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Re-examination of the Magma Plumbing System beneath Usu Volcano,
Hokkaido, Japan, during the 1663 Eruption

Akiko MaTsumoto™®, Mitsuhiro Nakacawa™ and Yugo Nakamura**

The 1663 Usu eruption was the first and largest of all its historic eruptive activities after ca. 7000 years’
dormancy. Our recent study divided the 1663 eruption into three stages in following ascending order: Stage I,
small scale of plinian and phreatomagmatic eruptions; Stage II, climactic plinian eruption (pumice fall as so-called
Us-b fall); and Stage III, vigorous phreatomagmatic eruptions. Previous petrological studies mainly focused on
the Stage II event.

The 1663 juvenile materials are composed of three types, white (from all the stage), banded pumices (Stage I
and II) and gray essential lithic fragment (Stage I). Major phenocrystic minerals (i.e. plagioclase and
orthopyroxene) show nearly bimodal compositional distributions, and can be divided into two types: Type A,
iron-rich orthopyroxene (Mg#~46) and sodic plagioclase (An~42); and Type B, magnesian orthopyroxene (Mg
#~70) and calcic plagioclase (An~87). This observation suggests that the juvenile materials were mixing
products between mafic and felsic magmas. This observation is also consistent with linear trends in all the oxide
variation diagrams for whole-rock chemistry. Based on Wo (Ca/(Ca+Mg+Fe)) content in orthopyroxene, An
and FeO* contents in plagioclase, however, the Type A phenocrysts can be further subdivided into two types:
Type A, (lower Wo, An and FeO* contents) and Type A, (higher Wo, An and FeO* contents). Moreover, the
Type A, phenocrysts are common in the juvenile materials of Stage I (gray essential lithic fragment) as well as in
the Stage-II. Based on phenocryst size, composition and whole-rock chemistry, it can be concluded that the Type
A, phenocrysts crystallized from the mixed magma between the mafic and felsic ones, and had grown for several
years before the 1663 eruption.

Considering the eruption sequence and the types of erupted magma, the mixed magma was erupted during the
initial, weak eruption (Stage I), as well as the climactic, explosive eruption (Stage II). This indicates that the
mixed magma of Stage I event would not stagnate between mafic and felsic magmas, as is common in a normal
zoned magma chamber, but the top of the chamber. This could be explained by convective entrainment as
follows. The injection of the high temperature (>1000°C) mafic magma into the lower temperature (<800°C)
felsic magma could cause thermal convection to entrain the former into the latter. This entrainment would form
the mixed magma, which could rise to the top of the chamber. In effect, the upper part of the chamber would be
gravitationally stable until the eruption, because the mixed magma could be lighter than the felsic one. Our
petrological analysis concludes that the 1663 eruption was derived from a compositionally reverse zoned chamber
that the mixed magma had existed above the normal zoned magma, and that mafic injection had occurred not just
before the eruption.
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1663 FE T TR & D I ~MMDEF3 27—, 2
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Fig. 3.

25—V 1 (2= A): K (1991) D% M (basal
part) IZHHY 9 5. Nk 0K EET 5K — Y
HEREWD, P& FEBEAEN 57D, W b i ilss &
WV, BEEETNENH 10cm, $7.5cm TH 5.

27 =Y (= b B): HEKD Us-b & M ICHH

2, EFICHEPBEL, SHOFT2=y FhER
5. TDORBERZF 60cm TH 5.
27 =Y (2= k C-G): HEHKD Us-by-b IHY 4 2
», FT72=y FESEFEAPEX S LD TH B,
2=y b C (RO Us-by) DHREREIH 25em T, L
L oBEER L KIKEDHE, KILUDE, #Kax
FELoklKE» S5, (WkEfFIcBVTld, g
KRR AKEY D 5N b, 2= b D (kD
Us-bs N 1ZBEHK S em OR/BOAE SR ED 578
5. 2=y b E (BERD Us-bs ) 1ZZAEFEH 9em T,
fgeaE2 LcklKBoEE» 6755, 2= M F (Gt
KD Us-by-by) 1 FFEENH) 24em T, FREBEKILIKE
DOHEN» 5155, I R K ETT R 49 3 em
DEAIED S, WRPSIEFICE D, T L=y b
G (FEKD Us-by) 3 ZEEH 70cm T, FhArk B Mg
qE, Eeers2LcoklkEoRRE, EERE B
wekKKEoHE) 51 %, (ki cd, FEREOE
FoiEb o s,

3. HEHYOEKREEL

31 X8

AEVRFCHOERAOTHD AT —VILEDOLNS
M, ZOMI 25— v 1IN A & FaE0BEVIKE
GRS, AT — VIICBFHREA S 51 5 (Fig. 3).

CNOREYD S B, IKEER I3KE; (1991), Tomiya
and Takahashi (1995) IC3H5WVC “Fa L 8 WARESF
R “lapilli” & LCidfis T 0z, EEmbEmIcE

Photographs of the 1663 ejecta, (1) white pumice of Stage II, (2) gray essential lithic fragment of Stage I.
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lithic fragment of Stage I and Toya ignimbrite
pumice. Toya ignimbrite pumice data is from
Feebrey (1995).

Wb TWIED - 7o, IKEOER GEDMM « YT
B b oL, HEAR Th 2 EUIMRILIES D,
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KT, IKEER BRAEETH O, KE~Z
GO AABAmMLIGE Y, BlGg~TA4 %A rirb
15 AREME E R Xy En b, EREUREEET
& B KR (87 ; Feebrey, 1995) & bALAHHAk I
—EH L7\ (Fig. 4). JKEOERE, 1663 FEB L UZ D%
OFELIEREHEYE & b, —#HO b L v F% Si0-K,
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O THIK. TS IKBEER I, HEEOEFHRERT
bOLFEMET 5. LILX D, IKEERE 1663 FEE K DA
BYCcd B LML 72,

32 #EREL

1663 MY, AEYI oM, ZELIZ3 ) T -
YREEER « HIEBEER P 002 ERBLU TN O D
e oKk 5755,

27—V 1 OHEYITI, HRE (lem DLE: DITF
FL) o, KEYH 10wt.% % 5% 3 (Fig. 2). =D
55, FAEDEOIKEER Y 40wt.%, i« fRIKE
OMENEN I5wt.% IBETH 5. KRR, KRS
I 3em, I« R TR 2cm Tdh 5.

25 —=VITE, FNEBTIRILHED 80wt.% MEATEA
THY, FHREAS Swt.% REED 5N 3 (Fig. 2). L
ML EHICEiIc>oNT, AERELORELE 45wt.% 1
FTRD, BB LIRERY oY, FH - REER
250wt % LI 3. A« RS ORARR
346 7cm Th 5.

27— VIMEEc2=y b C, F, GIzoWT, [Lffi
FEDEEID S HRESN A L 0BT E LTS, IIE
IEETHIC S LT OMEYELEARIRL, DUFicB~3
(Fig. 2). REWZ 2=y MZBLWTHRELDAT
b5, NEYEFEE - BESF ok, 229 b CT
&, THEICBWTHEE « BESH D 95 wt.% L EE H»
308, b s & a0 0wt % FEE S EN 5 &
B, 2=y F FTIE, AL 10wt.% LT
HHN, 2=y GTIE, 0wl EEENS. Lk
IEPHC B 2 KB ORARKEE, 2= b CTIEH2
cm, F (3#J 6cm, G 135 4cm TH 0, e « PEERANIC
B 3 AREYORAKZIZ, 2=y CTIZH0.2cm,
F 3% 3cm, G 13 2cm TH 5.

4. YUTY T ESNFE

ABZE T, BERKIIEICAE S 5 PEBANHIIX B &
GRS (Fig. D IcBWVWT, Tho5D 5 bHE 1 em
DI b ok s KBRS bntci 9 2=y r SR
L, RRICIENZ ELFIS T 21T - 1.

BHL 7z D> 5, Rd4em P EObDIc> 0 TR
A 1T, Blem PILED b DT> WO TIEHIE %
BhET, #@hBLCea b AREE 2 ERk L
o ARSI 1: 208 5 2 E— FIETHIE L
fo. BT — FIEEWE, MR B X AR EFEEOF
BT LR OGoERAMELL LT, Tho sk
Pr - KR USRI 280, SiaEEEiTV, Stz
ZHIEL, TOBILANRE—FE Lk, Si9b5H
B e KL 5 2 ML, BT — NRIE T - 728k

VIB RO 5 2280, HE2EKR LS L. S
L THtiEERFETITbN, 25 LR I3 EE X #5
Hr&iE (Philips $1% PW-1404 %)) AW CllE L7z, 55k
PIMEEAARR « kil A 5 2L S,  TEOL 8800 &4y
B EPMA T ZAF fiiF 2@ L CRIE L 7o, gt
WBIHEE 15kV, BififElL 10nA (BHEA « 715 R), 15
nA (AAPGA), 20nA CRIGHEA « HAENES « Fe-Ti B2k
V) T, BILH30-100 A Y v b Lz, #5253
E— 4% 2um TR 10um? 2 2 F ¢ LHEIE L 7.

5. AEYOBERLHS &L U LEHEmMK

1663 fEIE YD Us-b [ M GE (Ko 27— V1)
DABEY ORI LA L O IR D 2 D DBEEEL & 4
FHSEeEk S LTV A (Okumura et al., 1981; Tomiya and
Takahashi, 1995). =M 53, (a) Type A Bifh GEEH~
7 <k Na ICEURHEA, Fe KELRIAEA, Mg ic
Z LOBEEESE, A V4 4 b)) (b) Type B B G
< 72k Ca IKEUREA, Mg ICEURIGIEG, Mg
ICEUHEGE, HREHER, DALAR) THS. £
SICX - T, MEOFRIER OB DO EFEAENEI S T
Wiz, FElSEEA B L ORERIE S T WIS 5 7.
AR TS, PIAIEEHRA O An fE {100X Ca/(Ca+Na
+K)} RRHEA O Mg# {Mg#=100XMg/(Mg+Fe)} ®
fEE D O, REREERE Type A & BD2FEZ 5 L
fo. S SRS D Wo {E {100 X Ca/(Ca+Mg+Fe)}
BLOREAD An » FeO* BICE T X, Type Ald 2
DyA TN TEL T EAHSMIT LI, TDIBIK
An * FeO* RHEA B X UMK Wo RIAHEA 1, WERD Type
A BIRIS, & An » FeO* BHE A H X U8 Wo RITHEA 13
HRRHER O BEE ICHI Y 2 £ B Z b, DINICHifzic
FHLIcR T =Y 1 DIKkER &, EROMIFTHRT b
b - ABEA « FRIREACS ) Tafiadliie 5.
5-1 A& - HRER

i « fRiRa & bIcHREE 5.5 wt.% Bk TH
% (Table 1). HEEHME, FIcpHED « RUFHLS « BEsk
WS, LEDOA VA FA - BAENEA - MBIA b
GENE. AHEATIRAE~NAMTeEY)F 4 v I TH
3. F1, ARBAOHTHERF -V « TLDRF—Y
MWOLEMR<A 7854 MCECHRIND S, WINLF
TR L VD, FEIROH Y FPPRIEENE G, i, R
7= Y0 O _FHIZHB VT Id Tomiya and Takahashi (1995)
12k > T “micro-clots” EFRE N2 EEEABYINED
5N 5.

KR4 BEEEER L, RITEA D 0.2-2.3 wt.%, HEHES
0.6 wt.% LINTh 5. AL, ThTm AR
1.5mm, 0.6mm O HE~F¥HETH 0, Fe-Ti Bt L%
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Table 1. Whole-rock and glass chemistry and modal compositions of phenocrystic
minerals of the 1663 ejecta.

Whole-rock
Sample No. 1-1 1-14 13-7 uU2-11-2  U2-18-2 13-48 13-58 4-3
occurrence wp bp gl wp bp wp wp wp
stage I I I I II 111 111 111
unit A A A B B C F G
(wt.%)
SiO, 74.13 76.51 75.21 73.03 75.01 75.57 75.45 76.01
TiO, 0.19 0.19 0.16 0.22 0.17 0.15 0.15 0.18
ALO; 13.63 14.10 14.08 14.28 13.78 13.98 13.93 14.04
FeO* 2.28 2.29 2.28 2.72 2.19 2.19 2.15 2.16
MnO 0.16 0.15 0.16 0.17 0.15 0.15 0.15 0.15
MgO 0.36 041 0.32 0.53 0.29 0.30 0.28 0.32
CaO 2.14 222 2.15 2.63 2.07 2.10 2.08 2.17
Na,O 4.68 4.67 4.71 4.71 4.79 4.67 4.68 4.69
K0 1.10 1.07 1.10 1.06 1.11 1.13 1.12 1.12
P,05 0.07 0.07 0.06 0.08 0.06 0.07 0.06 0.06
total 98.73 101.68 100.22 99.41 99.60 100.29 100.06 100.90
(wt.%)
pl 1.83 0.87 1.64 2.59 0.63 3.17 434
opx 0.39 0.70 1.01 1.43 0.35 2.27 0.20
opq 2.26 0.62 1.44 1.73 0.33 0.20 0.19
cpx tr tr 0.59 tr tr tr tr
hbl tr 0.58 tr tr 0.29 tr tr
gl 95.52 97.23 95.31 94.25 98.41 94.36 95.27
Glass
¢l No. 12a-gm6 12b-gm9 12l-gml15 12m-gm5 12e-gm15 12g-gm19
(Wt.%)
SiO, 74.98 78.12 74.56 74.66 75.53 76.65
TiO, 0.14 0.14 0.12 0.17 0.15 0.14
AL O, 13.15 11.72 13.31 12.81 11.88 11.82
FeO* 1.68 132 1.86 1.62 1.64 1.60
MnO 0.15 0.12 0.16 0.16 0.08 0.10
MgO 0.25 0.08 0.29 0.24 0.17 0.19
Ca0O 1.79 1.22 2.04 1.82 1.33 1.25
Na,O 4.17 3.92 4.05 4.14 3.99 3.85
K;0 1.23 1.49 1.18 1.24 1.33 1.38
P,05 0.10 0.12 0.12 0.09 0.13 0.13
Cl 0.10 0.11 0.09 0.10 0.11 0.11
SO, 0.01 0.00 0.00 0.00 0.02 0.00
total 97.74 98.35 97.80 97.06 96.35 97.22

wp: white pumice, gl: gray essential lithic fragment, bp: banded pumice
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BEEEHR LTS T Ebdb s, RITHEAREE, &2
T—V%a@ELTHE « RO E i, LBy
Mg#=41-58 @ Type A & Mg#=70-74 ® Type B 5
150, HEHHEASIEAE L 7S WA & — 8L s il %
7~9 (Fig. 5-1). Type A OB (E Mg#=44-46 HEE D
E—27Thb, 27— Y IOHGELICIE Type BB
ML,

RO ABEET O Wo EICEHT 5 &, Wo=1.5Ri#%
OB ZSEE D12 <, Type A BEE I Wo [HOKWV b
DEEVWEDD 25D I IV—FITHF 5N B (Fig. 6).
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27— 1 &1 Tld Type A, BE& D D E O (Fig.
6). R A A B L, Type A PRI, 22 F— VIt
WT Y AFHRKAS Mg#=45-50 « Wo=1.0-1.2 1 L T
BY, —HWREEERT (Fig. 7). —7 Type A B
i, @27 —VAELT Type A B EE U ) L 51K
ZHHIERAREEEZRT bOREH LN, R 77—
I« TIZBWCTIIEAE S RHIEEZ RS 50 b DA
MZ { fFET 5. Type BELR (Z W41 b Jh & Rk
RS TR,

BRI B oo TSR b, A HEG & EREIC
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Fig. 5-1.
indicate samples within the “micro-clots”.

white pumice; BP: banded pumice and GL: gray essential
An: 100X Ca/(Ca+Na+K); Mg#: 100 XMg/(Mg+Fe).

compositions represented by few numbers.

Core composition of the dominant phenocrystic minerals of the 1663 ejecta.

Data presented in this figure consist of multiple samples.

Thick horizontal gray lines
WP:
lithic fragment. Arrows show mineral
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84, 27— VI T Mgt=72-77, A5 — VI T Mgt=71
85 & 1F1F% L <, Mg-Fe 4fiC (Brey and Kohler, 1990) I
BT Type BRGIEABGE S VPH#TH O, Type A B
L U Type A, BIHKEABLE & B3I TH 5 (Fig. 5
2). F7o, WINOHBELIEERT LTV,

Fe-Ti (L4 : Fe-Ti BB O BT 5B 1359 0.2-2.3 wt. %
Thb, WEILIEFERBINELT, 1WA FA M
BRI E LCasEnbg. o0 KRR 0.3
mm TH Y, KEWHOFRELPRHIN & EHRE
ks 5. BiEkSRBE&E O LKy, 27—V 1 «
0 Mg d Mg/Mn=1.0 B OREBAFEE HD 5
7%, Mg/Mn>3.0 DBt& &/DEFAET 5 (Fig. 5-1).

Clinopyroxene

ANV A FA PBBOPLEKIEER 7 —VicBLT
Mg/Mn=1.2 it ic g 2 (Fig. 5-2).

B BSOS E 03 wt.% LIR T, MARRIER 0.5
mm OEERSAE~FHETH 5. Leake (1978) D4 %H
TREEAKATH D, 27T -V I TE, AOEALGE
Mg# =65-69, FElRiE (3 Mg#=60-65 T, £ Mg IT&E
ARBRSABEAICED 515 (Fig. 52). 27—V
IC & EEEGIE Mgt =58-69, REIREG 1 Mgt =60
63 ThHb, 27—V 1 LFAKOHEMNERSNS. 2T —
VIT, 2=y F FIR3PELAEEN TV,
2=y hCe+GTIIMg#=50-67 &HEKIEA LMD,
Mg#=65 & Mg =55 ffiticE—7 % &,

Hornblende limenite

Fig. 5-2.
Fig. 5-1.

Core composition of the minor phenocrystic minerals of the 1663 ejecta.

Explanation is the same as in
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Fig. 6. Mg# vs. Wo {Wo=100XCa/(Ca+Mg+Fe)} variation diagrams for orthopyroxene and An content vs.
FeO* (wt.%) variation diagrams for plagioclase. Definition of the three types of phenocrysts is shown in the

lowest diagrams.
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Fig. 7. Core and rim compositions of orthopyroxene and plagioclase for the three phenocryst types in the 1663
ejecta. The region above the diagonal line in each figure represents reverse zoning, while the lower region
does normal zoning.
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FEAO: MEAOMERZN0.643wt.% ThH 5. B
FERARIEDH) 1.5 mm T, BEHIRTHEBL b OAZ L
», BORREEARTOOBRONG. KEHbDIR
RIEAE L Pe-Ti B2 L) & B ATERR L CT0W 5. £
AT — Y&l L CHERA « BIRE A & b, KEHD
B O HUOERHIL 2S An=40-44 TH 5 (Fig. 5-1). Th
5 FHERDHFFED Type ABIRTH D, MkIEE LTl
An=26-58 /"9, T DO An=74-94 O Type B Hl&E
DR O, R OB ISR T 534 & — 5V 1sk
B3 R (Fig. 5-1). 7, 27— YT Type B
HEOLRBEV., CThoREoRE#EIcEEHT 2
&, Type A BE&Z ) £40R%DS An=40-42 IR L TH
D, Type ARIEED 5 5, An=45 X 0 & An OBLEIZIE
SRS A, (X An OB O —EF 3 BERGE A RS
(Fig. 7). Type B B idIERHHEERT.

52 IREER

IR E, HREER3.0wt.% IR Thh, Ao
H B VIR A & T, BRI/ 0 (Table
D). BEEEINEEE - fREA LFERECH 208, ki
NATBREYF 497 THY, AF—V]1 - TOHE -
RO DOP<A 7 054 MCEOBEANS S,
AR I,

FEAT: RO PSR 3 0.7 wt. %,  BARMEABER 13
FEPICHEE L TR oA, BoRRifRIE, RIAEA L
9 1.0mm, BAEMEA 135 0.6 mm T, LW bs HE~F
HETch b, FeTilky) &L LR %EEKR LTS T &
bbb s, RO, ARROE8 X ORBIRES EFE
BRI Type A, BL& (Mg# =41-50) & Type B Bl (Mg#
=69-75) ITKBITZE B (Fig. 5-1). %725 Wo (B TH#
1 515 Type A, I bHFAET 205, AOROB LU
FEIRI G & H_ T Mg#=45-60 & HIEKIEAS L <, HEic
Mg#=50-60 D b DML & WS AR d (Fig. 6).
Mg# « Wo fHIZ BT, Hff « fERERf L [AIEEIC, Type
B BEf (3 B 2 Fh L /R S 75\ (Fig. 7). Type A, B
fld, 2R F— VBV TY LD Mg#=45-50 « Wo
=1.0-1.2 I L THB Y, —HBBHE%ZR. Type
A BEE T, Type A BER E[EI U ) 405K %E & B IERHHE
EAERT & OMREAET 08, TRV, Righhg
EIREBVHOMRAREE LD 3.

HRMEA B O HUOEBHIAL 13 Mg#=72-81 T, Mg-Fe
43EC (Brey and Kohler, 1990) (2B L Cid Type B &l Ak
W E S TH B (Fig. 5-2). 74, M- fEikEn
LRI, BEmEEERSNV,

Fe-Ti BRALY): R EIIHK0.6wt.% THB. F 5 Vi
PREES I T, A WA F A FMREPICEEND. A
L2135 0.3 mm T, i & bICREAPRIIRG &5

B AIER L CV0 5 T & bbb, BESKILBES 1355 & H
Type A HIE: (Mg/Mn=1.0) Th 5%, [ « fSIREL
LRIBRIC Mg ICEAK SO /DEEAT 5 (Mg/Mn=
5.5-18.5; Fig. 5-1).

AV A F 4 B OFULERKLEL S, Mg/Mn=1.0-2.0
LIETH B (Fig. 5-2).

fBIf: BRI 0.6 wt. %, SRR IE 0.4mm D
AIE~FHAETdH D, Leake (1978) DA T (3@ P
LThb. WEEBELLOPRET, KERMHHIEE R R
EQLEREAERLTVE T Ebd 5. MEIAHRD
FOEBRHAR 12, Mg#=63-68 T Mgh=64-66 /11T & —
sEbL, 27—V 1 « TOAGELGD 6D & IFIF—5
9 % (Fig. 5-2).

REG: BEREIIH09 wt.%, B ARZIEH 1.0 mm
T, RERTEEBL LD ENERTEEZRT bOMRE
ELTOD, K& EER S D3 Fe-Ti BRI & £,
ZIER L TOWE T &b d 5, FHEAPERO UL I,
B« fERE G & [EHEIC Type A B (An=32-52) &
Type B B & (An=72-92) 38 51525, An=52-68
ORISR % R B b2 { EAE T 5 (Fig. 5-1).

i B s A R R O R X An=60 ik TdH
D, N5 EHBNT CHELSRFHELZ RISV An
<45 D b D & T FeO* BANE WA DD 5N 5
(Fig. 6). &~ T, 2K Type A & ST E B %, An
=32-45 /& FeO* D & D % Type A, An=45-68 C
5 FeO* BD b D % Type A, X545, [t « fiRER
G EFBEIC, Type BEER O K G IF B EHEEZRT
(Fig. 7). Type A, BEf#1d Y LFHBHY An=40-45 1T
LTky, —HORBMPPRTHEEZ/RL TV 5,
Type A, B4 13 ) 50D An=40-60 LIEILL, TD%
< WIERM S %2R T (Fig. 7).

6. &E{bFEHEmk

1663 TFREH1E, Si0,=73.5-76.1wt.% DF A H A k~
FACETH D, REYOMI X 2 HBEEVIZEED Sh
7\ (Fig. 8). A7 — YT &ichsE, 27—V 114 S0,
=75.0-76.1wt.% T SiO, ICEL. 27— VI F Si0,
=73.5-75.8 wt.% & EEEIC I D i bRHAIEAIL C, R
F— VM TIZ Si0,=75.0-75.5wt.% & F O A s
B, = —HcBVT, ERMICAS &, BElE
—KDEFHIE LY FEWTW 3 (Fig. 9).

7. B

7-1 FEROBR

MEROWIZL T, 1663 FEM R IE M 2 4 4 7
DB (Type A * B) BEEELTOWA T &M D, 1663

ﬁm
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Si0O, variation diagrams for major elements of whole-rock chemistry of the 1663 ejecta.
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KTl 28y~ 7 <RGN ERE /2 & LT3 (Okumura
et al, 1981; $i%, 1995; Tomiya and Takahashi, 1995). &
72T Tomiya and Takahashi (1995) T3, Us-b [ i
Al (Ko zxs—vI) EEoEbydic i sigas
¥ (micro-clots) 2538 5N 5 2 &, #HEEYICHE & 14 7D
BEEE & b I & fIlr & B fPIG B X ORI o &l
EOWMENVBEET S 0o, GHKILFICKE~
T2BONGEELTOWIREELL. TOkg~ 7 <l
&L, HRE 7 <O MLICHERE < 7 < FEHEL,
T DOERTRE~ 7 < DER SN (hybrid layer; Bacon,
1986), MPI A B & O O RHE AP Z O
hybrid layer ICHIRd 2 EW0WH b DTH B, 1663 FiTid
~ 7= FE S EEHETHE L, Mo SE <
7= £ T\ FIF (Blake and Ivey, 1986), % DfER, &
wEAEYER S E LTV,

72 TUTRESL Type A IS

AWZRICBVTH, 27— VI EHoAREY I 3
wEaa»Eyontz. £, 25-vI1ELMAENA
THck LR cd, fEa SRR AOTRER
18 0 AR IR 75 Type A & B D 2 ¥ 4 7 OHGEHS
o, Tno kD, 1663 FIE KT~ 7 <REMHE
ECVWAIERIHSLTH B,

S SICAFTIE, Type AMEMHME LT ICH S X
Type A; & Type A, FERBICHIY T&E 5 LRSI L
fo. FrITEFE L Type A BRI, F oML D, #F
KoL T s hTO s s Thigh -
fehHERR OB T 4 5 E B X 5B, Type A BT
fmld, Type A, 8 & U Type B &% & (3FHAKAT « IR
IR Th D, TnoERlo~s~dkTch s EE
Z oMb, KiRTld, TO Type A, BHRHICEHT 5 &
T, XDFFHIE MR E TV EIRT B,

73 394707 TOREGMEAEHE

RS SRR AR OM» X LT, 3547
OB ASDE A = /v EL 5N, KA D
MR BLI T OBIHRICE 3 & EZ 5N 5.

®bER® B VIR ERE S < 7 < 13 Type B &l H#E
O REOHEEEA, SoICZORFEGEEETH
ZHRMEG G E L CTHEIET 5. Ikb KD 2 0 IdH:
EHii~< 7 <3, Type AvRIAHEAB L OREAHEER
BEEEE L, Z DM Mg/Mn<2.5 DF ¥ v k%% BEa
BT, TOMELE A VA F A b EEEBHRICH B D
T (Bacon and Hirschmann, 1988), A VX F A I B
ELTEEN TS, AL THIITERR L 72 Type A,
BEAERREAETESHBE T2~ 3, READ
An fHERITHEAD Mgt & Wo lEix£2 %5 &, Fido2
FED~ 7 < O s ilaks & IREZ - LiffE T

5. % Type Ay = 7 < EIFESS,

ZOMOHERIEO S B, EEAPIAERIC I, ]E
FmE 2 Rd Type Ay RHE AR, S BHRZ(ES O
DT 5. fE->Ch o O EAPIABIE L, Type A,
v SRHREEZOND, F I VHBKLOYE, B
3075 0As, Mg/Mn=5-30 & Mg/Mn 3@ OB A
{E{£9 5. Tomiya and Takahashi (1995) M #E < 7' <
DAY & i L 72 micro-clots I & F ¥~ WL 1F
fEL, Mg/Mn=12-21 TH 5. &L - THIT Mg/Mn L
EOHRIEESRE ~ S HREFE L SN S, —F, Type
ARFOHENZGVRTF -V I ORBEERBLUR
77— Y I OHEERA T, R Mg/Mn=10 §i& O
HEpEn., o &, Mg/Mn=10 O F ¥ gk
13 Type A, ¥ 7 < HIRDAIREM DN B 5 C L2 RIET 5.

7-4 Type A, 77 7 DHE

LA 12 1CEFE L 72 Type A, < 7'~ OB RSP RY,
&, EHE< s~ EERE~ 7 < ohsEL RS
—J. 394 7D= < OREMOMKRERT ST
fE T, ATOEHYIN S — 7 — X ETHERS - v
v KA (Fig. 9). O &no, EHYIOZRENMIE
HARMICE 20y < 7RG THIHTE 2 2 &l
5. 2F 0 Type A, w7 <, N—h"—KEDOERR L
v F RiREh a0 bl eRfs, S8~ s~ &
HEE< /<~DRBICE->THELLEEZEZONS.

75 3494 TDTYTvDERFHEH

1663 FEIEKIC B VLT 2k = 7/ <RGN E TV
P EDD, BITHEELL3 1 T I DRE{LF
Mkt L OBE R TO XS IciEES N5,

(1) 2E brrfink

&b WEE S < 7~ DeE Ui, A bk
DRG ML Y FORER FICFEEST 2 EEZ 505, %
nNooH b, HHPE~ /< FEHEETH B EREL,
Type B fHE A B AL & F-HgBEfR % R & D % EPPL
ver. 2.0 (Sugawara, 2001) ZH W TR 12 & T A, HIE
< 7 =<3 Si0,=52.9 & 75 - #z (Table 2). T DfHI3,
Tomiya and Takahashi (1995) THEE & N7z fili (Si0,=
54) SPHMITH 5.

—, mbLEEE< /<0 H LRI, BT
DR E OHLEDS Type A MR TH 52 L2 EET 2 &,
O HEEELHEE (SI0,=76wt.%) IcftFan s L&
bhs. Fi, EHE~ 7 < E[EBEIC, EPPL ver. 2.0
(Sugawara, 2001) ZH\\ T, kA 5 2K & 4
EOf s iS5 &, Type A RHEAE BIE—5T 3
(Table 2).

Type A, = 7' = DA LFEMHR b, EHE~ 7 < L[H
FRICHEES 2 C EDAJRETH 5. S bk 2 HEE 3
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Table 2. Comparison between the plagioclase compositions and magma temperature calculated
from EPPL ver. 2.0 (Sugawara, 2001) and those measured/estimated in this study.

Input data
type felsic mixed mixed mafic mafic A A, A, B B
Sample No. 12j-gm16  5-4.5 3-6 mf23-3 mf24-3 17j-pl69  13b-pl10 m15-pl10 mfil-pl10 mfi2-pl31
WR SiO, wt.% 75.8' 70.0°  68.0°  52.9°  52.9° - - - - -
Melt SiO, wt.% 76.6' 70.8°  68.8°  52.9° 5297 - - - - -
H,0 wt.% 6.0° 45° 6.0° 3.0° 4.0" - - - - -
Plagioclase(wt.%) Calculated (EPPL ver.2.0) Measured (This study)
SiO, 5837 5558  53.17 4781 4731 5803 5555 5371 4724 4775
ALO, 2563 2743 2898 3244 3276 2633 2802 2930 3341 33.12
FeO* 0.64 0.63 0.67 0.86 0.87 0.15 0.22 0.30 0.47 0.49
MgO 0.08 0.15 0.17 0.16 0.16 0.02 0.01 0.03 0.05 0.05
Ca0 8.33 10.59 1254 16.58 16.98 8.61 1070 12.21 17.19 16.81
Na,O 6.78 5.49 437 2.02 1.78 6.76 5.44 4.40 1.61 1.77
K,O 0.17 0.13 0.10 0.06 0.05 0.09 0.06 0.04 0.02 0.01
Total 100.00  100.00  100.00  99.93  99.91 100.00  100.00  100.00  100.00  100.00
An  40.0 51.2 61.0 81.6 83.8 41.1 51.9 60.4 85.4 83.9
TCC) 771 927 895 1123 1086 770°  840-950° 840-950° 1070°  1070°

1, The data are taken from the most silicic white pumice.

2, The data are estimated from the trend of whole-rock compositions, and abundance of phenocrysts of gray essential lithic fragment
for mixed magma (see text).

3, The data are estimated from the results of phese equilibria experiments; Holtz ez al. (2005), Rutherford ez al. (1985), Scaillet and
Evans (1999) and Tomiya (1995).

4, The data are from Eichelberger (1980) and Kinzler ez al. (2000).

5, Using models of Spencer and Lindsley (1981) for Fe-Ti oxides.

6, Using models of Wells (1977) for two-pyroxenes.
WR: whole-rock

5ICH 10, Type Ay =7 < DHLELE T Type A, FEG %
HbAUIKEER ERUTH B ERE L. Type Ay <
7= OAEFHAL L, Fig. 9 DIRE b L v K DAEERR
Fo1fich2i3¢Ths. 2T, Type AREAK
Emti &SP R 2 R A v Ml D S B, Z ok
B 2 INA fAiRR () 2RE b L v FOERE
fRECks k57 bD%E, EPPL ver. 2.0 (Sugawara,
2001) AWV TRD 2. Z DFER, Type A, < 7 < DL
{L2AHAR 13 SI0,=66-T3wt.% & Hifg s o fz.

2) | K

394 7D < DR, HWEIREH B X O
FERFERIC L B LD N O XD IcHEES NS,

&OEE S < 7 < &Pi75 Type BRIGHEAB L O
HARHE G O SRR A B O 7 IR (Wells, 1977) 13, #9
1,070°C TH 5. —7F, OERER < /v OMFEER
o N B Mg F & v BEREE (Mg/Mn=1.0) & A VA F
A4 MEHWSE, REEK770°C TH S (Spencer and
Lindsley, 1981). %7z, &>\ T, EPPL ver. 2.0 %
T, Type B & Type Ay DRHEAMRL & # v b fHAY
DOVHBIRE D REE RS 5 &, WHE < 7 <2

1,100°C, HEE~ 7 <34 790°C & 75 % (Table 2).

Type A, v 7' =3, APIAHEGEFNh TV EEL
SNBTEMDL, FA4 44 NE< 7 < TOMHNEEREZR
(Holtz et al., 2005; Rutherford et al., 1985; Scaillet and
Evans, 1999) 22F129 % &, #J840-950°C LifEE S 1
5., HHHHE~</vBXUHEBH <7 < LEMIC, EPPL
ver. 2.0 (Sugawara, 2001) %\ T, Type A, #IE AR
& AV MO PRt & 0 REA RHES 5 &, £ 850~
990°C & 73 12— 9 % (Table 2).

76 TUTREDIAIVYT

Type Ay ¥ 7/ v < IV <REICK>THELLLI ED
5, Type A, IR FIRGRICKE LICEEZ SN 5.
it > T Type A, DHEE Y 1 13, BEBRPOEAKETO
BBz OREEZRT SRR AIGETH 5. Fig. 10 113
1663 FEEHY ORI HA L L OREARREO ¥ 1 X (%
MR & LR D Mgt & An [ OBI%R AR L
2. $53, Type Ay BEREDH A X345 0.1-0.5mm TH v,
Type A, B (£ 0.1-0.9mm), Type B 35 (micro-clots
OB S &8 $0.1-1.0mm) (2H~<3 LS T/
WTHhB. Si0,=70.6wt.% D71 %A b ZHFWE &
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Fig. 10. Mg# of orthopyroxene and An content of plagioclase vs. crystal size diagrams for phenocrysts of three

types and in micro-clots.

LR A OBE#RE D JiEd 0 2 I E L o
EROFER (9 4.6-9.0X10 °cm/s; Larsen, 2005, {H L#%
TR E NI O 13BR <) L b Type A, B O % E IR
2RELSE, BXZ 13K S. R, <7 <A
KO HRNCH T - 72 & 5 ikin (Nakagawa et al.,
2002; Venezky and Rutherford, 1997) & L% EHA S )
IZEW,

DI LSRN 5, 1663 FFE K, 2O 7 <vh 518
LENE~ 7 <O O OEK TR, EAEicEhS
DRE 72 SEMAL L3O /v b 2B~/
2O P SDEBKTHE. LT, TOKE<Z <D
1, BEKOHIEFERNICEZR SN TVWc Tl L2 5.

71 BB 7EY DS

g~ 7 <Ol ~ 7/~ OEERZCKEsSND. £
D, —fRICFHEREBE <7 O FLIcEHEE < 7 < h
[EA3) (Bl % 1 Bacon and Druitt, 1988, Nairn et al., 2004),
Z DEEFIT hybrid layer (Bacon, 1986) Tk % &% %
SN, HERKIL 1663 FHEKICBWTH, TD XS5
EEH S 11TV % (Tomiya and Takahashi, 1995).

C T, 1663 FFE KD < 7 < i 0 DS % FiGE S
BT, 2R T — VEEGDIEKOMETICRES Y
DOWRAZ L% #ETd 5. Fig. 11182 7 — YOI
ORI s 1 7EIL GEE) 23 Ll s 17
BIW~v <54 7EILAERKMRL TV S EUET 5 &,
LA 71T EFE L 72 Type. Ay = 7 =< (3, AR D 2
F—VIBLUOEENOR T — VI THROEEHL
(2035%), 25—V TEHIEDLLTVWE I EBNP5
(20-25%).

K, BB EEHERD 2 57— I TO Type. A,

Note that Type A, phenocrysts are smaller than Type A; and B ones.

<7< (RGa=7 =) oL, ko caisn
fekHE, — RIS ERE < 7 < D B FRE O hybrid.
layer B & OE#E < 7 <= O W L € 7 v TR R HE
Td % (Tomiya and Takahashi, 1995). L/»»L, 25—V

I D THETT 2 &, Type. A, = 7 =< (FEIE R OB
KONc b2 CEHLTWA, O XD s, —i%
RIS EE~ 7 <0 O Lo & oEH () 2 13 Bishop
Tuff: Hildreth, 1979; Topopah Spring Tuff: Schuraytz et
al., 1989; Rattlesnake Tuff: Streck and Grunder, 1997) T
BHHTE 0. 8- T, 1663 FEKATITHEAL TV
<7<, —RICEZL SN TV XS SRR
B~ 7 <D TR EBEZLOND.

7-8 1663 FEAD YT <iBY LEATOER

Snyder and Tait (1996) (&, SR OEIE < 7 < M KR
OHEE< 72 IcBA LLBCHHEIEL, 20kt
WE~= 7 ~o—HrEREE~ 7 ~NE LA L, B0
RE~ /< ERBAELT, B&~ 7 <0 ORIFICEN
5 EERERFERTR LI, CokHE, EHics0wT
FHRR) s Wi 2R g~ 7 <l 0 > O KA TN,
1663 FEIE K IC B 1 B~ 7 < DR O RFRIZA L I3
T3,

HPRE < <~ DBE AL > THEU T, I ICHiEL L
kg~ 7= b, b LENMBBEENNCALE LS EE TH
g, KO LERKEHRENEZNTELEEAOND.
I, WHRE /< OEAD LD & BHEFEARTEX
LcEZZONLHERLTE, <7 <B OKERE
EKETE Tl bd 2 rlEEENH 5. T 2T, ITTIEM
RRAC i U 72k = 7 < i D OIS 2 5] 3 5.

Table 3 ICEEREIREK Y~ 7' <, FEEIREK Y~ 7 <8
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Fig. 11. Summary of the 1663 eruption

stages with corresponding phenocryst type ratios.

Note that Type A,

phenocrysts are common in gray essential lithic fragments (GL) of Stage I and white and banded pumices

(WBP) of Stage II.

Table 3.

Estimated physical properties of the felsic, mixed and mafic magmas.

felsic magma

mixed magma mafic magma

No. 12j-gm20  12j-gm3  12j-gm8 8-6 7-4.5 1-5 mf-1 mf-1
SiO, wt.% whole-rock 75.8 75.8 75.8 73.0 72.0 66.0 529 529
melt 76.6 76.9 76.7 738 72.8 66.8 52.9 52.9
H,0 wt.% 6.5 5.0 45 6.0 45 5.0 2.0 4.0
T(°C) 770" 770" 770" 837° 906° 948? 1070° 1070°
Melt density (10° kg/m®) 223 227 2.29 227 231 234 2.57 2.50
Magma density (10° kg/m®) 227 2.30 232 2.29 233 236 2.57 2.50

1, Using models of Spencer and Lindsley (1981) for Fe-Ti oxides.
2, Using models of EPPL ver.2.0 (Sugawara, 2001, see text).
3, Using models of Wells (1977) for two-pyroxenes.

KU Type A, = 7 <~ Dk & £ DYk 2R L. HEE<
I BLU Type A, w7 v DEKER, 71 H 1 b~k
EHHE~ 7~ TOMHYEER (Holtzet al., 2005 ; Rutherford
et al., 1985; Scaillet and Evans, 1999, &, 1995) A5
1243 E, TNTNH 4565wt %, #J4-6wt.% EH5Z
515 (Table 2). FHEHE~ 7 vDOEKEE, ok
IOHEE~ 7/~ DEKBESHEICTT 5 &, K2-4wt.%
LHEE &N D (Medicine Lake; Eichelberger, 1980; Kinzler
et al., 2000).

AV b O, Lange and Carmichael (1990) %\ T
SIEL, & OICHEE YO (Smyth and McCormick,
1995) VT, w7/ <~OFEEAHED - /.

HEHWmKY v 7 ~, HHEmK S~ 7~ B LU
Type A, ¥ 7' < DEEF, ThTN 2.27-2.32X10°kg/

m®,  2.50-2.57x10°kg/m? 2.29-2.36 <X 10°kg/m> & gk

BRSOy~ 7 < B S IcEBE T, HREmRS < 7
<& Type A, v 7 v OEEIZIZEF LD B Ehbh-
7z (Fig. 12). C O#ER1E, EEEEMSY < 7 < & Type
A, 7 7= DEE LA SIO, B THEEB L Z 5-10 wt.
% D7D H—1, Type A, <7 < D HH] 80-200°C
El, HREL PRV IDTH B,

DT ENMD, MHICE > TERTAHER </ <IC
B~ 7 BRBALTEUKRREAE~ 7 < (Type A, <
7<) BEHEE~ /< EEENCEILTWS Y, <
720 FEICEL 2% O BENICALEICE S
EKETOMIEEOF T 2A[REMEN S 5.

RS - RHEOHMBOREEEICERHT 5 &, fRi
FAEGICBWT, 27— Y10 Type A, B 3 BHIE 75
PRS2 RS T VHONEZ WV (Fig. 7). Thid, RBE
< 2 OBHBL ORI L 2HEEE /<~ L OHES
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Fig. 12. Estimated temperature vs. density diagram of the end-member magmas. Gray area shows the density

range of the felsic magma.

MEEFICREZ TOWEL - EEREBLTVWE EEZ
5N 5.

PIEX D 1663 FEBEKHICIE, HEE~< 7 <0 LA
RE< 7 <DEAET S, MR L /< 7 <o »
BHELTWEEZ NS,

8. ZUTHHRRETIV
Pl O EGFEEEE D, 1663 FFIEKD < 7 < 4%
€7 IVETERT 5 (Fig. 13).

(a) 1663 FEMEKET CBUERD : AER KL NI 3EE
HEEHE~ /<~ EHSE~ =R 5~< 7 <D
KHEEL TV, BAOBUIERNICEHRE < 7 < H
HRE~/7<BOICHAL, K@< 7 <l 2l
L7, 2 0B, BALLESE </ < 0RO
X OERE w7 < ISiRsE U, © ofER, B
EH< /<8 E~ 7 ~0—iB LR L, BES
Loo= 7 <@y DORFITELI. T LTRAS
72O LIRS RE ~ 7 T S L
5, HHRIIC R Lo < 7 <0 2R L 72,
HEEH< /<&~ /<l LORAE~ 7 <O
EEMFRE L, TORE~ 7 <0 3HEFER%
ETH -1,
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(d) the 1663 eruption Stagelll

: Base surge stage

(c) the 1663 eruption Stage I

:Plinian eruption stage
micro-clots

(b) the 1663 eruption Stage I
‘Initial stage

(a) Before the 1663 eruption
:several years ago

u hybrid layer
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Fig. 13. Magma plumbing system model for the 1663 eruption. (a) Before the 1663 eruption (several years ago),
(b) Stage I: initial stage, (c) Stage II: plinian eruption stage and (d) Stage III: base surge stage.
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