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Èçó÷åíû ñîñòàâ, êðèñòàëëè÷åñêàÿ ñòðóêòóðà è ñïåêòðû êîìáèíàöèîííîãî ðàññåÿíèÿ (ÊÐ)
âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå). Õèìè÷åñêèé ñîñòàâ ìèíåðàëà: Na2O 4.83, SiO2 9.76,
CaO 0.94, TiO2 11.74, Nb2O5 1.83, La2O3 10.63, Ce2O3 26.22, Pr2O3 2.23, Nd2O3 9.00, Sm2O3 1.30,
CO2 14.40, H2O 6.00 — ñîîòâåòñòâóåò ôîðìóëå (Na0.95Ca0.11)1.06(Ce0.98La0.40Nd0.33Pr0.08Sm0.05)1.85�

(Ti0.91Nb0.08)0.99O2[Si1.00O4]{(HCO3)1.24 (ÑO3)0.76}2�H2O. ÊÐ-ñïåêòð ñîäåðæèò ñëåäóþùèå ëèíèè:
850,722, (v3, Si—O) 564, 610, 424 (v2, v4, Si-O), 1069, 919, 964 (v1, CO3, HCO3), 675 (v4, CO3), 388
(ÑàO6, NaO6), 290 (TiO6) ñì–1. Êðèñòàëëè÷åñêàÿ ñòðóêòóðà óòî÷íåíà â ïðîñòðàíñòâåííîé ãðóïïå
ãðóïïå P1 (a = 5.0005(3), b = 7.5273(6), c = 15.3344(16) Å, a = 101.950(8), b = 92.938(7), g =
= 109.323(7)°) äî çíà÷åíèÿ êðèñòàëëîãðàôè÷åñêîãî ôàêòîðà ñõîäèìîñòè R1 = 0.054 äëÿ 1842 íå-
çàâèñèìûõ ðåôëåêñîâ ñ (|Fo| > 4sF). Ïîëó÷åííóþ êðèñòàëëîõèìè÷åñêóþ ôîðìóëó ìîæíî çàïè-
ñàòü êàê: (Na1.10Ca0.11)1.21Ce2.00(Ti0.77Nb0.23)1.00O2.00[Si1.00O4.00]{(CO3)1.55(HCO3)0.45}2.00�H2O1.16.
Na â ñòðóêòóðå çàíèìàåò òðè íåýêâèâàëåíòíûå ïîçèöèè Na(1), Na(2) è Na(3). Íàëè÷èå äîïîëíè-
òåëüíîé ïî îòíîøåíèþ ê ýòàëîííîìó ÷èëüìàíèòó-(Ñå) ïîçèöèè íàòðèÿ óñèëèâàåò âçàèìîäåéñò-
âèå ìåæäó «òóíäðèòîâûìè» ñëîÿìè, âûçûâàÿ ñîêðàùåíèå ïàðàìåòðà ñ ýëåìåíòàðíîé ÿ÷åéêè
âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå) íà ~ 0.1 Å. Âõîæäåíèå íàòðèÿ â ñòðóêòóðó ÷èëüìàíèòà-(Ñå)
ïî ñõåìå: 9 + = ++HOC Na CO3

–
3
2– — ïðèâîäèò ê ïðåîáëàäàíèþ CO3

2– ãðóïï â ãèäðîêàðáîíàò-
íîé ïîçèöèè.

Êëþ÷åâûå ñëîâà: ÷èëüìàíèò-(Ñå), òóíäðèò-(Ñå), êðèñòàëëè÷åñêàÿ ñòðóêòóðà, ÊÐ-ñïåêòð,
Õèáèíñêèé ìàññèâ.
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Chemical composition, crystal structure, and Raman spectrum have been investigated for the
Na-rich kihlmanite-(Ce). Chemical composition of this mineral: Na2Î 4.83, SiO2 9.76, CaO 0.94,
TiO2 11.74, Nb2O5 1.83, La2O3 10.63, Ce2O3 26.22, Pr2O3 2.23, Nd2O3 9.00, Sm2O3 1.30, CO2 14.40,
H2O 6.00, corresponds to empirical formula: (Na0.95Ca0.11)1.06(Ce0.98La0.40Nd0.33Pr0.08Sm0.05)1.85�

(Ti0.91Nb0.08)0.99O2[Si1.00O4] {(HCO3)1.24(ÑÎ3)0.76}2�Í2O. Raman spectrum contains following lines:
850, 722, (n3, Si—O) 564, 610, 424 (n2, n4, Si-O), 1069, 919, 964 (n1, CO3, HCO3), 675 (n4, CO3), 388
(CaO6, NaO6), 290 (TiO6) cm–1. Crystal structure is refined in the space group P1 (a = 5.0005(3), b =
= 7.5273(6), ñ = 15.3344(16) Å, a = 101.950(8), b = 92.938(7), g = 109.323(7)°) up to the value of
crystallographic repeatability factor R1 = 0.054 for 1842 independent reflections (|Fo| > 4sF). Obtai-
ned crystal-chemical formula may be written as following: (Na1.10Ca0.11)1.21Ce2.00(Ti0.77Nb0.23)1.00�

O2.00 [Si1.00O4.00]{(CO3)1.55(HCO3)0.45}2.00�H2O1.16. Na atoms occupy in the structure three indepen-
dent positions: Na(l), Na(2) and Na(3). The presence of additional sodium site, relatively to the stan-
dard kihlmanite-(Ce), enforces chemical bonds between «tundrite» layers due to decrease of the unit
cell parameter ñ by ~ 0.1 Å. Occurrence of sodium in the kihlmanite-(Ce) structure by the scheme:
9 + = ++HOC Na CO3

–
3
2– leads to the dominance of CO3

2– groups in hydrocarbonate position.
Key words: kihlmanite-(Ce), Na-rich, crystal structure, Raman spectrum, Khibiny massif.

ÂÂÅÄÅÍÈÅ

×èëüìàíèò-(Ñå) Ce2(TiO2SiO4)(HCO3)2�H2O — íîâûé ðåäêîçåìåëüíûé
ïñåâäîñëîèñòûé òèòàíîñèëèêàò, îòêðûòûé â êðóïíîé ïåãìàòèòîâîé æèëå â
ïîðîäàõ ýêçîêîíòàêòîâîé çîíû Õèáèíñêîãî ìàññèâà ó ïîäíîæüÿ ã. ×èëüìàíà
(Yakovenchuk et al., 2014). Ïåãìàòèò, â êîòîðîì áûë íàéäåí ÷èëüìàíèò-(Ce),
ïðåäñòàâëÿåò ñîáîé êðóïíóþ ñèììåòðè÷íî-çîíàëüíóþ æèëó ìîùíîñòüþ îò
50 ñì äî 2 ì è ïðîòÿæåííîñòüþ îêîëî 300 ì â ôåíèòèçèðîâàííûõ àêòèíîëèòî-
âûõ ñëàíöàõ Èìàíäðà-Âàðçóãñêîãî çåëåíîêàìåííîãî ïîÿñà. Åãî êðàåâûå çîíû
(äî 25 ñì øèðèíîé) ñëîæåíû øåñòîâàòûìè àãðåãàòàìè ýãèðèíà è àðôâåäñîíè-
òà ñ ïîä÷èíåííûì êîëè÷åñòâîì àëüáèòà, ýâäèàëèòà, ëàìïðîôèëëèòà è àñòðî-
ôèëëèòà. Ïðîìåæóòî÷íûå çîíû (30—70 ñì) ïðåäñòàâëåíû àãðåãàòàìè òîíêî-
çåðíèñòîãî àëüáèòà, ÷åðíîãî èãîëü÷àòîãî ýãèðèíà è îõðÿíî-êîðè÷íåâîãî âî-
ëîêíèñòîãî ðèíêèòà. Ìåñòàìè ðàçâèòû çåðíèñòûå ñåãðåãàöèè íàòðîëèòà è
âèëëåìèòà (äî 2 ñì), èçîìåòðè÷íûå âûäåëåíèÿ ôëþîðèòà, êðèñòàëëû ôòîðà-
ïàòèòà, ëîðåíöåíèòà, âèíîãðàäîâèòà, ëîïàðèòà-(Ñå) è àíêèëèòà-(Ñå), à òàêæå
ðàäèàëüíî-ëó÷èñòûå ñðîñòêè óïëîùåííî-èãîëü÷àòûõ êðèñòàëëîâ êîðè÷íåâà-
òî-çåëåíîãî òóíäðèòà-(Ñå) è òåìíî-êîðè÷íåâîãî ÷èëüìàíèòà-(Ñå) (Øëþêîâà
è äð., 1973; ßêîâåí÷óê è äð., 2013).

Ñ òî÷êè çðåíèÿ êðèñòàëëîõèìèè ÷èëüìàíèò-(Ñå) ïðåäñòàâëÿåò ñîáîé ïðî-
òîíèðîâàííûé àíàëîã òóíäðèòà-(Ñå) [ò. å. ñ íàëè÷èåì äîïîëíèòåëüíûõ ïðîòî-
íîâ (Í+) â ñòðóêòóðå] (Áóëàõ, 2011; Yakovenchuk et al., 2014). Â îñíîâå ïñåâäî-
ñëîèñòîé ñòðóêòóðû îáîèõ ìèíåðàëîâ ëåæàò ïîëîæèòåëüíî çàðÿæåííûå ïàêå-
òû [Ñå2TiO2SiO(4)]2+, ïàðàëëåëüíûå ïëîñêîñòè (001). Êàæäûé ïàêåò ñîñòîèò èç
äâóõ Ñå-êàðáîíàòíûõ è îäíîãî òèòàíîêðåìíèåâîãî ñëîÿ (Øóìÿöêàÿ è äð.,

114



1969; Grice et al., 2008; Yakovenchuk et al., 2014). Òèòàíîêðåìíèåâûé ñëîé îá-
ðàçîâàí çèãçàãîîáðàçíûìè öåïî÷êàìè èç ðåáåðíî-ñâÿçàííûõ TiO6-îêòàýäðîâ,
êîòîðûå ÷åðåäóþòñÿ ñ öåïî÷êàìè èç èçîëèðîâàííûõ SiO4-òåòðàýäðîâ è
NaO6-îêòàýäðîâ (ðèñ. 1, à), çàïîëíåííûõ Na â òóíäðèòå-(Ñå) è ÷àñòè÷íî çà-
ïîëíåííûõ Ca â ÷èëüìàíèòå-(Ñå). Ïî îáåèì ñòîðîíàì òèòàíîêðåìíèåâîãî
ñëîÿ ðàñïîëàãàþòñÿ ñëîè, ñîñòîÿùèå èç ïîëèýäðîâ Ñå3+, ê êîòîðûì ïðèìûêà-
þò êàðáîíàòíûå (â òóíäðèòå) èëè ãèäðîêàðáîíàòíûå (â ÷èëüìàíèòå) ãðóïïû
(ðèñ. 1, á).

Âûøåîïèñàííûå «òóíäðèòîâûå» ïàêåòû îáúåäèíÿþòñÿ â åäèíóþ ñòðóêòó-
ðó ÷åðåç ìåæñëîåâûå ïîçèöèè Na, êîòîðûå â ÷èëüìàíèòå-(Ñå) ëèøü ÷àñòè÷íî
çàïîëíåíû êàòèîíàìè Ca2+ è êîîðäèíèðîâàíû ãèäðîêñèë-èîíàìè ãèäðîêàðáî-
íàòíûõ ãðóïï è ìîëåêóëàìè H2O äëÿ îáåñïå÷åíèÿ áàëàíñà çàðÿäîâ ïî ñõåìå:
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Ðèñ. 1. Êðèñòàëëè÷åñêàÿ ñòðóêòóðà ÷èëüìàíèòà-(Ce).

à — òèòàíîêðåìíèåâûé ñëîé, ñîäåðæàùèé NaO6 îêòàýäðû; á — öåðèé-êàðáîíàòíûé ñëîé; â — ïðîåêöèÿ ñòðóêòóðû
âäîëü îñè a; ã — ïðîåêöèÿ êðèñòàëëè÷åñêîé ñòðóêòóðû òóíäðèòà-(Ce) âäîëü îñè b. Ïîçèöèè ïðîòîíîâ íå ïîêàçàíû,

ïîñêîëüêó íå áûëè ó÷òåíû â ïðîöåññå óòî÷íåíèÿ.

Fig. 1. Crystal structure of kihlmanite-(Ce): à) titanium-silicate layer containing NaO6 octahedra; á) ceri-
um-carbionate layer; â) projection of the structure along the axis a; ã) projection of the tundrite-(Ce) crystal

structure along the axis b.



Na CO HCO3 (òóíäðèò)
2–

3 (÷èëüìàíèò)
–+ + ↔ +9 (Yakovenchuk et al., 2014). Òàêèì îáðà-

çîì, îñíîâíûì îòëè÷èåì ÷èëüìàíèòà-(Ñå) (ðèñ. 1, â) îò òóíäðèòà-(Ñå)
(ðèñ. 1, ã) ÿâëÿåòñÿ ðàçëè÷íàÿ îðãàíèçàöèÿ ìåæïàêåòíîãî ïðîñòðàíñòâà,
âñëåäñòâèå ÷åãî ðàññòîÿíèå ìåæäó ïàêåòàìè óâåëè÷èâàåòñÿ íà 10 % [ñ 13.57 Å

â òóíäðèòå-(Ñå) äî 14.93 Å â ÷èëüìàíèòå-(Ñå) (Yakovenchuk et al., 2014)].
Êðîìå òîãî, ñîñåäíèå ñëîè â ÷èëüìàíèòå-(Ñå) ñäâèíóòû îòíîñèòåëüíî òàêî-
âûõ â òóíäðèòå-(Ñå) íà 1.9 Å âäîëü îñè b.

Ïðèâåäåííûå â ðàáîòå (Yakovenchuk et al., 2014) ðåçóëüòàòû ìèêðîçîíäî-
âîãî àíàëèçà ìèíåðàëîâ ðàññìàòðèâàåìîãî ðÿäà óêàçûâàþò íà ñóùåñòâîâàíèå
ñðåäè íèõ ôàçû, ïðîìåæóòî÷íîé ïî êîëè÷åñòâó Na è ôîðìàëüíî (ïî ïðàâèëó
«50 %») îòíîñÿùåéñÿ ê ÷èëüìàíèòó-(Ñå). Äàííàÿ ðàáîòà ïîñâÿùåíà èçó÷åíèþ
åå õèìè÷åñêîãî ñîñòàâà, îñîáåííîñòåé êðèñòàëëè÷åñêîé ñòðóêòóðû è ñïåê-
òðîâ êîìáèíàöèîííîãî ðàññåÿíèÿ.

ÝÊÑÏÅÐÈÌÅÍÒ

Õèìè÷åñêèé ñîñòàâ âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå) (òàáë. 1) èçó÷åí
íà âîëíîäèñïåðñèîííîì ýëåêòðîííî-çîíäîâîì ìèêðîàíàëèçàòîðå Cameca
MS-46 (ÃÈ ÊÍÖ ÐÀÍ; íàïðÿæåíèå è ñèëà òîêà 20 êÂ è 20—30 íÀ, äèàìåòð
çîíäà 20 ìêì). Â êà÷åñòâå ñòàíäàðòîâ èñïîëüçîâàíû ëîðåíöåíèò (Na, Ti), ïè-
ðîï (Al), äèîïñèä (Si), ôòîðàïàòèò (Ca), ñèíòåòè÷åñêèé MnCO3 (Mn), ãåìàòèò
(Fe), ZnO (Zn), ìåòàëëè÷åñêèé íèîáèé (Nb), ñèíòåòè÷åñêèé LaCeS2 (La, Ce),
ñèíòåòè÷åñêèé LiPr(WO4)2 (Pr), ñèíòåòè÷åñêèé LiNd(MoO4)2 (Nd), ñèíòåòè÷å-
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Ò à á ë è ö à 1

Õèìè÷åñêèé ñîñòàâ âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå)

Chemical composition of Na-rich kihlmanite-(Ce), wt %

Ðåçóëüòàòû àíàëèçà Êîýôôèöèåíòû â ôîðìóëå

êîìïî-

íåíò
1 2 3

ñðåäíåå

çíà÷åíèå

êîìïî-

íåíò
1 2 3

ñðåäíåå

çíà÷åíèå

Na2O, % 4.7 4.82 4.97 4.83 Na, êîýô. 0.94 0.97 0.98 0.96

SiO2 9.73 9.68 9.88 9.76 Si 1 1 1 1

CaO 1.01 0.47 1.34 0.94 Ca 0.11 0.05 0.15 0.10

TiO2 11.71 11.91 11.6 11.74 Ti 0.91 0.93 0.88 0.91

MnO 0.08 — 0 0.04 Mn 0.01 0.01

Nb2O5 1.97 0.94 2.58 1.83 Nb 0.09 0.04 0.12 0.08

La2O3 9.47 11.74 10.68 10.63 La 0.36 0.45 0.4 0.40

Ce2O3 25.83 26.85 25.99 26.22 Ce 0.97 1.02 0.96 0.98

Pr2O3 2.11 2.74 1.85 2.23 Pr 0.08 0.1 0.07 0.08

Nd2O3 9.55 9.47 8 9.01 Nd 0.35 0.35 0.29 0.33

Sm2O3 1.5 1.08 1.31 1.30 Sm 0.05 0.04 0.05 0.05

Gd2O3 — 0.37 — 0.37 Gd 0.01 0.01

CO2 14.40* 14.40 C 2.01 2.01

H2O 6.00* 6.00 H 4.10 4.10

Ñ ó ì ì à 98.66 80.07 78.2

Ï ð è ì å ÷ à í è å.*Äëÿ CO2 è H2O äàíû ðàñ÷åòíûå ñîäåðæàíèÿ.



ñêèé LiSm(MoO4)2 (Sm), ñèíòåòè÷åñêèé LiEu(MoO4)2 (Eu), ñèíòåòè÷åñêèé
LiGd(MoO4)2 (Gd) è ñèíòåòè÷åñêèé LiDy(WO4)2 (Dy). Ñîäåðæàíèå H2O è CO2

îïðåäåëåíî ïî äàííûì ðåíòãåíîñòðóêòóðíîãî àíàëèçà.
Ìîíîêðèñòàëüíûå èññëåäîâàíèÿ ïðîâîäèëèñü â Ðåñóðñíîì öåíòðå ðåíòãå-

íîäèôðàêöèîííûõ èññëåäîâàíèé Ñàíêò-Ïåòåðáóðãñêîãî ãîñóäàðñòâåííîãî
óíèâåðñèòåòà íà äèôðàêòîìåòðe Oxford Diffraction Excalibur Eos. Áîëåå ïîëó-
ñôåðû äèôðàêöèîííûõ äàííûõ áûëî ñîáðàíî ñ èñïîëüçîâàíèåì MoKa

-èçëó÷å-
íèÿ (øàã ñêàíèðîâàíèÿ 1°, âðåìÿ ýêñïîçèöèè 30 ñ). Ïîëó÷åííûé ìàññèâ äàí-
íûõ áûë ïðîèíòåãðèðîâàí â ïðîãðàììå CrysAlisPro (Agilent Technologies,
2012). Ïàðàìåòðû ýëåìåíòàðíîé ÿ÷éêè îïðåäåëåíû è óòî÷íåíû ìåòîäîì íàè-
ìåíüøèõ êâàäðàòîâ äëÿ 1518 ðåôëåêñîâ, ïîïðàâêà íà ïîãëîùåíèå ââåäåíà ñ
ó÷åòîì ôîðìû êðèñòàëëà. Ðàñøèôðîâêà ñòðóêòóðû ïðîâîäèëàñü ñ ïîìîùüþ
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Ò à á ë è ö à 2

Êðèñòàëëîãðàôè÷åñêèå äàííûå, óòî÷íåííûå ïàðàìåòðû êðèñòàëëè÷åñêîé ñòðóêòóðû
âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå), à òàêæå ïàðàìåòðû ýëåìåíòàðíîé ÿ÷åéêè

ãîëîòèïíîãî ÷èëüìàíèòà-(Ñå) (Yakovenchuk et al., 2014) è òóíäðèòà-(Ñå) (Grice et al., 2008)

Crystallographic data, parameters of the crystal structure refinement for Na-rich
kihlmanite-(Ce), and parameters of unit cells of holotype kihlmanite-(Ce)

(Yakovenchuk et al., 2014) and tundrite-(Ce) (Grice et al., 2008)

Ïàðàìåòð
Na-ñîäåðæàùèé ÷èëüìàíèò

(íàñòîÿùàÿ ðàáîòà)

×èëüìàíèò-(Ñå)

(Yakovenchuk et al., 2014)

Òóíäðèò-(Ñå)

(Grice et al., 2008)

Òåìïåðàòóðà, K 293(2)

Ñèíãîíèÿ Òðèêëèííàÿ Òðèêëèííàÿ Òðèêëèííàÿ

Ïðîñòðàíñòâåííàÿ ãðóïïà P1 P1 P1

a/Å 5.0005(3) 4.994(2) 7.5702(6)

b/Å 7.5273(6) 7.54(2) 13.949(2)

c/Å 15.3344(16) 15.48(4) 5.0235(5)

a, ° 101.950(8) 103.061(5) 100.19(1)

b, ° 92.938(7) 91.006(5) 70.88(1)

g, ° 109.323(7) 109.285(5) 101.26(1)

Îáúåì, Å3 528.37(8) 531.8(7) 487.91(6)

Z 2 2 2

Êîýôôèöèåíò ïîãëîùåíèÿ m,
mm–1

10.514

F(000) 759.0

Ðàçìåð êðèñòàëëîâ/ìì3 0.27 � 0.12 � 0.05

Èçëó÷åíèå MoKa (l = 0.71073)

Èíòåðâàë óãëîâ 2Q, ° 7.076—52.992

Èíòåðâàë çíà÷åíèé hkl –6� h� 5, –9� k� 7,
–17� l� 19

Âñåãî ðåôëåêñîâ 3402

Íåçàâèñèìûõ ðåôëåêñîâ 2140 [Rint = 0.0322,
Rsigma = 0.0579]

Êîëè÷åñòâî óòî÷íÿåìûõ
ïàðàìåòðîâ

210

Ôàêòîð ôîðìû, S 1.122

R1, wR2 [I>=2s (I)] 0.0544, 0.1174

R1, wR2, âñå äàííûå 0.0651, 0.1233

rmax, rmin, e•
Å–3 2.48, –2.12
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Ò à á ë è ö à 3

Íåêîòîðûå êîîðäèíàòû àòîìîâ, çàñåëåííîñòè ïîçèöèé è èçîòðîïíûå ïàðàìåòðû
àòîìíûõ ñìåùåíèé (Å2) äëÿ êðèñòàëëè÷åñêîé ñòðóêòóðû

âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå)

Coordinates of atoms, occupation of sites and parameters of isotropic displacement (Uiso, Å2)
in the crystal structure of Na-rich kihlmanite-(Ce)

Àòîì
Çàñåëåííîñòü

ïîçèöèè

Êîîðäèíàòû

x y z Uiso

Ce(1) Ce0.901(17) 0.9648(2) 0.8248(3) 0.2029(3) 0.0150(6)

CeQ(1) Ce0.099(17) 0.967(3) 0.800(3) 0.173(2) 0.024(4)

Ce(2) Ce0.987(4) 0.2497(2) 0.38507(10) 0.19922(5) 0.0192(3)

CeQ(2) Ce0.013(4) 1.116(14) 0.401(6) 0.196(3) 0.050*

Ti(1) Ti0.773(13)Nb0.227(13) 0.3072(4) 0.6140(2) 0.00027(12) 0.0146(7)

Si(1) Si 0.5123(6) 0.0666(5) 0.1293(2) 0.0113(12)

Na(1) Na0.491(18) 1.0000 1.0000 0.0000 0.024(3)

C(1) C 0.507(3) 0.860(2) 0.3196(11) 0.032(3)

C(2) C 0.820(3) 0.468(2) 0.3173(11) 0.033(3)

O(1) O 0.4737(15) 0.2260(11) 0.0749(5) 0.0133(17)

O(2) O 0.3711(17) 0.1157(12) 0.2222(6) 0.0181(18)

O(3) O 0.030(3) 0.4209(18) 0.3426(8) 0.050(3)

O(4) O 0.8114(19) 0.5001(13) 0.2363(6) 0.0212(19)

O(5) O 0.0534(15) 0.4667(11) 0.0738(5) 0.0124(16)

O(6) O 0.4298(18) 0.7397(12) 0.2377(6) 0.022(2)

O(7) O 0.6258(16) 0.6086(11) 0.0754(6) 0.0158(17)

O(8) O 0.8388(17) 0.0762(12) 0.1473(6) 0.0202(19)

O(9) O 0.2852(15) 0.8507(11) 0.0772(5) 0.0117(16)

O(10) O 0.769(2) 0.9389(18) 0.3469(8) 0.041(5)

O(11) O 0.295(3) 0.8849(17) 0.3576(8) 0.047(3)

O(12) O 0.611(3) 0.4811(17) 0.3592(8) 0.044(3)

Na(2) Na0.39Ca0.11 0.3495(14) 0.4908(11) 0.4813(4) 0.018(3)

Na(3) Na0.224(18) 0.109(5) 0.983(3) 0.4825(15) 0.024(6)

Wt(13) H2O0.39(3) 0.112(7) 0.740(4) 0.5075(19) 0.047(3)

Wt(14) H2O0.36(3) 0.534(8) 0.237(5) 0.488(2) 0.047(3)

Wt(15) H2O0.41(3) 0.244(6) 0.225(4) 0.4526(19) 0.044(3)

Ï ð è ì å ÷ à í è å. *Òåïëîâûå ïàðàìåòðû äëÿ ïîçèöèè CeQ(2) áûëè çàôèêñèðîâàíû ñî çíà÷åíèåì 0.05 â ïðî-
öåññå óòî÷íåíèÿ ñòðóêòóðû.

Ò à á ë è ö à 4

Íåêîòîðûå ìåæàòîìíûå ðàññòîÿíèÿ (Å) â êðèñòàëëè÷åñêîé ñòðóêòóðå
âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå)

Interatomic distances (Å) in the crystal structure of Na-rich kihlmanite-(Ce)

Ce(1)—O(7) 2.422(9) Ti(1)—O(1) 1.952(8) �C1—O� 1.291

Ce(1)—O(2) 2.395(8) Ti(1)—O(5) 1.922(8)

Ce(1)—O(4) 2.478(9) Ti(1)—O(5) 1.961(8) C(2)—O(3) 1.28(18)

Ce(1)—O(8) 2.472(8) Ti(1)—O(7) 1.934(8) C(2)—O(12) 1.273(18)

Ce(1)—O(6) 2.665(9) Ti(1)—O(7) 1.967(8) C(2)—O(4) 1.314(17)
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Ò à á ë è ö à 4 (ïðîäîëæåíèå)

Ce(1)—O(6) 2.647(9) Ti(1)—O(9) 1.962(8) �C2—O� 1.289

Ce(1)—O(10) 2.564(13) �Til—O� 1.950

Ce(1)—O(11) 2.688(13) Na(2)—O(12) 2.403(13)

Ce(1)—O(9) 2.567(8) Si(1)—O(1) 1.651(8) Na(2)—O(3) 2.447(12)

�Ce1—O� 2.544 Si(1)—O(2) 1.649(9) Na(2)—WT(13) 2.43(3)

Si(1)—O(8) 1.617(8) Na(2)—WT(13) 2.51(3)

Ce(2)—O(1) 2.547(8) Si(1)—O(9) 1.649(8) Na(2)—WT(14) 2.40(3)

Ce(2)—O(5) 2.394(8) �Si1—O� 1.642 Na(2)—WT(15) 2.40(3)

Ce(2)—O(2) 2.386(8) �Na2—O� 2.43

Ce(2)—O(4) 2.656(9) Na(1)—O(1) 2.464(8) x2

Ce(2)—O(4) 2.643(9) Na(1)—O(8) 2.457(9) x2 Na(3)—O(10) 2.55(3)

Ce(2)—O(8) 2.483(8) Na(1)—O(9) 2.477(7) x2 Na(3)—O(10) 2.51(2)

Ce(2)—O(6) 2.447(9) �Na1—O� 2.466 Na(3)—WT(13) 2.64(4)

Ce(2)—O(12) 2.785(12) Na(3)—WT(14) 2.88(4)

Ce(2)—O(3) 2.514(13) C(1)—O(6) 1.340(18) Na(3)—WT(14) 2.32(4)

�Ce2—O� 2.539 C(1)—O(10) 1.252(18) Na(3)—WT(15) 2.36(4)

C(1)—O(11) 1.281(17) �Na3—O� 2.54

Ò à á ë è ö à 5

Àíèçîòðîïíûå ïàðàìåòðû òåïëîâûõ êîëåáàíèé äëÿ êðèñòàëëè÷åñêîé ñòðóêòóðû
âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå)

Anisotropic displacement parameters in the crystal structure of Na-rich kihlmanite-(Ce)

Ïîçèöèÿ U11 U22 U33 U23 U13 U12

Ce(1) 0.0107(5) 0.0118(6) 0.0217(14) 0.0060(6) 0.0023(4) 0.0015(3)

Ce(2) 0.0130(6) 0.0119(4) 0.0324(5) 0.0052(3) 0.0009(3) 0.0043(3)

Ti3 0.0113(10) 0.0103(10) 0.0217(11) 0.0048(7) 0.0037(7) 0.0022(7)

Si(1) 0.0054(17) 0.0091(17) 0.019(2) 0.0038(13) 0.0025(12) 0.0022(12)

Na(1) 0.025(7) 0.020(7) 0.022(6) –0.010(5) –0.013(5) 0.012(6)

O(1) 0.006(4) 0.012(4) 0.022(4) 0.006(3) 0.006(3) 0.002(3)

O(5) 0.007(4) 0.016(4) 0.015(4) 0.006(3) 0.002(3) 0.002(3)

O(7) 0.013(4) 0.010(4) 0.022(4) –0.002(3) 0.003(3) 0.004(3)

O(2) 0.019(4) 0.012(4) 0.022(5) 0.003(3) 0.000(3) 0.004(3)

O(4) 0.027(5) 0.020(5) 0.018(5) 0.009(4) 0.003(4) 0.008(4)

O(8) 0.010(4) 0.019(5) 0.033(5) 0.009(4) 0.000(3) 0.005(3)

O(6) 0.023(5) 0.014(4) 0.026(5) 0.000(4) –0.002(4) 0.004(4)

O(10) 0.034(8) 0.042(8) 0.033(7) –0.002(6) –0.014(5) 0.006(6)

O(11) 0.072(8) 0.042(6) 0.035(6) 0.011(5) 0.015(5) 0.027(6)

C(1) 0.025(8) 0.027(8) 0.050(9) 0.010(7) 0.016(7) 0.016(6)

O(12) 0.050(7) 0.033(6) 0.046(6) 0.007(5) 0.016(5) 0.009(5)

O(3) 0.048(7) 0.050(7) 0.045(7) 0.022(6) –0.017(6) 0.005(6)

C(2) 0.017(7) 0.034(8) 0.043(9) 0.014(7) 0.005(6) 0.002(6)

Na(2) 0.012(4) 0.032(5) 0.003(4) 0.007(3) –0.001(3) –0.003(3)

Na(3) 0.025(9) 0.020(7) 0.022(7) –0.010(6) –0.013(5) 0.012(5)

O(9) 0.009(4) 0.005(4) 0.022(4) 0.005(3) 0.004(3) 0.001(3)

WT(13) 0.072(8) 0.042(6) 0.035(6) 0.011(5) 0.015(5) 0.027(6)

WT(14) 0.072(8) 0.042(6) 0.035(6) 0.011(5) 0.015(5) 0.027(6)

WT(15) 0.050(7) 0.033(6) 0.046(6) 0.007(5) 0.016(5) 0.009(5)



ïðîãðàìì SHELX (Sheldrick, 2008). Óòî÷íåíèå êðèñòàëëè÷åñêîé ñòðóêòóðû â
ïðîñòðàíñòâåííîé ãðóïïå P1 ïðèâåëî ê ôàêòîðó ñõîäèìîñòè R1 = 0.054 äëÿ
1842 íåçàâèñèìûõ ðåôëåêñîâ ñ (|Fo| > 4sF). Êðèñòàëëîãðàôè÷åñêèå ïàðàìåò-
ðû è ïàðàìåòðû óòî÷íåíèÿ ñòðóêòóð ïðèâåäåíû â òàáë. 2, êîîðäèíàòû àòîìîâ
è èçîòðîïíûå ïàðàìåòðû àòîìíûõ ñìåùåíèé — â òàáë. 3, äëèíû ñâÿçåé — â
òàáë. 4, àíèçîòðîïíûå ïàðàìåòðû òåïëîâûõ êîëåáàíèé — â òàáë. 5.

Ñïåêòð êîìáèíàöèîííîãî ðàññåÿíèÿ (ÊÐ) áûë ïîëó÷åí ñ ïîìîùüþ ñïåê-
òðîìåòðà Horiba Jobin-Yvon LabRam HR 800 (ðåñóðñíûé öåíòð «Ãåîìîäåëü»
ÑÏáÃÓ) íà ïîâåðõíîñòè ãðàíè {001} êðèñòàëëà âûñîêîíàòðèåâîãî ÷èëüìàíè-
òà-(Ñå) (ïðè êîìíàòíîé òåìïåðàòóðå è äëèíå âîëíû 514 íì).

ÐÅÇÓËÜÒÀÒÛ

Õèìè÷åñêèé ñîñòàâ (òàáë. 1) âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå) îòëè÷à-
åòñÿ îò ñîñòàâà ýòàëîííîãî ÷èëüìàíèòà-(Ñå) ïîâûøåííûì ñîäåðæàíèåì Na
(äî 5 ìàñ. % Na2O ïðîòèâ 0.13 ìàñ. %). Ýìïèðè÷åñêàÿ ôîðìóëà, ðàññ÷èòàííàÿ
íà îñíîâå Si = 1: (Na0.95Ca0.11)1.06 (Ce0.98La0.40Nd0.33Pr0.08Sm0.05)1.85(Ti0.91Nb0.08)0.99�

O2Si1.00O4[(HCO3)1.24(ÑO3)0.76]2�H2O, õîðîøî ñîãëàñóåòñÿ ñ äàííûìè ðåíòãå-
íîñòðóêòóðíîãî àíàëèçà [ñîòíîøåíèå (HCO)3/(ÑO3) âûâåäåíî â íåé òàê, ÷òî-
áû äîñòèãíóòü áàëàíñà çàðÿäîâ].

Cïåêòð êîìáèíàöèîííîãî ðàññåÿíèÿ (ÊÐ) Na-ñîäåðæàùåãî ÷èëüìàíèòà-
(Ñå) ïðèâåäåí íà ðèñ. 2. Ïîëîñû 722 è 850 ñì–1 îòíîñÿòñÿ ê àñèììåòðè÷íûì
âàëåíòíûì êîëåáàíèÿì ñâÿçåé â òåòðàýäðàõ SiO4, à ïîëîñû 564, 610 è 424 — ê
èõ äåôîðìàöèîííûì êîëåáàíèÿì (Galuskin et al., 2012; Yakovenchuk et al.,
2014). Ïîëîñà 388 ñì–1 ñîîòâåòñòâóåò êîëåáàíèÿì ñâÿçåé â îêòàýäðàõ ÑàO6 è
NaO6 (Galuskin et al., 2012). Ñèëüíàÿ ëèíèÿ 290 ñì–1 îòâå÷àåò âàëåíòíûì êîëå-
áàíèÿì ñâÿçåé â TiO6-îêòàýäðå (Hu et al., 2014). Ëèíèè 919 è 964 ñì–1 îòíîñÿòñÿ
ê âàëåíòíûì êîëåáàíèÿì ÑÎ3/HCO3 ãðóïï, à ïîëîñà 675 ñì–1 — ê èõ äåôîðìà-
öèîííûì êîëåáàíèÿì (Frost et al., 2007; Yakovenchuk et al., 2014). Ëèíèÿ
1069 ñì–1 ìîæåò áûòü îòíåñåíà ê âàëåíòíûì êîëåáàíèÿì ãðóïïû HCO3

– . Òàêèì
îáðàçîì, ðåçóëüòàòû ÊÐ-ñïåêòðîñêîïèè ïîçâîëÿþò çàêëþ÷èòü, ÷òî â ñòðóêòó-
ðó âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå) âõîäÿò êàê CO3

– , òàê è HCO3-ãðóïïû.
Ìîäåëü êðèñòàëëè÷åñêîé ñòðóêòóðû âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå)

áëèçêà ê òàêîâîé ÷èëüìàíèòà-(Ñå) (Yakovenchuk et al., 2014). Â «òóíäðèòî-
âîì» ïàêåòå [Ñå2TiO2SiO4]2+ ïðîèñõîäèò ðàñùåïëåíèå ïîçèöèé Ñå(1) è Ñå(2),
àíàëîãè÷íîå îïèñàííîìó â ðàáîòàõ (Grice et al., 2008; Yakovenchuk et al.,
2014). Ðàñ÷åò ëîêàëüíîãî áàëàíñà âàëåíòíîñòåé (òàáë. 6) äëÿ ýòèõ ïîçèöèé
(3.23 è 3.32 â.ó. ñîîòâåòñòâåííî) ïîäòâåðæäàåò ïðàâèëüíîñòü ýòîãî ïðåäïîëî-
æåíèÿ. Óòî÷íåííûé ôàêòîð ðàññåÿíèÿ äëÿ ïîçèöèè Ti(1) îïðåäåëåí êàê
26.37e, ÷òî ñîîòâåòñòâóåò çàñåëåííîñòè äàííîé ïîçèöèè êàê òèòàíîì, òàê è
íèîáèåì — (Ti0.77(1)Nb0.23(1))1.00. Òåòðàýäðè÷åñêàÿ ïîçèöèÿ Si(1) ïîëíîñòüþ çà-
ñåëåíà àòîìàìè êðåìíèÿ, î ÷åì ñâèäåòåëüñòâóåò ñðåäíÿÿ äëèíà �Si—O� ñâÿ-
çè, ðàâíàÿ 1.642 Å. Â ïóñòîòàõ òèòàíîêðåìíèåâîãî ñëîÿ (ðèñ. 1, à) ðàñïîëàãà-
åòñÿ îêòàýäðè÷åñêàÿ ïîçèöèÿ Na(1), äëÿ êîòîðîé ñðåäíÿÿ äëèíà ñâÿçè
�Na1—O� ñîñòàâëÿåò 2.466 Å. Ðàñ÷åò ëîêàëüíîãî áàëàíñà âàëåíòíîñòåé, ñ
ó÷åòîì åå íåïîëíîé çàñåëåííîñòè [0.49(2)], ñîñòàâëÿåò 0.99 â.ó., ÷òî óêàçûâàåò
íà çàïîëíåíèå äàííîé ïîçèöèè èñêëþ÷èòåëüíî íàòðèåì. Ðàñ÷åò ëîêàëüíîãî
áàëàíñà âàëåíòíîñòåé äëÿ àòîìîâ êèñëîðîäà O(11) è Î(12), âõîäÿùèõ â «òóíä-
ðèòîâûé» ïàêåò (êàê CO3-ãðóïïû), íî íå âõîäÿùèõ â êîîðäèíàöèîííóþ ñôåðó
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öåðèÿ, ïîêàçàë çíà÷åíèÿ 1.58 è 1.75 â.ó., òåì ñàìûì ïîäòâåðäèâ, ÷òî êèñëîðîä
èìåííî â ýòèõ ïîçèöèÿõ ÷àñòè÷íî ïðîòîíèðîâàí.

Â îòëè÷èå îò ãîëîòèïíîãî ÷èëüìàíèòà-(Ñå) â ìåæïàêåòíîì ïðîñòðàíñòâå
âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå) èìååòñÿ íå îäíà, à äâå ïîçèöèè íàòðèÿ —
Na(2) è Na(3) (ðèñ. 3). Èõ ïîëîæåíèå àíàëîãè÷íî ðàñïîëîæåíèþ ìåæïàêåò-
íûõ ïîçèöèé íàòðèÿ â ñòðóêòóðå òóíäðèòà-(Ñå) (Grice et al., 2008). Ââèäó íå-
çíà÷èòåëüíîãî ðàçëè÷èÿ ðàññòîÿíèé 1.53 Å äëÿ Na(2)—Na(2) è 1.31 Å äëÿ
Na(3)—Na(3) çàñåëåííîñòü ýòèõ ïîçèöèé íå ìîæåò ïðåâûøàòü 0.5. Îêòàýäðè-
÷åñêèå ïîçèöèè Na(2) è Na(3) êîîðäèíèðîâàíû àïèêàëüíûìè êèñëîðîäàìè
êàðáîíàòíûõ ãðóïï è ìîëåêóëàìè âîäû Wt(13), Wt(14), Wt(15). Ôàêòîðû ðàñ-
ñåÿíèÿ äëÿ ïîçèöèé Na(2) è Na(3) ñîñòàâëÿþò 6.49 e è 2.42 e, ÷òî ñîîòâåòñòâó-
åò çàñåëåííîñòÿì äàííûõ ïîçèöèé (Na0.39Ca0.11)0.50 è (Na0.22). Íàëè÷èå äâóõ
íàòðèåâûõ ïîçèöèé óñèëèâàåò ñâÿçü ìåæäó «òóíäðèòîâûìè» ïàêåòàìè, ÷òî
îáúÿñíÿåò çíà÷èòåëüíîå ñîêðàùåíèå ïàðàìåòðà ñ ñ 15.48 äî 15.334(2) Å ïðè
îáùåì óâåëè÷åíèè ñîäåðæàíèÿ íàòðèÿ â ñòðóêòóðå âûñîêîíàòðèåâîãî ÷èëü-
ìàíèòà-(Ñå) ïî ñðàâíåíèþ ñ ãîëîòèïíûì ÷èëüìàíèòîì-(Ñå).

Òàêèì îáðàçîì, êðèñòàëëîõèìè÷åñêóþ ôîðìóëó âûñîêîíàòðèåâîãî ÷èëü-
ìàíèòà íà îñíîâå äàííûõ ðåíòãåíîñòðóêòóðíîãî àíàëèçà ìîæíî çàïèñàòü êàê
(Na1.10Ca0.11)1.21Ce2.00[(Ti0.77Nb0.23)1.00O2.00Si1.00O4.00][(CO3)1.55(HCO3)0.45]2.00�H2O1.16.
Îíà õîðîøî ñîãëàñóåòñÿ ñ ðåçóëüòàòàìè ìèêðîçîíäîâîãî àíàëèçà (òàáë. 1) è
ñïåêòðîñêîïèè êîìáèíàöèîííîãî ðàññåÿíèÿ.
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Ðèñ. 2. Ñïåêòð êîìáèíàöèîííîãî ðàññåÿíèÿ âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ce).

Fig. 2. Raman spectrum of Na-rich kihlmanite-(Ce).
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Ò à á ë è ö à 6

Ëîêàëüíûé áàëàíñ âàëåíòíîñòåé â ñòðóêòóðå âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ñå)
(ïàðàìåòðû âàëåíòíîñòåé ñâÿçåé âçÿòû ñîãëàñíî: Brese, O’Keeffe, 1991)

Local balance of valences in the structure of Na-rich kihlmanite-(Ce);
parameters of the valence bonds are taken according to (Brese, O’Keeffe, 1991)

Ïîçèöèÿ Ce(1) Ce(2) Ti(1) Si(1) Na(1) Na(2) Na(3) C(1) C(2) Ñ ó ì ì à

O(1) 0.343 0.681 0.930 0.332 2.11

O(2) 0.517 0.530 0.935 1.98

O(3) 0.375 0.174 1.346 1.90

O(4) 0.413 0.52 1.228 2.16

O(5) 0.519 1.404 1.92

O(6) 0.511 0.449 1.145 2.10

O(7) 0.480 1.370 1.85

O(8) 0.42 0.408 1.019 0.339 2.01

O(9) 0.325 0.663 0.935 0.321 2.08

O(10) 0.328 0.354 1.452 2.13

O(11) 0.234 1.343 1.58

O(2) 0.180 0.196 1.75

Wt(13) 0.329 0.103 0.43

Wt(14) 0.198 0.299 0.50

Wt(15) 0.198 0.220 0.42

Ñ ó ì ì à 3.23 3.32 4.12 3.82 0.99 1.09 0.98 3.94 3.95 24.92

25.33

Ðèñ. 3. Êðèñòàëëè÷åñêàÿ ñòðóêòóðà âûñîêîíàòðèåâîãî ÷èëüìàíèòà-(Ce).

Ïîçèöèè ïðîòîíîâ íå ïîêàçàíû, ïîñêîëüêó íå áûëè ó÷òåíû â ïðîöåññå óòî÷íåíèÿ.

Fig. 3. Crystal structure of Na-rich kihlmanite-(Ce).



ÎÁÑÓÆÄÅÍÈÅ

Âûñîêîíàòðèåâûé ÷èëüìàíèò-(Ñå) ïðåäñòàâëÿåò ñîáîé ïî ñîñòàâó è
ñòðóêòóðå ïåðåõîäíóþ ôîðìó ìåæäó ÷èëüìàíèòîì-(Ñå) è òóíäðèòîì-(Ñå).
Íàèáîëåå èíòåðåñíûì àñïåêòîì èçó÷åííîé ñòðóêòóðû ÿâëÿåòñÿ âëèÿíèå çàñå-
ëåííîñòè íàòðèåâûõ ïîçèöèé íà ìåæïàêåòíîå ðàññòîÿíèå, êîãäà äîïîëíè-
òåëüíàÿ ïîçèöèÿ íàòðèÿ Na(3) óñèëèâàåò âçàèìîäåéñòâèå ìåæäó «òóíäðè-
òîâûìè» ñëîÿìè â ñòðóêòóðå ÷èëüìàíèòà-(Ñå), ñîêðàùàÿ ïàðàìåòð ñ ýëå-
ìåíòàðíîé ÿ÷åéêè íà ~0.1 Å. Ñòîèò îòìåòèòü, ÷òî â ðàññìàòðèâàåìîì
ãåíåòè÷åñêîì ðÿäó ÷èëüìàíèò-(Ñå) — âûñîêîíàòðèåâûé ÷èëüìàíèò-(Ñå) —
òóíäðèò-(Ñå) ïðè äèñêðåòíîì èçìåíåíèè â ñîñòàâå ñîäåðæàíèÿ Na2O
(0.00<5.00<10.00 ìàñ. %) îáúåì ñòðóêòóðû ïëàâíî ìåíÿåòñÿ îò ÷èëüìàíè-
òà-(Ñå) ê âûñîêîíàòðèåâîìó ÷èëüìàíèòó-(Ñå) è ñêà÷êîîáðàçíî îò âûñîêîíàò-
ðèåâîãî ÷èëüìàíèòà-(Ñå) ê òóíäðèòó-(Ñå).

Êàê îòìå÷àëîñü, ãåíåòè÷åñêèå âçàèìîîòíîøåíèÿ ÷èëüìàíèòà-(Ñå) è òóíä-
ðèòà-(Ñå) ïîêà íå ÿñíû, ïîñêîëüêó íèêàêèõ ïðèçíàêîâ ðàçâèòèÿ îäíîãî ìèíå-
ðàëà ïî äðóãîìó àâòîðû íå îáíàðóæèëè. Âìåñòå ñ òåì ïðè òåðìîðåíòãåíîñò-
ðóêòóðíûõ èññëåäîâàíèÿõ (Ïàíèêîðîâñêèé è äð., 2015) óñòàíîâëåí íåîáðàòè-
ìûé ïåðåõîä ÷èëüìàíèòà-(Ñå) â êàòèîíîäåôèöèòíûé àíàëîã òóíäðèòà-(Ñå)
ïðè íàãðåâàíèè äî 250 °Ñ, ñîïðîâîæäàþùèéñÿ óäàëåíèåì ìîëåêóëÿðíîé
âîäû èç ìåæñëîåâîãî ïðîñòðàíñòâà (ñ ñîîòâåòñòâóþùèì ñîêðàùåíèåì øèðèíû
ïîñëåäíåãî äî 13.5 Å) è ïðîòîíîâ èç ãèäðîêàðáîíàòíûõ ãðóïï. Âåñüìà íåîæè-
äàííî, ÷òî àíàëîãè÷íàÿ òðàíñôîðìàöèÿ ÷èëüìàíèòà-(Ñå) ñíà÷àëà â Na-÷èëü-
ìàíèò-(Ñå), à çàòåì â òóíäðèò-(Ñå) ïðîòåêàåò íà ãèäðîòåðìàëüíîé ñòàäèè ïåã-
ìàòèòîîáðàçîâàíèÿ, îäíàêî îæèäàåìóþ îáðàòíóþ òðàíñôîðìàöèþ òóíäðè-
òà-(Ñå) â ÷èëüìàíèò-(Ñå) íå óäàëîñü îñóùåñòâèòü íè ïîñðåäñòâîì êèñëîòíîãî
âûùåëà÷èâàíèÿ, íè ïðè ãèäðîòåðìàëüíûõ ýêñïåðèìåíòàõ ïðè 200 °Ñ: â îáîèõ
ñëó÷àÿõ ïðîèñõîäèò ðàçðóøåíèå êðèñòàëëè÷åñêîé ñòðóêòóðû ìèíåðàëà.

Àíàëîãè÷íîå ÿâëåíèå áûëî ðàíåå çàôèêñèðîâàíî àâòîðàìè (ßêîâåí÷óê
è äð., 2012) â ìèíåðàëàõ ãðóïïû ëèíòèñèòà, îáðàçîâàíèå «ïðîòîíèðîâàííûõ»
àíàëîãîâ êîòîðîãî òàêæå íå ìîæåò áûòü îñóùåñòâëåíî ïîñðåäñòâîì êèñëîò-
íîãî âûùåëà÷èâàíèÿ ëèíòèñèòà âñëåäñòâèå êîðåííîé ïåðåñòðîéêè åãî êðèñ-
òàëëè÷åñêîé ñòðóêòóðû, íî çàòî âîçìîæåí îáðàòíûé ïåðåõîä ïîñðåäñòâîì êà-
òèîííîãî îáìåíà ïî ñõåìå9 + → ++OH Na O– 2– . Â ïðèðîäå, ñêîðåå âñåãî, òàê-
æå èìåë ìåñòî ïîñëåäíèé ïðîöåññ ñ ïóíêàðóàéâèòîì è ÷èëüìàíèòîì-(Ñå) â
êà÷åñòâå íàèáîëåå ðàííèõ ïðåäñòàâèòåëåé ðàññìàòðèâàåìûõ ðÿäîâ, åëèñååâè-
òîì è Na-÷èëüìàíèòîì-(Ñå) â êà÷åñòâå ïðîìåæóòî÷íûõ ÷ëåíîâ, è ëèíòèñèòîì
è òóíäðèòîì-(Ñå) â êà÷åñòâå êîíå÷íûõ, ïðåäåëüíî íàñûùåííûõ íàòðèåì ïðî-
äóêòîâ. È, ÷òî íåìàëîâàæíî, òàêîå ïðåîáðàçîâàíèå ïîçâîëÿåò ïîëó÷àòü íîâûå
ôóíêöèîíàëüíûå ìàòåðèàëû ñ çàäàííûìè ñâîéñòâàìè ïîñðåäñòâîì èíòåðêà-
ëÿöèè ïîäõîäÿùèõ êàòèîíîâ ìåæäó òèòàíîñèëèêàòíûìè ïàêåòàìè ñ ñîîòâåò-
ñòâóþùèì äåïðîòîíèðîâàíèåì ïîñëåäíèõ (Êàëàøíèêîâà è äð., 2015).

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ãðàíòîâ ÐÔÔÈ 15-35-50231
è 14-05-31229, à òàêæå ãðàíòà ïðåçèäåíòà ÐÔ äëÿ ìîëîäûõ êàíäèäàòîâ íàóê
ÌÊ-3296.2015.5 è ãðàíòà Ôîíäà ñîäåéñòâèÿ ðàçâèòèþ ìàëûõ ôîðì ïðåäïðèÿ-
òèé â íàó÷íî-òåõíè÷åñêîé ñôåðå (Ã. Î. Êàëàøíèêîâà). Â ðàáîòå èñïîëüçîâàíî
îáîðóäîâàíèå ðåñóðñíûõ öåíòðîâ «Ðåíòãåíîäèôðàêöèîííûå ìåòîäû èññëåäî-
âàíèÿ» è «Ãåîìîäåëü» ÑÏáÃÓ. Àâòîðû ïðèçíàòåëüíû Ã. Þ. Èâàíþêó (ÊÍÖ
ÐÀÍ) çà ïîìîùü â èññëåäîâàíèÿõ è îáñóæäåíèå ðåçóëüòàòîâ.
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