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Multi-nuclear, multi-dimensional solid-state NMR spectroscopy
as an attractive structural probe: applications to hydrous
high-pressure minerals and aluminosilicate glasses

Xianyu XUE* and Masami KANZAKT*

* Institute for Study of the Earth’s Interior, Okayama University,
Misasa, Tottori 682-0193, Japan

Knowledge of the atomic structures of Earth’s materials is indispensible for the under-
standing/modeling of macroscopic geochemical processes. Solid-state NMR spectroscopy offers a
rich variety of advanced multi-nuclear, multi-dimensional techniques that can provide not only
quantitative information about local structures around different elements (isotopes), but also di-
rect information concerning atomic connectivities. Recently, we have applied some of these tech-
niques to unravel the structures of (1) high-pressure hydrous minerals in the MgO-SiO.-H.O
and AlLO;-Si0.-H:O systems (e.g. phase egg, 0-AIOOH, phase D, superhydrous B), which repre-
sent potential water reservoirs in the Earth’s mantle, and (2) hydrous (alumino) silicate glasses
(quenched melts), which serve as analogs for natural magmas. For the hydrous minerals, the
states of Si-Al and Si-Mg order/disorder among octahedral sites and hydrogen distribution and
hydrogen-bonding distances were clearly revealed. Such information would have been difficult
to obtain by any other single technique. For the hydrous aluminosilicate melts, advanced NMR
techniques provided the key information needed to end a long-standing controversy concerning
the water dissolution mechanisms. Some of these results are summarized here to demonstrate
the usefulness and wonder of advanced solid-state NMR spectroscopy.
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S O 3 A S LS BV I X R i T Il T
B ERTH B, XMAKZOMES Si, Al, Mg
D& BETHEDSORETTEOGAININIBUE T % <,
F 7z, BTEEBAENREE L2 2 kv v
TREDH D, BIZ, XV b - H5AD L) LEMM

Bz b2 wlEIconTiE, RohMEEERL
MEONLRV, —7, BEEILE (Nuclear Magnetic

Resonance, NMR) 763« o (FfK) o
Y OJRFTREE ICHBETH B 720, BB 04 &
b TREEREICAERITH S, /2, Si, Al
Mg OELHEOFRFEVER K HE D54 & K FEREE R &
IZoWT, X#BEEZ - CERMWREREZEDIC
WMTE D, ¥512, NMRIZMH 4 DTEOHY D
FifEEEME S5 2 DA THRL, Sk —KIG - %R
T2 AT eI L D, HTHoO% ) O
MBI TELOPRELREBEETH 5,

O ILIAELBAE - £ Kot E R NMR Il 2 % 4§
‘ETO—TE LT, FRICKREEOCEL~Y Y MV R
Cr AMIEA L+ (BHHTR) 25, FEFLA
VOB THIEL TE& e ZNUTE-T, ThETE
 FgrdsEn T & - MENDOFLER, MoFE» 515
WS HEE TS5 2 LT E 2. KEITNMR 03
AR ZMHIHS L 7-0b, Zh o oLz s
MBlE LTI RS, 1% - £ Kckk NMR 5
FEDON Z AT Ho NMR DIEARZ LY EL A
72niiE, HARMLZESH (2006) 27w,

2. NMR QOEXK[FIE

2.1 NMR OEX-BFEFEKIAE E27O-TI(C
NMR E X7 0, JE 4% D (Nuclear) %51
(Magnetic) M ZFIH L, B35 (Resonance)
EHWT 2008 TH L. BANREETO—-T Lk
BDIEFAE V) P HEAOWETH S, R
DIIFELAEDTHEIZIRE—D A Y BTHD 2E
O TR (FAAR) AFAE L, NMR HE D55
ERNIES, BIZIE, H, ®C, ¥Si, P13 1=12T»
», ®Na, 'Li, “Rb 13 1=3/2T & V, YAl "0 ZI=
52CTH 5, —F T, 2C, ®Si, *OFIXI=007-5
NMR T3 R 2 %\,
JATA%IEET L Mk, AYaEEE h2r) (h
Plank %) KOFZNICHBTE2HAE—FA Y M u
(=yhl27) & &2, WHIER y ZENZTND R T
DEAEMHETH D, BEREEL (gyromagnetic ratio)
Lridhs, ACVETEIZ OB THICIIALE ¥

S

1E %

WEAETHm (m: -1, -I+1, D Zaed 521
1D Z AN F—IRBVFIET 5. TNENOIRED
I AN F— IS 2 WS LS, BT
%ﬁ%ﬁﬁB@%@%‘%<t Y—< Y MHEEH

XD —ymhBR2rllHRT 5. BT AV F —HEfL
amm—ﬂﬁmn®1$w$~£%%oo%h_ﬁm
T 5 H ¥ v =AEMh=yB/2rx ® BRIk % AR R4
5L, BAEZXAZANF—OWIHDHEL %,
COHGUIIIE L L IFTN S, NMR O 308 ¥ Hid—
MMIc 7 VA H (RF) O#PAICHINT 5. Bl
JEIE IR T D y 25K & WiF &SRR AT Vo
y Db KEWHO LG M EILIL < NMR ##E
DOWEHBREDOIREIH LN TWA (728 21E, 947
Z 5 (T) =400 MHz, 21.8 T=930 MHz),

NMR %@ 3@, 7a—7, 3% - 2E8%, HH
Harvta—%, "ILATFa s —SEnbREn
5o TDH L, WAOHTLOMGEEOZMICIEASR
%5 NMR 70— 73 EEOLERE DS R S5, Fa—

TOWNFIIEHEAE 2 AT LM, ROZORFNIC
RF Bk 2 RECRBE L2, REL»SOESTEZHR

L7220 527-00HBHIA VENRES LT
%o HIWIZIE LT, £#% NMR 70 — 705105
5o

WO NMR J5r T I3 @i 19 12 i i £ 72 138
W W B &2 w519 % @k dk (CW) EA— KT
Hoteh, BIETIRHIZLEA L/ VAEER VD X912
%o TWbh, bIEARNZ/NIVA NMR EE (VbW
5780 A NMR, Fig. 1la) Ti&, %
BEHA 558 RF 7SV A ZRBHIIMA 7208, #E
O OEES R T DR HIMZEAL (HHFHERE, free
induction decay: FID) ###ll3 5%, #F% 77— T
BT B EITE - T, @EOREHEE O NMR A
R7 MO OND, 2XVANMRODAY v FD—D
1355 F1L (signal averaging) (2& - TC, B5%f
/4 XM (signal to noise ratio, S/N) % %512 L
SEOLNBEIETHD, nHOWWEEZHEYET &, S/

Nid/n O#ETHET 2, ST TERLEVEVT
BDIE2 8V A % IS BN T ¢ B IRER] (recy-
cledelay) % & 2UENRH D, BEIZAY V—KTH%
M (F MR & X3 2 A ¥ U ROBFHIRGE
‘E@?éﬁﬂﬁﬁ@ﬁ%ﬁT&Uﬂ»Xﬁw)t
MRT B0 n/27%V A% W EBROY, =
HIRE R 135121 ,AWZ@&U@L%%I(—WU
ABEER +FE R X TuosM U ST 508053
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Fig. 1 Pulse sequences for single-pulse NMR (a), CRAMPS
(FSLG)-MAS NMR (b), 3QMAS NMR (c¢), HETCOR (d),
3QMAS/HETCOR (e), and NOESY ().

%o BHMD-0 D SN ZRKICTHICIEE, 1 EF
FL® Ernst fi (Ernst, 1966) (29t -> Tk E?‘Z)o

cosa =exp (— 7/Ty)

NMR (353630 i T b 3L R AR 728
Raman F DO 56 I AR TIE 2 2 IS KB O3
<, MERSIITREID b FEESILE - BISItHE
PUERNREEZBZRETHD, N TH NMR HllE
EDOCHEMOELRIHEFT L DTH S, Bz
X, AAEBETTERLZLE Bmg) OARRKITHE
JK#EM (nominally anhydrous mineral) HOfE (B
Hppm BAT) OKETLIEZIHRHTE %,

—#EMIC NMR #5€ O RRE BRI O v, SR
BE (Bo), [FINZARMERE, WIEimEE (T), MeAlke <52
WAE$ %o HE& L LTNMR ¥ 7 F VERIE S 1 T it
D3 THRKT (MacKenzie and Smith, 2002) .

SN y “BeT(I+ 1)/T

72721, CEIZ X o TIE p™, BP~BIZHH§ 5 &
INBEELH D, TITNIZHAATOBBEKOIK
Thhbo ¥ 7 FIVEBEDNHMII N IS 2720

NMR (& & &= ICEN 72 EETH 5o NMR i
IS EErSRWIE SR W2, BHIEBREHA %

TR AERERTH 5o WHREIIET A5
(T) 520T LT TOREEND L, R L THA
L7ZZNMR 57— % 3@ TEAEDEREIIH 594 T %
BEEZHOTHELLZLDTH b, BMEN—ET
a:,t FFW)y G AREVITLE, EKED
o KX TIBHBIE LTHY LIF7- 094 T
_hwé,w%a&ﬁimmAMHATm 104.3 MHz
(Al), 79.5 MHz(*Si) Td %o — MM RRAFAEE
DI WEAE (728 213, 70:0.037%) DOH4iE, [
AR AE 2 VD L EEDIKE M ET 5. BB
wICHRDB L VEAE, REEOL ) REVwTu—
7 (MMFE4 mm, 5mm, Tmm, 9mm % &) ZHW5S
ERV, HICEESEABSDO L) ISR LMAFTE
WA, RERTF (filling factor) OBLEL S
ABOBRICAGS B/ EWTE—T (1.0 mm,
1.6 mm, 25 mm % &) W/ 452%, HALmg H7:
DOREDOSINDBEL 7D, BOMSVWTT—=TOD
L) —oD A v ME, X0 HEEREENERTE
5ZLTHE (REZR) ., ZhEho7a—70R

& DR E BEEE FRRIEA - -4 EICL ) B i
LA, EHEOFEBRETHWTW 5 Varian Narrow

Bore T3 MAS NMR 70— 70841, 1.6 mm 4}
%) =8ul (&), 40 kHz (H§#E) ; 3.2mm
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%) =22ul (&), 25kHz (0§ ) ; 4mm (4
#£) =52ul (&), 18kHz (HE#HE) DX Hilko
TWwb, ¥/, BABDO L HIIKer2r T 77 & =7
NMR ¥ — 27 ORI 5. otz 2B S
B 542 THICE ) NMRBRIVEE S MBS 5,
NMR (I & & B R R e 5 720, Bifd
DB EHCTE LD, THHKIEI NMR MEDH
Tk, FEDOBMOREEBICHT S &, ZiET
EICHET 2 D0 TDH %o NMR 23 & AT 12
BNDDRIBEAY VO AT =13/ & oM
HAERZMZ T, FPFEOR ) OE iMoo
JEFA% L OPHHEAEH OB R LMK AFh T b7
OTHb, 2FH, NMRIETHEALE Y270 —7
ELT, R EOERE RS2 FETH S,

2.2 #H4LNEHEEER

6] 4% 75 0 7 i NMIR & 3202 SRS PE W 2L s S
o TNRERSPEHEAROL ) ZARANET 2ETLW
BT, BACVEZENL DI NICKREVERE—
AV ML OBBTAY Y LB OMENEHA LR 2N
AR E R D, FNICLEYD, NMRYE—272&D
DTILL &Y, WHORESFEEE TIIHETE %<
BLGEN L Ve T2, BT E N H YEA R
(72 21F, FeO) HEwtnTdb&EEhsbL, NMR
E— 2 BNRELIEN B 720, RRZAF OS5k
NMR B IZHBPEL 5, 72720, KEUEWE 5
I2%Si %2 O y O EERE) o Tud@EE W
BHHh SEEERET) bor%L, T 28T 572
DIZhbEERFCLRE (0.1~02 wt% ) O %
BAMB ZRMT 2L dH b, T TIIRBEEDE
WBRE L Ciam e #D %o

SR OB A E ¥ DA EAR I — 124t
e & O¥ —~< VHEAERICHRTE L, BEHED
Eahe L), WEHHEMERIZIAY Y1208 &
&, bz 7 MHEEH, BEAUETHEEH, AY
VAEEMEER AR T O NG, A Y ETH12X
DREWEEIZZENTIA T, BB THEER?S
%o

2.2.1 1t%< 7 FBEEH (chemical shift in-
teraction) PWHEOHBORTHEEIHTIIRL, BT
DETELNTVS, BT OBEERKICE D, oK
U % AN DSV & B 2 Y S RRIE DS R ),
T/, BTHEICISTHET S, 2F 0, LB
BB THEEOHETH 5, FLBHIIHRET O
JH Y ORFTHEE ISR S B 720, JLIBE IR

[N S

IS

TroRFiEOTO—- TR D, WEO LB kK
v S M (SR B D JL G R D F v o V503 2 AR 11
TN THEIHET 7+ (chemical shift) § (ppm) T
#E3N2,

0 (ppm) =10°% (v = vo)/ v

b=y 7 oY E L LT, 'H, *C, *Si ¥& i
7 NF XF )T TF v (tetramethyl silane: TMS), Al
DA 1Z1 mol LT'AIINO,) KB M)A HwbHh
Bo ALY 7 MEREEORAY v ME, ZOMANMEIZH
W 7SR SR AR ST, B R PTREE O 45
LBl ThHhb,

2.2.2 HKWEFHEHEEA (dipolar interac-
tion) BAY VIZHRE— XY MEFEOLD, HW
AP FAHEAERAE L 5. ZOMBEEHOKRE
SRR ZhoOMOMRE— A~ b, HEEE (o
RO AR MV EERES O STHEORKTH %,
MHEAEH %2 23X EEHBS D=y.1y.(0/20)r 1T M
TR A EH (dipolar coupling constant) & XX
5o

T SOBURS A A P\ TR AiAS BURGR ¥~ AH AR & S Ad
BT EAER KRBT E 5,

2.2.3 REVEEMHEIEAR (spin coupling in-
teraction) RESUBURE A HAEH & 3501, Zo 0
BOMIHFIET HEETF 2N LAY VG HEE
B RHEEREMBEAE  —A VB ED X
WEN5) BT . ZOREZIIIHEEEL (J cou-
pling constant) & X5, ZOMESEHIIER NMR
HE TR E D 72 5998, AR THE
TER & D135 20285\ 72, @ F FEAR NMR #1238
WO RITEEB S v,

2.2.4 KMEBFHEIEA (nuclear quadrupolar
interaction) AV VETHA12L D KEWE (M
W) IBRE— A ¥ bolId, BRI TE— 2
b (eQ E DO, BEIINEHEMOIET OB E
PHELLEGHRYV EMHEEHL, =4V F—1i
a2 S HIBHiT5, COMEEHORE IIZENE
NOBETHOBEAIETH 5 BAMUBTE— A~ b, K
CEGHBOKNE S EHME GENHRE T re) 12K
Hd 5, BFRNUBTE— X b EEBANERT VY VD
K FEH O e’qQ 12 8% U T 45 & 2 8 (nuclear
quadrupolar coupling constant) & Xi¥Nb, —f%
HLC BE SR AR AR S A AR SR CTIE B
iR, B EAE RS B o d T
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RbHREWV,

2.3 EFE9#EEE NMR % & BrigsiEsHR

AV OPNFRME R & THIMMKEED? D .
Wi NMR O¥4, 5T oM mimEsc Ly, HE
e D EITR A ASEAL SR L, ST5805 0 HH
BENbd, 2095, BEPUETHELER &A% U T
MEAEHIE N L —A VR EHETHRR) D20,
SEAEIHE S NS, o T, B NMR AT VI
FEHLF T 7 N EEH A VEEAHEIE O RS
5L, B eBmR CEBTE 5, —HT, bk
KERRE O NMR Tl&, 4 CTOMENERH O ke
PRI X D E—= 7 IR, e o FofE AL % X5
LI ENHNETH D, ZTD0, EHHEERA NMR
ZFEBT HIE, ANAISNERAHEAER ORI %
HETLLEDND S,

MAS NMR % [R5 NMR O W% 22§
FHEE~ Y v 7 fMlfx (Magic Angle Spinning,
MAS) #:TH b, MAS NMRHElED /0D 7T —7
(MAS NMR 7u—7) I3[ NMR 2 o f 2
fii & % > T b, MAS LA % B A ©54.74
(=Y 7 ) 7o) ) CrE S SR8
5, NMRUMEZIT% ) HETH L, THITLY, &
T O EAE O — K OBE)IE O 25 585553 0] iz
B ZEICEIL SR T 5. 2O Yy 7 MIEH
) ENLHROR AR ME R TAETH Y, LED
HFE & FEO A AR HI AT MAS 12 & ) 37 5 MR F
PULENB Z 21 B, TOFEICL Y 4RO EIY
BUEDVREBEN 2D, =Ty 7 AEEE AT S
NbIITH b, BBED X HIZ, NMRIZIHBIZH R
BOWfRRL L E OV AL ), BHBEECROMENE
Ma#Y, FROIRERMEERZHE LD, R
VERMEMENZHEA LY, SR RMNELIAIE
T 5. TN LD SR RPTHESE K OERE T o>
BN EHRPGE L, = XIVEZEHZD Ernst
EH»HEE (Ernst et al., 1987) THE7z [—HD
NMR EB I3 BES (sorcery) 2w, & w9 FHED
53 NMR ORES L EBIR ST AN 5 o

MAS 2 & ) & TOWNHHEAEH O —ROBEHD
B SDS S & 2 ST L S IR T A%, &
RIEDRFT DA T 5 L IZRS v WEHIENE
Moo b, ALy 7 MHEERE R CfEGHEER
I ROBHETORNTTHH5TH D720, RIS
B MAS IZ X DV EEIHBT 5. 72, AYVEEH
HARIIRTR D X 12850720, ERTIEARZ bV

NOHBIZIIEA LB TE L, ZO728, ®Si, *C
D X 9 T RERAFAEE DA ([ R A% 1 S BURS - A
AP TES) AV 1208f1X, MAS NMR 12
XoT, HEHFEY T MIHETEY v —T -2
Ko O HNZ mHE R P 5 S & I A ¥ v — T 2 [eliiE
A4 ¥/32 F (spinning sideband) 75 7% % &5 f#iE
NMR A7 MUHHE LN D, ¥ — 7 ORI A iz %
FEIARAERE S, fLFY 7 b ookie K 5, 72,
P A FNY ORISR ZF IO 22 bV o
xS %, T2, A4 FXY Fo%EL (M
BREE L) SIS, B EEEEEE WU R
Vo BHEREIOARZ MVOIEA) X0 i L JalE &
BhHE, T4 NV FPREX L D, HIZHAF
NV FOWESADBALEY 7 b7 vy VO FEE F
b 29603, BV himEEZ v 5,

AR AP T E RS S 12 L RwEis
i MAS 12 & D &0 f#RE NMR A7 MV s
%o HRVERFEAL I SO A AR, 5R R RERL AR
BT EAER, e OF% DA T HAEH 2SEAE S % 35
B, BOMEEERTAICIZESICLAILETDH
%o LN CRENLRTEEZMAT %0

THhHyTVYU>2Y (decoupling) KEEZL£L &L
L&MW (GREMRARILE R L) O¥Si, “C MAS
NMRHIZEICE S RSN D X I 12, v BRI
F A E AR & B\ H-"H [ AEA% SRR 7-H1 AR A &
DA YA, o o [0l B T U3 BARAL
PR T EAERA MAS 12 & ) 522l E Sz v,
B EBIT 5 70121%, BTy T T
EXEND HEN I SENE, 2F D,
oW AHRPITH MW RF #2522 L
LY, HOZODO T A NVF—RENHL ANED
D, BUAZ & TH A% I 0D SR A% R A SRR - A ELAE
B A kS MEANEH O AE L S il $
o THy TV ITIZHUNOKIZLEHTE %,
FEIIE OB E IR TE 525 v v &
WO EDT =T BB THE, Thy ) v 7IE
i NMR O%56 T b BAEMH A ¥ Vi GHEAER %2 H
T LD RUITH NS, 72721, FEROMH
LT EAE AN 5 HITER 720, i NMR (2
T X )i RF RS ER SN S,

CRAMPS &  [AIFAX AU - AH BAEH A5 ([liz
JE e B s [l RAS AU 7 A AR IS & 2 R D)L AT
ICHARTERY) BE1E, B FHEEHICL -2
DIERYHAMAS IZE » TREICHESN RV, 21
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B ANF—EZO/RSWHEFEZEHOZ AN F—DRD
Wy (R M) ICHRT 5. FIOKFEELCAD
{LEWOHNMRICX K SN %, WA T-H
HAERIZRERYT 5 MAS NMR €— 27 ®OJEA ) ik iz
HEDOHRIZON TN b7, HEREEEAHE N
13 EDRREN L %2 o BAE30~T0kHz F TlH§E T
&% MASNMR 7u—=73HlHEN T2, EHD
FERE TH40kHz £ THELTE 5 MASNMR 71—
TEMZ TS FMBAURFAHEAER A S 13 &5 <
WA, FIZIE1~2wt% HO 2 &80 5 AR
DK%= ELHEWIE, 20 kHz DT o H#R#EE T+ 5%
SIREENMF 5N S (Xue and Kanzaki, 2004; Xue and
Kanzaki, 2006; Xue and Kanzaki, 2007a; Xue and
Kanzaki, 2008; Xue et al., 2006) . LA L, [EFEZEN
T F-AHBAE R 255 R, B 2 X%k o ALOH) 4
'H NMR T3, 40kHz O [l#z# & % T MAS
NMR Wl TIEFE575 % S IRREDTR D N2,

[ A A% BURR A0 AR ASE SR ICH LT, R ffRe
NMR A7 ’ %525 —2F%) 7% F 1 CRAMPS

(Combined Rotation And Multiple Pulse Spectros-
copy) i TH b, 2F 0, ¥V v 7 ATHEE X%
Mo, ZE/OV LY [EHA AU A A 2 62

(AR T7A y 7) v 7)) $5HETH 5,
CRAMPS L\ o THREL LNV ARFIDBHRENT
&7 (FEL <13 Vinogradov et al. (2004) ZH). 5t
3k ® CRAMPS i# (] : WAHUHA-4, MREV-8, BR-
24) 1213 & A CHEERIEIRE (IR #EE D kHz DUT)
Tiihbih b, THIZNEEE LBV AOTFEHER
72D TH Do ALY EENEE (10~20kHz) T
s T & % 8 v 2 % 4 (#: FSLG, PMLG,
DUMBO) WL O9EW L7z, €NI2X ) MAS &
% WOV A O )5 C [FFEAL B A BAEH %2 3R 12
HETEX L7720, HREIIHERD CRAMPS #:X 1 &
Vo JFl22kot (2D) CRAMPS-MAS NMR i (Fig.
1b) 1ZHL Y AH (acquisition) KFRE t.DETId % <,
JEES 7OV 2 O % 0D Jie B R ] £, 0D ] V[ AR T BUASE - 7
Ay TN T RS SIS, @EDOMAS 7u—7T3hH
HOBNART DRSO ND, TOMEZIFZZ LD
2K7C NMR i & Bk, o ORERZ% (B R t
CHIER t) WS LT =) IEBIZE Y, mo#R
HE ® CRAMPS (F) X7t & @ © MAS (F.) Kt
THEIR ENB2KTENMR A7 P VSN L, W
FThoVZZRHTH, CRAMPS A X2~ bV (K
&) DALFEY T P AT — VDL EHIIV A X o Thiade

S

1E %

72, YA EHCCATr—Y ¥ 7WT % EBE Tk
EL, WET20ER DS,
BlE LT, Fig. 2I2¥ 7 24 (Al(OH)s, gibbsite)
D1XIE (1D)'H MAS NMR (53 © 40 kHz)
£ 2D 'H CRAMPS-MAS NMR ZXZ R )V (|a]fiz &
:15kHz) %I T 5, %% Tld FSLG (Frequency
-switched Lee-Goldburg) i % [AIffA% M AU 1~ 7 77
TN YT, FTAADE ML (Saalfeld
and Wedde, 1974) (ZI13#55F M IESM 260 DK
FHA FAMEET 575, 1D MAS NMR Tid40 kHz

MAS,

'\.\\ 40 kHz

T,

- S,

Al{OH), ;
plbbsite

BE765 4321032

AW

L Ft)

o
'HMAS dimension, F, (ppm)

B76543210--2
"H CRAMPS dimension, F, (ppm)
Fig.2 1D'H MAS NMR spectrum obtained at a

spinning rate of 40 kHz using a 1.6 mm Var-
ian T3 MAS NMR probe (top), and 2D 'H
CRAMPS-MAS NMR spectrum with total
projection on each dimension obtained at a
spinning rate of 15 kHz using a 2.5 mm Var-
ian T3 MAS NMR probe (bottom) for
gibbsite (AI(OH);). The chemical shift scale
in the CRAMPS dimension has been cor-
rected. Peaks enclosed in a dotted box in the
2D spectrum are the central bands; all oth-
ers are spinning sidebands. The small,
sharp peaks near 1.2 and 0.8 ppm are from
the background, as confirmed by measure-
ment on empty rotor. Data from Xue (un-
published) (top) and Xue and Kanzaki
(2007b) (bottom).
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DHFRFEETD —DDILEE =7 Lo v, —
7, 2D 'H CRAMPS-MAS NMR AX%Z bV 513,
3o XD 40O =7 DGHEI NIz ¥ — 27 OMX
BRI N1:2:2: 1T, 60D KEHF AL MIHIET B
(Xue and Kanzaki, 2007b) o
MQMAS NMR % MAS O & THHE NMR %
RZ PVHBFRLNZR WD ) —D O TV — 713 Uk
TR TH D, ZAUTTELDUR T EAEH 25— i1C
RKEL, 2REHHLEHUTE LW TH 5, FM
ROKFLOBHIZLERAY v (728 213, 3/2, 5/2)
EHONM TR TH L0, TNHIZRE L Tiim
2D D, WK THEAEHOURIEIZ, MAS TR4
WAL S T % 205, 2RI A IERE DY E %
B7:8%, MAS TIEAY —1) ¥ 7 SIHRIEASU/SFEEE
ME AP, BERICITHEINLV, ZO7D, AV
120B D551 Th % DRV ERE L5 2 7%
Vo HEEO MR E—HFEBOAE, MAS NMR
AR MVORIEEZ Y I 2 L= 352 LI12KY, %
FHILFEY 7 V2 EO NMR ST A= 2B 3452 b
IIWHETH HA, HEBOH A+ W) SLERFREZ
LOREDYAEIL, ART MVORESHEEC R S,
PHHPA Y ¥ & b OV O &5 R RE NMR %
FEWT 572012, DOR (Double
son et al., 1988), DAS (Dynamic Angle Spinning)
(Mueller et al., 1990), MQMAS (Multiple Quan-
tum MAS) (Frydman and Harwood, 1995),
STMAS (Satellite Transition MAS) NMR (Gan,
2000) &, W ODPDOWEEFREINTE 7,
Z0H L, FEMICKDEENZDIZDORETDH
b5, 20, HWBlE Z oM LI LTI
3¢5, —2OMIIMHEEHO—RELHET S
72D Yy 7T, b ) DF2RIHFERE T
W% B M (30.56% 721370.12/) TH %, DAS i
FEIERICEE O & 2 H#H3 2 FTH 555, FEIC
TR, WERICHHADONE 2 “ o0 M (37.38
JELT9.191E) DORTY Y HR, LRHEZRHDE)
B ORFRTEAfEE & DIZE¥RIZT 5, 20Tk
FWINHFH L T —TBRETH ), FHfmicd
BTV, RLERLTWS EIEFWHzn,
FNITH LT, MQMAS NMREIEZEH SV R &
MAS % fl A& b8 72 NMR #ll % % C, &% O MAS
NMR 70 —7 Tl T& % 7-D12, EHELFHES
Nb5E912% o720 £72, STMAS NMR #:13508Hm
HDOREER< Y Y 7 I OFTEANOTRB L Y L v

Rotation) (Samo-

A, FEARMICHBERERE S5 25, 22 Tld MQMAS
NMR #:D BB o ZFDMDT7E H A LF A0

(2006) 2SI iz,

MQMAS NMR B EERA Y V2RO 01/2—
- 12N EOIETF I —L vy 2 (FRER) &
m——-mENVHOLET (H m=3/2133& T, m
=5/2135T) Tt —L v ADMEREEDOKEME %
FIHT %, WH7% RFE SVARSHICE Y R42 4 & T2
L—L YRR L, tOMERSE2%, 1810
t—L ryAICEB Y, BillTs (Fig lo). £& T
Jb—L Y REIETFIL—L Y RAIZBIT LR A
Y feth iz &, WUAS7-AH HAEH o f BEARAE A
RERT A S S i L, DUAR TH B AR o0 55 5 35
(FEHWUET>7 ) EFEHEFET 7 bORITHES
NDESREARZ PVRBELNR L, — I
MQMAS NMR (Z2RTCHEHETH D D DREHZE
e UERPARER & WM t) IS LCT7— Y T4
OWVARINCE o TR Y27 Y 78HBYy) $52
LIZX Y, EafEienE ot (F) L@ o MAS
Kot (F,) THE SN 52K5C NMR A X2 bV os
5ND. FHRILOFEDHREIICL Y, ¥—2 D5HE
BEL b, F72, MAS KILH N> T - 7%
NENOY -7 ORHRAZE D4 b D MAS A~
MELZ, B AOW 4 FEHIAICE) L
TMASNMRMIZE L&) ife b,

Bl LT, ¥FTRAHEDTAl 3QMAS NMR AX7% b
V% Fig. 31/ ¥ o ¥ 7 A F O 5 HEE (Saalfeld
and Wedde, 1974) (ZI3H5 5= 7222 Al
Y4 P EEL, Th5i31D MAS NMR A2 b
TRELZS>IEEOE —2 252 575, YAl 3QMAS
NMR A7 MUVTIEIE- &) LGS Twb, 5
HRIEANDFEFZIE OO BN R Y — 27 THK S
bo FNFNOE—2 DO MAS HHHOBEZ ¥ I =
L—1+9528I2L0, Sty 7 Foldh, MUk
TRAEBE RO & ¥ 5 (Fig. 3%
) (Xue and Kanzaki, 2007b)o W T ND/8F X —
5 RSO E 52 2720 TH %,

TR AL, BERESHE NMR O b AR 2 F
#E MAS NMR #ETH 5. ¥Si, “C D & 9 % KRS
RO (RSB T H B 2555) A
Y12OBADOYE4A X, MAS (7213 MAS & B
Ty T Y TOMAEEDLE) 1LY BOHE NMR
MHEBEIND, GKEWSABRILEYDOH NMR O
£ 7%, WA A EAER ARG AL, R
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Fig.3 2D *Al MAS NMR spectrum with total pro-
jections on each dimension for gibbsite (Al
(OH);) obtained at a spinning rate of 20 kHz
using a 2.5 mm Varian T3 MAS NMR probe
(top), and comparison between the MAS
cross sections A and B along F: peak max-
ima as marked by horizontal lines in the 2D
spectrum and the corresponding simulations
(bottom). Data from Xue and Kanzaki (2007
b).

MAS NMR %7213 CRAMPS AW SN 5, 1/2X
DREVPERAE V% oMo 41,
MQMAS NMR #4252 L12 X0, maoeE
R7 MBS D,

NMR /N5 X — 2 L BFAEBE &5 NMR 2> 5
HIMTEX % NMR /89 A — ¥ XA ¥ 12084131
%37 b EEHERCT VOV EME), TR

Si0,, SiO; and SiOs polyhedra in silicates
(excluding data for phosphorus-bearing sili-
cates). Compiled from data in Phillips et al.
(1997); Stebbins (1995) and Xue et al. (2006).

Btid, b=y 7 b, RS SE R L IR T
Hbo TNHDIRT A= ZIFWTNDJEITHEEDE
WAV AT N TV B, Z ORI D
KD NMR 7 — 4 2 SRR 2B 2 FH T 5 2 &
B o 12hs, WEFE—HEEHR S D27 ) BRI
TFUTELLHITHRYDODOH L, NMRUIFEIZHE &
RO HHeD 72 B R VEHRIZ R > T b, &
FHOWIEETH HEWIZW 51T > Twh,
WERYE OMAZ & O NMR 785 A — % L Jaii ik
OMBICHET 2RI hEI TR E/RIATE
720 FELWZ LId#E (Kirkpatrick, 1988; Stebbins,
1995; MacKenzie and Smith, 2002) #ZR&h/:
Ve, TIZTR*SIEHOFERLEY 7 MZoASN
bo —MEMICALF Y 7 MBI R O T &
Mo TWBETFOMMEEBICRLEELZ 2T S, Z0
RIZFEAEHEFTTH Y, X0 @mwFET ORI
MICESL 2o Bo A A BRIED®Si S )51b% Y 7 + 2B
EiFs L, bobdbWBTLOESION) OMFEIC
X B EALZ RO RALE (Si0.: — 60~ — 128 ppm;
SiOs: ~ — 150 ppm; SiOs: — 158~ —203 ppm) (U ~
P)EEGMOT—5 %) Th5 (Fig.4). SiO.
WA &, KITHET 2 01% Si0.& THH % 3
A5 MEAOHE (Si0., AlOA) &%, SiO.fo
Si-O-Si i & TH %o n (=0~4) D Si0. % 72
12 AIOJJU IR & A% 5 T B Si0LMH T K 13 Qi &
MO, EhEhbEy 7 V8% 5, 72, n S —%
DHFETY, BhTo Tw B MEARIZBIT 5 Si/Al ki
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X oTL% Y 7 ML b % (Kirkpatrick, 1988;
Stebbins, 1995), SiOs/\HAKIZ DWW TIZ, oo Ui
k- R ETEE G DEI, BAEDLIAOA
5o T2, HHEN-> TV ALMEKOEDL L W20,
TR R VDD TH Do —HRINCTHS I & B
IEPIAET 2HE1E, BHEOHH»SiILEY 7 b
DFENPNRE VT EPRILDOWIIE (Xue et al., 2006)
Mootz FEL ATRETRMNT 5o

'HALY Y 7 MK ER G LT 5 2 & IZLART A
SECHONTVDEY, REHEF L —HOKE
LW -+ % ¥ KEAALY O & #HMAS NMR &
CRAMPS HllE% L, ZOMM%Z X ) HHICUE L2
(Xue and Kanzaki, 2007 b), Fig. 5CIi3'H L& 7
kot L AKREREANE RO-H---0) OMBE%ERT,
R(O-H:+-0) <28 A OF— ¥ 7 5 F it ®FLIE 1A B
AR=098DMHETHSNT Xue and Kanzaki,
2007b)

5% (ppm) =90.3 - 30.4 R(O-H---0) (A)

COMBlZINE THIERWEIDASIBH SR TE 2,
RS N7z 7— 712307z Eckert et al. (1988) M#
BIEDENTBY, HEERA ORI E Y B
DIKFEAE WO P E T D, £72, Fig. 555
LA o7k 912, RO-H---0)>28A D4
X, '"HAL% ¥ 7 + £ R(O-H---0) OHIE DM X H
NSy, F7, KERHEHEUNOER S S 05
BIZXHERDLRBLELDENHYDE )T D, £
D7D, KEHEDOFHRTIX, 'HILFEY 7 b2 b
IRV KRG A2 A D 2 S e L v [k
Ko d OH MfRIkE) 2 B4 3 2B/ BT D v R
% (Libowitzky, 1999; Xue and Kanzaki, 2007b; Xue
et al., 2006)

'HALEY 7~ EAREREGHBEO RS, —
FU'H NMR 23K @B Z A 7% v & Bb s
5LTHHH, EBICIZENZNOEKRFD R IC
X o TREM A BB OHPH DR 2G5 0% W20,
HARW 2B ERKFEORNC O Wb N b, Bl Z
1, B0 X)) %HM OH (Si% Al LfE4ET, Mg
EDODTIVAY - TIUAY THERBICOAKET S
OH) FlIAKFEM G Z LT 5B, —MmIC
v by 7 MEZIRT. F72, ABRMT IV I =T A
» Al-OH Fi 3 Ak R WIS 5o —J5, Si-OH Fliik
ROMBUZ L o T, JRVREME MM 2R3, Si
-OH-Al (44% OH) I\ AKFER G E2 BT 5 1

{E-'Illlllll'lllllllll

-y
e ]
™1 7 !

.#, Ecker ¢ al. (1988)

[ Sa,

| Xue and Kanzaki o
(2007 .

'H chemical shift (ppm)
F- [n 1]

=]
7T

e g e e ) :
2.4 26 =8 ] B 3.4
R(O-H--D) (A)

Correlation between 'H chemical shift and O
-H---0 distance, R(O-H:-0), for hydrox-
ides and oxyhydroxides from Xue and Kan-
zaki (2007b), and least-square linear fit of
those data with R(O-H:+-0) <2.8 A. Also
plotted for comparison is the linear correla-
tion line derived by Eckert et al. (1988) from
older NMR data for inorganic and organic
compounds.

Fig. 5

MAH %, ZHSIEH—FHHEEEE NMR Hl5E O )7
PO SN 572 (Xue and Kanzaki, 2001; Xue
and Kanzaki, 2004; Xue and Kanzaki, 2007a), K&
TEFBICHB» S B 505 L H1, TREFNROEK
FEOKFAEE Z TS 2 B3 % Ak & —EILE
%D NMR EBHEOBREZMAEDLE L Z LICK
D, "HNMR A E&KA T AR b o & KHE O 54
2T AR AN R FEICL D,

2.4 WBFHEEMEREAECESHEEER: BEF

Bo&b ) O%O

I TREONEEERLE IV ARG & 5 ERE
SrfREE NMR &% Lize 207470, B THHENE
HRE—=Z D) DFEKNE LTHET 2R E %o
TWwize LA L, SERRIBUM 7-HH B A O 507 e B e
WKAE T 5720, BEZFETHO%20) 0FH%E b
Do FERIZ, AY VGBI b R TR oL o
DAY M7 =7 OERERFEL T 5. FOREE %
FLo2b, THSOMEEHO S DB OO %M
DIEMET & MTEE R NMR EREDVPHEAET 5,
ZTEDH LM B % FANT 5o

CPMAS NMR & HETCOR i JE T2 %A1
TP 2 i b AR 2 FELIER A5 M8 (cross
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polarization, CP) MAS NMR #:Cd 5%, K5I
B FAHEAER & A UfEEMHEER OIS FIH
TE 505, T TR THEIERZFHT 2 FEOAR
BT Ho AV IS HORESMMBEIZAL V1T
2R LEDL, “OoDAE ST 5 RF B %
FRCHRGT L (2 0B RS (contact time)
LIR), AV INL SAGmBE S, AL S
EHNT A2FETH L. BEEITIIZODORWEE F
KR T&E22F ¥ VANV EO T H—TRLETH
5o HRRBEIOSLME, oD AY ¥ RMIRET-H
HERD S22 & &, HRERE O RF @ 0w g —
EDFM T2 ETH D WEAHIE T 7213 H
HEE DR HEF IR OB 613, T O Hartmann-
Hahn B & 500580 SN 5,

)/IBI = ')/sBs

ZZTyEBUEENENOBAY YO &
RF @ TH %,

gL O Ak, MAS 2 & 0 BFEAL R o BT
MEAEH ORI ) A U 5 72%, Hartmann-Hahn
BEZBONERER (wr) TERINIZHA FA
Y FEBEDEIRE NS,

)/IBI:')/SBS * nws, n=1,2

CPMAS NMR DTS FIHENTW2 DOH'H
PO XHE (HUANOK, & 21E, ®Si) ~5H#
B4, XEzHNT 5 H-X CPMAS NMR T
5o FDA) v FO—D2F, yORDKEWHE,
SO GHBBH S5 2 LI X ) REOHKIC
Db, F72, 'H-X CPMAS NMR I % Tl i
OB ELBEMZEATHDRXBO T TIERL, !
HOTiTH b, BEDIT)BENGENL V20,
XD FARELRHTHEZ M) B L) FRd H
%o CPMAS NMR I3 H—X IR S, o X—'H
R XY XY EDICHUNOK) L RMAE
DEDPRETH 5o — MBI AL D 53158 B % F)
ML 72 E 0 R B, i R € ¥ ORI HE I p o
LT ABAY Y ORBERIIEIL y o & T RO 23
H 5o

SNy (Pae) ™

Zoiz®, HX>HD L) I "ODCP 2 #MlAH
bET, PBEBEMIEOVTRIHET S LI

FOBEICREDOMLIZD%AS (Ishii and Tycko,

S

1E %

2000) -

CPMAS NMR EIZEEER K D132, AL M 022
BIEEE R E 525 L WAKRE LAY v M0 b,
Bl 21E, 'H—X CPMAS NMR 1322912 H 123w X
¥ BIBNCBIIN S 50 72, HARFRIAE VT &%
PFEATE

1X76 CPMAS NMR #ll5E D135, mPADOKEA Y »
Zhhe L7-f%, B GEZEATLIEICLD, 2
RICRFEZHE (HETCOR) AXZ ML D

(Fig. 1d)» 'H—X HETCOR ®O#;#&13, H DR
2 FSLG %o Afit% 7 v 71 ~ 7 (CRAMPS %
FOOVABE) WA XY, 'THRILDOES
AL B ICHEITE 5, T 72, “Al=>"HHET-
COR O X 9 7z PUtsi THREHE 5B b 5 By &1, MQMAS
NMR & #l A G bR T, 2KITD & 55 fF ik MQMAS/
HETCOR ZA X7 V23t 5 % (Fig. le)o 2K 7T
NMR ~OREBIZL Y, A7 M ofEHEs—EL
W25, F121E, LRIGARYZ PVOATHEETE &
WE— I A2RTCERICE ) SN2 E7 LD
o 12, —HOBEDANRY PVORHENTE D
&, BIONHOMBDEHICREE VI A v bbb D
%o 7V ARHNC R OZH E HREE, ZKebl b
O NMR EBH W TH 5o AR RIS BILRE T
AT %0

NOESY ;& [FEBBE OO %20 HHhzE i3 2
Bea ZRMER SRS 50 RAR & FRE, BUBT-H .
TER & A ¥ VBB O VTS FIHWETH
%o ZZCTHAINARMED:E LT, 2DNOESY (Nu-
clear Overhauser Effect Spectroscopy) #:% #HAi9
bo MIZAFEMARPED: L LT, Hx%2®T (dou-
ble quantum, DQ) NMR #ll @&V ET %o

NOESY D AR 278V 2 RINE =2 D /278
ATHER ENS (Fig. 1f)o D n/28V A TAY
YREREL, tRHTRERB S0, “OoHD /2
POVATRALZ z B (REH 1) 1SS ¥ %, £2
THRAWM (mixing time) 2T, B /2790 A
ThAL % Nlfin S &, Bl 2. R .2 I AR
W tlSX 3% 7 — ) TAHIZ LD, 2K ICIF AR A
N7 MVBROND, RERH OB, FHFE 298
BFHEHICE ) A VIR EEL S, —HOREE
B L5 NOESYHIEIZ LY, o7z A b
DR (22 L9 », ZHENEES) 254
bbb,

Fig. 6l =2 DK FEH A b % & & superhydrous B
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(B~ 7 AT A7 A BREM, FMIERESR)
D'HNOESY A7 MV & BINIIRT RERBATY
ODARZ P WVIZIZZENZNDOH A MIHIS T 54.5
ppm & 3.2 ppm LD ¥ —2 (diagonal peak,
ZOORLOFEEBBFE L THEE—7) BN
(Fig. 6) o IREHHEAB00ms DAY bV TIE, it
AY—=212MAT, Z2o0OKZEY—7 (cross peak,
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2D 'H NOESY NMR spectra for a sample
containing superhydrous B and phase D,
synthesized at 24 GPa and 900°C from a
starting mixture of SiO, and Mg(OH). in a
molar ratio of 1.8: 1. The spectra have been
acquired at a spinning rate of 25 kHz, a re-
cycle delay of 20 s, and a mixing time of 0
(top) and 500 ms (bottom) using a 2.5 mm
Varian T3 MAS NMR probe. The pair of
peaks near 4.5 and 3.2 ppm is attributable
to superhydrous B, and the broad peak near
12 ppm is due to phase D. The pair of small
peaks near 0.7 and 1.2 ppm marked by an
asterisk in the top spectrum is from the ro-
tor background. The diagonal line is a guide
to the positions of diagonal peaks. Data from
Xue et al. (2008).

Fig. 6
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ZODORTCOHBEHORRLE—2) BN (Fig
6)o —MIIKAEY — T MY — 7 OIRELITHRE
R OB KIZONTHRL, RAFTAY VLA
KRBIET L LR D, ZOMELORARERHIC
X4 B 2EEIE A Y B (A Y U IHGERE) 12K
H5 b M2OHIET 5 AE Y ORIZIZA Y U HhEk
PEHTEZIIEEND, REY—7IZE TRV,
Fig. 6134.5 ppm & 3.2 ppm @ superhydrous B #{®
¥'— 7 ®lEIZ, 12 ppm f1E D phase D A7 (&
K= 7R A AR, I REBR) 12X57
U—FR¥—27 3 &, TOY—7 L superhydrous
Bo¥Y—7oicix, RAERMHKZ500ms (ZHR L
TOREE—IDPEL AL TR, F72, Ju—F
Y =27 DOYf, NOESY 2k, ¥—=2DIEA) D
JERPRBOARY—HIZL B 00 (LFEY 7 PR
LBHAY UREEMICEABON 4 OIS AT
%), Thedy—MoroEkr (L%2 7 0%
i) I2XBb00BXHTE L, MHEOYEEZ, AE
YHHSEHTERIIEEWD, BAHMZEP L
Th, REY =7 DRI %L, MAFIM7
¥—rnf$Thib, —F, BAEOHE, HAKHOD
RIS T, REY—-IEIHAL, ¥—27DE
DBREIZ OO NI BITED S, A VL
BACFADIRIBIZE T B &, E— 27 OB o 72845 Tl
AT LT L 5 Wi K2SH UMIE AR T X 9104k
%o Fig. 60 phase D O ¥ — 7 O EALIZ B E A IS
L, phase D OHEE&E T DK Ai O ERLE % RIE T
5o Tz, KREITHRATSLHIZ, 'H2D CRAMPS-
MAS NMR @780V 225G R H 28 AT 5 &,
NOESY & [kkIC A ¥ VIO EHAE SN 5,

3. $RE - T RTEE NMR FKED
84 - XL MADIGH

3.1 SR DHFA > (Si-Al, Si-Mg) DEED
FRFe 14

AR WE T F U, & A4 BRI SEM o JEAHE 7% 1
oL SiOMEKRTH %, T2, ZLDOTNVI )5 A4
FRIEHLIT1X Si-Al B L S, Si-Al D ELE Ok
FIENEELMBENTTH S, »SIMASNMR 12 h
LOERILICHKEL L SN TE 2, Hl2IE, ¥4
T4 MR RADOHO Si(Q) D¥SifbiEY 7 M T
AMUOOMNERIZB T 5 SI/AL EIZ & ) RFEMICED
bo TNENICHET HE—27 0mpE (I 25,
Si-Al DREDOHRTFEEZRANTLHI LN TE S, Th
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O FEMIZ O Ww TIE, #® i (Kirkpatrick, 1988;
Stebbins, 1988; MacKenzie and Smith, 2002) #* %
WEhizvo KX TREE S ORLEOFHELY~O
ISHBNZBRE L TR %o

BHET T, BEOWMRIIHEY, SidAlR Mg &
EHITNEERY A M2 SHT 28WH% < b N
R4 MI2BIT S Si, Al, Mg DELE OFFENE <
D= v MV O EFIE WL - LR e
THLENCTH L. FH O DIRIOMIEN S, *Si MAS
NMRZZD L) RAHRKTHKR SN TVS8WIZE
JBAFF Y ORBEDOERILICO AR TH S Z LA
o7z, LUT L phase egg (AlSiO;OH) & phase D

(B - MgSi:H.0s) D=2 DH % 251F 5,

phase egg (AlSiO:OH) i3 Al,O:-SiO.-H:0 RDE
AT, 11~22GPa THEILL, &) EETIEO-
AlOOH +Si0; stishovite I25f# L, X Tid topaz-
OH (ALSiO.(OH).) % &TLHOMAELRIZHHT
%o phase egg D& WIS IZFHE % i o 72K X #t
EPrE: (XRD) (& - T S 7z (Schmidt et al.,
1998), 6-AIOOH % SiO: stishovite & Al 12, phase
egg 1d AlOs& SiONMARIZ L DHER ST TWw %,
XRD # &N 51, AlE SilgZNEFh—2 D%
M IS IR M 2 N A M2 AT 5 & SNhiz,
W NONTERS 3D DA & B A, 60 DI\
R e THM A Tl L CTwb, LA L, Fig TCTRT
X 91z, 'H-*Si CPMAS NMR % 5 i =2 »*Si
¥ —2 (-158, —174, —184 ppm) H R 5N 7z Xue
etal., 2006), fit> T, phase egg IZBIT 5 Si-Al DL
B R 23D 5 Z E NS TH B, 'H—>Si
CPMAS NMR Y — 7 O REDMEN 55, (1)*Si
b2y 7 MIESAAE OBEARE (62) Xh b #
OB VAR (32) 12815 Si, AlDO5IC
R ENS ; (2)ZOD*SiNMR ¥— 27 13#itEn=
DOMHET A NHERICBIT 2 Si, Al O5Fi 0w

(—158 ppm: 3Al, —174 ppm: 2A1 1 Si, — 183 ppm:
1A1281) 12X % b D ;5 (3)Si-Al DRLEIZ#110% D
B2 2 (0% 0, #10%0 Al A3Si 1 b
12, #10% D Si HY AL %A MCHEMRT Z) EREOT
720 FEM O RN 1L Xue et al. (2006) % B S L7z,

b9 —2DHliL phase D TH 5, HERD FEK 5
TdH 5 Mg0-Si0,-H:0 5&121d phase A, B, superhy-
drous B(=C), D(=F, G), EE Vo7 V7 7
Ny M THRT SN BIEEKIEY (dense hydrous
magnesium silicate, DHMS) »*f£1£9 % (Angel et

S

IS

-80 120 <160 -200 -240
#5i chemical shift (ppm)

Fig. 7 'H-*Si CPMAS NMR spectrum of phase egg

(AlSiOsOH) synthesized at 17 GPa and
1000°C. The spectrum was acquired with a
spinning rate of 4 kHz, a contact time of 8
ms and a recycle delay time of 3 s, using a 5
mm Jakobsen-type MAS NMR probe. Also
shown are the simulated spectrum and in-
dividual Gaussian components. Data from
Xue et al. (2006).

al. (2001) #BHOZ L), ThHIFLARATICE
FERDFY)TEENTE, €09 L, phase D
B bDEWEN #15GPa b 54 7% { & 49 GPa
FT) KUTTRETH B0, TE< Y FIVOKD
M e LChER S Tw b, Bmicid,

phase D X 2N & DEKRIEW D 725> T, Mi— Sidi4&
TN A b2 5655 THS (Kudoh et al.,
1997; Yang et al., 1997) o #LEEIGIZIE Mg/Si e L OV &
KER-ETIEEVWZ EPMOENTWAS, LA L, Mg
-Si OELEOBFER K FE O34 I 5 1FHild XRD
PO DIT v, RS ITRIE24 GPa, 900 O
1,100C FTAMK L7z =2 ® phase D ¥ (Mg/Si kb
ZNh2h061£0.58, BEXDO5L D HW) IZoW0W
T, M AZNMRBIEIZ L o TEFOREZ RN
72 (Xue et al., 2008), Fig. 812% D'H—*Si CPMAS
NMR A7 M V%7RT, Phase D I% —177.7 ppm f
EICIEDIE, ZIENHN -2 %2525, E—2
OPAENR I D OB O M 2@V S5 5,

Phase D ®*Si b33y 7 b H 5, Si 4 TNEKRY A
M SEETHIENGH D, F/2E—7 OBIENS,

SiODJH ) O ATk S AAAEL, Lad 2D
EAVIZEREMHICE o TEILT A Z EHHEETE
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:u/punyumus B |
_1 \ J \Bﬂmﬂln #

60 -80 -100 -120 -140 -160 -180 -200 -220
%5l chemical shift (ppm)

[— sample #1|
sample #2

-165 =170 -175 -180 -185 -190
#3i chemical shift (ppm)
Fig.8 'H-*Si CPMAS NMR spectra for samples

containing phase D and superhydrous B,
synthesized at 24 GPa and 900°C (sample
#1) and 1100°C (sample #2) from a starting
mixture of SiO, and Mg(OH). in a molar ra-
tio of 1.8: 1. Both spectra were acquired at a
spinning rate of 10 kHz, a recycle delay of 8
s and a contact time of 4 ms using a 2.5 mm
Varian T3 MAS NMR probe. The broad peak
near -177.7 ppm is due to phase D, and the
two smaller, sharp peaks near —74.5 and —
166.6 ppm are due to tetrahedral and octa-
hedral Si, respectively, in the coexisting su-
perhydrous B. The lower spectra give an ex-
panded view of the broad peak near —177.7
ppm. Data from Xue et al. (2008).

5o ¥72, ®Si CPMAS NMR ¥ — 7 I3 ExHBRiHE
FiESi¥ A D Mg DR, F7232EHOTERD
ELOPHMTIEIHITE R, ZoRErERIN
b0 LD, WITNBIENHWREY—-7 2525
TFHENLOTHE, Lh-T, Mg/Si LoB
A»PSoFNd Sih A4 b~ Mg DE# & =D

BOWMHIZLZEbDEEZ bNb, #FElOHERE Xue
etal. (2008) ZZMI iz,

3.2 EKELHPFOKROR EKRBHEES

NMR 23 XRD % fiivy, ZENHEREZRETED91
DOFEENEIIKREO T L KRE-EETH S, KDE
RIZDWTIX, IIE TRAVEIEIC X BN IT &
AETH-722%, NV FOREOBER WA OM
ARG D 72 O I BB AN DOBEM I L E N T
W, — 5T, NMR 5G3I3KEDGA & KEHE AR
EOERNFINIRELFETH S, FH O I3REH
NMR & Raman 3562 HWT, 4 LZBEHEYO
HOKZEMIEL T&7: (Xue et al., 2006, 2008; Xue
and Kanzaki, 2007b), Z ZCNMR & Raman 7t
HERMILL%A%5, §-AIOOH & phase D Ol % 84
35,

6-AlIOOH X AIOOH diaspore DEBEMTH 1,
1000~1200°C Ti323 GPa Ul ECRENT S & & h
5o FDFEMNE X SiO.  stishovite IZZHBL L, AlOs
NI CTHHATER L, SHEIIZ S HI2TEm
HCHEINLIMETH S, Z1LE TO XRD HHH
5, P2inm (Komatsu et al., 2006; Suzuki et al.,
2000) & Pnn2 (Kudoh et al., 2004) ® DD ZER
XML I N, BEOMITIL Mg & Si % & is

([Alyu:Mgo0:Sioes] OOH) TAT b N727, Wi# Dk
WIERAT D NIZ L B2, Tl HBOENIZL S
PEAHATH B, ZODOREREDEND—DIFZKFEDS
HiTHbo P2mm TIIHWEMIIEEM 22 KFE A
MO DARBHLHDIIK LT, Pan2TIEZhZhY
HHRAL20D D DR IR A 72 K FEH A b AHFEAE
T 5. WT OB D RMVAKERE (728 213,
R(O-H:--0) =2.5479 (12): Komatsu et al., 2006)
5.2 %,

5-AIOOH ® Raman A X7 MV ® OH 7R By 48
W Tl342 DRI Y ¥ F (2170, 2330, 2530, 2740
em™) %R (Fig. 9)o Tsuchiyaetal. (2008) (X5
—JFEHEHEAS, TN Y FIIAEESHE R
(O-H---0) =2.507~2.556 A) D %7 5 K% DAL
WX B EMRL7. L2 L, FFICKRERE MY
4, OH MRSy & thoiRE) (72 & 21X OH & Ak
) offE s o (Fermi resonance) 1I2& 1), —
SN OH KA THHED OH i/ N> PN S
LT NI M5 TS (Hadzi and Bratos, 1976;
Xue et al., 2006), fit-> T, 0-AIOOH ® X 9 %KFE
WA OBWMHIZOWTIX, Raman A2 F VDN
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Fig.9 Unpolarized Raman spectra in the region of

OH stretching vibrations for 6-AIOOH syn-

thesized at 21 GPa and 1000°C. Sharp

spikes are due to cosmic rays. Data from
Xue et al. (2006).

FECKRES A O % T 2 0@ Tl %
W

— T, ®mOEEEH NMR & & &I KESA D
R - EREE IR D 2N 2 T TH 5o KER
GHEED 1L, NMR ¥ — 27 ORI K S h 5 1%
TThHb, LTHhR7ZLHIZ, EREWO LS 2'H
[v) R A AU A BAE F O 5 EREHZ D W T, il
12 % 7213 CRAMPS #5550 iE NMR % %389 % |
THRTH b, FHOOREONIEL S, 6-AIOOH
D2XKITEH 5 RHE'H CRAMPS-MAS NMR A X727 b b
=2 =7 DREELI ENGD o7z Xue
and Kanzaki, 2007b), Fig. 10T {36-AI00H »'H
CRAMPS-MAS NMR A X7 )L CRAMPS RXIt®
Wi 1D MAS NMR AXZ bV &ELTW
5o 1D MAS NMR A2 b ViZ[EFEALBURE 1A T
TEH @728, Az #2724 kHz T 3 05 133.9 ppm
LR, —77, CRAMPS A2 bV OREIEIZ DS A
0.6 ppm TH 5, Fig. 5SO'HALZFY 7 b L AKEREAH
HEDHIM % v 5 &, O-H---0 Wil o541 120.02 A
DNERED 5N 5, it 5 T, Tsuchiya et al

(2008) ? Raman A /X2 b Vo> OH {ift i #x B 58 35k
DEHDONY F20-H---O Bl wR%n s (~0.05A
HPH) KFEOHEAEIZ X D &) IEFIEH S 22K L
2\,

2D'H CRAMPS-MAS NMR A% b L5, K
FOMET A EAE L 7261 LC phase D ZILD
FiF% (Xueetal, 2008). Fig. 11( )2 phase D ®
2D'H CRAMPS-MAS NMR A7 MV EIRT,

[N S

%
.
Ao 7 N\ MAS,
/ \ 24 kHz
Ve \
- L

CRAMPS,

15 kHz

18 16 14 12 10 8 6 4
'H chemical shift (ppm)

Fig. 10 Comparison between the 1D 'H MAS NMR
spectrum obtained at a spinning rate of 24
kHz (top), and the CRAMPS cross section
of 2D'H CRAMPS-MAS NMR spectrum
obtained at a spinning rate of 15 kHz (bot-
tom) for 6-AlIOOH synthesized at 21 GPa
and 1000°C. Both spectra have been ac-
quired using a 2.5mm Varian T3 MAS
NMR probe. The chemical shift scale in the
CRAMPS dimension has been corrected.
The apparent shift in peak maxima be-
tween MAS and CRAMPS spectra is due to
larger scattering of the latter, as confirmed

by repeated measurements. Data from Xue
and Kanzaki (2007b).

MAS KICiE AU FHEAERICE ) =27 95535 O
IZxh LT, CRAMPS RICI3b% > 7 F ORIKAFT
B7280, MIREZOFE FIFT 7 b OGA & LS
%, phase D ® CRAMPS XTCIZBIT 5 ¥ —7 DJLH
Dh o, 2T 7 NIOAiD D B 2 EBERHITHP
%o HWiffi CHA L7z NOESY #: & [k, 'H CRAMPS
-MAS NMR ®/%v 2251 (Fig. 1b) ® 2> H® /2
IV ABICRERME ANSL Z EIZLD, AY VLR
W2 & BB A S H 5. Fig. 11(H) TRT L9
I, AWK 2200 ms |[2HR§ &, phase D D7 10—
F%E—2 OETOWSHAE VIR X h 82—
I, B o fIETE 572 CRAMPS Xt K
AT RCTH UEE 5 2, A Y VLD HiRE
WCELTWDE I EDGH 5. iEo T, phaseD O
CRAMPS RICOILE Y 7 t DIEH ) i F—HP Dk
FOBBFAAIZE DD LEHRTE %, Fig. 11(T)
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MM - % KoTER NMR 550680
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i 2l uadi iy dious B
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HH'-
[N N samplent
Iy, .
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%, sample #2

-,

B 14 12 10 & B8 4 2

'H CRAMPS, F_(ppm)
'H CRAMPS-MAS NMR spectra for a sam-
ple containing phase D and superhydrous
B, synthesized at 24 GPa and 900°C (sam-
ple #1) from a starting mixture of SiO;
and Mg(OH); in a molar ratio of 1.8: 1. The
spectra have been acquired at a spinning
rate of 15 kHz, a recycle delay of 12 s and
mixing times of 2us (top) and 200 ms (mid-
dle) using a 2.5 mm Varian T3 MAS NMR
probe. Also shown at the bottom is a com-
parison between sample #1 and #2 (synthe-
sized at 24 GPa and 1100°C) of the
CRAMPS cross sections taken along peak
maximum (as marked by a horizontal line
in the 2D spectrum) of phase D for spectra
obtained with a mixing time of 200 ms (bot-
tom). The chemical shift scale in the
CRAMPS dimension has been corrected.
The diagonal, dotted line is a guide to the
positions of diagonal peaks. Data from Xue
et al. (2008).
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T 1324 GPa 900C /2 1724 GPa, 1,100°C D -2 M4
ff T & B & 17z phase D ik ¥t @2 D 'H CRAMPS-
MASNMR 2 <} 7 bt )V (B & K R200ms) O
CRAMPS Rt @ Wit X % ik 9 %, 12.6 ppm f i1
DOFEEY — 7 Oz, 10 ppm &7 ppm fHEIZE D H
BT NGB, ZDDFFET10 ppm 35D BT D
HIXTBREDS R 22 B, Fig. 5SOHALS:Y 7 b L kKFERHE
HEEOMBEEH VWS L, Th S DO5132.56+0.02,
2.64+0.02% 12.74=0.02 A ® O-H- -+ O Fi i 12 0 It
T 5. o T, REBGDKEDEBDKEZRE O-
H---O HifEid XRD % 5 HAE D - 72 O0---0 i
HE (2.654~2.676 A) (Kudoh et al., 1997; Yang et
al., 1997) X v, THIIKRZEFA MBS
AHENTwb7zo, XRD 725 7 72 0+ -0 i
BAKREREOEDLLHEEE Z ) TV (XY EW) B
MO TH L7200 EZ bNb, KEFA DA
SN SN D HORFERE ML D 51213,
S MG LS 2 R CEIEL D b, KEKED
EHE#RE 5 2 5 NMR 5 6E0 T 0HITH %,

& 2 AT, Fig. 111Z superhydrous B M2 X %
TODE—2Z HFET LA, ThSERERAHHO
%\ (2us)'H CRAMPS-MAS NMR 2 X 27 kb ()
THRABIZIH > TRV BICEDNE 2L L
o CRAMPS RICO Y — 7 (i@ EOLE: S 7 b
RS LI END, ZODOKRFEFA MIFFEFITIE
WHAEETY 7 b (3.82, 3.92ppm) & b DT & A4
Mbo —J, MASRKITO XY K& R — 7 il DE
W (>1ppm) (3bFT 7 NI L AR
FHEEHOBRERICE 23D THH, Zhidsu-
perhydrous B ® X 9 7Z Dy, FESH M ] AL
7 H1---H2) 250HECICAONZBHR TS
5. HIEHEEOMKIZE Y, =D MAS ¥ — 27 Ofii
BEAREIZEDLF T 7 MED L 7L L 1d Xue et
al. (2008) ZZBRI NIz,

3.3 FABIEBEXIVE (BBRHTR) IKHTBHKD

RS

FABRIEA VS - 52D XD BT 2 7
ZWPEIZOWTIE, HHED SR S 72 EE R
EOHML 2SN, —7F T, NMR )3 &E
W& TH L7280, XM EREZES 2 &5
Thb, FHOHITEFEFICEKRTABEALV Y (B
HTA) OWEERIZIY MATE 2o KDOFT A ik
AV MBI BERICOWTIE, —BWIZHTF HO
EKEE: (OH) O oL LTHEETSHZ LD
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HMHENTWD, EKEIMEVY1E OH MASET,
ZOEHERIIB Wt BIE LR 5 F TRREEKEDH
RKeLdiTHRL, NP ETIZOHMORENITIZ
—EWX%Y), PTHONLEMIZRSLE SN
(Bartholomew and Schreurs, 1980; Stolper, 1982;
also see reviews in McMillan, 1994 and Mysen and
Richet, 2005), OH FDEEIE A v b7 — 27 Mo
AL 720, AV b  FT ADOYHEND BN
FRlCR&EWEPHEND, OHFIIHETEH T4~
DOFEF (Si, AL, Mg 2 &) RBIZX 5T, woH»
DOWENRD Y ) b, BB X HIZ, ZOHEEREI
£oT, ANWIANRIFTHRPELL ER D, E72, X
VMBS & o THHAEIEBAEAT 5720, KD X
Wb HIGANDEEEIHE - 7)) ¥ 7§ 572012
X, ZOMBUKGEEZ RIS 2 LBV D 5. =B, T
IEFESERE LR T 77 ¥ —ThHIN, 7=k
Wiz, DUFIRIBIERCE S #HIPE (<1 GPa) 2R
EL, HMBAKEM:Z IR T 5o
GRTABIEA b - AT ADOREIZ SN,
TR ANV D - T AEOBMEZLUTICT LD
B0 AL 2SR I IR W 5 A 1E SiOL Y TH AR At
FLMERNTH LI, 7ABRIESEYEILEBTDH
5o SiOAME A N b - AT ZAH @ SiO.M A 1F Yo
DOTEE (B 22 TIH o SioMmkE IE LT,
ZRICAY PT =7 2T Bo Si-O A A2
B, SiO AN N ORERBVODFTH 5, SiON
MR 2> 7% CHRFE (Si-O-Sifhf) 13, FAEmE
(bridging oxygen, BO) & ¥ 5,
SIOMBUZ T VA ) RO (M.O) R 7 V7
Y HEEE oMt (MO) 2z 5 &, —#O Si-
O-Si &GS NROEEESTA), —DODSi &
KA A% (Si-O-M), $4bh, EGMERE
(nonbridging oxygen, NBO) 2SEK E115,

Si-0-Si (BO) + M-O-M (H i %)
=2 Si-O-M (NBO)

M-O #&1E SO G LD b0, ZoOHEZL
RN 2V MBI T 2L, Sild Aty T —
WA F A, Mgty VT —21B8iHhF4+ 2 &
XiFh s,

F7, KRR~ ~TlE, TVI=oAdrM4£ico
WCHEELRAY NI BEAF Y ThH B, 72720,
APTIE Si* & D T AR W 720, BEZEIRT SIS
i, Na'aEorra) @7z ur) +#HERE (B

S

IS

fiftpf1#4 5% >, charge-balancing cation & X &)
TBMONG VAR EDLLENRD L, ChIEARYE
DT MTNVI ) AR T A ONG, &2To
TN I = ARMBM OB E1E, Si0-M"AlO, (M**
ALO,) (ie. M/AL(2M*'/AD) =1) % (F2 73
A MK THh L) EAPOBMONT VR
BEDBRETOMIFF VHHEAET D TDD, Z
DX BMED ANV - HF RIE Si0. & BRI, SiOs
& AIOMUMIARD = RICA v b7 — 27 THER SN 5%
FEAMEL & 5, —7F, M/ALQ M /AD >1D4#l
BAZBWTIZ, MAFF VIZBEMHPHICLE 2R %
LE2 720, Kol midty M= B8 hF A v
ELT, MR ELZLT 5. ROFHELSEIX
NBO/T THH¥ 5L, SZTTIEAy b7 —27 2K T
B4R A F 4+~ (Si, A) %489, NBO/T i T it
DX TEHATE %,

NBO/T= (nM+ +2 Ny, — nAl)/(nSi + nA])

nENEFNDAFF LV DEVETH S,
PLEDO#E@IZAETOT VI = AH ML, £ To
MENBO FIENBOTHAHEDRED L & TIT
Trolze EBRIZIEZ, ANV ILARITATTLDT IV
IJTABETT A LTIE, IRETDHIFEAY
DM THROBEA T IV I = 7 A DPAl 3Q MAS
NMR CTHllll 7z (Neuville et al., 2006; Toplis et
al., 2000; Xue and Kanzaki, 2008), ¥7:2 M*'/Al=1
T b Ar o NBO 2l S 7z (Stebbins and
Xu, 1997). BHEOHFHIITRLRONTRT I, B
FOEHY O Si+Al OFHRAE(2) 2RDI121E, 3
DD Si, Al LIEATAIMMMEORENERS N
%o

2 Si-0- (M) A1(BO) = Si-O-M (NBO) +
SiAL-O (3L )

FO0, HHMISHEA, SEHE X 7z NBO/MT i35
B2 NBO 5 fi L 1dE PR 2133 THhBH, 1T
b, NBOT itHHIZROFEHMEREDOHZII RS
2%, KL TRENZ —DOMBENTA—F (HD
WIEKE S I ERfiENT 2 —%) L LTHWS,
BRI A F 4 VAR TS (M/AL(2 M*/AD <
D %aEE, O/(Si+AD) bFHFICKL 22 (<2) 72
B, WRELT—HOBERII=>0 S, Al LHEHL,
M RFE 2T 5o SHAHEFE D R TR 12D W
T, =2® AlO,, SiOMHKRD—D>DOTE M % LA
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35M54 275 A% — (tricluster) &V HREDLH -
7z (Toplis et al., 1997), LA L, %@ﬁ&i7w=
I A T ATBW TN TIE - & ) LR
NTiE v, —FHT, M/AL(2 M*'/AD) MW i(‘_‘.5
BATNVIZTLAOHEIWZ 5T L HPAINMR IZ
L DR 7z (Neuville et al., 2006; Toplis et al.,
2000), F7z, HKIC L o> TEAREOGRALT IV I =
7 AL &7z (Neuville et al., 2006), ZD7:
B, SEALEEFEIISEA. (ROAPEOGHESL) TV I =
TAEREEL TV A BN BVWEHEETELTHA
Yo TD XD RBENL, GREALT VI = AE Ay b
T =75 FA O ER T EDORT B ST
O, AP'IIHHEA b XiEhb, 22 9051E% <
DR~ 7= IRF SN B M/AL (2 M*/AD) = 12D
A o

ANV MBI 2 IKDOERBER OMGRIZ %725 TiE
KT A BRIEHK O ESEOFE VR LKW RI ’\Hf
H#D Do TEEERDONETD % SiOAMM AV b -
T ADEEEL, KOBHITrABREDOAY T —2
DYWL Si-OH DB 1) & &b (Farnan et
al., 1987),

Si-0-Si(BO) +H,0 =2 Si-OH

C OFEIRBEREIIKRD AV M RIEE T AR R FH T
% % (Mysen and Richet, 2005) .

BEALDORKS ZI<HMBIIT VI =T 225D,
KOr A FIEA N~ OWtE RESE) ~IFTRhRIE
ThVIZTLEELREET R ORICIIMRARN W
WHRL7-57% v (Mysen and Richet, 2005). L#%
L, 727 b7V I 27X ABRIE AV MI2BIT KO ER
B IZOWTIE, ARZ MVOBIRED VT Wiz
W, RAERFIFNTEZ, B, FEHOIT L0 EE
% 2 X7t"Al ='H HETCOR % 3QMAS / HETCOR
NMR&#EHTAZ LI, WDHTIOREIZHk
#H %2}z (Xue and Kanzaki, 2006), Z Z TFIZ
KAISi;Os (orthoclase, 7V Ef) HEK O %261
I3 %o

F7 NTIVI A BRI AV M 2B B RO
ET DA A NEFEBKICERY VT =27 OFEAE R
Si-OH & AI-OH O Z D &) EF VIR T
BME&RIT2 01X Kohn et al. (1989) @
Nmka@mm,ﬁ§E>ﬁm% #F A BIF

Z¥ifE (®Si, YAl, *Na, '"H) MAS NMR W%

%o 720 EITKOBIRISEH ¥Si, Al MAS NMR O

ARY MNVOEALD D7 S )% ¥ Na MAS NMR A X
7 MIVOELDOEE S5, Kohn et al. (1989) i
Ay VT — o BERMRFL-EE, H EEWPR A
FF U THBNa L DDA F vagfe v Hiizi
KOG ZIRR L 72

Si-O-(Na) Al + H.O = Si-OH-Al + Na-OH

LaL, AT MVOFRAE—H) Thwizd, 0
BEBROME T bbb ST, 2 b
7 — 7 OFEA R SI-OH & Al-OH OEK & v E
T E O TR g dihiv7z.

Fig. 12 Fig. 13Tl KAISL, O/ Tk B U85 K
(2.3 wt%H,0) # 5 ZD¥Al MAS NMR & 3QMAS
NMRAXRZ MvEZFNZFNILE L7 Xue and
Kanzaki, 2006), Kohn et al. (1989) @ NaAlSi:Os
HTADRERE K AlQ)-OH R THEL 51X

anhydrous

120 100 B0 &3 40 20 0 -0 -40
“ Al shitt (ppm]

Al MAS NMR spectra of anhydrous and
hydrous KAISi;Os glass with 2.3 wt% H.O,
acquired with a pulse of 0.3 us (solid 30°), a
delay of 0.2 s and a spinning rate of 15 kHz
using a Doty 4 mm MAS NMR probe. The
anhydrous glass was synthesized by
quenching the melt from 1650°C at ambi-
ent pressure; the hydrous glass was syn-
thesized from anhydrous glass+ deinon-
ized water in a sealed Pt capsule at 0.2
GPa and 1400°C using an internally
heated Argon gas pressure vessel. Samples
described in Xue and Kanzaki (2006).

Fig. 12
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Al 3QMAS MAS NMR spectra of anhy-
drous and hydrous KAlSi;Os glass with 2.3
wt% H,0, acquired using a Doty 4 mm
MAS NMR probe. All contours are drawn
in logarithmic scale with a spacing factor of
1.4. Same samples as those described in
Fig. 12. Data from Xue and Kanzaki
(2006).

Fig. 13

FTOF = PGEHENTEHT, L LAEKN
¥ — 27 OIRPKDOBRE LI o T D, LA
L, &K (23wt%H0) # 5 A 128 57Al-'H
HETCOR } 0F3QMAS/HETCOR NMR # 5§ 5 =
LIZED, BoE DL oY - hRGEI N
(Fig. 14)o #FH72%¥ — 2713 A1Q)-OH I2 /@ )8 T &
bo ANRZ M5 RS - 72 Al(Q)-OH »¥Al {b
%37 FOFHfE (64 ppm) FiE- & D & AQH D
fii (58 ppm) & E7 Y, KEWHH O FAROHEEHAL
DFEBME (65 ppm) IZEV, L7223> T, “Al MAS
NMR TAIQ)-OHY — 7 B33 BECE TV v
X, O BRREN RN TH Do —RIITH
PO D NMR 7 — % 5 &K 2 HE 5 Ik
OFEEE LTI, AT bVOZELIZE KDL
WKEBDARTHL, AR (722 21F, AIQY) H
HKDOART PVHRIEOEMADEETNT VWD, — K

[N R
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Al MAS dimenslon, F, (ppm)
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Erc ]
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Se AlD")-OH
=
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'H chemical shift, F, {ppm)
*Al—'H HETCOR (top) and 3QMAS/HET-
COR spectra (bottom), acquired with a con-
tact time of 1 ms using a Doty 4 mm MAS
NMR probe, for hydrous KAISi;Os glass
with 2.3 wt% H.O. Same sample as de-
scribed in Figs. 12 and 13. Data from Xue
and Kanzaki (2006).

Fig. 14

T, 'HNMR Z&KEFDPHRVWEAETH, £ TOK
RO T FNVeERH, LEbKEDHOEFEGIZL DM
BB WEWVWS Ay MDD, Lk KAISi:;Ouf
KA 5 A DA E, “Al-"HHETCOR K ('3QMAS/
HETCOR NMR A X% bV O'H KICT D EHREEDS
AIQ)-OH E— 7 MDD F L o TWVdH, 2D
SEEIZABCA T OV I = A @ AI-OH MRS DB %
EARFEREERIE L 22D 5720, 'HILF Y
7 ARSIV (W13 ppm) LWIHIRFHIZL B, Th
R E 2 S b P SNz, £72, 1DYAL
—'H CPMAS NMR AXZ b5, 1.3 ppm O'H
NMR Y — 7 (ZHEARRE R AS T E AR R EE AT v 2
EWhrol: (Fig.15) Zhidl.3 ppm ¥ — 27 H3%
BRI 7 VI =7 JZEW 7B F Y I2 X 5 2 & 2RI
L, ALOH DO Ji)E %= X ¥ %, it > T, "Al='H
CPMAS, HETCOR }% (0F3QMAS/HETCOR NMR #*
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A
& .-I.-Jll::"\]llx 'H MAS NMR
AR
? _ .-"Illl.'" 1'. 2 ms

".I'L {0.25 ena) - (2 sl
¥ 30 15 W0 5 0 -5 0 -18
*H chomical shift (ppm)

'H MAS NMR (a) and “Al—'H CPMAS
NMR spectra acquired with contact times
of 2 ms (b) and 0.25 ms (c) using a Doty 4
mm MAS NMR probe, and the difference
spectrum (d) between (c) and (b) for hy-
drous KAISi;Os glass with 2.3 wt% H.O.
Same sample as described in Figs. 12-14.
The intensity scales of (a)-(d) are arbitrary.
Data from Xue and Kanzaki (2006).

Fig. 15

3o &0 & AIQ)-OH DFAEEEMN T2 T2, 56
— R L TAl-"H CPMAS NMR A2 bV E#
4L T, 'HNMR 22 Vv oflioERsiE Si-OH (+
LEO H,0) IRETE, Si-OH-Al OFfFFE I HEH T
52 b h o7 (Xue and Kanzaki, 2006), H
12 R EEE AV H—~*Si—'H CPMAS NMR % &
L, E#1.3ppm UMDY — 27 3 FICEMMIIr £ 3%
W7 e b ICL 25D THAET L ZMERLE
Xue, 2008), fiawe LT, KOBMEMKIZT 2~ b
TFABBEANV D - FFTRZBVTE, TVIZTLD
HEICHEBRL, Ay T —27 OFEE KO Si-OH
(+Al-OH) O (FitoXB]) 210E) L 52 5.

Si-0-Si(BO) +H,0 =2 Si-OH
Si-0- (M) Al(BO) + H.O =Si-OH + Al(M) -OH
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W7 %477% -7z (Xue and Kanzaki, 2004), < D%k
Ry ANV POy T — 7 WA IR~ RS
LR E 7253 HHOH (MgOH %) FEDOIEHE b
CaO-MgO-SiO, R CIFEETH S Z L xR L7z Xue
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Kanzaki, 2004) .
CTTHLIMA LRV, EXLIESGEOR L
% CaMgSi,Os (diopside) — CaAl,Si;Os (anorthite) &
DO—EDT IV r AR T ANTB B RO
BIZOoOWTH LN Xue and Kanzaki,
2007a; Xue and Kanzaki, 2008) . 4t ® KAISi;Os#1EK
LB, “Al-'H CPMAS NMR, HETCOR J OF
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'H MAS NMR spectra of hydrous silicate
glasses along the CaMgSiO,-SiO; join, ac-
quired at a spinning rate of 10 kHz and a
recycle delay of 100-400 s, using a 5 mm
Jakobsen-type MAS NMR probe. (a) C26.5
M26.5 S47 glass containing 1.0 wt% H.O,
(b) CaMgSi,Os glass containing 1.5 wt%
H.0, (c) CaMgSi,Os glass containing 1.1 wt
% H.0, (d) C23.3 M23.3 S53.3 glass con-
taining 1.9 wt% H.O, (e) C23.3 M23.3 S53.3
glass containing 0.9 wt% H.0, and (f) C22.5
M22.5 S55 glass containing 0.8 wt% H.O.
CxMySz stand for x, y and z mol% of oxide
components (C=Ca0, M=MgO and S=
Si0,). The glasses have been synthesized
at 0.2 GPa and 1450-1500°C using an in-
ternally heated Argon gas pressure vessel.
Data from Xue and Kanzaki (2004).

Fig. 16
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