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Frequency Dependent Rheology of Vesicular Rhyolite

N. S. BAGDASSAROV AND D. B. DINGWELL
Bayerisches Geoinstitut, Universitit Bayreuth, Bayreuth, Germany

Frequency dependent rheology of magmas may result from the presence of inclusions (bubbles,
crystals) in the melt and/or from viscoelastic behavior of the melt itself. With the addition of
deformable inclusions to a melt possessing viscoelastic properties one might expect changes in the
relaxation spectrum of the shear stresses of the material (e.g., broadening of the relaxation spectrum)
resulting from the viscously deformable geometry of the second phase. We have begun to investigate
the effect of bubbles on the frequency dependent rheology of rhyolite melt. The present study deals
with the rheology of bubble-free and vesicular rhyolite melts containing spherical voids of 10 and 30
vol %. We used a sinusoidal torsion deformation device. Vesicular rhyolite melts were generated
by the melting (at 1 bar) of an Armenian obsidian (Dry Fountain, Erevan, Armenia) and Little
Glass Mountain obsidian (California). The real and imaginary parts of shear viscosity and shear
modulus have been determined in a frequency range of 0.005-10 Hz and temperature range of
600°-900°C. The relaxed shear viscosities of samples obtained at low frequencies and high tempera-
tures compare well with data previously obtained by parallel plate viscometry. The relaxed shear
viscosity of vesicular rhyolites decreases progressively with increasing bubble content. The relaxation
spectrum for rhyolite melt without bubbles has an asymmetric form and fits an extended exponent
relaxation. The presence of deformable bubbles results in an imaginary component of the shear
modulus that becomes more symmetrical and extends into the low-frequency/high-temperature range.
The internal friction Q ™! is unaffected in the high-frequency/low-temperature range by the presence
of bubbles and depends on the bubble content in the high-temperature/low-frequency range. The
present work, in combination with the previous study of Stein and Spera (1992), illustrates that magma
viscosity can either increase or decrease with bubble content, depending upon the rate of style of strain

during magmatic flow.

INTRODUCTION

The purpose of this paper is to evaluate the role of vesicles
or voids during deformation of molten rhyolite at varying
strain rate. Interest in the rheology of multiphase magmas
stems from the non-Newtonian rheology of such systems,
which can exhibit a strong strain and strain rate dependence.
The experimental method which has been used to study the
viscoelastic behavior of the vesicular rhyolite is the oscilla-
tory shear. A brief introduction to the theoretical aspects of
multiphase rheology and the oscillatory shear method is
presented below.

Two-Phase Rheology

Investigation of rheological properties of magmatic sus-
pensions has begun relatively recently [Stein and Spera,
1992; Bagdassarov and Dingwell, 1992]. These melts with
suspended voids possess shear and volume components of
viscosity [Prud’homme and Bird, 1978]. If the melt between
the bubbles is an incompressible liquid with unrelaxed shear
modulus G, then the effective unrelaxed shear modulus (G)
of the composite with spherical voids is given approximately
by

G~G[1-(53)¢p —--1, (1

where ¢ is the volume fraction of cavities [cf. Chen and
Acrivos, 1978]. The same relationship is valid for the effec-
tive relaxed shear viscosity (%) of suspension from the
shear viscosity of the liquid matrix (7,) using the viscous
analogy of the elastic case. If the cavities are rigid inclu-
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sions, (1) becomes
G~G[1+(512)¢p +---] )

[cf. Chen and Acrivos, 1978]. The presence of heterogene-
ities in the liquid may also result in a strain rate dependence
of 7. In the case of cavities, the shear viscosity decreases
with the volume fraction ¢, whereas in the case of rigid
inclusions, it increases.

The presence of distinguishable phases (melt and bubbles)
affects the rheological properties of a dispersed system in
such a way that they depend on the ratio of the time scale (or
length scale) at which shearing occurs to the time scale (or
length scale) of second phase (in this case, bubble) deforma-
tion. Thus the mechanical response of bubbles suspended in
the melt depends on the rate of shear strain. At high strain
rates (in comparison with the bubble deformation time) or
high frequency the bubbles respond rigidly, whereas at low
strain rates they respond as deformable cavities. In order to
determine the mechanical behavior of vesicles at differing
strain rates in magmas the present experimental study of
shear deformation of rhyolite has been performed using a
forced torsion oscillation apparatus. An advantage of this
device is the use of pure shear (torsion) deformation. This
allows the estimation of shear viscosity in materials at
temperatures near the glass transition (melts with viscosities
10° to 10" Pa s). Knowing the shear viscosity 7, from
torsion measurements and the longitudinal viscosity (n,/3)
from parallel plate viscometry

3n,n,
miB=—— (3)
TS

the volume viscosity 7, can be calculated [Sura and Panda,
1990].
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Principle of Dynamic Rheological Properties
Measurements

Useful information about the viscoelastic (or strain rate
dependent) behavior of multiphase materials can be obtained
by dynamical rheological measurements [i.e., Barnes et al.,
1989; Nguyen and Boger, 1992]. The fluid, in this experi-
mental method, is the subject of small amplitude sinusoidal
stress

a(t) = og exp (iwt). 4)

If (4) is substituted into the general differential equation for
linear viscoelasticity representing the relationship between
the stress o and the strain ¢

d d? d"
l+a|‘7’-+a257+ -*-a,,d—t;a

d d? am
Slxotxiptxagmt ot xmom)e (&)

n=morn=m — 1[Barnes et al., 1989], then the complex
shear modulus G* = G’ + iG”" can be defined as follows

a(t) = G*(w)e(1), (6)
and the complex shear viscosity n* = ' — in" is
o(t) = n*(w)e() N

[Barnes et al., 1989]. The G’ which is in phase with the strain
is a measure of the elastic energy stored per cycle of
deformation, whereas the loss modulus G” is associated with
the viscous energy dissipated per cycle. The ratio of G" to
G' gives the tangent of the phase delay ¢ between the
applied stress and strain response. The form of the general
equation between stress and strain (and the values of » and
m) is determined by the mechanical complexity of a tested
material. In general, when there are some observed relax-
ation processes in the studied material (m = 1) G'(w) and
G"(w) depend on the frequency of oscillation. The case
when n = m = 1, y; = 0 is termed a Maxwell liquid (a
viscous material with the single relaxation time 7, which
depends only on the material parameters only). In this case
. iwT

1+iwT G), (8)
where G(») is the shear modulus obtained at w = . The real
and imaginary parts of shear modulus can be expressed as a
pair of Debye functions (see the appendix). In the oscillation
shear experiments we can vary o keeping the material
parameters constant (and thus 7 = const). For a Maxwell
liquid, 7 = 71(0)/G(») (where 1(0) is the relaxed viscosity
determined at w = 0). As far as 7(0) depends on temperature
in a form of Arrhenius equation, the relaxation-time ris also
expressible by an Arrhenius equation

7= 19 exp (E/RT), 9)

where T is the absolute temperature, R is the universal gas
constant, E is the activation energy [Nowick and Berry,
1972]. Thus it is possible to measure the complex shear
modulus G*(w7) and the complex shear viscosity n*(wr)
simply by changing frequency w and temperature 7.

BAGDASSAROV AND DINGWELL: RHEOLOGY OF RHYOLITE

TABLE 1. Chemical Composition of Rhyolite Samples
Oxide ARH LGM
SiO, 73.60 74.75
Al,O4 13.90 13.30
TiO, 0.19 0.29
FeO* 1.21 1.86
MnO 0.08 0.04
MgO 0.22 0.29
Ca0O 1.00 1.21
Na,0 4.60 4.51
K,0 4.30 3.86
3 99.10 100.11

ICP-AES (inductively coupled plasma atomic emission spectrom-
eter). In weight percent using single element solution standards.
*FeO is taken as the sum of ferric and ferrous iron.

In more complicated situations when m > 1, the vis-
coelastic behavior can be characterized by a discrete set 7;
(i = 1, k) or by a spectrum of relaxation times H(7) centered
around the average relaxation time. The dependence of the
average relaxation time (7,,) on temperature can be derived
from the temperature dependence of the relaxed shear
viscosity or from the temperature shift of the maximum on
the imaginary modulus-frequency curve. Materials for which
a linear relationship log (7,,) — 1/T is valid are called
thermorheologically simple [Brawer, 1985]. The broadness
of the relaxation time spectrum results in deviation of
frequency-temperature dependence of complex shear mod-
ulus and shear viscosity from that describable by a single
relaxation time. In glasses, for example, besides the main
relaxation time connected with Si-O bond exchange there
are alkaline peaks, a single bonded oxygen peak, etc. [Phil-
ippoff, 1965]. In the multiphase materials there are contribu-
tions to the relaxation time spectrum from the particle-
particle interactions, the deformable geometry of phases,
local flowing and from textual rearrangements. It is obvi-
ously important to study of all these factors of viscoelasticity
in geomaterials to assist our understanding of the mechanics
of magma extrusion and flow. The present dynamical rheo-
logical study concerns the effect of vesicles on the viscoelas-
tic behavior of rhyolite glass as an example of a highly
viscous magma with exsolved volatiles in form of bubbles.

EXPERIMENTAL PROCEDURE

Sample Preparation

Armenian obsidian (Dry Fountain, Erevan, denoted ARH)
and Little Glass Mountain obsidian (California, denoted
LGM) were chosen as starting materials for the preparation
of samples with differing porosities. The chemical composi-
tions of ARH and LGM rhyolites derived from melting
obsidians have been determined by using an inductively
coupled plasma atomic emission spectrometer (model JY 24
Sequential ICP-AES), and they are listed in Table 1. The
initial water content has been determined by Fischer titra-
tion method and is estimated as H,O* =~ 0.05 wt %, H,0~
=0.1 = 0.03 wt % for ARH and H,O* = 0.13 = 0.01 wt %,
H,0™ < 0.01 wt % for LGM. The necessity of using two
different starting compositions results from the different
styles of foam formation during their melting. Cross sections
of the starting materials (Figures 1a and 1b) and vesiculated
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Photos of sample cross section. (a) Armenian obsidian (starting material), (») Little Glass Mountain obsidian

(starting material), (¢) ARH 10 vol % bubbles, (d) LGM 30 vol % bubbles.

samples studied in the torsion device (Figures 1¢ and 1d)
have been analyzed using Tracor Nothern TN-8500® Image
Analysis System combined with an optical microscope. The
grey image from the videocamera has been processed into a
binary image in order to perform statistical analysis. Both
starting obsidians are charged with microlites. The ARH
obsidian contains less than 3 vol % of randomly oriented
pin-shaped microlites 2-3 um in width and 8-10 um in
length. The LGM obsidian initially contains 5-10 vol % of
uniformly distributed microlites regularly oriented along the
flow direction. They are ~3 um in width and 30-50 um in
length. Heating of obsidian samples containing water results
in intensive volatile exsolution. During fusion of the obsid-
ians the microlites play a role as centers for the heteroge-
neous nucleation of bubbles which has been observed ex-
perimentally by comparison of the vesiculation rate of
obsidian samples. The lifetime of the foam is directly pro-

portional to the initial concentration of microlites in obsidian
sample. The porosity of quenched samples was determined
from an Archimedean buoyancy determination and compar-
ison with the density of bubble-free rhyolite. The variation of
gas volume per unit rhyolite melt volume with time is
described by the superposition of two exponentials, one
describing the gas generation and one the release process.
The foams with 30-70% porosity derived from melting LGM
are stable for approximately 12 hours at 1200°C. Foamed
samples of LGM with less than 30% porosity and with a
uniform distribution of bubbles are, however, difficult to
produce. The ARH has a lower water content and fewer
microlites, and it is practically impossible to obtain more
than 10-15% porosity from this starting material. The ARH
samples with 10% porosity are stable for ~30-50 hours at
1200°C. The size distributions of bubbles in samples used in
torsion experiments are shown in Figure 2.
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Fig. 2. Bubble size distribution in samples. (¢) Armenian rhy-

olite with 10 vol % bubbles, (b) Little Glass Mountain rhyolite with
30 vol % bubbles.

The measured average spherical particle size from planar
images differs from real size (three-dimensional statistics).
The usual way to describe the spatial density distribution
function f(R) of particle sizes from g(R) (the observed
planar density distribution function of particle sizes) is by
use of an empirical histogram [e.g., Cashman, 1990]. If q;,
b;, and w; are midpoints, upper limits, and width of size
bins, then one has to solve the system of equations [Ripley,
1981]

wiga) = a; >, wifla)/lmb} - a})'],

ji=i

(10)

where g(a;) are known and f(a;) are unknown. Here m is
the first moment of the spatial distribution function and can
be estimated as m = #/(2 3. 1/r;), where r; are the measured
planar diameters. The system of linear equations can be
resolved by the back substitution procedure and the spatial
size distribution function f (a;) may be obtained. If f(a;) for
some small bin is negative, the density for this bin and all
smaller diameters are set to zero [Ripley, 1981]. This proce-
dure has been applied to the results of our image analysis.
The average size of bubbles in ARH with 10% porosity
and in LGM with 30% porosity are 15-25 um and 120-200
pm, respectively. Differing porosity and size distribution
functions in samples after heating reflects in part the size and
volume fraction of bubble nucleation centers in these two
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obsidians. For the preparation of bubble-free samples of
ARH, some chips of an obsidian cobble were melted at
1600°C in a MoSi, element box furnace in a 50-cm? PtgsAus
crucible. The melt was stirred for ~200 hours using a
PtgyRhyy viscometry spindle [Webb and Dingwell, 1990].
Cylindrical samples (8 mm in diameter and ~30 mm in
length) were cored from the crucible using diamond tools
and the ends of the cylinders were ground flat. For the
preparation of foamed samples, cylinders 8 mm in diameter
and 20-25 mm in length have been cored from the obsidian
cobble. These samples were next placed in Pt foil tubes (8
mm in diameter, thickness 0.03 mm, length 50 mm) and
placed between two alumina rods (A123, Frialit-Degussit®,
8 mm in diameter) in a Kanthal® wire-wound horizontal
furnace. The free ends of alumina rods are fixed, such that
during heating of the assembly, via thermal elongation of the
rods, a small axial load is exerted on the rods and the
sample, and a good mechanical contact is thereby obtained
between them. The assemblage was heated to 1100°C, held
for 3 hours and cooled down slowly over 12 hours to room
temperature. This procedure avoids cracking due to thermal
stresses during cooling. Finally, the platinum jacket was
carefully removed from the sample. The density of porous
samples was determined from Archimedean buoyancy
method (in toluol and air) at 22°C and then compared with
bubble-free rhyolite (for the ARH p, = 2.335 g/cm3, for the
LGM p, = 2.337 glcm?, 1o = 0.003 g/cm?).

Torsion Device

The torsion device used for viscosity measurements has
been loaned to the Bayerisches Geoinstitut by H. Berck-
hemer. For the detailed description of this apparatus and
principle of shear modulus and internal friction measure-
ments the reader is referred to the original articles of
Berckhemer and coworkers [Berckhemer et al., 1982;
Kampfmann, 1984; Kampfmann and Berckhemer, 1985].
Shear modulus measurements G at small angular deforma-
tion are based on the linear relationship between applied
torque T and the resultant torsion angle «

3271

- )
nd*a

(1

where [ is the length of the specimen and d is the diameter.
A simplified scheme of the torque T and the angle deforma-
tion a measurement is shown in Figure 3a. The forced
oscillation torsion apparatus comprises a high-temperature
horizontal Pt-Rh furnace () with an assembly consisting of
a cylindrical sample (R) between two torsion alumina bars

S, Sy
f

0000000000000

AL, B AL,

T00500000606060
' 1

T N 1
L L Q)

T z

Fig. 3a. A simplified scheme of the torsion device.
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(AL1 and AL2). The temperature is measured by Pt-
PtoyRh,y (S-type) thermocouple. Forced harmonic oscilla-
tions are applied to the alumina rods and the sample by an
electromagnetic moving coil system (M) attached to free end
of the first alumina rod AL1). The opposite end of the other
alumina rod (AL2) is rigidly fixed (T). The pair of aluminum
wings (S1 and S2) is attached perpendicular to the torsion
bar. Iron plates at the ends of wings move in the air gaps of
two pairs of capacitive pickups. The pickups are placed in an
electric bridge, and the electrical signals of angular deforma-
tion are measured at two points of the torsion assemblage.
One pair of pickups (S2) measures angular deformation of
the alumina rod with the fixed end (AL2), and the other one
(S1) measures the total angular deformation of the sample
plus two rods (AL1 + R + AL2).

The application of varying frequency harmonic oscilla-
tions (0.001-10 Hz) to the moving coil system (M) generates
a torque. During each experiment the sinusoidal signals at
two points (S1 and S2) were measured. Two periods of each
signal were stored in a digital form and later fitted to the
theoretical sinusoid by a least squares method using a
conjugate gradient method for the minimization procedure.

For each frequency, the amplitudes (S1 and S2) and the
phase delay y between the two points of the torsion assem-
blage have been estimated (Figure 3b). Knowing the length
between the points of measurement and the ends of the
rhyolite sample (L1 ~ 186 mm and L2 ~ 190 mm) and the
applied torque 7, it is possible to estimate the angle of
deformation in the alumina rods (AL1 and AL2). The angle
of deformation R and phase delay ¢ in the sample have been
calculated from the simple vector geometry shown in Figure
3b.

Calibration of Torsion Device

The applied torque T has been estimated from the ampli-
tude of the electrical signal S2 and the calibration of the
torsion assemblage before the dynamic measurements. This
calibration consists of the stepwise application of static loads
(steps of torque = 2 X 1073 N m) at one arm of the coil
system (M) and measurement of the amplitude of the S2
signal. The angular deformation at two points (S1 and S2) is
determined from the linear relationship between the electri-
cal signal and the corresponding geometric displacement of
the aluminum wings (previously calibrated statically using
the same procedure as for the torque calibration).

The precision of this method of shear modulus measure-
ment has been checked using a single rod of alumina. The
results of measurements (Figure 4) show that (within the
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error of phase delay measurement 8¢ = 1073 rad) the
behavior of the alumina rods is purely elastic and the shear
modulus (G = 161 * 3 GPa) is independent of frequency
(10-0.001 Hz) and temperature (22°-1000°C). The torque
applied during dynamic experiment is ~10~> N m; the
measured amplitude of the twist deformation between Sl
and S2 is ~10~° rad.

The thermal gradient of the furnace has been measured in
the temperature steps of 100°C. On the basis of the measured
temperature distribution along the alumina rods the relation-
ship d%,0,(T°C) = d?,0,(22°C) X (1 + 2.5 x 107> T°C) for
the mean diameter d,,o, at any temperature has been
derived. The accuracy of shear modulus measurements in
rhyolite is estimated as ~8%, stemming both from uncer-
tainties in length and diameter of the rhyolite sample at high
temperatures and from uncertainties in the torque and the
torsion displacement.

In order to analyze the deformation of bubbles after
experiment, the cross sections of samples have been studied
with the help of reflection light microscope. No change in
sphericity or preferable orientation of bubbles has been
observed. The maximum strain of sample did not exceed
1073 rad, and the twist deformation used in experiments was
reversible. Thus it would be difficult to observe the result of
viscous deformation of bubbles (10-100 um in size) in these
samples after experiment.

EXPERIMENTAL RESULTS

Shear Viscosity

The torsion measurements have been carried out in the
frequency range 10-0.005 Hz (with steps of 0.3 log Hz) and
temperature range 600°-900°C (with steps of 25°C). The
measurements yield values of the absolute value of complex
shear modulus G*(w) and phase shift ¢(w) (between applied
torque and resultant angle deformation) for each tempera-
ture. From these data set the real (G') and imaginary (G")
components of shear modulus have been calculated

G'(w) = G(w)* cos [¢(w)],

(12)
G"(@) = G(w)* sin [¢(w)].
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The frequency dependent real and imaginary parts of
shear viscosity can be calculated from G’ and G” using the
expressions

n'(w) = G"(w)w  n(w)"=G(w)lw,  (13)

where w = 2af and f is an oscillation frequency in hertz.

The experimental data for the real and imaginary compo-
nents of shear viscosity are illustrated in Figures 5a and 5b.
With decreasing frequency the real component of the shear
viscosity increases and reaches the relaxed value 7(0) (Fig-
ure Sa). These values for viscosity are plotted as a function
of 1/T in Figure 6.
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The value of the relaxed shear viscosity for the rhyolite
samples with 0, 10, and 30 vol % porosity has been also
measured using parallel plate viscometry methods described
previously [Bagdassarov and Dingwell, 1992] and micropen-
etration method [Dingwell et al., 1992] using a commercial
dilatometer (Model TMA 402®, Netzsch Geratebau, Selb,
Germany). The Arrhenius temperature dependence of the
relaxed shear viscosity is independent of porosity. The
activation energy is 416 = 14 kJ/mol. The presence of
deformable bubbles affects only the effective shear viscosity,
not the activation energy of viscous flow. Measurements of
the relaxed shear viscosity derived from torsion and from
parallel plate/micropenetration methods are within the mu-
tual experimental uncertainties.

Armenian Rhyolite ( 0% porosity)

115 |-
~ 11
B
£
= 105
=
‘2
g 10
>
>
2 9s
Q
2
9 |
85 |-
3 . . . .
0.001 0.01 0.1 1 10 100
_a-914C _,_888C _, 860C _g 835C _o_810C _a 787C
Armenian Rhyolite ( 10% porosity)
11.5
: A—‘\‘\
s
“
£ 10}
&
2 s
Q
2
2
o
& 85
8 |-
75 |-
7 L . .
0.01 0.1 1 10 100

_a 912C _o 888C _, 862C _g 836C _o 809C _ 784C

Little Glass Mountain ( 30% porosity)

Log,o viscosity (Pas )
o

7.5
7
65 . . .
0.01 0.1 1 10 100
_a-908C _, 883 C _, 858°C _g 834°C _o 810°C _o_ 782°C
Fig. 5b. Same as Figure 5a, except imaginary part of shear

viscosity as a function of w.



BAGDASSAROV AND DINGWELL: RHEOLOGY OF RHYOLITE

Shear Modulus

The data for G' and G" at different frequencies and
temperatures have been reduced to a master curve via the
dimensionless variable w7, where 7 is the relaxation time
given by an Arrhenius equation (9). In this expression, 74 ~
1(0)/G (=) is the Maxwell relaxation time or effective char-
acteristic time of viscoelastic behavior [Dingwell and Webb,
1989]. G(=) is taken from torsion experiments at high
frequencies and low temperatures; n(0) is relaxed viscosity
measured at high temperature and slow strain rate (Figure 6).
For Armenian rhyolite without bubbles G(x) is 25.8 * 2.1
GPa, for the sample with 10% porosity G(») = 13.1 = 1
GPa, and for the sample of LGM with 30% of porosity,
G(©) = 11.8 * 0.9 GPa.

The real and imaginary shear moduli measured at different
frequencies and temperatures are plotted in Figure 7. For all
three samples the behavior of the complex shear modulus
differs significantly from a Debye relaxation function. With
increasing bubble content the form of the imaginary compo-
nent of the shear modulus becomes more symmetrical. The
asymmetrical character of imaginary component extending
to the high-frequency/low-temperature range indicates non-
Debye relaxation of shear stress. The relative amplitude of
¢ = G"(w)max/G(°) obtained in experiments is much less
than 0.5 as it should be for a Debye relaxation function. For
a 3 exponent relaxation function (see the appendix),

G(1) ~ G(0) exp [—(t/T)P] (14)

¢=0.28 when B = 0.5 and 0.22 when 8 = 0.4. In the case of
0% porosity £~ 0.28, for 10% & = 0.26, for 30% porosity £ =
0.25. Theoretically, the shift of the G"(w7) maximum from
w7 = 1for B = 0.5 should be —0.3 log o units. In the case of
rhyolite melt with 0% porosity the measured shift is ~ —0.4
log,, units, 10% porosity ~ =0.15 log,, units, 30% porosity
~ —0.05 logo units. The relaxation process in rhyolite melt
without bubbles can be effectively described by the
exponent relaxation with 8 = 0.5.

Internal Friction

Viscoelastic behavior of materials is often expressed as
the internal friction or the inverse of the mechanical quality
factor 0 " (w)

SHEAR AND LONGITUDINAL VISCOSITIES

Activation Energy E = 416 kJ/mol
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Fig. 6. Relaxed shear viscosity as a function of temperature.
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Q0 (@) = G"(0)/G'(w) = tan [¢(w)] (15)

[cf. Nowick and Berry, 1972]. The present experimental
results for 0! measurements in rhyolite samples as a
function of wr are presented in Figure 8. In the frequency-
temperature range ot > 1 the dependence of O~ !(w7) ~
1/(w7) %3 . The relaxation behavior of the shear modulus can
be described by a stretched exponential function. The phe-
nomenon is a well-known observational fact from the vis-
coelastic behavior of melts near the glass transition [cf.
Hopkins and Kurkjian, 1965; Sinning and Haessner, 1987].
The broad spectrum of relaxation rates in the range wt > 1is
attributed to microscopic structural heterogeneities. In sili-
cate melts near the glass transition, different possible struc-
tural environments can exist that result in different relax-
ation rates for local structural rearrangements [Jackle, 1987].
In the sample with 0% porosity in the frequency-temperature
range wr < 1 the dependence of Q' on normalized fre-
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quency (w7) is ~1/wr, i.e., that for a Maxwell liquid with a
single relaxation time. Thus the relaxation function at these
temperatures and frequencies is close to the Debye function.
For the samples containing bubbles in the range of wr < 1,
the internal friction varies as

0 Nwr)~ (wT)", (16)

where n = 0.8 for the 10% porosity, n = 0.65 for the 30%
porosity. This means that in the range wr < 1 the relaxation
is non-Debye for vesicular rhyolite presumably because of
presence of deformable inclusions. Thus, in general, the
presence of these macroscopic heterogeneities makes the

BAGDASSAROV AND DINGWELL: RHEOLOGY OF RHYOLITE

relaxation functions more stretched in the lower frequency
range. The difference in asymptotic slopes (=1 and —0.5) of
log (Q") versus log (w7) in two extreme cases (wr = +
and wt = —») demonstrates the contribution of anelastic
behavior of the bubble-free melt at wr > 1. For the bubble-
bearing melt the anelastic contribution is significant at wr <
1 that results in less difference of the asymptotic slopes. The
broader size distribution of heterogeneities presented in the
melt the closer is the slope of log (Q") versus log (w7) to
—-0S5at wr<1.

Relaxation Spectrum

The experimental data for the complex shear moduli have
been used for the calculation of a relaxation time distribu-
tion. The relaxation spectrum H [log (7)] is the contribution
to the shear modulus G* which is associated with the
structural relaxation processes having characteristic times
lying between log (7) and log (1) + d [log (1] [Nowick and
Berry, 1972]. To calculate H(7) from the experimental data
of shear storage (G') or of shear loss (G"”) modulus a first
approximation can be used [cf. Philippoff, 1965]

2
H(r) == G"(w),
(1) ~— G'(w) an

d In [G'(w)]
dIn (o)

The results of relaxation spectrum approximations are
shown in Figure 9. The quality of data does not permit a
more precise deconvolution of the relaxation spectrum or
estimation of a characteristic time of bubble deformation
during shear. The consistent feature of our spectra is that the
asymmetrical form extended into the range of short relax-
ation times. The theoretical stress relaxation spectrum for 8
exponent low has an asymmetrical form [Hopkins and
Kurkjian, 1965]. For B = 0.5 the analytical expression for the
spectrum is

H(7) = G'(w)

(18)

The maximum of this function is shifted by 0.3 log into the
faster relaxation range (v < 73). Thus the form and the
position of relaxation spectra maximum obtained from ex-
periments on rhyolite without bubbles correspond to expres-
sion (18).

The relaxation spectra of bubble-bearing samples are
asymmetrical and shifted in the range of slower relaxation
times relative to that of the bubble-free sample.

H(r) ~ [(t/70)]"? exp [~ 7/(47)].

DiscussiON

Non-Debye Relaxation in Bubble-Bearing Melt

The asymmetric form of the imaginary part of the shear
modulus, with the maximum <0.5 G(«) shifted to the low
frequency, indicates an essentially non-Debye relaxation of
shear stresses in all three samples (see the appendix). The
non-Debye relaxation of silicate melts at wr > 1 has already
been noted experimentally [cf. Hopkins and Kurkjian, 1965]
and at the present moment is a subject of great interest [i.e.,
Angell, 1991; Moynihan et al., 1991].

The non-Debye relaxation could result, in principle, from
one of several factors all of which stem from the nonexpo-
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nential and/or the nonlinear character of structural relax-
ation in glasses [Moynihan et al., 1991]. First, for the
normalization of the dimensionless variable wr we have used
an Arrhenius relationship (9) (i.e., a linear relationship
between log (7) and 1/7). In reality, this linear relationship
may be valid only for the limited temperature range of
investigation. For some glasses at low T this is clearly the
case [Hopkins and Kurkjian, 1965]. Using the Arrhenius
relationship instead of non-Arrhenius dependence of viscos-
ity could thus result in underestimation of relaxation times at
lower temperatures. This would, in turn, extend the relax-
ation function in the range of wr > 1. However, measure-
ments of the viscosity-temperature relationship of LGM and
ARH in the temperature range of the present experiments
indicate a strictly Arrhenian viscosity-temperature relation-
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ship (expected for ‘‘strong’ liquids or those with self-
reinforcing tetrahedral network structures whose configura-
tional entropy is resistant to change with increasing
temperature [Angell, 1991]). Thus a non-Arrhenian viscosi-
ty-temperature relationship does not in our case appear to be
the source of the obtained stretched relaxation function.

An alternative explanation for the noticeable deviation of
the complex shear modulus from the Debye relaxation
function is the existence of a distribution of relaxation times
at high frequencies and low temperatures (wr > 1). Each
relaxation time contribution to the relaxation time spectrum
could then relate to an individual relaxation process with its
own activation energy. In fact, many relaxation processes in
disordered systems are characterized by a distribution of
activation energies [Dattagupta, 1987]. Thus the procedure
of using the dimensionless variable wr based on a single
activation energy is a simplification.

In a inhomogeneous material a distribution of relaxation
times arises from the presence of defects (random walkers)
which wander through the liquid in Brownian motion [Jdckle,
1986]. In general, the presence of small scale particles (with
size a) suspended in a viscous liquid (%) results in the
characteristic relaxation time related to the reorientation and
translational motion of a particle of neutral buoyancy

nsa }

T~
kT
where kT is the thermal energy scaling factor [Landau and
Lifshitz, 1987]. Actually, 7in (19) is the time over which the
particle of a size « can move over the distance comparable to
its size. This relationship can be applied to the relaxation of
structural perturbation in a molecular system [Angell, 1991].
Local structural heterogeneities in silicate melts can play the
role of short time elements contributing to the stress relax-
ation spectrum at relaxation time (19). A certain size distri-
bution of structural defects contributes to the relaxation at
high frequencies and low temperatures in proportion to
concentration [Angell, 1991]. The freezing of micro-sized
inhomogeneities occurs at temperatures slightly below the
glass transition (wr = 1) of the matrix and that makes the
relaxation function different from the Debye type (see the
appendix).

The results obtained on shear modulus, internal friction,
and relaxation spectrum reveal the significant deviation of
viscoelastic behavior of bubble-free and vesicular rhyolite
glasses from the Debye type of relaxation. The difference in
relaxation spectra between the sample without bubbles and
the porous samples can be explained by a simple shift factor
in the dimensionless variable wr, (or a decrease of effective
viscosity). Thus the measured effective relaxation time 7,
decreases with increasing bubble content, reflecting the
decrease of the effective viscosity and shear modulus due to
the presence of deformable cavities.

(19)

Volume Viscosity of Bubble-Bearing Melt

The difference of shear viscosity values (7,) obtained
from torsion and longitudinal viscosity (n,/3) dilatometric
studies (Figure 6) relates to the volume viscosity of porous
samples. For the rhyolite with 0 vol % porosity this differ-
ence is within the uncertainties of measurements. If the
longitudinal viscosity is equal to the shear viscosity, it means
that for a homogeneous melt, volume viscosity is infinite (3).
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With increasing bubble content the difference between shear
and longitudinal viscosities increases, but still this difference
is comparable with the experimental uncertainties. Never-
theless, qualitatively we can state that the volume viscosity
of bubble-bearing melt decreases with the porosity and has
the same temperature dependence as the shear viscosity.
This is consistent with theoretical dependence of volume
viscosity from porosity

~i T]:(l - d’)
3 ¢
[Prud’homme and Bird, 1978].

ue (20)

Volcanological Application

Our relaxed viscosity measurements show a decrease of
viscosity with increase in bubble content. Recent experi-
ments at high strain rates and higher total strains [Stein and
Spera, 1992] have revealed an increase of shear viscosity
with bubble content. The behavior of bubbles in a shear flow
is complicated because bubbles can accommodate viscous
stresses through deformation [Bentley and Leal, 1986]. There
are two different time scales in a shear flow of bubble-bearing
melt. The first is given by 7, = 7,/G(x), the so-called structural
relaxation time of the melt. The second time scale character-
izes the response of vesicles to the viscous stresses [Bentley
and Leal, 1986]. This is characteristic time 7, of the viscous
deformation of bubbles (i.e., time scale of the departure of an
inclusion from sphericity with radius R) is

T, ~ MRl 210

[Schowalter et al., 1968], where o is the interfacial surface
tension which is poorly constrained for the temperatures
under consideration here. )

In the case of a high-temperature melt (n, ~ 10° Pas), T
~ 1073 sand 7, ~ 10-100 s for R 10100 um and & ~ 0.1
N/m [Khitarov et al., 1979]. If the shear flow time scale &~
is greater than 7,, the bubbles will respond rigidly to the
viscous stresses deforming their shape. The viscosity of a
vesicle suspension in magma should increase with the bubble
volume increase. The viscoelastic response of the bubble-
bearing melt in this range is shear viscosities is due to the
elastic behavior of bubbles since the surface tension of melt
tends to keep their spherical form. In relatively slow shear
flow (¢ < 7, ') the viscosity of bubble suspension will
depend also on total strain of shear flow since at large
deformations the bubbles in the melt begin to burst and
change their size, leading to a time dependent viscosity in
shear flow. Since the viscous stresses in melt relax instan-
taneously in comparison with bubble deformation (7, >
7s), even the presence of deformable bubbles leads to the
shear viscosity increase [Stein and Spera, 1992].

In the case under consideration here, 7, ~ 1-10? s and 7,
~ 103-10* s if the surface tension is o ~ 1 N/m. (There are
no experimental data on the surface tension in glasses at low
temperatures. This value can be roughly estimated from the
comparison with the surface energy of solids.) At the lowest
strain rate (10 ™3 s ') that was used in our experiments the
regime of viscous bubble deformation may be achieved. The
relaxation time scale of viscous stresses in the melt and the
bubble deformation time scale are closer to each other than
in the case of a high-temperature melt (7, = 7). The
relaxation of viscous stresses in the melts investigated in this
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study is much slower than at high temperatures. As a result
of these facts, the viscous deformation of cavities contrib-
utes to the effective viscosity of suspension, and this effect is
progressive with bubble content increase. At the lowest
strain rate they behave during the shear flow as practically
immobile deformable cavities (embedded in a surrounding
liquid). The dependence of Q"I (w7) tends to be ~1/(wT)”
(n < 1) over the wide range w7. Implicitly, this means a broader
interval of wr where anelastic properties of melts are expected.
Thus magmas having crystals, vesicles, or other heterogene-
ities varying in size should possess a broader stress relaxation
spectrum than homogeneous melts. Flowing magma will reveal
the rate dependent rheology and may respond to the different
type of deformation with a different rheology.

The flow process of magma can on the basis of the above
be distinguished into two types. First, when the strain rate of
a volcanic process is greater than 7, ! (e.g., volcanic explo-
sions, flow in a magma conduit caused by gas release, etc.),
the viscosity of vesicular magmatic melts will increase with
bubble content. Secondly, in slow geological processes
(flowing and simultaneous cooling on the surface, slow
extrusion, growth of domes, etc.), the viscosity will decrease
with the volume fraction of vesicles.

The contrasting rheology of vesicular melt in this study to
that observed by Stein and Spera [1992] underlines the impor-
tance of comprehensive rheology investigation of dispersed
systems relevant to magmatic processes. Only by accessing a
complete enough set of experimental conditions of strain,
strain rate, and porosity can the rheology of vesicular (and
other disperse) systems be understood in its entirety.

CONCLUSIONS

The present study of shear viscosity of rhyolite melts with
differing degrees of porosity has shown the following:

1. The torsion forced oscillation is useful for shear
viscosity measurements of bubble-bearing melts. Many
other methods (parallel plate, fiber elongation, etc.) involve
the measurements of a combination of shear and volume
viscosity, and the interpretation of obtained results is always
thereby complex [Bagdassarov and Dingwell, 1992]. Combi-
nation of the torsion method with compression permits evalu-
ation of the volume viscosity of the bubble-bearing melts.

2. The relaxed shear viscosity of bubble-bearing rhyolite
melt decreases with volume fraction of bubbles. The activa-
tion energy of viscous flow in rhyolite melt and in vesicular
melt remains unchanged (~416 = 14 kJ/mol).

3. The internal friction Q ~! plotted on a double-log plot
versus the dimensionless variable w7 has different slopes above
and below the glass transition. Below the glass transition the
slope Q' versus wr in a double-log scale is ~—0.5 and is
independent of porosity. Above the glass transition the slope
depends on the bubble content and equals —1 for 0% porosity,
—0.8 for 10% porosity, and —0.65 for 30% porosity.

4. The relaxation spectrum of shear stresses exhibits an
asymmetrical distribution. The shift of the main relaxation
time 7y, around which the distribution of relaxation times is
centered, with respect to the Maxwell relaxation time is
proportional to the volume fraction of bubbles.

5. The present work in combination with previous study
of Stein and Spera [1992] illustrates that the magma viscosity
can either increase or decrease with the bubble content
depending upon the conditions (strain rate, type of deforma-
tion) of deformation during the magmatic flow.
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APPENDIX

The Debye relaxation of a single internal variable ¢ comes
from the first-order kinetic equation

deéldr = =(1/Tg) (€ = §), (Al)

where €is the equilibrium value of &, 7is the proportionality
constant called relaxation time [i.e., Nowick and Berry,
1972). The solution of this equation is

£ =1 —exp (—1/1y)], (A2)

which is called the Debye relaxation or single relaxation time
behavior.

If the internal variable ¢ oscillates with time as ~ e/,
then it depends on frequency w as follows:

fw) = ¢'(w) + i (w), (A3)

where ¢ (w) ~ C; + Cy(w1)?/[1 + (07y)2] and £'(w) ~ C,
wty/[1 + (w79)?], C, and C, are constants. ¢ is called a
Debye dynamic relaxation function; ¢ is called a Debye
peak [Nowick and Berry, 1972] or a pair of Debye functions.

If the relaxation rate of a property £ is not linear, for
instance, in the expression (A1) instead of time independent
parameter 7y, we put (7¢?) =8 (where B < 1) the functional
form of relaxation will be as follows:

(1) ~ exp (=[t/70]?), (A4)

which is called stretched exponent relaxation function. The
case of B = 1 corresponds to single relaxation time behavior
(A2). The physical meaning of B-relaxation is not obvious,
except it is helpful to fit the experimental data. It seems to be
useful for the effective description of the relaxation behavior of
materials with the spectrum of relaxation-times. In this case the
parameter 3 is a relative measure for the broadness of relax-
ation spectrum of the measured property £ [Brawer, 1985].
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