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209k :2 Kbar, 375~700C ZA3 o4, Setupo]ES] MgE A F7F AF3te Mn Z4(Mn%=0,
25,50, 75, 2 100%)& 1A T G5H0Z oF 5047 AN A Mn-A 7] A(tsilaisite)S 345G
I Ay, 2AEE AT 08 6y 4 AN o] Aol on, dulolE, AFAY, U
A, FEE T U EsEol ¥4 AAHATE §A Mn-ArIAe] X-zkEle] 2] A <4£(0.53~
0.68)0] A 02~03)5TH =A JElom, Y-2HE] 4 Mn mole wt%E JARTE e 7HS
Holw, @ AR tsilaisiteS FATNA EATH T EFFO R o] R BE g Ar4d
8 SlEWE FRENE AT Rupgt-2(Ry/Rep)E 13.35~18.62%2] WS HAFH, R
e 4.85~6.25% (S-18: 8.57%), S (GofF) & 1.31~1.59 (5-18: 1.81)22 27} JElgt}h 99
X9 HAZL TUF RIm (z=3)0.F a=15.8994 A, c=7.1846 Ao|™, S-18L& a=159491 A,
¢=7.1773 Ao|t}. BT <Na-O> Z+& 2.67~2.69 A (5-18: 2.65 A), HF <Y-0> F< 2.00~2.02
A (S-18: 1.96 A)o 2 7zt AXEon, ol E(ditrigonality)E UEIlE §3HS EW 0.022~
0.031 (S-18: 0.061)2] WYE 71X =d Mn FZo] ZolxwA AL/} o}t

Z20{ : 4 Mn-A7]4, tsilaisite, X-4 #23d, EUE FL3), AL A&

ABSTRACT : Synthetic Mn-tourmalines (tsilaisite) were obtained by hydrothermal synthesis under
the condition of 2 Kbar, 375~700C, and 50 day-run-time with complete substitution of Mg in
dravite by Mn (Mn%=0, 25, 50, 75, and 100%). They are all 6 samples containing Mn-tourmaline
with some amounts of albite, spessartine, rhodocrosite, phlogopite etc, showing different synthetic
condition of temperature and Mn composition. Synthetic Mn-tourmalines are of site deficiency in
X-site (0.53~0.68) more than that of natural ones (approx. 0.2~0.3) and show Mn cations
occupying Y-site less than expected with initial experiments, leading to failure in synthesis of
end-member tsilaisite. Rietveld structural refinements reveal that R., (Ry/Rep) is in the range of
13.35 and 18.62%, Rz and S (GofF) are 4.85~6.25% (S-18: 8.57%), 1.31~1.59 (S-18: 1.81),
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respectively. Unit cell parameters (space group R3m, z=3) are ¢=15.8994 A and ¢=7.1846 A in
average (S-18: a=15.9491 A, ¢=7.1773 A). Average bond lengths of <Na-O> and <Y-O> are 2.67
~2.69 A (S-18: 2.65 A) and 2.00~2.02 A (S-18: 1.96 A), respectively. Ditrigonality (§) are in
the range of 0.022 and 0.031 (S-18: 0.061), indicating degrading symmetry with increase of Mn

content.

Key words : Synthetic Mn-tourmaline, tsilaisite, X-ray powder diffraction, Rietveld refinement, site

deficiency

S4eh WAY 2 ALY PR =
24 £3 429E Ar4e 238 8
3 wasle] Fulgdt HNHE 542
th(Burt, 1989; Foit and Rosenberg, 1979; Henry
et al., 2002; Medaris and Fournelle, 2003, Selway
et al., 2000a, 2000b, Tindle et al., 2002). £ 3]
A7 e BABE BRIAE Y 3T B
71444l (borosilicate) FEEH WALNME W
4ol wAY S4RERE 1e WA
9% Hgranulite) 4714 v $ Eye Wz
oA ¢t o2 4FEE W (Henry and Dutrow,
1996), RA Ao Eyd Arde 33 ARJA
7ot A A& E TH(Webster, 1983).

9, FEgHoZ Hy)Ho] HogFE B

ARATZE ¢AREH B2 FgAEY FH
Zo] AV g FEEA W +
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al., 1962; buergerite, Barton, 1969; elbaite,

S OBN o ok
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Donnay, 1975; uvite, Schmetzer, 1978). T334
SZP43 Ol T Joled o 33
3oz 23] order/disorder®} 2o W FZ
Zale] A A (Dyar et al, 1998; Ertl et al.,
2002, 2003a; Hawthorne et al., 1993; Hughes er
al., 2000), #}&] A< (site deficiency) ¥ T84
F7ve] AW sHFoit, 1989; Foit et al., 1989;
Hawthome, 2002; MacDonald et al., 1993; Selway
et al, 1998) & ZAgstdezr g2 A7}
FHE T dt) o)AY GFd AFxE B8t
1 B getae 3] w=ihe] tido] H
e 39, A% A7|dn J2E A4
2T Ald B1E 1 9)ou(Foit and Rosenberg,
1979; Grice et al., 1993; MacDonald et al,
1993; Selway et al., 1998; Walenta and Dunn,

N R
o8

1979), &4 3% FPE 1 A HRosenberg
and Foit, 1975, 1979; Werding and Schreyer,
1984).

ANHe Bad FEZHN 19 194 EH
%o], Si AFAA(T-AE])7t 62t A& FZ(ring-
structure)E ©]F 1 2F 79 8HA(Y- ¥ Z-A
et B2 A4 B triangle)S Zte 647
(Z7Y4 R3m, z=3)Z zt1 th(Barton, 1969;
Weiner and Glas, 1985). A 7)Ao dukxql 3
gt & XY3Zs(BO3)s(SisO1s)(OH,0,F)s01 . o
NA X-AgE FZ Na'9h G e & 223
oko] o] AA3t=d UYFE HU|AAAM 3
gpzroz 1S AR X3 A&AEY =
AL BoZth F FF9 FdA A2 F Y-A
g Hmd 2 Fol29l Mg’ 9} Fe’'7} A3}
1 729 Li', A, Fe’' & Mn™" So] x}A|3hH
cE2AE VY o, TiY 55 2R3 A F
oz v B} &e el z-aels A, Fe¥,
crt g V' 5o AXg o|AY X-, Y-, Z-
Tz WY g Aoz st A3 F
Fo 1EAE olFY o wep TF(end-
member) FEH T ¢ thgsich 9 X9} Z-
Aele] 247k N*ek A7 AAstz Y-#pe ol
Eo7te okol&o] w} dravite (Mg™), schorl
(Fe™), elbaite (Li"A’"), buergerite (Fe’"), olenite
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zAQo| A Z-Ae 2] Al dAle] Fe’'7h AAshd
ferridraviteo| ™, Cr*7} X}A5}8 chromdravites}
Bt} £33 X-2 S Ca’'v} A5 dravite:
uviteZ} F ¥, elbaite= liddicoatite7} ¥t}

thekst 9 A7) FE Fof dravitest I
A TAE o]FE= Mn-A 7|42 tsilaisite7} 3
g, A@F o2 NEHE Mn-A7|HS EX &
o, A AAHCE ¥ FHY AESA A
1H Yo HxE F4AEY vE22Ax
(Nertschinsk)o)| A 32 K 31 (Kunitz, 1929)%F ©
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Fig. 1. Tourmaline structure modules (modified after Weiner and Glas, 1985). A: Six-membered
tetrahedral ring projected onto (0001) with apical oxygens pointing toward the analogous pole. B: Layer
containing Y octahedra (cation as dotted pattern), Z octahedra (cation as larger black circle) and B
triangular group (cation as smaller black circle) projected onto (0001). Note the four OH groups
(diagonally-lined pattern); the central OH in trigonal symmetry is designated as O(l) and the other three
are designated as O(3). C: Structural components as viewed pependicular to the c-axis.

5, Aol A HE 34 UA FH4L o
= A71Adde] B ¥ H(Schmetzer and Bank,
1984; Rossman and Mattson, 1986; Shigley et
al., 1986; Bumns et al., 1994). HZd| AW
& HAFE Ful7X9 Mn-H7]|4e] A xyY
o}¢} g}x1KRamona) (Morgan and London, 1999)
9} A2 Pikarec (Novak, 2000)2] #4287}
ot A AZo] B g et Kunitz (1929)= 8.21
wt.% MnO29] ZAlS zte A7|AS “tsilaisite”
2 gwsly 1 o)L vy} AT2 9] Tsilaisina
AgoA msithar stgen, o4 &Ee
FetxA o2 NaMnsAlg(SicOis)(BO: x(OH S A
RSITE BAHoZ Fulolo|A] AR tsilaisite2]
27338873 AF(Schmetzer and Bank, 1984)2}

T% <F(Nuber and Schmetzer, 1984)7} 43
HRow, 1 ¥ ZAFEARIMAAE 4l
ZREZ 2oz AASIHDun er al, 1985).
EPMAC] 98t Hud steshEAls daA
ot FAARJ] FER7F W AW FAg 24
o4 @77 42744 olol AT IckBums
et al., 1994; Ertl et al., 2003b).

g, 24 A £ dig 2 dFe F2
X-A dEdAHez £, Jrde i
ZA H3e gEAS oyt gk ALt
FEAA YA v ASEAY B0l U= AL,
Ee BZ2AS 77 f4A EAY 2714 o]
el BRAgo g o]Fojx ©d FE9 EYUt
JE A5, £ XA 348 volEHE ©]&31
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Table 1. Description and phases of synthetic Mn-tourmalines

Sample # T(C) Mn% Tur Ab Grt Rds Misc Description
S-1 600 0 + - - - - Tur only by XRD
S-16 500 25 + ) - - - Tur spherulites (30~50 y) with different zonation:
unknown black opaque core with transparent Tur rim
(?), Tur with small dark inclusions; some crystals are
twins (albite).
S-19-4 600 25 + H - - - Tur spherulites up to 50 y; platy Ab 1~20 y;
unknown prismatic phase with parallel extinction
S-11 700 50 + - + - + Tur and Grt (spessartine); unknown transluscent to
brown-yellow in thin rims, amount less than 2%
(corundum)
S-12 600 75 + + + - - Tur fine grained needles up to 5~10 u; Grt crystals
to 50 u; Ab - plates
S-18 425 100 + - - + + Tur needles and spherulites up to 0.175 mm;

unknown prismatic (orthopyroxene) covered with

small crystal of Rds

* Tur: tourmaline, Ab: albite, Grt: spessartine garnet, Rds:

2 Ed E¥(Rietveld, 1969)0.8 Tz 4L A
At Jdot. 53] ol AFAHYE ETHES
EFEA 3F oY EFoR o]Folzl B
4 A5 disiA e JEHEHS BT &
Y3 F2AE T 4 AUTK(Young, 1993).
o dAFE HIAAA &0l &X Ue

tsilaisiteE- dravite TFHE Mn 2AAEE A
stz AE Mn-H7|AE ggdoz ZEWE
TZEAE AAlEte ot A 77 X g
A Aoz FA4Y Mn-AVXS I FZF,
FETH SAo] vj§ ZrEE Ao AZH
th B3] Ar|No] =Y 425C~700TC A}
olof| A FAEo] 2 W3lo] wE 3stzA
A& Aol ¥ E Aotk orh, A
At E o] FPH A grol AAFEH 54
2 AFHer AEE Aolth. &3 BT 3
stzg o A3 FAEFHAGANA 238 B
Eo] oA = do] SEUE AU
(refinement) #A Fo o]& FE9 &7} =
EWE Fx A ujg F83g 8o g
A "ok webx] AU|AE el oY Tl
o] BIGS FAlA Asor ste HAE <
I Atk 983 A A7) 2% g &2
AUy PEWME FZEAY 7Hy vludF
(Choi and Hawthorne, 2002)% o]u] 438gt A
o] o] M7|Me g EWE HAHFE FH

rhodocrosite, Misc: miscellaneous

g, ZEUE A A M4 Fxe|He] A
B4E ol AF sk ol tixlsta Slt.
A e
g A
ol Ao AME-H Mn-%7]4-& Rosenberg
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FES EH 27 ¥ 24& ¥
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Rosenber and Foit (1979)= 1 Kbar & o g
7047 AANALY, o) AP ¢hEo] 2
Kbardl & 7etsle) A 209 A=
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3 EF 500C o]AolA §AstHen, Mn
100%%) FAAPL 375° 4 425T7A A5
Atk 2 2Ao U3 2= dAEE 134
A8t40.1, 500°9} 600TC M= 23] o)A §H4d
S A=Yt gAY 2RE AFd g8 X-A
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Fig. 2. Experiments conditions of Mn-tourmaline synthesis with different temperature versus Mn fraction
in bulk composition. All synthesis are undergone at 2 Kbar (*: selected samples for this study).
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Table 2. Experimental details and final parameters of synthetic Mn-tourmalines

S-1 S-16 S-19-4 S-11 S-12 S-18
Mg;..Mny 0 0.25 0.25 0.5 0.75 1
Synthetic temp. () 600 500 600 700 600 425
Equipment High resolution X-ray diffractometer (SIEMENS D5005)
Rad./Mono. CuKq/graphite (40 kV/24 mA)
26 scan 10°~120°
Step size & time 0.02°, 20 sec
Rietveld software DBW9006, WYRIET v3.0
Space group R3m
Starting model Dravite (Hawthorne er al., 1993)
Max. intensity (counts) 2776 3219 3334 2547 4674 2201
# of Bragg reflections 639 644 640 630 630 637
# of structure para. 41 40 40 56 68 65
# of experimental para. 13 12 13 13 13 13
N-P 5447 5448 5448 5432 5420 5423
R, (%) 10.62 11.40 11.17 10.14 11.48 14.17
Rup (%0) 14.07 14.74 14.43 - 13.35 15.46 18.62
Rexp 9.78 9.26 9.29. 10.19 10.74 10.27
S (GofF) 1.44 1.59 1.55 1.31 1.44 1.81
Rp 4.92 5.44 5.75 4.85 6.25 8.57
Durbin-Watson d stat. 1.38 1.14 1.19 1.54 1.43 0.89
Esd. to be mulitplied by 1.804 2.024 1.963 1.574 1.720 2.341
U 0.26(1) 0.38(2) 9.53(2) 0.483(5) 0.19(2) 0.24(3)
14 -0.049(8) -0.045(1) 20.050(1) -0.078(5) -0.017(2) -0.05(2)
w 0.015(1) 0.017(1) 0.016(3) 0.018(8) 0.010(2) 0.015(2)

* Correction for local correlations (Bérar and Lelann, 1991)

WAooz IAPL 712359k 10~120° 24
TR A FAE 7HE 0.02° 260, FAF A7 20%
2 Zt7t AAstgen, & 5501702 dHolEr}
2o Zzte] Algd g X-A 3" B
o tigk AgzAE F 29 JeRdth

o] W, 6719 AlFe] 3 AHA A A
E 2,200(S-18)~4,670(S-12) 7} EYT. FYE
HE A HA FAXNE 4] 93 54 3
Ao HAA =) 3,000 7S E olAL Hatn
A+=H|(Post and Bish, 1989), &4 A& #4
2 FES FA TEG AIE FASNE A
EYE Zol7} Bo] Ym, 67) AE F 3N
3,000 7 E o|dtelt). B3] FEA o] M w
< 8-189] Hol A=} HAANE RAF.
3 A3 § 204 R0, AAFHo g YEHE
A Ads 53R S-18 A8 7 A F o
2 A5 (GofFy7} & AL & + Utk

BEWE PXEY

dA Mn-A 7149 67) Algol] T P EHE
FRA A E FHT R3mOZ dravite (NaMgsAlg
(BOs3)(Sis018)(O,0H,F)s) (Hawthome et al., 1993)
of BAA T HolHE ZUIgeE AL&3Y
th AMRE =2 8.8 DBWI006PC (Shathivel
and Young, 1992) AX ITE 3PHELOZ
A A3 ‘WYRIET A 3.0(Schneider, 1993)<
AHEEA T Al AMEE D= 3EEE Gauss
9} Lorentz &9 - £33 elel Pseudo-Voigt
(PV) 45 934 ov(Young and Wiles,
1982), o] wj Hd9HEX(FWHM)= 24 7} W3
of wet 3709 A& U, W, Wb WaHA Ak
st HAgolA AA

3 - dolEo g YEWE FRAL
Ad A7148 S ddoz A4st9Y Choi and
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Hawthorne (2002)1 4] A A3+ vl2lo g2 A A}

s, F2AA% 4942 1Y oA
EAA0R Al FANARA A 52
sHWYHe WHLR o|FolFTh ¢4 H7H
o FxAEE F BAZ 4 By 54
ANAe g HEWE AL sHrefinement)d]
A F38lH % 0)(Choi and Hawthorne, 2002),
A= A% £ XA E HRse Na' F
H(0,02)% dravite®] QYR 7Hz=0.1592)0.
2 33 JdEHE Al FAg 7=
He2e 9%, 988, dol29 AgdF
&, 283 AA TEAE WA overall B,
Byy) SolP, 4% #HFRZE 04 2EIA, 67
o] 7]A M(background) &2}, 27 U(scale)
A, Bap4 A, JAA9) Fehgs @ g
AE A% Solt. A W FEE 2Ew
E.-E#}lok(Rietveld-Toraya) X9 (Young et al.,
2000y AHE-3td 29° o]dto A vk BAE} R
o, 58 WS AAe Foste FEL]
B2 A 2NN dglen, AHFTE
%—. Z-, T-, @ B-AE = 242 1, 1, 0.58 2R3}
of Ate] FAr71A Fstoh

58] oj¥l Aol AMEE FA Mn-F 7|42
A7V A 22 ERAdT B
ojFol X & Wutk ofufe} AAAA Y AP T
SAEA Y] R o e E34sia
Alzbe]l 28 Agle RAud AE 8751
At wekA Mn-H7]A tig 23 &
A o]Hel oY 7fe} Ao diF g ]9}
Al EIHEE g FRA Yl FA o] F
ojzjof st CEHE AU AAJ 23
20| Ha gltt. JEHE T2 AN AnE
UEtf = RAF(R-index)t HFgES R 29
A3ttt

21 9 =8
S8 Mn—HF7|4

a9 204 BRo|, HAPINE 2] 5
Y8 9EEIA Mn 2HEE 448 L&}
cheFateh. Mne) ol HA 48 AE(S-13
S-19-4)°1 4 600ToI X Aoz HAHY
S}, Mno] 50% o] g8 A &(S-11, S-12
¥ S-18)lME Mn Fo] 371852 4L

Tt YolAle B¥%E BHoFEd. 53] Mn 24
o] 100%<] S-182 375~700C7HA &7 &%
Ao Azt P oy @A 25T AT §FA4
o AFsAh ole FHHPe] HAFHoE ¢
A olA £8 F& Ui, MgE A= Mn
o] "7|Ae] F A2 AAFHY] oy AL
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A HAo Mn-H7|Ae] AFEo] EFFA &
o, obF] Az B A7 A o] Fo
AA] Fa Yok T3 o A APM e
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Mn¢] ZAWSITo 2 o] FojF 7] o|H A
2 Mng7149 44208 eAEo e Bake
o5 o} gk ok, o)l FAAAFY 217 ¢
EWE A ZAA9E ¥ £, Mno] Eol
AFE AALEE Dol AF¢S 1432
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2 AAFA sgxAS Lotrle @A,
X-, Y-8 9 zAHAFEES A4 A3E 53
I Mn-H7|H9 dF Fza e Wk Yol
< XFEHE AHE F AR 3).

2 Ertl e al. (2003b)e] AT =9, H
Aol Mn-A7]AQl tsilaisiters ¢4 X-z}E] o)
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Fig. 3. Plot of Mn composition in bulk versus Mn content in synthetic Mn-tourmaline. Mn cation in
synthetic tourmaline occupies in structural Y site less than expected with initial experiment.

Table 3. Site Occupancies of X- and Y-site in synthetic Mn-tourmalines determined by Rietveld
refinement

Sit Cation S-1 S-16 $-19-4 S-11 S-12 S-18
¢ 0 %Mn = 0 25 25 50 75 100
" Na' 0.465. 0.485 0.471 0.468 0.477 0318
O 0.535 0.514 0.529 0.532 0.523 0.682

Mg™ 1.0 0.952 0.966 0.78 0.68 -
Y Mn?* - 0.048 0.034 0.22 0.32 0.654
AL* - - - - - 0.346

* not determined, but stoichiometically assumed 3,Y=1 under Mg-free condition

o] o] o|Zo)xA] ol Y-z AA B & AFASLZ Mg oo tigd Mn o]
3 e §54S Tapr)e PAW, =ehut X o] §oldtA GFE RoFEH, Mn-7)
olE AL ZHorsld Mg e Fu Eod, A 9E<Q tsilaisite7} HANME LAHA &
27] 29® Mn &) vlstd 24 48 A =], FALIAINE AFA ZHc 01‘
7149 tsilaisite) W& ARG FGd) @ FAR0] BgAstd dF Gl LA
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Fig. 4. Observed and calculated powder diffraction patterns and residuals for sample S-11 (%Mn=50).

(A: tourmaline, B: spessartine, C: corundum).
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Fig. 5. Observed and calculated powder diffraction patterns and residuals for sample S-18 (%Mn= 100)
(A: tourmaline, B: rhodocrosite, C: phlogopite, D: enstatite).
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Table 4. Unit cell parameters of synthetic Mn-tourmalines and other mixtures

Sample # S-1 S-16 S-19-4 S-11 S-12 S-18
a (A) 15.9090" 15.8917 15.8965 15.8938 15.9059 15.9491
. 15.903° 15.898 - 15.859 15.878 15.941
Tourmaline _
¢ (A) 7.2008 7.1933 7.1961 7.1659 7.1617 7.1773
7.189 7.202 - 7.152 7.150 7.184
. 11.6148 11.6205
Spessartine a (A) 115969  11.6055
4.7856
. a (A) 47807
Rhodocrosite 15,6926
¢ (A) 15.680
a (A) 8.1478
b (A) 12.858
. ¢ (A) 71177
Albite 2° 93.729
8° 116.41
7° 89.88
a (A) 5.0359
. b (A) 8.9032
Phlogopite ¢ (A) 18.387
7° 89.84
a (A) 18.500
Enstatite b (A) 8.9092
c (A) 5.207
a (A) 4.7628
Corundum ¢ (A) 13.0037

® upper row for each sample is determined by Rietveld refinement
® lower row for each sample is determined by unit-cell calculation 'PODEX’

ol dAAYCEE ATV}t Bk, XA £
digo] o3 HEYE FREATI] 7153 Al
Folth. Mn ZA0] 25% o3} A]F(S-1, S-16,
2 S-19-4)d N E 714 dgdoz ALl
= AR HIE dule]EY &7t #nF
stol A= &=l oy XRD FodAe 3dM
o] wlmate] FAIEFGATE Mn 2AJ0] 50%%] Al
E2S-1De AR 34 do=
Axstgom(ad 4), 75% A F(S-12)= A
71+ FA+dutol £ 3 dog Ate])
th. 3] Mn 240] 100%2] A8 S-189] A%
A 409 EFFEH A+ H AT EHAL
B A AXE o2y 5),
T Aug Zdst BHo] Pt}

YEFE T A d3 10~120° 20 Alo)
oA #2¥ F Bragg 3EHL 630~6407F %

o 3709 B 49 BFoZ )T}
QAR S-117 S-18¢] dlste] ALE dHE
4z 9 49k 59 YER ) o714 Observed
T X-4 34 dgu|olg o)1, Calculated= ©] 23
o2 A4 Hlo]E o] 1, Residualse F H| o]
o Ao)E LEpdT. Egaelt A Aol we
2o A& 13E v, Residualsy z}oj7} F&
HAA e As 2 F Aok guh 19 45 4
MY FELE At FAXNASANE B3}
I 20~30° 24 Alo]o A Residualse] o] =7}
A3 ol Qe A A5 BB 2AT
= AA AT, O Fo] FE Bxk ohe} A7
4 pzaAel As dee MAHNA g Ao
2 gaske 2A 3T,

ZEHE At 298 JYgule ZEFE X
“(Sakata and Cooper, 1979)8 FHRH(E 2),
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Table 5. Final atomic coordinates for synthetic Mn-tourmalines

Posi- Coor-

Atom . . S-1 S-16 S-19-4 S-11 S-12 S-18
tion dinate
X(Na) 3a z 0.1592 0.1592 0.1592 0.1592 0.1592 0.1592
B* 2.3(7 2.7(6) 2.3(7) 2(D 3(1) 2.3(5)
k 0.155(4) 0.160(4) 0.157(4) 0.156(7) 0.159(4) 0.106(9)
Y(Mg) 9b X 0.9372(2) 0.9378(2) 0.9377(2) 0.9390(4) 0.9392(4) 0.9377(5)
y -X -X -X -X -X -X
z 0.550(3) 0.553(3) 0.552(3) 0.568(4) 0.569(5) 0.562(8)
B 1.1(5) 1.2(4) 1.0(5) 2.3(9) 2.1(5) 1.3(5)
k 0.5 0.476(7) 0.483(4) 0.39(1) 0.34(2) 0.327(8)
Z(Al) 18¢ X 0.7382(3) 0.7386(3) 0.7387(3)  0.7375(6)  0.7391(6)  0.7409(7)
y 0.7021(3)  0.7020(3)  0.7022(3)  0.7018(5) 0.7019(6)  0.7056(7)
z 0.528(2) 0.527(2) 0.528(3) 0.540(4) 0.546(5) 0.536(8)
B 1.3(5) 1.4(3) 0.7(4) 1.7(8) 0.9(2) 0.9(8)
T(Si) 18¢ X 0.8109(3) 0.8091(3) 0.8092(4) 0.8095(6) 0.8084(7)  0.8062(9)
y 0.8055(3) 0.8075(3) 0.8072(3) 0.8069(6) 0.8091(6)  0.8090(8)
z 0.916(2) 0.912(2) 0.914(3) 0.929(4) 0.933(5) 0.938(8)
B 1.4(5) 2.2(4) 1.6(4) 2.6(9) 2.0(3) 2.3(9)
B 9b X 0.109(9) 0.1101(8)  0.112(1) 0.114(2) 0.111(2) 0.112(2)
y -X -X -X -X -X -X
4 0.364(4) 0.369(4) 0.375(4) 0.365(6) 0.392(7) 0.397(9)
01 3a z 0.687(4) 0.675(4) 0.694(4) 0.717(6) 0.705(9) 0.710(9)
B 1.4(6) 14 1.4 1(1) 1(1) 1.7
02 9b X 0.0612(4) 0.0629(4) 0.0619(4) 0.0623(7) 0.0618(8) 0.061(1)
y -X -X -X -X -X -X
z 0.409(3) 0.408(3) 0.407(3) 0.426(5) 0.423(6) 0.429(2)
B 0.6(5) 1.7(3) 1.0(4) 1.5(9) 0.9 0.7
03 18¢ X 0.8697(4) 0.8687(4) 0.8689(4) 0.8702(8) 0.8686(8)  0.872(1)
y -X -X -X -X -X -X
z 0.428(3) 0.419(3) 0.429(3) 0/439(4) 0.445(6) 0.429(8)
B 1.0(5) 1.1(4) 0.2(5) 1.5(8) 0.2(6) 0.4
04 18¢ X 0.0956(4) 0.0913(4) 0.0908(5) 0.0884(8) 0.0911(8) 0.093(1)
y -X -X -X -X -X -X
z 0.991(3) 0.988(3) 0.990(3) 0.995(4) 0.989(5) 0.985(9)
B 1.0(5) 1.7(3) 1.0(4) 1.5(8) 0.9 0.7
05 9 X 0.9088(5) -« 0.9080(4) 0.9087(5) 0.9062(8) 0.9182(8) 0.9119(9)
y -X -X -X -X -X -X
z 0.001(3) 0.006(3) 0.007(3) 0.018(5) 0.028(6) 0.031(9)
B 1.0(5) 1.7(3) 1.0(4) 1.5(8) 0.9 0.7
06 18¢ X 0.8158(6) 0.8199(6) 0.8167(6) 0.818(1) 0.813(1) 0.820(1)
y 0.8057(6) 0.8038(6)  0.8053(7) 0.807(1) 0.806(1) 0.807(2)
z 0.697(3) 0.696(3) 0.695(3) 0.713(4) 0.712(6) 0.698(3)
B 1.0(5) 1.7(3) 1.0(4) 1.5(8) 0.9 0.7
07 18¢ X 0.7149(6) 0.7135(6) 0.7147(6) 0.713(1) 0.713(1) 0.711(1)
y 0.7147(6)  0.7150(5)  0.7150(6) 0.7146(9) 0.712(1) 0.712(1)
z -0.007(4) -0.008(3) -0.008(3) 0.004(4) 0.008(5) -0.006(8)
B 1.0(5) 1.7(3) 1.0(4) 1.5(8) 0.9 0.7
08 9% X 0.7304(5) 0.7291(5) 0.7294(6) 0.7308(9)  0.728(1) 0.725(1)
y 0.7902(6)  0.7909(6)  0.7908(6)  0.789(1) 0.788(1) 0.794(1)
z 0.359(2) 0.362(2) 0.356(3) 0.371(4) 0.369(5) 0.328(8)
B 1.0(5) 1.7(3) 1.0(4) 1.5(8) 0.9 0.7

Note: Site occupancies (k) for Z, T, and B are fixed as 1, 1, 1/2, respectively (Internatioal Tables for X-ray Crystallography.
Vol. 1)
* B: isotropic thermal parameters. B for site B is fixed as 0.9.
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Table 6. Mean interatomic distances, bond angles, and their variances for synthetic Mn-tourmalines

S-1 S-16 S-19-4 S-11 S-12 S-18
Mean Na-O (A) 2.67 2.69 2.67 2.68 2.67 2.65
Mean Y-O (A) 2.00 2.01 2.01 2.00 2.02 1.96
Mean O-Y-O (°) 90.0 89.9 90.0 89.9 89.9 90.0
6 o° (Y-site)* 73.5 68.1 71.0 60.4 78.5 68.7
Mean Z-O (A) 1.93 1.94 1.93 1.93 1.91 1.94
Mean O-Z-O (°) 90.1 90.1 90.1° 90.1 90.2 90.2
04 (Z-site) 532 457 515 61.7 60.1 58.6
Mean T-O (A) 1.59 1.63 1.62 1.61 1.63 1.67
Mean O-T-O (°) 109.5 109.3 109.3 109.4 109.4 109.4
oo (T-site) 215 26.4 26.0 222 30.0 49.4
8** 0.031 0.027 0.022 0.025 0.023 0.061

*o: bond angle variance for each site

**§: ditrigonality, & =(r-rs)/rs, where n and rs are the distance
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