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Deformation experiments of bubble- and crystal-bearing magmas:
Rheological and microstructural analysis
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[1] Simple shear deformation experiments on three-phase, hydrous, haplogranitic
magmas, composed of quartz crystals-65vol.%), CQ-rich gas bubbles {42 vol.%)

and melt in different proportions, were performed with a Paterson-type rock deformation
apparatus. Strain rates from 50 ®s *to 4 10 3s ! were applied at temperatures
between 723 and 1023 K and at pressure of 200 MPa. The results show that the three-phase
suspension rheology is strongly strain rate dependent (non-Newtonian behavior). Two
non-Newtonian regimes were observed: shear thinning (viscosity decreases with increasing
strain rate) and shear thickening (viscosity increases with increasing strain rate). Shear
thinning occurs in crystal-rich magmas {65 vol.% crystals; 910 vol.% bubbles) as a

result of crystal size reduction and shear zoning. Shear thickening prevails in dilute
suspensions (24 vol.% crystals; 12 vol.% bubbles), where bubble coalescence and
outgassing dominate. At intermediate crystallinity (44 vol.% crystals; 12 vol.% bubbles)
both shear thickening and thinning occur. Based on the microstructural observations using
synchrotron radiation X-ray tomographic microscopy, bubbles can develop two different
shapes: oblate at low temperature (<873 K) and prolate at high temperature (>873 K).
These differences in shape are caused by different conditions of flow: unsteady flow, where
the relaxation time of the bubbles is much longer than the timescale of deformation (oblate
shapes); steady flow, where bubbles are in their equilibrium deformation state (prolate
shapes). Three-phase magmas are characterized by a rheological behavior that is
substantially different with respect to suspensions containing only crystals or only gas
bubbles.

Citation: Pistone, M., L. Caricchi, P. Ulmer, L. Burlini, P. Ardia, E. Reusser, F. Marone, and L. Arbaret (2012), Deformation
experiments of bubble- and crystal-bearing magmas: Rheological and microstructural dn@besiphys. Resl17, B05208,
doi:10.1029/2011JB008986.

1. Introduction The relative proportions of these phases and their interaction

control the rheological behavior, the modality of emplace-
[2] The ascent of hydrous magmas through the CrUStn']Sent and the eruption of magmas.

accompanied by decreasing pressure, resulting in volatilg) "¢ rheological behavior of silicate melt is controlled
oversaturation and crystallization [e Blundy et al. 2006]. various factors, such as chemical composition, volatile
In general, magmas are multiphase mixtures composecﬁétltem (mainly water), temperature, pressure, thermal his-
crystals and gas bubbles suspended in a silicate melt phiaos&. and strain rate. The presence of crystals produces a

strongly nonlinear increase of viscosity with crystal content
IDepartment of Earth Sciences, Institute for Geochemistry aAd'd the appearance of non-Newtonian behavior [@lpng

Petrology, ETH-Zurich, Zurich, Switzerland. etal, 1971;Lejeune and Richgl1995;Caricchi et al, 2007,
zDepartment of Earth Sciences, University of Bristol, Bristol, UK. Mueller et al, 2010]. The presence of gas bubbles intro-
Deceased 22 December 2009. duces additional complexity, in which viscosity can either

4 . . . .
Department of Geology and Geophysics, University of Minnesot; . . . .
Minneapolis, USA. fticrease or decrease with vesiculatitigjvellin and Manga

SSwiss Light Source, Paul Scherrer Institute, Villigen, Switzerland. 2005_]- Th? COEXiSte.nce of.crystals and bUb.bleS demands

®Institut des Sciences de la Terr@déans, UMR 6113, Université consideration of the interaction between the different phases
d'Orléans/Centre National de la Recherche Scientifique, Orléans, Frangg. magmas.

Corresponding author: M. Pistone, Department of Earth Sciences, [4] Qver the .Iast three decades, numerous S{tUd!es includ-
Institute for Geochemistry and Petrology, ETH-Zurich, Clausiusstr. 25ing field relationships, experimental determinations and

CH-8092 Zurich, Switzerland. (mattia.pistone@erdw.ethz.ch) numerical modeling were conducted to determine the rhe-
Copyright 2012 by the American Geophysical Union. ology of magmas. These studies focused on the physical
0148-0227/12/2011JB008986 properties of crystal-bearing, bubble-free systefmbdret
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et al, 2007; Bagdassarov and Dorfman 1998a; plane and, thus, represent the best geometry to capture maxi-
Bagdassarov and Dorfmari998b; Caricchi et al, 2007, mum volume Ketcham and Carlsqn2001]. Synchrotron-
2008; Champallier et al. 2008; Cordonnier et al. 2009; based X-ray Tomographic Microscopy (SRXTM) deliv-
Deubener and Bricknerl997; Kohlstedt and Holtzman ered high-resolution volumetric (3D) information in a
2009; Lavallée et al. 2007, 2008;Lejeune and Richget non-destructive manner. These experiments profit from a
1995; Mecklenburgh and Rutte2003;Mueller et al, 2010; high flux monochromatic X-ray beam and were performed at
Paterson 2001; Petford 2003; Rutter et al. 2006; Smith the TOMCAT (Tomographic Microscopy and Coherent
1997] or bubble-bearing, crystal-free syste®agldassarov Radiology ExperimentsStampanoni et gl.2006]) beam-
and Dingwell 1992, 1993a, 1993tKameda et a). 2008; line at the Swiss Light Source (Paul Scherrer Institute, Vil-
Lejeune et aJ.1999;Llewellin et al, 2002; Okumura et aJ. ligen, Switzerland). Specimens were mounted on a carbon
2006, 2008, 2009, 201®ust and Manga2002a, 2002b; fiber rod and rotated 18@uring acquisition. Between 2000
Stein and Speral992, 2002]. and 3000 raw projections were acquired for each scan. The

[s] To date, the properties of three-phase mixtures haaergy was set to 20 keV and the exposure time to 100 ms.
not been intensively studied. To our knowledge, only ofithe acquired images consist of 20482048 pixels and the
study on crystal- and bubble-bearing magmas has beeagnification was 10, resulting in an isotropic voxel size
reported:Bagdassarov et al[1994] performed oscillatory of 0.74 nm. Tomographic reconstructions were performed
experiments on a synthetic rhyolite containing crystals ansing a highly optimized algorithm based on Fourier meth-
bubbles under atmospheric pressure to determine the vismts Marone et al, 2010]. ImageJ 1.43s software was used
elasticity of three phase mixtures in the temperature rarggrocess the raw projections and to generate image stacks.
1023-1323 K. There are no physical models availablEhe 3D visualization and analysis of gas bubbles were per-
describing the rheological behavior of three-phase magmétioned using ParaView 3.8-RC1 (Kitware, Inc.) and
mixtures. The combination of rheological and micrcAvizo® Fire (Visualization Sciences Group) software.
structural information collected in this study will allow us tQuartz crystals were not selected for segmentation because
develop a physical model, thereby increasing our undef-their very low density contrast with respect to the silicate
standing of the dynamics of magma migration in the crugass matrix.
and retrieving information on the physical properties of o o
magmas erupted by volcanoes from the analysis of th@i#- Determination of Water and Carbon Dioxide
microstructuresNlastin 2005]. Concentrations

2.3.1. Karl-Fisher Titration (KFT)
i [10] Water contents in powders (before the synthesis) and

2. Analytical Methods glasses (after the synthesis) were determined by Karl-Fischer

[e] The following analytical methods have been employédiration [Fischer 1935] using a CA 100 Moisture Meter
to determine compositional, volumetric and microstructuf§OSA Instruments Mitsubishi Chemical Corporation). The
properties of starting materials before and after synthesis afgaratus was calibrated with synthetic muscovite crystals

of experimentally deformed samples. (3.914.08 wt.%) using standard techniques as outlined in

. . Behrens et al[1996] with a background of 0.48.27 ng/s
2.1. Electron Microprobe (EPMA) and Scanning (corresponding to a measurement offset of G-0@®5 wt.%).
Electron Microscopy (SEM) Analyses Samples were progressively heated from room temperature to

[7] Glass compositions were analyzed with a JEOL-JXAS500 K. Precision of replicate analysis is abo0t15 wt.%
8200 electron microprobe using 15 kV acceleration voltage;O.
2-5 nA beam current and 420 nm beam diameter. The2.3.2. CQ-Coulometry
counting time was set to 20 s on the peak and 10 s on eadm] The carbon dioxide content in glasses and powders
background position. Natural and synthetic standards wif@s measured with a CM 5200 gQoulometer at the
employed and data wefe+—z corrected. Limno-Geology Laboratory of ETH. Applying the technique

[s] Backscattered (BSE)images of the crystal- and bubbg-Herrmann and Knakgl973] we performed a preliminary
bearing materials were acquired, either by electron micropreéibration with analytical grade calcite powder (Merck,
or with a JEOL-JSM-6390LA SEM. An accelerating voltag89.0 wt.% CaC@) and an in-house standard with a £O
of 15 kV and a probe current of 10 nA (EPMA) and 1 nAontent of 0.50 0.01 wt.% Bchwarzenbac2011]. The
(SEM) were employed to obtain good contrast between méf@.-analyses were carried out in an oxygen current. Sam-
and quartz grains. Images were analyzed for estimating ygbs were weighted and sealed in tin capsules (5 mm in
umetric content of the different phases using the Java-bagigdneter and 9 mm in length) and melted at 1323 K. Back-
software JMicro-Vision v1.2.7 (http://jmicrovision.com). Tw@round counts amounted to 8.8f/s (equivalent to a mea-
classes of objects (voids/bubbles and crystals) were selestgg@ment offset of 0.088.005 wt.%). The relative precision
for size distribution analysis utilizing the image processiigtypically 0.5% for samples containing more than about

software ImageJ 1.43alpramoff et al.2004]. 1800 ppm of CQ.
) 2.3.3. Fourier-Transform Infrared Spectroscopy
2.2. Synchrotron-Based X-Ray Tomographic (FTIR)
Microscopy and 3D Visualization [17] Water and carbon dioxide contents of undeformed

[9] Cylindrical cores of 2 mm outer diameter ardl2nm glasses were measured at CNRS - Institut des Sciences de la
length were drilled out from the starting materials and tAerre dOrléans (France) using a Nicolet Magna 760 Fourier
outer portions of deformed samples, where the torsiom@nsform infrared (FTIR) spectrometer, coupled with a
deformation is highest. Cylinders are isotropic in the scan
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Table 1. Chemical and Modal Compositions of Starting Matetials

Series Specimen SIQEPMA) Al,O3 (EPMA) KO (EPMA) NaO (EPMA) CQ (FTIR) CQ, (Coul.) HO (FTIR) HO (KFT)

HGG HGG 7556 (0.09) 13.23(0.02) 4.99 (0.01)  3.37 (0.07) - ] 252 (0.06)  1.58 (0.40)
HGGB4-30 624 (40) 2.26 (0.04)
HGGB; HGGB;50  73.77 (0.22) 13.11(0.12) 4.40(0.04)  3.95 (0.02) - Q45 (0.01) - 2.58 (0.15)
HGGB,-60 ;
HGGB;-70
r before HIP r after HIP
Series  Specimen nP FP bP nf Fe b® (kg/m?) (kg/m?)
HGG HGG/[3] 1.00 0.00 0.00 0.90.98 0.00 0.020.03 2246 2245 (3) [1]
HGGB,30/[8]  0.64 0.24 0.12 06266 022025  0.120.13 2367 2074 (13) [3]
HGGB5-50/[6] 0.44 0.44 0.12 0.449.49 0.420.45 0.090.11 2448 2192 (6) [1]
HGGB; HGGB;-60/[3] 0.35 0.55 0.10 0.3D.36 0.540.57 0.160.11 2488 2253 (12) [4]
HGGB;-70/[4] 0.26 0.65 0.09 0.29.27 0.640.66 0.090.10 2529 2346 (4) [1]

®Representative EPMA analyses of the bulk matrix glass; FTIR spectrometry, KFT gi@bGlometry results on water and carbon dioxide contents of
the starting glasses (in wt.%; €QFTIR) in ppm). Relative crystaF(, bubble b) and glassrf) contents of the starting material and their respective
densities (). Density values of the material before HIP are estimated by calculations based on chemical composition, including water and carbon
dioxide contents (HGG glass: = 2246 kg/ni; quartz crystalst = 2650 kg/m); density values of glasses after HIP are from pycnometer
measurements. Values in round and square brackets represent relative average deviations and average standard errors respectively.rd\verage standa
errors: 0.01 wt% for BD and 5 ppm for C@(FTIR); 0.01 wt% CQ (coulometry); 0.15 wt.% for $O (KFT); [number] = number of sample cores
analyzed via helium pycnometry.

PMeasured via pycnometry.

“Measured via image analysis.

Nicolet Nic-Plan microscopeGhillard et al, 2001]. Sam- of the cores was measured by helium pycnometry with a
ples were fixed in epoxy and doubly polished. Except fa0 cn? sample cell (Micromeritics Accupyc 1330). The
pure glasses, samples containing the lowest crystal contémtrconnected porosity was estimated from the difference
and low bubble contents were selected for FTIR measubetween the geometrical volume (measured by caliper) and
ments (bubble-, crystal- and fracture-free glass areas), stheevolume measured by the pycnometearjcchi et al,

the FTIR instrument has a limited spatial resolution £2%2008].

35 mm [Devine et al. 1995]). The focal point was moved

through the entire sample to ensure that clear optical paths . .

were selected. Thick samples were prepared (®10pto aéh Starting Materials

collect high-resolution spectra for carbon dioxide. Spectrgu4] Starting materials for the experiments were prepared
were collected between 4000 and 6000 Erfior water and with the aim of producing suspensions of silicate melt,
between 1350 and 3000 crhfor carbon dioxide quantifi- crystals and gas-pressurized bubbles.

cation. They were evaluated employing a baseline correctjon " ) i i
described byDingwell et al.[1996]. For the rhyolitic com- Composition and Preparation of Volatile-Bearing
positions investigated in this study, molar absorption coétaplogranite Powders

ficients for the hydroxyl group (4500 crf) and molecular [15] The silicate glass represema hydrous, haplogranitic
water (5230 cm') were taken fromOkumura and composition (anhydrousrmative composition: NgKs;eQZss;
Nakashima[2005]; the molar absorptivity for the infraredHGG of Ardia et al. [2008]) containing HO and/or CQ
absorption band of CO(2349 cm?') was taken from (Table 1). The principal advantage of this composition is its
Behrens et al[2004]. Carbonate groups (144500 cmY)  chemical inertnessCiaricchi et al, 2007]. This is funda-
were not detectable and were not expected to be presenh@éntal to maintain control on the composition of the silicate
(highly polymerized) rhyolitic glasses where £€hould melt and on the crystal fraction during the experiments.
exclusively occur as molecular G@Blank and Brooker Furthermore, the rheology and water solubility of the
1994]. The presence of quartz crystals and gas bubbleiinployed haplogranitic glass under the experimental condi-
the analyzed areas led to under- and over-estimations.of @ons of this study have been well characterizeohdwell
contents, respectively; such results were excluded from #teal, 1996;Holtz et al, 1992a, 1992b, 199%/alfait et al,

final evaluation of C@content, as evaluated by successivZ011; Schulze et a1.1996]. The HO- and CQ-rich haplo-
optical inspection of analysis areas. TheOHand CQ granitic composition was obtained by mixing fine-grained
contributions of air were examined and found to be neg(Pso = 1 nm) synthetic oxides (Si) Al;O3;, NaSiOs),
gible (<1% of both volatile species band intensity) by conwydroxides (AI(OH), K,SizO; 3H,0) and carbonates
parison of background spectra measured at different timegN#&CO;, K,COs) in appropriate proportions. All oxide

the same day. powders were dried at 38393 K prior to weighing and
) mixing, except for Si@that was fired at 1273 K.
2.4. Density Measurements by Pycnometry [16] The solubilities of water and carbon dioxide were

[13] Given the densities of the glass phase and solid quagtimated by the thermodynamic model Rdpale et al.
crystals at room conditions, the relative volumes of crystalap06] for rhyolitic composition at the conditions of the
bubbles and glass of synthetic starting materials wenthesis. To control the volume content of bubbles in the
estimated by density measurements. Sample cores vetagting material and decrease the viscosity of the melt phase
weighed in air at 298 K using a precision scale. The volunte the desired values,,B-saturated and G&versaturated
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mixtures were prepared. Carbon dioxide content was fypewder was separated from the inner walls of the canister by
damental in order to maintain constant bubble volume dar-thin (25nm) molybdenum foil to avoid chemical con-
ing the experiments, because of the lower solubility atamination. Filled canisters were stored at 383 K to remove
compressibility of carbon-rich gases with respect to watany adsorbed humidity and welded shut by arc-welding.
rich fluids [Kerrick and Jacobs1981]. The HO and CQ Tightness of the seal was checked under vacuum in a water
contents of the starting powders were verified by KFT atth and by weighing.

CO.-coulometry, respectively. Replicate analyses for eaclfeo] The canisters were hot isostatically pressed (HIP) for
sample were performed and resulted in 2.07 and 2.71 w&%h in a large capacity (170 mm in diameter; 500 mm high),
H>0 in HGG and HGGB respectively, and 2.81 wt% GO industrial, internally heated pressure vessel (Sinter-HIP-

in HGGB; (HGG is CQ-free glass; see Table 1). Kompaktanlage; ABRA Fluid AG, Switzerland) at 124 MPa
) ) and 1373 K at the Rock Deformation Laboratory of ETH.
3.2. Preparation of Quartz-Bearing Samples The temperature was nearly constant over the entire volume

[17] Quartz crystals (DORSILIT 2500: 98.90 wt.% $jO of the vessel (maximum difference of 18 K along the length
0.41 wt.% AbOsz;; 0.02 wt.% FgOs3; 0.04 wt.% TiQ; of a sample).
Alberto Luisoni AG, Switzerland) were employed as sus-[21] The cooling process was divided in two steps: a rapid
pended particles (rough particles with aspect ratios betweearease of temperature (60 K/minute) down to the inferred
1.0 and 3.5) for the experiments. The small amounts giss transition temperature (viscosity Tt considered
titano-ferruginous impurities on the surface of the quaeguivalent to 18 Pa s) followed by slow cooling (0.6 K/
grains facilitate wetting by the silicate melt during higminute) to room temperature. The first cooling segment
temperature and pressure synthelslarjgan et al. 2004a, aimed at avoiding any crystallization; the second segment
2004b;Rutter et al.2006]. Crystals were fired for five hourswas conducted to obtain thermally relaxed glas¥ésbp
in a one-atmosphere muffle furnace at 1273 K to dry tlae&d Dingwel] 1990a;Dingwell and Webp1990; Dingwell
surfaces and to remove any fluid inclusions. Their size weaisal, 1993;Dingwell, 1995]. During cooling the confining
selected by sieving and checked by Malvern Laser Diffrgaressure decreases with decreasing temperature. Decom-
tion Grain Sizer at the Limno-Geology Laboratory of ETHoression occurring during cooling (3.76 MPa/minute in the
The three-dimensional grain size distribution shows a mdast cooling stage; 0.13 MPa/minute in the second one) is
value of 68nm with a sorting of 2.43 and a positive skewnot pronounced and nucleation of eventual bubbles is
ness of 0.37. Considering the rather high melt viscosityferred to be negligibleHurwitz and Navon1994]. A total
( 10° Pa s at 973 K using the model @iordano et al. of 4 samples of haplogranitic composition (HG{Bvith
[2008]), a relatively large grain size @25 nmm) has been different crystal and bubble contents were produced
selected to ensure sufficient permeability for the melt (@able 1). All capsules containing carbonates showed signs
flow in response to applied mechanical deformation during inflation (especially at container lids) after synthesis,
experimentsRutter et al. 2006], while minimizing the ten- indicating that some gas exsolved from the melt and did not
dency for impingement cracking during hot pressing amdoduce bubbles. The weight of the canisters after the HIP
densification of the mixtureMecklenburgh and Rutter run was compared with the initial weights and revealed no
2003]. After sieving quartz was again dried in air at 1173 Isignificant differences (less than 3 g over 400 g in total)
To mix the powders with the appropriate amount of quaruggesting that only insignificant amounts of gas was
particles, densities of the employed glasses (at 298 K aetbased during the synthesis. An additional glass containing
1 atm) were estimated with the equation provided.d&yge neither crystals nor bubbles (HGG) was synthesized to
and Carmichae[1987]. Only the water content (previouslymeasure the properties of the melt phase.
determined by KFT) was included in the calculations, since o ) )
CO, is basically insoluble at the conditions of synthesis. 3-4. Characterization of Starting Materials

[18] The previously prepared powders were thoroughBi4.1. Glass Compositions: Chemical Homogeneity and
mixed with quartz crystals to obtain four different startin§tability
samples containing 30, 50, 60 and 70 vol.% particles (on 2] Glass compositions were analyzed by electron
bubble-free base). The quartz crystal content in the startimggroprobe (Table 1). No significant chemical changes were
powders was checked by powder X-ray diffractometry fadletected in the haplogranitic glasses after synthesis due to
lowing the method ol ejeune and Richdtl995] using a resorption of quartz, crystallization, or contamination by
Bruker AXS, D8 Advance diffractometer. We found a closmolybdenum. Analyses of glasses from experimentally
correspondence between crystal contents prepared dbfjormed samples confirm the chemical stability of the
weighing the components in the mixtures and powder X-rawestigated systemDSIO, = 0.04 wt.%, DAI,O; =
diffraction: HGGB-50 =51 3 vol.%; HGGB;-60 = 56 0.21 wt.%,DNa0O = 0.02 wt.%,DK,0 = +0.03 wt.%).
5 vol.%; HGGB:-70 =69 3 vol.%. At low concentration [23] Water and carbon dioxide concentrations of HGGB
(30 vol.% in HGGRB-30) the XRD-based estimation of theglasses (FTIR) are reported in Table 1. KFT measurements
crystal concentration failed (maximum estimated concesf-H,O in the hydrous glasses corrected for crystal content

tration: 16 vol.% in HGGB-30). [Champallier et al.2008] are, likewise, reported in Table 1

, . . and are generally in good agreement with FTIR measure-
3.3. Experimental Synthesis: Generation ments. The results of G&oulometry corrected for crystal
of Gas-Pressurized Bubbles and bubble content (ground glasses had an average grain

[19] The starting materials were pressed into cylindricaize of 44nm; bubbles were present) are reported in Table 1.
stainless steel canisters (220 mm long, 35 mm inner diariibe amounts of COcontained in the gas phase (bubbles)
ter, 3 mm wall thickness) using a uniaxial cold press. Theere estimated by mass balance calculations considering
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Table 2. Summary of Representative Bubble Number Densitiés much lower number fraction, whereas even larger bubbles
(BNDs) of Starting Materiafs (up to 150mm in diameter) are rather rare any volumetrically
minor (Figure 1).

3.4.4. Microstructural Observations of the Starting

Total Average

Area of .
Total Number Analyzed BND Crystal- and Bubble-Bearing Glasses

Sample of Bubbles Image (mmM) Vg (Mm®) Vg (mnT) (mm 3) [29] BSE images of HGGBshow homogeneous crystal,
HGGB, 30 4375 6.48 102E408 1.02E-01 5'16E+03b.ubble and glass dlstr|.but|ons (Figure 2). Quaryz crystals
HGGB;-50 4912 6.48 2.00E+07 2.00E-02 2,955+04d|splay roughly Isometric shape, do not show evidences of
HGGB;-60 5774 6.50 1.68E+07 1.68E-02 3.44E+04reaction during the synthesis and samples are free of
HGGB;-70 3343 6.52 1.13E+07 1.13E-02 3.54E+04microlites. Bubbles are spherical in shape (sphericity 0.8

“Abbreviations:Vg = total volume of bubbles; BND = bubble number0-9) and coalescence or near-coalescence of bubble pairs
density. was not observed. Samples containing higher amounts of

crystals (HGGB-60 and HGGRB-70) exhibit numerous
600 ppm of dissolved CO(Table 1) in the glass; thebubbles in proximity of solid particles; inversely, in speci-
amounts of C@in the gas phase are 0-8450 wt%. mens with lower degree of crystallinity (HG&BO and
3.4.2. Relative Crystal, Bubble and Glass Contents HGGBs-50) most bubbles are not in contact with crystals.
[24 The relative crystal, bubble and glass contents of théese observations suggest that during synthesis most bub-
synthetic starting materials (HGgBwere determined by bles nucleated homogeneously from the melt in agreement
two methods: with previous studies on bubble nucleation indicating that
[2s] (1) Density difference between the crystal-bearirguartz crystal surfaces are not efficient sites for bubble
powders before and the crystal- and bubble-bearing sampigsleation Hurwitz and Navon 1994; Mangan et al.
after synthesis using pycnometry. The reference densitie@@d4a, 2004b].
pure glass (HGGr = 2246 kg/ni; Table 1) and quartz
crystals ( = 2650 kg/ni) at room conditions were previ-4  Rheological Experiments and Microstructures
ously estimated with the method lodnge and Carmichael
[1987]. 57 sample cores were drilled in different portiorfs1- Methods and Apparatus
of the canisters to check for homogeneity. The relativgso Twenty-nine torsion (simple shear) deformation
contents of crystals and glass were subsequently rescaleeikferiments were performed at the Rock Deformation
account for the presence of bubbles and, finally, the totalboratory of the Geological Institute at ETH (P1xxx runs);
bubble content was corrected by adding the interconnectiecte experiments (OR119, OR125 and OR127; Table 3) were
porosity to the closed porosity (Table 1). carried out at the Rock Deformation Laboratory at CNRS -
[26] (2) Image analysis. 52 backscattered electron (BSE¥titut des Sciences de la TerreEDdéans (France). All
imgges of the starting materials with an area of abe6t 2experiments were performed using a high temperature and
mnt taken in different portions of the canisters were evdligh pressure, internally heated Paterson gas-medium appa-
uated and results are in close agreement with those obtairstds Paterson and Olgaard2000]. The experiments were
by density measurements (Table 1). The sample HG@&ried out isothermally (672023 K) over the entire sam-
represents an exception, as it shows a very limited amounplaf length, at constant pressure (200 MPa; except for P1140,
very tiny isolated bubbles (2 vol.%), not detected by tlmnducted at 250 MPa), and fixed bulk shear strain rate

density measurements. (5 10 ®s 4 10 ®s ). During the experimental runs
3.4.3. Bubble Size Distribution (BSD) and Bubble the deformation rate was changed by progressive strain rate
Number Density (BND) stepping Caricchi et al, 2007; Paterson and Olgaard

[27] The bubble size distribution (BSD) was measured 2000], from lower to higher deformation rates (except for
BSE images. We did not determine the three-dimensiotia¢ experiments P1353, P1491 and P1493; Table 3). The
diameter of the bubbles as reported in previous stuRigst[ strain rate was increased only after steady stress conditions
and Manga 2002b;Larsen et al. 2004; Gardner, 2007]. were achieved at a given strain rate. The conversion of
The three-dimensional recalculation of the distributiomsternal torque to stress is computed by applying an appro-
observed in two dimensions was estimated due to the lapyite value of the stress exponent of the san(égigchi
number of bubbles analyzed in differently oriented 2D seet al, 2007; Caricchi 2008; Paterson and Olgaard
tions through the sample. Each analysis was performed2f©0]. Experiments were carried out under undrained con-
areas of 26 mnt (Table 2). Analysis included determinaditions for the melt (no escape of melt from the sample) and
tion of bubble area and sphericity. Results include the totimhined conditions for fluids (escape of gas contained in the
volume of bubbles\g; in nm® and mnf) and the bubble bubbles). The same cylindrical specimens already used for
number density (BND; in mn?) in the selected sample areaolume measurements by helium pycnometry (diameter
(in mn?) for different bins (size class width of ®m in between 11.91 and 15.01 mm, length between 2.51 mm
bubble diameter). and 16.47 mm; Table 3) were employed for the torsion

[28] Analyses were performed on samples after the syexperiments. The experiments were performed following the
thesis and after static experiments at a pressure of 200 MRgerimental procedure describeddaricchi et al.[2007]
and a temperature of 773 K for different durations (maxandCaricchi[2008].
mum 1 h). In both series, starting materials and the centrgbi] Iron and copper jackets were employed at higher
parts of deformed samples contain a volumetrically don®23-1023 K) and lower temperatures (6823 K) respec-
nant proportion of bubbles with diameters ranging from 5 tively owing to different strength of these metals. The
15nmm. Larger bubbles, up to 3tim in diameter, are presentapplied shear stresses were recorded by an internal load cell
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Figure 1. Bubble size distributions (BSDs): (a) starting material (Hg@®B HGGB:-50, HGGRB-60,
HGGB;-70, where“-numbet refers to approximately vol.% solid crystals on a bubble-free basis);

(b) static experiments (P1279b and P1279a) and deformation-free sample cores from torsion experiments
(P1270_central and P1140_central); (c) pure glass from HIP test (HGG) and static run (P1278_central).
For further details, see text.

positioned inside the pressure vesBetfrson 1970], with

in torsion testsHieri et al, 2001]. Standard deviations for

a torque resolution of 0.1 N m [Paterson and Olgaard peak stresses and calculated viscosities do not exceed
2000] that induces uncertainties in the reported shear st@29 MPa and 1 Pas respectively. Experiments were ter-
values of 1.5 MPa for a typical sample of 15 mm diameteminated by releasing the stress and immediately starting
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Figure 2. BSE images of the starting synthetic haplogranitic glasses (light-gray areas) containing quartz
crystals (dark-gray areas) and bubbles (round black circles). (a) H@&B= 0.64,F =0.24;b =0.12);

(b) HGGB;-50 (m=0.44,F =0.44;b =0.12); (c) HGGRB-60 (m=0.35,F = 0.55;b = 0.10); (d) HGGR-70
(m=0.26,F = 0.65;b = 0.09). Abbreviationsm= melt volume fractionF = crystal volume fraction;

b = bubble volume fraction.

controlled cooling and depressurizing. Sample and jackdts] HGGB3-50 (moderate crystallinity44 vol.% crystals
were immersed in epoxy. Longitudinal tangential crossd 12 vol.% bubbles; Figure 3c)
sections, where the maximum strain is best appreciated, afig) HGGB3-60 (high crystallinity 55 vol.% crystals and
radial cross sections, where the strain varies from zero at1Bevol.% bubbles; Figure 3d)
center to maximum on the outer portion of the samplgs7] HGGBs-70 (crystal mush 65 vol.% crystals and
[Paterson and Olgaard2000], were cut and carefully9 vol.% bubbles; Figure 3e)
polished for the subsequent analysis of the microstructuregss] Results for each group are presented in terms of stress
_ versus shear strain and logarithm of apparent viscosity ver-

4.2. Experimental Results sus shear strain. Relative viscositibs £ suspension vis-

[32] Experimental results are listed in Table 3. Bulkosity/suspending fluid viscositirist and Manga2002a])
effective shear viscosity is calculated by deriving a flow laversus shear strain rate are reported in Figure 4.
describing the variation of shear stress as function of #h&.1. HGG: Crystal-Free Melt
strain rate Briickner and Deubengt997]. Figure 3 reports [39] The viscosity of the haplogranitic melt (HGG,
the apparent shear viscosityatio between shear stress andable 1) was measured between 673 and 773 K and the
strain rate;Caricchi et al.[2007, 2008]) that is used forresults are compared with various model calculations
simplicity. In all experiments a first phase of linear stre§giordano et al. 2008;Hui and Zhang 2007; Hui et al,
increase with strain (elastic response) is followed by a tr&$08, 2009Zhang et al. 2003] and previous experimental
sient yielding stage (strain hardening) and finally, by flow &iscosity determinations conducted on the same composition
constant values of stress. Most samples containing the s@Atdia et al, 2008] at 550 MPa (Figure 5). Higher temper-
relative amount of crystals and bubbles were deformed at &tere (>773 K) experiments were impeded by the dominant
same temperature to test experimental reproducibility. Téféect of the copper sleeve over the sample during defor-
experimental results have been divided in five groups: mation. The experiments revealed both Newtonian and

[33] HGG (crystal-free mejtcontaining up to maximum Non-Newtonian behavior of the pure melt in the tempera-

2 vol.% bubbles; Figure 3a) ture and strain rate range investigated (4.80 °>s ! to
[34 HGGB,-30 (dilute suspensiqr24 vol.% crystals and 3.89 10 *s *). Non-Newtonian, shear-thinning behavior
12 vol.% bubbles; Figure 3b) occurred with increasing strain rate resulting in decreasing

7 of 39



B05208

PISTONE ET AL.: RHEOLOGY OF THREE-PHASE MAGMAS

000 7T 69°0T 0T T00 88y E€TE 8 G0-3/86 S9'T
000 €ST 8.°0T 6T 000 6cy YTE ¥9 G0-32¢0°L 09T
Buuuiyl resys 000 €T 95907 6L T0°0 79°€ 66°¢C /¢ G0-396'6 SE'T
sanuiwW TT ‘sinoy ¢ 1Z°0 pue <==Bujusxdlyl 1esygno 660 2ot 0T T00 8€'S PrE 0Z ¥0-390°t LTT
+S3INUIW 8 'sINoY € GG'0 puegz@uluulyl Jesys 000 860 €ecor 0T T00 6TS c¢g¢ LT $0-390°t 180 €8V¥T St £6v1d
000 190 ¢6'6 0T 000 06'0¢ 8C€T TT €0-3ES'¢ V9'€
000 6¥°0 .6 L0 000 9G'€T 198 6 €0-3S¥'C 06T
000 L€0 29'6 L0 000 vy 08¢ S €0-3.0T 850
Sanuiw QT + SsInulw €¢ €0 Buuaxoly L reays 000 20 67'6 0T 000 79T 70T 8 ¥0-I8Z'S 920 6LVT TZ'6 G9¢1d
000 S6°0 0coT 60 T00 vy’ LT OTTT €7 €0-30TT TEE
000 680 10T 90 000 VAW 204 YT v0-3ET'S 6V°0
sanuiw g1 4noy T cL’0 BuiusxolyL Jesys 000 €20 876 0T 000 €2°0 ST'0 GT G0-FECL 900 08Vl ¥.'.L 9¢1d
790 =WZT0=0%20=dM€LL
000 ov'0 OT'TT TT L0°0 89’85 Tc'LE ST  ¥0-3.9F SS90
000 €0 STIT TT 000 90'ST /S6 6 VO-ITT'T ZTO
ssjnulw T 90°'0 UeluOIMSN-Opnasd 000 97’0 9T'1T 0T 000 oL 174 LT S0-32¢T'S SO0 6LvT 80'L T.2Td
000 €70 9501 80T T00 G8'€E 8¢'8¢ 9 ¥0-35¢'6 €80
000 1A €6°0T 0T 000 €Ty 299 €1 v0-IT8Y ZS0
Buuuiyl resys 000 9¢'0 96°0T 0T c0'0 ¢5'6 GT'9 8T v0-IX0'T STO
sajnuiw 8f 6€°0 pue L& @g== Buluadolyl reays 000 €10 LS0T 0T 000 Z0c  0eT TT S0-3ET'S ¥00 L8¥T 918 69¢Td
¥9°0 =WZT0=09¥2'0=dM €L 0e-g99H
000 S¥°0 0,6 8T €00 ¢G6T TEYT 0T €0-368°€ 118
000 6v°0 V.6 9¢C 000 89'GT L0CT €T €0-3/8C S6'S
000 6.0 00T 80 100 T9ET ¥.L'8 Z¢ €031 TLE
inoy T 000 0.0 S6'6 0T 000 [AZ T > 0 ¥0-32T'9 60°C
+ S8INUIW TG ‘sinoy T é (¢) Buuuiy resys 000 c00 €26 0T 000 8.0 0S50 9€ v0-3857 860 ¥8¥T 60°€ ¢SETd
00T =wW000=9000=4dM€LL
000 L0°0 c9'0T T 000 8.9 1259% v ¥0-3T9'T 190
000 020 0S°0T 0'0S S0°0 S9'S 6LV IT ¥0-36L°T LSO
000 LTT /8'TT 0T 200 90’'L ¢SV 9¢ 90-395°6 S¥0
100 880 ¢8'6 97T L0°0 9LV S{OR3 v ¥0-39¢°L vv0
000 080 68'6 0T 000 85t 6¢¢ S ¥0-38Sv LZO0
sajnuiw 6 ‘unoy T 980 Buuuiy sesys 000 200 90T 0T 00 9¢'s  gve 6T VO0-IET'T €T0 €8V¥T 89°¢C £G€Td
00T =WO0'0=9000=dM€cL
000 8¢°0 16°0T LT 000 8LLV ¥9'GE ST  v¥0-3LT'S 690
000 900 0e'TT 60 000 6T°€¢ 60GT ¥T P¥O-ISTT +T0
sajnuIw v 920 Buiuuiyy sesys 000 200 22Tl 0T 000 22’8 SE§ ST G0-308'v ¥0'0 T6H¥T 8E9 8/¢1d
00°'T =WO0'0=900°0= 44869
000 €0 9G'TT 0T 000 S6'8€ T9'SC 9 ¥0-380'T LTO
ssjnuiw 0S GE0 Buluuy L resys 000 ¢0'0 T6'TT 0T c0'0 080 ¢89¢ vy G0-300S €T'0 96'¥VT L¥'S L.2Td
00T =WwQO00=09000=4M¢€.9 99H
uoneing ua 10843 (sed) Ww+4+0q (s ed u (edhw N) (edW) (W N) (uw) (T-s)B6 6 (ww) (ww) N [eusre
[ejuswiiadxg UelUOIMBN-UON S 1y 607 Ww+4+09) S ] N ] [} | wuawuadxg bumreis
jueUIWOQ ETVGETIE)
y bon

B05208

ainssald Buluyuo)d edN 00Z 1e Ssluswiadx3g uolsio] wol4 synsay [ealfojoayy jo Arewwns g ajgel

8 of 39



B05208

PISTONE ET AL.: RHEOLOGY OF THREE-PHASE MAGMAS

B05208

000 €59°¢C 9,07 v'e 10 €E'T9 08'.LYy T €0-390'T 99T
000 G8'¢ L0°TT 7T 100 €.'86 ¥1'8¢ 8y ¥0-av6'vy 09T
000 c6'¢ ST'TT 60 000 ¢¢9T ¥90T LT  vO-3ET'T LT0
sanuiw og Jnoy T 60 Buuuyl resys 000 06'¢ ¢T'TT 0T 000 60°L 09'v 8T G0-302¢'S 900 06'YT 0L9 v.Z1d
GE'0=WOT'0=09950=dM¢€c8 09-g99H
000 L0'¢C €E€'6 0.7 000 189 66°S € €0-30C°€ 69'L
000 8T'¢ vv'6 &4 c0'0 v1'8 c0'9 ¢ €0-3.6°C 0T'L
000 YRS 756 ST c0'0 06'9 0T's T €0-I10¢ V8¢
Sssjnuiw 9T 000 &4 0,6 0T c0'0 ¥0'S 9c’e YT  €0-IT0T ¥T'T
+S9nujw g ‘anoy T Le0 bBuuyl reays 000 [A74 89'6 0T 000 ev'e  LST 0T ¥0-J€0°'S 00 88¢vT 188 0L¢td
Yro=WZT0=qvy'0=d4M €.8
000 S6'T 8T0T {4 000 S6'ey 6¥¢Ce L €0-3e6'C t¥9¢C
000 60°¢ ce0r TT 000 VA NA - TAV XA 9 €0-3€0'¢ LET
000 [Aw4 Se0T 0T 000 00€c 88T . €0-320°T G90
Buuuyl sesys 000 €Te 9¢e'0T 0T 000 €5°0T 189 9 V0-36SV 220
saJnuiw 1€ 8T°0 pue=zpfijulusyolyl Jesys 000 €T'T GE'6 0T 000 [4A0] 710 0T G0-399'8 SO0 88V¥T ¢Z99 9/.¢1d
000 08T €0°0T ¥'96 ¥0°0 /8'SY S6'6¢E L €0-392Fv €0°L
000 €0¢ 9¢0T L2 900 LTS CTOor TT €0-318C +C'S
000 cge S'0T 7T €00 8Z2'€§ 89vE 9T €0-JT6'T 6E¢C
000 oee €5°0T 0T 200 /GTE G690 8C V0-35¢'6 GS'T
000 1€¢ 7S°0T L0 100 L1817 €8'TT ST ¥0-3aTC'S SS0
Guiuuiyl resys 000 L0°¢C 0€'0T S0 000 90°€ 66T L ¥0-3€S'T 600
saInuiw Tg Jnoy T TG0 puess BuiuaxolylL Jesys 000 LST 086 0T 000 Ge0 €20 . S0-ITO'S 200 T6'YT 059 89¢Td
000 66T 1207 0T €00 806 €6'S €T ¥0-309'S €S0
sanuIW TT + SaNUIW TZ é (¢Buiuaxoly L 1eaysnoo SL°0 868 0T 000 20 vTo 8 V¥0-386'T 0T 0£6¥T €T9 99¢Td
o =WZT0=0a¥y’'0= 4 €28
000 GG'T 080T (A4 000 €T9¢ €8'8¢ 6 ¥0-ITL'S VO
000 lee Z¢STT 80 000 808¢ 0¢'8T ST G0-36E£'8 STO
sajnuiw /2 + sanuiw 0S 2.0 Buwuyl resys 000 1¢¢ or'TT 0T 000 8971l ¢S6 9¢ 60-3S6'7 800 68VYT G¥'S G/.21d
000 ¥S'T 6.°0T Se 000 0T'ee 9g£9¢ 8T +0-3.€G 9.0
000 €1'¢e 8€'TT 0T 000 9/'G¢ 1991 ST ¥0-390°T 9T°0
sanuiw 9g 090 Buuyy resys 000 744 6ETT 0T 000 T¥¢l €08 € S0-3s6'v L00 88¢YT G99 [ARAN]
Pro=WerTo=aqvy’0=dM€.L 05-°g99H
000 €80 80°0T 1T c0'0 €0¢T L66 /T €0-300°T 081V
000 L0'T ce0T 9'¢ 100 /90T 1T¥'8 0T ¥0-30T'S ¢cL'€
000 G6°0 0C'0T 60 c0'0 /8GT 9T0T 8 €0-300'T EVv'E
000 €60 8T'0T 0T 100 S9°L 06F 9T ¥0-380°S 86¢C
000 ¥8°0 60°0T o] T00 8¢9 LL€ 0T ¥0-3CT'S T1S¢C
000 880 €107 9¢T 100 Ty e T¢ $0-3S0°€ 0Z'¢
uoneing ua 1943 (sed) w+d4+0 (s ed u (edN:'w N) (edw) (w N) (mw) (T-s) 6 6 (ww) (ww) N [eLoye N
feyuswiadxg ue|UOIMBN-UON S 1y BoT w+4+0 S ] N } [} | wuswuadxg bumelrs
jueulWoQ ETIGETIE)
y Bon

(panunuod) ‘¢ ajqeL

9 of 39



05208

soIN@u 9z + sanuiw

(%]
STENE ET AL.: RHEOLOGY OF THREE-PHASE MAGMAS

a_senuiw 0§

B05208

000 6t 60T 80 200 €Lle TevZ T  ©0-369'9 9T0
€10 Buiuaxolyl resys 000 9e'e 2901 0T 100 98'TT  ¥9°L S v0-308'C 800 98%YT ¥0'9  OvZld
000 zLe 86°0T LT 600 Zz8Z 8.0z S v0-3S6'C O
000 86'S STAR i 100 Zr'9T 8S0T OF S0-3226 SE0
seInuIW Zg ‘noy T ge'0 Buuyl reays 000 L0 €eTT 0T 100 6T0T /S9 /v G0-359Fv €T0 98°¥T ¥6'G  SOZId
000 6t 60T 6'€ €00 98'85 6V9ry YT €0-IY0T 8S'T
000 26 8T'1T LT 100 roy  vove 02  ¥0-390°€ ¥.°0
000 Y LETT 0e 100 G/¥Z GT'8T 0 P¥0-IY0'T LE0
selnuIW 6 ‘sinoy g 68’0 Buuyy resys 000 ve'y 09'TT 0T 200 68'8T 2T2T S9 S0-389v 8T'0 ¥v8+¥T €9%  86TTd
92'0=W60'0=0590=d4M€/8 0.-g99H
000 082 0z'6 6T 000 285  IeY S €0-369'€ 9Z¥
000 v6'C ve'6 0T 000 9zs IrE 8 €0-38cC 9T'E
000 682 526 ST 000 9L'c  wre 6 €0-360C 00°C
000 662 Ge'6 0T 000 vr'z 89T 6 €0-30T'T /80
000 €62 €6 zT 000 OTT T.0 6 ¥0-390'S 620
SaINUIW 6 + SANUIW /1 /z’0 Buwuyl resys 000 L0°E L6 0T 000 ST0 0T0 /. S0-300'S 200 68VYT 299  €£.2Td
GE'0=WOT'0=0S50= 4 €26
000 062 97°0T 97T 500 ¥0'€T 096 S/ V¥0-320'6 65V
000 60°€ Ge0T 97T 100 ZT9 0S¥ €2 ¥0-30L'C TS0
000 eee 65°0T A 100 ore 6T €T S0-3.9'8 ¥T0
selnuIw Qg ‘sinoy g 160 Buuyl reays 000 e 89°0T 0T 100 26T €2T 62 S0-386'C 200 98YT 9T'S  LZTHO
000 z8¢ 80°0T 91 200 vO'TT TT'8 9YT V0-IET'6 2Zv'8
000 20 8201 0¢ 100 €' ¢6'€ ST ¥0-3.2C T¥O
000 8z'e ¥5'0T 8T 100 €67 ST'Z 8T §0-32€8 910
seInuIW 6z ‘sinoy g 190 Buuyl resys 000 6v'c S.°0T 0T 100 /T2 6T 0 G0-36L°€ 200 G8YT S8'9  SZTHO
000 8T’ v¥'0T 0¢ €00 8/vz 8z'8T LOT ¥0-3006 ZT'9
000 SY'E 10T g1 100 0L€T TITOT 0T #0-399'C 2£0
000 6G°€ 980T L2 000 /29 98F 8T S0-359'8 9T0
seInuIW g ‘sinoy g 69°0 Buuyl resys 000 /8¢ YT'TT 0T 100 06S S§€ 82 S0-3.6'€ 200 €6YT 00S  6TTHO
GE'0=WOT0=0S50= 4 €/8
000 €8¢ 60°0T 60 100 €6'TT €8/ 0T +0-3TL'6 GO'T
000 18¢C L0°0T 80 100 €6'¢  ggZ ST v0-366'C L¥O
000 192 £6'6 A 000 880 850 €T ¥0-3TOT 020
uiw Tg noy T 120 Buiusxoiy 1 reays 100 962 28'6 4 000 0£0 S20 Gy S0-39rY 2T0 S6VT L6V  L6TTd
100 9T'c Zv'oT 90 v0'0 /0€  T0Z TT ¥0-39T'T 020
¥€0 Buuaxoly resys 000 z8°¢ 80°0T 0T 000 090 250 6€ S0-3E0°S 2T'0 S6'YT €€S  £6TTd
000 oT'E 9e'0T 0T 000 ¥0'S /€€ ST ¥0-302°C S¥O
selnuiw ZT 000 66C 9z'0T 0T 000 €8T 02T 22 ¥0-310T %20
+ selnuiw €T 4noy T 110 Buiuaxolyl resys 200 10°¢ 126 Ty 000 IT0 600 9 G0-350'S TT'0Z6'vT 90S  TI6TTd
000 zee 6G°0T 0e €00 €ZTT vev 81T ¥0-3T6'C TET
000 8G'c ¥8'0T 1 000 8,9 0£Z 62 S0-359'6 SC0
selnuIw € ‘sinoy € 620 Buwuyy resys 000 19°€ 88°0T 0T 100 v9'e  €2T 62 SO0-APLY 800 TETT SOE  QYITd
GE'0=WOT0=0S50= 4 €/8
uoneing ua 1089443 (sed) W+4+0 (s ed u (ediN‘w N) (edn) (w N) (ww) (T-s)b B (ww) N [eusrey

[eluswiiadxy

ueIUOIMBN-UON

jueUIWOQ

S

1y Bo7

W+ 4+0)
ETVRETIE]
y Bon

S

1

N

1

| wawuadxy buuels

(panupuod) "¢ ajqeL

10 of 39



“Bupioeld Buronpur Buluspirey urens,

‘Bupioeld 03 anp Bujuaeam urens,

"BdIN 052 1e pawJopad EmE:mme_Q
(zGeTd) Alqpossseuayriple (EGETd PUe 992Td ‘T6TTd) 19y0el [e1aw jo ABojoayl Aq paloaye erep = 1uo} pjog sabejquiasse palaxoel-laddod = siayjo |e ‘sabejquiasse
[-uojp@aspel Ul #uny “(UIY) Jeays sewbew uaym aairebau ‘usxoly) Jeays sewlew uaym aanisod) uoirewloep Buunp AUSOJSIA SAIRISI Ul UoNeLeA = ‘tgaplawesed YNg aie SaNISOISIA aANe[a)
pue aAnoaya ylog ‘sewbew aseyd-g ay) Jo AUS0ISIA aAire(al jo wyifefdpieyurens Huipuodsallod 1e payoeas sewbew aseyd-aaiy) ayl Jo ANISOISIA Jeays aAI0aya Jo wyiebo| =224 fo7 ‘jusuodxa
SSalis = WoneInap plepuels = fa1el uresls Mo|wanjiias Biadiiars ael uresls asianal e ul ajel urels Buipuodsaliod Te payoeal SSalls Jeays wnuwiuiw 1o (ayel urens ybiy o1 moj wouy) asuanbas Buiddars
alel uresls anissalbold e ul ajel urens Buipuodsallod 1e payoeal ssalls Jeays wifareuesimo| 03 ybiy wody) asuanbas Buiddals a1el urens asianal e ul alel uress Buipuodsaliod e payoeal anbio) jeusaiul
nwiuiw Jo (ares urens ybiy 0} moj wouy) sduanbas Buiddsls ajel uress snissaiboud e ul ajel uresls Buipuodsalriod ye payoeal anbio) [eussiul wnwixew =gyes urens uaAlb e je Juads swin =djel urells Jeays ynq
‘ajedfiens Buipuodsallod e payodeal ures feays wnuwixew = Hajowelp ajdwes = ajibua| ajdwes = juonoel) WN|OA JjDW =ULOIOR]} SWN|OA [BISAIO = 4I0NoRI) SWNJOA 3|qgng = CSUONRIA3IqQY “19Xe(

[e19W JO aduaNyul [enul 01 anp (i feuoigfoerglousp) suolreinp Jabuo| Hodas sjuswiadxs awos *[L66T8usgnaq pue JaujmBuIpI003e ANS0ISIA BAII8YS BY) WO} Pale|nd[ed S| AUSOISIA SANe|9Y,

B05208

000 LL'Y 0L'6 0¢ 000 er'y L2°€ TT €0-39¢'T 16T
) 000 68t 286 9T 000 Iiv'e 95°¢ 0T v0-3¢8'8 LO0'T
< 000 67'S ¢voT 0T 000 G8'¢ 78T ST ¥0-30C°'S SS0
W S{nuIW g€ + sanuiw 8 cL0 Buuuiy resys 000 ¢S S0'0T 90 000 850 L€0 ¢l v0-360'T 800 Z8VT 699 19¢1d
P 92'0 =WE00=0999'0 = 4X €20T
=
L 000 ST'9 LLTT 86T 000 16°¢C €9°¢C €T 90-308F 9C'T
% 000 18'S 2N 8,6 000 98'C &eve Z¢ S0-320T 92T
T 000 8¢S T0TT 99T 000 €6'Cc 9v'¢ 6T S0-3I¥8C ¥C'T
o 000 or'vy €0°0T 60T 000 cee 8¢ L ¥0-3S0°€ 1¢'T
E 000 ze's ¥6°0T 8'8 000 €8'e  ore 0C¢ G0-36C2Yv 60T
[ad 000 G€'S 86°0T 8'.S 000 SL'€ 6T°€ T€ S0-306'€ €0'T
_m 000 T0'S 79°0T 0T 000 L0'S GC'€ 9T V0-39T'T 960
w 000 XA 980T 0T T00 T80T €69 T9 V0-ITST 980
(e} 000 a9v G207 0T 000 98'T 6T'T 9T v0-3¥0'T 1€0
> sanulw /g anoy T @c_cc_c._. Jleays 000 Ly 0T'0T 0T T00 10T S9°0 8T G0-308L 120
Q + sinoy ¢ 080 pusgg PuiusxayL jeays 100 €0y S9'6 TT T00 820 8T0 9T GO0-3ET'S ¥T0 €8VT L¥9T T6VTd
nLu 000 ¢S 80T 90 10 08v9 Tv'iv € €0-31€¢ <¢ST
o] 000 9Ly 8e'0T ST 000 29¢T 1T6 ¢l ¥0-3826 TITT
% 000 0e's €6°0T 60 T00 686 ¢€9 TT ¥0-38T'S V0
S9JHW /. + seinuiw O or'o Buuaxoly L reays 000 06'v ¢S'0T 80 000 €L'T ITT YT  v0-39T'T OT'0 Z8VvI T¥'9 €9¢Td
i 92’0 =Wwe00=0590=d4M€L6
<
[ 000 89°€ 80°0T 8¢ 000 96'€E€ 92'9¢ 9 €0-3S8¢ 6v'Yv
w 000 88'¢ 8¢°0T LT 000 90'8¢ 990 ¥I €0-F9Y'T 9v'E
W 000 €6'€ €e0T 09 100 8T'6T T9'ST ¢ v0-3906 vZ'¢
@) 000 vey 79°0T T¢ c0'0 16T STV1 9¢ v0-3€0°S ¥6°0
ﬂ 000 29 20Tt TT 000 SG6 ST9 8T G0-3606 9T 0
a sajnuiw Tg Jnoy T 16'0 Buuyy resys 000 S9'v SO'TT 0T 000 [AA] 9€'¢ T¢ S0-3¢9'v 900 98¥T V09 09¢1d
92’0 =We00=999°0 = 4M €26
000 LEE Sv'0T 8T 620 7965 9S'EV € €0-30T¢ 16T
000 [474> 0507 0¢ 100 LT9Y Tv'SE ¢l  €0-39Y'T LS'T
000 99°'¢ S.°0T ST 200 90'6¢c ¢¢'T¢ €1 V0-3€C’S SS90
Sanuiw 6 000 S6'€ vO'TT 0T 000 18TT SS'.L €T v0-380°T STO
+9Inulw T Inoy T 650 Buuuyl reays 000 96t Y011 0T 000 €9  09¢ 0Z G0-380°G 900 ¢8+T 929 29¢1d
92’'0=WeE00=9599'0= 4 €88
uopeing ua 10943 (sed) W+d4+0a) (s ed u  (edWw N) (ediw) (w N) (ww) (1-s) B 6 (ww) (ww) N [eLareiN
[eluawiadxy UBlUOIMBN-UON S 1y 607 Ww+4+0) S ] N ] [} | uswuadxy Buiuels
© jueulwog ETYILETIE]
S Bo
S y
o
@ (panunuod) "¢ ajqeL

11 of 39



B05208 PISTONE ET AL.: RHEOLOGY OF THREE-PHASE MAGMAS B05208
Specimen HGG
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Figure 3. Shear stresd ) versus shear straig)(and logarithm of apparent viscosity,§,) versus shear
strain @) diagrams (representative experiments): (a) HGG (pure glass); (b) +H8GB= 0.64,F =0.24;

b =0.12); (c) HGGB-50 (m= 0.44,F = 0.44;b = 0.12); (d) HGGB-60 (m= 0.35,F = 0.55;b = 0.10);

(e) HGGR:-70 (m= 0.26,F = 0.65;b = 0.09). The diagrams comprise two strain windows: the left-hand
one highlights lower strain rates in the range-€f.0 strain; the right-hand one displays higher strain rates
exceeding 0.6 in strain. Abbreviatioms= strain;g = strain rate (expressed in'$. Further values of strain

rate are reported in Table 3.
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B05208 PISTONE ET AL.: RHEOLOGY OF THREE-PHASE MAGMAS B05208
Specimen HGGB350: 44 vol% crystals, 12 vol% bubbles; 44 vol% melt
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Figure 3. (continued)

viscosity Webb and Dingwell 1990b; Bruckner and of Caricchi et al.[2007], the influence of strain was tested
Deubener1997]. The Non-Newtonian onset was observenh experiments P1352 and P1353 (Figure 3a). This test

at 1.08 10 *s 'at 673 K; at 4.58 10 *s 1 to 5.17

permitted evaluation of the reproducibility in peak stress

10 *s ' at 698723 K; at 2.97 10 s ! at 773 K. At that resulted within 0.85 MPa, which converts to a viscosity
lower strain rates (<5.0010 * s ) HGG melt displays of 0.07 log units; we do not observe variation of viscosity
Newtonian behavior (Figure 3a). Following the approactith increase of applied strain (absence of thixotropic or
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Specimen HGGB360: 65 vol% crystals, 9 vol% bubbles; 26 vol% melt
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Figure 3. (continued)

rheopectic behaviorBarnes 1997]). The Newtonian vis- strain rate (0.43 log units) is observable over the entire range
cosities of these pure melt samples were subsequently usfegipplied strain rates (5.2810 *to 2.53 10 *s %). No

to determine the relative viscosity. We extrapolated the visriation of viscosity with increasing strain was recorded
cosity measurements obtained between 673 and 773 Kdtoing the experiments (Figure 3b). Run P1271 (723 K)
higher temperatures (828023 K) required for the crystal-displays brittle response at 4.67.0 * s * and the peak
bearing samples using a Vogel-Fulcher-Tammann type equaue of stress is used to calculate the effective viscosity.
tion and the relative parameters from the mod@&iofdano The stress evolution with strain suggests a continuous frac-
etal.[2008] A= 6.55;B=11185.2 JC=67.3 K;Ahas turing and healing process, which terminates with the total
been corrected according to our measured melt viscositiiadlre of the sample (Figure 3b). The influence of strain at

(Figure 5). low crystallinity was tested in experiment P1493 (Table 3
4.2.2. HGGB;:-30: 12 vol.% Bubbles and 24 vol.% and Figure 4b). We do not observe any evident variation
Crystals of the viscosity with increasing applied strain; for instance,

[4q Five experiments were conducted at two differemiie same strain rate was applied at different values of strain
temperatures (723 and 773 K) on crystal-poor magmésee: 3.0010 “s *applied at 0.81, 1.17 and 2.20 in strain;
Experiments performed at identical temperature testify go@d5.00 10 *s * applied at 2.51, 2.98 and 3.72 in strain;
reproducibility (with a maximum uncertainty in apparentable 3) and the viscosity did not vary by more than 0.25 log
viscosity of 0.80 log units; Figure 3b). The behavior of thgnits (Figure 4b). In contrast, the viscosity is strongly related
sample is influenced by strain rate variation, except for rusm the change in deformation rate. A summary of the vis-
P1271 where the viscosity of the sample is invariapbsity variations as function of strain rate in sample HGGB
(decrease of effective viscosity of 0.06 Bathe sample was 30 is displayed in Figure 4b and reported in Table 3.
affected by fracturing in the last strain rate step; Figure 3k)2.3. HGGB;-50: 12 vol.% Bubbles and 44 vol.%

Other experiments reveal Non-Newtonian behavior. BSfystals

723K (P12692 and relatively low strain rates (5.18 °to  [41] Six experiments were performed at three different
1.04 10 *s ), an increase of viscosity of 0.39 log unitsemperatures (773, 823 and 873 K) on magmas with mod-
with increasing strain rate occurs (shear thickerdagries erate crystallinity and strain rates ranging between 4.95
1989]). At higher strain rates (4.810 *t09.25 10 *s %) 10 %s Yand 4.26 10 3s *(run P1266 is not displayed in
shear thinning predominates (effective viscosity decreagégure 3c; all runs are listed in Table 3). Variation of vis-
by 0.37 log units). At 773 K (P1264 and P1265), sheabsity with increasing strain rate occurs in all runs
thickening dominates. In run P1264 a considerable incregBgjures 3c and 4c). At 773 K (P1272 and P1275), an initial
of viscosity (0.72 log units) occurs between 7.28 ®and Newtonian regime at low strain rates (4.98 ° to 8.39

513 10 * s ', followed by a Newtonian plateau. In10 ®s %) is followed by decreasing viscosity at higher strain
experiment P1265 the increase of viscosity with increasirges (8.39 10 ®s ' to 5.37 10 * s %). In contrast, at
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0 Experimental Results from Present Study at 200 MPa

13 - @ Experimental Results from Ardia et al. (2008) at 550 MPa
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Figure 5. Logarithm of melt viscosityh(,e) versus reciprocal temperature (1000/T). Viscosity measure-
ments (at lowest applied strain rates; Table 3) were conducted in the reciprocal temperature interval 1.3
1.5 K ! (673-773 K). Evident discrepancies exist between the viscosity trend obtained in this study and
the various viscosity models displayed as lines: 2 orders of magnitude lower than viscosities estimated by
Giordano et al[2008]; -1.5 orders of magnitude lower than viscosities predictedhayg et al[2003]

andHui et al.[2008]. TheHui and Zhang[2007] andHui et al. [2009] models infer a different slope.

For reference, experimental results obtained on the same haplogranitic composition at 550 MPa from
Ardia et al.[2008] are included. Abbreviationg:= bulk shear strain rate.

823 K (P1268 and P1276) increasing viscosity with increasi(ifable 3 and Figure 3d). Figure 3d displays selected typical
deformation rate is recorded (0.74 log units) at low stra@xperiments. Seven replicate experiments were conducted at
rates followed by a Newtonian plateau at moderate def8i#3 K to test reproducibility and sample homogeneity.
mation rates (4.5910 “to 1.02 10 3s %), switching to Differences occur under identical conditions as exemplified
decreasing viscosity with increasing shear rate (0.51 log runs P1197 and OR119 that reveal a discrepancy of
units) at higher strain rates (1.910 3to 4.26 10 s ).In almost one order of magnitude in viscosity at a strain rate of
run P1268 (823 K), decreasing viscosity with increasirig00 10 *s *. This difference is most probably associated
strain (shear weakening) was recorded in the high strain tatesome heterogeneity of the samples used in the experi-
range (1.9110 3t0 4.26 10 3s %); this behavior is related ments. In contrast, two runs performed at different pres-
to sample cracking (Figure 3c). At 873 K (P1270), sheaures, (OR119 and P1140), do not display any discrepancy
thinning (viscosity decrease of 0.37 log units) is observed. apparent viscosity (within an uncertainty of 0.02 log
Two replicate experiments performed at both 773 and 823uKits; Figure 3d) at 1.0010 *s *. A decrease of apparent
testify good reproducibility (with a maximum uncertainty iwiscosity with increasing deformation rate (shear thinning)
apparent viscosity of 0.50 log units; Figure 3c). In all expeecurred in all experiments at all temperatures (Figures 3d
ments (except run P1270 at 873 K) fracturing occurred and el 4d): at 823 K (P1274) viscosity decreased by 0.39 log
brittle/ductile transition was encountered at comparable valueds; at 873 K by as much as 0.69 log units; at 923 K
of strain rate: from 1.0010 4s 1t05.00 10 4s 1at773K; (P1273) by 0.27 log units. Runs P1140 and OR119 reveal a
from 2.00 10 *s *t0 3.00 10 s ! at 823 K. At high variation of apparent viscosity with increasing strain (shear
temperature (873 K) no brittle behavior was detected in tiveakening) in the last strain rate step. Transition to brittle
investigated strain rate range. Viscosity variations as functimehavior, evidenced by sharp drops of applied stress, was
of strain rate in sample HGGEO are displayed in Figure 4c.observed in experiment P1274 at 823 K and strain rate of
4.2.4. HGGB;-60: 10 vol.% Bubbles and 55 vol.% 1.06 10 3s *followed by short stress recovery, probably
Crystals associated with fracture healing. The changes of viscosity
[42] Nine experiments were performed at 823 to 923 With changing strain rates in sample HGE®® are dis-
on 10 vol.% bubble- and 55 vol.% crystal-bearing samplplyed in Figure 4d.

Figure 4. Logarithm of relative viscosityhf) as a function of shear strain ratg for: (a) summary of the principal results

from representative runs; (b) HG&BO (m= 0.64,F = 0.24;b = 0.12); (c) HGGRB-50 (m= 0.44,F = 0.44;b = 0.12);

(d) HGGB;-60 (m= 0.35,F =0.55;b = 0.10); () HGGB-70 (m= 0.26,F = 0.65;b = 0.09). The results are compared with

ones from the study @aricchi et al.[2007] (crystal-bearing magmas in the same chemical system). Runs P1491 and P1493
were not performed with simple progressive strain rate stepping; numbers identify the sequence of applied strain rates; some
data points of these 2 runs fall outside the diagrams. Abbreviationmelt volume fractionfE = crystal volume fraction;

b = bubble volume fraction.
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4.2.5. HGGB;-70: 9 vol.% Bubbles and 65 vol.% increase leads to the following decrease of viscosity: in pure
Crystals HGG melt and in crystal-poor magmas (H$&E&9) by 0.8

[43] The higher crystallinity (i.e., strength) of these sani-0 log units (at 1 10 s *to 1 10 3 s 1); at higher
ples allowed performing experiments at higher temperatucegstallinity (HGG-50 and HGG-60) by 0.3-0.8 log units;
(873-1023 K; Table 3) because the applied stresses atehighest crystal content (HGG0) by 0.30.5 log units.
significantly higher than the resistance to deformation of tfi@e minimum/eutectic temperature for the employed hydrous
metallic jacket. Figure 3e displays the results from selec{@ds2 wt.% HO) haplogranitic composition is 1053 K at
typical experiments. Experiments were terminated betwet0 MPa Holtz et al, 2001;Ardia et al, 2008]. Therefore,
1.30 and 2.00 in total strain, except for a couple of testamples have been deformed under subsolidus conditions
stopped at much lower strain (P1240 at 0.16 and P120%at at strain rate and temperature conditions at which the
0.44) and one run terminated at 4.49 total strain (P1260). Alelt behaves as a Newtonian fluid (supercooled liquid) and
experiments displayed in Figure 3e are characterized dnes not exhibit any crystallization, maintaining the initial
decreasing viscosity with increasing strain rate. Ontparacteristics of the samples.
experiment P1263 (973 K) is affected by increasing viscos-
ity with increasing strain rate in two discrete strain rate steg4. Microstructural Observations

In run P1198 (873 K) strain hardening has been noticed i 4] SEM and EPMA BSE images were acquired on tan-

the last strain rate step. The transition to brittle behavior : ; ; -

; htial polished sections of the experimental samples, where
?brfsegigg ;‘gg gq?égntféfrg%eggf;%?éﬁtrg?s (;ngb?? e maximum simple shear deformation is best appreciated.
u ) : U Gvithin such sections, geometrical boundaries must be con-

10 ”s ". Differences in stress and, consequently, appargiftared close to the metal jacket and alumina spacers where

viscosity of maximum 0.5 log units were observed betwe formation is strongly hampered; thus, bubbles are slightly

run P1240 and runs P1198 and P1205 at identical expeii
. e ngated or totally undeformed and do not corroborate the
mental conditions (at 873 K and 200 MPa), which is MOgkfective deformation applied in the sample. This section

probably associated with internal sample heterogene Scribes the evolution of crystal and bubble size distribu-
promoting variable patterns of textural evolution wit

ons (Figures 6 and 7) and the microstructural character-

increasing deformation. Shear thinning represents the d Mcs of various samples after deformation (FigurekiR
'rgint.;\loggt\'e:gr?g'%gegi%?gkgg%’oa V'r‘?.(tzgsg{gggreﬁ; h melt viscosity inhibits crystal settling or bubble ascent
ging betw -35 ( ) ’ g units ( )- K ring experiments. Bubbles behave as strain markers and

influence of strain on viscosity was tested in experim : L -
P1491 (Table 3 and Figure 4e). We observe a clear incre nzgﬁ;;«:eanztgéorlg;n ental indicator to track melt flow in the

of viscosity (by more than one order of magnituﬂe)lwit .4.1. Evolution of Crystal Size Distribution During
increasing strain when a deformation rate of 1.5Q “ s Deformation

was applied (Table 3). This viscosity increase (1.29 10g,; The crystal size distributions (CSD) of deformed

units) with increasing strain is related to accumulation ghecimens were characterized and compared with the CSD
stress before the sampllt(e fr]cacturgs. Qohntan|ngf the sgipg,e starting material (Figure 6). An evident shift of CSDs
experiment after a break of 2 min without deformation f5ng in the samples with higher crystal fractiohs=(

revealed that the application of successive strain rates didﬁﬁh—o 65 vol.%) from a mean value of 50 mm in the
produce any observable strain effect on viscosity. Again, figjeformed .sample (HGGBseries produced by HIP

most evident variation in viscosity is caused by changing t heriment) to 50m in the specimen containing 24 vol.%

deformation rate during the experimental run (Figure 4g)yqiais down to 1Gmm in specimens containing 44 and
The change of viscosity while changing strain rate §& o) 9 crystals. Run product P1140 (55 vol.% crystals)

HGGBy-70 is displayed in Figure 4e. displays a broad CSD comparable to the starting material but
[44 Figure 4a summarizes the logarithmic values of relanifiad to lower values (285 mm). An apparent relation-

tive viscosity for four representative samples (P1264, P12@g; ; P
: > . “3Ship between CSDs and total applied shear strain is inferred
OR119, P1260) as function of strain rate. The V'Scos'gséncreasing shift of CSD peaks with increasing total bulk

measured in the presence of pubbles and crystalls are n, except for run P1262 (Figure 6). All CSDs are posi-
lower than those measured in samples containing of ely skewed.

crystals and the viscosity difference between the two dgtg

; o . L 2. Evolution of Bubble Content in Sheared Magmas
sets increases with increasing crystal contéatifchi etal, 1,5 Analysis of bubble deformation fabrics was focused

. N _ ; "6h the variations of bubble content during deformation.
behawor observed in this study at relative low strain rat mparing undeformed and sheared samples containing 24
which was never observed in bubble-free samples B¥q 44 vol.9 crystals (Figure 6), we observed a decrease of
Caricchi et al.[2007]. bubble volume from 12 to-40 vol.% in crack-free areas of
about 1 mrf, except for run P1269, which maintained the
4.3. Temperature Dependence initial bubble content (12 vol.%). Samples with higher
[45) Deformation runs were performed to investigate ttegystallinity (5565 vol.%) do not reveal any significant
effect of temperature on the strength of specimens contalatiation of bubble fraction (within an error 00.2 vol.%)
ing different crystal and bubble fractions. As anticipateg@ixcept run P1140 (55 vol.% crystals) displaying a small
increasing temperature reduces the strength of the samglesrease of 1.0 0.35 vol.%, possibly related to the higher
At equivalent strain rate conditions, a 50 K temperatua@plied confining pressure (250 MPa).
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Figure 6. Crystal size distribution (CSD) for representative experimental samples (P1269, P1270, P1140
and P1262; Table 3) compared to the CSD of the starting material (5l&&iBs; CSD investigated by
2D image analysis). Because of low aspect ratio (<3) crystal sizes are considered as the diameter of a solid
spherical particle with an equivalent area. Abbreviatiggsi = final bulk strainj = crystal volume frac-
tion; brange = bubble volume fraction in the starting material HG{B;,, = final bubble volume fraction
after deformation.
4.4.3. BSD and BND in Sheared Magmas lower BND than the inner axial sample core by an average of

[49] During high temperature and pressure static expe4i0 10> mm 3. Furthermore, BND increases with temper-
ments, larger bubbles tend to shrink and the populationatfire and crystallinity (P1270 versus P1264, P1265, P1269)
bubbles with 510 mm in diameter clearly increasesby 0.4 10* mm 3 (Table 4). Finally, at the highest crys-
(Figures 1b and 1c). In run product P1270_central a coart@linity (and highest pressure in the case of P1140) BND is
population of bubbles (with a peak of BSD at-18 mm; most elevated (about 1.5 order of magnitude hi%her than at
Figure 1b) is noticed; in this sample, bubbles are slightlywer crystallinity); a decrease of 1.410° mm * with
deformed and probable incipient coalescence occurred. Teereasing viscosity is observed (Figure 7c).
amount of bubbles present at high pressure and temperafufied. Microstructures of HGGB;-30: 12 vol.% Bubbles
does not change with temperature and/or duration of #ed 24 vol.% Crystals
experiment, compared to the starting material (Figure 1a). [s51] At low strain rate and low strain (Figure 8a, run

[sq BSDs from tangential sections of experimental sp81269) bubbles show the same degree of deformation in
cimens were compared with the deformation-free innglifferent portions of the sample (at equivalent distance from
axial portions of the same samples and undeformed samp@ple axis) suggesting dominant homogeneous deforma-
used in static tests (Figure 1b versus Figure 7; see dism, although deformation is lesser in bubble-poor bands.
Table 2). BSDs from deformed crystal-poor magmas drigure 8a shows few bubbles appearing less deformed
more positively skewed, coarser (the maximum size peakaspund crystals and trails of bubbles aligning along prefer-
the distribution is shifted to higher values) and slightigntial directions (at approximately $0according to our
broader ranging between 10 andr@@. At lower tempera- reference frame: positive values counterclockwise; negative
ture (723 K) and low strain, bubbles do not exceedritb Values clockwise; Figure 8a), but do not reveal any sign of
whereas at higher temperature (773 K) and high strapalescence. As outlined in section 4.2.2, fracturing
deformed bubbles attain maximum sizes of®® (P1265) occurred in this sample at low temperature (723 K) and
and 115mm (P1264). At higher crystallinity (485 vol.%) cracks are highlighted in Figure 8a by red lines. The frac-
different BSDs (Figure 7b) are recorded. At 44 vol.% cry#dres are generally less than 18 in length and antithet-
tals (P1270) a coarser and broader BSD with a wide pdedlly arranged at angles ranging frons0 to 80 (mean
between 15 and 26m and a maximum equivalent diametevalue of 60 ), relative to the shear plane. Other visible
of 60 nm is observed. At crystallinity of 55 vol.% (P1140major cracks are related to cooling. Shear cracks pass through
the BSD is not different from the BSD observed in thgolid crystals and gas bubbles and display a different shape
undeformed portion of the same sample; the peak is shifteith respect to bubbles not affected by fracturing (yellow
from 5 to 10nm and a maximum equivalent bubble diametdnset box in Figure 8a). At relatively high strain rate and
of 30 nm as opposed to 3B in the undeformed portion is Strain, bubble-poor portions develop in the samples (e.g., see
recorded. Following an approach similaGardner[2007], yellow highlighted areas on the right image in Figure 8b) and
Figure 7c presents a diagram where the bubble numbgidence for bubble coalescence (purple ellipses in
density (BND) is expressed as a function of effective vibigure 8b) can be observed (Figure 8b, P1264 and P1265).
cosity for both the external (maximum strain; viscosity vallgubbles are clearly stretched and assume an irregular shape
from the last strain rate step of the run) and the inner axéth sharp terminations. Elongated bubbles exhibit long
portion of samples (zero strain; starting Newtonian viscosgttension axes (maximum 50 nm). A crucial obser-
measured at lowest strain rate of the run). All specimensvation is the existence of bubble-poor regions characterized
low crystallinity show similar BNDs around 4.00° mm 3. by the presence of small bubbles (maximuralBhm long,

In all cases, except for P1269, the deformed portion Heaigure 8b) and lower local bubble density. There is not clear
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Figure 7. Bubble size distributions (BSDs) and bubble number density (BND) versus logarithm of effec-
tive viscosity 