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Viscosity measurement of magma
by high-temperature uniaxial compression experiments
—a case study for obsidian lava from Shirataki, Hokkaido, Japan—

Hidemi IsHiBasHI'* and Kyohei SANO®

Abstract High-temperature uniaxial compression experiments were conducted for a rhyolitic obsid-
ian lava from Shirataki, Hokkaido, Japan, under conditions of temperatures from ca. 851 to 733 °C,
strain rates from ca. 10727 to 10754 s~ and one atmosphere pressure. The obsidian lava is glassy and
almost crystal- and bubble-free. Bulk rock water content is ca. 0.2 wt. %. As temperature decreases,
measured viscosity at strain rate of 10 =4 s ~ ! increases from ca. 1093 to 10198 Pa s. Very weak shear
thinning behavior is observed and the behavior is well described by power law fluid model. The mea-
sured viscosities are consistent with the model of Giordano et al. (2008) within 0.2 log unit error, indi-
cating that the Giordano et al. (2008) model is reliable for estimating viscosity of H2O-poor rhyolitic
melt and the present experimental method works well for rhological measurement of highly viscous
lava. The temperature conditions at which viscous-brittle transition occurred for the studied lava flow
is examined by using Giordano et al. (2008) model combined with the critical Deborah number for
silicate melt. The result suggested that the fractured layers in the Akaishidake-jobu lava flow were
formed at temperature condition < ca. 680 °C.

Keywords; rheology, rhyolite magma, obsidian, Shirataki, viscosity, viscous-brittle transition
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Figure 1 A photomicrograph of the obsidian sample used in this study.
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Figure 2 (a) High-temperature uniaxial deformation apparatus used in this study. (b) Sample assembly.
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Figure 3 A photograph of the run sample deformed at 851 °C. The arrow indicates the direction of compression.
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Figure 4 Viscosity-strain profiles for runs at 851 °C, (a), 807 °C, (b), 761 °C, (¢), and 733 °C, (d), respectively. Numbers in figures indicate
strain rates (log unit).
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lines indicate Deborah numbers (De) of 10~ 2 and 10 ~ 3, respectively.
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Table 1 Summary of experimental conditions and results

log strain rate

log viscosity

Run# T(C) () S.D. (Pa's) S.D.
-3.71 0.01 0.34 0.01

-3.20 0.00 0.28 0.00

-2.68 0.01 0.19 0.00

-2.91 0.01 0.21 0.00

-3.13 0.00 0.24 0.00

H1i2s01 831 -3.36 0.01 0.25 0.01
-3.59 0.01 0.26 0.01

-3.83 0.01 0.27 0.01

-4.31 0.02 0.33 0.02

-4.29 0.02 0.28 0.02

-4.19 0.08 0.79 0.07

-3.68 0.05 0.61 0.04

-3.17 0.00 0.46 0.00

112301 807 -3.72 0.16 0.53 0.12
-4.15 0.02 0.51 0.02

-4.64 0.03 0.64 0.04

-4.08 0.03 10.29 0.03

-3.56 0.01 10.12 0.01

-3.03 0.00 10.00 0.00

11112502 761 -3.50 0.01 10.07 0.01
-4.02 0.13 10.15 0.12

-4.46 0.03 10.14 0.03

-4.94 0.04 10.17 0.04

-4.05 0.02 10.83 0.02

-3.50 0.01 10.74 0.01

e -3.97 0.02 10.83 0.02

11112601 733 -4.46 0.03 10.87 0.03
-4.94 0.04 10.91 0.04

-5.38 0.11 10.87 0.11

Table 2 The results of least squared fitting to power law fluid model (Eq. 2b). S.D. is standard deviation (log unit)

Run#  T(C) gi 2)4 SD. n-1 S.D.
11112801 851 9.30 006  -007 002
11112501 807 9.60 037  -0.14 009
11112502 761 10.15 0.19  -009  0.05
11112601 733 1081 0.10  -007 002
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Figure 6 Measured viscosities are compared with the calculated viscosities by using the model of Giordano et al. (2008). Gray solid, black

solid and gray broken lines indicate the calculated viscosity-temperature relations with melt water content of 0.1, 0.2 and 0.3 wt.%,

respectively.
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4—1. Giordano et al. (2008) €T /I & DL

7 A B A v b ORPESR LU R - IR ORIRIZES
TBMRIIE L 2 6T7bnTE Y, 19704EMRADH 1713k,
MR & (VAR LR OREE L CELiR 3 5 & 7 v 0si
ZEINTWD (Bottinga & Weill, 1972; Shaw, 1972;). Z
NHDEF VB & Z 1200°CEL LD ERSMA TOHEERIT
HoL 720, KR OREMRGFNEIE Andrade D log 7 =
atb/TIZkoTH EFLHPTET W, ZTZTa, bid
TEHThHD, LrL, 1000°CEL T DIEIRSAFETlE X v b
ORLETY o ¥—OiREKRGFENMIEHETS T, bD
fE2MCERARR « HWEE L DITET S, 22T, ZO%)
H%EE L7: TVF (Tamman-Vogel-Fulcher) = log 7 =
A+B/(T—C) MMEROBEEKFEHEOTBIZH LI
% X 9127 572, Giordano et al. (2008) & 7 /v (Giordano
etal., 2008) X, TVFRD3ODEHD > b A=—4.55
EFEEL, BBXUCE ANV N DL OB E LT
FLRL7cETANTH L, ZOETNVE, BFOMKE X
CEIK A )V b OREERHEE % £ 0.2 log unit O H#iPH TH
% (Giordano et al., 2008), IRFETIX X v+ ORLM:
RedE T 2B ENTERLE LTRIFARLNATVWS, K
WD BIEA XV DAFERIIZ Z DT Vv Z#EH LT
AR L7:BB X UCOfHEIE, &KE~01Iwt% DEAEITB
=11902 J/mol, C =269 K, 0.2wt.% O¥& 12 B = 11883

J/mol, C=246K, 0.3wt.% D& 12 B = 11858 J/mol,
C=227TKTH - 7-.

AHF5E D BIEA 2 )V b ORGESRIE(E % Giordano et al.
(2008) & F v & LLHE L 7455 % Figure 612”3, Witk
LREMIE, BKE~0.2wt.% D & = ORMEZREEE &
+0.2 log unit DFHFHNT—E L 7z, L7zdioT, Fif5E
DFER L Giordano et al. (2008) EFNVIFEBEHWTH 2
EEZ2 5. ZOMBBIE, RO HEIC X - TREMMEER
AHOMMEREFEMICNE TS 2L, 7, RADOTRAL
E=E XV OREMEER % Giordano et al. (2008) & FviZ
FoCTEMICREDD ZEXAREL Z L ZRLTWVWS,

Figure 6 % & D8I 2 &, H:0=0.2 wt.% TOH
PR — R LT, 807°CToER T — X 13121F
SEEII—ET 505, T61°CHE L U733°CHOF—RiZbT»
IZEEKEM, 851°CH F— & b $ hIit&kEKEMIZ
Tuybrahd, ZOBEKREFOINOFEALELT, &
HREAMIF &2 v MO H0 2L & o THRb T ATHE
WrsEzZ s, 2T, RSO FEERREE iR
X o TEBRER»LH023%bN D 22T LT.
Zhang & Behrens (2000) D& FVEHWT, 1ZIFHK
DFHCEE AV FHIZB T 2 HoO DIEBUREE FHE L T2
L 2%, 850°CTH & #1011 m2/s, 750°CT10~ 116
m?%/s DIEZ 7z, —75, RPFROEFHIEE 2 ®miRT
HMERR U 7o 3R COF I TH 2. L7cdio T, H0
DI DFES A7 —1130.23-041 mmBMA T & & ), 3k
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YA XTI swo T, ERFIzE T 5 H0
OIBUTIEHTE 2, ZORRLD, ZoREKEFEOT
NDJFEKIZ H0 OIEELTIL % £, Giordano et al. (2008)
ETNDNTA—Z—QIEZITHKT2HDEFZ LN
5.

4 — 2. Shear thinning fFK3.2 L VWO RE

Figure 5 EH@EB%;?&:E, FRIY [De=npe/G, T T
PIKEESR, I TEEE, G IXMIMER~1010Pa (e.g., Webb
& Dingwell, 1990)] 2310 25 X CF10 30 & & DRGSR
LEHEOMMRERLTWS, FABRIEX VI, De<
10 3D&HTE=2— Pk L LTSH2% 525 1073
< De <10~ 2ClZshear thinning/iAR ZZE) 2R L, De
> 10 2 CHaMERES 2 Z & 25, 7 7 A N—{fE1k (fiber
elongation method ) 12 & 2EEMIZ X > THL IS
nTWws (e.g., Webb & Dingwell, 1990). Z Z Tshear
thinning & 1%, FEHE ORI LE > THMERIMET T 2
HWEDZLTHZ (eg., A, 1997; AT, 1997). A
D FEERILTIFC, e=10"35s 1 TOHA Z RV T De
<1073 CTHY, =a—bUiiikE LTS E D LTS
N2 b3, WINOMRE « EHELETHH
Wshear thinning AN %52 T VAL NI, £ ZTUU
TIZ, AW5E o BREA R Atshear thinning AN S 5 £
WERLIERIZOWTELET 3,
(1) = I~FhoOFEREROFE

FEE I E T = 7 < I shear thinning FRAAIIZSA 2 £ 5 2
EDEBRIIZH L 22z S N TV S (e.g., Ryerson et al.,
1988; Carrichi et al., 2007; Ishibashi and Sato, 2007, 2009;
Ishibashi, 2009), L 2L, =< 27 < ® shear thinning jfifk
BRI WEOEEBITI0E, EFHFNEROERTE X
%30 vol.% M Lk, HOIROREAFKE ST H 5-10 vol.% bl _E
DFELEINIFETH 5 (Ryerson et al., 1988; Ishibashi,
2009). —H T, AWHOBRERIIEENE< A 70T
4 MERRIZB L Z2vol% T L RETH 2 (I - £
¥, 2011), 2D EnD, <7 <O A shear
thinning AN 52 FVOJERE & 13E 212 W,
(2) =I~HFoKBOEE

< 7 =<dZRET 250D, < 27 < Dshear thinning i
NS EVEOEBITHELELD 55, <7<k
PRI TRICOREL, 208« A X - IREE
HEILRESHEFT 2. JiEOY 4 X - PR EBEE D
BMRIEX v ¥ 7 ) =8 [ Ca=nac/T’] TRHESITLR
5. 22T, plE AV ORMER, aldKIdOFRERAE,
EVFTEHEE, NI AV —ZWEHORERITH S, X v
o) —HDAUNES W ITIIRITIZERIR, KE W&
RERERS AR E ), 2o/ &kt s & ol
FHMEx v €7 ) oML %% (eg, Rustetal,
2003). F7z, ¥ ¥ 7Y —HBBLZ1IL VNSV
E, [IEIE= 7 <OMEREZHEMEE 25205, 1XD DK
EVWEEIZIZEA SR 2Hm 23D % (e.g, Rust & Manga,
2002)., <7< OMERIIFIZIXIEORE L JIUE -
¥y 7Y —HLOBRERES 2ERNE T VIZPal
(2003) IZXoTHREINTED, FRIZKIJEEI/NS W

B,

m=1+®[1—(12/5) Cas]/[1+ (36/25) Cas ]
(Eq. 3)

Th5 2605, 22T, o 3EAKEE [=7/0me, 22
THIE= 7 < DR, pmadld AV - OREER], @ 135K
WORELETH S, 3L, CaKL1DEEITIE =1
+@ (Taylor®), Ca>10DHEITIE 7o=1—1.667]
(Frankel-Acrivos D) 12—#3 3. ZoXEHW», x
N ORMERE 109-1011 Pas, KIEEE% 0.01-1 mm,
/) % 0.3N/m (Bagdassarov et al., 2000) & U725
BB R E OEBRERFEEFHE L L2, ¢
>3%x 10" s 1O&MTIEdy, /dO IFTEEEIZ L 5 FIFIF
—1.667 £ % D, Frankel-Acrivos D& —EF 2. D
ZEIE, £>3x 1074 s LD S TITAHRIRGEE 3T B
WHRFEL T WZ ERERL, AR OEBREREFET
5, LTzh o T 7 <HOKIUIARIILZE TR 5 417z shear
thinning AN 3 2 FVOJER L 13E 212K W,
(3) HMELRDEE

REPEROR &, JERTMR R T R D BBGR O 2
& T, viscous heating & b X IiEN 5. FhMEEGRIZ X 25
BRIL, MR B X CEEE L EOMBE %R (e.g, Hess
etal, 2008), HMEETE T 2B OWRE L, WEBGRIC X
DI L BYREIT X ZBERDONT Y RAITX DR F
D, WHDHTERS NS IXTHTDH 5 Nahme # Na
Na =0eA/(kST) =n(e)*A/ (kST) (Eq. 4)
Ik o T, KitEEOR L BYRED &b 6 2MESR D 2RO
Johd, ZZToRIEH, AFXEREE, FIZEIEEIR
B, OTIFHABNIERMOWEEZTH D (e.g., Hess et
al,, 2008), Na > 1 CHYMAEBORIEYRE X DEEL 4 5.
L7chioCTEq 4 & D, MMEBORIMESR L 2720 OERE
FfFELT,

e>LkOT/(n A)] V2 (Eq.5)
PELND, REBTHADL Tz log unit DEHEZ{GIC
RF3 2 HEMHERZE~0.09 log unitld, Giordano et al. (2008)
ETFNVITHED &, BXF5COREEILIT & DMMERE
RE@%ETH 2., #ZTEq 5%\, »=109-10!! Pa
s, A=10"4m?, k=1Wm K 1:LTST>5CLt %
ZEHFELMERDT2E 25, p=109PasTe > 1021
s—1, =101 PasTe> 10 31 s | OEHESDIETH
2LV REREE. ZOBEREOMEIZ, KFEOER
ELEEIDDREW, 2O L5, FMEBURD shear
thinning AN 2 FVDJFER L 13E 212 W,
MEXD, RFECTRL N EBEER XV Oshear
thinning AN S5 2 F Wik, < 7 <FIcBEES 285 -
LIARREMEBCR DR L W o T BIEAREER oWtz
X2FWBEH LW, foEZ I BFHEKE LT, RELE
OIS RO TERELOEE D T o n s, —l
JEMEREBRTIE, REAEOHINZEY, AR
PR HRERAE L T L. MiERoBEHITHW
72 Gent (1960) O TlE, Z DIIRELORYE % G
IRHIEL TW 2 23, 2 0BG & RS 23 37 Tt i
X o TRTZHOBEERERGFENELTLE>TWVDID
b LTV, ZO%E, RFROERGIEIZEL > TH
Hantzn=120bTr Tk VT, F=a—
P UL FVOFELERT 20 H LY., I
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Figure 7 The temperature-strain rate boundary condition at which viscous-brittle transition occurs for the obsidian melt.

IZOWTRESROFEWESHETH S, 12EL, n=
125 QBP0 FRE & /NS WIS, —HTOREEE(L
12 KR 2012 0.1 log unit FLE /NS WO T, H
EHEREMOBEN L EEREOHPE (ca. 1074-1077
s~1; Rustetal, 2003) TlX, #DXhdEFWVWrEr=a2—F
YTRIGEBIL THEAMICIMEIIZ LT wWEEZ S
nas,

4 -3, BEME, RALEPAEROMME—REERIC
20T
A EEYEETR T2 b EALIT 2 T, RS
J& (4m), BIEARE (12m), MRFICEEELNE (25m),
HEWRBCAE (80m), HIEHKE (Tm), WAk (20m)
EFEMEELT S (FIH - 25, 2011). WAL T O
WeaiE L BIEAEoER I, BEA A v b oMM - etk
BELPBI4&MI—HTEEZLNE. ZZTUTF
12, Giordano et al. (2008) @ % v MR E F v L §h
M- MekER OB Z 2R TR IMEHNT, ZO%Mt
IZDOWTHEET 3,
ARGE O BIEH A v s ORERIZ, 0.2wt.% OEKE
PRET D5E,
log 7= — 4.55 + 11883 (T — 246) (Eq. 6)
Ltk TE %, WMZR G =101Pa (Webb & Dingwell.,
1990) &3 2L %, Eq.6 & TR T De DEEN E DR
AELEDND,
log De = — 14.55 + 11883 (T — 246) + (log &)
(Eq.7)

PELND, FABE ANV N ORI - fEEREO B Z 3
AR TR I 8EDec~10"2T5.2 51, De>10"2D &
S A Bt A v M IEHEER125 2 £ 9 (Webb & Dingwell,
1990), ZO%&MH%Eq. TITRAT 2 &, BEA ANV T
M- BRE N B Z 254 L LT,
(log &) = 12.55 — 11883 (T — 246) (Eq. 8)
555, Figure 712, HitE - BB OB 2 21RE
—ERHELEMEXRT 5., MM -tERO B Z 2 EH
FE1L, 900°CT10-03 s~ 145 600°CT10~ 64— 1% T
TP 5. TR EIRA TR OSTREN 3 2 4 7 O Bl
772 % (Rust et al., 2003), % OTEHE » EHBHHEIKY
352 ELIEREETH L. Lo L, KEBig Glass Mountain
DTFHREEEETRIZOWTIEL, BilifELcigoiko
2510 4~10""s 1 OEHEENHBED LTS
(Fink, 1980; Rust et al., 2003), 7R L_FEH AR5 &E
DOFEHECHREL TV ERET 2 &, W STEER
T2REIIB L Z680°CUTThHoTc LEZLND,
AL EESETRTA LS EES - TEEEEE o )8
BEOENEAUCERE LT, HREREZOGHIRED
#E W (Stevenson et al., 2001) & BB LM OE W IFE
Z25%., L»L, FEROEERE L THREZIRT T 2%
AMEFEZ DL E, —RITEETREE X D TEO L »E
HE MK E L % 57:% (Pimbo and Dragoni, 2009), T
RO E B EoF NI D EL T tEZLRN
%, X, EBROBEOMRLFET L. LizroT
EWEIZ, AR L - THomiEoE kI, H
HROWHBIROEENIKREVWEEZLND, 51&, K
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Y -MBBE OB Z o e fthd L DV ERNWITIREST 572
D11, BEAFORIEOIEMHT (Rust et al., 2003)
12k BIEEENER, BHIERZERE U ERE Y I 2
V= avitkoT, WRMHPOERESH 2T 2
RDEBDH S

5. ¥¢&

(1) At#gE AR O BEAIZoWT, 851-733°Coii
FE, 10727 =10~ 54 s~ 1 OEHE O FM T T—lhE
FESEBRIT & 2 MPERE 1T - 72,

(2) ARFEBRTORMERAZEMIL, Giordano et al. (2008)
DETNVEBENTH T, LizdioT, KADT
BURE A )V b OMiPER % Giordano et al. (2008) &
TNVIZE > CTIEEICRE S 2 Z L3 TE, 72, K
WFEDEBFHEIT X o T, EhMERS ORMERZH
ETE 5,

(8) AFEERTH L NI BIEA AV DYy shear thinning
RS 5 W, < 7 <HITRIES 256 - Kid
SLREEBOR & W o TERER otk Cldiic s 3,
ZOBEKIIARHTH 5., 72720, FiEROEEEMRK
FHEEZIEBIZNSVWOT, =a— b Uik EEML
THFEHLERMEIZ WV,

@) FAELEEEEROR T 4m & i B 20m O
FEIEK L TR E S <680°CEFE 2 b b, F
7z, EEETESOMEEE DJE S OFEWIX, HIFEKT
DWHLBRDE WA KL T\,

FE R MR LT OV H % & sl RE T
i, mim—MEAEARE e EH S Tw s L
7o, F7o, HBREMEEL, EIREFRICIGFERIEEOME
Mz THREWNLEEE L AWMz RET 29 2T,
R S A D 38 R B & AUAS RGEIR 113
Taxybrzwieriss i, ZZIRLULTSILHLLE
FET.

513k

Avard G. & Whittington A. (2012), Rheology of arc dacite
lavas: experimental determination at low strain rates.
Bulletin of Volcanology, 74, 1039-1056

Bagdassarov N., Dorfman A. & Dingwell D. B. (2000), Effect
of alkalis, phosphorus, and water on the surface
tension of haplogranite melt. American Mineralogist,
85, 3340

Bottinga Y. & Weill D. F. (1972), The viscosity of magmatic
silicate liquids: A model for calculation. American
Journal of Science, 272, 438-475

Caricchi L., Burlini L., Ulmer P., Geys T., Vassalli M. &
Papale P. (2007), Non-Newtonian rheology of crystal-
bearing magmas and implications for magma ascent
dynamics. Earth and Planetary Science Letters, 264,

402-419

Cordonnier B., Hess K. U., Lavallee Y. & Dingwell D. B.
(2009), Rheological properties of dome lavas: Case
study of Unzen volcano. Earth and Planetary Science
Letters, 279, 263-272

Costa A., Caricchi L. & Bagdassarov N. (2009), A model
for the rheology of particle-bearing suspensions and
partially molten rocks. Geochemistry, Geophysics,
Geosystems, 10, doi: 10.1029/2008GC002138

Fink J. H. (1980), Surface folding and viscosity of rhyolite
flows. Geology, 8, 250-254

Gent A. N. (1960), Theory of the parallel plate viscometer.
British Journal of Applied Physics, 11, 85-87

Giordano D., Russell J. K. & Dingwell D. B. (2008), Viscosity
of magmatic liquids: A model. Earth and Planetary
Science Letters, 271, 123-134

Hess K. U., Cordonnier B., Lavallée Y. & Dingwell D. B.
(2008), Viscous heating in rhyolite: An in situ
experimental determination. Earth and Planetary
Science Letters, 275, 121-126

Ishibashi H. (2009), Non-Newtonian behavior of plagioclase-
bearing basaltic magma: subliquidus viscosity
measurement of the 1707 basalt of Fuji volcano,
Japan. Journal of Volcanology and Geothermal
Research, 181, 78-88

Ishibashi H. & Sato H. (2007), Viscosity measurements of
subliquidus magmas: Alkali olivine basalt from the
Higashi-matsuura district, Sowthwest Japan. Journal
of Volcanology and Geothermal Research, 160,
223-238

Ishibashi H. & Sato H. (2010), Bingham fluid behavior of
plagioclase-bearing basaltic magma: Reanalyses of
laboratory viscosity measurements for Fuji 1707
basalt. Journal of Mineralogical and Petrological
Sciences, 105, 334-339

INAZTF (1997), 2BGROVA Y — (HamaF 3
35). maFTHTS, 159p.

Moitra P. & Gonnermann H. M. (2015), Effects of crystal
shape- and size-modality on magma rheology.
Geochemistry, Geophysics, Geosystems, 16, doi:
10.1002/2014GC00554

PAEALR (1997), FE==2— b Uik, au F4t,
166p.

Pal R. (2003), Rheological behavior of bubble-bearing
magmas. Earth and Planetary Science Letters, 207,
165-179.

Piombo A. & Doragoni M. (2009), Evaluation of flow rate
for a one-dimensional lava flow with power-law
rheology. Geopysical Research Letters, 36, 1L.22306.

Rust A. C. & Manga M. (2002), Effects of bubble deformation
on the viscosity of dilute suspensions. Journal of
Non-Newtonian Fluid Mechanics, 104, 53—63.

Rust A. C., Manga M. & Cachman K. V. (2003), Determining
flow type, shear rate and shear stress in magmas



ri— SRR & 5 = 7 = OREMESRIE 31

from bubble shapes and orientations. Journal of
Volcanology and Geothermal Research, 122, 111-132.

Ryerson F. j., Weed H. C. & Piwinskii A. J. (1988), rheology
of subliquidus magmas 1. Picritic compositions.
Journal of Geophysicalk Research, 93, 3421-3436.

Sano K., Wada K. & Sato E. (2015), Rates of water exsolution
and magma ascent inferred from microstructures
and chemical analyses of the Tokachi-Ishizawa
obsidian lava, Shirataki, northern Hokkaido, Japan.
Journal of Volcanology and Geothermal Research,
292, 29-40.

Shaw H. R. (1972), Viscosities of magmatic silicate liquids;
an empirical method of prediction. American Journal
of Science, 272, 870-893.

Stevenson R. S., Dingwell D. B., Bagdassarov N. S. & Manley
C.R. (2001), Measurement and implication of
“effective” viscosity for rhyolite flow emplacement.
Bulletin of Volcanology, 63, 227-237.

Tasaka M., Hiraga T. & Zimmerman M. E. (2013), Influence

of mineral fraction on the rheological properties of
forsterite + enstatite during grain-size-sensitive
creep: 2. Deformation experiments. Journal of
Geophysical Research, 118, 3991-4012.

MHER (2010), HEY AN —27 O BIEA—HFEEEL
MBCE R E OB —, LB EXEAFAL
L1 A BT, 45, 21-35,

FIHES - BT (2011), HTESEREHA QLR & 1
AR AR — 2 HUHE B O 7 0 O MU « A A ER—.
IR #F%, 7, 1-18,

Webb S. L. & Dingwell D. B. (1990), The onset of non-
Newtonian rheology of silicate melts. A fiber elongation
study. Physcs and Chemistry of Minerals, 17, 125-
132.

Westrich H. R. (1987), Determination of water in volcanic
glasses by Karl-Fischer titration. Chemical Geology,
63, 335-340.

Zhang Y. & Behrens H. (2000), H20 diffusion in rhyolitic
melts and glasses. Chemical Geology, 169, 243-262.






