non-equilibrium strains associated with this tech
nique result in structural anisotropy of the melt 
(Bruckner, 1987). If these structural changes are 
significant with respect to viscous flow, the two 
types of measurements — low strain, frequency 
domain and high strain, time domain — may not 
necessarily result in equivalent non-equilibrium 
properties being observed in the non-Newtonian 
region. 

4.4. Brittle failure 

The ultimate result of loading the melt fibers to 
the high stresses required to reach non-Newtoni
an strain rates is brittle failure of the fiber. Such 
failure is observed to occur without tapering or 
necking of the fiber. This observation of brittle 
failure illustrates that in natural processes, stresses 
high enough to induce brittle failure are also cap
able of inducing non-Newtonian flow. Observa
tion of this relationship between high stresses, 
brittle failure and non-Newtonian flow would not 
be possible from investigations of the glass transi-

Fig. 16. Locations of various experi
mental techniques with respect to 
structural relaxation in Little Glass 
Mountain rhyolite. The relaxation 
curve is calculated from the meas
urements of Webb & Dingwell (1990a) 
(solid line) and from the method of 
Shaw (1972) (dashed line). The con
centric-cylinder viscometry methods 
are (1) normal torque (Dingwell et 
ai, 1985) and (2) high torque (Spera 
et ai, 1988). The shock wave loca
tion is calculated from Rigden et ai 
(1988). The ultrasonics location is 
that of Sato & Manghnani (1985). 
(Redrawn from Webb & Dingwell, 
1990a.) 

tion made using frequency domain techniques 
alone. 

The inset of Fig. 16 illustrates the relationship 
beween the onset of non-Newtonian flow, the 
brittle failure of the fiber and the r curve, calcu
lated from the Maxwell relationship. The three 
phenomena are, to a first approximation, parallel 
curves in strain rate — temperature space. The 
non-Newtonian onset occurs three log units of 
time above the relaxation curve. This is followed, 
in the case of continued flow at increasing strain 
rate, by the brittle failure curve, ~ 2 logio units 
above the relaxation curve; as observed by Sim
mons et al (1982). This generalization of parallel 
slopes for the three phenomena is based on the 
composition- (nephelinite to rhyolite) and temper-
ature-invariance (818—674 °C) of the 3 log unit 
difference between the non-Newtonian onset and 
the r curve (Webb & Dingwell, 1990a, b). This is 
equivalent to an assumption ofthermorheological 
simplicity (or the time-temperature equivalence 
principle). While the assumption of thermorheo-
logical simplicity works well over the 100—200 
degree range of many studies it is possible that 
more complex behavior would be observed over 
larger temperature ranges. 

4.5. Rhyolitic behavior 

Eruptive processes involving rhyolite in this strain 
rate — temperature range should exhibit such 
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non-Newtonian stress — strain rate behavior. It is 
clear from the observation of volcanic ash that 
brittle failure' of the rhyolite occurs during ash 
flow eruptions. This, combined with Fig. 16 led 
Webb & Dingwell (1990a) to suggest that the vis
cous flow of silicate melts during eruptions in
volving brittle failure of the magma, will pass 
through a stage of unrelaxed, non-Newtonian de
formation. Modeling of the fluid mechanics of 
magmatic eruptions and of the strain history of 
rhyolitic glasses should include the consideration 
of non-Newtonian melt viscosity in the approp
riate range of strain rates. 

The data of Simmons et al., (1988), Manns & 
Bruckner (1988) and Webb & Dingwell (1990a, b) 
demonstrate that the occurrence of non-Newtoni
an viscosity is scaled to the low strain rate, re
laxed, Newtonian shear viscosity of the liquid. 
Although this simplifies the composition-depend
ence of relaxation in silicate melts, it does not 
remove it. An isothermal comparison of the New
tonian viscosities of rhyolite and nephelinite melts 
(a difference of ~ 4 logio Pa s at 1400 °C) reveals 
how sensitive viscosity is to melt composition. Af
ter temperature, the most important factor in de
termining melt viscosity is water content. Qualita
tively, the effect of water is to reduce the relaxed 
melt viscosity and therefore the relaxation time of 
the melt. During ascent of a crystal-poor, water
bearing rhyolite, it is possible that water loss 
could increase the relaxation time of the melt into 
the range of the timescale (strain rate-1) of the 
magma ascent. If the strain rate were maintained 
the result would be non-Newtonian flow of the 
liquid. 

The glass transition frequency (Γ l — 2m) also 
has implications for seismic studies. Taking the 
onset of non-Newtonian behavior to occur 3 
orders of magnitude above the relaxation time; 
non-linear stress — strain rate behavior and in
creasing velocity and attenuation of seismic waves 
is expected to occur for wave-fequencies <10 Hz 
for melts with shear viscosities >10 5 6 Pa s (e.g. 
dry rhyolite at 1050-1250 °C; rhyolite + 5 % H2O 
at 575-725 °C). 

5. Fast relaxations — cationic diffusion 

5.1. A relaxation map 

The diffusion of certain components of silicate 
melts can be detached from the timescale of struc

tural relaxation. Tracer diffusivity data indicate 
that alkali diffusion can proceed much more ra
pidly than network oxygen and silicon diffusion 
(e.g., Johnson et al, 1951). The alkali mobility is 
"decoupled" (Angell, 1988) from the silicate ma
trix and the temperature dependence of alkali dif
fusion describes a curve, separate from the struc
tural relaxation curve. This "fast" relaxation curve, 
corresponding to the timescale of the alkali dif
fusive jump, is a relaxation timescale for electrical 
conductivity in silicate melts (e.g., Provenzano et 
al, 1972). 

Fig. 17 is a summary of experimental data con
cerning structural and fast relaxation in Na2O-
3SiO2 melt. The structural relaxation or glass 
transition curve is located using the shear viscosi
ty data of Poole (1948) and Bockris et al (1955) 
and the shear modulus data of Mills (1974) using 
the Maxwell relation (Eqn. (1)); and by the tor-
sional relaxation study of Mills (1974). The fast 
relaxation is fixed by the electrical relaxation data 
of Provenzano et al (1972), by the internal fric
tion (torsional) study of Day & Steinkamp (1971), 
by the Na tracer diffusivity study of Johnson et al 
(1951), using 

Dt = x2, (12) 

where x is the Na — Na spacing, t is time and D is 
the diffusion coefficient and by the electrical 
conductivity studies of Babcock (1934) and Sed-
don et al (1932), using Eqn. (4) and the Nernst-
Einstein equation, 

D/α = kT/Ne2, (13) 

where o is the conductivity, k is Boltzmann's con
stant, T is absolute temperature, N is Avogadro's 
number and e is the atomic charge (e.g., Havens 
Verkerk, 1965). 

The distribution of the imaginary modulus of 
the structural and the fast relaxations are illus
trated by insets a and b (Fig. 17) of the loss modu
li from torsional (Mills, 1974) and electrical (Pro
venzano et a/., 1972) studies, respectively. These 
loss moduli may result, in detail, from a distribu
tion of relaxation times about the mean values 
that determine the relaxation lines of Fig. 17. The 
width of these relaxation functions indicates that 
the detectable distribution of relaxation behavior 
about the mean is broad (at least ± 2 logio units). 

The temperature-dependence of the structural 
relaxation time forms a non-Arrhenian curve. At 
an experimental timescale of 103 sec it yields a 
"glass transition temperature" (e.g. calorimetric 
data ofRichet & Bottinga, 1984) of 724°C. 
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Fig. 17. Relaxation timescales in Na2O-3Si02 melt. The inflection in electrical and diffusion data at Tg result from 
the experimental duration (rd) approaching the structural relaxation timescale (rs). Structural relaxation data from 
the torsional study of Mills (1974) and the viscosity studies of Poole (1948) and Bockris et al. (1955). Alkali and 
electrical relaxation data from the tracer diffusion work of Johnson el al (1951), the electrical modulus data of 
Provenzano et al. (1972), the conductivity studies of Babcock (1934) and Seddon et al (1932) and the internal friction 
data of Day & Steinkamp (1971). Tg calorimetric data from Richet & Bottinga (1984). (Redrawn from Dingwell, 
1990.) 

5.2. Experimental timescale 

Experiments performed with durations (T^ shor
ter than the structural relaxation time (rs) will 
observe a glass whose volume is unrelaxed (zà less 
than TS). The only expansivity mechanisms access
ible at temperatures below this curve are the elas
tic, vibrational components. When the combina
tion of duration and temperature of an experi
ment crosses to the left side of the structural rela
xation curve then the volume will relax, using 
configurational as well as vibrational modes and 
any volume- or configuration-dependent property 
measured across this curve should yield an inflec
tion in its temperature-dependence. 

The temperature-dependencies of alkali diffu
sion and of electrical conductivity in Na2O-3SiO2 
melt consist of two segments. The lower tempera
ture electrical conductivity segment is Arrhenian 
and the upper temperature segment is non-Ar-
rhenian. The two curves intersect where the dura
tion of the experiment (rd) equals the structural 
relaxation time (rs) for the temperature of the 

experiment. In Fig. 17 the location of this inflec
tion is illustrated using comparison of the electri
cal conductivity studies of Babcock (1934) and 
Seddon et al (1932) and the Na diffusivity data of 
Johnson et al. (1951). The extrapolation of either 
segment across the inflection will yield incorrect 
results. Similar inflections have been noted pre
viously in both synthetic and natural melts (e.g., 
Dyment et al, 1987; Braedt & Frischat, 1988). 
The inflection can be expected to be largest in 
melts that exhibit strong Tg signals in dilatometry 
and calorimetry and less strong in glasses such as 
SiO2 that exhibit weak Tg signals. Thus, diffusivi
ty data obtained on unrelaxed glasses are not dir
ectly comparable with data obtained on relaxed 
liquids. We emphasize that the temperature of 
this inflection only corresponds to the calorimet
ric glass transition temperature because the 
timescales of the two experiments are similar. 
Experiments performed on longer timescales will 
exhibit a lower temperature inflection because the 
samples will relax at lower temperatures. 
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Fig. 18. Cationic tracer diffusivity 
data (Watson et ai, 1982; Henderson 
et ai, 1985) versus melt viscosity (cal
culated using the method of Shaw 
(1972)). The diffusivity of oxygen is 
calculated from the Eyring relation. 
All data at 1300°C Note that the dif-
fusivities ofSr, Co, Ba, Fe, Cs, Eu and 
C cluster near the calculated oxygen 
diffusivity. (Redrawn from Dingwell, 
1990.) 

5.3. Observation timescale 
gen anions. The increase in free volume or porosi-

A further consequence of relaxation in silicate ty could permit higher diffusivities for cations, 
melts concerns the timescale of cationic diffusion The Sr, Ba, Fe, Cs, and Eu data of Henderson 
relative to network O and Si diffusion. In a diffu- et al. (1985) cannot be explained using the anionic 
sion experiment the jump frequency of the diffus- porosity concept. The slower cations (Ba, Co, Sr, 
ing tracer cation corresponds to a timescale that Fe, Cs, Eu) differ strongly in ionic radii and 
can be considered the characteristic or observa- charge but exhibit similar diffusivity behavior, 
tional timescale of the experimental probe (rp). In The l300oC diffusivity data of Henderson et al. 
silicate melts all cations are bonded to network (1985) are plotted in Fig. 18 as a function of melt 
oxygens. The network oxygen diffusivity is con- viscosity. The melt viscosities were calculated us-
trolled by the exchange frequency of oxygen an- ing the method of Shaw (1972, ± 0.5 logio units). 
ions. During such exchanges the bonds to cations The network O and Si diffusivities, derived from 
are temporarily broken and the cation is free to the Eyring equation, are presented as a solid line 
diffuse. At relatively low oxygen mobilities (e.g., in Fig. 18. Also in Fig. 18 are C tracer diffusion 
high viscosities) the diffusivities of some cations data of Watson et al. (1982) for synthetic Na2O-
are so much faster than oxygen that the network Al2O3-SiO2 and basaltic melts. The C data coincide 
oxygens appear in fixed structural sites during a with the slower group of Henderson et al. (1985). 
diffusive jump. At higher temperatures the catio- The Eyring diffusivity approaches that ofBa, Co, 
nic and oxygen diffusivities converge until the ca- Sr and Cs with decreasing viscosity. The maxi-
tionic diffusivities are only l—2 logio units faster mum separation, at obsidian, is less than 2 logio 
than the network oxyen and silicon diffusivities units indicating that the mean jump frequency of 
obtained from the Eyring equation. At this point network oxygen and silicon is more than 1 % of 
Si-O exchanges are occurring at 1 to 10% of the the cationic jump frequencies. It is important to 
frequency of cation jumps and should influence point out that the diffusivity data represent mean 
the cationic diffusivities. mobilities. The range of mobilities are empha-

Henderson et al. (1985) have reported tracer sized in the loss moduli insets a and b of Fig. 17. 
diffusivity data for Li, Na, Ba, Co, Sr, Fe, Cs and As noted above, the detectable widths of the shear 
Eu in basalt, andesite, pantellerite, pitchstone and (oxygen diffusion) and electrical (Na diffusion) 
rhyolite melts. They have observed two types of relaxation timescales are approximately ± 2 logio 
composition-dependence of diffusivity. Li and Na units. Thus, it has been proposed (Dingwell, 
exhibit a slight increase in diffusivity whereas Ba, 1990) that the compositional dependence of the 
Co, Fe, Cs, Sr and Eu exhibit a strong decrease in Co, Sr, Ba, Eu, Fe and C diffusivities at 1300oC 
diffusivity with increasing SiO2 content. The Na (Fig. 19) results from their proximity (less than 2 
and Li data may be explained using the concept logio units) to the Eyring diffusivity. 
of anionic porosity (Dowty, 1980) with increasing The oxygen and cationic diffusivities diverge at 
silica content from basalt to rhyolite decreasing higher viscosities (Fig. 19) and are positive func-

bas  tho  and  pit  obsl 

log1o viscosity (dPa s) 

the volume fraction of the melt occupied by oxy-
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Fig. 19. Tracer diffusivity data versus melt viscosity for basalt, a Ca-Al-Si synthetic oxide melt, albite and 
orthoclase melts, and Si(>2 melt at 1000°C. Note that the composition-dependence of Ca diffusivity is a slight 
positive dependence on SiC>2 content, apparently unrelated to viscosity/oxygen diffusivity. Data sources: Atkinson 
& Gardner, 1980; Brebec et al., 1980; Frischat, 1969; Frischat, 1975; Ghoshtagore, 1969; Hofmann & Magaritz, 
1977; Jambon, 1982; Jambon & Carron, 1976; Jambon & Carron, 1978; Magaritz & Hofmann, 1978. (Redrawn 
from Dingwell, 1990.) Vertical scale same as in Fig. 18. 

tions of silica content. The Ca, Sr and Ba diffusiv
ity data in Fig. 19 exhibit a composition depend
ence similar to that ofNa, in contrast to the com
position-dependence of Ba and Sr diffusion at 
1300 °C (Fig. 18). It appears that, at 1000 °C, the 
Ca, Sr and Ba diffusivities are too far removed 
from network oxygen mobility to be affected by 
it. The compositional-dependence of Ca, Ba and 
Sr in a static oxide matrix is being observed. 

Also illustrated in Fig. 19 are diffusivity data 
for Al, Fe, Ni and Si in SiO2 glass and for Si in a 
CaO-Al2O3-SiO2 melt. The diffusivities of Al, Fe 
and Ni in SiO2 are well removed from the Eyring 
diffusivity and thus they are predicted to have 
decreasing diffusivity with decreasing silica con
tent, until their diffusivity approaches the Eyring 
curve. The diffusivity of Si lies on the Eyring oxy
gen diffusivity curve both for SiO2 and for the 
Ca-Al-Si melt, (at viscosities 14 orders of magni
tude in difference). These data appear to indicate 
that Si diffusivity is controlled by the exchange 
frequency of Si-O bonds. The case for oxygen 
diffusion is complicated by the presence of physi
cally dissolved oxygen in the melts which partici
pates in bulk oxygen diffusion at relatively high 
O2 pressures (Williams, 1965; Schaeffer, 1984). 

The inset of Fig. 19 illustrates the three possi
ble cases of composition dependence expected 

from the above discussion. In case a, the slight 
positive dependence of diffusivity of silica content 
is unrelated to viscosity (e.g. Na and Li in Fig. 18 
and 19). In case c the cationic diffusivity follows 
the Eyring line (e.g. Si in Fig. 19). The interme
diate case b, detached cationic diffusivity at high 
viscosity and oxygen-related diffusivity at low vis
cosity, is the behavior observed for Ba and Sr and 
expected for Al, Fe, Ni, Eu, Co and possibly C. 

Finally, self diffusion can also be approximated 
in binary interdiffusion experiments where the 
compositional difference between the diffusion 
endmembers is small. Baker & Watson (1988) 
have reported that the diffusivity of Al, Fe, Si, 
Mn, Zn, Y, Zr, and Nb are all within an order of 
magnitude at 900 to 1400°C in the rhyolitic melts 
of their study. Calculated Eyring oxygen diffusivi
ties for their melts are within a log unit of these 
cationic values. Thus it is proposed that the tight 
clustering of cationic diffusivities observed in that 
study result from the convergence to the Eyring 
diffusivity. 

6. Conclusion 

The consideration of structural and fast relaxa
tions in silicate melts has opened a new chapter in 
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our understanding of the dynamics of silicate liq
uids. Structural relaxation is the origin of the glass 
transition. Fast relaxations are detached from 
structural relaxation yielding secondary relaxa
tions at lower temperatures. The atomistic origin 
of relaxations in silicate melts are now more clear
ly unders tood. The variation of melt properties 
across the timescales of various relaxation pro
cesses are of significance for both experimental 
investigations of melt properties and modeling of 
igneous magmas during petrogenesis. The rela
t ionship between speciation data derived from 
glasses and the temperature-dependence of liquid 
speciation and properties can be estimated using 
quench rate-dependent speciation data and relax
ation theory. 
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