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Abstract. ОССlllтепсе. сhеl11istгу. сгуstа] gгowth. tесhпi-
са! аррliсаtiопs. stгuсtuге апd polytypisl11 оУ хопоtlitе
Са6Si(ДI7(ОН):' аге ,"eviewed. Atol11ic соогdiпаtеs оУ the
tllгее sil11plest огdегеd polytypes iп ПlОditiеd Gагd поtа-
tiоп: М(/2/)(, (space gгоuр Р2/(/. (/ = 17.032. /J = 7.363.
c=7.o12A. /1=90.36). М(/2Ыс (space gгoup А2/(/.
(/ = 17.032. /7= 7.363. с = 14.023. /1= 90.36'). апd
М2(/2/7С (space gгoup Pl. (/=8.712. /J = 7.363.
с = 7.012 А. и = 89.99 /1= 90.36. У = 102.18') wеге
ПlОdеlеd УГОI11gеОl11еtгiс ргiпсiрlеs based оп the kпоwп
stГLlсtuге оУ the М2(/2Ыс polytype (space gгoup АТ.
(/ = 8.712. /7 = 7.363. с = 14.023. и = 89.99 /1= 90.36.
у = 102.18). Uпiquе геtlесtiоп апапgеl11епts iп the гесi-
ргосаl lattice. сhагасtегistiс ot' each polytype. wеге dеtiпеd
as сгitегiа (о idепtit.у хопоtlitе polytypes оп Х-гау siпglе-
сгуstаl рhоtogгарhs. Ргесеssiоп- апd WеissепЬегg-рhоto-
gгарhs ot' а хопоtlitе УГОI11the Каlаhагi l11апgапеsе tield
(RepubIic оУ South Аt'гiса) iпdiсаtеd the ргеdОl11iпапсе оУ
the (100) twiппеd М2(/2Ыс polytype. Yollowed Ьу the
М(/2/72с polytype. апd уегу low сопсепtгаtiопs ot' the
М(/2/)(, polytype. The М2(/2/7Сpolytype could поt Ье idеп-

titied which аgгееs with ргеviоus еlесtгоп diпгасtiоп ех-
регil11епts оп хопоtlitеs t'ГОI11otheI" ]ocalities. OitTuse
stгеаks рагаllе! (О а'" апd less iпtепsivе опеs рагаl]е] (о с'"
оп siпglе-сгуstаl рhоtоgгарhs suggest the ргеsепсе ot' ad-
ditiопаl disогdегеd polytypes.

Introduction

The сhеl11istгу оУ phases cOl11posed ot' СаО. SiO:, апd Н:,О
is уегу cOl11plex апd а lагgе ПUI11ЬегоУ СОl11роuпds is
kпоwп iп сеl11епt сhеl11istгу (ТауlоГ, 1997). Oue (о theiI"
СОl11роsitiопthey аге called C-S-H phases. TheiI" сгуstаl-
liпitу is гаthег роог апd the stability оУ vагiоus phases is
опlу loosely dеtiпеd. Few сгуstаl stгuсtuгеs аl110пg the
lагgе пшnЬег оУ possible C-S-H СОl11роuпds have Ьееп
solved. Ргоdап. Магiпkоviс. Vепе. Kuгbus апd Boswell
( 1983) give ап оvегviеw ot' kпоwп stгuсtuгеs withiп the
CaO-SiO:,-Н:,О systel11.

Хопоtlitе Са6[Si(ДI7)(ОН):' гесеivеd its паl11е trOI11the
(уре locality Tetela de Хопоtlа. Mexico (Rаl11l11еlsЬегg.

Сопеsропdспсс аLlthшs (e-ll1ail: cli\ia.!lejny@krist.lInibe.cll.
thОll1аs.аПllhГLlstег@'kгist.lIпihс.сh)

1866). Eakleite was t'Olшd (о Ье idепtiсаl with хопоtlitе
(Lагsеп. 1923). Juгupaite was disсгеditеd апd гергеsепts
хопоtlitе with l11аgпеsillln рШ11у герlасiпg calcillln (Тау-
'ог. 1954).

]п паtuге хопоtlitе occuгs as vеiп УОГl11iпgl11iпегаl asso-
ciated with otheI" puгe Ca-silicates as wоllаstoпitе. toЬег-
I110гitе. сliпоtoЬеГl110гitе. гosel1hahl1ite al1d Са-Ьеагil1g sili-
cates as pectolite. apophyllite. datolite. ргеhl1itе (Маjег.
Вагiс. 1971). XOl1otlite is ot'tcl1 а pгoduct оУ Ca-l11etaso-
l11atosis al1d is thel1 t'оuпd а! ог close (о а cOl1tact ot' cal-
сiшn Ьеагil1g гocks with igl1eous гocks. Мапу оУ the I1U-
l11eгous deposits аге associated with ultгшnаtiс bodies
(Маjег. Вагiс. 1971: О'Вгiеп. Rоdgегs. 1973: Кауе. 1953:
Sl11ith. ]954). OtheI" оссuггеl1сеs аге il1 COl1tactl11eta-
l110гphic lil11estol1e. as а! the (уре locality. ог il1 hогпt'еlsеd
calc-si]icate гock (Вгоwп. 1978). Хопоtlitе dеhуdгаtеs а!
775-800 сс (о wollastol1ite Ьу аl1 oгiel1ted tгапst'опnаtiоп
(Оепt. Тауlог. 1956).

Хопоtlitе has also techl1ical applicatiol1s: because оУ its
stability а! high tеl11регаtuге «800 'С) it is а СОI11РОl1еl1!
ot' stешn cuгed сеl11епts (Тау loг. 1997). These cel11el1ts аге
used Уогspecial applicatiol1s such as tiЬег-геil1t'огсеd l11ate-
гiаls ot' уегу 10w-del1sity thепnаl il1sulatiol1 I11аtегiаls. Хо-
110tlite iп сеl11епtitiоus I11аtгiсеs. assessed t'oI" il11l1lObiliza-
tiol1 ot' гаdiоасtivе waste. аЬsогЬs Cs УГОI11hуdгоus
solutiol1s (McCulloch. Al1gus. Сгаwtогd. Rahl11al1. Glаssег.
1985). OtheI" applicatiol1s ot' sYl1thetic xOl1otlite СОl11ргisе
УгiсtiОI1extel1deI" il1 Ьгаkераds ot' autol11obiles. pigl11ent iп
рарег al1d dye il1dustгу. thixotгopic agel1t il1 pail1ts. I110Г-
tагs. g]ues. disрегsil1g апd геil1tогсiпg agel1t il1 cOl11posites.
Лаl11е геtагdаl1t al1d dгiр suрргеssаl1t il1 thеГl110рlаstiсs.

XOl1otlite саl1 Ье sYl1thesized hуdгоthеГl11аllу withil1
f"ew days а! 200-350 'С апd elevated ргеssuге (Shiгvаstа-
уа. КОl11агпеl1i.Вгеvаl. 1991: Yal1agisawa. Fel1g. Yal11asa-
ki. 1997: Kalousek. Mitsuda. Tayloc 1977: Yal1agisawa е!
al.. 1997: Тау)ог. ]997: Stuсkеl11еiег. Oettl11al1l1.Mal1gold.
Sсhwеегs. 1999). X0l1ot1ite is be1ieved to УОГI11topotacti-
cally out ot' tоЬеГl110гitе (Kalousek е! аl.. 1977: Тау10Г.
1959). The cгystallil1ity оУ sYl1thetic xOl1otlite is оУ гаthег
роог qua1ity. :'9Si-NMR sресtга ot' sYl1thetic x0l1ot1ites
showed аl1 additiol1a1 sigl1a1 which was iпtегргеtеd iп
tеГI11SоУ сhаiп tГUl1саtiОI1Swhегеаs а соггеsрОl1dil1g sigl1a1
was I10! оЬsегvеd il1 sресtга ot' l1atuгal xOl1otlites оУ high
сгуstа11il1itу (Nol11a. Adachi. Matsuda. Yokoyal11a. 1998).

Sеvега1 studies 011both l1atuгal al1d sYl1thetic x0l1ot1ites
show higheI" wateI" cOl1tel1t thal1 assul11ed Ьу the t'ОГl11u1а
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Саб[Si(,о17](ОН):> (GI'iInInel', Wiеkег. 1971). 1п IH MAS
NМR-sрееtга о( synthetic and natuгa1 sашрlcs (Norna е!
al.. 19(8) the lil1es (ог stгuсtuгul CuOH und iso1ated SiOH
cou1d Ье dccol1vo1uted. The sресtгuIn cOl1sisted 01' u shагр
and stГOl1g signu1 а! 2.19 ррIn assigned to stгuсtuга1 СаОН
(73'7, (ог the l1atuгal sашрlе). а shouldeJ" at 1.86 ррIn in-
tегргеtеLl as iso1atcc1 SiOH (1 8'k iп the паtuга1 saInp1e).
al1d а bгoad sigl1ul а! 5.26 РРIl1 assigl1ed to ПlOlеСLlluг Н:,О
(9Я il1 the l1atuгu1 sшпр1е).

111 хопоt1itе HP (о 5rk о( Si4' I11ау Ье SLlbstitL1ted Ьу

A1~'. These sYl1thetic АI Ьеuгiпg sресiшепs huve се1l
рагаl11еtегs sigпillсаl1tlу LlitТсгспt f'I'ош А1 (гсс saInplcs
(Ka10L1sek е! al.. 1977), Thc Ca/Si гаtiо is ol'tcn t"l1Ul1d 10
Ье < 1. То obtail1 сhагgе Ьаlапсе il1 ca1ciLII11 dеtiсiепt СОI11-
роsitiопs асkiitiопа1 ргоtопs Ьауе to Ье iпсогрогаtеLl iп the
stГLlсtL1ге (Ka]oL1sek et а1.. 1977). Ca:>~ сап а1пюst сorпр]е-
(е1у Ье SLlbstitL1ted Ьу Co:'~ and Ni:'~ (Кошагпеl1i. Roy.
Roy. 1985) al1d рагtiаl1у Ье гер1асеd Ьу Mg:' (Shгivаstu-
vu. е! ul.. 1(91). FLtl1hеГПlОге. 10w СОl1сеl1tгаtiопs оУ Nu-.
K~. Мп:>- :шd Fc-'~ агс t'ОLшd in sеvсга1 паtL1га1 xOl1otlite

saInples (dеВгuiУI1. Schoch. уап deJ" Westhuizen. Beukes.
1999).

ТЬе siпg1с-сгуstаl difTl'action pattcm о( xonot1itc (Тау-
1ш. 1954: Кнс!оЬ. Tak~tIchi. 1979) shows shагр ге11ес-
tions. ditt'use гсtlесtiОI1S al1d stгеаks. Сопsidегil1g опlу tlle
shагр геtlесtiопs а sL1bcell was detined. Taking the stгеuks
into account. u сс1l with LloL1blcLl b-uxis геsu1ts. Shuгр tT-
tlectiol1s агс l'OLшd l'oJ" k = 2п. whегеаs the ditТuse ol1es
al1d stгеаks аге оЬsегvеLl t'oг k = 2п + 1. ТЬе steaks гuп
both рага1lеl а'" and с*. indicating опе-diInсl1siоl1а1 disoг-
deJ" in two diгесtiопs (Gагd. 1966: Chisholtn, 1980). ShOl1
spikes регреlllliСLt1аг to tllc аЬоуе П1спtiопе(1 stгсаks. visi-
Ыс in е1есtгоп difТгасtiОI1 il11ages. have Ьееп iпtегргеtеd in
tenns of two-diInепsiопu1 disшdег (DОГI1Ьегgег-SсhitТ.
1964).

МаInеLlоу and Ве1оу (1955. 1956а) wеге the tiгst 10
pгoposc а stгuсtuге 1110del Гог xOl1otlite (lateJ" сопliгшеd Ьу
ЕЬегhш'd. Hal11id. Rбttgег. 1981). The stгuсtL1ГС сопsists о(
ca1ciul11 ро!уhеdга1 1ауегs al1d inlinite Si04 dOL1bIe chains.
Based 011 this stГLlсtLtге П10dеl. six po1ytypes, t(JLII' огdегеd
апсl two опе-с!iП1спsiопаllу сlisогс!сгсс!. wсгс suggestecl
апd theiJ" c01Tespol1ding гесiргоса1 1attices wеге i11L1stгаtеd
(Gaгd. 1966), Fuгthеппоге. tive о( these po1ytypes wеге
сопtiГl11еd Ьу electгon difТгасtiоп оп natuгa1 saInples
(Gaгd. 1966: Сhishоlш. 1980). ТЬе Лгst cOInp1ete stгuс-
(uгe dеtеГl11iпаtiоп ot' ап огdегеd polytype. ргеviоus1у рге-
dicted Ьу Gагd (1966). has Ьссп can'ied out Ьу Kudoh and
Takeuchi (1979).

Tlle ехрегil11епtа1 objective 01' tllе ргеsепt stш!у is (о
idепtit'у xonot1ite po1ytypes fГOI11 siпg1е-сгуstа1 ditТгuсtiоп
puttems. ТЬеге has Ьееп по ехаl11р1е герОl1еd as уе! whеге
а l11acгoscopic xonot1itc сгуstа1 was оп1у cOl11posed 01' опе
polytype without uLlditionul disогLlег. ]п gепегаl. сгуstаls
гергеsепt po1ytypic iпtегgгоwths with additional twinning
al1d disогdсг as evidcnced Ьу stгсаkil1g in siпglс-сгуstа1 х-
гау ог electгon ditt'гасtiОI1 раttегпs. FoJ" а sL1ccesst'u1 identi-
fiсаtiоп 01' (Ье vагiOllS оп!егеtl po1ytypes, tlleir stПlсtL1геs
П1Ust Ье kl1ОWП iп огdег (О ca1culate tlle diffгасtiОI1 puttem
in vагiОL1S сгуstullоgгарhiс огiепtutiопs. Two Inethods I11ау
Ье applied (ог Inodeling Ol'dсгеd xonotlite polytypes: (1)
Dегivаtiоп (ГОI11 stгiсtlу gеОl11еtгiс ргiпсiрlеs. whеге а

stгuсtL1Га1 l11odL1le. dегivеd {ГОI11 а kl10wn xonotlite poly-
(урс. is detined. This ll10dulc is subseqL1cntly stacked to
yie]d vагiоus polytype stГLlсtuгеs ргеdiсtеtl and оhsегvеLl
Ьу Gагd (] 966). (2) Dегivаtiоп Ьу ОD-thеогу (Doгnbeг-
gег-SсhifТ. 1956. 1964). which is based 011 application ot'
special SУInInеtгу орегаtiОI1S оп а specitic lауег. the so
callec! partial SУП1ll1еtгу орегаtiопs (и орегаtiоп). Both
ll1ethoLls lеаLl (о сопеSРОl1diпg геSLllts. 1п tllis stLtdy \\'е
have сhоsеп the sill1ple gеОll1еtгiс appгouch becuuse it
does поt геqLliге knowledge 01' ОD-thеогу. Nеvегthеlеss.
the ОD-сhагасtег will Ье discLlssed iп а sерагutе sесtiоп.

Structure апд polytypism

Tlle hasic structural features

СОInПlОl1 (о а1l polytypcs is а роlуhеdгаl ]ауег о( Оl1е cal-
сiшп utOI11 iп осtаhеdга1 апd two calciLtln atoll1s iп seven-
(old соогdiпаtiОI1 (Fig, 1). ТllC ca1ciuIn atoInS in sevent'olLl
соогdil1аtiоп have six close пеighЬогs in I'ОПl1о( а tгigОl1аl
ргiSI11 plus а sevel1th oxygel1 attached а! опе ргisIn (асе.
The осtаhеdга аге eLlge-shагiпg to t"lJПП аl1 il1til1ite chail1
а]опg tlle Il-axis (сllаiп А). А соггеsропсliпg cllail1 о(
еdgе-slыгil1g роlуhеdга alol1g the b-axis is built Ьу tl1C
calciLl111 atoInS il1 sеvепl'оld соогLliпаtiоп (cl1ail1s В аl1L1
В/). AII chains аге joined togetheJ" Ьу edge-shaгil1g (о (опп

а laycJ" рагаllеl (001) with а BAB/-апuпgеПlеl1t о( the
chains. Chail1 В and В/ аге геlаtеd to еасЬ otheJ" Ьу а two-
t'old axis рагаllеl to Ь al1d а l11iпог plal1e регрепdiсulаг to
it. ThLIS thc апапgеl11еl1t о( опlу Са-охуgсп роlуhеdга in
хorюtlitе сап 11е dеsсгil1еd iп а cell 'Nitll {{

= 17.0.11.
/7 = 3.682. с = 7.0]2 А. ()

= 90.37 ot' C2//II SУПlПlеtгу
(Kudoh. Takeuehi. 1979).

The Са роlуhеdгаl lауегs аге liпkеd Ьу [Si(,017J-dоublе
chuil1s. I:ach [Si(lOI7]-dоublе chain (Fig.2) consists оУ u

Fig. 1. С~kil1lП роlуhеdг~l '~yeг iп tlJe stГLlсtшс 01" ХOlЮllltс. Cll~iпs
о!" c~lciuJ)) ~toIПS iп осt~hсdг~1 соогdiп~tiоп. type А. ~гe light gг~у.
С:h~iпs 01" calcilllll aiOlПS il1 sс\'сп-t'оkl соопliПaliоп. type R. R', аге
d~гk gr~y. The sе\'епt'оld соогdiп~tiоп sрhеге is СОIПроsеd 01" ~ tгigо-
п~l огislП olus ~IJ ~dditiOlJdI sе\'спth ох\,,-,еп ~lоП1 (hl~ck dots),
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Hg.2. [5i,,0] 1-"DгсiСГ-llоррсl"еttе" ill xOllotlite 'ССIl along thc с-
a.,is Ikt't) alld alollg tl1e a-axis (rigtlt). Ь verlical.

\НJIlаstопitс-likс paiJ" оУ [Si,Очl- 'Огсiег-еiпt'асhkеttеп' оУ
согпег-liпkеd SiO-\ tсtгаhеdга. This siпglе сhаiп has а рсгi-
odicity оУ thгее tеtгаhеdга. two оУ thel11 аге jоiпеd to give
а [Si207 ]-раiJ" а1tегпаtiпg with а siпglе tеtгаhеdгоп which
соппесts the раiгеd tсtгаhеdга апd is thегеУогс labeled
Ьгidgiпg tеtгаhеdгоп. 1п хопоtlitс two [Si:10ч]- 'Dгеiег-еiп-
t"асllkеttеп' аге jоiпеLl to Гопn а [Si6017]-'Огеiег-dорреl-
kette' Ьу shaгing apical oxygen atol11s of two hгidgiпg tet-
гаhеdга. The two siпglе chains аге гсlаtеd to each otheJ" Ьу
ап iп\'егsiоп сепtег, а two-t'old axis, and а l11ilТoJ" рlапе
регрепdiСLllаг to the two-Yold axis. thLlS the SУl11l11сtгу оУ
the dOLlble сhаiп is 21т.

The ОН gГOLlp is located а! thc Г'гее apices оГ' calciul11
осtаhеdга whеге по Ьгidgiпg SiO-\ tеtгаhеdга аге attached.
ОН stгеtсl1iпg ГгеЧllепсiеs at 3636 Сl11-1 iпdiсаtе that the
О-Н...О Llislапсе is гаthег lопg, са 3.3 А (KaloLlsek.
Roy. 1957: Lilюwitzkу. 1999). Ргоtопs associateLl with

SiO-\ tеtгаhеdга (silапоl gгoups) as dсгivеd fгоПl lн MAS
NMR sресtгоsсору (Nol11a е! al.. 1998) have not Ьееп 10-
cated iп the stГLlсtше so t"ш'. SL1I1Jlus Н2О l110lccLlles аге
assL1lned iп the сепtегs оГ the eight-lllеlllЬегеd гiпgs оУ the
double chains (KLldoh, Таkеш:hi. 1979).

Pulytypes explai"ed as difТere"t stacki"g of
а protoxo"otlite сеll

Ouc (о the {ас! that the [Si60 17]-'Dгеiег-dорреlkеttе' has
the sallle lепgth <lS two calciLlIll polyhcdгa, cach dOLlbIC
сhаiп ot' SiO-\-tеtгаhеdга сап Ье attached to the саlciшn
осtаhеdга а! two dit'fегепt роsitiопs (Fig, 3). This is the
геаsоп t'oг the арреШ'ШlCе ot' the vагiоus polytypes.

То visLlalize and СОlllраге the polytypes, а SПlаl1 Llпit
СОПlПюп (о ЬОйl polytype stПlLtшсs (Mal11ecjov. Belov.
1955. 1956а: KLldoll. Takeuclli, 1979) was iпtгос1uсеtl.
This СОI11ПlОПLlnit has 1110посliпiс sYlllllletry. it is nallled
'сеН оУ hypothctical ргоtохопоtlitе' (KLldoh. TakeLlchi,
1979) апd has dilllensions оГ: ар = 8.516, Ьр = 7.363,
Ср = 7.012 А, (1р = 90.37". Polytype stГLlсtшеs Illау Ье ех-
plained as diffсгспt аггапgеlllепts оУ this pгotoxonotlite
сеН. Note that this pгotoxonotlite сеН (dottetl 1ine in
Figs.4, 5 апtl (i) is поt а сгуSlаl10gгарhiсаllу corгec! Llnit

cel!. Тllis is becaLlse tlle pгotoxOllOtlite сеН cloes по! СОIll-
ply \\!ith the геqLliгеlllепt оУ thгее-dilllепsiопаl регiоdiс
tгапslаtiоп, but it is песеssагу that аlопg [100] adjacent
cel1s аге shit'ted Ьу I Ь/4 ог -Ь/4. NeitheJ" the calciulll

Fig.3. Т\\'о possibilities 01' cOllllcctillg а cl1llin о!' SiC}, tсtгаhсdга

witll а periodicity 01' ttlree tctl.allCllгa [О а COllllllll оГ саlcilllП oClahe-
dra (type А) in xOllotlitc (юр alld I11iddle) and COl1ll11l1 01 calcillI11

octahcllra \',ith t\\O sllperi111posed SiO~ chaills (bOtt0111).

гiЬЬоп пог the пехt dOLlbIe сhаiп оУ SiO-\ tеtгаhеdга сап Ье
con'ectly placed withoLlt this ::!::Ь/4 shit't. 1п аdditiоп. аlопg
[001] аdjасепt ргоtoхопоtlitе cel1s аге eitheJ" juxtaposed ог
shiYted Ьу Ь/2. Опlу along [01 О] the ргоtохопоtlitе се!1 is
always гереаtесl Ьу rЮПllаl tгапslаliоп. Ассогdiпg to this

Fig.4. DiПегспсе !)еtwееп lwo герогtеd polytypes of' xonotlite il1 u
view alol1g [001]. Тор: xOl1otlite polytype а, pгoposcd Ьу Ma111edo\
ul1d Belov (1955). 111 a-directiol1 adjaccllt pгotoxol1otlitc cells аге
sllitied (urrows) altemately Ьу -+-Ы4 alld -Ь/4. 80tlO111: xOl1otlite
polytypc retilled Ьу KlIdoh and Takcuchi (1979). In a-directio!1 adJa-
сеп! protoxollotlite cells аге shiГlеd (ап'о\vs) cOl1til1llOusly Ьу -гЫ..
(ог -Ы4). SiO~ tetrahc(lra аге раttетеci. calcillll1 octahcllra light gray,
саlсilllП polyhedra ill sevel1-f'old coordillatio!1 dar" gray. ProtOX0I10-
tlite cells (KlIdoh al1d Takellchi. 1979) have dottcd li!1es.
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ТЬе Gard notation of xonotlite polytypesаррJт>асll. tlle tirst difference between thc monoclinic poly-
(урс (Marnedo\'. Belo\'. 1955. 1956а) and tlle triclinic опе
(Kudoh, Takeuchi, 1979) is the repetition of protoxonotlite
cel\s along [IOO} (Fig. 4). In the rnonoclinic structure
(Marnedo\'. Belo\'. 1955. 1956а) the ргоtохопоtlitе cells
аге аltегпаtеlу shit'ted Ьу +Ь/4 ащl -Ы4. wllereas iп the
triclinic polytype (Кшl!)II, Takellclli. 1979) they аге аг-
гапgеll Ьу а сопtiI1110USstep of +Ы4 (ог -Ы4). А secoI1d
ditTcl'eI1Ce occurs рагаl\еl (о thc c-axis (Fig.5). 111 the
1110110clil1icpolytypc the tctrallcdral dOllble chains аге jux-
taposed whcrcas iI1 the triclinic polytype adjacent pгotoxo-
notlite cells аге sllit'ted Ьу Ь/2. This strllcture descriptioI1
already sllggests tl13t xonotlite тау exhibit ol1e-dimel1-
sion31 disor<!er рuгзllеl !о the а- :1nd c-llirectiol1 ul1d hel1ce
polytypes distiпсt il1 stасkiпg akJllg botll diгесtiопs. The
predictcd diSlшleг is СОl1tiПllеd Ьу the presencc 01' strcaks
a10ng а* al1d с'" il1 sil1gle-crystal Х-гау aI1d clectron dit'-
fraction patterl1s (Kudoh. Takellcllj. 1!}79: Gard. 1966:
Chisholm. 1980).

Fig. S. DiПеt'спсе b<:t\\"Ccn [\\'о repot1ed polytypes 01' xonotlite ill а
\'ie\\' аlшч! II()()I, I.cl'[: xono[lile poly[ypc а, рюроsеd Ьу Mall1Cdo\'
and 8clo\' ( 1(55), РюtОХOllОtlitс cel\s аrе periodically repeate<1 raral-

!еl ю с, Right: xOllotlite polytype retined Ьу Kudoh and Takeuchi
(1979), Рroюхопоtlitе ce!ls аrе shil'ted Ьу Ь/2, 8!ш;k сiгс!еs аге ОН-
роsi[iоп: color-codes а' iп Fig. -.1. Notice [Ьа[ iп the Матеао\' апd

8elo\ (1955) polytype. Са octal1(:dra \vith (\\'О ОН gl'Oups аllегп;не
\\'ith n0l1-hydroxylaled Са oClahe,IJ':j. 'П contrast. in the Kudol1 апd
Takcuchi ( 1979) polylype eacl1 Са octal1edron caITies Оllе ОН gt'OllP,

Fig.6. Тriсliпiс ХОlюt!itе М2({2/,2с po!ytype iп its tric!inic
(Kudoh alld Takeucl1i, 1(79) al1d р'ешlп-опhоrIЮП1Ьi<: st:ltiПI;
(\abeled F~2~ Ьу Gard. 1(66). Iп addition. the pгotoxollotIite
ce!l. al1u the sulJCell аге gi\en,

Gard (1966) pгopusetl а systel11 оf' nOl11enclatuгe ГОГ ХОI10-
tJite аntl otlle,' fihГOtls саlcitlПl silicates. Нс deri\'ed tllis
systell1 iп reciproc<ll spuce only Ьу гсГсп'iпg to а suhcclll
deterrnined I'юm shaгp rcllectiol1s (ulso ПШllсd l'aI11ily !'е-
Ilections) Cll<lracteristic 01' u po1ytype t'al11ily. TI1e аП-:.II1gс-
теп! 01' tllcse shat"p rellcctions in r'ecipгocal sp<lce сопе-
spol1ds to tlle periodic uггапgеI11Сl1r 01' Са-охуgеп
coordination polyhedra iп di,'ect 'расе. Rеlаtiпg the size
01' this subcell (о lartice рагarпеlе!'s 01' Ш1 iпdiv'idШ1I poly-
(урс. а t'otlHligit stlПiх LUVW у\'а, oht<lined. L is thc

Bra\'ais lattice (уре of 111e spccilic<l polytype il1 а settil1g
witll the crystal ихе, ригаНеl (о the stlhceil. ТllC ntlll1bcrs
UV\V dcnote 111Ultiples 01' tlle sttbcell leading to (ollo\\'ing
cqtlations. 111 ['eciprocal ,расе: И, а ';;"1\1\1',' = a';'''I''''II'
V 'b'~"I,lyr' = b'~'"hc,ll, W. C':;"I\I"" = C:~'"hc,II:' in llirect
space: ap"I.\I"," = U . a,"hc,II, br"IYIYPc = У '!J'lIh,',ll. Cp"I"
'урс = \У . C,"hccll'

Gartl (1966) ol)\:iously used the pseudo-ol1horhol11bic
sul1Cell рюроsеd Ьу Mallledov al1d Bclov' (1955. 1956а)
I'oг xonotlite: (/ = 16.53. Ь = 3.637. с = 7.04 А. и. = (J =
у - 90' ot' 111OI1oclil1ic sYI11I11etry С121т 1 (l1ul11c!'ical \':11-
lICS аге I10! рю\'idеd Ьу Gard). Тllis cell is equi\'ulel1t ro
the re\'ised ccll gi\'en Ьу KlIdoh ul1d Tukellclli (197!}) \\'ith
(/ = 17.03 1. /) - 3.6S2. с = 7.012 А, () = 90.31' 01' С21111
sYl11l11etгy describil1g thc штаl1gеrnеll! 01' C<l coordil1atiol1
po1ylledr<l. In Garll's поrаtiОI1 tlle 1110l1oclil1ic polyrypc 01'
Mamello\' атнl Belo\' (1955. 1956а) is l1amcd Р 12].
\Vlle"cas the triclil1ic polytypc оГ Kudoh al1d Taketlchi
(1979) is naI11cd F222. Н' this г'222 scttil1g is Nigg1i ге-
duccd а сопеsропdiпg tt"iclil1ic cell 01' А Тspuce gгotlp 'Уl11-
met!'y is det"i\'ed (Fig. 6).

1 SUBCELL: Also 11а l11ell PSF.tJDOCELl. il1 o!der litегаtlllС le.~,
Gard. 1966: Taylor, 195-.1). 11'а sllbcell is lleri\'ed 1'1'0111sharp t':1I11ily
retleclions ill lеПI1S о!' ОD-rl1еогу (DогпЬегgег-5сI1iП', ]956, I<)f>-.I:
Мегlil10. 1(97) it is called l'al11ily cell,

PROTOXONOTLIТE CELL accorllill~ to Klldol1. Takellcl1i
(1979): 5 111а 11S[ГlIСlllгаl Ullil С0l11l11011to all poly[ypes: llilTacl1l poly-
(уре, аrе deri\'ed Ьу ditTerel1t slackit1g 01' (т, рroЮХ0l1Оtli!с сеll. :\
Pl'otoxonntlite cell is по! пссеssш'ilу а 1I11i!ссll iп COI1\'entiol1al сгуs-
tаllоgгарl1iс l11еапiпg,
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А ПlОditlеd Gard поtаtiоп was approved Ьу the Iпtеmа-
tional Uпiоп 01' Crystallography (Guinier, Bokij, BolI-
Domberger, Cowley, 6urovic, Jagodzinski, Krishna, De-
WoltT. Zvуаgiп. Сох. Goodman. Hahn. Kuchitsu, АЬга-
hams, 1984) where the tirst letter indicates the monoclinic
system о{ tllC sulxell (М), TlHee lоwег-саsе lеttегs, ассorп-
рапiеd Ьу ПLllпЬегs iY necessary. {ollow the symmetry sym-
Ьоl to indicatc tllc pcriodicity along thc thrcc axcs. In or-
der to distiпguish the ordered and disordered polytypes, ап
аdditiопаl symbol (/ (аЬЬгеviаtiоп Уог disordered) is added
as а SLlbscript to tlle letter involved. Iп the t'ollowing we
use this ПlОdillеd Gard поtatiоп, For clarity we will some-
times additionally rckr to the Gard (1966) поtаtiоп givеп
in рагепtllеsеs,

Four simplest ordered polytypes

As аlгеаdу mспtiопеd in the description оУ the xonotlite
structLIre vaгiable stacking OCCLlrsiп two diгесtiопs, In а-
direction аdjасепt ргоtохопоtlitе cells аге slliYted eitller Ьу
-Lb/4 or -Ь/4 leаdiпg (о the two possibilities оУ either
сопtiПLIОLISshit't Ьу +Ь/4 (or -Ь/4) ог altcrnating shift Ьу
-Ь/4 апd - Ь/4. In c-dircction аdjасспt protoxonotlitc
cells аге either jLlxlaposcd or shified byt Ь/2. Соmbiпiпg

Fig.7. Лl1'аllgеlllеlll о!" prolOxollotlite ce!ls alld double chaills оУ
SiOo tell'alledra ill llle t'ош огdегеd хшюtlitс p"lylypes proje(;[ed раг-
allcl С, Ь \'eI1ical, а hогiZОlltаl, Labelillg о!" [Ье polytypes accordillg
10 the 1l10ditied Gard IlОlllеllсlаtше (Guillier еl al, 1984),

lhe ditt"егеПl slacking mechanisms iп bOlh diГССliопs. lhc
Yollowing t'our simplesl ordered polylypcs result (r'ig. 7).
The (егт 'simpleSl polytypes' means. lhal тorе sophisti-
cated соmbiпаtiопs. such as (+Ь/4. ~b/4. -Ь/4) ог (+Ь!4.
+Ь/4, -Ь/4, -Ь/4) , ,

"
[ог along а adjaccnt protoxonotlite

cells 01' сorпhiпаtiопs as (по slliГt, Sllij'( 01' Ь/2) ог (shil't 01'
Ь/2. shiYl оУ Ь/2. по shiYl) . . .. Гог along с аdjасепt ргоtо-
хопоtlitе cells аге ПОl considered.

М2а2!к (С221): сопtiпuоus shiYt оУ pГOloxonollite cclls
Ьу +Ь/4 Уог stасkiпg iп a-direction and JLlxtaposcd cells
along [0011.

М2а2IJ2с (F222): сопtiшlOUS shil'l ot' pгotoxonollite
cells Ьу +Ь/4 {or stacking in а-diгссtiоп and shil't оУ +Ь!2
Гог stackillg ill с-diгесliоп, This аггапgеlПСПI Ica(ls to the
lгiсliпiс polytype as геtlпеd Ьу Kudoll апd TakcLlclli
(1979).

Ма2Ьс (РI21): allcmatc shit't о{ ргоtохопоtlilе cells Ьу
+Ь/4 and -Ь/4 Уог stасkiпg in a-diгеСliоп апd juxtaposed
cells аlопg [0011, This аггапgеmепt leads to lhe monocli-
Ilic polytype as proposed Ьу Mamcdov апd Belov (1955.
1956а),

Ma2/J2c (А 122): аllегпаlс shil't оУ pгotoxollotlite cells
IJY +Ь/4 alld -Ь/4 I'o!" slacking ill З-Iliгесtiоп ашl shiГt Ьу
+Ь/2 {ог slacking iп c-direclion.

For М2а2Ьс апd M2a2!J2c а СОПlillLIOL1Sshi{t ot' РГОl0-
хопоtlilе cells Ьу -Ь/4 t'or stacking in a-diГССliоп is just
as possible as the shit't Ьу +Ь/4 iпtгоduсеd аЬоус, Оо-
mаiпs with only -Ь/4 and dоmаiпs wilh опlу +Ь/4 shit'IS
аге iп а twiп relationship. The compositiOIl planc Ьеtwееп
the two twiп compOllents is (1 ()О) alld а two-fold гotation
аlюut Ь is tlle twiп орегаtiоп, Н' hotll lwiп sссtогs аге evi-
dellt 011 diПгасtiоп pholOgraphs we wi 11 саll these poly-
typcs M2a2!Jc-lwill alld M2a2lJ2c-lwill,

Disordered polytypes

Gard (1966) originally proposed lhe lwo disordered poly-
lypes Р х 21 alld А х 22 which Ьесотс ill thc moditlcd
Ilolatioll Ma,/2!Jc alld Ма(/2Ь2с. NOlice that iп direct space
lhese disordered polytypes аге closely rclated to M2a2ln'-
twill and M2a2lJ2c-twill with the ditТerellce that ill the dis-
ordered polytypes the dоmаiпs аге so small that in the
ditt'гасtiоп раttегп stгеаks аге оhsегvе(1 рагаllеl 10 а*
Gагd (1966) did поl observe slreakillg parallel 10 с'" bUl
such slrcaks were recorded Ьу Chisholm (1988). Thus. lhe
Gard syslcm Пlау Ьс СХlспdсd Ьу addiliollal polytypes
Ма2Ьс,/ and M2a2IJc(/. Iп direcl space lhese polytypes de-
scribe disorder where protoxollotlite cells аге eithe!" juxla-
posed along [001] ог shitted Ьу Ь/2. Еvеп disoгder in two
directiolls Пlау Ье expected which would lead to the
МаД/JС" polytype,

Modeling and identification of polytypes

Modeling of the four simplest ordered pulytypes

аllе ot' lhe aims о{ this sludy was 10 model the slruclures
and ditTraclion pallems 01' lhe t'оиг siП1рlСSl ordered poly-
types and to tlnd ап easy way to diSliпguish lhem. The
ргоtОХОПОllitе сеll (Kudoh, Takeuchi, 1979) is а уегу good



ТаЫе 1. Latti<.'c paramctet. anu t!"He sytntnet!"y 01' the огuегеu ХОНО- со 111111011 setting 01' <1 = 34.06-1-. />= 7.363. ('
,. 14.О2З ,\,

tlite polytypes. М is tllC mat!"ix to t!"аl1sl'опп tl1e givel1 settil1g iHto the и = ;' = 90, fi = 90.36, SG is Ihe 'расе gюнр.

Polytype
"

1,\1 /, [.\ I <'[.\1 и [С] /j [' J ;' [.\1 SG z М

М2<12/,<," 8.712 7.363 7.01 89.99 90.36 102.18 Рl 1 41 % 10/002
М2,,2/,2с" 8.712 7.363 14.02 89,99 90.36 102.18 лl 2 4 1% 10/00 1
Ма2/>с 17.032 7.363 7.01 90.0 90.36 LJO.O Р2/0 2 200/0 IОЮО2
.\4021>2<, 17.032 7,363 14.02 90.0 90.36 90.0 л 2/0 4 200/0 1О/ОО 1

а: \\\'in СОtnРОI1СН! I

ТаЫе 3. Atol11ic сошuillаtеs 01' tllc /у!2<12/,2с XOIlOtlitc polyt\pc.
(/ = 8.712, [, = 7.363. с = 14.02.' А, и '.С89.99. /! = 90.36. ,

-
102.18'. Л I (Ktldoll al1d TakctKlli. 1979).

AtoIn .1' ,.

Са1 0.504-6 о.сЮ16 0.752.'
Са3 0.13:'5 0.164-5 0.6684-
Са4- 0.1385 0.6537 0.6707
Sil 0.2 118 0.2170 0.384-\
S.., О.211Н 0.6389 0.38431-
Si3 (J.3182 O.LJ:)47 0.5281
01 050(J(] 0.0000 0.0000
02 0.2190 0.4303 0.421 I
03 (J.3512 0.717') 0.309(,

04- 0.3434 0.2059 О.зою
05 0.2297 0.1 116 0.4860
06 0.2294 0.75.'& O.4-&5S
07 Ш>424 0.6382 0.3,,26
0& 0.<>46.3 0.13.'9 0.3:'70
09 О.29Х8 0.9506 0.6390
010 0.2977 0.44-8 I 0.6347

ТаЫе 2. АtОП1iс сооп!iпшеs ot' the А12<12/н' XOl10tlitc polytype.
0=8.712. /,

= 7.363. c=7.011,'\, (1
= 89.99, /) = l)O.36. . -

102.18. PI.

АtоЛ1 .1'
,. -,.

Саl 0.5000 0.5000 0.5000
Са2 0.50(JO 0.0000 0.5000
Са3 0.1335 0.164-5 0..3368
Са4- 0.1385 0.6537 О..ЧI4
Sil О.211Н 0.2170 0.7682
S'1 0.211& 0.6.3&') 0.76861-
Si3 0.3 t 82 0.954-7 [>.0562
01 0.5000 0.0000 ()( )()оо

02 0.2190 04-.303 О.Н422
03 0.3512 0.717Ч (U,ILJ2

04- 0.3434 О.205Ч 0.6174
05 0.2297 0.1116 О.Ч720
06 0,22'14 0.75.'Х 0.971 (,

07 0.04-24- 0.6382 0.6652
08 0.04-63 0.1.339 0.6740
09 0.2988 O.l)506 0.2780
010 0.2977 О.448! 0.2694
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Fig. R. Labeling 01" tlle atoHl' iH thc М2а2/}(' polytypc ot' xOllOtlite.
Аtol11' in other poly\ypes 'н'е СОПL~SрОJl(lillglу labeleu.

rnodel to 1111l1егstипd lюw the dift-егепt polytypes look like.
lюt 'О calclllate а (liП-гасtiоп pattem conventiollal stГllсtllГе
rnodels аге пееdеd.

The ["ellned stПlсtllГС 01' the М2(21)2с polytype (KLldoI1.
TakeLlchi. 1979) \уа, taken а, basic stПlсtuге to calclllate
the stГllсtllгеs оУ the thгее othel" simplest polytypes. The
cell dil1lensiolls 01" tlle М2(21)с polytype \уеге olJtailled Ьу
halvillg the с-Iапiсе рагаmеlег 01' tlle М2а2/)2с polytype
(KlIdoll. Tukellchi. 1979). leading to а - 8.712. 1) = 7.363.
с = 7.012 А. (J. = 89.99. ()

- 90.36. у = 102.18". Becallse
01" у "=190" а thгее dil11ensional регiоdiс аггаllgеmепt 01'
this cell gi\'cs а сгуstаllоgгарhiсаllу соггес! stГllсtllге
(Fig.8) and shil'ts Ьу +Ы4 along а. like in the 11l0de] 01'
the ргоtохопоtlitе cell. иге иlгеаdу implied il1 the tгiсliпiс
иngle 01' у - 102,18. Only 11<1'"01" the аtшТlS i11 tlle stгuс-
(иге Kudoh ulld TakeLlclli (1979) аге геqlliгеd I"ог the stПIС-
шге 01' the М2а2/н' polytype. that is two calcillm octahe-
dга, I"оlll' sе\'еll-соогdil1иtеd calcillm polyhedra and опе
IInit 01' tlle Si(,Q 17 dOllbIe chain. Thc сопеSРОlldiпg иtol1lS

(
1 О О

)
\\'еге tгапsl'orl11еd \vith О 1 О into tlle new cel],

О О 2
M2(21)c-twil1 and M2a2/J2c-twiп were оЬtаiпеd Ьу [rans-
l"orl11ing the cel] 01" the respective polytype with

For the calculatiorl 01' 111CМа2Ьс polytype. tlle cell 01"
the t-ormer modeled М2а2Ьс polytype was qlladrupled
along а. The lirst set 01" аlorпs was obtained Ьу tгаl1sfопn-
illg the аtШI1S 01' tl1e М2({21ус polytype Ьу .\'/4. y.~, The
sесопd set wus calcululcd Ьу additiol1 ol'.\' I 0.25, \', ~ tlle
third Ьу addition of .\' + 0.5, \' -1 0,5, ~ and the lourth set
Ьу addition ol-.\' -+0.75.

-" + 0.5. ~.

Tlle М({21у2с polytype \уа, 1l1Odele(1 silllilal" а, tlle
Ма2Ьс polytype. 11111di,'ect]y ои! 01' the i'v!2(21)2c polytype
(Kllllotl, Takeuctli. 1979).

111 general. atol1lic coordinates \уеге calclllated Уог u
hypotheticul strllct иге 01' 'рисе gГОllр Р 1. The stПlсtше
t'actors Р(/;/) of the t"ollr ргесliсtеd stгuсtLlгеs \vеге e:llcu-
lated Гог all ret1ections IIP to 42.5" е IISillg ttle pгogral11
FCGEN (1998) \vith пеutгаl-иtol11 sсаttегiпg I'асtогs Гог
МоКщ -гаdiаtiоп, Based оп t:xtinctioll ('llles Гог F,'ak" in
the reciprocal Ialtict:: <l Niggli ["edLlced се]1 and the trLle
sYlllmelry was sLlbseqllelltly dеtеПl1illеd t"<я ull polytypes


