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Abstract

The effect of non-deformableinclusionson thefrequency-dependentrheologyof a rhyolite meltplus crystalshas
beeninvestigatedusinga sinusoidaltorsion deformationdevice for measurementsof shearviscosity andmodulusin
thefrequencyrangeof 5 mHz to 20 Hz at temperatures of750—1050°C.The relaxedshearviscosity and unrelaxed
shearmodulusof rhyolite magma(rhyolite melt pluscrystalsplus bubbles)decreaseswith increasingbubble content
and increaseswith the addition of crystals.At a crystal concentrationof about45% a relaxedvalueof the shear
viscosity is not attainable.The presenceof rigid inclusionsresultsin an imaginarycomponentof the shearmodulus
thatbecomesmoresymmetricalandshifted to the low-frequency—high-temperaturerangewith respectto thatfor a
crystal-freemelt. The slope of log(Q 1) (internalfriction) as a function of the dimensionlessvariable log(o T), is
unaffectedin the low-temperature—high-frequencyrangeof crystals,with ~ 1 1/(wr)°5(the sameas for bubble-
and crystal-freerhyolite). For the presenttype of suspension,the internalfriction is practically constantand
independent oflog(wr) in the high-temperature—low-frequencylimit (WT << 1). The shape of theCole—Colediagram
becomessymmetricalandcanbedescribedas a Caputobody with parametery 0.45, whereasfor bubble-bearing
andinclusion-freerhyolite melts the shapeof diagramrelatesto the/3-relaxationexponentwith /3 0.5. The present
work demonstratesthat magmamay or may not follow a power-lawrheology dependingon the relative volume
proportionbetweencrystalsandbubbles.

1. Introduction pendentand/or strain-rate-dependentrheology).
Strain-rate-dependentrheology of partially

The purposeof this study is to evaluatethe molten rock and concentratedsuspensionscan
role of rigid inclusionsor crystalson the shear result from the flow of melt within the intergran-
deformation of rhyolite melt at varying strain- ular spacesof the crystalline matrix and/or from
rates and temperatures.Interest in the fre- viscoelasticbehaviorof the melt itself. With the
quency-dependentrheologyof multi-phasemag- additionof rigid inclusionsto a viscousmelt, one
matic systemsstemsfrom the non-Newtonianbe- might expect,at a certainfractionof crystals(the
havior of suchsystems(i.e. their strong strain-de- rheologicallycritical melt percentage),a transi-

tion in rheology fromviscoelasticbehaviorof the
dilute suspensionto power-lawcreeprheologyof

_______ a concentratedsuspension,dependenton crys-
* Corresponding author. tal—crystalinteractions.At high concentrationsof
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rigid particlesdispersedin a viscoelasticmelt, the in theviscosityrange108_lOll Pa s. The presence
observedviscoelasticresponseof these suspen- of deformableand rigid heterogeneitieschanges
sions has amarkedly non-linear strain-rate-de- theshearmodulusandviscosity of amulti-phase
pendentcharacter even under conditions of a material. If the cavities are rigid (inviscid) inclu-
linear viscoelastic response of the host melt sions then the unrelaxedshearmodulus of the
(NguyenandBoger,1992).Theresponseof highly suspension(G) increaseswith the volume per-
viscous concentratedmagmatic suspensionsto centageof inclusions(4))
small strains in dynamic testingprovides impor- ~ G 1 + 5 2 + 1
tant information on the rheologicalbehaviorof /
magmasundercontrolled conditions.This infor- (see Chenand Acrivos, 1978). The relativevalue
mationis a prerequisite for the understandingof of the relaxedshearviscosity (‘jr) increaseswith
magmabehaviorunderthe widely varying condi- the increasingratio of the volume percentageof
tions of strain andstrain-ratein nature(Dingwell rigid inclusions(4)) to the critical fractionof them
et al., 1993). For the prediction of magma flow (4)cr) as
rates, it is important to know their mechanical — ‘1 ~—2.5 2
responsemeasuredexperimentallyas afunction ~

7r — — 4)/4~cr

of strain-rate(or frequency).The experimental which is valid for concentrationsof inclusionsless
method employedhere to study the viscoelastic than 30% (Roscoe,1952). The presenceof rigid
behaviorof syntheticsuspensionsof rhyolite melt inclusionsin the liquid also eventuallyresultsin a
and crystals isthat of oscillatory shear(provided yield stress(Nguyenand Boger,1992)which can
by torsional deformation)of cylindrical samples. be explainedin termsof particle—particleinterac-
This dynamic method has been described and tions leadingto the formationof a networkstruc-
previously employedfor the anelasticityand the ture in concentratedsuspensions.This hasbeen
viscoelasticity studiesof partially melted rocks observed in dynamic experimentson complex
(Berckhemeret al., 1982), rhyolite melt (Webb, shearviscosity andmodulusin various industrial
1992) and vesicular rhyolite melt (Bagdassarov syntheticsuspensions(e.g. Michaels and Bolger,
andDingwell, 1993a). 1962), and in rotational viscometry experiments

on magmatic melts (Ryersonet al., 1988).Experi-
1.1. Multi-phase rheologyof compositematerials mental rheological studiesof industrial suspen-

sions havepartially confirmed the Roscoemodel
Systematic investigationsof the rheological (Roscoe,1953), in which the resistanceto creep

propertiesof magmatic suspensionshave begun of a concentrated suspensionat low strain-rateis
relatively recently. Thesestudieshave dealtwith due to a ‘structural viscosity’ representing the
suspensionsof melt andvesiclesin the following strengthat which the networkof particlescanbe
conditions: (1) at melt viscosity of iO~Pa s, using broken plus a viscous resistanceof the liquid
a rotational viscometer(Stein and Spera,1992); itself. Thus, the yield strengthof a concentrated
(2) in the viscosity range1010_lOll Pa s, using a suspensionis a shearstrengthof a network. At
longitudinal deformation viscometer (Bagdas- high strain-ratesthisvalue is much less than the
sarov and Dingwell, 1992); (3) in the viscosity unrelaxed shearmodulusof the liquid G,,, and is
range109_lOll Pa s, usinganoscillatory torsional practically unobservable.At low strain-ratesthis
shear deformation (Bagdassarovand Dingwell, value determinesthe macroscopicyield strength
1993a).Additionally, magmatic suspensionscon- of the composite flow. In the low-frequency—
sisting of melt and crystals atviscositiesof 10l_ high-temperaturerange the composite material
iO~Pa shavebeen studiedusing rotational vis- consistingof a viscoelasticmelt and rigid inclu-
cometry(Ryersonet al., 1988). sions will have a much longer relaxationtime

The synthetic suspensionsconsideredin this than the longest relaxationtime of the viscoelas-
study consistof rhyolite melt andsphericalcrys- tic liquid itself (see NguyenandBoger, 1992).At
talline inclusions(Al 203) with or withoutbubbles low shear-rateswhen the behaviorof the inter-
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granularliquid is purely viscous,suspendedparti- nian shearviscosity is not observed;rather the
des begin to interact mechanicallyand form a rheological behavior is strain-rate dependent
network that is responsiblefor the small elastic (power-lawcreep).
component of the mechanical response In magma rheology this transition from one
(Matsumotoet al., 1973). Experimentalstudies type of behaviorto anotherrelatesto the ‘rheo-
with carbonblack in polystyrenesolutions(Onogi logically critical’ percentageof melt (Arzi, 1978).
et al., 1970), flocculated kaolin suspension This value distinguishesthe flow of magmaand
(Michaels and Bolger, 1962), and magneticand lavas in which the concentrationof crystals is
non-magneticparticles in mineral oil (Kanai et sub-critical, and the creep rheology of partially
al., 1992) have demonstrateda critical volume molten rocks containinglow melt fractions(see
fraction of suspendedparticlesbelow whichthe Dingwell et al., 1993). The presentwork demon-
suspensiondoes not show yield stressand pos- stratesthe onsetof transitionbehaviorfrom vis-
sessesa relaxedshearviscosity. Above thiscritical cous magma flow to creep of partially molten
concentrationa non-zero relaxedshearmodulus rocks for a magmatic suspensionconsisting of
appears, rhyolite melt charged withsphericalcrystal inclu-

1 S~Ofl5.
G~(w ~ 0) = [(G~)2 + (G~)2]2 (4)

(3)

whereG~is the complexshearmodulus,G’0 and 2. Experimental procedure
G’~are respectivelythe realand imaginaryparts
of the complexshearmodulusat low frequencies, Little GlassMountainobsidian(California; de-
4) is the volume concentrationof suspendedpar- noted LGM) was chosenas startingmaterial for
tides,

4)~,. is the critical concentrationof particles thepreparationof sampleswith differing concen-
and n is an empirical constant(e.g. Nguyen and trations of crystals.The chemicalcompositionof
Boger, 1992; Kanai et al., 1992). The parameter LGM rhyolite is given in Table 1. A crystal- and
n = 3 hasbeenestimatedin experimentson floc- bubble-freeglass ofrhyolite was obtainedby stir-
culatedkaolin suspension(Michaelsand Bolger, ring the melted obsidian at 1650°Cfor 7 days.
1962), and n = 2 hasbeenobservedfor colloidal Chips of rhyolite glass were ground into a fine
suspensions(Zosel, 1982). For concentrationsof powder (grain size 5—10 ~m) and mixed with
heterogeneitiesclose to critical a relaxed Newto- sapphirespheres(0.5 mm in diameter,C. Giese

Table 1
Chemicalcompositionof samples(valuesfor themixtures are for various distancesfrom the edgeof a sapphiresphere)

Oxide LGM LGM LGM LGM
(initial (9% porosity+ 9% crystals)b (16% porosity+ 16% crystals)b (40% porosity+ 40% crystals)b
composition)a

5iim 201Lm 80km 5~Lm 20,am 80gm 5~m 20u.m 80,am
Si0

2 74.75 71.66 74.98 75.07 72.06 75.07 74.83 73.37 75.01 75.08
Ti02 0.29 0.38 0.24 0.30 0.34 0.30 0.15 0.30 0.41 0.26
A1203 13.30 15.08 13.61 13.42 15.71 13.27 13.16 14.67 13.22 13.11
FeD 1.86 1.72 1.61 2.06 1.31 1.86 1.85 1.47 2.02 1.91
MgO 0.29 0.41 0.27 0.27 0.41 0.23 0.27 0.27 0.25 0.28
CaD 1.21 1.80 1.01 0.89 1.86 0.92 1.09 1.18 0.96 1.06
Na20 4.51 5.45 4.12 4.05 5.05 4.18 4.11 4.73 4.29 4.31
K20 3.86 3.90 3.78 3.72 3.92 3.89 3.81 4.01 3.82 3.87
a Determinedby inductively coupledplasmaatomic emissionspectrometry(ICP-AES) in weight per cent, usingsingle element

solution standards.
b Determinedby Camebaxmicroprobe,at 15 kV, 15 nA, beamspot is 2 ~m.

FeDis taken as the sumof ferric and ferrousiron.
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KG®, Idar-Oberstein, Germany) in the desired BagdassarovandDingwell, 1993a).Sampleswere
proportions.Mixtures were homogenizedby agi- sinteredfor 6—10 h at 1300°Cin a horizontaltube
tation inplasticbottles. Samples(8 mm in diame- furnace with Pyrox® (HIMETAL, Traunstein,
ter and 25—30 mm in length) were pressedin a Germany) heating elements, and then cooled
cylindrical pressingform at room temperature. slowly for about24 h (about0.5—1K mm 1) This
The pressedcylinders werecoatedwith Pt foil procedure avoids cracking caused by thermal
tubes,placedbetween alumina rodsand melted stressesduring cooling. The small axial load ex-
by application of a small axial load (see also ertedon the rodsand the sampleinsuresa good

Imaginary Component of Shear
Real Component of Shear Viscosity Viscosity

LGM: 82% melt + 9 % bubbles+ 9% sapphire spheres LGM: 82% melt + 9 % bubbles+ 9% sapphirespheres
11 ____________________________________________________________________ ~n 12

~ ~___ ~..875CC ~ 852~C ~ 026CC

LOM: 68% melt + 16% bubbles + 16% sapphire spheres
______________________________________________ LGM: 68% melt + 16% bubbles+ 16% sapphire spheres

10.5

:~ ~ .1

— 940CC 913CC ~ S ~
940~C 913CC7 __ 885CC ~ 862CC ~ 83TC 75

= 8.S8~C a 062~C 53TC

LGM: 20% melt + 40 % bubbles+ 40% sapphiresphere LGM: 20% melt + 40 % bubbles + 40% sapphire spheres
10.5 10

1023CC .~99eC ~969~C

10 042CC 915~C ‘° 9,0~505C

9.5 tl= 9

65 1073 C 994CC ..~. 969 C

7 ~ 94273 .... 91CC ..~. 08CC
001 0.1 0) ~r~ti1 10 100 ~ 0.1 ~ i is ioo

Fig. 2. Therealand imaginarycomponentsof complexshearviscosityof rhyolitesampleswith crystalsandbubbles.
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mechanicalcontact between‘them. Finally, the about8% bubblesat 8% crystals,about 16% at
foil was carefully removedfrom the sampleand 16%, and about 40% at 40%.Bubble-freesam-
the entire assemblageof two rods and sample pies containing45% crystalsand55% melt were
betweenthemwas installedin a torsiondeforma- subsequentlysintered in a vacuum furnaceat
tion devicewhoseprinciple of operationandcali- 1300°Cunder iO~bar for 12 h, andthen fused
brationprocedurehavebeenpreviouslydescribed to the alumina rods. Cross-sectionsof the sam-
(BagdassarovandDingwell, 1993a).Samples pre- ples charged withsapphirecrystals(Figs. 1(a)and
paredusingthis procedurecontainedaboutequal (b))havebeenanalyzedusinga TracorNorthern
volume percentagesof crystalsand bubbles,i.e. (Middleton, WI, USA) TN-8500® ImageAnalysis

Real Component of Shear Viscosity
55% melt + 45% sapphire spheres

0.01 0.1 1 10 100 1000
CU, ~

880 ~. 855 ~_ 828 ~. 807 ...~ 777 ...~ 758

6 racl 1~o 1000

CU, ~

.._.... 1025 .÷.. 1004 —A— 980 ~ 954 .~ 925 .~ 894

Fig. 3. Therealcomponentof shearviscosityof a samplecontaining45% of crystals.
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Systemcombinedwith an optical microscopeto beam spot of about 2 /Lm) of samples demon-
derive the volume percentagesof bubbles,melt stratedsmall variations,about 1.5—2.5wt.% in
and crystals(Bagdassarovand Dingwell, 1992). A1203 contentin the rim of approximately5 ~tm
Microprobeanalysis(Camebax(CAMECA, Paris, width aroundsapphirespheres, and,practically,
France)microprobe,at 15 kV and 15 nA, with a the absenceof any significant variationsin melt

Relaxed Shear Viscosity
LGM: 68% melt + 16% bubbles + 16% sapphire spheres

‘l

00.5 -

Ct
C
C-)
-~ 13 -
>

~9.5.
C

9.

E = 416 kJ/mol
1.5 -

05 0.85 10 0.90

l/T,K* 1000

torsion experiment best fit

Normalized Real Component of Shear
Viscosity

LGM: 68% melt + 16% bubbles+ 16% sapphire spheres
-~ I

L
H~:

-9
—3 —2 —1 0 1 2 3 4 5

log (tot)

Fig. 4. (a) Relaxedshearviscosity as afunctionof temperature fora samplewith crystalcontentbelowcritical. (b) Normalizedreal
componentof shearviscosity as afunctionof log(on-).
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compositionat distancesgreaterthan 20 ~m (see 1050°C(with stepsof 25°C).The measurements
Table 1). yield the absolutecomplexshearmodulusG*(w)

andphaseshift qs(w) between appliedtorque and
resultantangulardeformation foreachtempera-

3. ExperimentaJ results ture. From thesedata, the real (G’) and imagi-
nary (G”) componentsof shear modulus have

3.1. Shearviscosity beencalculatedby

The torsion measurementshavebeencarried G’(0)) = G*(w) cos[~(0))],
out in the frequencyrange 0.005—20 Hz (with
stepsof 0.3 log Hz) and temperaturerange750— G” ((0) G* ( w) sin[q( co)] (4)

Imaginary Component of Shear Modulus
0.25 55% melt + 45% sapphire spheres

0.01 0.1 1 ra(J1O 100 1000
(0, s880 855 —A-- 828 —D-- 807 ~ 777 ~ 758

0 __________________________

0.01 0.1 1 ~ 10 100 1000

S
_— 1025 ÷ 1004 _ 980 ~ 954 ~ 925 ~ 894

Fig. 5. Theimaginarycomponentof shearmodulusof a rhyolite samplecontaining45%of crystals.
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The frequency-dependentreal and imaginary pies with crystalcontentof 40% vol. or lesshave
partsof shearviscositycanbe calculatedfrom G’ been plottedas afunction of 1/T in Fig. 4. The
and G” usingthe expressions Arrheniusdependence~ 1/T on this

ij’ (co) = G” (w)/w, ~(u)” = G’ (~)/co graph indicates that inclusion-bearingrhyolite
(5~ suspensions with40% or less ofcrystals(non-de-
‘ / formable inclusions), as well as homogeneous

wherew= 2i?-f angularvelocity (in rads1), and rhyolite melts, are ‘strong’ liquids, i.e. thosewith
f is the oscillation frequency(in Hz). ‘self-reinforcing tetrahedral network structure’

The experimentaldatafor the realand imagi- (Angell, 1991). The temperaturedependenceof
narycomponentsof shearviscosityare illustrated viscosity of inclusion-bearingsuspensionswith a
in Fig. 2. For samples containing bubbles and volumefractionof crystalsbelowthecritical value
crystals it should be noted that,with decreasing is still controlledby the rheologyof the ‘strong’
frequency,the real componentof the shearvis- interstitial melt which relates to a unique ther-
cosity increases andreaches the relaxed mally activated process.
(frequency-independent)Newtonianvalue ‘v~(O). The temperaturedependenceof the relaxed
With the increasein concentrationof rigid inclu- shearviscosity isindependentof concentrationof
sions the relaxed value of the shear viscosity rigid inclusionsfor less than45% of crystals.The
progressivelyceasesto exist (seeFig. 3). At high Arrheniusactivationenergyis 416 ±14 U mol~.
concentrationsof crystals, thecurves oflog(rj’) vs. The presenceof deformablebubblesandnon-de-
log(w) have a non-zero slope in the low- formable sapphirecrystalsaffectsonly the effec-
frequency—high-temperatureregion and a fre- tive shearviscosity and unrelaxedshear modulus,
quency-independentviscosity isnotobserved.The not the activation energyof viscous flow. The
valuesof relaxedshearviscosityobtainedon sam- clearlyArrheniantemperaturedependenceof the

Peak of Imaginary Componentof Shear Modulus

55% melt + 45% sapphire spheres

~2OJ~oV1

0.7 0.75 0.8 0.85 0.9 0.95 1

1 ~
T,K

Fig. 6. The temperature dependenceof peak frequencyof the imaginary componentof shearmodulusin a rhyolite sample
containing45%of crystals.
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shear viscosity indicates a thermorheologically Complex Shear Modulus- LGM : 82% melt + 9% bubbles + 9% sapphire spheressimple behaviorof our samplesin the tempera- - i

ture range of experiments(e.g. Brawer, 1985). . -

This canbe usedto reducethe experimentaldata / °-~

obtainedat various frequenciesandtemperatures ‘~

to mastercurvesbasedon thedimensionlessvan- ~ N

able COT (e.g. Bagdassarovand Dingwell, 1993a), ~
where

T—~T
0exp(E/RT) (6) o.~

The realcomponentof shearviscositynormal- • ~

ized to the relaxed shear viscosity at a given ~ ~ 1 0 1 5 3 4

temperaturecan be plotted as a function of LGM : 68% melt + 16% bubbles + 16% sapphirespheres
log COT. The kinkon the mastercurve which oc- 12

curs at log(coi-) —0.5 indicates the limit of -
N

Newtonianviscousbehaviorof this material(Fig. ~
A) (..~

For the case of the sample containing 45%
sapphirespheresandno bubblesin the intergran- OM -

ular space,a relaxedviscosity is never attained
(Fig. 3). The activation energyin Eq. (6) for the
dimensionlessvariable COT can be derived from 92

the temperaturedependenceof the peakin the 0 • ~

imaginarycomponentof the shearmodulus(Fig. -2 -1 I 1 2 3 4

5). Valuesof log(wpea~)plotted as afunction of LGM : 20% meli + 40% bubbles+ 40% sapphire spheres

reciprocal absolutetemperatureexhibit an Ar- I N N

rhenius typeof behavior, and the activation en- IllII

ergyestimatedfrom thisplot is 420 ±15 kJmol 1 0.0

the sameasfor rhyolite melt with bubblesor with ~ -

bubbles and smaller concentrationsof sapphire ~ N

spheres(Fig. 6).
50.4

3.2. Shearmodulus 02 g~

The datafor G’ and G” at variousfrequencies 0 ______________________

and temperatureshave also beenreducedto a 2 ~ ~og(~
mastercurve via the dimensionlessvariable COT

G - real component(exp) G - imaginary component (exp)(Fig. 7). The differencein mastercurves for sam-
ples with different crystal concentrationslies in Fig. 7. The realand imaginary componentsof complexshear

the asymmetryof the imaginarycomponentof the modulusas afunctionof log(wr).

shearmodulusat low crystal concentrationsand
the symmetrical form of the master curve for
samples with high crystal concentrations.The The relative maximum of the imaginarycompo-
asymmetrical formof the mastercurve illustrates nent ofshearmodulusdecreaseswith crystalcon-
the stretchedor /3-exponentialrelaxationwhich centration increase.The stressrelaxation spec-
hasbeenobservedfor silicatemelts(e.g. Brawer, trum H(T/T0), towhich the first approximationis
1985; Scherer, 1986) and for vesicular rhyolite the shapeof the imaginary componentof shear
melts (e.g. Bagdassarovand Dingwell, 1993a). modulus(Philippoff, 1965), tends to a symmetri-
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cal form. The samplewith 45% crystalsand no is plotted againstthe realpart, eachpoint being
bubblesexi-iibits growthin the componentof shear characteristicof one COT value (Cole and Cole,
stress relaxation spectrum at relaxation times 1941). For a Maxwell liquid (a Debye type of
slowerthan the main relaxationtime (the struc- relaxation)the Cole—Colediagramis a semi-circle
tural relaxationof the melt). This slow relaxation with radius 0.5GCt, the center ofwhich is located
mechanismrelates to the relative movementof on the G’-axis. In the caseof a /3-relaxation(e.g.
crystals and melt. Mechanical interaction be- Brawer, 1985) the shapeof the Cole—Cole dia-
tweencrystalsresults in a small non-zeroelastic gramis a skewedarc intersecting theG’-axis at
componentof strain evenat low strain-ratesand some angle approximately(/3~r/2)at the G’/GCt
high temperatures. —* 1 limit. In the case ofanelasticsolids (e.g.the

Caputo body model, Q-power law body), the
3.3. Cole—Colediagram shapeof the Cole—Colediagramis a semi-circle

with the locus lyingbelow theG’-axis.
The Cole—Cole diagram is anotherform of The Cole—Cole diagramin Fig. 8 shows the

graphicpresentationof dynamic experimentdata differencebetweentwo samples,one possessing
using a complexplaneof shearmodulusin which and onenot possessingrelaxed shearviscosity.
the imaginarypart of the complexshearmodulus The asymmetricalsemicircle skewed along the

x-axis towards the high-frequency—low-tempera-
ture rangeis typical for silicate melt behaviorat

Cole—ColeDiagram high viscosities(e.g. Perezet al., 1981), and has
0,3 + beenobservedalso for porousrhyolite samples

1 (BagdassarovandDingwell, 1993a).The complex
025 A ~ ~ °~ shearmodulus for this type of behaviorcan be

0,2 ~ , ~••~,DA describedas
G (w~-)

~2ala A

a 0

~ ~ =wTf exp(—t~)[cos(wTt)+i sin(coi-t)] dt.
0_i ~c~ib* 0

+ 65%meIt-i-16%bubbles+16%crystals

• 3=0.4 00
0,05~

20%mell+40%bubles+40%crysials (Nowick and Berry, 1972). For rhyolite melt the

0 - ‘1 parameter/3 hasbeenestimatedto be about0.5
0 0,2 04 GIG~ 0,6 0_s and is independent ofporosity(Bagdassarovand

0,2 Dingwell, 1993a).For the inclusion-bearingrhyo-

~. —‘~~ 2 lite melt (68% melt plus 16% bubbles plus16%
0 crystal) the shapeof the Cole—Cole diagram is

0,15 . very close to the theoreticalshape for the/3-re-
ND S laxation exponentwith /3 0.5. With increasing

crystal content (sampleconsisting of 20% melt
12 o,i plus 40% bubbles plus40%crystals)/3 decreases

- a ~ slightly to about0.45 (Fig. 8(1)).
a 55%rnelt÷45%crystals The bubble-freesamplecontaining45% crys-

005 . Caputo body, y 0.45 ° ~s tals hasa symmetricalCole—Colediagramwhich

• can bedescribedas the Caputobody behaviorof
0 an anelasticsolid:

0 0,2 0,4 0,6 0,8 1
GIG=. (iCOT)

Fig. 8. A Cole—Colediagramfor the samples studied,(1) with G~(wT) = . y (8)
bubbles and(2) without bubbles. (1COT) + 1
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(i.e. Körnig and Muller, 1989). The value of the Internal Friction
parametery estimatedfrom Fig. 8(2) is about LGM: 82% melt + 9 % bubbles + 9% sapphirespheres

100 _________

0.45. This meansthat the transition from the N

viscoelasticbehaviorof dilute suspensionsto the
10

solid-like behaviorof concentratedsuspensionsis
observable in the changingof the shapeof a
Cole—Colediagram(broadeningof the frequency
rangeof dispersion,and smaller maximum value
of the mechanicalenergy absorption).The weak
interaction of rigid spheresat low frequencies
resultsin a symmetricalCole—Colediagramsimi-
lar to that for a Caputobody. The curve inter- CCC -0

sectsthe G’-axis at an angleof about 45°.The ~l 0 I 0 3
I — Q~--L

0~ 7 —Q-’--’ 0
transitionfrom anasymmetricalto a symmetrical
form of the imaginary componentof the shear LC,M: 68~i melt + 16% bubbles + 16% sapphire spheres

modulusis related to the growth of the elastic
componentof strain in the low-frequency—high-
temperatureregion. This meansthat thesecon- C

centratedsuspensionsmust possessa very small
but non-zero shearmodulusevenat low frequen- - -

cies andhigh temperatureswhich we are unable
to resolve in the torsion apparatus(this shear
modulusis estimatedto be i0~Pa or less).

3.4. Internal friction (1.001—3 —2 —I 0 I 0

The viscoelasticbehaviorof materialsis often I — Q I ~~lC0 2 — Q’ ~

expressedasthe internalfriction or the inverseof LGM: 20% melt + 40 % bubbles+ 40% sapphire spheres

the mechanicalqualityfactor Q~(w), too

Q~(w)= G”(w)/G’(co) = tan[~s(w)J (9)

(e.g.Nowick andBerry, 1972).The presentexper-
imental resultsfor ~ 1 measurementsin rhyolite
samplesas afunctionof COT arepresentedin Fig.
9. For all samplesin the frequency—temperature
range COT> 1, Q

1(COT) 1/(COT)°-5°’56.In the °-~ N

frequencyrange COT < 1 andin sampleswith crys-
tal concentrationsless than 40%, the slope of 2 0 2 3

log(Q~)as afunction of log(WT) progressively log (tot)

decreases.The decreaseof the parametera in Fig. 9. Internalfriction as afunctionof log(08T).

the relationship

Q~(COT) 1/(COT)° (10) deviation from a Maxwell body model (Q~
with increasing inclusioncontent indicates a 1/(COT)) in the range COT> 1 is attributed to
weakerinternal friction of the material in corn- microscopicstructuralheterogeneities(arangeof
parison witha Maxwell viscoelastic liquid behav- Q~.,speciesand/or bond strengths)in the melt
ior. The observedbehavioris moreelasticthanit (i.e. the extended spectrumof the shear stress
shouldbein the caseof a Maxwell element. The relaxationcommonly observedfor silicate melts),
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55% melt + 45% sapphire spheres
100

10 ~)0.56

0.001 C C C

—4 —3 —2 —i 0 1 2 3 4

Log(wt)
• exp.

Fig. 9 (continued).

which has beenalso noted forvesicular rhyolite ulus andthe Cole—Colediagrammoresymmetri-
melts (BagdassarovandDingwell, 1993a). cal. The differencein asymptoticslopes (— 1 and

For bubble-freemelts in the frequency—tern- —0.5) of log(Q~)vs. log(COT) in two extreme
peraturerange COT < 1 the dependenceof Q’ cases (COT—0 —~ and COT —~ +co) demonstrates
on COT is about i/COT, i.e. that for a Maxwell that at COT> I the melt itself possessesmore
liquid with a single relaxationtime (Bagdassarov elasticity than the ideal viscoelasticMaxwell liq-
and Dingwell, 1993a).Thus the relaxationfunc- uid. Forthe bubble- andcrystal-bearing meltthe
tion at these temperaturesand frequencies is anelastic contributionfrom the heterogeneitiesis
nearly a Debyetype. For the samplescontaining significant at COT < 1, resulting in less difference
bubblesand crystalsin the range of COT < 1 the of the asymptotic slopes.The broaderthe size
value of a in Eq. (10) is about 0.85 for the 8% distribution of heterogeneitiesin the melt, the
porosity plus8% of crystals,about 0.75 for the closer is the slope of log(Q1) vs. log(COT) to
16% porosity plus16% of crystals,andabout0.55 —0.5 at COT < 1. At the critical percentageof
for the 40% porosity plus40% of crystals.This melt, when rigidspheresbegin to interactwith
meansthat in the rangeCOT < 1 therelaxationis a each other, the behaviorof the suspensionbe-
non-Debyetype relaxation for the rhyolite sus- comesmorelike that of a solid, with an internal
pension, presumablybecauseof interaction be- friction independentof frequency andtempera-
tween deformable(bubbles)and rigid (crystals) ture (the slopeof log(Q’) vs. log(COT) is zero).
inclusions.A similar effect of bubble contenton
the internal friction hasbeennoticed in bubble-
bearing meltswithout crystals(Bagdassarovand 4. Discussion
Dingwell, 1993a). For the samplewith 45% sap-
phirespheres,Q~is independentof COT at COT < The resultsobtainedon complexshearviscos-
1. Thus, in general,the presenceof thesemacro- ity, modulusand internal friction reveal the sig-
scopicheterogeneitiesmakesthe relaxationfunc- nificant deviationof viscoelasticbehaviorof bub-
tionsmorestretchedin the lowerfrequencyrange, ble plus crystal plus rhyolite melt suspensions
andboth theimaginarycomponentof shear mod- froma Debyetype of relaxation.The differences
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in viscoelasticitybetweenpure rhyolite melt and and unrelaxedshear modulus as a function of
viscous suspensions with concentrationsof rigid crystal and bubblecontent is shown in Fig. 10.
spheresless than critical canbe explainedby a Deformableand non-deformableinclusionsresult
simple shift factor in the dimensionlessvariable in an opposite effectupon the relaxedviscosity
coT (or a changeof effective relaxedviscosity), and unrelaxedshear modulus.The shearstrain in
The trend in changesof relaxedshearviscosity asuspensionwith deformableinclusionsis con-

Effect of macroscale Heterogeneitieson Shear
Viscosity

0.2
9% bubbles + 9 % sapphire spheres

0

~
-0.2 \ +16 % sapphire spheres
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—1.2 C

0 10 20 30 45 50
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Effect of macroscale Heterogeneities on Shear
Modulus
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Fig. 10. Effect of macroscaleheterogeneitieson relaxedshearmodulusandunrelaxedshearviscosity.
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centratedin the inclusions themselves,and thus observationsof lava flows (e.g. Pinkerton and
the effective relaxedviscosity decreaseswith the Sparks,1978; PinkertonandStevenson,1992).
content of bubbles. Thepresenceof crystalsre- In the light thesenew data,it is clearwhy the
suits in concentrationof shearstrain in the sur- application of Roscoe or Einstein—Roscoeex-
rounding melt,andthe resulting shearflow resis- pressionsfor predictingtherheologyof magmatic
tivity (or relaxed viscosity) increases.The ob- suspensionwith concentrationsof crystalsof more
servedtrend in unrelaxedshearmoduluscanbe than30—40%fails. Suchsuspensionsdo not pos-
explainedin the sameway. sess a Newtonian strain-independentviscosity.

Crystals are non-deformableinclusions, thus Rather theirbehavioris a transientone having
their role in the rheologyof shearflow is obvious: features of solid-like behavior (e.g. a yield
the relaxedshearviscosity (in the limit of moder- strength).
ate volume fraction of crystals) and unrelaxed Magmaor lava flows will changetheir styleof
shearmodulusincreasewith the crystal content. viscoelasticbehaviorprogressivelywith degassing
Gas bubblesare not always deformable. The and bubble-burstingprocesses(when sufficiently
characterof their deformationin a shearflow strainedlargebubbleschangetheir size bydivid-
dependson the capillary number(Ca) or rela- ing into a numberof small ones). In a situation
tionship betweenthe shearflow strain-rate and whena magmais ascendingto the surfacethrough
the characteristictime of bubbleshaperelaxation a magmaticchannel,or whena lava flow ismov-
Tb (BagdassarovandDingwell, 1993a): ing on the slopeof a volcano,the creepmodel of
T R’ magma rheology has to be applied when the

13 ‘~ / volume fraction of crystals is more than about

where ~j is the shearviscosity of the melt, u is 40% (without bubbles). The flow of magma in
the surfacetension,and R is the bubble radius. thissituation will have a developedplug-like ye-
Thus, for small bubbles and low-viscosity melts locity profile, as aresult of yield stress.The shear
the relaxedshearviscosity of the suspensionin- stressin viscous flow is amaximum near a rigid
creaseswith increasein bubble content,andvice stationaryboundary.As a result of non-Newto-
versafor largebubblesandhigh-viscositymelts. nian rheology, the shear flow (velocity gradient)

In general,magmaticsuspensionscan be di- will developin zoneswith highshearstresses,and
vided in two classes:thosewhich possessa re- the interior of the flow moves as aunit without
laxed shearviscosity andthosewhich exhibitonly internal shear(Williams andMcBirney, 1979).
strain-rate-dependentrheology. This difference The vesiculationprocessof felsic magmamay
in rheology dependson the volume fraction of beintensiveat the stageeitherwhenthe pressure
crystals(rigid inclusions).For ameltwithout vesi- decreasesbelow the vapor saturationvalue or
desthis critical volume fraction is lessthan45% when the crystallization of anhydrous phases
of crystals. If the melt contain bubblesin the starts(Candela,1991).As hasbeenshownexperi-
intercrystallinespace,this critical concentration mentally (Bagdassarovand Dingwell, 1993b), in
canbe higher, because bubbles,beingdeformable the secondcase,vaporbubbles nucleatehetero-
underlow shearstrain-rate, cansignificantly de- geneouslyand fast. At the stageof nucleation,
crease theeffectiveviscosity ofthe material.Thus, the small size of freshly nucleatedbubbles may
the suspensioncontaining40% crystalsplus 40% result in a temporaryeffectiveviscosity increase.
bubbleshasa veryweak solid-like behavior. With Later,however,at the stageof diffusional bubble
increasing proportionof crystals the solid-like growth, when Tb is appreciable owing to the
behaviorresultsin non-zeroshearmodulusat low increasein the meanbubblesize, the vesiculation
frequency.The mechanicalinteractionof crystals of magmaresults in a decreaseof the effective
via viscousmelt leadsto a yield strengthin con- viscosity at the low strain-rates10_6_105 s~
centratedmagmatic suspensions.This has also (BagdassarovandDingweli, 1992)which arerele-
beenobservedin laboratoryexperimentson mag- vant for effusiveeruptionssuchas the Mount St.
matic melts (Ryersonet al., 1988) and in field Helensdome-buildingphase.This resurgentboil-
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ing vesiculationnearthewall of a magmachannel 416±14 kJ mol~)and correspondsto the acti-
may acceleratethe flow as a result of the lubrica- vation energyof the peakin the imaginarycorn-
tion effect. The vesiculation resultsalso in a ponentof shearmodulus with a critical concen-
transitionto Newtonianrheologyand in the de- trationof crystals(about420 U mol—1),

veloprnentof a parabolicvelocity profile of the (3) The internal friction Q — plotted on a
shear flow. Thus, vesiculationon the wall of double-logplot againstthe dimensionlessvariable
magma conduitsmay effectively reducethe jam- COT has different slopesaboveandbelow COT = 1.
ming effect of partially crystallinemagma. This At COT> 1, the slopeQ~vs. COT on adouble-log
suggestedmechanismpossibly occursduring the scaleis about — 0.5 andis independentof crystal
growth of highly viscousmagmadomesof silicic concentration.Above the critical percentageof
composition (MountSt. Helens,for example,be- crystals, Q - is independentof COT on the low-
fore the paroxysmalphasedescribed).The slow frequency—high-temperature range.
growth of the domes is often associatedwith (4) The relaxationspectrumof shearstresses
permanentfumarolic activity located aroundthe exhibits a more symmetrical distribution as the
peripheryof the vent (e.g. Tazieff, 1982), which volume concentrationof crystals increases.The
may indicateon the location of the zoneof vapor shift of themainrelaxationtime T

0, aroundwhich
bubblevesiculation(Wohletz and Heiken, 1992). the distribution of relaxationtimes is centered,

A similar mechanismhas been suggestedfor with respectto theMaxwell relaxationtime of the
the developmentof texturesin obsidianflows and melt dependson the volume fraction of crystals
domes(Fink and Manley, 1987), and the poten- andbubbles.
tially decisive role of a low-viscosity vesicular (5) The shape of the Cole—Cole diagrams
boundarylayer (vesicularlubrication) betweenthe changeswith the increaseof crystal content. In
magmaticcolumn and the conduit walls in the rhyolite melt below the critical concentrationof
triggering of flow is evident in the light of the rigid inclusions the shapeis asymmetricaland
experimentaldataobtained, related to a /3-relaxation law of shear stresses

with /3 0.5. At a critical concentrationof inclu-
sions whenthe mechanicalcontacts betweencrys-

5. Conclusions tals determinethe elasticbehaviorof the suspen-
sion, the Cole—Colediagramis symmetrical,and

The presentstudyof shearviscosity of rhyolite is describedby a Caputobody stressrelaxation
melts with various amountsof crystalsand bub- function with ‘y 0.45.
bles hasshownthe following: (6) The present work, in combination with

(1) two different viscoelasticbehaviors have previousstudies(BagdassarovandDingwell, 1992;
been distinguished.The melt had the dominant 1993a,b),illustratesthat magma can possessei-
effect on viscoelasticity below a critical concen- ther a relaxedshearviscosity or a yieldstrength,
tration of crystals (o~5<45%), and weak elastic and canbe effectivelynon-Newtoniandepending
behavior was causedby mechanicalinteraction on the relativeproportionof crystalsandvesicles
betweencrystalsat or below a critical concentra- in the melt. The vesiculation of magma during
tion of melt. subvolcanicflow may permit the viscous flow of

(2) The relaxed shear viscosity of crystal- otherwise Bingham or viscoplastic crystal-rich
bearingrhyolite melt increaseswith volume frac- magmas.
tion of crystals. At a critical concentrationof
crystals,however,a relaxedviscosity isneverob-
served,evenat low frequenciesandhigh temper- Acknowledgements
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