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Mode of Occurrence and Hydration of Glassy Rhyolite Lava from Katsuma-Yama Volcano,
Okushiri Island, Hokkaido, Northern Japan

Yohei YosHIMURA ™, Kazuhiko KaNo ‘T and Daizo IsHiyama

Katsuma-Yama volcano is located on the Okushiri Island 15 km west of Oshima Peninsula, southwest Hokkaido.
Effused from the Katsuma-Yama crater of the volcano at about 20 ka or a little bit older time, Katsuma-Yama rhyolite
lava entered the Horonai-Gawa caldera lake and intruded into the lake deposits. The rhyolite lava is almost entirely
glassy but hydrated to form perlitic rocks with a water content up to 2~3 wt.%. Relatively fresh, dark and dense part of
the lava remains in the inner part of the source area and is replaced with a light grey glassy rock mainly along the flow
layers or flow-parallel minor fractures. Dark dense glass locally fills fractures of a light grey glassy part, and curvi-
planar cracks are developed normal to the columnar joints and further normal to the resulting cracks. In addition to these
thermal contraction cracks, more curved and more closely spaced cracks are developed in light grey rocks, likely
produced by volumetric change with glass hydration. Thermal contraction cracks were presumably developed in the
relatively fresh part immediately below the glass transition temperature with a rapid volume change. Hydration likely
proceeded with water-permeation through the cooling cracks and cracking proceeded further with volume expansion of
hydrated domains. The glass transition temperature is estimated empirically to be about 700C with a minimum water-
content, 0.3 wt.% in a relatively fresh dark glassy rock. Hydration is likely to have almost ceased at about 400C as the
rate of water diffusion becomes too small to across crack-to-crack distance before the lava entirely cooled below 400T .
Key words: Katsuma-Yama volcano, glassy rhyolite, perlite, hydration, perlitic crack
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Geological map of Katsuma-Yama volcano (Kano et al., 2006).
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TEACE KRR L, F70, FEOBEES K% E
WTKOREY, AN IVTFIIZHTLTAVTIN
D HERE Y & IR LA H 2k o KR HERE ) & DB AT
IICEAL, SNOMEMICEELEL 52 Tnws, 2
DEEDS, KL TR BRILEETH 5.

BRI TS I, BRI TRVE RN & - TR LA S
OBHIZBIV 72 180m DK TH L. LKL
[ARR, 777 A ERACE K & B s o THE S L
TWA, BRI 2 S ORI, B0 TEA T
THHFIIE G 2 HE L TV b,

JEREI LR T & BRI VE K T 2 S B L 72 7T R AL
Fr KB F 1T 0 BRI PR 72 M TR
S, F72, 7uv A XOFREENCEE DS NED
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fill L7~ 7 DSBS S NI L ZRIET 5.

3. BRILBEOSf EHRE

JERIR LA XGRS KIWHERE ) 72 & AY LG 5 % Jif L
KIS L, KSR A > T, KDL &
MVEENCH T LT 5 (Fig. 1). MPEEICIX, B#lh
TEA & £ % 600~700m > THRAJI A VT T D H )
T IRICEY, S HITH VT T NOMBHEREY b % i
T, RECHER & L O BRI T SR o K gHERE ) &
DEEFUZH > TEALTWS, BRI OO .00 58
AT FE TCOBEEORIERIL 1.5~22km TH 5. ES
&, BRI TIPS AL E S 2 B L TERRE T 100m 125E
L, T2 TH< R BA%, NIRRT A
VT IRTAMRMICEAT AMETDS 20~80m b &
5.

BRHIE S 70y 7EEE LTORERMA T
D, EE3~8m LT OB AEE % E S (Fig 24). &
ENERIZ I ELAYEEE L (Figs. 2A and 2C). BN fAESS
DOE T A5 HNEIZ2 > T, 20~60 cm [ g OFIRETEE
MWIEN TV A (Figs. 2B and 2C). i, & 2128 em~
Boom BB ORI E 242 L 1dd B A, IRIEPATICHE
AT E S 5 (Fig. 2). ARIRETENE, BRE L2 S
WA 7 V7 F 2T ) RO 2R 5T, Bl A I AE
FHL, ZokT, HREHEIZE S NEEAEIZH -
THAPICHIMIZEE L, S5 L B
HLTWwWA, —J, ZOFHRTIE, RATRICHEIRE A
KE VT, S A S NEA L J0NE B 7 alEs
BTS2 > T W b (Fig. 2B). U5 Ok IZEE D —
K ZoTiN/zZ L ERT

THOBEPIN V75 N TR F 12 EE L
T, O ETHBHER Y 2T BIELEIL L T\ 5 (Fig
2D). ZZCHHEEIEAR 2 mEEELRT. £/, F

KR 2 e K& SOBERICY 7Y — 7S ZOVIRI B
S (Fig. 2E), BRI & o8l i Tl % mm
LT OB OfEEE 2> TwWa (Fig. 2F). 20, k&
P U CHE U7 LT & 2 Kt 1, BRI L2 1)
209 FHAR LTI B\ Tl AR A g o (L w8 &
Py 215 300m ¥ CHERTE 4%, & 255 B ILTH
TAREOFRAS E T, MAICEDNLTWT, MDA
KA E DB 7202 > 7200 IHERTE vy, BRI
EEDRAIN VT 7 R B 1K A % 3 T 2 HER
MIZEALTWAEZATIE, ZOEHEICHOENEIZ
ROENDLHO0, REIABGIER, RUPEHED —
TARIZEIL, H DV ST THER & B2 L
TWwb (FEEITA, 2006).

4. BRILBEZEBR T 2ERETOBE

B LAE 2T 250121, BIREBE R T A
B LKA TR ZILBRICE LT A EARH 5. &
HIS—= T4 FEEFREMTZEHRENA L LEoh
WCHT AU NEINEDFE L TB Y, mE LRI
H5b.

WKt T A E L, FISBRY I A»6%0, 20
WK G i 1R S Tmm~$ 10em DL % 5
T oHEAT N E RO MBS TR L CifgEL 29
(Figs. 3A and 3B). F 72, MHEIZERZ~RRHRT 580
HE, MBISFAT~RRRT 2 HNEHAY, Smm A
72ZZNLLT OMEToHEL T\ 5 (Fig. 3B).

BRH G AHICIE, BE1~5em PITF, £ IEER1
mm LT OME < HEO 72 LBR &£ 4% 0.1~0.2mm LLF DA
HEHESEW S, BEB mm LT OFHEARPEERL & H I
BOAE LT\ % (Figs. 4A, 4B and 4C). BNz fLBR =2 A%
AASEIEIRE L TR R AREW 2 IH 10 mm~1 mm OFF
L, W& FAEE QMR THEHWISFATICUE S (Fig
4A). IS ofEoFIZIE, MR T SLB R ££0.1
~02mm L FORERGEW 2 &L b1z, b L <
WO EREMME 7 ) A MNTA NEEEKET D
Bl R R AR 0.1~0.2mm IR DEREDS, FELIC
o THA L, D WIEFIKIZHZ: > THriE IRy L
TWb &2 A0 5 (Figs. 3B, 4B and 4C).

FJLAMEIE, 7 ) A MNTA D EFEELE T LMY
EHEERBENFVET ST, WIRTH AR BT
L7 THhbH. £ O, JEEIE1~2cm LLFCTHlTS
B mb L, E2AEIATHBMLTIFYEL
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Fig. 2. The modes of occurrence of the Katsuma-Yama lava at a quarry immediately west of the summit of Mt.
Katsuma-Yama (A, B and C) and in the Horonai-Gawa caldera, upper reach of Shiramizu Sawa (D, E and F). A:
Transition from inner flow-banded part (lower left) to upper flow-breccia (upper right). B: Transition from flow-
banded dark grey glassy part to light grey glassy part and columnar joints curved to the right and partly filled with
breccia. C: Columnar- and platy-jointed light grey glassy part and underlying transitional part to dark grey glassy
part. D: Basal part overlying the lake deposits of Horonai-Gawa caldera. E: Basal flow breccia. F: Basal “glass
sands”disorganized from inner coherent part. Lens cap is 6 cm across.
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Fig. 3.
glassy part with a locally thicken, closely folded and fractured milky white layers. B: Variably curved, finely
spaced joints extending normal to and parallel or sub-parallel to flow layers. C: Transitional part from dark grey
glassy rock to light grey glassy rocks. D: Fractured light grey glassy domains and the host dark glassy rock filling
fractures. E: Dark grey glassy domains remaining in the layers dominated by light grey glassy rock, with a light
grey glassy vein gently folded and crossing flow structures. F: Light grey glassy rock intercalated with brownish
layers. Coin is 2.3 cm across, lens cap is 6 cm across, and hammer handle is 30 cm long.
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Closer view of Katsuma-Yama Lava at the quarry on the western flank of Mt. Katsuma Yama. A: Dark grey
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Fig. 4. Flow structures represented by “dusts,”’cryptocrystalline aggregates or spherules, and vesicles concentrated in

layer in Katsuma-Yama Lava at the quarry on the western flank of Mt. Katsuma Yama (A, B, C, D and E) and in the
Horonai-Gawa caldera, upper reach of Shiramizu Sawa (F). A and B: Flow layers represented by concentration of
tiny vesicles (dusty spots) in dark grey rocks, in close association with brownish cryptocrystalline silica aggregates
(bsa) and chains of silica spherules (ssp) lying in chain parallel to the “dusts”. C: Silica aggregates disseminated in
brown and lying in chain or layer in the same rock. D: Chains of transparent silica spherules and brownish silica
aggregates. E: Vesicular layers and a brownish layer of silica aggregates with micro cracks predominantly cutting
across poorly vesicular light grey part. F: Deep brown layers of silica aggregates replacing glassy part traversing
cracks. Domains enclosed by the brownish microcrystalline materials are filled with fibrous silica and dark
materials or pores partly filled with silica spherules. Silica veins (sv) extend from the domains and across the cracks
and vesicles (v) in glassy part. Pl=plagioclase. Bi=biotite.
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W5 EEECIE, AL L (Fig. 2B), WMEIAREE L - T
W5 (Fig. 2A).

5. BSRIBEH OB INEINE & =R
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Z0Hbh, RLBBEFELRENEE, WHEICELLT2~6
mm L TFTORBTIERENE &, ZICEL~#%T 5
HILH (Fig. 3B), »5WVIiE, I aIEL, B Zf

JEWZEM L -l 2SI H TH S (Fig. 5). TN o5
AEDL IS5 TYWY L7227 T AEE L, 7% F i~ il
TP F 722 MK T (Figs. 5A, 5B and 5C), HIZIZEIE
12V b Db &5 (Figs. 4D, 4F and 5F).
FAHRIE L2 X 912, MBI E ORI RRE LB
AEHET lem fif:, IKAGAT 7 AEHE T 1mm 1)
<12 0.1mm £ TdH 5 (Figs. 3B and 5). WEIKE Y T
BAEIHARTENEDNBRIKABAT T AE STl ﬁ
~ﬂx¢%*ﬁ%@ﬁﬂgw~ﬁ#%m¢LfWM
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b T RRO LN S (Fig. SF).

INHoENHEIL, ILBEHETLLEIATIE, £2h
BABIIHIED R W Z &% v, LR Z A TZEDIEE#
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5720C, LB SIS N/ BICENEAE L2
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1k, 110C THZME S 72508 1 g (S0 - DG ) 7
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Fig. 5. Microscopic cracks and vesicles in Katsuma-Yama Lava, collected from the summit area of Mt. Katsuma Yama

(A~D) and from the Horonai-Gawa caldera (E and F). A: Transition from dark grey glassy part to light grey
glassy part showing difference in crack number density and in abundance of minute dusty particles (vesicles). B:
Close-up of A, showing a light grey part with curved fibrous appearance of vesicles. C: Close-up of B showing
elongate and enlarged vesicles and intersections of cracks and vesicles. D: Dark grey glassy part showing flow
structures represented by veisicular and dense layers and minor yellow brown layers composed of aggregates of
silica and dusty material. E: Light grey rock almost completely altered from dark grey rock. Brown aggregates of
silica spherules and brownish dark materials (bsa) replace originally light grey layers and adjacent glassy part.
Silica spherules (ssp) are also precipitated inside vesicles (v). F: Close-up of E showing veins (sv) that intervene in
a brown layer and intersect a vesicle (v) lined with silica spherules. Silica (relatively light part) fills inner spaces of
brown layer (bsa) and form veins (sv) extending across adjacent glassy perlitic domains. P1=plagioclase. Bi=
biotite.
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KR~R) ZMEAET S A EORIZ AN, BT 4
VD AR CHER T A, kIS, WA 700CHEFE T
IE L, BB S A LT A ZHAERER THHIL
T2UFHEN 7y FICHET L. 2ok &, HRIZCu0
IR (550C) %@l S, U Hy W ADSFHE L7 E T
L, BRALENTHO L LTHETEL L)L
700C TORLH A & #% 2 72121, k% 1000C F Thish -
HAEL, BAADBEZEZETA DN 7 7T RL
A~V (0.003 Torr/ 47 ~H, 0 & T HE & KEDH
1/10000 (ZAHY) 1275 F TRE> THAAZ5E T 5.
WIS, UFEI N T v TOWMBERERNE FIATA A -
TE N UFERNCKES B LT, LT ADS CO,
LSO EMEHELTHIRZH,0 & L2 612, Thz
Cr J7 (800C) INT HoN#TC L 724, KT 77 —K >
TCHAEELRICETO o2 0, KEHICEBE
DL A ARMERONRE, WE (UEREOER) 75
Ho DNV H KD, TN % HyO OE R, HE3H
OERE L ORI ERET KD, MEITRITEHK
LA IR IS F M ER AL R 2 O ICP-MS & F W Ch
L7z, ST TR - b (1999) 12 & %

WEIK 7T T A B G LI T A GOV I ORE
T SiOMS 75~T6 wt.%, K0 2% 4.5wt.% HifA T, #&7
WA mD 7T~8wt% TH Y, EmFIZOWVT LI
ICREZBEVETRREDO LN W, LA L, KIZOWTIE,
WK T A AT 03~08wt.%, IKEMT S AEAET
0.7~21wt% LHETHRL L. F72, HOKE T-Fe,0;
IZDOWTHRFIKE AT T A5 T 0.8~ 1wt%, KT 7
ABHT0.6~08wt% LMHE TR L. Kb %
WHEOF I B R THL L 75 % LT 2 ofdm
1325 5 72\ (Table 2).

7. HI7ZARDOKDEERELSEE

IR O 2B TH L 7T AZDONWT,
DO TOROFEIRIE L AR LMD 72012, HFH
B DI T 22O THRIMRIBILA <7 bV & 52 L
AR bt 3 R N 3 VA NGB 1 e 1 B S e 2]
SHIMAZU 8BRS 58 E T, ARIMVG 6 E FT-
IR-4200 & FR4MHBEMEE IMS-1, MCT #iitigzz filAaE b
T A, HIEIIEOE 100um OIEEIEE V72, 5
fEREIX 2em ™!, REB ML 128~256 I TH 5.

W F 4000~400 cm ' O P TR S N7 ARSI A
N7 MRS A L, 3580em” YT & 1830em” ),
1620cm ™ WAL D ¥ — 7 338 515 (Fig. 6).
ZFDH b, 1830em” IO Y — 213, Iz T S A
[ETETWRWAY, 2000em™ " X ) P EHN BB
% Si-0 X Al-O OMFFEIREI R Z AIREN LK T 5 ¥ — 2

D12EEZS5ND. 3000~3800cm 'O Y — 2 i X-
OH THHEIRENIZ, 1630cm™ '1E H,O ZMAIREN RIS 5
LENTBY, FNFROE—7oEms WOGE) X
H,0% T & OH L = Ebe/EGhEE HLOGTOER
i (DT, Z#2Eh%t Hy0, Hy0n& Kk d %) 12l
% (B Z21E, Yokoyama et al., 2008). FZEHIIFE 5 N7-7R
SO A =7 NV % s 5 &, 3580em™ T &
1630cm ™ HE QWG IL, & b ISR T A EED
AEHIIARTIKAG T 7 AR ORE TR E W (Fig. 6).
Lambert-Beer HI 12 X UL, EVIGRE e &, &0
JE& dEHE o, TOWEDOWICEE Abs 7353 UL, *t
KRETHEHFOEHERCIL, 15 FU-VDBERE Y a b
LT, ROXDPORDDLZENTED,

C=a-Abs/(od)/e (1

Z 2T, 3580cm” 'L 1630 cm ™ T OB IERE & I 5E
BOEEHS H0, HyOnDEAHE XKD, 3580cm ™!
2B B ENISEREIEA 6717 L'mol 'em ™ 'O #E B
NiZdh 5 & EITHBY (Yokoyama er al., 2008), = 2 Tl
COfE W2 E£72, 1630em” FEOWOLE R, 55
+2L-mol 'em™! (Newman e al., 1986) & L72. alZDWw
Tl Yokoyama er al. (2008) &[] U < 18.02, o IE 2.346
glem® & L 72 (Silver et al., 1990) & L7z, EOE &1k
81~114um TH 5.

ZOXHIILTELN H0, OEFEIE, BFIKET
T AHEED 2 DDA 04080804C" & 03072622 (YOK-1)
T0.70 & 0.49wt.%, JKA T I A EED 2 20k
03081202.33 (A-1) & 04080804A T 1.54 & 1.49wt.% T
L. T2, HoOmDEHEL, BIKE T T AT 0.21
L 0.17wt%, JKEMA 7 AE5E T 1.01 £ 1.40wt% Th
L. LD o> T, HboH HoOp 27 LB IWTHOLND
OH DEFEIL, BIKB AT AEET0.49 & 0.32wt.%,
KB A5 A EE T 053 £ 0.09wt% & 7 A (Fig. 7).

2AFF 03081202.33 (A-1) & 03072622 (YOK-1) OFikE
BaekFZERVAHOEZES 4 2 % v CHllE L 72 H,0
() 1, RIMEIILA R 7 ML 2 53R 72 HyO & £0.2
wt.% OFFANT—HLTBY), H0n& & I, BEIKf
BTG AEEIRTIKAE Y I ZAEEPKIZET LV
LT DAE R (Table 1) #3745, —J7, OHIZ, i
FHC X - TEIZBI & 13D B A%, RAAHRIE % <, 0.1~
0.5wt% DHPANIZINE % (Fig. 7).

8. B B

8-1 HIZZADER LW, KMOT7OEX

BEIRA AT T A & IR AT 5 A B S O AR & Wi D
REFREDENZIEDTIE, X0 2 B e 3w
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Fig. 6. FTIR spectra of light grey sample 03072622 (YOK-1) and dark grey sample 03081202.33 (A-1). These
specimens are 110 and 116 mm thick, respectively.
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Table 1. Chemical compositions of Katsuma-Yama Lava.
Rock type Black part Light grey part
03072622 03081202
Sample number | © (/0 c-2 c-4 c7 c-8 33 (A1) c-1 c3 c6 c9 c-10  |03072913
Sio, 76.30 75.82 75.85 75.81 75.78 75.05 75.07 75.10 75.38 7424 75.03 75.10
TiO, 0.09 0.09 0.09 0.10 0.09 0.10 0.10 0.10 0.10 0.09 0.10 0.09
S| ALOs 13.21 13.22 1317 1337 13.38 1357 13.44 13.33 13.49 1357 13.39 13.18
2 | T-Fe0, 0.78 0.95 0.96 0.96 095 061 0.64 072 0.75 0.71 0.67 059
2| Mno 0.10 0.106 0.108 011 0.106 0.10 0.10 0122 0.104 0.109 0.102 0.098
g MgO on 013 013 012 0.14 0.10 o 0.14 014 013 0.14 0.09
g | ca0 0.88 0.84 084 0.86 087 0.85 0.86 087 0.89 086 0.90 0.86
S | Nao© 3.65 3.19 3.15 291 303 358 355 3.06 3.09 308 308 2.88
8 | KO 458 4.48 451 469 450 454 454 4.48 439 4.40 4.44 4.44
S | P0s 0.02 0017 0017 0.02 0017 0.02 002 0016 0016 0017 0014 0017
Total 99.71 98.84 98.82 98.93 98.86 9852 98.43 97.93 98.34 97.20 97.86 97.34
H0()™ 0.7 05 0.4 0.3 08 16 2.1 1.6 0.7 2.4
Li 34.1 29.2 283 332 30.1 33.1 325 36.6 313 300 31.7 16.7
Be 1.95 0.93 1.28 1.95 205 1.94 1.94 1.85 1.66 1.01 219 181
Sc 2.73 3.22 nd. 259 0.60 2.69 251 2.10 031 nd. 1.44 2.82
cr 14.1 14.0 1.6 13.1 121
Co 0.47 0.43 0.48 056 0.74 031 0.39 0.40 0.44 nd 0.89 053
Cu 456 4.20 3.19 6.42 501 7.56 414 2.52 1.91 083 2.21 3.41
Zn 221 213 23.1 219 219 20.7 221 235 208 20.1 236 227
Ga 128 115 1.2 128 122 131 130 1.8 125 106 12.4 125
Rb 206 212 197 226 204 183 231 199 196 199 189 212
Sr 134 124 116 138 122 120 143 124 128 126 126 133
Y 165 169 153 16.9 16.7 16.0 17.1 17.1 16.2 157 14.9 155
zr 50.9 68.9 52.1 59.2 4938
Nb 6.77 7.55 6.92 7.54 7.29
: | Cs 128 133 13.0 133 12.8 127 13.1 12.8 128 123 133 127
E | Ba 986 1034 1018 nd. | 1023 1109 nd | 9894 1011 1009 990.6 7395
% La 236 239 219 28.1 229 240 259 26.0 221 218 213 242
£ | ce 445 439 39.7 53.2 44.4 466 496 44 422 47 389 463
S| pr 4.43 4.60 4.42 523 481 450 493 486 427 372 459 465
g1 Nd 15.1 16.4 14.0 17 153 14.9 165 169 147 136 143 15.7
§ Sm 2.78 3.09 2.60 2.94 3.05 2.69 2.95 3.24 2.83 222 3.10 2.77
S | Eu 0.44 0.00 nd. 0.46 0.03 0.41 0.48 0.08 0.04 nd. 052 0.44
S| ad 3.04 333 2.19 3.67 2.64 313 353 325 2.37 215 2.97 3.30
Tb 0.42 0.39 039 0.45 043 0.42 0.48 050 0.40 nd. 0.89 041
Dy 242 2.76 255 264 2.54 252 265 2.69 2.4 1.88 2.70 2.39
Ho 053 052 050 054 0.60 054 057 061 053 nd. 0.99 051
Er 1.79 1.83 1.70 1.93 1.77 1.76 1.91 1.85 164 115 1.94 177
Tm 0.29 0.29 023 0.26 033 027 0.31 033 025 nd. 0.75 025
Yb 212 2.34 1.95 216 1.98 213 2.24 2.25 1.96 1.56 2.40 2.03
Lu 035 0.38 0.26 0.34 037 0.34 037 0.42 038 nd. 0.77 032
Hf 1.72 2.30 1.86 2.11 1.88
Ta 0.80 0.80 071
Pb 6.00 7.35 7.13 6.99 6.48 6.35 7.14 6.14 7.09 556 7.43 6.51
Bi 0.20 018 0.20 0.21 018
Th 185 195 187 214 19.9 20.7 211 196 200 188 184 20.1
U 5.10 5.42 5.27 5.42 5.40 5.04 5.47 5.37 512 4.08 5.39 4.90

* measured by a conventional XRF analysis
*: measured by a ICP-MS analysis
** measured by stepwise condensation of the expelled gas by heating

KA T AEETH D,
HEPELTH S, BRLLTEMAE TIRIKAE T 7
ZRUEDIHHIE S DI & 15 O TN ORI T 7 A

BRI LTy, WHIEO B LT R ORI
VT T TGS DRERER: L TR ERIZRATY
L., ZOEH I ENS, BEEEBRICIEBRILA D

MM A VT T KD > T, ENAEEL
ML7zEEz6N5.

MEFOWRANI A VT 5 OKAE, BT 2R O
FAZ R 306 m AFITI2 - 72 W FEVEDSE V. BRI LA A

123395 LTk

SNSRI B T & TIKATA

T-Fe,03: total amount of Fe,05 and FeO as Fe,03
n.d.: not detected
blank: not analysed

ST L7 KSR 3725 & 2ATHUER L TB
D, TORBES T TRIBIML T2 THS. B
KT, REW & & O MRHERR Y 25 KRR &
EHIZKONZED, 2o, BFREIIEEIZE > TENDS

ﬁmi%ﬁLfﬁb,&&<té%ﬁM@%%&ﬁmk
CIN ORI DK IR L T/ 2 L3R TH 5.
THHRC I P T %%u%dwf,kﬂ IELET

WIEAENTRI > 2HRZNHICER T % &
k.
1) ZIADIE

WD X I
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Fig. 7. Variations of molecule H,O (H,O,,) and OH
group concentrations as H,Op, vs total water (H>Oy).
Paired analytical values of H,O and OH for samples
03072622, 040804C’, 040804A and 03081202.33
are tied with a solid line, respectively. The arrow
with a question mark shows the hydration trend.

2) Rid & WA S O HARIC & B EL DT
3) ZJaOER, 5IEMEE L &Rk
4) KJANTOZREE (70 A RNT A b & BokERAL
W) o8

5) TR ORI L AFHBE D L 3B E R
O7-#ig) DI

6) T A AN b OBMUERIZ L DAAGEOER L
i

7 K E DML B AT A/ A b OEH, I &0k
W (& H DT

8) MUNEIILE IS o 72 S NE AN O KRERDOEE &
UNEINH OME, FINEIGo 7277 ADKH

JAZIRATz L9 12, e, SR, iR
O THEMEEICSILTB Y, MAEIE XTSRRI
BOAH@kE, REOZTRIIEELZ#ED > Twh. 2
DOFIERTDLE, )25 6) TTIEATT A/ ANV D
WPIREEIZH > THREIL TV B E &2, T) & 8) 3 h T
A/ ANV EIPEUL L7z & IR S 72HRTH 5 &l
T 5.

BRI T A A IR 7 AR BT 5 L
AT, IKEET T AREDHNT L7281 E 2 B o
WKL 7T T A EIRDTWD, T LIIRIRE AT T
AEHZF DA T ARSI & 0 b Ei CMEMEIRT fE

REIZH 5722 LEZRLTWD. LA L, &R HE,
IKE A T ABEP SRR T A A~ L B

D, KBTI ABEOENHIZHA LT A/ AN
MR T A AR OM/NEII B E L C& 72k
I IKELRD T B2 L TH T AEBIEELT £ TF
HEINWER L7220 EZ 615,

COXEICLTHER B AT T A E 2 U728 mm [
FOENEIL, IKEHOT I AHEL OB ARz 2
HTHIEL, ENHOE A C, EnHLELH LD
MM D 1mm LT &5k < 2 % (Fig. 5A).

7T AR T, 7R 7 8 Np (Deborah number),
Thbb, AV b OMEAERERE ¢ (=HERE /s R
¥ LHROKE DI RERRN ¢ (=246 HE) Lo
et B UT, 1 &0 /31U, waEidimke L
T, RETNIERE LTRAE) LExH6NAE. L7z
o C, TEOZEALICIEL U CHE & BRI T 5 2
bl N

BTHRD L HIZ, KT OIREA 700C, KHIHT D
EIKEAT 0.3 wit% THAULTRE AV + ORI 10"
Pa's (] 213 Hess and Dingwell, 1996), BHM:£REL 10 GPa
E LT, FRHIEERIE 100s, EAZME 0.1m & L Tt
A0 ' m/s 360m/hr) X ) KEFIUING>1 &40, &
FRFERERAT LA TEL. ZofmHE, Bk
SR R BN L 72 ZA LSBT 0 1991 4571 4 A
MAZ OFHE 0.2~3 m/hrs (ZEE - i, 1993) L1 & 2 4fF
KEVH, BAGEOESH L FRERE WL EE
ThHE, HNHENVKES TRV,

8-2 JKFDBIIAERE

LIk L HIZ, FTAOKANIT T AGBIRE %
LCELARLME o7 EZLND.

TEACE 72 CEERBIE D AV b /T AP ORI EIZ HyOp
E LTS 2%, 77 AWBIRE L) bR T,
HoOn D — ARG LA L CTOH IZED S, H0h —
FED L E, OH/H0nE AT AR L ) S AUERM Tl
WEICE ST —ET, B ciiEo L bk
% { 7% % (Nowak and Behrens, 1995; Shen and Keppler,
1995; Zhang, 1999).

BEEILEAE D D B, BRI 5 A ERECIdkicit
H L7z OH & Hy0p & Ol OH/ HyOpld 2 B2 T, JKH
BH T AEETIZ05 £ 01 EhoT0W5h, BIKEBTT
AEERETIE, OHH0,25 1 2 TBY), TH8H
T AL E CHRE SNl A L T 5 &g,
KB AT AP 0.5~0.1 & OH/H,0n(E H T AgHE i IE
DU THMR D 5 KD S LT HyOm D AN E 172
AR LR T E 5. HFRSEM T TR L 72isla T A
T HyO% 1.5~2wt.% T, OH IZH~_THEBIMYIZ HyOp
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Table 2. Chemical compositions, normalized with those of the sample of least water content in the analyses

shown in Table 1.

Rock type Black part Light grey part

Sample | 03072622 03081202.

number (YOK-1) c-2 Cc-4 c8 33 (A) C-1 C-3 C6 c9 C-10 03072913
Sio, 1.0 1.0 1.0 1.0 1.0 1.0 1.0 10 1.0 1.0 1.0
TiO, 0.9 0.9 10 0.9 1.0 1.0 10 1.0 10 1.0 1.0
Al,04 1.0 1.0 1.0 1.0 1.0 1.0 1.0 10 10 1.0 10
T-Fe,0, 0.8 1.0 1.0 1.0 0.6 0.7 08 0.8 0.8 0.7 0.6
MnO 1.0 10 10 1.0 1.0 10 1.2 10 10 1.0 0.9
MgO 0.9 1.1 1.1 12 0.9 1.0 1.2 12 1.1 1.2 0.8
Ca0 1.0 1.0 1.0 1.0 10 1.0 1.0 1.1 1.0 1.1 10
Na,0 13 1.1 1.1 1.1 1.2 12 1.1 1.1 1.1 1.1 1.0
K,0 1.0 1.0 10 1.0 1.0 1.0 10 10 10 1.0 10
P,05 1.1 1.0 1.0 1.0 0.9 1.0 0.9 0.9 1.0 0.8 1.0

B4\ (Bl Z 1L, Yokoyama et al., 2008).

LB, IREA®Y I AEHED 1 3RETIE, Zofidtol
Lo THEY, BEINSW, ZOEKEO 12& LTl
ERBDOEZNEZZ 515, ZoHItoFE & FE
JEDRE S TIEH 525, FLBR & MrhNEIIH 238D 5 5% Y
BhLvEv), MoRHIE R WEMSRO bR, &
D72\ ZWIEEE OFFIEDS YN AT DI T WITFEMEDS
Eibhb.

FERRIR A )V b DT AREREUIE T, (C) (&, LA —
ETHIUL, FEIKOEHRE W (wt%) 12 L > TZEILL,
ZOIEIRAFME LN E v (Bl 2 1E, Del Gaudio et al.,
2007). WIS O MBI T B AR OFALE (Si0,
=75~TTwt%) OH, W=1wt% T T, KXh 5K
&% Z EHTE S (Taniguchi, 1981).

T,=778-223-W )

L7225 C, BRMILEEREIRE T 7 A EDOEKED
/Ml 0.3 wt.% (Table 1) 7> 5HEE S LB BRI S O 77
T AL, X2 700C %5, LA, HE
ETNNA N, A EROZRSIKE N R 75
HA MO T AEBIRE L EkE L OB (Dingwell,
1998) 12 & & O  FEBEIN (Arbaret et al., 2007) 72552 5
N% AT AR, EKE 03wt% T613C LR,
Q) ADSDORML Y EFIEL 2\,

8-3 f/I\Elh B DR

BAEOFREHE O, GHBEIR S gk
720 (#1212, Grossenbacher and McDuffie, 1995; Toramaru
and Matsumoto, 2004), REAFAK E UL, % HH 2
LNERAN EBEBEICHET T 2ENHOR S L 25
(1 212, Grossenbacher and McDuffie, 1995). 72, A%
DAREFE L CREITGH SN HEL, KRS EAD
LIHHIICELT 2 ENEPZHIER S, L &I
Emm BEOW R &7 5. BNLIE SO E1E, i
EHEEDHEA TV 2 DIF TIE 2\ S, EERIICERT

ZH7ENC 10~0.1mm O THEHNLEIE LTS, &
O RENEIL, HEORMAKEHET L2 LT
EWEWIOSIEE D, FOMEACENREICK (LI
KRIER) HEET S I & CHHN & BT R A 12 AT
L7272 T & KFNAES TH I ADWRT 5 2 & T,
EHIMNEINHOBBEENIKEL ol FrbN
5.

HHIGIZ & b 2o THAET LI 01, BEIRE o
bREREAT, YU UERE Ry vy EOBBRKT
Gzbhb.

o=a-AT-E/(1—7) (3)

BRI LA DS HUDURE L CRir 9 5121, JERET T
DEH DR 75 |RIRIE (<35~45MPa: Lockner, 1995)
2 DI EDRMEENHIUTE .

T, WRUCEAT T AZDOWT, a~10" /T (Ericksson
et al., 1975), E~50GPa (Meister et al., 1980 ; Malfait et al.,
2011), y~0.2 (Meister et al., 1980 ; Malfait ez al., 2011), o~
20MPa X § 5 &, CNOERNICE HIREZEIL AT > 30T
L b, ZORMREICHWEIZ TS FREEATET
BoN7zbDTHDH. EIWZDWTIE 73GPa (Meister et
al., 1980) OMIZEfE &, AFEGHEZE (bulk modulus K =E/3
[1-27]) DBEME L ¥ (~0.2) A HIEH L 72 21 GPa (Malfait
et al., 2011) OFHHEAESH Y, T2 TEIZIZHHOME
Wolz, BRBEOMEIL, KOEHEIZL2DLTIIIF—E
TdH 5 (Malfait er al., 2011). FH DO BERBEIZDOWT
1%, Lockner (1995) |2 L 4L, JEHET TOEA DK
BB IBRIBEIL 35MPa L & SNTWADT, T
EELT20MPa & L7z, 2L HICKEDLYIEE
IZHEDW TRV D75, O NE R R, ST
e UTIRA 5 ) MRS AL, D FhRiLEET
BT A2 WREME R R L TV A, FHICEEDORET
X, KEFET A L FEICIREDS PO REE CRTT 50
T, F OB ATEGE I AT 2 TR .
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—77, BWEL GRECET S A) &, KBS L TH
RLTHEENNSL DT EPMENTWS (Silver et
al., 1990; Richet ef al., 2000). ZiLiZ, KHIAHESTT 512
ONTH T AN AATZKOEIZHBI L TEIEL, K
ML 7T AZEAD A U TN H 2343 2 W REME:
% /x93 A (Davis and McPhie, 1996). Anovitz et al.
(2008) 1&, AKKFI L 72iMUE 7 5 A DR % 55T TR L
ZOLY—FT—a YOEELEHERDESITHEINT
KA & > TET BT % 182~455MPa & iLfE & -
7z.

Silver et al. (1990) D7 — # 12 LU, WIKE Y 5 AG
HOKEHROR/ME 03wt.% L IREAMT T A E A DK
GHBEORNKM 2.4wt.% D5 EE I 2.346 g/em’ &
2320g/em® TH B, #2.1wt.% D45 72T KM L4,
HIEIX 0,026 g/em® 72U /NE Y b L OIREED S HLAL
RFELE7-D 0.0112 72U RREAIR L 722 &1 b. £
ORI HALR S 4721 0.0037 T, BUSH ORI
w7z @) XD a- AT ICHN T 5. 22T, Bus)iost
HEF L L, E~50GPa, y~02 & LT, ZOlgkeEsx
@) RIAALTARNC L o THRET LI HE KDL &
0~230MPa A 56N 5. ZoInIE, SHIGEIZ L -
TEET IET) (—20MPa) X ) b 1#7KE <, Anovitz
et al. (2008) OHfEsE L 72 KHNTEER 3 2 It /) (182~455
MPa) & bEEMTH D, KNS L BEAEIIE, FEH
JE T CORRAO— RN RE HRED A% &F, AR
(<300~450 MPa: Lockner, 1995) % & B 2 % [ BEMEATd
b.

Db, 29512, BHIESoOMNEIILE L, B
JEE RIS 2 AR CHAE LI E AL £ - T
L, BlEBiEARMMME D L, WREADIGEEAT b
%2 & CHICMIEENEPET 2 LEZLND. 72
2L, KRBT E A EHEATH R WEFRKE T T AT
b, HAR~HFET 5 R OENE THE N EEON
e, ZnooFNBEICHEET 2B L 2SI E 2B
HEUT AIAXFEFBIRIDILEL DL, 2L T
ZOENEIZESRR L CHENS BB EAE LT 5698
HDHIEIHEETHLEND L. BN EREHKRO
“71'F A (Fig. 3D) &, a0 2w SNEIRIRIC
R AR E THI2 LI N TV DIZL 2b 5T, KAl
BHRTF ORI E TIZRATH Y, BEIRRENE L LL
FCICET 2EN TR L > TET L2 Th
<, BB TLAET S,

8-4 EINEORRK EKFMICET BEFE

HTARNOKROBEHAE LTEZLNLDE,
NWHANDIKDIFZEEL T AFNOROIFTH 5. i
H2SKECBOLTWIUE, KIFENCL > TEBIZHE

AL, BNTHIIEMEBRTRET S, AT ART
DROPEFNE, TNHIZIRTE DO TEY. Lich>
T, KRMFEEIX, #HF AT TORDILEZ X > THEIE
ns.

FT5 ADIKFEIEZKASH T AL H S NER F THLEL
LMl ORFEDIEE) THALIENTESL, 22
THIALKMTOKDERE®mE Cy, KHTDHDOH T A
DIKOEE Cy, BT AKED S DOHHEEx 2B HKDOE
HiE% C, I ANMTOROIERAGE ® D, Wiz &
T5HE, ClIkATH 2515 (Blz1E, Yokoyamaetal.,
2008).

(C—Co)/(Cy—Co) =erfe[x/(2DV??) ] 4)

BEILEA DR, IKABY I AEHROKEREDOR
KA 2.4wt.%, BEIRE A 5 A B 5 DK EAH B OR/ME
13 03wt% 2 DT, C,=24, Cy=03LT2D0L-L
L5 LW,

PRIz DWW T, JeoiEmic o, Bl
BT AERIRE (700C) Zi X728 2 A TR
ForslTe, BMHFEHMTOMREMPLETH L
Zhang and Behrens (2000) (2 X 7S, SiROTEHEA AV b
/915 AT D HyO DL Do 1E, HaO RIS
KIFLTHEY, H,0,=03~3wt.%, T=700C, 0.1 MPa (1
atm) T 03~15mm%s &7 5. JE & 100m OBEILIEE
i L T2 S KAH L T Cc=2wt% (KHE
NI A GERBEOHMO BB L Z O RfE) T KT
DT A A 535 &, 700, 600, 400C TH £
Z 31074, 91074, 410°4E 2D, ZORETIE, Th
ENOUETOKDOEH & 2wt.% 12 BT 5 H0D I HL
%% % Zhang and Behrens (2000) O JE Bl A & K 72
IRZELIEDTE WA S ILHUREAY R & < 72 5 (Miyagi et
al,1997). L2°L, JE& 100m, % 2.4-10° kg/m® D#EH
JEOMEEIL 24MPa 2T E2 VO TEBLTWA
v,

—J7, IHE T, JEED2a OTFHUREE AV kAN
0COKREHL THISETOIGHT Y4, L7
WL AV N OBILHRE k£ 35 &, ATIEDS
OWiEEx 2B EE TIZRNTEH 2 515 (Jaeger,
1968).

TIT,=1/2 lerf[ (£4+1)/(2c"2) ]

—erf[(6—1y (2]} )

72721, E=xla, t=kild’.

Z 2T, k % Little Glass Mountain obsidian & [F] # J&
(800C Tk =10 ° m’/s, 600 ~100C Tk =0.6:10 °~
0.8:10~° m?/s: Bagdassarov and Dingwell, 1994), § 7 4
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5,10 ' m¥s L L, ADESE 100mETEH 2ok
&, WEOFRMILE X, FHHEORRICHEZIE, K&
T 5 L AIFICIEEDORED 12, T74bH400C L %D,
COREICH AFEME & F o2 BRICERHIT TS
F 72, WEEWILDS Ty=800T 205 T=400T & TH %
LOIET HEEMIT 1744 & 2 4. 211 800~400T
DIRETRPEERMD S HLE TS 201285 %
B (3-107~4-1074F) & I3HEIZ A SR wIEEE L, L
TeiSo T, KANEERE D DT 5 7213 T,
[ 2 F CORIKMARE T T4 2 Lld.
C I THHSNLOPIKATAT 7 A E S O L
B L G HIEECh 5. FLBIE, e ZRREEICEMEETE L
TWC, BEBAENBICULNTBY, WEE L
TVARHICR SN2 L3N TH L. FAMER
DOREBBEEHORMTIE, HEPAEFICHISEIT SN
TRFMZE I Z IR ENL &, FIXEEN e 2D
JABCRE LT L, ILE2STIERE NS, T2, BB
AN A FZFLBR IR 1 A 9 FLIR & O FRBEDSHIT & I C ik
T2, O LTI A @B L L COKBERAEEN
B L, NBED S T T APIEAIEEL L 72 W BEE A 2
YR

58 7 2 LB & FLBR & D RIBRIZFLIR 2S£ L T\
HEZHTIOmMm PLFCTH AL, SEEBITICL - TH
L7ze 2 5NDM/NENHOBREIIREIKE Y S AT
10mm Fif%, IKEH I AT ImmuiEd L IEZFnLL
TT, £ 01mm iR TH L. BWENT T AEBIR
FELLUFIC 70 A L R 2B H 254 UCRRID I E - C,
EHICHMIAHENEPELLE LT, ShHOMEE 1
mm & L, #ELH O 2 5 MER 0.5 mm O g2 KA
PEEL L CTHABUE T T AN EIRE 2wt.% (2% % £ THKH
T2 DIVZES B % S il 2R S R Tk
L, 400C T, 140 H &%, ZHIUIESEOKRIIREA
400C Z i AR 4 XV EL, LA T, IHO
FOA400C £ TH Z 5 ThH A ) 174 FORNIEA K
KA 5 Z LR TE 5.

8-5 KINDFFE

KBTS AE SO A SHEL T, AKANZET 5K
&, BRI VT SRR S G Sz e E 2
SNA. BREILLTE (B 427m) LA VT T2
BOTIROEMEIZH > TH VT TNOHEREDIZE AL
TV A EHOREER (EE 110m) & OEEZEITRKAT
#320mdbb. T, AIVTIHOBRIILAS O EICIX
T2 300m F TR 25 A V7 Z 23T LTk
R L 7 KSR S RE L CTBY, LA>T, K
AR L& pKkIE, BEILILTER I B0 2 B
A DOICHRIT RS F O L QW2 BRI, AL

g

DRI C o84 L 72KEERICIE, 2 O8O KED D
LDT, HEEOREDN LN, S HITIEEANEE B
ILILTES NS RB T A 2 ETIREEGHHTAE LD
2, AIAERKMLIZEFZEZ DI EIEMRETH S,

O &) BIRIICE PN EOY A, Bk LK
LUTEBR R EOMED MDD H 2 & T, LIlHicd - 72k
FLADH T ANHRN SN RELEZ S5ND. &k
DRVHERE T, 2O Ty FENKERICHE
R ORI 5 Z & CREERATH S L 72K
PRI 5 2 & ARG S TW B (Kano et al., 1997;
Sparks et al., 1999). WERJIIH VT FPNZdH - T, B
INLTE (B 427m) ERAITA VT T2 BV TR b
ML H > THANVTITHNOMEREWICEA L TV 25
DOILEEW (i 110m) & ORI ICH Y 5 A
HEOMEY, %A EHA»5EE 300m ¥ THREL TV
D KIHER ORTE D EAN ORI Lk 67k
ERAMb D E4, ZOENE, BHOFE 2.410°
kg/m®, JKIZEIAI L 72 HERE OB EE 1.8:10° kg/m® (T
B OB JWEIE2, 2002) 95 &, #13MPa
WZET A, LAL, SiRESETIZBT 5 EHER
(Yamashita, 1999) % H4MF L TR 5N D 5HE A )V b D
13MPa I COFEFEREX 1wt.% F/2I1EFRUT T

HY, ZOREOFEITRELZDFHIINEND D E ) 9
IZ2oWTIE, BRI LETH L.

9. ZREEHDFIRK

ERILE A ORIK B 5 A AT OKREAET T A S
W THTIE, LRI 7 ) A MNT A b
WIE MY T~ A PR EPRBLTWS. T2 TR,
HHVIIEED EHIZE2 ) IZoNT, b)) Ak
WA O OB R 2 L, B A\ IFILBE O A EE
R L TN RS, S HIILBEEO T I A % iE
LTWD, ZOXH %)AWL HOMH LK
R, FITEANICRE LKRERIIT I AR D)
71 7% EDNEE LI T & BT 4 2 L TR E
TlEZHND.

T AERIG LTIKDIKFELA T ol &) Dk HELE
TAHIUE, 9, SRR & 2 E O FHIRE Ti % 1
BLL2LENH L. TNIEKRNTH 2 515 (Fauske,
1973).

Ti= 1T, (oscrk) "+ T, (o) 21/
{(orerky) 2+ (oe k) 2 (6)

L, k=BREE, p =T, =B HBATOI
EwlidiEE EkERT. BEOGHRHE B 5K
e EAROBILHRZF L & LS o 9 iRz
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400T EfsE L7245, b O LEEL {MEd 572012,
ZC, MAEORFEN LM (728 21E, AH, 1996)
o T, WWAEDEE p=2.410° kg/m®, KOEE p,,=
1-10° kg/m®, AHE OB ¢,=1.2:10° Jkg/K, KDILE ¢,
=4.210° JkgK, VA% DBEEE =12 W/mK, KO
fREE k,=0.61 WmK & L, #EAEOIEEZ 673~1073°K
(400~800C), #FHAKDIEEE 273°K (0C) & LT (6) 3\
FHWTEET S &, FMIRE L 488~703°K (=215~
430C) &% 5. —J, BT BEEREITRAE T
(0.1 MPa), & & 100m, A DL 2.410° kg/m’ O JEKTH 1%
25MPa DIENFIZHLDT, TRNENDENIZBIT S
KO 100C & 21T E %D, MHEF LTS L
W AMEFEIRE D T BRI S 2 #HE O R L, Ik
HAEEBRITIE, CNOORELD) bE L, Lo
AR CRELADH A LT T, TNDEENE
ANERE LR,

L2 L, BELESoMNENEORIZE, 13EAL
BN L Ty, I, YU IBAT T A
M OKRELUICERT 28 L) L RBERKOBIHEEZAK
EL, VUBBEENR D) AINTA RL LLLRIELPDOY
V)8R &SN E T B RN KR R RN EE DY ELR
DR ARRR 7N 2

DA EFRIIEE L T LB IEBE S KL
BRTH A, W T ARSI SRR ER L
BRiZ, BEEHOBEIMET 220N TILBRPREn HIZ
YARMNTA MEEDIZHRBEL, $ko—IBIdoKmE bk
L CRH A ZRIRICBEICHER L EEZ N5,
FREL DN T 2 B LR TH 213 Lk & < (Chou
and Eugster, 1977 ; Tremaine and LeBlanc, 1980), 77 A &
EE ETRICER LR v, BBRIRENE D LCIZIh
WZHET ABUNEINE D U722t b ) A SRR LT
WBEZAHNH LY, ERPOHELT, Tk, EnB
MY =V ENTHHE RS 7ZMEP SR L2 EZ D
ns.

RE(

10. £&&

A S TR LS O BEIR & AL W TRERR S
HEEDIL, ENENOFOFERIZOVTEEL, DT
D & 1372

D) BEIE e, EEafhe 2 REKRNL, /=7
A MR FRRENH 2L T 5.

2) AKFNEFNHIZFEN LT E, £72, WEEmT
EMRNITA VT ZNIZITAR ) 12 EHEETH 5.

3) B E L, T E BN V77 NOIK &2
filt L7528, & 2 THA L 72K AR SUANE & O 7 AL
RENHEZLZoTERET HZ LT, EaffrmHlL T

FEEAE - fAIlk=

TINEIILH 2SI S 7z,

4) Tz, ZOFNHIKERMRET S LT, h
HOKAE N, &SI e BV E AT & 7z,

5) fUNEIUH SR S AL, KFIANEST L 720, it
WA T ADEBIRE X DK<, B2 5 < 700~400T &
HES NS,

E =

KFEEE A 2 MOER) (VSRR LLERAT 5 e OV 0 sl o>
AN TORE L AROREZFT L TwizZwn.
T/, FEHOESEEERIIIHEBTHEZ L Tk
Pwi, BREETEDbICHzoTIE, BHRFEOKH
BB, LDCIERR RO, RIS SR, MIES
VBB KO SR B HAN BT FE A O & bG8l
TR FT-IR JIEICBE L Tk, KBz Rz o )1
BRBEHZB L = E AL SR w7272 7z,
RIERIKRF ORI EFRLELAZ L BN B4k
Ft, LICIY EREREO I X ¥ ML o TRIEIZ
Eans., DEoF4 I lk#ossRk L FT
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