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Abstract

The rheological properties of basaltic lavas from Etna, Hawai'i and Vesuvius have been
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investigated at temperatures between ~500 and 1150 °C using a small strain oscillatory shear. .~
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frequencies between 0.002 and 20 Hz_was measured. A purely viscous regime was only
approached during experiments with Hawai'i samples. These experiments indicated that at
temperatures between ~1070 and 1130 °C, strain rate independent viscosities (>10° Pas)
could be measured at strain rates less than ~102 to 10™ s, At 800 °C, temporal variations in
complex shear modulus and internal friction suggest that, over durations of up to 120 hours,

structural adjustments were occurring within some of the samples. This time-varying
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behaviour of lava samples may be, attributed to the slow closing (healing) of microcracks and .~
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1. Introduction

The rheological properties of basaltic lava are critical parameters in determining the

advance rates, morphology and final dimensions of basaltic flows. Rheology is controlled by

P { Deleted: , redox-cooling history

)
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and bubble content. The effects of these factors on the viscosity of lavas between eruption and
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Bagdassarov, 2000). Field measurements carried out at high stresses (~10° Pa) and typical \\\\{Formatted
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and an appreciable static yield-strength (~10” to 10° Pa) (Shaw et al., 1968; Pinkerton and
Sparks, 1978; Pinkerton and Norton, 1995; Norton and Pinkerton, 1997).

The stiffness of solidifying lava, the temperature range over which solidification and
the anelastic transformation occurs and the kinetics of fracturing and fracture healing

processes are important parameters for lava flow modelling. Quantification of these processes
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may be important, for example, in the prediction of Java flow carapace generation or break L { Deleted: stiffness

up. Here, we present the results of viscoelastic measurements carried out on samples of basalt

lava flows taken from Etna, Hawai'i and Vesuvius at temperatures in the range ~500 to 1150
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°C. These reveal the importance of cooling rate of lava flows, on the strength of lavas. .7

Experiments designed to characterise the high temperature anelastic and viscoelastic

behaviours of glassy, crystalline and partially molten rocks are based on measurements of
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1981; Weiner et al., 1987; Versteeg and Kohlstedt, 1994) or by forced torsional oscillation {Formatte g
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(Beckhemer et al., 1982; Jackson and Paterson, 1987; Bagdassarov and Dingwell, 1993;
Gribb and Cooper, 1998). The forced torsional oscillation method used in this work has
previously been used to study the behaviour of both rocks (Berckhemer et al., 1982; Jackson
and Paterson 1987; Gribb and Cooper, 1998; Bagdassarov and Dorfman, 1998) and glasses
(Bagdassarov and Dingwell, 1993; Bagdassarov et al., 1993,1994). This technique allows the
magnitude of the complex shear modulus and angle of internal friction to be measured over a

range of temperatures and frequencies.



2. Apparatus

The experimental method consists of exerting small strain oscillatory torsion
deformation on cylindrical samples. The equipment (described in detail previously
(Berckhemer et al., 1982; Kampfmann and Berckhemer, 1985, Bagdassarov and Dingwell,
1993)) exerts a small sinusoidal torque (of amplitude ~10° N'm) to the end of a cylindrical
sample (8 mm in diameter, ~20 to 30 mm in length). A simple schematic of the device is
electromagnets (two microphone-type coils) connected to a synthesiser via a power amplifier.
The sample is fixed between two aligned alumina rods, onto which two sets of light
aluminium wings are also attached. The angular deformation across the sample is measured
by pairs of capacitive pick-ups which respond to the movement of pure iron plates located at
the ends of the aluminium wings. The capacitive signal is detected and amplified using a 5
kHz-frequency bridge which is sampled using a PC. Calibration of the equipment has been
described previously (Bagdassarov, 2000), with shear modulus measurements being accurate
to 3 to 5 % (due to thermal drift of the calibration at high temperatures).

Although the mechanical design of the equipment has not changed from that used
during previous work, the data acquisition hardware and processing software have been
significantly improved. For each measurement, data are collected over two periods of the
torsional oscillation (Fig. 1b). Data are sampled at up to 10 kHz, allowing 1000 samples per
channel to be acquired at the highest frequency used during experiments (20 Hz). At torsional
oscillation frequencies of 2 Hz or lower the number of samples per channel is limited to
10,000. Sinusoids are automatically fitted to the collected data using a Levenberg-Marquardt
algorithm, and the shear modulus and phase difference between the applied torque and the
angular displacement across the sample are calculated from the phase and amplitude

parameters of the fitted curves.
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Experiments were carried out over the frequency range 0.002 to 20 Hz (at
approximately 0.3 log intervals) and at temperatures between ~500 and 1150 °C. At high
temperatures, low frequency measurements were prevented by the onset of non-linear sample
response. This was revealed by Fourier analysis of the data indicating the presence of
harmonics of the torsional driving frequency. Automation of sampling and processing allows
repeated measurements and at high frequencies an average of twenty measurements was used
for most temperature-frequency points. At low frequencies, individual measurements take up
to 17 minutes, so fewer experiments were averaged.

During experiments the furnace was purged with a flow of Ar gas (5 cm*s™).

Inspection of the samples after experiments showed that oxidation (as indicated by growth of

recorded using Pt-PtRd (S-type) or Ni-NiCr (K-type) thermocouples. Direct measurements of

the temperature field inside the furnace indicated that temperatures were reduced by up to 15
°C at distances of 10 mm from the hottest point. Although this spatial sensitivity implies that
recorded values were only accurate to ~15 °C as indicators of the sample temperature, relative
temperature changes within any one experiment are much better constrained (+3 °C at 1000
°Q).

The data collected at each temperature-frequency point allowed calculation of the
magnitude of the complex shear modulus G*(w, T), and the phase shift ¢ @,T) between the
applied torque and the resultant angular strain of the sample, where @ is the angular velocity
(equal to 2 multiplied by the applied frequency). From these results, the real, G', and the

imaginary, G", parts of the complex shear modulus, the internal friction, Q™' and the complex

G =G+iG"=G" cos(p)+iG" sin(p) (1),
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2.1 Sample bonding
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alumina rods. In order to do this efficiently small conical grips (angle ~1°, length 4 mm) were
machined at both flat ends of the sample with a diamond tool. Complementary mating grips
were produced in the alumina rods and samples were cemented between the rods with a high
temperature cement (Polytec®). The assembly was placed in the torsion apparatus and the
sample was then sintered to the rods for 2 hours at 150 °C and then for 24 hours at 500 °C,

under an axial load of ~8 N (e.g. Berckhemer et al., 1982). Measurements carried out using a

dummy sample of Al,O3 have demonstrated that the effect of the cement on phase delay

measurements was less than 107 rad. (Bagdassarov and Dorfman, 1998).
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2.2 __Size and shape factors

When temperatures increased during experiments, thermal expansion of the sample
and the alumina ceramic rods was accommodated by a spring located at one end of the

apparatus. At temperatures sufficiently high for the sample to deform, some of the



accumulated stress dissipates by flow shortening of the sample. Changes in sample length

were calculated from micrometer readings taking at the spring (to a precision of ~0.02 mm)
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and the correspondingly changed sample diameter (calculated by assuming conservation of s {Deleted: in the ]

sample volume) were then used to calculate the material properties. However, samples
recovered after experiments have shown that flow deformation was not continuously
distributed through the samples but was concentrated in the centre, producing distorted,
barrel-shaped, cylinders. This is a consequence of temperature gradients across the sample
and due to it being supported at both ends. Thus, despite efforts to account for changes in the
sample shape, the deviation from a cylindrical form introduced errors (<2 %) in the assumed

diameter of the sample, once sample shortening has started.
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2.3 __Sample description

The experiments were carried out on samples of basaltic lavas collected from three
different volcanoes, Etna, Hawai'i and Vesuvius.

a. Etna. Two samples from Etna were collected from lava erupted in 1992 which had
ponded after overflowing from a skylight in the Valle del Bove. One of these samples was

from the top surface and one was taken from the base (~10 cm down from the surface) and
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_ | Deleted: ). Images of polished
e sections of these samples

further sample was collected from near the south east cone in 1999. This sample was taken

from the least vesicular area found in a recently emplaced flow near hornito H3 (Calvari and
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b. Hawai'i. The Hawai'ian basalt was sampled in the east rift eruption zone of Kilauea,
Hawai'i from a lava flow from a pahoehoe toe in September, 1984 (eruption temperature
~1147 °C). This pahoehoe lava flow corresponds to the episode 25 of the eruption Pu'u 'O'o of
Kilauea Volcano. Its bulk chemical composition has been presented elsewhere (Garcia et al.,
1992). The chemical composition of the groundmass glass obtained by microprobe analysis
differs from the bulk rock composition in SiO (52.3 wt%) and CaO (9.2%) content
(Bagdassarov, 2000). The vesicularity estimated from 2-D image analysis varies from 46.8 to
57.6 vol.%, or ~50 vol.% when calculated on the “dry” density rock basis. The sample has
about ~10 vol.% of olivine quenched from magma during sampling and a few percent of other
phenocrysts.

¢. Vesuvius. The Vesuvius samples were collected from the 1834 flow at Cava Ranieri
in the national protected area of Terzigno approximately 6.3 km ESE of the central cone of
Vesuvius by the group from University College of London. Chemical analysis of the samples
is given in Belkin et al. (1993). The same sample was also used by Rocchi et al. (2002) in

experiments to determine Young’s modulus and tensile strength.

3. Results

The shear modulus and internal friction results for the samples are given in Fig.
3 to 6. The 1992 Etna samples (Fig. 3) show marked differences in shear modulus and internal

friction between the rapidly cooled crustal sample and the more slowly cooled basal sample.

p { Deleted: and smaller

As aresult of its smaller yolume fraction of vesicles, the crustal sample has a shear modulus .~
~1.5 to 2 times greater than that of the basal sample at high temperatures (>1050 °C),

increasing to ~6 times at low temperatures (~500 °C). The internal friction of the crustal

sample shows a relatively low dependency on frequency at high temperatures (>800 °C). At

temperatures between ~600 and 800 °C (Fig. 3c) a small, wide peak in internal friction

suggests a complicated behaviour at temperatures corresponding to that of the glass transition
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temperatures below 1000 °C, the internal friction of the basal sample (Fig. 3d) is a strong
power law of frequency, 0" o @ . The response of a purely elastic material would be
| independent of frequency, and this frequency dependence indicates a partially viscous
| response even at ~600 °C.
Similar experiments carried out on cores cut from the 1999 Etna sample not only
reproduced the internal friction peak at low temperatures (~700 °C ) but demonstrated

considerable temporal variations in the results (Fig 4). Over periods of up to ~120 hours, the

samples produced similar shear modulus and internal friction results (Fig. 4c, d) to those of

the 1992 Etna crustal material. At temperatures >1100 °C, Etna samples demonstrated an
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The experiments carried out on the Hawai'i sample were extended to higher \

temperatures because of the higher temperature of the sample’s softening point. Similar (

|
temporal variations to those observed with the Etna lavas were found and are shown in Fig. 5 \
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at a temperature of 1102 °C. The results are broadly similar to those of the Etna samples with

i ‘\\
shear moduli of ~18 GPa decreasing to ~0.2 GPa as sample fluidity starts to rapidly increase,

The results from the experiments carried out on the Vesuvius sample are given in Fig.

6. During sample annealing the shear modulus increased but to a lesser extent than in Etna

h
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samples. An increase in tensile strength and Young’s modulus after annealing was also ‘

reported during bending experiments (Rocchi et al., 2002). At the highest temperature
attained during experiments (1132 °C) the shear modulus was less than 0.5 GPa and

practically frequency independent. With a further increase of temperature the sample became

too fluid for it to be held within the torsion apparatus.

\ crack porosity and a factor of 2

1|1 | law dependence of internal friction
! 1| in the 1992 Etna samples at low
temperatures.
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and sandstones (Johnson and Toks6z, 1980; Jackson, 1993; Lu and Jackson, 1998) and is

thought to be due to the presence and healing of microcracks and pores. For example, rapid

thermal production of cracks (Johnson and Toksdz, 1980). Jackson (1993) interpreted the

observed increase jn shear modulus and decrease jn internal friction with the increasing
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decrease of centres of stress concentration, Thus, we interpret our data, which indicate an

increasingly elastic response with time, as demonstrating the effects of healing microcracks

and thermally produced pore space (not vesicles) in the samples. It is likely that the

microcracks were originally created due to thermal stresses during rapid cooling of the lava

flows, however, we cannot exclude the possibility that they could have been produced during

sample preparation or the subsequent heating. In thin sections, microcracks within crystals

and between crystals and the groundmass can be observed to have undergone some healing

after annealing (Fig. 7),

The production of microcracks suggests that rocks which have undergone slow

cooling will possess higher shear moduli and have higher strengths than rocks which cooled

more rapidly. Thus, before annealing, samples taken from the centre of a cooled flow would

be expected to be more elastic than samples taken from the top of a flow. Under annealing at

high temperature, the crack healing process consists of cracks pinching off and healing to a

pore-like shape before subsequent decreasing of the pore diameter (Atkinson, 1984). During

this period, the shear modulus may significantly increase and the internal friction decrease.

The time dependence of changes in crack lengths can be described as an Arrhenius function

of temperature and, as a first approximation, a linear dependence between shear modulus and

a crack density parameter may be assumed (O'Connel and Budiansky, 1974). In Fig. 8a the
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results of annealing on the complex shear modulus of the 1999 Etna lava sample are presented

as a function of time, ¢. By fitting these data with an exponential time-dependence,

t

6| = (G, - GO)K1- e{;] +G(0) (5).

where G, is the stable shear modulus at any temperature, G(0) is the shear modulus at /=0, the

characteristic time, z, of the crack healing process may be estimated. The results of the fitting

are presented in Fig. 8b in the form of an Arrhenian dependence of 7, yielding an activation

energy of 150 + 20 kI mol™. According to Atkinson (1984) this value should relate to the

activation energy of the effective diffusion coefficient on grain boundaries of species

participating in the pinching process at microcrack tips. For example, the activation energy of

crack healing in dry quartz at 7< 600 °C is about 80 to 85 kJ mol™! (Atkinson and Meredith,

1987), corresponding to the activation energy of water diffusion in quartz (~60 kJ mol .,

Dersch et al. (1997) or ~100 kJ mol'l, Brady (1995)). At high temperatures, crystal lattice

diffusion is the rate controlling mechanism of grain boundary diffusion. Thus, the observed

activation energy for the time dependence of shear modulus may be associated with an inter-

diffusion of Ca, Mg and alkaline species between olivine, clinopyroxene and plagioclase

crystals and basalt glass, with activation energies between 130 and 180 kJ mol”' (Brady,

1995). Alternatively, our results are also consistent with a self-diffusion of Si and O, network

formers in basaltic glass, with an activation energy of 170 kJ mol™' (Lesher et al., 1996).
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being derived for small concentrations of vesicles in a fluid, where pg is the density of fluid, p

is the density of the suspension and 7.° is the viscosity of the fluid without vesicles.
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Field measurements, corrected to unit strain rate, have reported significantly smaller
shear viscosities for Hawaiian basalts. Shaw et al. (1968) measured plastic viscosities of 650
to 750 Pas at 1130 °C and Pinkerton et al. (1995) measured viscosities of 234 to 548 Pas at
1146 °C (Fig. 8b). Unit shear rate results from the torsion experiments (as given by the fitted
Cross models) are five orders of magnitude greater than these field measurements. For Mount
St. Helens dacite, Pinkerton and Stevenson (1992) demonstrated that a combination of factors
was responsible for a 10 order of magnitude variation within measured and calculated
apparent viscosities at sub-liquidus temperatures. For Hawaiian basalt, although differences in
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for the Hawai'i sample indicate a shear rate independent regime for low shear rates at
temperatures between ~1070 and 1130 °C, with viscosities >10° Pas.
" { Format_ted: Bullets and J
3. The samples from Etna and Vesuvius exhibited extended anelastic behaviour at Numbering
P { Deleted: much J
temperatures within the “glass transition” temperature of the groundmass, and thatmay .~ - [ Deleted: lower than ]
h ‘[ Deleted: this J
be attributable to the bad cohesion between crystal grains and the groundmass glass, L [ Deleted: presence of }
microcracks

Annealed lava at ~900 to 950°C possesses a shear modulus about 15 to 20 GPa. Below

~800 °C, but still within basalt glass transition temperature range, when the dilatometric

p { Deleted: lava becomes anelastic J

p { Deleted: B
between 700 and 950°C the characteristic time-constant of the lava hardening, process s { Deleted: crack healing

P { Deleted: in lavas
Jmay be on a scale of several to a hundred hours. Ras { Deleted

: several

A

o ‘[ Deleted:

P { Formatted J
Acknowledgements s

We thank J. Deubener and one anonymous referee for helpful comments which improved the
manuscript.

18



19

References

Aksel, N., 1995. A model for the bulk viscosity of a non-Newtonian fluid. Continuum Mech.

Thermodyn. 7, 333-339.

Atkinson, B.K., 1984. Subcritical crack growth in geological materials. J. Geophys. Res. 89,
4077-4114.

Atkinson, B. K., Meredith, P. G., 1987. The theory of subcritical crack growth with

applications to minerals and rocks. In: Atkinson , B. K. (Ed.), Fracture mechanics of rocks.

Academic Press, London, 111-166.

Bagdassarov, N.S., 1999. Viscoelastic properties of mica based glass ceramic aggregate.
Phys. Chem. Miner. 26, 513-520.

Bagdassarov, N.S., 2000. Anelastic and viscoelastic behaviour of partially molten rocks and
lavas. In: Bagdassarov, N., Laporte, D., Thompson, A. (Eds.), Physics and chemistry of
partially molten rocks. Kluwer, Dordrecht, 29—66.

Bagdassarov, N.S., Dingwell, D.B., 1992. A rheological investigation of vesicular rhyolite. J.
Volc. Geotherm. Res. 50, 307-322.

Bagdassarov, N.S., Dingwell, D.B., 1993. Frequency dependent rheology of vesicular
rhyolite. J. Geophys. Res. 98, 6477-6487.

Bagdassarov, N.S., Dingwell, D.B., Webb, S.L., 1993. Effect of boron, phosphorus and
fluorine on shear stress relaxation in haplogranite melts. Eur. J. Mineral. 5, 409-425.

Bagdassarov, N.S., Dingwell, D.B., Webb, S.L., 1994. Viscoelasticity of crystal- and bubble-
bearing rhyolite melts. Phys. Earth Planet. Inter. 83, 83—89.

Bagdassarov, N.S., Dorfman, A.M., 1998. Viscoelastic behaviour of partially molten granites.
Tectonophysics 290, 27-45.

Barnes, H.A., 1999. The yield stress — a review or “mavta pel” — everything flows? J. non-

Newtonian Fluid Mech. 81, 133-178.

19



20

Belkin, H.E., Kilburn, C.R.J., De Vivo, B., 1993. Sampling and major element chemistry of
the recent (A.D. 1631-1944) Vesuvius activity. J. Volcanol. Geotherm. Res. 58, 273-290.

Berckhemer, H., Kampfmann, W., Aulbach, E., 1982. Anelasticity and elasticity of mantle

E. Schwaizerbart’sche Verlagsbuchhandlung, Stuttgart, 113-132.

Brady, J. B., 1995. Diffusion data for silicate minerals, glasses, and liquids. In: Ahrens, T. J..

(Ed.), Mineral Physics & Crystallography: a handbook of physical constants. AGU,

Washington, 269-290.

Burkhard, D. J. M., 2001. Crystallisation and oxidation of Kilauea basalt glass: processes

during reheating experiments. J. Petrology 42, 507-527.

1999 eruption. Bull. Volc. 63: 526-535

Crisp, J., Cashman, K. V., Bonini, J., Hougen, S.B., Pieri, D. 1994. Crystallisation history of
the 1984 Mauna Loa lava flow. J. Geophys. Res. 88, 7177-7198.

Cooper, R. F.. Fanselow, J. B., Poker, D. B.. 1996. The mechanism of oxidation of basaltic

glass: chemical diffusion of network-modifying cations. Geochem,Cosmochem, Acta, 60,

3253-3265.
Day, D.E., Rindone, G.E., 1961. Internal friction of progressively crystallised glasses. J.
Amer. Ceram. Soc. 44, 161-167.

Dersch, O., Zouine, A., Rauch, F., Ericson, J. E., 1997. Investigation of water diffusion into

quartz using ion beam analysis technique. Fresenius J. Anal. Chem. 358, 217-219.

Dingwell, D.B., Hess, K.-U., Romano, C., 1998. Extremely fluid behavior of hydrous

peralkaline rhyolites. Earth Planet. Sci. Letts. 158, 31-38.

20

. { Formatted

/{Deleted:

melting

/{Deleted:

[

-

P { Deleted:

P { Deleted:

(in press).

/{Deleted:

-

- ‘[Deleted:

ica

N ‘[Deleted:

et

\ ‘{ Deleted: i

A




21

Garcia, M.O., Rhodes, J.M., Ho, R., Ulrich, G., Wolfe, E., 1992. Petrology of lavas from

p { Deleted: O

episodes 2-47 of the Pu’u O’q, eruption of Kilauea Volcano, Hawaii: evaluationof 7
magmatic processes. Bull. Volc. 55, 1-16.

Gribb, T.T., Cooper, R.F., 1998. Low-frequency shear attenuation in polycrystalline olivine:
Grain boundary diffusion and the physical significance of the Andrade model for
viscoelastic rheology. J. Geophys. Res. 103, 27267-27279.

Gueguen, Y., Woirgard, J., Darot, M., 1981. Attenuation mechanism and anelasticity in the
upper mantle. In: Stacey, F.D., Paterson, M.S., Nicholas, A. (Eds.), Anelasticity in the
Earth, Geodynamic series, Vol. 4, AGU GSA, Boulder Colorado, 86—94.

Hulme, G., 1974. The interpretation of lava flow morphology. Geophys. J. R. Astr. Soc. 39,
361-368.

Jackson, 1., 1993. Progress in the experimental study of seismic wave attenuation. Annu. Rev.
Earth Planet. Sci. 21, 375-406.

Jackson, 1., Paterson, M.S., 1987. Shear modulus and internal friction of calcite rocks at
seismic frequencies: pressure, frequency and grain size dependence. Phys. Earth Planet.
Inter. 45, 349-367.

Johnson, D.H., Toks6z, M.N., 1980. Thermal cracking and amplitude dependent attenuation.
J. Geophys. Res. 85, 937-942.

Kampfmann, W., Berckhemer, H., 1985. High temperature experiments on the elastic and
anelastic behaviour of magmatic rocks. Phys. Earth Planet. Inter. 40, 223-247.

Lesher, C. E., Hervig, R. L., Tinker, D., 1996. Self diffusion of network formers (silicon and

oxygen) in naturally occurring basaltic liquid. Geochimica et Cosmochimica Acta 60, 405-

413

Lu, C., Jackson, 1., 1998. Seismic-frequency laboratory measurements of shear mode

viscolasticity in crustal rocks II: thermally stressed quartzite and granite. Pure Appl.

Geophys. 153, 441-473.

21



22

Manghnani, M. H.. Rai, C. S., Katahara, K. W., 1981. Ultrasonic velocity and attenuation in

basalt melt. In: Stacey, F. D., Paterson M. S., Nicholas A., (Eds.), AGU, Washington, 118-

122.

Marin, G., 1998. Oscillatory rheometry. In: Collyer, A.A., Clegg, D.W. (Eds.), Rheological
measurements. Chapman & Hall, London, 5-46.

Marsh, B.D., 1981. On the crystallinity, probability of occurrence, and rheology of lava and
magma. Contrib. Mineral Petrol. 78, 85-98.

McBirney, A.R., Murase, T., 1984. Rheological properties of magmas. Ann. Rev. Earth

Planet. Sci. 12, 337-357.

P { Deleted: §

Lengai, Tanzania. Eur. J. Miner. 9, 351-364.

Nowick, A.S., Berry, B.S., 1972. Anelastic relaxation in crystalline solids. Academic Press,
London.

O’Connel, R.J., Budiansky, B., 1974. Seismic velocities in dry and saturated cracked solids. J.
Geophys. Res. 79, 5412-5426.

Pinkerton, H., Herd, R.A., Kent, R. M., Wilson, L., 1995. Field measurements of the
rheological properties of basaltic lavas. Lun. Planet. Sci., XXVI, 1127-1128.

Pinkerton, H., Norton, G., 1995. Rheological properties of basaltic lavas at sub-liquidus
temperatures: laboratory and field measurements on lavas from Mount Ethna. J. Volc.
Geoth. Res. 68, 307-323.

Pinkerton, H., Stevenson, R., 1992. Methods of determining the rheological properties of
magmas at sub-solidus temperatures. J. Volc. Geoth. Res. 53, 47-66.

Pinkerton, H., Sparks, R.S.J., 1978. Field measurements of the rheology of Lava. Nature 276,
383-384.

Prud'homme, R.K., Bird, R.B., 1978. The dilatational properties of suspensions of gas bubbles

P { Formatted
in incompressible fluids. J. non-Newtonian Fluid Mech. 3, 261-279.




23

Richet, P., Lejeune, A.M., Holtz, F., Roux, J. 1996. Water and the viscosity of andesite melts.
Chem. Geol. 128, 185-197.

Rocchi, V., Sammonds, P., Kilburn, C.R.J., 2002. Fracturing properties of magmas. J. Volc.
Geoth. Res (this issue).

Rust, A.C., Manga, M., 2002. Effect of deformation on the viscosity of dilute suspensions. J.

Non-Newtonian Mech. 104, 53-63.

Ryan, M.P., Blevins, J.Y.K., 1987. The viscosity of synthetic and natural silicate melts and
glasses at high temperatures and 1 bar (10° Pascals) pressure and at higher pressures. U.S.
Geol. Surv. Bull. 1764, Denver, 455-456.

Ryan, M. P., Sammis, C. G., 1981. The glass transition in basalt. J. Geophys. Res. 86, 9519-

9535.

Ryerson, F.J., Weed, H.C., Piwinskii, A.J., 1988. Rheology of subliquidus magmas. 1. Picritic
compositions. J. Geophys. Res. 93, 3421-3436.

Sakuma, S., 1953. Elastic and viscous properties of volcanic rocks at high temperatures. Part
3. Oosima lava. Bull. Earthquake Res. Ist. Tokyo 31, 291-303.

Shaw, H.R., Wright, T.L., Peck, D.L., Okamura, R., 1968. The viscosity of basaltic magma:
an analysis of field measurements in Makaopuhi lava lake, Hawai'i. Am. J. Sci. 266,

225-264.

. { Deleted: melting

Sparks, R.S.J., Pinkerton, H., 1978. Effect of degassing oh rheology of basaltic lavas. Nature
276, 385-386.

Versteeg, V.A., Kohlstedt, D.L., 1994. Internal friction in lithium aluminosilicate glass-
ceramics. J. Am. Ceram. Soc. 77, 1169-1177.

Weiner, A.T., Manghnani, M.H., Raj, R., 1987. Internal friction in tholeiitic basalt. J.

Geophys. Res. 92, 11635-11643.

23



24

Yue, Y., Briickner, R.., 1994. A new description and interpretation of the flow behaviour of

/{ Deleted: 7.,

glass forming materials. J. Non-Crystalline Solids 180, 66-79, .7

24



25

Fig. 1. (a) Schematic of the torsion oscillation apparatus (redrawn from Berckhemer et al.,
1982). Capacitive pickups detect the motion of the iron plates at the ends of the aluminium
wings providing two data channels which can be calibrated to provide angular deflection and
the applied torque. (b) An example of two periods of data collected in order to measure
internal friction (from the phase shift) and magnitude of the complex shear modulus (from the

relative amplitudes of the curves). Further details are given in Bagdassarov (2000).

Fig. 2. (a) Thin section of the crustal sample from Etna, 1992. The lava contains ~15 to 20
vol.% of vesicles (mean diameter between ~0.2 to 0.5 mm) and ~20 to 25 vol.% of
plagioclase, olivine and magnetite phenocrysts. (b) Thin section of the 1992 Etna sample

which was collected from the base of an overflow. This sample contains ~20 vol.% of

p { Deleted: 2D-

vesicles with a mean diameter of 1 to 2 mm and about 30 vol.% of crystal (from analysis of .~

P { Deleted: to stereological

polished thin sections without corrections for 3D effects). L [ Deleted: s.

Fig. 3. Shear modulus (a, b) and internal friction (c, d) results from the 1992 Etna lavas. The
crustal sample (a, ) shows a higher shear modulus than the basal sample, and neither sample

has an internal friction approaching 1 over the conditions investigated.

Fig. 4. In (a) and (b), temporal variations in shear modulus and internal friction are given for
the 1999 Etna sample. After annealing for 118 hours at 800 °C the sample had attained a
greater shear modulus than it originally possessed at 700 °C. The increasing shear modulus
and decreasing internal friction with time indicate the sample was becoming increasingly
elastic and less viscous. The shear modulus and internal friction results collected after

annealing are given in (C) and (d).
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