


ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 12

              EDITORIAL BOARD

         Editor-in-Chief    N. P. Shcherbak

R. Ya.Belevtsev (Deputy Editor-in-Chief)

A. G. Bulakh
A. A. Valter (Deputy Editor-in-Chief)

K. E. Esipchuk
E. Ya.Zhovinsky (Deputy Editor-in-Chief)

O. V. Zinchenko
V. B. Koval
E. A. Kulish
A. A. Marakushev
O. I. Matkovsky
Yu.P. Melnik
I. M. Naumko
V. I. Pavlishin (Deputy Editor-in-Chief)

A. N. Platonov
N. V. Sobolev
E. V. Sobotovich
M. N. Taran (Secretary-in-Chief)

E. F. Shnyukov

Head of the Editorial Staff

N. R. Kalmykova

Editors    E. P. Bondarchuk, V. V. Matrosova, N. V. Morozova

               EDITORSHIP  ADDRESS
34, Palladina Prospect, 03680, Kiev–142, Ukraine,
tel. (38044) 444–02–42, fax (38044) 444–12–70



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 14

ÏËÀÒÎÍÎÂ À. Í. è äð.

Ñâèäåòåëüñòâî î ãîñóäàðñòâåííîé ðåãèñòðàöèè ïå÷àòíîãî îðãàíà ìàññîâîé èíôîðìàöèè
Ñåðèÿ ÊÂ ¹ 1966

Ïå÷àòàåòñÿ ïî ïîñòàíîâëåíèþ ðåäàêöèîííîé êîëëåãèè æóðíàëà

Ðåäàêòîðû  Å. Ï. ÁÎÍÄÀÐ×ÓÊ, Â. Â. ÌÀÒÐÎÑÎÂÀ, Í. Â. ÌÎÐÎÇÎÂÀ

Õóäîæåñòâåííûé ðåäàêòîð Ò. Ì. ÍÅÌÅÐÎÂÑÊÀß

Òåõíè÷åñêèé ðåäàêòîð Ò. Ì. ØÅÍÄÅÐÎÂÈ×

Ñäàíî â íàáîð 1.02.2001. Ïîäï. â ïå÷àòü 20.02.2001. Ôîðìàò 70108/16. Áóì. îôñ. ¹ 1. Ãàðí. Òàéìñ ET.
Ïå÷àòü îôñåòíàÿ. Óñë. ïå÷. ë. 11,0. Òèðàæ 300 ýêç. Çàê. 1-01-2001

Òèïîãðàôèÿ ôèðìû "Ýññå", Êèåâ, ïð-ò Âåðíàäñêîãî, 34/1



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 1100

Âíèìàíèþ ÷èòàòåëåé !

ÏÎÏÐÀÂÊÀ

Â     ñòàòüå   Ñ. À. Ãàëèÿ,    Ê. Å. Åñèï÷óêà,     Ê. Â. Êîãóòà,
Ï. À. Êîíäðàòåíêî "Âåðáèíñêîå ìåñòîðîæäåíèå ìîëèáäåíà
(ñåâåðî-çàïàä Óêðàèíñêîãî ùèòà): ïåòðîãðàôèÿ, ìèíåðàëîãèÿ,
óñëîâèÿ ôîðìèðîâàíèÿ", îïóáëèêîâàííîé â "Ìèíåðàëîãè÷åñêîì
æóðíàëå" 22, ¹ 4, 2000 ã., ïî âèíå àâòîðîâ äîïóùåíà îøèáêà. Â
òàáë. 2 àíàëèçû 2–4, 6, 7 ñîîòâåòñòâóþò ñåðèöèòó, êîòîðûé
ðàçâèâàåòñÿ ïî êàëèåâîìó ïîëåâîìó øïàòó.



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 1 1

MINERALOGICAL
JOURNAL (UKRAINE)

NATIONAL ACADEMY OF SCIENCES OF UKRAINE

SCIENTIFIC-THEORETICAL JOURNAL

FOUNDED IN SEPTEMBER, 1979

6 ISSUES PER YEAR

KIEVVol. 23, N 1, January-February, 2001

© Institute of Geochemistry, Mineralogy and Ore Formation of National Academy of Sciences of Ukraine, 2001

Contents
Mineralogy
SHCHERBAK Ì. P., KVASNYTSYA V. M. New prospects of search for the
indigenous sources of diamond  at the Ukrainian Shield ..................................................... 5
PAVLISHIN V. I., VOZNYAK D. K., GALABURDA YU. A., GRECHANOVSKA O. E.,
ILCHENKO K. O., KULCHITSKA G. O., MELNIKOV V. S., CHERNYSH D. S.
Veined quartz of Ukraine: mineralogical specification of promising
ore manifestations ............................................................................................................ 11
BRIK A. B., ULYANCHICH N. V., KENNER G. H., KALINICHENKO A. M.,
BAGMUT N. N., BRIK V. B. EPR of the Impurity Crystal Phases in Biominerals and
Their Synthetic Analogues ............................................................................................... 23
LUGOVAYA I. P., KRIVDIK S. G., PONOMARENKO A. N. The oxygen isotopic
composition of zircons in granitoids and alkaline rocks of the Ukrainian Shield ............... 38
 IVANITSKIY V. P., VOZNYUK P. O., LYTOVCHENKO A. S., BONDARENKO G. N.
Investigation of radiation oxidation processes of iron in amphiboles and kinetics of their
course (on NGR data ) ................................................................................................... 42
SIDORENKO G. A., CHUKANOV N. V., NAUMOVA I. S.  On the uranyl silicates of
haiweeite — weksite crystal chemical group ..................................................................... 55
SHABALIN B. G., POLSHIN E. V. Synthesis of hollandites and isomorphism in them ....... 63
OSTAPENKO G. T., GOROGOTSKAYA L. I., TIMOSHKOVA L. P., KUTZ V. A.,
YAKOVLEV B. G. On kyanite and andalusite metastable decomposition into mullite
and quartz in the sillimanite field ..................................................................................... 69

Geochemistry
ARTEMENKO G. V. Geochronology of granulite-gneiss associations of the Near Azov
megablock (the Ukrainian Shield) .................................................................................... 73
SUYARKO V. G. Geochemistry of rare elements in underground waters of hydrothermal
systems of Donbas .... ...................................................................................................... 80
SHMELEV YE. G. Geochemical peculiarities of metasomatic changes in basic dikes
of the Krasnogorsk-Zhytomyr zone (Volyn block of the Ukrainian Shield) ...................... 88
ARTEMENKO G.V., TATARINOVA JE. A., RAZDOROZHNY V. F., DOVBUSH T. I.

Archean age of granitoids of the Shevchenko complex ...................................................... 92

News Items
DONSKOY A. N. A prominent organizer of Ukrainian science (on the 95th Anniversary
 of Birthday of academician of Nat. Acad. of Sci. of Ukraine N. P. Semenenko) .................. 95
IGOR BORISOVICH SHCHERBAKOV (on the 70th Anniversary of Birthday) .............. 97
Our Authors .................................................................................................................. 99



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 12

              EDITORIAL BOARD

         Editor-in-Chief    N. P. Shcherbak

R. Ya.Belevtsev (Deputy Editor-in-Chief)

A. G. Bulakh
A. A. Valter (Deputy Editor-in-Chief)

K. E. Esipchuk
E. Ya.Zhovinsky (Deputy Editor-in-Chief)

O. V. Zinchenko
V. B. Koval
E. A. Kulish
A. A. Marakushev
O. I. Matkovsky
Yu.P. Melnik
I. M. Naumko
V. I. Pavlishin (Deputy Editor-in-Chief)

A. N. Platonov
N. V. Sobolev
E. V. Sobotovich
M. N. Taran (Secretary-in-Chief)

E. F. Shnyukov

Head of the Editorial Staff

N. R. Kalmykova

Editors    E. P. Bondarchuk, V. V. Matrosova, N. V. Morozova

               EDITORSHIP  ADDRESS
34, Palladina Prospect, 03680, Kiev–142, Ukraine,
tel. (38044) 444–02–42, fax (38044) 444–12–70



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 1 3

ÍÀÖÈÎÍÀËÜÍÀß ÀÊÀÄÅÌÈß ÍÀÓÊ ÓÊÐÀÈÍÛ

ÍÀÓ×ÍÎ-ÒÅÎÐÅÒÈ×ÅÑÊÈÉ ÆÓÐÍÀË

ÎÑÍÎÂÀÍ Â ÑÅÍÒßÁÐÅ 1979 ã.

ÂÛÕÎÄÈÒ 6 ÐÀÇ Â ÃÎÄ

ÊÈÅÂТом 23, № 1, январь—февраль, 2001

© Èíñòèòóò ãåîõèìèè, ìèíåðàëîãèè è ðóäîîáðàçîâàíèÿ ÍÀÍ Óêðàèíû, 2001

Ñîäåðæàíèå
Ìèíåðàëîãèÿ
ÙÅÐÁÀÊ Ì. Ï., ÊÂÀÑÍÈÖß Â. Ì. Íîâ³ ïåðñïåêòèâè ïîøóê³â êîð³ííèõ
äæåðåë àëìàçó íà Óêðà¿íñüêîìó ùèò³ ............................................................................. 5
ÏÀÂËÈØÈÍ Â. ²., ÂÎÇÍßÊ Ä. Ê., ÃÀËÀÁÓÐÄÀ Þ. À., ÃÐÅ×ÀÍÎÂÑÜÊÀ Î. ª.,
²ËÜ×ÅÍÊÎ Ê. Î., ÊÓËÜ×ÈÖÜÊÀ Ã. Î., ÌÅËÜÍÈÊÎÂ Â. Ñ., ×ÅÐÍÈØ Ä. Ñ.
Æèëüíèé êâàðö Óêðà¿íè: ì³íåðàëîã³÷íà õàðàêòåðèñòèêà ïåðñïåêòèâíèõ
ðóäîïðîÿâ³â .................................................................................................................... 11
ÁÐÈÊ À. Á., ÓËÜßÍ×È×, Í. Â. ÊÅÍÍÅÐ Ã. Õ., ÊÀËÈÍÈ×ÅÍÊÎ À. Ì.,
ÁÀÃÌÓÒ Í. Í., ÁÐÈÊ Â. Á. ÝÏÐ ïðèìåñíûõ êðèñòàëëè÷åñêèõ ôàç
â áèîìèíåðàëàõ è èõ ñèíòåòè÷åñêèõ àíàëîãàõ .............................................................. 23
ËÓÃÎÂÀß È. Ï., ÊÐÈÂÄÈÊ Ñ. Ã., ÏÎÍÎÌÀÐÅÍÊÎ À. Í. Èçîòîïíûé
ñîñòàâ êèñëîðîäà öèðêîíîâ â ãðàíèòîèäàõ è ùåëî÷íûõ ïîðîäàõ
Óêðàèíñêîãî ùèòà ......................................................................................................... 38
ÈÂÀÍÈÖÊÈÉ Â. Ï., ÂÎÇÍÞÊ Ï. Î., ËÈÒÎÂ×ÅÍÊÎ À. Ñ., ÁÎÍÄÀÐÅÍÊÎ Ã. Í.
Èññëåäîâàíèå ïðîöåññîâ ðàäèàöèîííîãî îêèñëåíèÿ æåëåçà â àìôèáîëàõ
è êèíåòèêè èõ ïðîòåêàíèÿ (ïî äàííûì ßÃÐ) ............................................................... 42
ÑÈÄÎÐÅÍÊÎ Ã. À., ×ÓÊÀÍÎÂ Í. Â., ÍÀÓÌÎÂÀ È. Ñ. Î ñèëèêàòàõ óðàíèëà
êðèñòàëëîõèìè÷åñêîé ãðóïïû õåéâèèòà — óèêñèòà ..................................................... 55
ØÀÁÀËÈÍ Á. Ã., ÏÎËÜØÈÍ Ý. Â. Ñèíòåç ãîëëàíäèòîâ è èçîìîðôèçì â íèõ .......... 63
ÎÑÒÀÏÅÍÊÎ Ã. Ò., ÃÎÐÎÃÎÖÊÀß Ë. È., ÒÈÌÎØÊÎÂÀ Ë. Ï., ÊÓÖ Â. À.,
ßÊÎÂËÅÂ Á. Ã. Î ìåòàñòàáèëüíûõ ðåàêöèÿõ ðàñïàäà êèàíèòà è àíäàëóçèòà
íà ìóëëèò è êâàðö â ïîëå ñèëëèìàíèòà ........................................................................ 69

Ãåîõèìèÿ
ÀÐÒÅÌÅÍÊÎ Ã. Â. Ãåîõðîíîëîãèÿ ãðàíóëèò-ãíåéñîâûõ àññîöèàöèé
Ïðèàçîâñêîãî ìåãàáëîêà (Óêðàèíñêèé ùèò) ............................................................... 73
ÑÓßÐÊÎ Â. Ã. Ãåîõ³ì³ÿ ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ ã³äðîòåðìàëüíèõ
ñèñòåì Äîíáàñó .............................................................................................................. 80
ØÌÅËÅÂ Å. Ã. Ãåîõèìè÷åñêèå îñîáåííîñòè ìåòàñîìàòè÷åñêèõ ïðîöåññîâ
â áàçèòîâûõ äàéêàõ Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû (Âîëûíñêèé áëîê
Óêðàèíñêîãî ùèòà) ........................................................................................................ 88
ÀÐÒÅÌÅÍÊÎ Ã. Â., ÒÀÒÀÐÈÍÎÂÀ Å. À., ÐÀÇÄÎÐÎÆÍÛÉ Â. Ô., ÄÎÂÁÓØ Ò. È.
Àðõåéñêèé âîçðàñò ãðàíèòîèäîâ øåâ÷åíêîâñêîãî êîìïëåêñà ...................................... 92

Õðîíèêà
ÄÎÍÑÊÎÉ À. Í. Âûäàþùèéñÿ îðãàíèçàòîð óêðàèíñêîé íàóêè (ê 95-ëåòèþ
ñî äíÿ ðîæäåíèÿ àêàäåìèêà ÍÀÍ Óêðàèíû Í. Ï. Ñåìåíåíêî) ..................................... 95
ÈÃÎÐÜ ÁÎÐÈÑÎÂÈ× ÙÅÐÁÀÊÎÂ (ê 70-ëåòèþ ñî äíÿ ðîæäåíèÿ) ......................... 97
Íàøè àâòîðû ............................................................................................................... 99



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 14

ÏËÀÒÎÍÎÂ À. Í. è äð.

Ñâèäåòåëüñòâî î ãîñóäàðñòâåííîé ðåãèñòðàöèè ïå÷àòíîãî îðãàíà ìàññîâîé èíôîðìàöèè
Ñåðèÿ ÊÂ ¹ 1966

Ïå÷àòàåòñÿ ïî ïîñòàíîâëåíèþ ðåäàêöèîííîé êîëëåãèè æóðíàëà

Ðåäàêòîðû  Å. Ï. ÁÎÍÄÀÐ×ÓÊ, Â. Â. ÌÀÒÐÎÑÎÂÀ, Í. Â. ÌÎÐÎÇÎÂÀ

Õóäîæåñòâåííûé ðåäàêòîð Ò. Ì. ÍÅÌÅÐÎÂÑÊÀß

Òåõíè÷åñêèé ðåäàêòîð Ò. Ì. ØÅÍÄÅÐÎÂÈ×

Ñäàíî â íàáîð 1.02.2001. Ïîäï. â ïå÷àòü 20.02.2001. Ôîðìàò 70108/16. Áóì. îôñ. ¹ 1. Ãàðí. Òàéìñ ET.
Ïå÷àòü îôñåòíàÿ. Óñë. ïå÷. ë. 11,0. Òèðàæ 300 ýêç. Çàê. 1-01-2001

Òèïîãðàôèÿ ôèðìû "Ýññå", Êèåâ, ïð-ò Âåðíàäñêîãî, 34/1



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 1 5

МИНЕРАЛОГИЯ

ÓÄÊ 553.81:553.061.12:549.211(477)

Ì. Ï. Ùåðáàê, Â. Ì. Êâàñíèöÿ

Íîâ³ ïåðñïåêòèâè ïîøóê³â êîð³ííèõ
äæåðåë àëìàçó íà Óêðà¿íñüêîìó ùèò³

Çàïðîïîíîâàíî íîâó êîíöåïö³þ ùîäî êîð³ííèõ äæåðåë àëìàçó íà Óêðà¿íñüêîìó ùèò³ ³ îêðåñëåíî êîëî
ïåðøî÷åðãîâèõ çàõîä³â äëÿ ¿¿ êîíêðåòèçàö³¿ ³ ï³äòâåðäæåííÿ. Â îñíîâ³ êîíöåïö³¿ ëåæèòü îð³ºíòàö³ÿ íà íîâ³
êîð³íí³ äæåðåëà àëìàçó íà Óêðà¿íñüêîìó ùèò³ — êîìàòè¿òè òà ³íø³ âóëêàí³÷í³ óëüòðàîñíîâí³ ïîðîäè. Êîíöåïö³ÿ
´ðóíòóºòüñÿ íà çíàõ³äö³ êðèñòàë³â àëìàçó â ìåòàêîìàòè¿òàõ, ðîçïëàâè ÿêèõ áóëè ùå îäíèì òðàíñïîðòåðîì
ìàíò³éíîãî äîêåìáð³éñüêîãî àëìàçó, íà ³çîòîïíèõ ³ ñïåêòðîñêîï³÷íèõ äàíèõ ùîäî àðõåéñüêîãî ³ ïðîòåðîçîéñüêîãî
â³êó àëìàç³â ³ç ê³ìáåðë³ò³â ³ ëàìïðî¿ò³â, íà äàíèõ ùîäî äîêåìáð³éñüêîãî â³êó êðèñòàë³â ðîçñèïíîãî àëìàçó
Óêðà¿íñüêîãî ùèòà ³ ¿õíüî¿ ñâîºð³äíî¿ ðîñòîâî¿ ÷è ï³ñëÿðîñòîâî¿ ³ñòîð³¿, íà ðîçòàøóâàíí³ îñíîâíèõ ðîçñèï³â
ì³êðîêðèñòàë³â àëìàçó â ìåæàõ â³äïîâ³äíèõ ãåîáëîê³â Óêðà¿íñüêîãî ùèòà ç êîìàòè¿òàìè.

Àêöåñîðí³ êðèñòàëè åíäîãåííîãî àëìàçó ïî÷èíàþ÷è ç 1949 ð. çàô³êñîâàíî â òåðèãåí-
íèõ â³äêëàäàõ áàãàòüîõ ì³ñöü Óêðà¿íñüêîãî ùèòà (ÓÙ) òà éîãî ñõèë³â ç ïåðåâàæíîþ
¿õ êîíöåíòðàö³ºþ íà äåê³ëüêîõ â³êîâèõ ð³âíÿõ: ó ïðîòåðîçîéñüêèõ â³äêëàäàõ ï³âí³÷íî¿
÷àñòèíè (êîíãëîìåðàòè ³ ï³ñêîâèêè á³ëîêîðîâèöüêî¿ ñâ³òè), ó âåðõíüîïàëåîçîéñüêèõ
â³äêëàäàõ Öåíòðàëüíîãî Äîíáàñó ³ çîíè ç÷ëåíóâàííÿ ç Ïðèàçîâñüêèì áëîêîì (ïåðå-
âàæíî âåðõíüîêàðáîíîâ³ â³äêëàäè), â íåîãåíîâèõ â³äêëàäàõ öåíòðàëüíî¿ ÷àñòèíè ³
ï³âí³÷íî-ñõ³äíîãî ñõèëó (ñàðìàòñüê³ ³ ïîëòàâñüê³ ï³ñêè), â íåîãåíîâèõ â³äêëàäàõ ï³âäåí-
íî-çàõ³äíî¿ ÷àñòèíè (áàëòñüê³ ï³ñêè), à òàêîæ ó ÷åòâåðòèííèõ ³ ñó÷àñíèõ â³äêëàäàõ
Ïðèäí³ñòðîâ’ÿ, Ïîáóææÿ, Ïðèäí³ïðîâ’ÿ, Ïðè÷îðíîìîð’ÿ ³ Ïðèàçîâ’ÿ (òåðàñîâ³ ³ ðóñ-
ëîâ³ àëþâ³àëüí³ â³äêëàäè ð³ê, ùî ðîçìèâàþòü íàâåäåí³ âèùå â³äîì³ é íåâ³äîì³ êîëåê-
òîðè àëìàçó, à òàêîæ â³äêëàäè ïëÿæ³â ×îðíîãî ³ Àçîâñüêîãî ìîð³â, êóäè àëìàç ïðèíå-
ñåíî ð³÷êîâèìè ñèñòåìàìè). Ó áàãàòüîõ âèïàäêàõ çíàõ³äêè àëìàçó ñóïðîâîäæóþòüñÿ
ñóïóòí³ìè éîìó ìàíò³éíèìè ì³íåðàëàìè (ï³ðîïîì, ï³ðîï-àëüìàíäèíîì, õðîìøï³íå-
ë³äàìè, ï³êðî³ëüìåí³òîì, õðîìä³îïñèäîì òà ³í.). Â³äîì³ ê³ìáåðë³òîâ³ ³ ëàìïðî¿òîâ³ ïðî-
ÿâè ï³âäåííî-ñõ³äíî¿, öåíòðàëüíî¿ ³ ï³âí³÷íî-çàõ³äíî¿  ÷àñòèí ÓÙ áåçàëìàçí³ ³ íå
ìîæóòü áóòè êîð³ííèìè äæåðåëàìè äëÿ ïåðåë³÷åíîãî âèùå ðîçñèïíîãî àëìàçó.

Ñë³ä çàçíà÷èòè, ùî çíàéäåí³ ðîçñèïí³ àëìàçè âèùå íàâåäåíèõ â³êîâèõ ð³âí³â â
ìåæàõ ÓÙ ìàþòü ñïåöèô³÷í³ îçíàêè. Ïðîòåðîçîéñüê³ àëìàçè ìàéæå íå â³äð³çíÿþòüñÿ
ÿê â³ä àëìàçó ç ê³ìáåðë³ò³â ³ ëàìïðî¿ò³â äîêåìáð³éñüêîãî ÷è ôàíåðîçîéñüêîãî â³êó, òàê
³ â³ä äîêåìáð³éñüêîãî ðîçñèïíîãî àëìàçó. Ñàðìàòñüêî-ïîëòàâñüê³ õàðàêòåðèçóþòüñÿ
ö³ëîþ íèçêîþ îçíàê (ìàëèìè ðîçì³ðàìè, ïåðåâàæíî êóá³÷íîþ ôîðìîþ êðèñòàë³â, "ëåã-
êèì" ñêëàäîì âóãëåöþ, íåçâè÷íèìè íàáîðàìè àçîòíèõ öåíòð³â òà ³í.), ÿê³ íå äîçâîëÿ-
þòü ïîâí³ñòþ îòîòîæíþâàòè ¿õ ç àëìàçîì ³ç ê³ìáåðë³ò³â (ëàìïðî¿ò³â) ÷è ç ìåòàìîð-
ô³÷íèõ ïîð³ä (äî òîãî æ ïàðàãåíåòè÷íî ñóïóòí³ öüîìó àëìàçó ìàíò³éí³ ì³íåðàëè
â³äñóòí³). Ñåðåä áàëòñüêèõ àëìàç³â îêð³ì ìàëèõ ðîçì³ð³â á³ëüøîñò³ êðèñòàë³â ÷àñò³
çåëåí³, ð³çí³ çà ìîðôîëîã³ºþ áàãàòîãðàííèêè (â òîìó ÷èñë³ ñâîºð³äí³ òåòðàãåêñàåäðî¿-
äè), ùî òàêîæ íå äîçâîëÿº ïîâí³ñòþ ¿õ ç³ñòàâëÿòè ç àëìàçîì ³ç ê³ìáåðë³ò³â (ëàìï-
ðî¿ò³â) ÷è ç ìåòàìîðô³÷íèõ ïîð³ä. Âñå öå ñâ³ä÷èòü ïðî ì³ñöåâ³ êîð³íí³ äæåðåëà ð³çíî-
â³êîâèõ ðîçñèïíèõ àëìàç³â.

ßêùî áàãàòî÷èñëåíí³ñòü êîð³ííèõ äæåðåë åíäîãåííîãî àëìàçó ³ ì³ñöÿ ¿õ ðîçòà-
øóâàííÿ íà ÓÙ íå âèêëèêàþòü ñóìí³âó, òî êàðäèíàëüíå ïèòàííÿ — ç ÿêèì ãåíåòè÷-
íèì òèïîì (ï³äòèïîì) åíäîãåííîãî àëìàçó ìè ìàºìî ñïðàâó — ùå äàëåêå â³ä âèð³-
øåííÿ. Ïðîòå ñàìå â³ä öüîãî çàëåæèòü ïðàâèëüíèé âèá³ð ñòðàòåã³¿ ïîøóê³â êîð³ííèõ
äæåðåë àëìàçó íà ÓÙ. Ñåðåä åíäîãåííîãî àëìàçó íèí³ ðîçð³çíÿþòü äåê³ëüêà éîãî
ãåíåòè÷íèõ òèï³â ³ ï³äòèï³â: 1) ìàíò³éíèé — öå àëìàç ê³ìáåðë³ò³â, ëàìïðî¿ò³â òà êñå-
íîë³ò³â ìàíò³éíèõ ïîð³ä ç äåê³ëüêîìà ïàðàãåíåçèñàìè, ãîëîâíèìè ñåðåä ÿêèõ º ïåðè-
äîòèòîâèé ³ åêëîã³òîâèé (òîáòî äâà ï³äòèïè ìàíò³éíîãî àëìàçó); 2) òàê çâàíèé êîðî-
âèé — öå ì³êðîêðèñòàëè àëìàçó äàâí³õ ìåòàìîðô³÷íèõ ïîð³ä. Îñòàíí³é çíàéäåíèé
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ïîêè ùî â ìåòàìîðô³÷íèõ êîìïëåêñàõ Êàçàõñòàíó, Êèòàþ ³ Íîðâåã³¿. Îá´ðóíòóâàííÿ
óòâîðåííÿ öüîãî àëìàçó â óìîâàõ çåìíî¿ êîðè ÿâíî íåäîñòàòíº ³, ìàáóòü, éîãî ñë³ä
â³äíîñèòè òàêîæ äî ìàíò³éíîãî àëìàçó.

Â³äîìèé ùå îäèí ï³äòèï äåùî íåçâè÷íîãî ìàíò³éíîãî àëìàçó ³ç äîêåìáð³éñüêèõ
ðîçñèï³â, àíàëîã³÷íîãî çà áàãàòüìà îçíàêàìè àëìàçó ³ç ê³ìáåðë³ò³â ³ ëàìïðî¿ò³â. Éîãî
âñòàíîâëåíî ìàéæå íà âñ³õ êîíòèíåíòàõ (äàâí³õ ïëàòôîðìàõ, ùèòàõ) äëÿ òðüîõ â³êî-
âèõ ð³âí³â: ðàííüîïðîòåðîçîéñüêîãî, ðèôåéñüêîãî ³ âåíäñüêîãî. ßêùî äëÿ âåíäñüêîãî
³, ìîæëèâî, ÷àñòèíè ðèôåéñüêîãî àëìàçó ìîæíà ïðîñòåæèòè çâ’ÿçîê ³ç ê³ìáåðë³òàìè ³
ëàìïðî¿òàìè (ïîêè ùî äî íàéäàâí³øèõ ê³ìáåðë³ò³â ³ ëàìïðî¿ò³â â³äíîñÿòü ò³ëà ïîëÿ
Êóðóìàí ó Ï³âäåíí³é Àôðèö³ â³êîì 1600–1670 ìëí ðîê³â; â³ê äåÿêèõ áàãàòèõ íà àëìàç
ê³ìáåðë³òîâèõ ³ ëàìïðî¿òîâèõ òðóáîê ~1200 ìëí ðîê³â), òî äëÿ ðàííüîïðîòåðîçîéñüêî-
ãî àëìàçó êîð³íí³ äæåðåëà íåâ³äîì³. Îäíèì ³ç ìîæëèâèõ äæåðåë öüîãî àëìàçó ùå 16
ðîê³â òîìó ïåðåäáà÷àëèñÿ êîìàòè¿òè [11].

Îð³ºíòóâàííÿ íà ê³ìáåðë³òîâ³ (ëàìïðî¿òîâ³) äæåðåëà àëìàçó íà ÓÙ ìàº ïåâíå
ï³ä´ðóíòÿ ç âèä³ëåííÿì òàêèõ ôîðìàö³é [14]: âåðõíüîïðîòåðîçîéñüêî¿ äëÿ ï³âí³÷íî-
çàõ³äíî¿ ³ öåíòðàëüíî¿ ÷àñòèí ÓÙ; ðèôåéñüêî¿ äëÿ ï³âäåííî-çàõ³äíî¿ îêðà¿íè Âîëè-
íî-Ïîä³ëëÿ; âåíäñüêî¿ (âàëäàéñüêî¿) äëÿ ï³âí³÷íî¿ ³ ï³âí³÷íî-çàõ³äíî¿ ÷àñòèí Âîëè-
íî-Ïîä³ëëÿ ³ âñüîãî ï³âäåííî-çàõ³äíîãî ñõèëó ÓÙ; äåâîíñüêî¿ äëÿ Ï³âí³÷íî¿ Âîëèí³;
âåðõíüîïàëåîçîéñüêî¿ äëÿ çîíè ç÷ëåíóâàííÿ Ïðèàçîâñüêîãî áëîêó ç Äîíáàñîì ³ Ïðè-
àçîâ’ÿì, ³ äëÿ Öåíòðàëüíîãî Äîíáàñó; íåîãåíîâî¿ (ïîëòàâñüêî-ñàðìàòñüêî¿) äëÿ
ï³âí³÷íî-ñõ³äíîãî ñõèëó ³ öåíòðàëüíî¿ ÷àñòèíè ÓÙ; íåîãåíîâî¿ (áàëòñüêî¿) äëÿ ï³âäåí-
íî-çàõ³äíî¿ ÷àñòèíè ÓÙ. Îäíàê ñë³ä çàçíà÷èòè, ùî îñíîâîþ äëÿ òàêîãî ôîðìàö³éíîãî

Ðèñ. 1.  Ðîçð³çè êîìàòè¿ò-òîëå¿òîâî¿   ôîðìàö³¿   Ñóðñüêî¿   ñòðóêòóðè     (çà äàíèìè  Â. Ä. Êîë³ÿ, À. Î. Ñ³âîðîíîâà,
Î. Á. Áîáðîâà, À. Ã. Ñìîãîëþê): à — ðîçòàøóâàííÿ ïðîô³ë³â â ìåæàõ ñòðóêòóðè; ïðîô³ë³: á — ²-², â — ²²-²²; ã — ïî
â³äñëîíåí³é ÷àñòèí³ ïîáëèçó ñ. Íîâîìèêîëà¿âêà; ïîðîäà: 1 — ïåðèäîòèòè ³ ïåðèäîòèòîâ³ êîìàòè¿òè; 2 — ï³ðîê-
ñåí³òîâ³ êîìàòè¿òè; 3 — êîìàòè¿òîâ³ áàçàëüòè; 4 — àëüá³ò-õëîðèòîâ³ ³ àëüá³ò-àìô³áîëîâ³ ñëàíö³; 5 — àìô³áîë³òè
(ìåòàòîëå¿òè); 6 — òàëüê-êàðáîíàòí³ ïîðîäè; 7 — ãðàí³òî-ãíåéñè ôóíäàìåíòó; ïîòóæí³ñòü òîâù³, ì: I — ïîíàä
850, II — 1420, III — ïîíàä 410

Ðèñ. 2. Ðîçð³çè êîìàòè¿ò-òîëå¿òîâî¿ ôîðìàö³¿ ×îðòîìëèêñüêî¿ (à), Âåðõ³âöåâñüêî¿ (á) ñòðóêòóð ³ êîìàòè¿òîâî¿
ôîðìàö³¿ Âåðõ³âöåâñüêî¿ (â) ñòðóêòóðè (çà äàíèìè Â. Ä. Êîë³ÿ, À. Î. Ñ³âîðîíîâà, Î. Á. Áîáðîâà, À. Ã. Ñìîãîëþê);
ïîðîäà: 1 — ïåðèäîòèòîâ³ êîìàòè¿òè; 2 — ï³ðîêñåí³òîâ³ êîìàòè¿òè; 3 — êîìàòè¿òîâ³ áàçàëüòè; 4 — òîëå¿òè; 5 —
àíäåçèòî-áàçàëüòè; 6 — àíäåçèòè; 7 — òóôè äàöèò³â; 8 — òóôè òîëå¿ò³â
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ðîçïîä³ëó ó âèïàäêó â³äñóòíîñò³ ïðîÿâó êîð³í-
íèõ äæåðåë ÷àñòî ñëóæàòü íåîäíàêîâî âèâ÷åí³
àëìàç ³ éîãî ì³íåðàëè-ñóïóòíèêè çîêðåìà ÷è
ðàçîì ³ òîìó ìàéæå âñþäè íå äîêàçàíèé ¿õ ïàðà-
ãåíåòè÷íèé çâ’ÿçîê. ßêùî, íàïðèêëàä, ãðàíàò âè-
êîðèñòîâóþòü äëÿ âñòàíîâëåííÿ òèõ ÷è ³íøèõ
ïàðàãåíåçèñ³â, òî àëìàç ìàéæå ïîâí³ñòþ ³ãíî-
ðóºòüñÿ (ìîæëèâî, ÷åðåç éîãî íåäîñòàòíº âèâ÷åí-
íÿ). Òàêèì ÷èíîì, ÿêùî ðîçñèïíèé àëìàç çíàé-
äåíî ðàçîì ç ìàíò³éíèì ãðàíàòîì, òî ¿õ ïàðàãå-
íåçèñ ìîæíà ââàæàòè çà ³ñòèííèé ò³ëüêè òîä³,
êîëè áóäå âñòàíîâëåíî îäíàêîâèé ãåíåòè÷íèé
òèï îáîõ ì³íåðàë³â, òîìó ùî ìîæëèâ³ ñèòóàö³¿,
êîëè â ì³ñö³ çíàõ³äêè åêëîã³òîâèé ï³äòèï àëìàçó
º ñóñ³äîì ïåðèäîòèòîâîãî ïiäòèïó ãðàíàòó ÷è íà-
âïàêè. ² õî÷à åêëîã³òîâèé ³ ïåðèäîòèòîâèé ãëè-
áèííèé ìàòåð³àë òðàíñïîðòóþòüñÿ â çåìíó êîðó
òèì æå ê³ìáåðë³òîâèì ÷è ëàìïðî¿òîâèì ðîçïëà-
âîì, ñòðàòåã³ÿ ïðîãíîçó ³ ïîøóê³â êîð³ííèõ äæå-
ðåë àëìàçó íàâ³òü ïðè äàíèõ îáñòàâèíàõ äåùî â³äð³çíÿºòüñÿ. ² çîâñ³ì ³íøîþ âîíà ìàº
áóòè, ÿêùî òðàíñïîðòåðîì ìàíò³éíîãî àëìàçó ñòàº íåê³ìáåðë³òîâèé (íåëàìïðî¿òî-
âèé) ðîçïëàâ (ïðîáëåìà àëìàçîíîñíîñò³ íåê³ìáåðë³òîâèõ âèâåðæåíèõ ïîð³ä ïîñòàâ-
ëåíà äàâíî ³ íàéá³ëüø äåòàëüíî  ðîçãëÿíóòà ó ïðàö³ [4]).

Ó 1999 ð. ôðàíöóçüêèìè ãåîëîãàìè [16] âñòàíîâëåíî àëìàçîíîñí³ñòü êîìàòè¿ò³â
Ãâ³àíè (Ôð.), òîáòî ùå îäèí òèï ãëèáèííèõ ìàãìàòè÷íèõ ïîð³ä îêð³ì ê³ìáåðë³ò³â ³
ëàìïðî¿ò³â, ðîçïëàâè ÿêèõ âèíîñÿòü â çåìíó êîðó ìàíò³éíèé àëìàç. Âì³ñò àëìàçó — â³ä
1 äî 77 êðèñòàë³â íà ê³ëîãðàì ïîðîäè (êåðí). Àëìàçè ïåðåâàæíî äð³áí³, ïðîòå òðàïëÿ-
þòüñÿ êðèñòàëè ðîçì³ðàìè > 1 ìì; ïåðâèííà ôîðìà êðèñòàë³â êóáîîêòàåäðè÷íà. Íà ¿õ
ïîâåðõí³ çàô³êñîâàí³ ñë³äè ðîç÷èíåííÿ âíàñë³äîê ñèëüíîãî âïëèâó Í2Î ³ ÑÎ2. ²çîòîï-
íèé ñêëàä âóãëåöþ êðèñòàë³â àëìàçó ñòàíîâèòü â³ä –23 äî –27 ‰ (Ñ13, ìàéæå òðåòè-
íà äîñë³äæåíèõ êðèñòàë³â á³äíà íà àãðåãàòí³ äîì³øêè àçîòó. Çà öèìè îçíàêàìè çíàé-
äåí³ êðèñòàëè àëìàçó â³äíåñåíî äî åêëîã³òîâîãî  ïàðàãåíåçèñó. Ïàðàãåíåòè÷íî ñóïóòí³
àëìàçó ì³íåðàëè â³äñóòí³, ïðîòå çàô³êñîâàí³ çåðíà ãðàíàòó ïåðèäîòèòîâîãî ïiäòèïó.

Àëìàçîâì³ñí³ ïîðîäè ïðåäñòàâëåí³ àëüá³ò-êàðáîíàò-õëîðèò-òàëüêîâèìè ñëàíöÿ-
ìè, ÿê³ çà áàãàòüìà ïîêàçíèêàìè (õ³ì³÷íèé ñêëàä, âì³ñò ïåòðîãåííèõ ³ ð³äê³ñíîçåìåëü-
íèõ åëåìåíò³â, íàÿâí³ñòü ðåë³êò³â îë³â³íó, çàëèøê³â îçíàê ïåðâèííî¿ òåêñòóðè âóëêà-
í³÷íî¿ óëüòðàîñíîâíî¿ ïîðîäè) â³äíåñåíî äî ìåòàêîìàòè¿ò³â, áëèçüêèõ äî â³äîìèõ êî-
ìàòè¿ò³â Ï³âäåííî¿ Àôðèêè, Êàíàäè ³ Íîðâåã³¿. Ìåòàêîìàòè¿òè ç àëìàçîì (ìàñèâ çàâ-
äîâæêè ~5 êì ³ çàâøèðøêè 350 1100 ì ïðè çíà÷í³é ïîòóæíîñò³, ùî ñòàíîâèòü ìàéæå
äåñÿòêè ìåòð³â) íàëåæàòü äî ïðîòåðîçîéñüêîãî çåëåíîêàì’ÿíîãî ïîÿñó (2110 ìëí
ðîê³â) Ãâ³àíñüêîãî áëîêà Áðàçèëüñüêîãî ùèòà. Ï³äâèùåíèé âì³ñò Ti, P, K, Zr, TR, Y, Sr,
Nb, Ba ³ Rb äîçâîëÿº ãîâîðèòè ïðî ñâîºð³äíèé ãâ³àíñüêèé àëìàçîâì³ñíèé òèï êîìà-
òè¿òó. Íà òåðèòîð³¿ öüîãî áëîêà äàâíî â³äîì³ ñó÷àñí³ àëþâ³àëüí³ ðîçñèïè ³ç çíà÷íèì
âì³ñòîì òàêîæ ïåðåâàæíî äð³áíîãî àëìàçó [11], õî÷à é íåð³äê³ çíàõ³äêè âåëèêèõ êðè-
ñòàë³â àëìàçó. Ñóïóòí³ àëìàçó ì³íåðàëè ïðåäñòàâëåí³ ðóòèëîì, àíàòàçîì, ëåéêîêñåíîì,
ê³àí³òîì, öèðêîíîì, ìîíàöèòîì, òóðìàë³íîì, ìàãíåòèòîì ³ ãåìàòèòîì. Àëìàçè ç àëþâ³þ
ð³ê ïîâ’ÿçóþòü ç âåíäñüêèìè áàçàëüíèìè êîíãëîìåðàòàìè (ôîðìàö³ÿ Ðîðà¿ìà).

Âèùå ìè â³äçíà÷àëè ñïåöèô³êó êðèñòàë³â àëìàçó ³ç íåîãåíîâèõ â³äêëàä³â ÓÙ ³
éîãî ñõèë³â. Ñåðåä íèõ º çíà÷íà ê³ëüê³ñòü êðèñòàë³â àëìàçó òàê çâàíîãî íåç’ÿñîâàíîãî
ïîõîäæåííÿ — öå ì³êðîêðèñòàëè àëìàçó ³ç íåîãåíîâèõ ï³ñê³â (áàëòñüê³, ñàðìàòñüê³ ³
ïîëòàâñüê³ â³äêëàäè), ÿê³ çà íèçêîþ îçíàê (êóá³÷íà ôîðìà á³ëüøîñò³ êðèñòàë³â, ³çîòîï-
íèé ñêëàä âóãëåöþ â³ä –13,7 äî –21, 6 ‰ Ñ13 [5, 8]), ìîæíà â³äíåñòè äî åêëîã³òîâîãî
ïàðàãåíåçèñó. Çàçíà÷èìî, ùî é ñåðåä çåðåí ìàíò³éíîãî ãðàíàòó â òåðèãåííèõ â³äêëàäàõ
ÓÙ, îñîáëèâî éîãî ï³âäåííîãî çàõîäó, ¿õ çíà÷íà ÷àñòèíà íàëåæèòü äî åêëîã³òîâî¿ àñî-
ö³àö³¿ [7]. Îòðèìàí³ íîâ³ äàí³ ç ì³íåðàëîã³¿ ì³êðîêðèñòàë³â àëìàçó Ñàìîòêàíñüêîãî ³
Çåëåíîÿðñüêîãî ðîçñèï³â (âèäèìà, ³íôðà÷åðâîíà ³ ðàìàí³âñüêà ñïåêòðîñêîï³ÿ, ôîòî-
ëþì³íåñöåíö³ÿ [6, 10, 12, 18]) ñâ³ä÷àòü ïðî òå, ùî âîíè ìàþòü íåçâè÷íó ðîñòîâó ÷è,

Ðèñ. 3. Ðîçð³çè êîìàòè¿ò-òîëå¿òîâî¿ ôîðìàö³¿ Äåìîâ’ÿðñüêî¿
ñòðóêòóðè (çà äàíèìè Î. Á. Ôîì³íà ³ Ê. Â. Êîãóòà); ïîðîäà: 1 —
ãíåéñè;   2 — òîëå¿òîâ³ áàçàëüòè; 3 — ï³ðîêñåí³òîâ³ êîìàòè¿òè;
4 — ïåðèäîòèòîâ³ êîìàòè¿òè; 5 — äóí³òè
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ñêîð³øå âñüîãî, ï³ñëÿðîñòîâó ³ñòîð³þ. Õàðàêòåðíî, ùî ñåðåä àëìàçó ³ç öèõ ðîçñèïèù
áàãàòî ìàëîàçîòíèõ ì³êðîêðèñòàë³â. Íîâ³ äàí³ ùîäî ³çîòîï³â ãåë³þ â ì³êðîêðèñòàëàõ
àëìàçó öèõ ðîçñèï³â òàêîæ âêàçóþòü íà ¿õ äàâí³é â³ê.

Âðàõîâóþ÷è çíàõ³äêó êðèñòàë³â àëìàçó â êîìàòè¿òàõ, îñîáëèâîñò³ öèõ êðèñòàë³â
(ïåðåâàæíî ìàëèé ðîçì³ð, ¿õ êóáîîêòàåäðè÷íó ôîðìó, "ëåãêèé" ñêëàä âóãëåöþ, â³äíîñ-
íî íèçüêèé âì³ñò äîì³øîê àçîòó â áàãàòüîõ êðèñòàëàõ, ¿õ íàëåæí³ñòü äî åêëîã³òîâîãî
ïàðàãåíåçèñó), ïîä³áí³ñòü äî íèõ ³ â òîé æå ÷àñ ñâîºð³äí³ñòü êðèñòàë³â àëìàçó ³ç íåîãå-
íîâèõ òåðèãåííèõ â³äêëàä³â ÓÙ, ââàæàºìî çà äîö³ëüíå ïîâåðíóòèñÿ äî ïðîáëåìè àë-
ìàçîíîñíîñò³ êîìàòè¿ò³â, ³äå¿ ÿêî¿ ó ñâ³é ÷àñ áóëè íå ñïðèéíÿò³ ÿê ãåîëîãàìè-àëìàç-
íèêàìè, òàê ³ ïåòðîëîãàìè [9]. Òèì á³ëüøå, ùî âñòàíîâëåíèé çà ì³íåðàëüíèìè âêëþ-
÷åííÿìè ³çîòîïíèé â³ê àëìàç³â ïåðèäîòèòîâîãî ïàðàãåíåçèñó íèçêè ê³ìáåðë³òîâèõ ò³ë
(òðóáêè ïîëÿ Ê³ìáåðë³, òðóáêà Ô³íø ó Ï³âäåíí³é Àôðèö³) ñÿãàº ~3200 ìëí ðîê³â, à â³ê
àëìàç³â åêëîã³òîâîãî ïàðàãåíåçèñó ó òðóáö³ Ô³íø — ~1600–1700, ó òðóáö³ Àðãàéë (ëàì-
ïðî¿òè, Àâñòðàë³ÿ) — â³ä ~1200 äî ~1600, ó òðóáö³ Ïðåì’ºð (Ï³âäåííà Àôðèêà) —
~1200 ìëí ðîê³â [17], äîçâîëÿº ãîâîðèòè ïðî ìàíò³éíå àëìàçîòâîðåííÿ â àðõå¿ ³ ïðî-
òåðîçî¿. Òåðìàëüíà ³ñòîð³ÿ àëìàç³â ³ç áàãàòüîõ ê³ìáåðë³òîâèõ ðîäîâèù ñâ³òó, âñòàíîâëå-
íà çà àíàë³çîì òðàíñôîðìàö³¿ àçîòíèõ öåíòð³â â àëìàçàõ, òàêîæ ñâ³ä÷èòü ïðî ¿õ äîêåì-
áð³éñüêèé â³ê. Çâ³äñè ïîñòàº ïèòàííÿ ùîäî ìîæëèâîãî âèíåñåííÿ â çåìíó êîðó òàêîãî
àëìàçó â äîêåìáð³¿ êîìàòè¿òîâèìè ðîçïëàâàìè ÿê íàéá³ëüø ïðèäàòíèìè òðàíñïîðòå-
ðàìè. Ñàìà çíàõ³äêà àëìàçó â ìåòàêîìàòè¿òàõ âêàçóº íà ìîæëèâ³ñòü ãåíåðàö³¿ êîìàòè¿-
òîâî¿ ìàãìè íà çíà÷íèõ ãëèáèíàõ. Âåëèêà êîíöåíòðàö³ÿ äð³áíîãî àëìàçó â ìåòàêîìà-
òè¿òàõ ìîæå áóòè ïîÿñíåíà íàäçâè÷àéíî âèñîêèì âì³ñòîì àëìàçó â äåÿêèõ åêëîã³òàõ
(äî 500 êàð íà 1 ò ïîðîäè).

Ïîðîäè êîìàòè¿òîâîãî ñêëàäó õàðàêòåðí³ äëÿ ðîçð³ç³â ìåçîàðõåþ ÓÙ (ðèñ. 1–4
[1–3, 13, 15]), îñîáëèâî â Ñåðåäíüîïðèäí³ïðîâñüêîìó áëîö³ (ñóðñüêà ³ àëôåð³âñüêà ñâ³òè
êîíêñüêî¿ ñåð³¿), â³äîì³ òàêîæ â êîøàðî-îëåêñàíäð³âñüê³é ñâ³ò³ áóçüêî¿ ñåð³¿ Äí³ñòðîâñü-
êî-Áóçüêîãî áëîêà, îñèïåíê³âñüê³é òîâù³ Ïðèàçîâñüêîãî áëîêà. Íå âèêëþ÷åíî, ùî
ïîä³áí³ óòâîðåííÿ ïðèñóòí³ ³ â ðîçð³ç³ íåîàðõåþ Ðîñèíñüêî-Ò³êèöüêîãî áëîêà. Ñòóï³íü
çì³íè êîìàòè¿ò³â ð³çíà: íàïðèêëàä, íà Ïîáóææ³ âîíè çàçíàëè ãðàíóë³òîâîãî ìåòà-
ìîðô³çìó ³ çàðàç öå äâîï³ðîêñåíîâ³ êðèñòàëîñëàíö³, à ó Ïðèäí³ïðîâ’¿ ìåòàìîðô³çì
öèõ ïîð³ä íå ïåðåâèùóâàâ óìîâ çåëåíîñëàíöåâî¿ ôàö³¿. Õàðàêòåðíî, ùî ñàìå â ìåæàõ
öèõ áëîê³â ³ íà ¿õ îêðà¿íàõ ðîçòàøîâàí³ íåîãåíîâ³ ðîçñèïè ç ì³êðîêðèñòàëàìè àëìàçó
(ðèñ. 5). Ìîæëèâî, òðàíñïîðòóâàííÿ àëìàçó êîìàòè¿òîâèì ðîçïëàâîì º ïðè÷èíîþ ñïå-
öèô³êè é âîäíî÷àñ îäíîìàí³òíîñò³ é áëèçüêîñò³ ì³êðîêðèñòàë³â àëìàçó ³ç òèòàíî-
öèðêîí³ºâèõ ðîçñèï³â ÓÙ, à òàêîæ ð³äêîñò³ çíàõ³äîê âåëèêèõ êðèñòàë³â ðîçñèïíîãî

Ðèñ. 4. Ïîëîæåííÿ êîìàòè¿ò³â ïîÿñ³â Áàðáåðòîí, Àáèòèá³, Íîðâåã³¿, Ãâ³àíè (Ôð.) [16] ³ ìåòàâóëêàí³ò³â ÓÙ íà
ä³àãðàìàõ MgO — TiO2, MgO — Al2O3, MgO — Al2O3/TiO2 i MgO — SiO2. Ïîðîäà: 1 — àëìàçîâì³ñí³ ìåòàêîìà-
òè¿òè Ãâ³àíè (Ôð.); 2 — ìåòàâóëêàí³òè Ïîáóææÿ, 3 — ìåòàâóëêàí³òè Ñåðåäíüîãî Ïðèäí³ïðîâ’ÿ (õ³ì³÷í³ àíàë³çè
ìåòàâóëêàí³ò³â çà äàíèìè Î. Á. Ôîì³íà, Ê. Â. Êîãóòà, Á. ². Ìàëþêà ³ À. Î. Ñ³âîðîíîâà)

ÙÅÐÁÀÊ Ì. Ï., ÊÂÀÑÍÈÖß Â. Ì.
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àëìàçó. Äåÿêèé âèíÿòîê òóò ñòàíîâëÿòü
ì³êðîêðèñòàëè àëìàçó ³ç áàëòñüêèõ â³äêëà-
ä³â ï³âäåííî-çàõ³äíî¿ ÷àñòèíè ÓÙ, àëå é
âîíè ìîæóòü ìàòè "êîìàòè¿òîâó" ïðèðîäó.

Ïîòð³áíî â³äçíà÷èòè, ùî ïîðîäè,
áëèçüê³ çà õ³ì³÷íèì ñêëàäîì äî êîìàòè¿ò³â
(çà ñï³ââ³äíîøåííÿìè Mg, Ca, Al), ïðèñóòí³
³ â ïðîòåðîçîéñüêèõ óòâîðåííÿõ ÓÙ, íà-
ïðèêëàä, óëüòðàîñíîâí³ ïîðîäè òàëüêîâîãî ãîðèçîíòó, ÿê³ âõîäÿòü äî ñêëàäó íèæíüî¿
÷àñòèíè êðèâîð³çüêî¿ ñåð³¿, óëüòðàîñíîâí³ ïîðîäè Äåâëàäîâñüêî¿ çîíè ðîçëîì³â òà ³í.

Îòæå, º âñ³ ï³äñòàâè äëÿ ïîñòàíîâêè ðåâ³ç³éíèõ ðîá³ò ùîäî àëìàçîíîñíîñò³ êîìà-
òè¿ò³â òà ³íøèõ óëüòðàîñíîâíèõ ïîð³ä ÓÙ ³ ïðîäîâæåííÿ äåòàëüíèõ äîñë³äæåíü ç
ì³íåðàëîã³¿ ðîçñèïíîãî àëìàçó ³ç íåîãåíîâèõ â³äêëàä³â. Äî ïåðøî÷åðãîâèõ çàõîä³â ñë³ä
â³äíåñòè òàê³:

1. Ïðîâåäåííÿ ì³íåðàëîãî-ïåòðîãðàô³÷íèõ äîñë³äæåíü êîìàòè¿ò³â ³ ³íøèõ óëüòðà-
îñíîâíèõ ïîð³ä ÓÙ ç ìåòîþ îö³íþâàííÿ ¿õ àëìàçîíîñíîñò³. Âèâ÷åííÿ ñàìèõ ïîð³ä ç
ìåòîþ ïîøóê³â ãâ³àíñüêîãî òèïó àëìàçîâì³ñíîãî ìåòàêîìàòè¿òó, â³äïîâ³äíîãî çà ïåò-
ðîõ³ì³÷íèìè îçíàêàìè. Ïðèä³ëåííÿ îñîáëèâî¿ óâàãè âèâ÷åííþ ìîæëèâèõ êñåíîë³ò³â
(êñåíîêðèñòàë³â) ãëèáèííèõ ïîð³ä ó êîìàòè¿òàõ äëÿ âñòàíîâëåííÿ ïåðñïåêòèâ ¿õ àë-
ìàçîíîñíîñò³.

2. Âèâ÷åííÿ ì³íåðàëüíèõ âêëþ÷åíü ó äð³áíèõ àëìàçàõ, âèçíà÷åííÿ ³çîòîïíîãî ñêëà-
äó âóãëåöþ, ãåë³þ, àçîòó äëÿ îêðåìèõ ì³êðîêðèñòàë³â àëìàçó, âñòàíîâëåííÿ òåðìàëüíî¿
³ñòîð³¿ ì³êðîêðèñòàë³â àëìàçó çà äàíèìè äîñë³äæåííÿ ¿õ äîì³øîê àçîòó, òîáòî çáèðàííÿ
íåîáõ³äíèõ äàíèõ äëÿ óòî÷íåííÿ ïàðàãåíåçèñó, â³êó òà óìîâ óòâîðåííÿ öèõ àëìàç³â.

3. Âèêîíàííÿ äîñë³äæåíü àëìàçîíîñíîñò³ ïðîòåðîçîéñüêèõ ³ ôàíåðîçîéñüêèõ ìå-
òàîñàäîâèõ óòâîðåíü ÓÙ, äæåðåëàìè çíîñó äëÿ ÿêèõ ìîãëè áóòè â³äïîâ³äí³ ñòðóêòóðè
ç êîìàòè¿òàìè ìåçîàðõåþ ³ ïàëåîïðîòåðîçîþ. Ïåðåäóñ³ì ïîòð³áíå äåòàëüíå îïðîáó-
âàííÿ ìåòàîñàäîâèõ ïîð³ä Á³ëîçåðñüêî¿, Êðèâîð³çüêî¿, Îðºõîâî-Ïàâëîãðàäñüêî¿  òà ³íøèõ
ñòðóêòóð.

Íàâåäåíå âèùå íå ïåðåäáà÷àº ïåðåîð³ºíòóâàííÿ íàóêîâî-äîñë³äíèõ ðîá³ò ç ïðî-
ãíîçóâàííÿ ³ ïîøóê³â àëìàçó ò³ëüêè â êîìàòè¿òàõ òà ³íøèõ óëüòðàîñíîâíèõ ïîðîäàõ,
â³äêðèòòÿ àëìàçîíîñíèõ ê³ìáåðë³ò³â ³ ëàìïðî¿ò³â íà ÓÙ çàëèøàºòüñÿ òàêèì æå àêòó-
àëüíèì.
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áëîêè: 4 — Âîëèíñüêèé, 5 — ²íãóëî-²íãóëåöüêèé, 6 —
Ïðèàçîâñüêèé; 7 — ïðîòåðîçîéñüê³ øîâí³ çîíè; 8 —
íåîãåíîâ³ ðîçñèïèùà ç àëìàçàìè
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²í-ò ãåîõ³ì³¿, ì³íåðàëîã³¿ òà ðóäîóòâîðåííÿ ÍÀÍ Óêðà¿íè, Êè¿â                                                   Íàä³éøëà 12.12.2000

ÐÅÇÞÌÅ. Ïðåäëîæåíà íîâàÿ êîíöåïöèÿ î êîðåííûõ èñòî÷íèêàõ àëìàçà íà Óêðàèíñêîì ùèòå è îïðåäåëåí
êðóã ïåðâîî÷åðåäíûõ ìåðîïðèÿòèé äëÿ åå êîíêðåòèçàöèè è ïîäòâåðæäåíèÿ. Â îñíîâå êîíöåïöèè ëåæèò îðè-
åíòàöèÿ íà íîâûå êîðåííûå èñòî÷íèêè àëìàçà íà Óêðàèíñêîì ùèòå — êîìàòèèòû è äðóãèå âóëêàíè÷åñêèå
óëüòðàîñíîâíûå ïîðîäû. Êîíöåïöèÿ áàçèðóåòñÿ íà íàõîäêå êðèñòàëëîâ àëìàçà â ìåòàêîìàòèèòàõ, ðàñïëàâû
êîòîðûõ áûëè åùå îäíèì òðàíñïîðòåðîì ìàíòèéíîãî äîêåìáðèéñêîãî àëìàçà, íà èçîòîïíûõ è ñïåêòðîñêîïè-
÷åñêèõ äàííûõ îá àðõåéñêîì è ïðîòåðîçîéñêîì âîçðàñòå àëìàçîâ èç êèìáåðëèòîâ è ëàìïðîèòîâ, íà äàííûõ
äîêåìáðèéñêîãî âîçðàñòà êðèñòàëëîâ ðîññûïíîãî àëìàçà Óêðàèíñêîãî ùèòà è èõ ñâîåîáðàçíîé ðîñòîâîé èëè
ïîñëåðîñòîâîé èñòîðèè, íà ðàçìåùåíèè îñíîâíûõ ðîññûïåé ìèêðîêðèñòàëëîâ àëìàçà â ïðåäåëàõ ñîîòâåòñòâó-
þùèõ ãåîáëîêîâ Óêðàèíñêîãî ùèòà ñ êîìàòèèòàìè.

SUMMARY. A new conception on the indigenous sources of diamond at the Ukrainian Shield was proposed, and a list
of the urgent measures for its elaboration and corroboration was outlined. Orientation to new indigenous sources of
diamond at the Ukrainian Shield — komatiites and other volcanic ultrabasic rocks — is the basis of the conception.
The conception is based on the finding of diamond crystals in metakomatiites, melts of which were one more deliverer
of pallial Precambrian diamond, on isotopic and spectroscopic data for the Archean and Proterozoic age of diamonds
from kimberlites and lamproites, on data on the Precambrian age of crystals of placer diamonds of the Ukrainian
Shield and their specific growth or postgrowth history, on the location of the basic placers of diamond microcrystals
within the corresponding geoblocks of the Ukrainian Shield with komatiites.

ÙÅÐÁÀÊ Ì. Ï., ÊÂÀÑÍÈÖß Â. Ì.



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 1 11

ÓÄÊ 549.514.51:55Ç.87(477)

Â. ². Ïàâëèøèí, Ä. Ê. Âîçíÿê, Þ. À. Ãàëàáóðäà,
Î. ª. Ãðå÷àíîâñüêà, Ê. Î. ²ëü÷åíêî, Ã. Î. Êóëü÷èöüêà,
Â. Ñ. Ìåëüíèêîâ, Ä. Ñ. ×åðíèø

Æèëüíèé êâàðö Óêðà¿íè: ì³íåðàëîã³÷íà
õàðàêòåðèñòèêà ïåðñïåêòèâíèõ ðóäîïðîÿâ³â

Îá´ðóíòîâóºòüñÿ ïîëîæåííÿ ïðî çíà÷í³ ïåðñïåêòèâè ïîøóê³â êâàðöîâî¿ ñèðîâèíè â Óêðà¿í³, ïîâ’ÿçàíî¿ ç
ã³äðîòåðìàëüíèìè æèëàìè, íàñàìïåðåä Óêðà¿íñüêîãî ùèòà (ÓÙ). Ñåðåä íèõ íà îñîáëèâó óâàãó çàñëóãîâóþòü
òðè ðóäîïðîÿâè — Ëåí÷èíñüêèé (Ï³âí³÷íî-Çàõ³äíèé ðàéîí ÓÙ), Àðñåí³âñüêèé (²íãóëî-²íãóëåöüêèé ðàéîí) ³
Ñêëÿíà Ãîðà (Ïðèàçîâ’ÿ). Ñàìå âîíè ìàþòü ñòàòè ïåðøî÷åðãîâèìè îá’ºêòàìè äëÿ ïðîâåäåííÿ íàóêîâî
îá´ðóíòîâàíî¿ ðîçâ³äêè. Ó íèõ íà íåçíà÷í³é ãëèáèí³ çîñåðåäæåí³ âåëè÷åçí³ ïðîãíîçí³ ðåñóðñè. Êâàðö öèõ
ðîäîâèù ñëàáî äîñë³äæåíèé. Çà äàíèìè ñïåêòðàëüíîãî òà ìîðôîëîã³÷íîãî àíàë³ç³â, ì³êðîñêîï³¿, ²×-ñïåêòðîñêîï³¿,
òåðìîáàðîãåîõ³ì³¿ ³ ãàçîâî¿ õðîìàòîãðàô³¿ òà çà ñòðóêòóðíèìè ïàðàìåòðàìè íàé÷èñò³øèì ñåðåä çàçíà÷åíèõ
ðóäîïðîÿâ³â âèÿâèâñÿ êâàðö Ëåí÷èíñüêîãî ðóäîïðîÿâó.

Âñòóï. Ñòð³ìêèé ðîçâèòîê ð³çíèõ ãàëóçåé ³íäóñòð³¿ íà îñíîâ³ âèêîðèñòàííÿ ïðèðîä-
íîãî êâàðöó (åëåêòðîí³êà, âîëîêîííà îïòèêà, ñêëÿíà òà êåðàì³÷íà ïðîìèñëîâ³ñòü, âè-
ðîáíèöòâî ñ³ë³êîñïëàâ³â, ôåðîñèë³ö³þ, êðåìí³þ, øòó÷íå âèðîùóâàííÿ ìîíîêðèñòàë³â
ï’ºçîêâàðöó, þâåë³ðíîãî êâàðöó òîùî) âèìàãàº áåçïåðåðâíîãî ðîçøèðåííÿ éîãî ì³íå-
ðàëüíî-ñèðîâèííî¿ áàçè. Ìèíóëèìè ðîêàìè â Óêðà¿í³ öÿ ïðîáëåìà âèð³øóâàëàñü, ãî-
ëîâíèì ÷èíîì, çà ðàõóíîê ñèðîâèíè, ùî çàâîçèëàñü ç ðîäîâèù Óðàëó, ÷àñòêîâî Êàðåë³¿.
Óðàëüñüêèé ðåã³îí ñòàâ ñâîºð³äíèì åòàëîíîì êâàðöîâèõ ðîäîâèù, äå âèòðà÷àëèñü îñ-
íîâí³ êîøòè, ó òîìó ÷èñë³ íà íàóêó, à â ³íøèõ ðåã³îíàõ êîëèøíüîãî ÑÐÑÐ äîñë³äæåí-
íÿ êâàðöó ïðîâîäèëèñü ó äóæå ñêðîìíîìó îáñÿç³. Íàñë³äêîì öüîãî, çîêðåìà, º òå, ùî íà
çíà÷í³é òåðèòîð³¿ Óêðà¿íè æèëüíèé êâàðö ö³ëêîì íå äîñë³äæóâàâñÿ.

Âèäîáóòîê êâàðöó çä³éñíþºòüñÿ, îð³ºíòîâíî, ó 30 êðà¿íàõ ñâ³òó. Çíà÷íà ÷àñòêà
éîãî ðåñóðñ³â çîñåðåäæåíà ó Ðîñ³¿, Áðàçèë³¿, Êèòà¿, ÑØÀ. Øòó÷íå âèðîùóâàííÿ ìîíî-
êðèñòàë³â êâàðöó, ³íòåíñèâíî ðîçïî÷àòå ó 1960-õ ðîêàõ, âèò³ñíèëî ³ç øèðîêîãî âæèòêó
êðèñòàëè ïðèðîäíîãî ï’ºçîêâàðöó ³ ôàêòè÷íî çâåëî íàí³âåöü êîëèñü ïîòóæíèé âèäî-
áóòîê êðèñòàë³â êâàðöó Âîëèíñüêîãî ðîäîâèùà (Æèòîìèðñüêà îáë.). Âèðîùóâàííÿ ³
âèêîðèñòàííÿ øòó÷íèõ ìîíîêðèñòàë³â êâàðöó çðîñòàº ç ðîêó â ð³ê. ßêùî ó 1970-õ
ðîêàõ ¿õ îòðèìàíî ïåðø³ ñîòí³ òîíí, òî â íåäàëåêîìó ìàéáóòíüîìó ë³÷áà éòèìå íà
òèñÿ÷³ òîíí. Ë³äåðîì êâàðö-ìîíîêðèñòàëüíî¿ ³íäóñòð³¿ º ßïîí³ÿ.

Îñíîâíèìè ñïîæèâà÷àìè ³ìïîðòíî¿ êâàðöîâî¿ ñèðîâèíè â Óêðà¿í³ áóëè ÂÎ "Àâ-
òîñêëî" (ì. Êîñòÿíòèí³âêà), ²çþìñüêèé ïðèëàäîáóä³âíèé çàâîä  ³ Ïîëòàâñüêèé çàâîä
ãàçîðîçðÿäíèõ ëàìï, ÿê³ âèðîáëÿëè êâàðöîâå ñêëî, âèðîáè ç íüîãî, êâàðöîâó êåðàì³êó,
âèðîáè ñïåö³àëüíîãî ïðèçíà÷åííÿ. Äî 1992 ð. ö³ çàâîäè ñïîæèâàëè çà ð³ê íå ìåíøå
2000 ò êðóïêè æèëüíîãî êâàðöó ç Óðàëó, ÷àñòêîâî ç Êàðåë³¿.

Ó çâ’ÿçêó ç³ çì³íîþ ïîë³òè÷íî¿ ñèòóàö³¿ òà ïåðåõîäîì äî ðèíêîâèõ â³äíîñèí
óðàëüñüêèé êâàðö, à òàêîæ øòó÷íèé êâàðö ñòàëè äëÿ Óêðà¿íè äîðîãèìè ³ìïîðòíèìè
òîâàðàìè. Íàñë³äêîì öüîãî º ÷àñòêîâà àáî ïîâíà çóïèíêà çàçíà÷åíèõ âèùå çàâîä³â, ùî
ïðàöþâàëè íà ïðèâiçíié êâàðöîâ³é ñèðîâèí³. Çã³äíî ç âèñíîâêîì Ì³íåêîíîì³êè Óê-
ðà¿íè, ñïîæèâàííÿ æèëüíîãî êâàðöó â Óêðà¿í³ ó íàéáëèæ÷³ ðîêè íå çá³ëüøèòüñÿ. Ïðè-
÷èíà — âàæêèé åêîíîì³÷íèé ñòàí êðà¿íè. Âîäíî÷àñ åêîíîì³ñòè öüîãî â³äîìñòâà çàç-
íà÷àþòü äîö³ëüí³ñòü ôîðñóâàííÿ ðîá³ò ùîäî ñòâîðåííÿ ì³íåðàëüíî-ñèðîâèííî¿ áàçè
æèëüíîãî êâàðöó â Óêðà¿í³ íà îñíîâ³ éîãî êîìïëåêñíîãî ô³çèêî-ì³íåðàëîã³÷íîãî äîñë³-
äæåííÿ òà ðîçøèðåííÿ ñôåð ñïîæèâàííÿ.

Ç óðàõóâàííÿì ñâ³òîâèõ òåíäåíö³é ðîçâèòêó ïîøóê³â, îö³íþâàííÿ, âèäîáóòêó òà
âèêîðèñòàííÿ ïðèðîäíîãî é øòó÷íîãî êâàðöó [4, 6, 15, 16, 20 òà ³í.] â Óêðà¿í³ äîö³ëüíî
ñòâîðèòè ïîâíîö³ííó êâàðöîâó ãàëóçü.

©  Â. ². Ïàâëèøèí,   Ä. Ê. Âîçíÿê, Þ. À. Ãàëàáóðäà,  Î. ª. Ãðå÷àíîâñüêà, Ê. Î. ²ëü÷åíêî, Ã. Î. Êóëü÷èöüêà,
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Êâàðö — îäèí ç íàéïîøèðåí³øèõ ì³íåðàë³â Óêðà¿íè (íà äðóãîìó ì³ñö³ ï³ñëÿ
ïîëüîâèõ øïàò³â). Îñîáëèâî âàãîìà ðîëü íàëåæèòü æèëüíîìó êâàðöó. Çà íàøèìè äà-
íèìè, ñàìå öåé êâàðö º íàéïåðñïåêòèâí³øèì ç ïîãëÿäó ïðàêòèêè, ³ òîìó çóñèëëÿ
àâòîð³â ñòàòò³ áóëè ñêîíöåíòðîâàí³ ó á³ê êîìïëåêñíîãî äîñë³äæåííÿ ³íäèâ³ä³â ³ çåð-
íèñòèõ àãðåãàò³â êâàðöó ç ð³çíîâ³êîâèõ æèëüíèõ óòâîðåíü, íàñàìïåðåä, Óêðà¿íñüêîãî
ùèòà òà Äîíåöüêîãî áàñåéíó.

Ç ïîãëÿäó ì³íåðàëîã³¿, êâàðö Óêðà¿íè äîñë³äæåíèé íåð³âíîì³ðíî. Á³ëüø-ìåíø
ïîâí³ äàí³ º ëèøå äëÿ êâàðöó êàìåðíèõ ïåãìàòèò³â ³ äåÿêèõ ã³äðîòåðìàëüíèõ æèë
Äîíáàñó. Êâàðö ³íøèõ æèëüíèõ óòâîðåíü âèâ÷àâñÿ ñïîðàäè÷íî. Ìàéæå â³äñóòí³ ñó-
÷àñí³ äàí³ ùîäî ïîõîäæåííÿ ³ ô³çèêî-õ³ì³÷íèõ óìîâ ôîðìóâàííÿ æèë íà ÓÙ, íåìàº
â³êîâî¿ òà ãåíåòè÷íî¿ ³äåíòèô³êàö³¿ æèëüíèõ óòâîðåíü, íå ç’ÿñîâàí³ ÷èííèêè, ùî ñïðè-
÷èíþþòü óòâîðåííÿ ñòåðèëüíèõ â³ä äîì³øîê ðîäîâèù êâàðöó. Çàãàëîì ñòàí âèâ÷å-
íîñò³ æèëüíîãî êâàðöó Óêðà¿íè íåçàäîâ³ëüíèé. Ðàçîì ç òèì â³äîìî, ùî ùå ó 1930-ò³
ðîêè æèëüíèé êâàðö Ï³âí³÷íî-Çàõ³äíîãî ðàéîíó ÓÙ âèäîáóâàâñÿ ³ âèêîðèñòîâóâàâ-
ñÿ äëÿ ïîòðåá êåðàì³÷íî¿ òà ñêëÿíî¿ ïðîìèñëîâîñò³ [21]. Êð³ì òîãî, çà äàíèìè ïîïå-
ðåäí³õ  ëàáîðàòîðíèõ äîñë³äæåíü, ïðîâåäåíèõ ó 1970-õ ðîêàõ îá’ºäíàííÿì "Çàïàä-
êâàðöñàìîöâåòû" òà ²íñòèòóòîì ãåîõ³ì³¿, ì³íåðàëîã³¿ òà ðóäîóòâîðåííÿ ÍÀÍ (²ÃÌÐ
ÍÀÍ Óêðà¿íè),  ãàëóç³ âèêîðèñòàííÿ æèëüíîãî êâàðöó Ï³âí³÷íî-Çàõ³äíîãî, Ñåðåä-
íüîïðèäí³ïðîâñüêîãî òà Ïðèàçîâñüêîãî ðàéîí³â ÓÙ, äå º çíà÷í³ ïðîãíîçí³ ðåñóðñè
æèëüíîãî êâàðöó (ì³ëüéîíè òîíí), ìîæóòü áóòè ðîçøèðåí³.

Ç íàâåäåíîãî ìàòåð³àëó çðîçóì³ëà íàóêîâà òà ïðàêòè÷íà äîö³ëüí³ñòü êîìïëåêñíî-
ãî ô³çèêî-ì³íåðàëîã³÷íîãî äîñë³äæåííÿ æèëüíîãî êâàðöó Óêðà¿íè. ßê ³ äåê³ëüêà ðîê³â
òîìó [20], íèí³ ïðîáëåìà êâàðöó â Óêðà¿í³ º ïàðàäîêñàëüíîþ — êðà¿í³ ïîòð³áíà êâàð-
öîâà ñèðîâèíà, ìîíîêðèñòàëè ³ âèðîáè ç íèõ, ³ ñèðîâèíà ó íàäðàõ º, àëå íàëåæíèì
÷èíîì ïðîáëåìà íå âèâ÷àºòüñÿ, êâàðö íå âèäîáóâàºòüñÿ, íå ïåðåðîáëÿºòüñÿ ³ íå ñïî-
æèâàºòüñÿ.

Ñòèñëà çàãàëüíà õàðàêòåðèñòèêà æèëüíîãî êâàðöó Óêðà¿íè. Ó ìåæàõ Óêðà¿íè äî-
êåìáð³éñüêà êâàðöîâà ì³íåðàë³çàö³ÿ ïîâ’ÿçàíà ç êâàðöèòàìè, ïåãìàòèòàìè òà ïåðå-
âàæíî ç ìîíîì³íåðàëüíèìè ã³äðîòåðìàëüíèìè æèëàìè ÓÙ, à ï³çí³øà, ùî ïðåäñòàâ-
ëåíà ã³äðîòåðìàëüíèìè æèëàìè ð³çíîãî ì³íåðàëüíîãî ñêëàäó, êâàðöèòàìè, ï³ñêàìè òà
ìàðøàë³òàìè — ç îñàäîâèìè àáî îñàäîâî-ìåòàìîðô³çîâàíèìè ôàíåðîçîéñüêèìè êîì-
ïëåêñàìè Äîíåöüêîãî áàñåéíó, ÷àñòêîâî Êàðïàò, Çàêàðïàòòÿ, Äí³ïðîâñüêî-Äîíåöüêî¿
çàïàäèíè, ³íøèìè îñàäîâèìè êîìïëåêñàìè.

Ó   Äîíåöüêîìó áàñåéí³   îñíîâíèìè   òèïàìè   æèë   [13, 14] º òàê³:   à) êâàðöîâ³;
á)  êâàðö-àíêåðèòîâ³;  â) êâàðö-ñóëüô³äí³ (çà ì³íåðàëüíèì ñêëàäîì). Íàéïîøèðåí³-
ø³ — êâàðö-àíêåðèòîâ³ òà êâàðöîâ³ æèëè. Çîíà ïåðåâàæíî êâàðöîâèõ æèë îõîïëþº
Ãîëîâíó àíòèêë³íàëü íà çàõ³ä â³ä Íàãîëüíîãî êðÿæà äî ì. Ãîðë³âêà, íà ï³âäí³ — Ï³âäåííó
àíòèêë³íàëü ³ ï³âäåííó çîíó äð³áíî¿ ñêëàä÷àñòîñò³. Çàãàëüíà ïëîùà ïîøèðåííÿ æèë
~700 êì2. Áóäîâà, ôîðìà òà ðîçì³ðè êâàðöîâèõ æèë ðîçìà¿ò³. Íàéá³ëüø³ æèëè ò³, ÿê³
ñ³÷óòü ïî ïàä³ííþ âì³ñí³ ïîðîäè, ¿õíÿ äîâæèíà çà ïðîñòÿãàííÿì ñÿãàº äåê³ëüêà ñîòåíü
ìåòð³â, ïîòóæí³ñòü — äåê³ëüêà ìåòð³â. Á³ëüø³ñòü æèë ìàº ïîòóæí³ñòü â³ä 0,1 äî 0,5 ì.

Ó ìåæàõ ÓÙ âèÿâëåíî ÷èìàëî ðóäîïðîÿâ³â æèëüíîãî êâàðöó çäåá³ëüøîãî (ÿê ³
ñë³ä î÷³êóâàòè) ñåðåä ãðàí³òî¿äíèõ àáî õ³ì³÷íî ñïîð³äíåíèõ ç íèìè ìåòàìîðô³÷íèõ
ïîð³ä [21]. Ó Ï³âí³÷íî-Çàõ³äíîìó ðàéîí³ ÓÙ â³äîìà çíà÷íà ê³ëüê³ñòü êâàðöîâèõ æèë,
òåðèòîð³àëüíî çãðóïîâàíèõ ó Áðîí³ñëàâñüêèé, Ï³äðàñë³âñüêèé, Ãóòà-Áèñòðèöüêèé, Ñòà-
ðîãóòèíñüêèé, Ñîñíîâñüêèé òà Ëåí÷èíñüêèé ðóäîïðîÿâè. Çà ïîïåðåäí³ìè äàíèìè, öå
êâàðöîâ³ æèëè ã³äðîòåðìàëüíî-ìåòàìîðôîãåííîãî ãåîëîãî-ïðîìèñëîâîãî òèïó [5].
Æèëè çà ïðîñòÿãàííÿì ñÿãàþòü 100 ì, ¿õíÿ ïîòóæí³ñòü ñòàíîâèòü 20–30 ì; âîíè ïðî-
ñë³äêîâàí³ íà ãëèáèíó 10–15 ì. Íàéïåðñïåêòèâí³øèìè ³ç çàçíà÷åíèõ âèùå ðóäîïðî-
ÿâ³â, íà íàø ïîãëÿä, º Ëåí÷èíñüêèé òà Áðîí³ñëàâñüêèé. Áðîí³ñëàâñüêèé ðóäîïðîÿâ —
öå êîìïëåêñ êâàðöîâèõ æèë, ðîçòàøîâàíèõ ó çîí³ ð³çíîîð³ºíòîâàíèõ ðîçëîì³â. Ðîçì³ð
æèë 502020 ì. Êâàðö çäåá³ëüøîãî ñ³ðèé, ñêëîïîä³áíèé, íåïðîçîðèé àáî íàï³âïðîçî-
ðèé. Ñâ³òëîïðîïóñêàííÿ ïîð³âíÿíî íåâåëèêå — êîåô³ö³ºíò ñâ³òëîïðîïóñêàííÿ íå ïå-
ðåâèùóº 27 %. Ïðîãíîçí³ ðåñóðñè öüîãî ðóäîïðîÿâó îö³íþþòüñÿ ó 312 òèñ. ò [21]. Ùå
ïåðñïåêòèâí³øèì çà êîåô³ö³ºíòîì ñâ³òëîïðîïóñêàííÿ (37–39 %) ³ çàïàñàìè (ïðî-
ãíîçí³ ðåñóðñè 585 òèñ. ò) âèäàºòüñÿ Ëåí÷èíñüêèé ðóäîïðîÿâ.

Ó Ïðèàçîâñüêîìó ðàéîí³ ÓÙ íàéâ³äîì³øèé ðóäîïðîÿâ — Ñêëÿíà Ãîðà. Ïåðñïåê-
òèâíèì âèçíàíî òàêîæ êâàðöîâèé ðóäîïðîÿâ íà îêîëèö³ ñ. Àðñåí³âêà (Ê³ðîâîãðàäñüêà
îáë.) â ²íãóëî-²íãóëåöüêîìó áëîö³ ÓÙ. Ó Ñåðåäíüîïðèäí³ïðîâñüêîìó áëîö³ ÓÙ ïðè-
âåðòàº óâàãó Àïîñòîë³âñüêå ïîëå ç ï³äâèùåíîþ êîíöåíòðàö³ºþ êâàðöîâèõ æèë, ïîâ’ÿ-
çàíèõ ç àðõåéñüêèìè ãðàí³òàìè äí³ïðîâñüêîãî ³ ñóðñüêî-òîê³âñüêîãî êîìïëåêñ³â. Íàé-
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á³ëüøèìè äîíèí³ âèÿâëåíèìè ó öüîìó ïîë³ º äâ³ êâàðöîâ³ æèëè: Øîëîõ³âñüêà òà
Óñòü-Êàì³íñüêà. Çà çàïàñàìè ïðèáëèçíî òàêî¿ æ ÿêîñò³ êâàðöó ö³ æèëè íà ïîðÿäîê
ïîñòóïàþòüñÿ ïîòóæíèì ã³äðîòåðìàëüíèì æèëàì Ïðèàçîâ’ÿ òà êâàðöîâîìó ò³ëó Àð-
ñåí³âñüêîãî ðóäîïðîÿâó.

Ïåðñïåêòèâí³ ðóäîïðîÿâè æèëüíîãî êâàðöó ÓÙ. Îñíîâí³ ïðàêòè÷í³ âèñíîâêè âèï-
ëèâàþòü ç ìèíóëèõ [21] ³ òåïåð³øí³õ íàøèõ äîñë³äæåíü: 1. Æèëüíèé êâàðö ç îêîëèöü
ÓÙ ì³ñòèòü ï³äâèùåíó ê³ëüê³ñòü åëåìåíò³â-äîì³øîê, ìàº íèçüêèé êîåô³ö³ºíò ñâ³òëî-
ïðîïóñêàííÿ (~10 %); çàïàñè îêðåìèõ æèë ïîð³âíÿíî íåâåëèê³, òîìó íèí³ ö³ óòâîðåí-
íÿ íåäîö³ëüíî âèêîðèñòîâóâàòè ÿê ïðîìèñëîâ³ îá’ºêòè.

2. Íàéïåðñïåêòèâí³øèìè äëÿ âèð³øåííÿ òåõí³÷íèõ ïðîáëåì Óêðà¿íè º ã³äðîòåð-
ìàëüí³ æèëè ÓÙ, à ñåðåä íèõ òðè ðóäîïðîÿâè — Ëåí÷èíñüêèé, Àðñåí³âñüêèé ³ Ñêëÿíà
Ãîðà. Ñàìå âîíè ÿê ïåðøî÷åðãîâ³ îá’ºêòè ðåêîìåíäóþòüñÿ äëÿ ïðîâåäåííÿ ðîçâ³äêè,
ÿêà, îäíàê, áóäå ìàëîåôåêòèâíîþ áåç íàóêîâîãî ñóïðîâîäó.

Ëåí÷èíñüêèé ðóäîïðîÿâ ëîêàë³çîâàíèé ó çîí³ ïåðåòèíó ðîçëîì³â ï³âí³÷íî-çàõ³äíî-
ãî — ï³âí³÷íî-ñõ³äíîãî ïðîñòÿãàííÿ ñåðåä ïîð³ä îñíèöüêîãî êîìïëåêñó. Êâàðöîâ³ æèëè
îñòàííüîãî, çà äàíèìè ç ïðàö³ [25], ãåíåòè÷íî ïîâ’ÿçàí³ ç îñíèöüêèìè ãðàí³òàìè. Ðó-
äîïðîÿâ íà ïîâåðõí³ ÿâëÿº ñîáîþ ïîòóæíå ò³ëî ðîçì³ðîì 9050 ì, ÿêå íà ãëèáèíó íå
îáñòåæåíî. Â³çóàëüíî êâàðö — íàï³âïðîçîðèé àæ äî ñêëîïîä³áíîãî, ïîäåêóäè ìîëî÷-
íî-á³ëèé àáî ÿñíî-áëàêèòíèé. ²íêîëè ñïîòåð³ãàºòüñÿ çîíàëüíèé ðîçïîä³ë çàáàðâëåí-
íÿ, äî ÿêîãî äóæå ð³äêî äîäàºòüñÿ ùå ÿñíî-ðîæåâå. Ñòðóêòóðà êâàðöó çâè÷àéíî ãðà-
íîáëàñòîâà, çáóäîâàíà êóëÿñòèìè àáî êóëÿñòîïîä³áíèìè ãðàíóëàìè, ÿê³ âèíèêëè âíàñ-
ë³äîê ïðîÿâó ïåðåêðèñòàë³çàö³¿, ñïðè÷èíåíî¿ ìåòàìîðô³çìîì æèë. Íåð³äêî òðàïëÿ-
þòüñÿ çðàçêè ç ïðèõîâàíîþ ãðàíîáëàñòîâîþ ñòðóêòóðîþ, ïðèðîäà ÿêî¿ íå ç’ÿñîâàíà.
Ñâ³òëîïðîïóñêàííÿ êâàðöó äîñèòü âåëèêå (36–39 %), âì³ñò ì³íåðàëüíèõ äîì³øîê íå
ïåðåâèùóº 6,0·10–3 %, âèõ³ä êðóïêè (ôðàêö³ÿ 0,1–0,5 ìì) — 50 %. Ïðîãíîçí³ ðåñóðñè
êâàðöó ðóäîïðîÿâó ñòàíîâëÿòü 585 òèñ. ò. Çà ïîïåðåäí³ìè äàíèìè, êâàðö ïðèäàòíèé,
îñîáëèâî ï³ñëÿ çáàãà÷åííÿ, äëÿ âèãîòîâëåííÿ ïðîçîðîãî òåõí³÷íîãî ñêëà, âèðîùóâàí-
íÿ ìîíîêðèñòàë³â ï’ºçîêâàðöó, þâåë³ðíîãî êâàðöó.

Íà îêîëèö³ ñ. Àðñåí³âêà ç äàâí³õ ÷àñ³â â³äîìå âåëèêå êâàðöîâå ò³ëî (Àðñåí³âñüêèé
ðóäîïðîÿâ) íåç’ÿñîâàíîãî ïîõîäæåííÿ. Âîíî ðîçòàøîâàíå ñåðåä á³îòèòîâèõ ðàïàê³â³-
ïîä³áíèõ ãðàí³ò³â Êîðñóíü-Íîâîìèðãîðîäñüêîãî ïëóòîíó. Éîãî ïðîòÿæí³ñòü íà ïî-
âåðõí³ áëèçüêî 700 ì, ñâåðäëîâèíàìè ïðîñë³äêîâàíî íà ãëèáèíó 50 ì. Êâàðö äîñèòü
ðîçìà¿òèé: ÿñíî-ñ³ðèé, ñ³ðèé, ñëàáîïðîçîðèé, íàï³âïðîçîðèé, ñòðóêòóðà íåÿñíîãðàíîá-
ëàñòîâà ç ðîçì³ðîì çåðåí äî 1,5 ìì. Âñåðåäèí³ êâàðöîâèõ çåðåí ³ ì³æ íèìè ä³àãíîñòî-
âàíî ÷èìàëî àêöåñîðíèõ ì³íåðàë³â — ñèäåðîô³ë³ò, ìóñêîâ³ò, öèðêîí, ìîíàöèò, àíàòàç,
àïàòèò, ðóòèë, ³ëüìåí³ò, òóðìàë³í, ãðàíàòè, ñóëüô³äè, çàãàëüíèé âì³ñò ÿêèõ ó ñåðåäíüîìó
ñòàíîâèòü áëèçüêî 1 %. Òîìó êâàðö Àðñåí³âñüêîãî ðóäîïðîÿâó ìàº øèðîêó ïåðñïåê-
òèâó âèêîðèñòàííÿ (äëÿ îòðèìàííÿ ôåðîñèë³ö³þ, ëèñòîâîãî, àâòîìîá³ëüíîãî ³ ñèãíàëü-
íîãî ñêëà òîùî), àëå ï³ñëÿ ïîïåðåäíüîãî çáàãà÷åííÿ, òîáòî ï³ñëÿ âèëó÷åííÿ ì³íåðàëü-
íèõ äîì³øîê. Ïðîãíîçí³ ðåñóðñè êâàðöó Àðñåí³âñüêîãî ðóäîïðîÿâó — 2100 òèñ. ò.

Ó Ïðèàçîâñüêîìó áëîö³ ÓÙ øèðîêî, êð³ì ëóæíèõ êîìïëåêñ³â Ñõ³äíîãî Ïðèà-
çîâ’ÿ, ðîçâèíåí³ êâàðöîâ³ æèëè. Íàéá³ëüø³ ñåðåä â³äñëîíåíèõ íà ïîâåðõí³ çîñåðåäæåí³
ó áàñåéí³ ð. Áåðäà, äå ïðèóðî÷åí³ äî çîí ðîçëîì³â. Ðóäîïðîÿâ Ñêëÿíà Ãîðà — öå êðóïíà
êâàðöîâà æèëà, ÿêà ïðîñë³äêîâàíà íà â³äñòàíü ìàéæå 500 ì ³ ìàº ñåðåäíþ ïîòóæí³ñòü
50 ì. Êâàðö ÿñíî-ñ³ðèé, ñëàáîïðîçîðèé (êîåô³ö³ºíò ñâ³òëîïðîïóñêàííÿ 10–12 %), ìà-
ñèâíèé, ì³ñòèòü âêëþ÷åííÿ ð³çíèõ ì³íåðàë³â (ïîëüîâèõ øïàò³â, òóðìàë³íó, ìóñêîâ³òó
òîùî), çàãàëüíèé âì³ñò ÿêèõ ñòàíîâèòü 0,0n %. Ïðîãíîçí³ ðåñóðñè êâàðöó çíà÷í³ —
ïåðø³ ì³ëüéîíè òîíí. Êâàðö ðóäîïðîÿâó Ñêëÿíà Ãîðà, éìîâ³ðíî, ìîæå áóòè âèêîðèñ-
òàíèé ó ïîðöåëÿíî-ôàÿíñîâ³é ïðîìèñëîâîñò³ äëÿ âèðîáíèöòâà ³çîëÿòîð³â, îòðèìàííÿ
ìåòàë³÷íîãî êðåìí³þ.

Ìîðôîëîã³ÿ ³ õ³ì³÷íèé ñêëàä. Æèëüíèé êâàðö ³ç ðóäîïðîÿâ³â Ëåí÷èíñüêèé, Àðñå-
í³âñüêèé ³ Ñêëÿíà Ãîðà ïðåäñòàâëåíèé ìîíîì³íåðàëüíèì êâàðöîâèì àãðåãàòîì ð³çíî-
çåðíèñòî¿ ñòðóêòóðè. Ñêð³çü ïåðåâàæàº (>70 %) ñåðåäíüîçåðíèñòèé êâàðö (1–10 ìì),
ïðåäñòàâëåíèé ïîë³ãîíàëüíèìè çåðíàìè, ì³æ ÿêèìè ðîçì³ùåí³ âèä³ëåííÿ äð³áí³øîãî
êâàðöó (0,05–0,5 ìì) àáî ³íøèõ ì³íåðàë³â. Òîíêî- ³ ì³êðîçåðíèñòèé êâàðö ì³æ ïîë-
³ãîíàëüíèìè çåðíàìè ó êîæíîìó ç ðóäîïðîÿâ³â õàðàêòåðèçóºòüñÿ äóæå ðîçâèíåíîþ
ïîâåðõíåþ çåðåí, ñïðè÷èíåíîþ ìàëèìè ðîçì³ðàìè ³íäèâ³ä³â òà ¿õíüîþ íåð³âíîþ ïî-
âåðõíåþ. Õàðàêòåðí³ òàêîæ âçàºìí³ ïðîðîñòàííÿ ³íäèâ³ä³â, ùî ñòèêóþòüñÿ. Äëÿ á³ëüøîñò³
çåðåí âëàñòèâå ð³âíå ïîãàñàííÿ. Ïðîÿâè äèíàìîìåòàìîðô³çìó ³ õâèëÿñòå ïîãàñàííÿ
ì³íåðàëó çàô³êñîâàí³ äëÿ çåðåí êâàðöó ³ç ðóäîïðîÿâ³â Ñêëÿíà Ãîðà òà Ëåí÷èíñüêèé.

Çà äàíèìè åì³ñ³éíîãî ñïåêòðàëüíîãî àíàë³çó [21], ñóêóïíèé âì³ñò õ³ì³÷íèõ åëå-
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ìåíò³â (³çîìîðôíèõ ³ íå³çîìîðôíèõ, àëå áåç Na ³ K) ó êâàðö³ ðóäîïðîÿâ³â òàêèé, %: ó
Ëåí÷èíñüêîìó — 0,005; Ñêëÿíà Ãîðà — 0,061; Àðñåí³âñüêîìó — 0,069. Âì³ñò ëóã³â ó
ôîðì³ Nà2Î ³ Ê2Î â³äïîâ³äíî òàêèé, %: Ëåí÷èíñüêèé ðóäîïðîÿâ — 0,0021 ³ 0,0015;
Àðñåí³âñüêèé — 0,0015 ³ 0,0070; Ñêëÿíà Ãîðà — 0,0420 ³ 0,0150. Âì³ñò ì³íåðàëüíèõ
äîì³øîê çðîñòàº ó òàêîìó íàïðÿìêó, %: Ëåí÷èíñüêèé ðóäîïðîÿâ — 0,006; Ñêëÿíà
Ãîðà — 0,05; Àðñåí³âñüêèé — 1,0.

Çà äàíèìè ôàçîâîãî ñïåêòðàëüíîãî àíàë³çó   (²ÃÌÐ   ÍÀÍ Óêðà¿íè, àíàë³òèê
Ñ. Î. Êîçàê), Pb, Nà, Ñà, Ñu, Al, Zr — åëåìåíòè, ÿê³ íàëåæàòü ì³íåðàëàì, ùî º  ìåõàí³÷íèìè
äîì³øêàìè â æèëüíîìó êâàðö³; Àl, Mg, Fe, Mn, Ò³, Cu, Ag, Nà — åëåìåíòè, ÿê³ ïðèñóòí³ ó
ñòðóêòóð³ êâàðöó ÿê ³çîìîðôí³ äîì³øêè àáî ì³æâóçëîâ³ àòîìè. Åëåìåíòè Nà, Al, Ñu
ïðèñóòí³ ó êâàðö³ â îáîõ çàçíà÷åíèõ âèùå ôîðìàõ — ³çîìîðôí³é òà ìåõàí³÷í³é. Íàé-
á³ëüøèé â³äñîòîê çâ’ÿçàíèõ ó ì³íåðàëüí³é ôîðì³ åëåìåíò³â ïðèïàäàº íà Nà, Ñà, Àl, ùî,
â³ðîã³äíî, º íàñë³äêîì ïðèñóòíîñò³ ó êâàðö³ äîì³øîê àëüá³òó, õàðàêòåðíîãî äëÿ ðóäîï-
ðîÿâó Ñêëÿíà Ãîðà. Îòæå, çà çàãàëüíèì âì³ñòîì äîì³øîê íàé÷èñò³øèì ñåðåä çàçíà÷å-
íèõ îá’ºêò³â º êâàðö Ëåí÷èíñüêîãî ðóäîïðîÿâó, ÿêèé, îäíàê, çà âì³ñòîì Al, Ò³ òà ³íøèõ
åëåìåíò³â-äîì³øîê ïîñòóïàºòüñÿ ÷èñòîìó êâàðöó óðàëüñüêî¿ êâàðöîíîñíî¿ ïðîâ³íö³¿
[7].

Ïàðàìåòðè åëåìåíòàðíî¿ êîì³ðêè. Âèçíà÷åííÿ ñòðóêòóðíèõ ïàðàìåòð³â êâàðöó —
öå çàâæäè íåòðèâ³àëüíå çàâäàííÿ. Ó çâ’ÿçêó ç öèì ñïî÷àòêó çóïèíèìîñÿ íà ìåòîäè÷-
íîìó àñïåêò³ ö³º¿ ïðîáëåìè. Ì³êðî³çîìîðôí³ çàì³ùåííÿ ó êâàðö³ â³äáóâàþòüñÿ çà ñõå-
ìîþ: Al3++M+  Si4+, äå M+—H+, Li+, Na+, K+. Êàò³îíè-êîìïåíñàòîðè M+ ðîçòàøîâó-
þòüñÿ ó êàíàëàõ ñòðóêòóðè êâàðöó, àëþì³í³é — ó òåòðàåäðàõ. Â³äòàê ñòåðè÷íèé åôåêò º
ñêëàäíèì, îñê³ëüêè âïëèâ íà ïàðàìåòðè ð³çíîïîçèö³éíèõ êàò³îí³â ç ð³çíèìè ³îííèìè
ðàä³óñàìè óñêëàäíþºòüñÿ ïóàññîí³âñüêèì ñòèñíåííÿì. Îñíîâí³ òåíäåíö³¿ çì³íè ïàðà-
ìåòð³â ´ðàòêè êâàðöó ó çâ’ÿçêó ç³ ñòðóêòóðíèìè äîì³øêàìè âèêëàäåí³ ó ïðàö³ [8] ³
çâîäÿòüñÿ äî òîãî, ùî: ïî-ïåðøå, ïàðàìåòð ñ åëåìåíòàðíî¿ êîì³ðêè çá³ëüøóºòüñÿ âíàñ-
ë³äîê ³çîìîðô³çìó Àl  Si; ïî-äðóãå, ïàðàìåòð à åëåìåíòàðíî¿ êîì³ðêè çíà÷íî çðîñòàº
ï³ä ä³ºþ ã³äðàòíèõ êîìïëåêñ³â ³ çìåíøóºòüñÿ, êîëè ³îíîì-êîìïåíñàòîðîì º ïðîòîí;
ïî-òðåòº, ëóæí³ êàò³îíè Nà+ ³ K+ íåçíà÷íî âïëèâàþòü íà ïàðàìåòð à åëåìåíòàðíî¿
êîì³ðêè.

Ïðåöèç³éíå âèì³ðþâàííÿ ïàðàìåòð³â åëåìåíòàðíî¿ êîì³ðêè çä³éñíþâàëîñü íà
ðåíòãåí³âñüêîìó äèôðàêòîìåòð³ ÄÐÎÍ-2 (Cu Ka

-âèïðîì³íþâàííÿ). ßê âíóòð³øí³é

Ðèñ. 1. Ñï³ââ³äíîøåííÿ ïàðàìåòð³â åëåìåíòàðíî¿ êîì³ðêè êâàðöó ç ðóäîïðîÿâ³â: 1 — Ëåí÷èíñüêèé; 2 — Àðñå-
í³âñüêèé;  3 — Ñêëÿíà Ãîðà;  4 — åòàëîííèé êâàðö (çðàçîê Ì. Êåéòà); 5 — òå æ (Êîæèìñüêå ðîäîâèùå, Óðàë);
6 — ñåðåäíº çíà÷åííÿ äëÿ êâàðöó ã³äðîòåðìàëüíèõ æèë [3]; 7 — ðîçñèïíèé êâàðö Íîâîñåë³âñüêîãî ðîäîâèùà
(Óêðà¿íà);   8 — êâàðö  çîëîòîðóäíîãî Êëèíö³âñüêîãî ðîäîâèùà (Óêðà¿íà); 9 — ãðàíóëüîâàíèé êâàðö (Óðàë);
10 — ìàðøàë³ò (Æèòîìèðñüêà îáë.)

Ðèñ. 2. Ñï³ââ³äíîøåííÿ ïàðàìåòð³â åëåìåíòàðíî¿ êîì³ðêè êâàðöó. Óìîâí³ ïîçíà÷åííÿ â³äïîâ³äàþòü ðèñ. 1

ÏÀÂËÈØÈÍ Â. I. òà ií.

V, íì3
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ñòàíäàðò âèêîðèñòîâóâàâñÿ Si, ïàðàìåòð ÿêîãî âèçíà÷åíèé ç òî÷í³ñòþ ± 0,000005 íì.
Ðåºñòðóâàëèñü ðåôëåêñè 23.4 ³ 21.6 ç³ øâèäê³ñòþ ïåðåì³ùåííÿ äåòåêòîðà 0,25 ãðàä/õâ.
Äëÿ êîíòðîëþ âèì³ðþâàëèñü ïàðàìåòðè åòàëîííîãî êâàðöó ç Áðàçèë³¿ (çðàçîê Ì. Êåé-
òà) ³ Óðàëó (çðàçîê Êàìåíöåâà ².). Âèçíà÷åííÿ ïàðàìåòð³â ñóáñòðóêòóðè êâàðöó —
ðîçì³ðó îáëàñòåé êîãåðåíòíîãî ðîçñ³þâàííÿ ðåíòãåí³âñüêèõ ïðîìåí³â (ÎÊÐ)  çä³éñíþ-
âàëîñü íà îñíîâ³ àíàë³çó ðîçøèðåííÿ áðå´´³âñüêèõ ðåôëåêñ³â.

Â³äîìî, ùî ó äîñêîíàë³é ñòðóêòóð³ ç â³äíîñíî ìàëîþ ê³ëüê³ñòþ äîì³øîê ù³ëüí³ñòü
äèñëîêàö³é ó êâàðö³ íå ïåðåâèùóº 107–108/ñì2. Òàêà êîíöåíòðàö³ÿ ³ñòîòíî íå âïëèâàº
íà ðîçøèðåííÿ ðåôëåêñ³â. Òîìó ãîëîâíèì ÷èííèêîì òàêîãî ðîçøèðåííÿ º ìîçà¿÷í³ñòü
êðèñòàë³â êâàðöó. Âèêîðèñòîâóþ÷è äëÿ àïðîêñèìàö³¿ ðåíòãåí³âñüêîãî ïðîô³ëþ ôóíê-
ö³þ Ãàóññà-Êîø³, ô³çè÷íå ðîçøèðåííÿ ðåôëåêñ³â (ÿêå íàìè ðîçãëÿäàºòüñÿ ÿê ôóíêö³ÿ

Òàáëèöÿ 1. Ñòðóêòóðí³ ïàðàìåòðè æèëüíîãî êâàðöó ç ðóäîïðîÿâ³â Óêðà¿íè

Ï ð è ì ³ ò ê à. a, c — ïàðàìåòðè åëåìåíòàðíî¿ êîì³ðêè, V — ¿¿ îá’ºì; L — ÎÊÐ; Ð — ñòóï³íü éîãî ìîçà¿÷íîñò³
(áëî÷íîñò³); 8à — ÷èñò³ çåðíà, 8á — àãðåãàòè ç âêëþ÷åííÿìè. Êâàðö Íîâîñåë³âñüêîãî ðîçñèïíîãî ðîäîâèùà
(Õàðê³âñüêà îáë.) ³ Ì — ìàðøàë³ò (Æèòîìèðñüêà îáë.) íàâîäÿòüñÿ äëÿ ïîð³âíÿííÿ.

Íîìåð çðàçêà a, íì c, íì V , íì3 c/a L, íì P, %

Ëåí÷èíñüêèé
1 0,49129 0,54043 0,112965 0,110003 602,2 30
2 0,49127 0,54044 0,112961 0,110008 1172,3 23
3 0,49137 0,54044 0,113005 0,109985 602,2 30
4 0,49132 0,54042 0,112977 0,109993 491,4 33
5 0,49127 0,54042 0,112956 0,110004 607,5 30
6 0,49134 0,54048 0,113002 0,110001 563,1 31
7 0,49127 0,54042 0,112957 0,110005 491,5 33
8à 0,49125 0,54041 0,112941 0,110008 416,4 34
8á 0,49127 0,54046 0,112962 0,110013 787,9 27

Àðñåí³âñüêèé
1 0,49129 0,54045 0,112968 0,110007 602,0 30
2 0,49129 0,54043 0,112965 0,110004 602,0 30
3 0,49131 0,54043 0,112974 0,109997 415,5 35
4 0,49125 0,54046 0,112953 0,110018 602,9 30
5 0,49127 0,54045 0,112964 0,110011 290,7 40
6 0,49130 0,54050 0,112988 0,110014 362,9 36
7 0,49131 0,54047 0,112983 0,110005 319,2 37
8 0,49128 0,54043 0,112962 0,110003 491,4 33

Ñêëÿíà Ãîðà
1 0,49126 0,54049 0,112965 0,110021 319,9 37
2 0,49132 0,54043 0,112979 0,109997 415,8 34
3 0,49131 0,54041 0,112970 0,109994 319,5 37
4 0,49134 0,54049 0,113000 0,110003 312,1 38
5 0,49128 0,54047 0,112970 0,110011 403,9 35
6 0,49132 0,54046 0,112988 0,110000 361,0 36
6(2) 0,49124 0,54050 0,112959 0,110026 416,0 34
7 0,49132 0,54043 0,112979 0,109996 272,4 39
8 0,49128 0,54051 0,11298 0,110010 361,0 36
9 0,49129 0,54045 0,112972 0,110006 361,3 36
10 0,49127 0,54044 0,112961 0,110009 361,6 36
11 0,49126 0,54043 0,112955 0,110008 273,4 39
12 0,49129 0,54049 0,112977 0,110015 238,7 40
13 0,49125 0,54042 0,112943 0,110010 319,9 37
Ì 0,49128 0,54055 0,112985 0,110030 260,5 40

Íîâîñåë³âñüêèé
1 0,49131 0,54039 0,112968 0,109990 361,8 36
2 0,49132 0,54042 0,112976 0,109993 442,5 34
3 0,49125 0,54047 0,112955 0,110019 402,9 35
4 0,49128 0,54047 0,112969 0,110013 381,0 35
5 0,49132 0,54048 0,112992 0,110005 402,0 35
6 0,49134 0,54047 0,112998 0,109997 318,9 37
7 0,49132 0,5.4044 0,112980 0,109997 360,7 36
8 0,49132 0,54047 0,112988 0,110004 402,7 35
9 0,49129 0,54044 0,112968 0,110004 361,6 36
10 0,49127 0,54042 0,112955 0,110004 402,4 35

ÆÈËÜÍÈÉ  ÊÂÀÐÖ ÓÊÐÀ¯ÍÈ
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ðîçì³ðó ÎÊÐ) ìîæíà çàïèñàòè ó âèãëÿä³ [23]:

    0 5,  (B b)  B (B b ),

äå Â — åêñïåðèìåíòàëüíà íàï³âøèðèíà ðåôëåêñó; b — íàï³âøèðèíà ðåôëåêñó åòàëî-
íó. Òîä³ ðîçì³ð ÎÊÐ ìîæíà âèçíà÷èòè çà ôîðìóëîþ

L = ,  /   0 94   cos  ,

äå — äîâæèíà õâèë³ ðåíòãåí³âñüêîãî âèïðîì³íþâàííÿ; — êóò Áðå´´à (ÿêùî  íàâî-
äèòüñÿ â íì,  — â ðàä³àíàõ, òî L — â íì). Äëÿ âèçíà÷åííÿ Â âèêîðèñòîâóþòüñÿ ðåôëåê-
ñè 23.4 ³ 10.1 Çàóâàæèìî, ùî ðîçøèðåííÿ ðåôëåêñ³â ïðè ìàëèõ êóòàõ  íåçíà÷íå ³
òîìó äëÿ âèçíà÷åííÿ b  ìîæíà âèêîðèñòîâóâàòè ðåôëåêñ ç áóäü-ÿêèìè ³íäåêñàìè.
Îñê³ëüêè L çì³íþºòüñÿ ó øèðîêèõ ìåæàõ (â³ä ñîòåíü íì äî äåê³ëüêîõ ì³êðîìåòð³â),
äëÿ ïîð³âíÿëüíîãî àíàë³çó êðàùå âèêîðèñòîâóâàòè 100 %-âó øêàëó ìîçà¿÷íîñò³ (áëî÷-
íîñò³) ³ ââåñòè ñòóï³íü (ì³ðó) ìîçà¿÷íîñò³

P =  25(5 – lg L) .

²íòåðâàë çì³íè Ð (ó %) ïðèðîäíîãî êâàðöó (ïîðîøêó) êîëèâàºòüñÿ ó ìåæàõ â³ä
30 äî 65. Ìåíø³ çíà÷åííÿ õàðàêòåðí³ äëÿ ìîíîêðèñòàë³â êâàðöó, á³ëüø³ — äëÿ çðàçê³â
òîíêîäèñïåðñíîãî êâàðöó êîëî¿äíîãî ïîõîäæåííÿ.

Ðåçóëüòàòè âèì³ðþâàííÿ ïàðàìåòð³â ´ðàòêè êâàðöó íàâåäåí³ ó òàáë. 1. Íà ðèñ. 1
³ëþñòðóºòüñÿ âàð³àö³ÿ ïàðàìåòð³â à ³ ñ âèâ÷åíèõ çðàçê³â, à òàêîæ çðàçê³â ãðàíóëüîâàíî-
ãî êâàðöó ðîäîâèù Óðàëó (Êèøòèì, Óâ³ëüäè) [4]. Íàâåäåíî òàêîæ çíà÷åííÿ à ³ ñ
åòàëîííîãî êâàðöó ç ðîäîâèù Áðàçèë³¿ [30] òà Óðàëó (Êîæèì) [26]. ßê âèäíî, âàð³àö³ÿ
ïàðàìåòð³â ´ðàòêè äîñèòü çíà÷íà (à = 0,49122–0,49137, ñ = 0,54041–0,54051 íì), àëå
ð³çíà äëÿ êâàðöó ç ð³çíèõ ðîäîâèù. Íàéìåíøà âàð³àö³ÿ ïàðàìåòð³â âëàñòèâà çðàçêàì ³ç
ñ³ë Àðñåí³âêà ³ Ëåí÷èíî. Äåÿêà ÷àñòêà çðàçê³â ç ðóäîïðîÿâ³â Ñêëÿíà Ãîðà òà Íîâîñå-
ë³âñüêîãî ïîêàçóº çíà÷íå â³äõèëåííÿ ïàðàìåòð³â ´ðàòêè â³ä ïàðàìåòð³â åòàëîííîãî
êâàðöó (Êîæèì) ³ ñåðåäí³õ çíà÷åíü à ³ ñ êâàðöó ç ã³äðîòåðìàëüíèõ æèë. Õàðàêòåðíî,
ùî ïàðàìåòðè ´ðàòêè ãðàíóëüîâàíîãî êâàðöó ç ðîäîâèù Óðàëó ³ åòàëîííîãî ç ðîäî-
âèù Áðàçèë³¿ ìåíø³, í³æ ó êâàðö³ Êîæèìñüêîãî ðîäîâèùà, ÿêèé ìîæíà ââàæàòè ñòà-
òèñòè÷íèì åòàëîíîì êâàðöó ã³äðîòåðìàëüíîãî ïîõîäæåííÿ. Ó êîæíîìó ðîäîâèù³ º
çðàçêè, ÿê³ ìàþòü ðîçì³ðè åëåìåíòàðíî¿ ´ðàòêè, íàáëèæåí³ äî åòàëîíó (Êîæèì) ³ ãðà-
íóëüîâàíîãî êâàðöó. Â³äõèëåííÿ â³ä ñåðåäíüîãî çíà÷åííÿ çóìîâëåí³ ó á³ëüøîñò³ âè-
ïàäê³â çá³ëüøåííÿì çíà÷åíü ïàðàìåòð³â à ³ ñ. Ìàðøàë³ò ïîêàçóº íàäì³ðíî âèñîêèé
ïàðàìåòð ñ, òèì÷àñîì ÿê ïàðàìåòð à äîð³âíþº åòàëîííîìó.

Ä³àãðàìà ó êîîðäèíàòàõ ñ/à — V ³ëþñòðóº  ãðóáó çàëåæí³ñòü ìåòðèêè ´ðàòêè óç-
äîâæ îñåé à ³ ñ â³ä çàãàëüíîãî âì³ñòó ñòðóêòóðíèõ äîì³øîê, êðèòåð³ºì ÿêîãî º îá’ºì
åëåìåíòàðíî¿ êîì³ðêè. ßê âèäíî (ðèñ. 2), çá³ëüøåííÿ V âèêëèêàº ñòèñê ñòðóêòóðè êâàðöó
ïî îñ³ ñ. Çðîçóì³ëî, ùî ãîëîâíèé âíåñîê ó çì³íó V äàþòü êàò³îíè, ÿê³ íàéá³ëüøîþ
ì³ðîþ âïëèâàþòü íà ïàðàìåòð à (Li+, H+). Ó ö³ëîìó ä³àãðàìà çàëåæíîñò³ ñ/à â³ä V
³íôîðìàòèâíà ùîäî ê³ëüêîñò³ ³ õàðàêòåðó ñòðóêòóðíèõ äîì³øîê ó êâàðö³ ³ ìîæå ïðî-
ïîíóâàòèñü äëÿ îö³íþâàííÿ ÿêîñò³ ñèðîâèíè.

Çðàçêè ³ç ñ³ë Àðñåí³âêà ³ Ëåí÷èíî ïîêàçóþòü â³äõèëåííÿ â³ä åòàëîííèõ çíà÷åíü.
Âîäíî÷àñ ó êîæí³é ñåð³¿ çðàçê³â º òàê³, ùî ìàþòü õàðàêòåðèñòèêè ñ/à ³ V, ÿê³ ïðàêòè÷íî
çá³ãàþòüñÿ ç åòàëîííèìè. Ãðàíóëüîâàíèé êâàðö íà ä³àãðàì³ ðîçì³ùåíèé ó ïîë³ ç òðîõè
ï³äâèùåíèì çíà÷åííÿì ñ/à ³ â³äíîñíî ìàëèì V (< 0,112950 íì3). Íàéá³ëüøå â³äõè-
ëåííÿ â³ä åòàëîííîãî çíà÷åííÿ ïîâ’ÿçàíå ç³ çá³ëüøåííÿì îá’ºìó åëåìåíòàðíî¿ êîì³-
ðêè, ïåðåâàæíî çà ðàõóíîê çá³ëüøåííÿ ïàðàìåòðó à. Ï³äâèùåíå çíà÷åííÿ V ñïîñòåð³-
ãàºòüñÿ äëÿ çðàçê³â ç ðóäîïðîÿâ³â Íîâîñåë³âñüêèé òà Ñêëÿíà Ãîðà, àëå ìàêñèìàëüíå
çíà÷åííÿ V çàðåºñòðîâàíî äëÿ ïðîáè 3 Ëåí÷èíñüêîãî ðóäîïðîÿâó.

ÎÊÐ ³ ñòóï³íü êðèñòàë³÷íîñò³ (ìîçà¿÷íîñò³). Ö³ ïàðàìåòðè, â³äïîâ³äíî L ³ P, íàâåäåíî ó
òàáë. 1.   Ñåðåäí³   çíà÷åííÿ  P   äëÿ  äîñë³äæåíèõ çðàçê³â ñòàíîâëÿòü, %: Ëåí÷èíñüêèé
ðóäîïðîÿâ — 30; Àðñåí³âñüêèé — 34; Ñêëÿíà Ãîðà — 40; Íîâîñåë³âñüêèé — 35. Áà÷èìî
³ñòîòíó â³äì³íí³ñòü Ð ñòðóêòóðíî ÷èñòèõ çðàçê³â êâàðöó (Ëåí÷èíñüêèé ðóäîïðîÿâ) ³ "çàáðóä-
íåíèõ" (Ñêëÿíà Ãîðà). Ðîçì³ð ÎÊÐ êîëèâàºòüñÿ ó çíà÷íèõ ìåæàõ (â³ä 1200 äî 250 íì), àëå
àáñîëþòíî òî÷í³ öèôðè íåâ³äîì³, îñê³ëüêè çàëåæàòü â³ä åòàëîíà. Íàéá³ëüøà âàð³àö³ÿ ïàðà-
ìåòð³â ìîçà¿÷íî¿ ñòðóêòóðè ñïîñòåð³ãàºòüñÿ äëÿ çðàçê³â ç Ëåí÷èíñüêîãî òà Àðñåí³âñüêîãî
ðóäîïðîÿâ³â, àëå çàãàëîì öå ñëàáîìîçà¿÷íèé êâàðö. Êâàðö ç ðóäîïðîÿâ³â Ñêëÿíà Ãîðà ³ Íîâî-
ñåë³âñüêèé ìàº ï³äâèùåíó ìîçà¿÷í³ñòü â óñ³õ ïðîáàõ. Çàóâàæèìî, ùî íå âèÿâëåíèé çâ’ÿçîê
ì³æ ïàðàìåòðàìè ´ðàòêè êâàðöó ³ ïàðàìåòðàìè ìîçà¿÷íîñò³ ñòðóêòóðè, àëå, ìîæëèâî, òàêà
çàëåæí³ñòü ³ñíóº ó ðàç³ âèñîêî¿ êîíöåíòðàö³¿ äåôåêò³â (ìàðøàë³ò).

ÏÀÂËÈØÈÍ Â. I. òà ií.
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Ðåçóëüòàòè ðåíòãåí³âñüêîãî äîñë³äæåííÿ êâàðöó
äîçâîëÿþòü ä³éòè òàêèõ âèñíîâê³â: 1. Ïàðàìåòðè åëå-
ìåíòàðíî¿ êîì³ðêè êâàðöó (à, ñ, ñ/à, V) êîëèâàþòüñÿ ó
äîñèòü øèðîêèõ ìåæàõ, àëå ó ñåð³¿ çðàçê³â ç êîæíîãî
ðîäîâèùà º êâàðö, ÿêèé ìàëî â³äð³çíÿºòüñÿ â³ä åòà-
ëîííèõ çðàçê³â. Íàé³íôîðìàòèâí³øèìè ùîäî îö³íêè
ê³ëüêîñò³ ³ õàðàêòåðó ñòðóêòóðíèõ äîì³øîê º ïàðàìåò-
ðè ñ/à ³ V. ßêùî ââàæàòè êâàðö ç Êîæèìñüêîãî ðîäî-
âèùà åòàëîíîì ã³äðîòåðìàëüíîãî êâàðöó, áëèçüêèì çà
ñòðóêòóðíèìè ïàðàìåòðàìè äî "ñòàòèñòè÷íîãî" åòà-
ëîíà [3], òî ìîæíà êîíñòàòóâàòè, ùî êâàðö ç ðîäîâèù
Óêðà¿íè çà ñòðóêòóðíèìè õàðàêòåðèñòèêàìè íàáëè-
æàºòüñÿ äî åòàëîííèõ çðàçê³â. Çàãàëüíà "çàáðóäíåí³ñòü"
êâàðöó ì³íåðàëüíèìè äîì³øêàìè äåÿêîþ ì³ðîþ â³äáè-
âàºòüñÿ íà ê³ëüêîñò³ ñòðóêòóðíèõ äîì³øîê (ìîæíà
ïîð³âíÿòè ïðîáè 8à ³ 8á ç Ëåí÷èíñüêîãî ðóäîïðîÿâó).
Äîñë³äæåí³ êâàðöè â³äð³çíÿþòüñÿ, õî÷à ³ íåçíà÷íî, â³ä
ãðàíóëüîâàíîãî êâàðöó ç ðîäîâèù Óðàëó [2], ÿêèé ðîç-
ãëÿäàºòüñÿ ÿê ÷èñòà ñèðîâèíà. Çðàçêè ç ï³äâèùåíèì
çíà÷åííÿì V, ³ìîâ³ðíî, ìàþòü ï³äâèùåíó ê³ëüê³ñòü L³,
òèì÷àñîì ÿê ãðàíóëüîâàíèé êâàðö, ìàáóòü, ì³ñòèòü Í+

ÿê ³îí-êîìïåíñàòîð Àl3+ â òåòðàåäðàõ. Öå ñâ³ä÷èòü ïðî
òå, ùî ö³ ð³çíîâèäè êâàðöó óòâîðþâàëèñü äåùî â ð³çíèõ ãåîõ³ì³÷íèõ óìîâàõ.

2. Ñòóï³íü ìîçà¿÷íîñò³ êâàðöó, ÿêà âèçíà÷àºòüñÿ ÷åðåç ðîçì³ð ÎÊÐ ðåíòãåí³âñüêèõ
ïðîìåí³â, º éîãî âàæëèâîþ õàðàêòåðèñòèêîþ. Ìîçà¿÷í³ñòü ñòðóêòóðè â³ääçåðêàëþº
ù³ëüí³ñòü äèñëîêàö³é, òîáòî äåôåêòí³ñòü ñòðóêòóðè. Öÿ çàëåæí³ñòü ìîæå áóòè ïîâ’ÿçà-
íà ç íàÿâí³ñòþ äåÿêèõ íåñòðóêòóðíèõ äîì³øîê (òèïó êëàñòåð³â) ³, â³äïîâ³äíî, âïëèâà-
òè íà òåõíîëîã³÷í³ âëàñòèâîñò³ êâàðöîâî¿ ñèðîâèíè. ßê ³ ñë³ä áóëî î÷³êóâàòè, íå ³ñíóº
ÿâíî¿ çàëåæíîñò³ ì³æ ñòðóêòóðíèìè ïàðàìåòðàìè ´ðàòêè ³ ïàðàìåòðàìè ìîçà¿÷íî¿
ñòðóêòóðè, êîëè ê³ëüê³ñòü ñòðóêòóðíèõ äîì³øîê íå ïåðåâèùóº ïåâíî¿ ìåæ³. Âîäíî÷àñ
çðàçêè êâàðöó ç ðóäîïðîÿâó Ñêëÿíà Ãîðà ìàþòü íå ò³ëüêè ï³äâèùåíó ê³ëüê³ñòü äîì³-
øîê, à é á³ëüøó ìîçà¿÷í³ñòü.

²I×-ñïåêòðîñêîï³ÿ. Ñïåêòðè çàïèñàí³ ç ïëîñêîïàðàëåëüíèõ ïëàñòèíîê çà ê³ìíàò-
íî¿   òåìïåðàòóðè (Òê)  òà   òåìïåðàòóðè   ð³äêîãî  àçîòó (Òêð) íà ñïåêòðîìåòð³ UR-20
â  ³íòåðâàë³  ÷àñòîò 2400–3800 ñì–1 (ðèñ. 3). Êð³ì ñìóã ïîãëèíàííÿ â îáëàñò³ 2400–
2800 ñì-1, ïîâ’ÿçàíèõ ç îáåðòîíàìè òà êîìá³íîâàíèìè òîíàìè êîëèâàíü Si—0—Si, íà
²×-ñïåêòðàõ óñ³õ çðàçê³â çà Òê ïðîÿâëåíà øèðîêà ïîòóæíà ñìóãà ïîãëèíàííÿ ç ìàêñè-
ìóìîì áëèçüêî 3430–3440  ³ ïëå÷åì 3220 ñì–1, ÿêà çà Òêð òðàíñôîðìóºòüñÿ â ³ñòîòíî
âóæ÷ó ñìóãó ç ÷àñòîòîþ 3230–3260 ³ ïëå÷åì ~3150 ñì–1. Ñïåêòðàëüí³ õàðàêòåðèñòèêè
³ çì³íà ôîðìè çà Òêð ñâ³ä÷àòü ïðî òå, ùî çàçíà÷åíà ñìóãà ïîãëèíàííÿ ñïðè÷èíåíà
âàëåíòíèìè êîëèâàííÿìè ÎÍ-çâ’ÿçê³â ïîë³ìåðèçîâàíèõ ìîëåêóë âîäè Í2Î (òàáë. 2),
ÿêà ì³ñòèòüñÿ ÿê ð³äèíí³ âêëþ÷åííÿ ó êâàðö³ é çàìåðçàº ó ðàç³ çíèæåííÿ òåìïåðàòóðè
[24].

Íà âèñîêî÷àñòîòíîìó êðèë³ ñìóãè ïîãëèíàííÿ Í2Î ô³êñóºòüñÿ ñìóãà ïîãëè-
íàííÿ ç ÷àñòîòîþ 3635–3650 ñì–1, ÿêà çà Òêð ðîçùåïëþºòüñÿ íà 4–5 âóæ÷èõ ñëàáî³í-
òåíñèâíèõ ñìóã (ðèñ. 3, òàáë. 2). Ó çàçíà÷åíîìó ñïåêòðàëüíîìó ä³àïàçîí³ àíàëîã³÷í³
ñìóãè íà ñïåêòðàõ ã³äðîòåðìàëüíîãî êâàðöó, ùî âèð³ñ ç³ çáàãà÷åíèõ F ðîç÷èí³â, áóëè
³íòåðïðåòîâàí³ ÿê ñìóãè ïîãëèíàííÿ âàëåíòíèõ êîëèâàíü ôòîð-âîäíåâèõ äåôåêò³â
ñòðóêòóðè [1, 17, 19]. Íàéíèçüêî÷àñòîòí³øà ç ö³º¿ ñåð³¿ ñìóã ïîãëèíàííÿ, ìîæëèâî, íà-
ëåæèòü âàëåíòíèì êîëèâàííÿì ³çîëüîâàíèõ ìîëåêóë âîäè [31]. Äëÿ ïåðåêîíëèâ³øîãî
òëóìà÷åííÿ ïðèðîäè ö³º¿ ãðóïè ñìóã íà ñïåêòðàõ íàøèõ çðàçê³â íåîáõ³äí³ äîäàòêîâ³
äîñë³äæåííÿ.

Øèðîêà ñìóãà ç ÷àñòîòîþ ~3440 ñì–1 (ðèñ. 3) òàêîæ óñêëàäíþºòüñÿ äåê³ëüêîìà
âóæ÷èìè ñìóãàìè â ³íòåðâàë³ ÷àñòîò 3600–3200 ñì–1, ê³ëüê³ñòü ³ â³äíîñíà ³íòåíñèâí³ñòü
ÿêèõ íåîäíàêîâà äëÿ êâàðöó ç ð³çíèõ ðóäîïðîÿâ³â. Äåÿê³ ñìóãè ó öüîìó ä³àïàçîí³ ïðî-
ÿâèëèñÿ íà ñïåêòðàõ ëèøå çà Òêð çàâäÿêè ³ñòîòíîìó çâóæåííþ ñìóãè Í2Î òà ¿¿ çì³ùåí-
íþ ó íèçüêî÷àñòîòíó îáëàñòü (ðèñ. 3). Íà íèçüêîòåìïåðàòóðíèõ ñïåêòðàõ á³ëüø³ñòü
ñìóã çàçíà÷åíîãî ä³àïàçîíó ñòàëè âóæ÷èìè òà ³íòåíñèâí³øèìè. Äîñë³äæåííÿìè çðàçê³â

Ðèñ. 3. ²×-ñïåêòðè æèëüíîãî êâàðöó Óêðà¿íè ç ðóäîïðîÿâ³â: 1 — Àð-
ñåí³âñüêèé; 2 — Ñêëÿíà Ãîðà; 3 — Ëåí÷èíñüêèé; à — ñïåêòðè çíÿò³ çà
ê³ìíàòíî¿ òåìïåðàòóðè; á — çà òåìïåðàòóðè ð³äêîãî àçîòó (77 K)
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ð³çíîãî ïîõîäæåííÿ âñòàíîâëåíî, ùî âóçüê³
çà   Òêð ñìóãè   â   ³íòåðâàë³  ÷àñòîò 3600–
3200 ñì–1 ñïðè÷èíåí³ âàëåíòíèìè êîëèâàí-
íÿìè ÎÍ, ïîâ’ÿçàíèìè ç ïåâíèìè ã³äðîê-
ñèëüíèìè äåôåêòàìè [27–29].

Íà ²×-ñïåêòðàõ çðàçê³â ç Àðñåí³âñüêî-
ãî ðóäîïðîÿâó ô³êñóþòüñÿ òðè ñìóãè, ñì–1:
âóçüêà é íàéá³ëüø ³íòåíñèâíà ç ÷àñòîòîþ —
3382 ³ äâ³ ñëàáê³ø³ — 3320 ³ 3445, ÿê³, â³ðîã-
³äíî, ïîâ’ÿçàí³ ç äåôåêòîì ÎÍ(Al3+), à òàêîæ
ñìóãà ç ÷àñòîòîþ 3490, îáóìîâëåíà ÎÍ(Li+).
Óñ³ ÷îòèðè ñìóãè ïåðåêîíëèâî ô³êñóþòüñÿ ³
çà ê³ìíàòíî¿ òåìïåðàòóðè.

Íà ñïåêòðàõ çðàçê³â ç ðóäîïðîÿâó Ñêëÿ-
íà Ãîðà ïðåäñòàâëåíî ëèøå îäèí ç äâîõ äå-
ôåêò³â ÎÍ(Al3+); ïîâ’ÿçàí³ ç íèìè ñìóãè ïî-
ãëèíàííÿ â îáëàñò³ ÷àñòîò 3380 ³ 3320 ñì–1

ñëàáê³ø³, í³æ ó çðàçê³â ç Àðñåí³âñüêîãî ðó-
äîïðîÿâó. Íà ñïåêòðàõ êâàðöó ç Ëåí÷èíñü-
êîãî ðóäîïðîÿâó ó ä³àïàçîí³ ÷àñòîò 3600–
3200 ñì–1 íàä³éíî ô³êñóºòüñÿ ëèøå ñìóãà ç
÷àñòîòîþ 3340–3350 ñì–1, ³äåíòèô³êàö³ÿ ÿêî¿
âèìàãàº äîäàòêîâèõ äîñë³äæåíü. Ùîäî ïðè-
ðîäè ³íøèõ ñìóã ó öüîìó ä³àïàçîí³ âàæêî
ñóäèòè ÷åðåç ¿õíþ ñëàáêó ³íòåíñèâí³ñòü.
Ñìóãà ÷àñòîòîþ 3485 ñì–1, ÿêà ô³êñóºòüñÿ íà
ñïåêòð³ ëèøå çà Òêð, ìîæëèâî, îáóìîâëåíà
âàëåíòíèìè êîëèâàííÿìè ÎÍ(Li+).

Êð³ì çàçíà÷åíèõ âèùå ñìóã, íà ñïåêòð³
îäí³º¿ ç ïëàñòèíîê êâàðöó ç Àðñåí³âñüêîãî
ðóäîïðîÿâó ñïîñòåð³ãàþòüñÿ ñìóãè ïîãëè-
íàííÿ â îáëàñò³ ÷àñòîò 2960–2880 ñì–1,
³íòåíñèâí³ñòü ÿêèõ çðîñòàº ç³ çá³ëüøåííÿì
òîâùèíè ïëàñòèíêè. Âîíè ñïðè÷èíåí³ âà-
ëåíòíèìè êîëèâàííÿìè Ñ–Í-çâ’ÿçê³â, ùî
ìîæå áóòè íàñë³äêîì íàÿâíîñò³ âóãëåâîäí³â
ó âêëþ÷åííÿõ êâàðöó [17].

Îòæå, ²×-ñïåêòðè æèëüíîãî êâàðöó, îò-
ðèìàí³ çà Òê é Òêð, ñâ³ä÷àòü ïðî òå, ùî âñ³
äîñë³äæåí³ ïëàñòèíêè æèëüíîãî êâàðöó
ì³ñòÿòü âêëþ÷åííÿ ð³äêî¿ âîäè, à çðàçêè ç
Àðñåí³âñüêîãî ðóäîïðîÿâó — ùå ³ âêëþ÷åí-
íÿ âóãëåâîäí³â. Âîäíî÷àñ çðàçêè êâàðöó ç
ð³çíèõ ðóäîïðîÿâ³â â³äð³çíÿþòüñÿ ì³æ ñîáîþ
ê³ëüê³ñòþ òà ³íòåíñèâí³ñòþ ñìóã ïîãëèíàí-
íÿ, ïîâ’ÿçàíèõ ç ÎÍ(Al3+)- ³ ÎÍ(L³+)-äåôåê-
òàìè. Äëÿ êâàðöó ç óñ³õ òðüîõ ðóäîïðîÿâ³â
õàðàêòåðí³ ñìóãè ïîãëèíàííÿ ó íèçüêî÷àñ-
òîòí³é îáëàñò³, éìîâ³ðíî, çóìîâëåí³ íàÿâí³-
ñòþ ôòîð-âîäíåâèõ êîìïëåêñ³â.

Âêëþ÷åííÿ ì³íåðàëîóòâîðþâàëüíîãî ñå-
ðåäîâèùà. Ëèøå êâàðö ç Ëåí÷èíñüêîãî ðó-
äîïðîÿâó ì³ñòèòü ôëþ¿äí³ âêëþ÷åííÿ, ïðè-
äàòí³ äëÿ äîñë³äæåííÿ, ðîçì³ðîì 20–50 ìêì.
Âîíè çàë³êîâóþòü ïåðåõðåñí³ òð³ùèíè ó
êâàðö³, â ÿêèõ ïîðÿä º äâîôàçîâ³ âêëþ÷åííÿ
âîäíîãî ðîç÷èíó òà îäíîôàçîâ³ — ç ð³äêèì
ÑÎ2. Âèçíà÷åííÿ ãóñòèíè ÑÎ2-ôëþ¿äó (0,7–
0,8 ã/ñì3) òà òåìïåðàòóðè ãîìîãåí³çàö³¿ äâî-
ôàçîâèõ âêëþ÷åíü (220–260 °C) äîçâîëèëè
îö³íèòè òèñê, ùî áóâ ó ñåðåäîâèù³ ì³íåðà-
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ëîóòâîðåííÿ íà ìîìåíò çàë³êîâóâàííÿ òð³ùèí, âèùèé çà 130 ÌÏà. Òåìïåðàòóðà ì³íå-
ðàëîóòâîðåííÿ áóëà íå íèæ÷à 300 °C, òîìó ùî âêëþ÷åííÿ, ìàéæå çãîìîãåí³çîâàí³,
ðîçòð³ñêóþòüñÿ áëèçüêî ö³º¿ òåìïåðàòóðè. Òåìïåðàòóðí³ ïàðàìåòðè çì³íè àãðåãàòíîãî
ñòàíó çàêîíñåðâîâàíîãî ÑÎ2-ôëþ¿äó âêàçóþòü òàêîæ íà ïðèñóòí³ñòü ðîç÷èíåíèõ ³íøèõ
êîìïîíåíò³â, íàïðèêëàä ÑÍ4 àáî N2.

Ó êâàðö³ ç ðóäîïðîÿâ³â Ñêëÿíà Ãîðà òà Àðñåí³âñüêîãî ïåðåâàæàþòü äóæå äð³áí³
âêëþ÷åííÿ, ëèøå îêðåì³ ç íèõ äîñÿãàþòü 7–10 ìêì, ùî çàâàæàº ¿õíüîìó ³íäèâ³äóàëü-
íîìó äîñë³äæåííþ. Ïðîòå ìîæíà ñòâåðäæóâàòè, ùî òð³ùèíè òóò òàêîæ çàë³êîâàí³ ãå-
òåðîãåííèì ôëþ¿äîì — âîäíèì ðîç÷èíîì, ÿêèé áóâ ó ð³âíîâàç³ ç ôàçîþ â³ëüíîãî ÑÎ2.
Ãóñòèíà ÑÎ2-ôëþ¿äó ïðàêòè÷íî òàêà ñàìà (0,7–0,8 ã/ñì3), àëå òåìïåðàòóðà êîíñåð-
âàö³¿ äâîôàçîâèõ âêëþ÷åíü íèæ÷à, òîìó ùî äëÿ íèõ íå çàô³êñîâàíà òåìïåðàòóðà ãîìî-
ãåí³çàö³¿, âèùà çà 210 °C. Öå ñâ³ä÷èòü ïðî äåùî ìåíøèé òèñê ì³íåðàëîóòâîðåííÿ
(110–120 ÌÏà).

Ïðî ñêëàä ôëþ¿ä³â, çàêîíñåðâîâàíèõ ó âêëþ÷åííÿõ, äàþòü óÿâëåííÿ ðåçóëüòàòè
õðîìàòîãðàô³÷íîãî àíàë³çó ãàçó, îòðèìàíîãî ï³ñëÿ íàãð³âàííÿ ãðóáîóëàìêîâî¿ ôðàêö³¿
êâàðöó äî 450 °C (òàáë. 3). Çà íàøèìè ³ ë³òåðàòóðíèìè [18] äàíèìè, ñàìå çà òàêî¿
òåìïåðàòóðè â³äáóâàºòüñÿ ìàñîâå ðîçòð³ñêóâàííÿ âêëþ÷åíü. Àíàë³ç çàñâ³ä÷óº ïðèñóòí³ñòü
ÑH4 ³ N2 ó ñêëàä³ çàêîíñåðâîâàíèõ ôëþ¿ä³â, ùî ï³äòâåðäæóºòüñÿ äàíèìè êð³îìåòð³¿ òà
²×-ñïåêòðîñêîï³¿. Àëå îñíîâíèì êîìïîíåíòîì ôëþ¿äó â óñ³õ ðóäîïðîÿâàõ º ÑÎ2, ÿêèé
ó Ëåí÷èíñüêîìó ðóäîïðîÿâ³ äîì³íóº íàä H2Î íàâ³òü çà ìàñîþ. Ïðèâåðòàº óâàãó á³ëüøà
ìàñà çàêîíñåðâîâàíèõ ôëþ¿ä³â ó êâàðö³ Ëåí÷èíñüêîãî ðóäîïðîÿâó, ùî º íåïðÿìèì
ï³äòâåðäæåííÿì âèñîêîáàðè÷íèõ óìîâ êðèñòàë³çàö³¿ êâàðöó.

Ï³ðîë³ç êâàðöó. Ïðîáè æèëüíîãî êâàðöó ç òðüîõ ðóäîïðîÿâ³â — Ëåí÷èíñüêîãî,
Ñêëÿíà Ãîðà òà Àðñåí³âñüêîãî äîñë³äæóâàëèñÿ ìåòîäîì ï³ðîë³òè÷íî¿ ãàçîâî¿ õðîìà-
òîãðàô³¿. Ìåòà äîñë³äæåíü — âèçíà÷åííÿ âì³ñòó ó êâàðö³ ëåòêèõ åëåìåíò³â (N, H, Ñ),
ðîçïîä³ëó ¿õ ì³æ ð³çíîâèäàìè êâàðöó. Ïîïåðåäíüî î÷èùåí³ óëàìêè êâàðöó áóëè ïîä-
ð³áíåí³ ó ÷àâóíí³é ñòóïö³ äî –2 ìì ³ ðîçä³ëåí³ íà ôðàêö³¿. Äîñë³äæóâàëèñÿ, ãîëîâíèì
÷èíîì, ôðàêö³¿ 1–2 ³ –0,25 ìì, à ³íø³ ôðàêö³¿ — âèá³ðêîâî. Ïðîäóêòè ï³ðîë³çó ôðàêö³¿
1–2 ìì, ÿêà ì³ñòèòü íàéá³ëüøå íåðîçêðèòèõ ôëþ¿äíèõ âêëþ÷åíü, ìàëè â³ääçåðêàëþâà-
òè ñêëàä ôëþ¿ä³â, çàêîíñåðâîâàíèõ ó çàêðèòèõ âàêóîëÿõ ó êâàðö³, à ôðàêö³ÿ –0,25 ìì,
ùî õàðàêòåðèçóºòüñÿ íàéá³ëüøîþ ñóìàðíîþ ïîâåðõíåþ ÷àñòèíîê, — êîìïîíåíòè, ÿê³
óòðèìóþòüñÿ õ³ì³÷íèìè ñèëàìè íà ïîâåðõí³ ð³çíîãî ðîäó â³äêðèòèõ äåôåêò³â.

Ìåòîäèêà ï³ðîë³çó òà óìîâè àíàë³çó îïèñàí³ ó ïðàöÿõ [9, 10], à ðåçóëüòàòè àíàë³çó
âæå îáãîâîðþâàëèñÿ [12]. Âîíè çâîäÿòüñÿ äî íàâåäåíèõ íèæ÷å âèñíîâê³â:

1. ²ñíóº çàëåæí³ñòü ê³ëüêîñò³ ïðîäóêò³â ï³ðîë³çó â³ä ñóìàðíî¿ ïëîù³ óëàìê³â êâàðöó.
Íàéá³ëüøó ê³ëüê³ñòü ïðîäóêò³â îòðèìàíî äëÿ ôðàêö³¿ –0,25 ìì, çáàãà÷åíî¿ äèñïåðñ-
íèìè ÷àñòèíêàìè àìîðô³çîâàíîãî êðåìíåçåìó.

2. ²ç çì³íîþ ðîçì³ðó ÷àñòèíîê êðåìíåçåìó çì³íþþòüñÿ òàêîæ ÷àñòêà îêðåìèõ
ãàçîâèõ êîìïîíåíò³â ó ï³ðîë³çí³é ñóì³ø³ ³ òåìïåðàòóðà ¿õ ìàêñèìàëüíîãî âèä³ëåííÿ,
ùî ñâ³ä÷èòü ïðî ð³çíå ðîçòàøóâàííÿ êîìïîíåíò³â ï³ðîë³çíîãî ãàçó â ãðóá³é ³ äèñ-
ïåðñí³é ôðàêö³ÿõ.

3. Ëåòê³ ñïîëóêè, ùî âèä³ëÿþòüñÿ ç ãðóáîóëàìêîâî¿ ôðàêö³¿ êâàðöó äî 450 °C,
äàþòü óÿâëåííÿ ïðî ñêëàä ôëþ¿ä³â, çàêîíñåðâîâàíèõ ó âêëþ÷åííÿõ. Ö³ æ ñïîëóêè íà
õðîìàòîãðàì³ äèñïåðñíî¿ ôðàêö³¿, íàãð³òî¿ ïîíàä 450 °C, á³ëüøå õàðàêòåðèçóþòü êîì-
ïëåêñè ç ëåòêèìè åëåìåíòàìè, õåìîñîðáîâàíèìè íà ïîâåðõí³ êâàðöó.

4. Êâàðö Ëåí÷èíñüêîãî ðóäîïðîÿâó õàðàêòåðèçóºòüñÿ íàéá³ëüøîþ ìàñîþ ôëþ¿äó,
çàêîíñåðâîâàíîãî ó âêëþ÷åííÿõ, ³ íàéìåíøîþ ê³ëüê³ñòþ õåìîñîðáîâàíèõ äîì³øîê.
Íàéá³ëüøå äîì³øîê ì³ñòèòü êâàðö ç Àðñåí³âñüêîãî ðóäîïðîÿâó (òàáë. 4).

5. Âì³ñò ëåòêèõ åëåìåíò³â-äîì³øîê ó êâàðö³ òàêèé ñàìèé, ÿê ³ íåëåòêèõ åëå-
ìåíò³â [19]. Ñåðåä ëåòêèõ äîì³øîê ïåðåâàæàº C. Çà âì³ñòîì êîæíîãî ç ëåòêèõ åëå-

Òàáëèöÿ 3. Ñêëàä ïðîäóêò³â äåêðåï³òàö³¿ ôëþ¿äíèõ âêëþ÷åíü, %

Ï ð è ì ³ ò ê à. Íàâàæêà — 1 ã, ôðàêö³ÿ 1–2 ìì, òåìïåðàòóðà íàãð³âàííÿ — 50–450 °C.

Ðóäîïðîÿâ
Íîìåð
ïðîáè

Ìàñà ãàçó, ìêã N2 CH4 CO2 H2O

Ëåí÷èíñüêèé 3 229,00 0,15 0,19 69,08 30,57
5 190,37 0,27 0,14 73,33 26,76

Ñêëÿíà Ãîðà 3 95,16 0,16 0,12 47,18 54,54
5 97,95 0,16 0,09 59,91 40,84

Àðñåí³âñüêèé 3 92,48 0,11 0,09 45,74 54,07
7 87,24 0,14 0,14 42,41 57,31

ÆÈËÜÍÈÉ  ÊÂÀÐÖ ÓÊÐÀ¯ÍÈ
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ìåíò³â òà ¿õ ñóìîþ êâàðö Ëåí÷èíñüêîãî ðóäîïðîÿâó íàáëèæàºòüñÿ äî ïðîçîðèõ êðèñ-
òàë³â êâàðöó ç ã³äðîòåðìàëüíèõ æèë Äîíáàñó ³ êàìåðíèõ ïåãìàòèò³â Âîëèí³, àëå âäâ³÷³
áàãàòøèé íèìè, í³æ êâàðö ³ç ðîäîâèù Áðàçèë³¿.

6. ²ç âì³ñòîì ó êâàðö³ C ³ îñîáëèâî H êîðåëþº ê³ëüê³ñòü âóãëåâîäíåâèõ êîìï-
ëåêñ³â, ùî óòâîðþþòüñÿ íà ïîâåðõí³ êâàðöîâèõ ÷àñòîê ó ïðîöåñ³ ïîäð³áíåííÿ ïðîáè ³
ïîïîâíþþòü ï³ðîë³çíó ñóì³ø ìåòàíîì òà âàæ÷èìè âóãëåâîäíÿìè. Â³äîìî, ùî âóãëå-
âîäíåâ³ êîìïëåêñè ñèëüíî ïåðåøêîäæàþòü ôîðìóâàííþ êðèñòàë³â [11, 12], òîìó ¿õíþ
ê³ëüê³ñòü ó øèõò³ ìîæíà ââàæàòè âàæëèâîþ õàðàêòåðèñòèêîþ êâàðöîâî¿ ñèðîâèíè.
Îòîòîæíþþ÷è ê³ëüê³ñòü ìîëåêóë ÑH4 ó ï³ðîë³çí³é ñóì³ø³ ç ê³ëüê³ñòþ âóãëåâîäíåâèõ
êîìïëåêñ³â íà ïîâåðõí³ êâàðöîâèõ ÷àñòèíîê, ìîæíà ïîð³âíÿòè âèáðàí³ çðàçêè çà öèì
ïîêàçíèêîì. Íàéá³ëüøå êîìïëåêñ³â, ÿê ³ î÷³êóâàëîñü, ì³ñòèòüñÿ ó êâàðö³ ç ðóäîïðîÿâ³â
Ñêëÿíà Ãîðà ³ Àðñåí³âñüêîãî. Êâàðö Ëåí÷èíñüêîãî ðóäîïðîÿâó ÷èñò³øèé, àëå âäâ³÷³
ïîñòóïàºòüñÿ êâàðöó ç ðîäîâèù Áðàçèë³¿ ³ äåÿêèì çðàçêàì êâàðöó ç Óêðà¿íè.

7. Âóãëåâîäíåâ³ êîìïëåêñè íåð³âíîì³ðíî ðîçïîä³ëåí³ ì³æ ð³çíîâèäàìè êâàðöó,
ÿê³ ñêëàäàþòü æèëüíó êâàðöîâó ïîðîäó. Íàéá³ëüøå ¿õ óòâîðþºòüñÿ íà ïîâåðõí³ òîíêî-
çåðíèñòèõ ð³çíîâèä³â, íàéìåíøå — íà ïîâåðõí³ óëàìê³â ãðóáîçåðíèñòîãî êâàðöó. Çáà-
ãà÷åííÿ ðóäè ç Ëåí÷èíñüêîãî ðóäîïðîÿâó ãðóáî- ñåðåäíüîçåðíèñòèì ð³çíîâèäîì ñòà-
âèòü öåé êâàðö â îäèí ðÿä ç íàéêðàùèìè åòàëîííèìè çðàçêàìè.

Âèñíîâêè. 1. Óêðà¿íà êóïóº äîðîãèé æèëüíèé êâàðö ³ ùå äîðîæ÷³ øòó÷í³ êðèñòàëè
êâàðöó. Ô³ðìà "Þí³ì³í" (ÑØÀ), ÿêà îòðèìóº êâàðöîâ³ êîíöåíòðàòè, ùî â³äïîâ³äàþòü
ñâ³òîâèì ñòàíäàðòàì, äàº òàê³ âàðò³ñí³ ïîêàçíèêè (óìîâè äëÿ êîìîð): ö³íà çà 1 êã
ñîðòó "Éîòà-ñòàíäàðò" ñòàíîâèòü 3 äîë., "Éîòà-4" — 5,1 äîë. ÑØÀ. ßêùî Óêðà¿íà êóïó-
âàòèìå êîíöåíòðàòè ó ö³º¿ ô³ðìè, òî ¿õíÿ ðåàëüíà âàðò³ñòü (ÏÄÂ, îïëàòà ìèòà òîùî)
çðîñòå ùå íà 20–25 %. Âàðò³ñòü øòó÷íèõ ìîíîêðèñòàë³â êâàðöó, ÿê ì³í³ìóì, íà ïîðÿ-
äîê âèùà. Îòæå, Óêðà¿íà, ùîá çàäîâîëüíèòè ñâî¿ ïîòðåáè ð³âíÿ 1990–1991 ðð. ïîâèííà
âèòðà÷àòè äåñÿòêè ì³ëüéîí³â äîëàð³â ÑØÀ íà ³ìïîðò êâàðöîâèõ êîíöåíòðàò³â ³ øòó÷-
íèõ ìîíîêðèñòàë³â. Ðàçîì ³ç òèì êâàðöîâà ñèðîâèíà â íàäðàõ Óêðà¿íè º, àëå âîíà íå
ðîçâ³äàíà, íåäîñòàòíüî ³ íåð³âíîì³ðíî âèâ÷åíà.

2. Çíà÷í³ ïåðñïåêòèâè êâàðöîâî¿ ñèðîâèíè â Óêðà¿í³ ïîâ’ÿçàí³ ç ã³äðîòåðìàëüíè-
ìè æèëàìè, íàñàìïåðåä, Óêðà¿íñüêîãî ùèòà. Ñåðåä íèõ, ³ç ïðàêòè÷íîãî ïîãëÿäó, îñîá-
ëèâî¿ óâàãè çàñëóãîâóþòü (íà ð³âí³ çíàíü, îòðèìàíèõ íàìè òà íàøèìè ïîïåðåäíèêà-
ìè) òðè ðóäîïðîÿâè — Ëåí÷èíñüêèé (Ï³âí³÷íî-Çàõ³äíèé ðàéîí ÓÙ), Àðñåí³âñüêèé (²íãó-
ëî-²íãóëåöüêèé ðàéîí) ³ Ñêëÿíà Ãîðà (Ïðèàçîâ’ÿ). Ñàìå âîíè ìàþòü ñòàòè ïåðøî÷åð-
ãîâèìè îá’ºêòàìè äëÿ ïðîâåäåííÿ ðîçâ³äêè, ÿêó îáîâ’ÿçêîâî ïîòð³áíî íàóêîâî ñóïðî-
âîäæóâàòè. Â íèõ íà íåçíà÷í³é ãëèáèí³ çîñåðåäæåí³ âåëè÷åçí³ ïðîãíîçí³ ðåñóðñè, àëå
êâàðö öèõ ðóäîïðîÿâ³â óñåá³÷íî íå äîñë³äæóâàâñÿ. Ìàéæå çîâñ³ì íå âèâ÷åíèé òàêîæ
êâàðö êâàðöèò³â, êâàðöèòîï³ñêîâèê³â, ï³ñê³â, ê³ð âèâ³òðþâàííÿ, ÿê³ øèðîêî ðîçâèíåí³
íà òåðèòîð³¿ Óêðà¿íè, ³ ïðàêòè÷íå çíà÷åííÿ ÿêèõ äëÿ ñòâîðåííÿ é ðîçâèòêó êâàðöîâî¿
ãàëóç³ â Óêðà¿í³ îñòàòî÷íî íå ç’ÿñîâàíå.

3. Çà äàíèìè ðåíòãåí³âñüêîãî, ñïåêòðàëüíîãî òà ìîðôîëîã³÷íîãî àíàë³ç³â, ì³êðîñ-
êîï³¿, ²×-ñïåêòðîñêîï³¿, òåðìîáàðîãåîõ³ì³¿ é ãàçîâî¿ õðîìàòîãðàô³¿ æèëüí³ àãðåãàòè
êâàðöó íàçâàíèõ ðóäîïðîÿâ³â ³ñòîòíî â³äð³çíÿþòüñÿ ì³æ ñîáîþ çà âì³ñòîì ³çîìîðô-
íèõ äîì³øîê, êîåô³ö³ºíòîì ñâ³òëîïðîïóñêàííÿ, âì³ñòîì ³ âèäîâèì ñêëàäîì ì³íåðàëü-
íèõ äîì³øîê, ëåòêèõ êîìïîíåíò³â òîùî. Íàé÷èñò³øèì ñåðåä çàçíà÷åíèõ ðóäîïðîÿâ³â
âèÿâèâñÿ êâàðö Ëåí÷èíñüêîãî ðóäîïðîÿâó.

4. Îáëàñò³ âèêîðèñòàííÿ æèëüíîãî êâàðöó Óêðà¿íè, îñîáëèâî ç óðàõóâàííÿì ¿õíüîãî
ðóäîçáàãà÷åííÿ, — ïèòàííÿ ìàéáóòíüîãî. Çà ïîïåðåäí³ìè äàíèìè, æèëüíèé êâàðö
Óêðà¿íè ìîæå øèðîêî âèêîðèñòîâóâàòèñü äëÿ âèãîòîâëåííÿ êâàðöîâîãî ñêëà é âèðî-
ùóâàííÿ ìîíîêðèñòàë³â òåõí³÷íîãî ³ þâåë³ðíîãî ïðèçíà÷åííÿ. Ïåðø³ ÿê³ñí³ êðèñòàëè
êâàðöó ³ç øèõòè æèëüíîãî êâàðöó Óêðà¿íè âæå âèðîùåí³ ï³ä êåð³âíèöòâîì ïðîôåñî-
ðà Ã. Ò. Îñòàïåíêà â ²íñòèòóò³ ìàãíåòèçìó ÍÀÍ Óêðà¿íè.

Ïåðñïåêòèâíèì ìîæå áóòè âèêîðèñòàííÿ æèëüíîãî êâàðöó Óêðà¿íè äëÿ âèðîá-

Òàáëèöÿ 4. Âì³ñò ó êâàðö³ ëåòêèõ åëåìåíò³â-äîì³øîê, ððm

Ì³ñöå â³äáîðó çðàçê³â N H C

Ëåí÷èíñüêèé 0,7–1,2 15–18 37–41
Ñêëÿíà Ãîðà 1,0–1,1 28–41 42–54
Àðñåí³âñüêèé 1,5–1,6 39–52 48–63
Êàìåðí³ ïåãìàòèòè Âîëèí³ 1,0–1,6 3–8 12–36
Ã³äðîòåðìàëüí³ æèëè Äîíáàñó 0,8–1,7 7–17 19–34
Ã³äðîòåðìàëüí³ ðîäîâèùà Áðàçèë³¿ 1,0 7 13

ÏÀÂËÈØÈÍ Â. I. òà ií.
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íèöòâà îïòè÷íîãî êâàðöîâîãî ñêëà, ñêëîâîëîêíà, õóäîæíüîãî êðèøòàëþ, ñïåöêåðàì³-
êè, ñèðîâèíè äëÿ îòðèìàííÿ âèñîêî÷èñòîãî êðåìí³þ, êàðá³äó êðåìí³þ ³ ñèë³êîñïëàâ³â,
êâàðöîâîãî ïîðîøêó äëÿ ñïåöìåòàëóðã³¿, ìåäèöèíè òà åëåêòðîí³êè.

5. Ïîòðåáóº âèð³øåííÿ ïèòàííÿ ïðî âïëèâ íà ÿê³ñòü (äåôåêòí³ñòü) êâàðöîâî¿
ñèðîâèíè Óêðà¿íè íå ëèøå åëåìåíò³â-äîì³øîê, ì³íåðàëüíèõ äîì³øîê, à é ëåòêèõ êîì-
ïîíåíò³â, ÿê³ äî òîãî æ ìîæóòü áóòè òîêñè÷íèìè [22]. Çàçíà÷èìî, ùî äëÿ ñèíòåçó
ÿê³ñíèõ ìîíîêðèñòàë³â êâàðöó íàéá³ëüø ïðèéíÿòíîþ º ñèðîâèíà ç Ëåí÷èíñüêîãî
ðóäîïðîÿâó.

6. Ðîçïî÷àòå íàìè äîñë³äæåííÿ æèëüíîãî êâàðöó Óêðà¿íè íå çàâåðøåíå. Âîíî
ìóñèòü ìàòè ïðîäîâæåííÿ ç íàïðàöþâàííÿì íàóêîâèõ çàñàä äëÿ ñòâîðåííÿ é ðîçâèò-
êó êâàðöîâî¿ ãàëóç³ â Óêðà¿í³.

Ïðî àêòóàëüí³ñòü äîñë³äæåííÿ êâàðöó Óêðà¿íè îïîñåðåäêîâàíî çàñâ³ä÷óº òàêèé
ôàêò. Ó ëèñòîïàä³ 1998 ð. ó Ðîñ³¿ ïðîâåäåíà íàóêîâî-ïðàêòè÷íà êîíôåðåíö³ÿ "Êâàðöî-
âà ñèðîâèíà: ðåñóðñè, òåõíîëîã³ÿ, ñïîæèâàííÿ". Â ¿¿ ð³øåííÿ, çîêðåìà, çàïèñàíî òàêå
[22, ñ. 31]:

"1. Ââàæàòè ïð³îðèòåòíèìè ðîáîòè, ñêåðîâàí³ íà ðîçâèòîê ³ îñâîºííÿ ì³íåðàëüíî-
ñèðîâèííî¿ áàçè îñîáëèâî ÷èñòîãî êâàðöó ç ìåòîþ ñòàá³ëüíîãî çàáåçïå÷åííÿ ïîòðåá
â³ò÷èçíÿíî¿ ïðîìèñëîâîñò³ é åêñïîðòó. Âèçíàòè äóæå âàæëèâèì íàïðÿìêîì äîñë³ä-
æåíü ðîçðîáêó òà óäîñêîíàëåííÿ âèñîêèõ, ìàëîâ³äõîäíèõ ³ åíåðãîçáåð³ãàþ÷èõ òåõíî-
ëîã³é äëÿ îòðèìàííÿ îñîáëèâî ÷èñòèõ êâàðöîâèõ êîíöåíòðàò³â, ÿê³ â³äïîâ³äàþòü ñâ³òî-
âèì ñòàíäàðòàì.

2. Ì³í³ñòåðñòâó ïðèðîäíèõ ðåñóðñ³â, âðàõîâóþ÷è àêòóàëüí³ñòü ïðîâåäåííÿ ðîá³ò
íà ñòðàòåã³÷íó îñîáëèâî ÷èñòó êâàðöîâó ñèðîâèíó, ïåðåäáà÷èòè âèä³ëåííÿ ô³íàíñî-
âèõ ðåñóðñ³â íà ö³ ðîáîòè â íåîáõ³äíèõ îá’ºìàõ."

Íà ïðåâåëèêèé æàëü, â Óêðà¿í³ òàêîãî ðîçóì³ííÿ ïðîáëåìè êâàðöó ïîêè ùî íåìàº.
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²í-ò ãåîõ³ì³¿, ì³íåðàëîã³¿ òà ðóäîóòâîðåííÿ                                                                                               Íàä³éøëà 18.05.2000
ÍÀÍ Óêðà¿íè, Êè¿â
Êè¿â. íàö. óí-ò ³ì. Òàðàñà Øåâ÷åíêà, Êè¿â

ÐÅÇÞÌÅ. Îáîñíîâûâàåòñÿ ïîëîæåíèå î çíà÷èòåëüíûõ ïåðñïåêòèâàõ ïîèñêîâ êâàðöåâîãî ñûðüÿ â Óêðàèíå,
ñâÿçàííîãî ñ ãèäðîòåðìàëüíûìè æèëàìè, â ïåðâóþ î÷åðåäü, Óêðàèíñêîãî ùèòà (ÓÙ). Ñðåäè íèõ îñîáîãî
âíèìàíèÿ çàñëóæèâàþò òðè ðóäîïðîÿâëåíèÿ — Ëåí÷èíñêîå (Ñåâåðî-Çàïàäíûé ðàéîí ÓÙ), Àðñåíîâñêîå (Èí-
ãóëî-Èíãóëåöêèé ðàéîí) è Ñòåêëÿííàÿ Ãîðà (Ïðèàçîâüå). Èìåííî îíè äîëæíû ñòàòü ïåðâîî÷åðåäíûìè îáúåê-
òàìè äëÿ ïðîâåäåíèÿ íàó÷íî îáîñíîâàííîé ðàçâåäêè. Â íèõ íà íåçíà÷èòåëüíîé ãëóáèíå ñîñðåäîòî÷åíû îã-
ðîìíûå ïðîãíîçíûå ðåñóðñû. Êâàðö ýòèõ ìåñòîðîæäåíèé ñëàáî èññëåäîâàí. Ïî äàííûì ñïåêòðàëüíîãî è ìîð-
ôîëîãè÷åñêîãî àíàëèçîâ, ìèêðîñêîïèè, ÈÊ-ñïåêòðîñêîïèè, òåðìîáàðîãåîõèìèè è ãàçîâîé õðîìàòîãðàôèè, ïî
ñòðóêòóðíûì ïàðàìåòðàì, ñàìûì ÷èñòûì ñðåäè óêàçàííûõ ðóäîïðîÿâëåíèé îêàçàëñÿ êâàðö Ëåí÷èíñêîãî ðó-
äîïðîÿâëåíèÿ.

SUMMARY. Considerable search prospects of quartz raw materials in Ukraine connected with hydrothermal veins, and
in the first place, with these of the Ukrainian Shield are grounded. Among all veins only three ore manifestations
deserve special attention (at the level of knowledge obtained by us and our predecessors). These are manifestations of
Lenchyno (North-West region) and Arsenivka (Ingulo-Inguletskiy region) and Sklyana Gora manifestation (Near
Azov region). They should become the first-rate objects for prospecting which should be scientifically well-founded.
Immense prognosis resources are concentrated in these ore manifestations at an insignificant depth. Quartz of these
deposits has not been investigated in full. According to the data of spectral and morphological analysses, microscopy,
infra-red spectroscopy, thermobarogeochemistry and gas chromatography, structural parameters, the purest quartz of
the above-mentioned manifestations is quartz of Lenchyno.

ÏÀÂËÈØÈÍ Â. I. òà ií.
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EPR of the Impurity Crystal Phases in Biominerals
and Their Synthetic Analogues

The impurity crystal phases of biominerals (bone and tooth enamel) and synthetic hydroxylapatite, were studied using
the electron paramagnetic resonance spectroscopy. It is shown that this method has unique possibilities for study of
characteristics of impurity crystal phases. The spectroscopic characteristics of Mn2+ and Cr3+ ions in natural, synthetic
and biogenic apatites, carbonates, and oxides were compared. In addition, the dynamics of their charge state transformation
during heating and irradiation in the impurity phases of CaCO3, CaO and MgO of biominerals and synthetic materials
was investigated. It has been determined that the charge state of ions in small, nanometer-sized particles dependent to
a high degree upon the electrical state of the particle surfaces. It was determined that impurity carbonate phases of
biominerals are located at the interface between the bioapatite nanocrystals and organic layers. Carbonate impurity
phases in biominerals serve as storage sites in which most of trace elements of bones and teeth are located. Finally, it
is shown that the impurity mineral phases have important local effects on the mineralization and demineralization
processes of bones and teeth.

1. Introduction
Biominerals, the formation and growth of which are concerned with the vital activity of
biological tissues [5, 9, 11], are readily studied in bone and tooth enamel. Information on
their phase composition is of great importance for making decisions about various fundamental
and applied problems. The phase composition of biominerals varies with age and disease.
Areas of special interest in phase composition include the study of osteoporosis mechanisms,
bone demineralization during space flight [4, 12] and application of synthetic hydroxylapatite
and tricalciumphosphate as implant materials for treatment of bone diseases.

Numerous references [5, 9, 11, 12] deal with the study of structure, properties and phase
composition of the mineral component of bones and teeth using various methods. Phase
composition of mineral component of biominerals can be determined the most unequivocally
by means of the X-ray phase analysis method. The structure of biominerals are also actively
investigated by means of infrared spectroscopy (IRS) and other traditional methods. However,
there are limitations to using  X-ray phase analysis, IRS and other traditional methods for
study the mineral phases of biominerals. This is due to many factors, in particular, to the fact
that the sensitivity of these methods is relatively low. Small particles such as those which
form the mineral component of biominerals, and the structural defects of these particles
cause signal broadening in the diffractograms which complicate biomineral research by the
X-ray phase analysis method.

Until recently, electron paramagnetic resonance (EPR) has not been used for the
determination of phase composition of the mineral component of biominerals and synthetic
materials, which are used as implant materials. EPR has unique possibilities for the study of
the  phase composition of biominerals and implant materials. The EPR method is the most
effective for studying  impurity crystal phases. By impurity crystal phases we mean the crystal
phases which are present in biominerals and synthetic materials in such low quantities, that
the study of these crystal phases by traditional methods is not possible.

It is important to realize that despite the small amount of the impurity crystal phases
which present, as a rule they determine the characteristics of mineralization and
demineralization processes of bones and teeth. The changes in bone properties caused by
disease can be correlated with changes in the impurity crystal phases. Application of the
EPR method for study of impurity crystal phases is based on the following factors, (1) the
method has high sensitivity, and (2) the EPR characteristic of paramagnetic ions (including
ions Mn2+ and Cr3+), are essentially different when located in different crystal lattices, e. g.,
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MgO versus calcite. Thus, EPR of Mn2+ and Cr3+ ions can be used to investigate the
composition of impurity crystal phases, to study the state and defectiveness of their structure,
and also to investigate the dynamics of changes occuring  in the mineral phases of biominerals
and implant materials.

In one of our previous publications, [3] the possibilities of using EPR for identifying
small amounts of tricalciumphosphate phase in biominerals and their synthetic analogues
using phosphate paramagnetic centers was described. This paper is concerned with the study
of carbonate and oxide phases of biominerals and synthetic materials using the EPR of Mn2+

and Cr3+ ions. The spin hamiltonian parameters of Mn2+ and Cr3+ ions and data about the
effect of crystal symmetry on the EPR characteristic of these ions can be found in references
[1, 6, 7, 10, 11].
2. Samples and experimental technique
The measurement of the EPR spectra was done with an RE-1306 spectrometer (Smolensk,
Russia) at the room temperature. This spectrometer works in the three centimeter wave
band. For measurement of the EPR spectra powdered samples were used. The concentration
of paramagnetic centres in the examined samples was estimated using of a reference sample
(MgO : Mn2+) with known concentration of paramagnetic centers.

The experimental research was carried out on minerals of different types, on synthetic
materials, manufactured by special technologies, and on biominerals such as bone and tooth
enamel. The minerals used were fluorapatite Ca10(PO4)6F2, calcite CaCO3, periclase MgO
and lime CaO. The samples of CaO were manufactured by heating of CaCO3 at T = 1000 °C.

The synthetic material used was hydroxylapatite Ca10(PO4)6(OH)2, which was synthesized
by two different methods. Material 1 was synthesized from aqueous solutions of Ca(NO3)2,
(NH4)2HPO4 and Mn(NO3)2 with a low calcium/phosphate ratio (Ca/P < 1.67). This
created a nonstoichiometric hydroxylapatite, in which the Ca2+ ion vacancies were partially
replaced by Mn2+ ions. Material 2 was also synthesized from aqueous solutions of Ca(NO3)2,
(NH4)2HPO4 and Mn(NO3)2 but with an excess of calcium (Ca/P > 1.67). Material 2
contained the stoichiometric hydroxylapatite phase and a CaO phase, in which Ca2+ ions
were partially replaced by Mn2+ ions. The synthesis of hydroxylapatite  is described in reference
[8]. We would like to note that materials 1 and 2 are actively used by us for studying the
regeneration mechanisms of bone tissue following implantation [2, 13].

The biominerals in our experiments were from  human tooth enamel, and human, cow
and rat femoral bone. Cortical, as well as  trabecular sites of bones were investigated. For
some samples the organic component of the bone tissue was partially removed by boiling in
water.

Sample heating was done using test-tubes and a muffle furnace in air atmosphere in a
temperature range of 70–1050 °C. In some cases, the special arrangements were made to
increase or reduce the access of oxygen to the heated samples. The duration of heating was
usually 30 min. The samples were irradiated using of an X-ray tube (voltage 60 kV, current
2 mA, dose about 103 Gy) or cobalt gun (isotope 60Co, energy of quantum 1.25 MeV, dose
about 105 Gy).
3. Experimental results
3.1. The natural minerals. The EPR spectra of Mn2+ ions of powdered samples of Ca10(PO4)F2,
CaCO3, CaO, and MgO are shown in Fig. 1. It is known [1, 14] that for Mn2+ ions the electron
configuration corresponds to 3d5, the electron spin is equal to 5/2, and the ground term
corresponds to 5/2S5/2. The nuclear spin of the 55Mn isotope is equal to 5/2, and its abundance
is 100 %. The spectra in Fig. 1 correspond to electron transition + 1/2 — 1/2. The six lines
in the spectrum are caused by hyperfine interactions of the electrons with the 55Mn nucleus.
The positions of the EPR lines of Mn2+ ions are determined by symmetry of the crystal
lattice and by other peculiarities of adjacent surroundings of the ion. As a rule, due to the
quadruple moment of the manganese nucleus, the EPR spectra of Mn2+ ions have additional
structure besides the basic six lines.

It is obvious from Fig. 1 that the EPR signals of Mn2+ ions vary depending on their
mineral environment. This permits the use of the EPR method for studying crystal phases in
biominerals and implant materials. To resolve practical problems it is necessary to know the
values of the effective g-factor for the six lines of spectrum, and also the values of the
superhuperfine splitting between these six lines. The characteristics of the EPR lines of
Mn2+ ions in different matrixes are presented in Tables 1 and 2. The symbols (*) and (**)
denote concentrations of 0.0n and 0.n % respectively of manganese in the samples of natural
calcite. The accuracy of determination of g-factors is equal approximately to ± 5 in the last
number of the values.

The EPR spectra of the natural apatite consist of two sets of lines, which in Fig. 1, a are
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marked as Mn(I) and Mn(II). It is
known that the structure of
Ca10(PO4)F2 has two calcium ion
positions, Ca(I) and Ca(II) [9]. The
positions Ca(I)  and Ca(II)
correspond to coordination complexes
CaO9 and CaO6F (Fig. 2). The crystal
lattice of the apatite is related to
hexagonal crystal system, space group
P63/m. The symmetry of positions
Ca(I) and Ca(II) correspond to
groups C3 and C1h. The quantity of
calcium ions in positions Ca(I) and
Ca(II) correspond to 40 and 60 %, respectively. Mn2+ ions, which replace Ca2+ ions in
positions Ca(I) and Ca (II), are denoted as Mn(I) and Mn(II). The detailed information on
parameters of spin hamiltonian of ions Mn2+ in positions Ca(I) and Ca(II) can be found in
reference [6]. The EPR signals, caused by the ions Mn(I) and Mn(II), are registered separately
(Fig. 1, a). This allows the study of the dynamics of distribution of Mn2+ ions in various
crystallographic positions of apatite structure. As a rule, the EPR signals of Mn2+ ions in
natural apatite correspond to the Ca(I) position, though when there are accompanying
defects there are also signals which correspond to the position Ca(II).

The EPR spectra of Mn2+ in natural calcite (Fig. 1, b) have the basic six doublet lines

Fig. 1. The EPR spectra of  Mn2+ ions, located in
natural minerals: a  — the spectrum of natural
apatite. Below the spectrum two groups of lines,
caused by  Mn(I) and Mn(II) ions, located in
different calcium positions. Narrow lines of a
reference sample (MgO : Mn2+) are shown at
the top  of the drawing; b — the spectrum of
natural calcite. The lines of a reference sample
(MgO : Mn2+) are placed between the main
lines of the spectrum; c — the spectrum of a
mechanical mixture of CaO and MgO. Below
the spectrum the lines of  the Mn2+ ions , located
in the phase CaO, are shown. The last line of this
spectrum is shifted to the left in relation to the
line of the Mn2+ ion  in MgO. The magnetic
field is designated by the letter B.

The matrix and its gef for six lines of spectrum

characteristics 1 2 3 4 5 6

1 MgO 2.1431 2.0878 2.0340 1.9816 1.9305 1.8809

2 CaO 2.1426 2.0878 2.0340 1.9820 1.9310 1.8816

3 CaCO3
* 2.153 2.093 2.035 1.976 1.922 1.876

4 CaCO3
** 2.156 2.095 2.058 1.981 1.924 1.872

5 Ca10(PO4)6F2
Ca(I) 2.228 2.163 2.103 2.046 1.989 1.931
Ca(II) 2.167 2.106 2.650 1.992 1.935 1.883

6 Ca10(PO4)6(OH)2
T = 1000 °C
Ca(I) 2.214 2.152 2.092 2.039 1.983 1.925
Ca(II) 2.152 2.092 2.034 1.976 1.922 1.871

T = 900 °C
Ca(I) 2.214 2.150 2.092 2.038 1.981 1.925
Ca(II) 2.164 2.102 2.038 1.981 1.922 1.866

T = 150 °C
Ca(I) Not found Not found Not found Not found Not found Not found
Ca(II) 2.166 2.118 2.040 1.999 1.941 1.887

Table 1. Values of gef for EPR lines of ion Mn2+ in different matrixes

EPR OF THE IMPURITY CRYSTAL PHASES



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 126

and additional weak doublet signals
between these lines. The weak doublet
signal s are caused by forbidden
transitions [1, 14]. The crystal structure
CaCO3 is related to rhombohedral crystal
system, space group R3c. The parameters
of spin hamiltonian of Mn2+ ions in
calcite are described in references [7, 10].
The width of the EPR signals of Mn2+

ions in calcite greatly depends on the
concentration of these ions (Fig. 3, a).
The calcite spectra in Fig. 1, b and Fig. 3,
a correspond to samples with concen-
trations of Mn2+ ions of about 0.01 and
0.1 %, respectively. From the width of
the EPR signals it is possible to estimate
the local concentration of Mn2+, and also
the degree of defectiveness of calcite
structure.

The EPR spectra of Mn2+ ions in natural CaO and MgO show six narrow lines (Fig.
1, c). The intensity of forbidden transitions for these crystals is small. The simplicity of the
EPR spectra in CaO and MgO is caused by high symmetry of their crystal lattices. These
minerals are related to cubic crystal system, space group Fm3m. The parameters of the EPR
spectra of ions Mn2+ in CaO and MgO are close, but not identical. The most important
distinctions occur at the high-field spectrum lines (Fig. 1, c; Tables 1, 2).

We have established that the irradiation of the above mentioned natural minerals by X-
and -rays does not lead to differences in the intensities of the EPR signals of Mn2+ ions. In
addition, in natural minerals the EPR signals of Mn2+ ions are not sensitive to sample
heating (within limits of thermal stability of the initial minerals).

Fig. 2. Schematic diagrams of the structure of apatite:
a — the simplified scheme. Only a part of the  Ca(II)
ions, located at the same level as the flourine ions
are shown. The Ca(I) and Ca(II) ions  are located
at different levels of the elementary lattice  cell; b —
the more detailed scheme. It is possible to see the
coordination complex CaO9 for the position Ca(I)
and coordination complex CaO6F for the position
Ca(II)

The matrix and its The splitting for different lines, mT

characteristics 1–2 2–3 3–4 4–5 5–6 Average

1 MgO 8.238 8.457 8.676 9.01 9.119 8.678±0.05

2 CaO 8.171 8.450 8.587 8.905 9.070 8.636±0.05

3 CaCO3
* 8.960 9.150 9.550 9.750 9.995 9.5±0.2

CaCO3
** 8.960 9.150 9.150 9.750 9.995 9.4±0.2

4 Ca10(PO4)6F2
Ca(I) 8.80 8.80 8.95 9.35 10.3 9.20±0.2
Ca(II) 8.96 9.00 9.15 9.55 9.75 9.30±0.2

5 Ca10(PO4)6(OH)2
T = 1000 °C
Ca(I) 8.76 8.76 8.95 8.95 9.55 9.00±0.2
Ca(II) 8.76 9.15 9.55 9.55 9.55 9.30±0.2

T = 900 °C
Ca(I) 8.76 8.76 8.76 8.96 9.55 8.9±0.2
Ca(II) 9.15 9.60 9.60 10.1 10.35 9.8±0.2

T = 150 °C
Ca(I) Not found Not found Not found Not found Not found Not found
Ca(II) 7.18 7.52 9.11 10.54 99.4 88.6±0.2

Table 2. The splitting values between the lines of ions Mn2+ in different matrixes
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The EPR spectra of Cr3+ ions
in powdered samples CaO, and MgO
are presented in Fig. 4. The
characteristics of Cr3+ ions in CaO
and MgO structures are described in
references [1, 14]. It is known that
for Cr3+ ions the electron configu-
ration corresponds to 3d3, electron
spin is equal to 3/2, and the ground
term  of   this  ion corresponds to
4F3/2 [1, 14]. The chromium isotopes
50Cr, 52Cr, 54Cr do not have magnetic
nuclei. However the isotope 53Cr has
a magnetic nucleus with spin 3/2.
The abundance of the isotope 53Cr
is equal to 9.5 %. The EPR spectra
of Cr3+ ions, shown in Figs. 4, a and 4, b, are caused by chromium isotopes with nonmagnetic
nuclei and corresponds to electron transition + 1/2  –1/2. In addition, the EPR spectrum
of Cr3+ ions contains four weak signals, which are not seen in Fig. 4 because of their low
intensity, but are relatively large in bones. These four EPR signals are caused by hyperfine
interaction of the electron with the nucleus of the 53Cr isotope. The EPR signals of the 53Cr
isotope will be presented below. We have established that the hyperfine interaction constant
and g-factor of ions Cr3+ in the crystal phase MgO is equal to A = 1.78 ± 0.5 mT and g =
=1.9794 ± 0.0005, and correspondingly in the crystal phase CaO, A = 1.83 ± 0.5 mT and g =
=1.9735 ± 0.0005. These values are close to values given in reference [14].

3.2. The synthetic materials. The EPR spectra of material 1 heated at 900 and 1000 °C
are shown in Figs. 3, b and 3, c respectively. The EPR signals of Mn2+ ions in the
nonstoichiometric hydroxylapatite are dependent upon the heating temperature of the initial
product precipitate. The heating of the precipitate at T = 150  °C results in the appearance
of a 6-component EPR spectrum of Mn2+ ions. The parameters of this spectrum are close to
parameters of the spectrum of Mn2+ ions located in the Ca(II) position of the natural
apatite, but the widths of the components are much greater than in the natural apatite. This
is caused obviously, by defectiveness of the hydroxylapatite structure. The heating of the
precipitate in the temperature range of 150–600  °C does not lead to essential changes of the
EPR signals. However heating in the range 700–1000 °C results in the formation of an EPR
spectrum of Mn2+ ions, which is similar to that of natural apatite.

In the EPR spectrum of Mn2+ ions of material 1, heated at a T > 700 °C, the signals
from Mn(I) and Mn(II) ions are distinctly shown, however these signals are shifted to the
high  magnetic field in comparison with signals in the natural apatite (Figs 1, a and 3, b;
Table 1). These distinctions are obviously caused by differences in the structure of Ca10(PO4)6F2
and Ca10(PO4)6(OH)2. A ratio of intensities of the EPR signals from ions Mn(I) and Mn(II)
in nonstoichiometric hydroxylapatite depends on the heating temperature of the samples
(see spectra in Figs. 3, b and 3, c).

We have established that the irradiation of material 1 by X- or -rays does not lead to
intensity changes of the EPR signals Mn2+ of ions located in the calcium positions of this
nonstoichiometric hydroxylapatite.

The EPR signals of material 2 are essentially different from the EPR signals of material
1. In the stoichiometric hydroxylapatite the EPR signals from Mn2+ ions located in the
crystal lattice of the apatite are absent. The EPR signals in material 2 are seen only in the

Fig. 3. The EPR spectra illustrating the dynamics
of Mn2+ ions in different samples. Spectrum a
corresponds to calcite with a high concen-
tration (0.n %) of manganese ions. Spectra b
and c correspond to the samples of synthetic
material 1, heated at temperatures 900 and
1000 °C, respectively. In all spectra there are
narrow signals from a reference sample (MgO:
: Mn2+). The position of these lines is designated
at the top of the drawing. At the botton of the
drawing the lines of Mn(I) and Mn(II) ions,
which are located in different calcium positions
of synthetic hydroxylapatite are shown

EPR OF THE IMPURITY CRYSTAL PHASES
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samples heated to temperatures
T > 1000 °C. The EPR signal in
these samples corresponds to
Mn2+ ions in the phase CaO
and   almost   coincides  with
the spectrum of natural CaO
(Fig. 1, c). The amount of the
CaO phase in material 2 is
insignificant, as it is impossible
to register  this phase by the X-
ray phase analysis method. At

the same time, the amount of this phase in material 2 is enough for registration of the
intensive EPR signals of Mn2+ ions, located in the CaO phase. The concentration of Mn2+

ions in the investigated samples of material 2, evaluated by intensity of the EPR signals, is
equal to about 0.0n % of sample weight.

We have established  the effects of irradiation of material 2 on the intensity of the EPR
signals of Mn2+ ions located in the CaO phase. Irradiation by X-rays leads to increased signal
size, while irradiation by -rays of the isotope 60Co, results in a reduction of intensity of the
EPR signals.

3.3. The biominerals. It was not possible to demonstrate the presence of EPR signals
due to Mn2+ ions located in the apatite phase of the biominerals examined. Various regimes
of heating and irradiation had no effect even though it is well known that the mineral
component of biominerals is mostly apatite. At the same time, we saw EPR signals from the
Mn2+ ions which were located in the other crystal phases of the biominerals. Irradiation and
heating of the samples resulted in complex differences in the intensity of EPR signals of
Mn2+ ions (located in the CaCO3 and CaO phases) and Cr3+ ions (located in the MgO
phase).

3.3.1. The human bones. The research was carried out on two femoral bone samples (2L
and 2R). For sample 2R the organic component was partially removed by boiling in distilled
water for 10 hours. Cortical sites (samples 2L-c and 2R-c) and trabecular sites (samples
2L-t and 2R-t) of the bones were examined. The EPR signals from the Mn2+ ions, located in
the CaCO3 and CaO phases, we shall designate as I1(Mn) and I2(Mn), respectively, and the
EPR signals from the Cr3+ ions, located in the MgO phase as I3(Cr). The appearance and
disappearance of signals I1(Mn), I2(Mn) and I3(Cr) was determined by sample treatment
regimes. Fig. 5 shows the EPR signals I1(Mn) and I2 (Mn) in biominerals. On this drawing,
scales showing the positions of the signals from Mn2+ ions located in the CaO and CaCO3
phases, are shown at the top and bottom of the figure.

I1(Mn) signals are not found in the nonheated 2L-c and 2L-t samples. The heating of
sample 2L-c in the temperature range 150–700 °C has shown that the signal I1(Mn) occurs
only at some heating temperatures (for example, at 200 and 400 °C). In sample 2L-t the
signal I1(Mn) occurs only after the heating at 900 °C.

Irradiation of nonheated samples 2L-c and 2L-t by -rays does not produce I1(Mn)
signals. But after the production of the signals I1(Mn) by heating, the -irradiation reduces
the intensity of I1(Mn) signals in samples heated in the temperature interval 200–400 °C. In
samples heated at 700–900 °C, -irradiation leads to an increase of the I1(Mn) signals. The

Fig. 4. The EPR spectra of oxides.
Spectrum a corresponds to natural CaO
with impurities of manganese and
chromium. The third and the fourth lines
of the EPR signal of Mn2+ and Cr3+ ions
are designated by the symbols Mn2+(3),
Mn2+(4) and Cr3+. Spectrum b is a
mechanical mixture of natural MgO
(with impurity manganese) and cow
bone. The mixture was heated  at T =
=950 °C. The third and the fourth line
of Mn2+ ions  in natural MgO and the
line of Cr3+ ion in the impurity crystal
phase MgO, which is located in the bone
tissue, are designated by the symbols
Mn2+(3), Mn2+(4) and Cr3+. Note, the
Cr3+ signal of bone is to the left of that
of CaO
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I1(Mn) signals in trabecular bone site are almost  an order of magnitude more intensive
than those in the cortical bone site.

The characteristics of the I1(Mn) signals described above in sample 2L are approximately
the same as those seen in sample 2R, except the I1(Mn) signals in sample 2R are approximately
three times as intensive than in sample 2L. Some of the characteristics of I1(Mn) signals
described above are illustrated in Fig. 6. From the drawing we can see that the I1(Mn) signal
is more intensive in the trabecular bone and that -irradiation increases the intensity of this
signal.

The signals I2(Mn) occurred in samples 2L and 2R only after the heating of samples in
the temperature interval 700–900 °C. In samples 2R these signals are more intensive than in
samples 2L. Besides, we have established that signals I2(Mn) in trabecular sites of bone are
much more intensive, than in the cortical. The irradiation of the samples by-rays results in
the  intensities of the I2(Mn) signals. These characteristics of the I2(Mn) signals are illustrated
in Fig. 6. The concentration of Mn2+ ions in human bones, based on the size of the EPR
signals, varies in the interval 0.01–0.02 % of sample weight.

Fig. 5. The EPR spectrum of the trabecular
part of human femur bone. The sample was
heated at  T = 900 °C and was irradiated by -
rays of isotope 60Co. In addition to lines, caused
by the Mn2+  ions in the impurity crystal phases
of CaO and CaCO3, it is possible to see other
signals. The signals between the 2th and 3rd
lines of manganese are caused by O– ions,
located in positions of hydroxyl groups of the
apatite structure. The signals between the 3rd
and 4th lines of manganese are caused by
different paramagnetic centres, including  CO2



radicals, located on surfaces of bioapatite
nanocrystals

Fig. 6. Fragments of the EPR spectra of the cortical (a) and
trabecular (b) portions of human bones. The upper spectra
correspond to the samples heated at a T = 900 °C. The lower
spectra were scanned after the irradiation of these samples
by -rays of isotope 60Co. Numbers 1 and 2 designate the EPR
signals of ions Mn2+, located in impurity crystal phases of
CaCO3 and CaO accordingly. The low-field components
(number 1 and 2) of the six lines of the Mn2+ ions are
shown in the spectra
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The I3(Cr) signals appear in samples 2L
and 2R after the heating at T > 800 °C. The
irradiation of the samples by -rays results in the
reduction of I3(Cr) signals similar to that seen
in the I2(Mn) signals. However, in contrast to
I2(Mn) signals, the I3(Cr) signals in trabecular
bones are less intensive than in cortical sites.

3.3.2. The cow bones. Fig. 7 shows the EPR
spectra of the untreated sample of the cortical
bone (ob-1), the sample after irradiation with X-
rays (ob-2), and the sample, from which the organic
component was partially removed by boiling in
water (ob-3). From the drawing we can see that
irradiation of the untreated bone by X-ray
produced the I1(Mn) (Mn2+ ion EPR signals,
located in the CaCO3) phase. Boiling in distilled
water also results in an increase in the intensity
of the I1(Mn) signal and in its broadening. This

fact indicates an increase in the concentration of Mn2+ ions. The concentration of Mn2+ ions
in the cow bone is equal to about 0.0n %.

The temperature and -irradiation dependencies of the I1(Mn), I2(Mn) and I3(Cr)
EPR signal intensities of sample ob-3 are shown in Table 3. The accuracy of determination
of signal intensities, given in the table, is equal to about ± 5 %. From the table we can see that
heating up to 500 °C leads to an increase of the I1(Mn) signal. Heating at higher temperatures
leads  to   the   reduction  of   this   signal. The irradiation by -rays of the samples heated at
T < 600 °C, leads to the reduction of  I1(Mn) signal. But the gamma irradiation of the
samples heated in the temperature interval 700–900 °C, resulted in an increase of the signal
intensity.

I2(Mn) signals (Mn2+ ions located in the CaO phase) were measured in samples
heated in the temperature interval 700–900 °C. The irradiation of these samples by -rays
led to a reduction in signal intensity (Table 3).

I3(Cr) signals (Cr3+ ions located in the MgO phase) were measured in samples heated
at 900 °C. The -ray irradiation of these samples led to the reduction of the I3(Cr) signal
intensity (Table 3). Thus, the changes of EPR signal characteristics in cow bones are similar
to the changes in human bones. However these signals in cow bones are more intensive,
than in human bones.

3.3.3. The rat bones. The influence of the availability of oxygen on heating of biominerals
was investigated in rat bones. The experiments were carried out on two samples (bk-1 and
bk-2). Compared to the previous experiments, the heating of sample bk-1 was performed at
higher concentrations of oxygen, while oxygen availability was restricted with sample bk-2.

Fig. 7. Fragments of the EPR spectra of the cortical bone of
cow: a — the initial sample, b — the sample, irradiated with X-
rays,  c — the sample after  boiling in water  for  10  hours. A scale
drawing showing the three low-field lines of the Mn2+ ions, in
the CaCO3 phase, is shown at the bottom

T, °C Non irradiated samples Irradiated samples

I1(Mn) I2(Mn) I3(Cr) I1(Mn) I2(Mn) I3(Cr)

1 20 0.33 Not found Not found 0.18 Not found Not found
2 150 0.34 "    " "    " 0.29 "    " "    "
3 200 0.39 "    " "    " 0.23 "    " "    "
4 250 0.41 "    " "    " 0.39 "    " "    "
5 300 0.54 "    " "    " 0.40 "    " "    "
6 350 0.59 "    " "    " 0.45 "    " "    "
7 400 0.56 "    " "    " 0.50 "    " "    "
8 500 0.64 "    " "    " 0.53 "    " "    "
9 600 0.53 "    " "    " 0.45 "    " "    "

10 700 0.07 0.55 "    " 0.17 "    " "    "
11 900 Not found 0.80 0.06 0.14 0.58 0.03

Table 3. Intensities of EPR lines of ions Mn2+ and Cr3+ for cortical cow bone
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The heating of sample bk-1 in the temperature interval of 100–1050 °C did not produce
Mn2+ EPR signals from ions located in the CaCO3 and CaO phases. We noted that heating
at 700 °C resulted in the appearance of a special EPR signal of Mn2+ ions, but the matrix in
which these ions were located, was not identified.

The heating of sample bk-1 at  T = 900 °C resulted in the appearance of intensive EPR
signals from Cr3+ ions located in the MgO phase (Fig. 8). The EPR characteristic of Cr3+ ions
in bone are identical to the characteristics of these ions in natural MgO. The irradiation by
X-rays  of   sample  bk-1, heated at a T = 900 °C, led to reduction of the EPR signals from
Cr3+ ions located in the MgO phase.

The heating of sample bk-2 in the temperature interval 70–1050 °C has shown that the
EPR signals from Mn2+ ions located in the crystal lattice of CaCO3, occurred in this sample
at temperatures 200 and 300 °C. The EPR signals from Mn2+ ions located in the CaO phase,
occurred in this sample at the heating temperature T = 900 °C. In sample bk-2, the EPR
signals from Cr3+ ions, did not occur at heating in the whole temperature interval (T = 70–
1050 °C). After the heating at T = 1050 °C the sample bk-2 was again heated with free
access to oxygen at T = 900 °C. After such an additional heating the intensive signals from
Cr3+ ions, located in the MgO phase, appeared in the sample .

We have established that the EPR characteristic of rat bones can vary from animal to
animal. In some rat bone samples, we found sites which consisted almost entirely of CaCO3.
The EPR spectrum of such a sample is shown in Fig. 9. The characteristics of the signal,
presented in Fig. 9, indicate that the biogenic calcite of rat bone has a very perfect crystal
lattice, similar to the lattice of high-quality samples of natural calcite crystals. The concentration
of Mn2+ ions  in rat bones is in the range of 0.05–0.4 %.

3.3.4. The human tooth enamel. The characteristics of the EPR signals of tooth enamel
are illustrated in Fig. 10. The EPR signals of  Mn2+ ions  in the CaCO3, phase  shown in the
drawing, are seen in many tooth enamel samples. The intensity of I1(Mn) signals changes
irregularly upon heating of samples in the temperature interval 100–500 °C. The irradiation
of the samples by X-rays leads to an increase of the I1(Mn) signal intensity and irradiation
by -rays, on the contrary, leads to a reduction of signal intensity.

In the samples heated at 600–1000 °C, it is not possible to measure the I1(Mn) signal.
However, it is possible in these samples to measure the Mn2+ EPR signals from ions located
in the CaO phase (Fig. 10).

Fig. 8.  The  EPR spectrum of Cr3+ ions localized in the impurity crystal phase MgO of rat bone. The bone was heated
at T = 900 °C. The central line is caused by chromium isotopes with nonmagnetic nuclei. Four weak lines are caused
by 53Cr  isotope (nuclear spin 3/2, abundance — 9.5 %). The lines of the 53Cr isotope are designated by small lines at
the botton of the drawing

Fig. 9.  The EPR spectrum of the untreated (nonheated and nonirradiated)  sample of epiphyses of the rat femur.  The
spectrum is caused by Mn2+ ions, located in the  CaCO3 crystal phase
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Based upon the intensities of the EPR signals,
the concentration of Mn2+ ions in tooth enamel
samples is in the 0.01–0.1 % interval. In carious
tooth enamel, the intensity of the EPR signals of
Mn2+ ions, as a rule is several times greater than in
healthy teeth. It also needs to be noted that EPR
signals of Cr3+ ions are absent in tooth enamel
irrespective of whatever heating and irradiation
regimes are used.
4. Discussion
The above experimental data show that the

characteristics of EPR signals are heavily dependent upon the crystal lattice type of the
sample. This allows the use of the EPR method for studying the impurity crystal phases in
biominerals and their synthetic analogues. The ground state of Mn2+ ion corresponds to an
orbital singlet, i. e., its orbital moment is equal to zero. This fact allows the measurement of
Mn2+ ions in different crystal lattices, including those with low symmetry and large numbers
of defects. The situation for Cr3+ ions is different. In powdered samples, the Cr3+ ion EPR
signals can only be measured in crystals with high symmetry and low degree of defectiveness.
This type of crystalline impurity phase frequently forms when heating biominerals and
synthetic materials used as implants for treatment of bone and teeth problems. The above
mentioned peculiarities of Mn2+ ions as well as their abundance as impurities, makes the
EPR of Mn2+ ions a rather universal method for the phase analysis of biominerals and
synthetic materials. The peculiarities of Cr3+ ions noted above allow expansion of the EPR
method for the study of crystal phase impurities as well as providing other information
about the examined objects.

4.1. Manganese in natural, synthetic and biogenic apatite. The experimental data presented
in the results section shows that in the natural apatites [Ca10(PO4)6F2], the Mn2+ impurity
ions and their resulting EPR signals are present in practically all samples studied. In most
samples of the natural apatite, the Mn2+ ions are located in the Ca(I) position, but in some
samples they are also located in the Ca(II) position (Fig. 2). The replacement mechanism
Mn2+  Ca (II) is promoted by defects in anion positions (for example, replacement of ion
F– by ion O– or OH–), and also by the presence in the apatite structure of defects such as
PO3

2  and CO3
2  substitution. Mn2+  Ca(II) isomorphism is most widespread in carbonate

apatites, and also in natural apatites with hydroxyl group impurities. The factors which
determine the distribution of Mn2+ ions in two crystallographic positions of Ca2+ ions have
not been investigated at the present time. It is possible to assume that in the apatite structure,
Mn2+  Ca(II) isomorphic replacement is not stable and the associated defects are necessary
for stability.

The experimental results also show that in synthetic hydroxylapatite [Ca10(PO4)6(OH)2]
the Mn2+  Ca2+ isomorphic replacement is possible only if there is a deficiency of calcium
(Ca/P < 1.67). In the stoichiometric synthetic hydroxylapatite (Ca/P = 1.67) the Mn 
Ca isomorphic replacement is absent. Obviously, the replacement of Ca by Mn is energetically
unprofitable under this condition. Manganese can occupy calcium positions only if there are
large numbers of calcium vacancies. However, this type of isomorphism (Mn  Ca) is
unstable. Even at the room temperature there is removal of manganese ions from the structure
and transformation of nonstoichiometric hydroxylapatite into stoichiometric hydroxylapatite.
Heating stabilizes the nonstoichiometric hydroxylapatite and the manganese ions in its
structure.

The characteristics of the EPR signals of Mn2+ ions in the synthetic apatite change
with increasing  heating temperature (Fig. 3; Tables 1, 2). The relationship  between the
Mn(I)/Mn(II) ratio versus the heating temperature has a complex character. It is possible to
assume that redistribution dynamics of manganese ions on different structural positions of
the nonstoichiometric hydroxylapatite are determined by a concurrence of several factors
and the actions of these factors are opposed.

The characteristics of Mn2+ ions of the synthetic apatites are dependent upon the

Fig. 10. Fragments of the EPR spectra of human tooth enamel. The
top spectrum (1) corresponds to the initial nonheated sample,
irradiated by X-rays, and the bottom (2) — to the sample, heated at
T = 1000 °C. The spectra 1 and 2 are caused by  Mn2+ ions, located
in phases CaCO3 and CaO, respectively . The two low-field lines of
the Mn2+ ions  are shown in the spectra
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temperature at which precipitation occurs. The greatest basic change occurs at the Ca(II)
position (Table 1, 2), i. e., these changes take place at the hydroxyl group positions. The
presence of channels in apatite structure (Fig. 2) promotes the diffusion of ions and the
changes in structure.

The structure of the nonstoichiometric synthetic apatite, (Ca/P < 1.67), is unstable. The
heating of the nonstoichiometric hydroxylapatite at T > 700 °C leads to the formation of-
tricalciumphosphate phase Ca3(PO4)2 [12]. However we consider that the spectra presented
on Fig. 3, b, c are not due to the tricalciumphosphate phase, but belong to the nonstoichiometric
hydroxylapatite phase. According to reference [3], small amounts of tricalciumphosphate
phase in synthetic materials can be measured  by using of the phosphate paramagnetic
centers. Thus, the EPR method can be used for study of peculiarities of tricalciumphosphate
and hydroxylapatite structures, for control of synthesis technologies and for manufacturing
of implant materials with the above properties.

According to experimental data, the Mn2+ ions in natural and synthetic apatites do not
change the charge state upon heating or irradiation. Thus, oxidation-reduction reactions do
not have any basic influence on the Mn2+ ions which are located in the structure of the
natural and synthetic apatite.

In the biogenic apatite, the EPR signals from Mn2+ ions are absent. This experimental
result is surprising, as the mineral phase of bones and teeth is composed mainly of apatite
and besides, these biominerals (according to the data of chemical analysis) contain a high
level of manganese impurities. It is known that the crystal lattice of the apatite intensely
sorbs (absorption and adsorption) various impurities. Since the structure of the biogenic
apatite is defective, this factor should promote to sorption. It is difficult to assume that the
structure of the biogenic apatite does not have calcium vacancies or that the manganese ions
of the bioapatite have some other charging state (for example, Mn3+). As the biogenic apatite
is formed at T  36 °C, it is possible to assume that the Mn  Ca isomorphic replacement
at this temperature is energetically unfavourable or unstable. Besides, if it is assumed that
biogenic apatite is stoichometric (Ca/P = 1.67), this would also interfere with the Mn  Ca
isomorphic replacement.

The causes of the absence of the EPR signals of Mn2+ ions in the biogenic apatite
require further experimental research. However, this fact allows us to effectively study the
regeneration processes of bone tissue by using of synthetic apatite implants with manganese
impurities. If the complete dissolution of the implant material takes during the regeneration
of the bone tissue, then manganese ions will be absent in the regenerated bone. However, in
a case of the assimilation of large fragments of implant material, the regenerated bone will
contain the Mn2+ ions in the Ca(I) and Ca(II) positions of the apatite. Thus, the EPR
dynamics of manganese ions allows us to obtain the unique information on the dynamics of
implant material assimulation by living biological tissue.

4.2. Manganese in carbonates and oxides of minerals and synthetic materials. According
to experimental data, as a rule the natural carbonates and oxides have intensive EPR signals
of Mn2+ ions, which are located in cationic positions. Also, as a rule, the manganese impurity
are present in calcite CaCO3, magnesite MgCO3, dolomite (Ca, Mg)CO3, siderite FeCO3,
ankerite (Ca, Mg, Fe, Mn), periclase MgO, lime CaO, hydroxide of calcium Ca(OH)2, hydroxide
of magnesium Mg(OH)2 and in other minerals. The EPR signals of Mn2+ ions in all the
mineral phases mentioned above can be separated and identified.

Heating of natural carbonates in the temperature range 800–1000 °C leads to the
disintegration of these minerals. The dolomite and the calcite disintegrate under the following
schemes:

                          2(Ca0.5Mg0.5) CO3  CaCO3 + MgO + CO2 ,                                          (1)

                                              CaCO3  CaO + CO2 .                                                                 (2)

During thermal disintegration of carbonates the Mn2+ ions go through the MgO and CaO
phases without changing their charge state. The Mn2+ ions in natural carbonates and oxides
have high radiation and thermal stability. The experiments showed that irradiation of the
above mentioned minerals by X- and -rays does not lead to changes in the EPR signals of
Mn2+ ions. Thus, the oxidization-reduction processes are not essential for Mn2+ ions in
natural carbonates and oxides.

According to the experimental results seen in synthetic hydroxylapatite (material 2), the
EPR signals of Mn2+ ions in the CaO phase occur only after heating of the samples. The
heating of material 2 at T > 1000 °C leads to formation of the CaO phase. However, in
contrast to natural minerals, the formation of this phase is not caused by disintegration of
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calcite, as the calcite phase in the initial material 2 is absent. We assume that in material 2, in
addition to the hydroxylapatite phase, there is also a Ca(OH)2 phase. Upon heating, this
phase disintegrates via the following mechanism.

                                                  Ca(OH)2  CaO + H2O .                                                       (3)

The EPR signals of Mn2+ ions in the Ca(OH)2 phase of material 2 are not observed because
of the high defectiveness (or amorphousness) of this phase. However after the heating of
the samples the CaO phase must have a perfect crystal structure because the EPR signals of
Mn2+ ions in material 2 do not differ from the EPR signals of natural CaO.

The above experiments show that the dynamic characteristics of Mn2+ ions in the CaO
phase of material 2 and in the CaO phase of natural minerals are essentially different. In the
CaO phase of material 2 the manganese ions can apparently be in both the Mn2+ and the
Mn3+ states. According to the experimental data, the -rays of the 60Co isotope stimulate
oxidization processes of Mn2+ ions located in the CaO phase of material 2:

                                                Mn2+ — e–  Mn3+ .                                                                  (4)

X-ray irradiation, on the contrary, stimulates the reduction processes and transformation of
ions Mn3+ in paramagnetic state:

                                                Mn3+ + e–  Mn2+ .                                                                   (5)

Since reactions 4 and 5 are not essential for natural CaO, it is possible to assume that the
causes of these reactions is the small sizes of the CaO particles. On the one hand, the sizes of
the CaO particles in material 2 are large, as all characteristics of Mn2+ ion EPR in the CaO
crystal lattice are present, and on the other hand, are small, as the surface state of the particles
greatly influences the charge state of manganese ions which are inside these particles.

It is possible to explain the differences between the actions X- and -rays on the charge
state of manganese ions in material 2 as follows. On the surface of CaO particles there is a set
of electron-hole traps. The depths of potential wells of these traps (or energy levels in the
forbidden zone) are different. The X- and -rays have different quantum energies with the
result that they interact with the traps in different ways and this leads to different charge
states on the surface of the particles. The different surface charge state determines the different
charge state of the impurity ions inside the particles. We believe that the correlation of the
surface charge state of the small particles and the impurity ion charge state inside these
particles is a fundamental property of impurity crystal phases. This property is inherent only
in the small particles (with dimensions in the range of nanometers) for which the contribution
of surface energy to overall energy is essential. We shall refer to the above described property
of small particles as the phenomenon of surface charge influence on the electrical state of
impurities. This phenomenon permits acquisition of detailed information about regeneration
processes of bone tissue when using of synthetic implant materials.

4.3. Manganese and chromium in biogenic carbonates and oxides. According to the
experimental data, the EPR signals of Mn2+ ions, located in the carbonate phases, are seldom
seen in untreated samples of bones and tooth enamel. However, after the treatment of the
samples (irradiation, heating, boiling in water) it is possible to register the intensive EPR
signals of Mn2+ ions located in the crystal lattices of carbonates and oxides, and also the EPR
signals of Cr3+ ions, located in crystal lattice of oxides.

The heating of biominerals in the temperature interval 100–700 °C results in appearance
of the EPR signals from Mn2+ ions in the CaCO3 phase. However the occurrence of these
signals is irregular, as the processes in biogenic calcite are influenced by different factors, the
actions of which are opposed. We believe that the above mentioned appearance of the EPR
signals from Mn2+ ions in the biogenic calcite phase is involved with the improvement of
carbonate structure and with change of the charge state of manganese ions Mn3+  Mn2+.
The change of the charge state of Mn3+ ions is caused, basically, by redistribution of charges
in electron-hole traps and by changes of the surface charge of the particles. The free access
of oxygen during heating of biominerals, obviously, stimulates the oxidization of manganese
(Mn2+  Mn3+) with a resultant decrease in the EPR signals.

The heating of the samples in the temperature interval 700–1000 °C essentially changes
the dynamic characteristics of Mn2+ ions, located in the biocarbonate phase. It is due to the
change of the matrix properties of the biocarbonates. The heating in this temperature interval
results also in the formation of oxides phases at the expense of carbonate disintegration
under schemes 1–3. It is necessary to note that, in contrast to the natural carbonates, the
biocarbonates are transformed to oxides in a wide temperature interval. After the heating of
the samples in the interval 700–1000 °C the EPR signals of ions Mn2+ are observed in the
phases of both of the carbonates and oxides. In addition, in such samples there are the EPR
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signals from Cr3+ ions, localized in crystal lattice of MgO.
The above mentioned experiments showed that X- and -ray irradiation of biominerals

greatly influences the intensity of the EPR signals of Mn2+ ions in carbonates and oxides,
and also the intensity of the EPR signals of Cr3+ ions in oxides. In the impurity CaCO3 and
CaO crystal phases of biominerals, X-ray irradiation stimulates process 5, i. e., Mn3+  Mn2+.
The influence of the -irradiation on the charge state of manganese ions depends on the
heating temperature of biominerals. For the samples heated in the different temperature
intervals, the influence of -irradiation on manganese signals in the carbonates is opposite
(Table 3).

The mechanisms of change of the charge state of the manganese and chromium ions
following irradiation of biominerals are similar to the above mentioned mechanisms for
small particles in synthetic materials. The carbonates and oxides particles in biominerals
have small dimensions. So the charge state of ions inside these nanodimensional particles
essentially depends on the external factors, including the electrical state of surface of these
particles. The charge state of manganese and chromium ions in biocarbonates and biooxides
also essentially depends on availability of oxygen during heating. Upon heating of biominerals,
the oxygen promotes the transition of manganese ions into the Mn3+ state, and of chromium
ions into the Cr3+ state.

On the basis of the experimental data presented in Fig. 6, it is possible to assume that the
activation of surface particles of CaO by -irradiation stimulates recarbonization of this
oxide, i.e. stimulates processes CaO + CO2  CaCO3. Thus, in the system of impure crystal
phases the phase transitions which are stimulated by irradiation can proceed. In implant
materials, which are implanted in the bone of living animals, the phase transitions in the
impure crystal phases can be caused by the electrical potentials of the biological tissues,
which interact with the mineral matter of implant. Thus, the EPR method allows us to gain
detailed information about the interaction mechanisms of the organic and mineral components
of biominerals.

The influence of the surface condition of the particles on the charge state of ions inside
impure crystal phases is also verified by above described experiments of boiling of biominerals.
At boiling the condition of organic matrix of biominerals is  essentially changed. According
to the experimental data, the boiling of the samples promotes the increase of the EPR signal
intensity of Mn2+ ions in the CaCO3 phase. So, the alteration of organic matrix hinders the
transformation Mn3+  Mn2+ during the heating of the samples. The heating of the samples
after the boiling is more effective in producing the EPR Mn2+ signal in the CaCO3, and CaO
phases. The optimum sample treatment procedure for registration of the EPR signals of
Mn2+ ions in impure phases of bicarbonates should include boiling of the biominerals in
water, heating in the absence of oxygen and X-irradiation of the samples.

According to the experiments, the amount of impure crystal phases of carbonates and
oxides in different biominerals, and also in different sites of biominerals are different. In
trabecular bone the EPR signals from Mn2+ ions in the CaCO3 phase are almost an order
of magnitude more intensive than in the cortical bone. For the cortical bone of different
organisms the amount of manganese changes as follows: human bones  cow bones  rat
bones. The amount of manganese in bones of man and animals (in the carbonate phase) lays
in the interval 0.01–0.1 % of weight, and in human tooth enamel is about 0.01 %. The
intensity of the EPR signals of Cr3+ ions (in contrast to ions Mn2+) in the cortical bone, as
a rule is higher than in trabecular bone. This fact (and the boiling experiments) indicates
that the Mn2+ and Cr3+ ions are located in different impurity crystal phases. It is possible to
assume as well that bones contain a dolomite [(Ca, Mg)CO3] phase. After the thermal
disintegration of dolomite under the schemes 1 and 2 the chromium ions appear in the
MgO phase, and Mn2+ ions in the CaO phase. The change in the quantity of the Cr3+ ions in
the cortical bone of different biological organisms corresponds to the sequence: human
bones < cow bones < rat bones, i.e. corresponds to the change of Mn2+ ions.

On the basis of experimental data it is possible to conclude that the impurity phases of
carbonate substances in biominerals are located between the organic matrix and mineral
particles of bioapatite. The intermediate location of the carbonate phase, and the phenomenon
of surface influence on electrical state of impurities, allows us to explain the changes of the
charge state of the manganese and chromium ions upon the heating, irradiation and boiling
of biominerals. The process in the bone tissue is greatly dependent on the surface between
the organic and mineral components. It is possible to assume that the carbonate component
serves as a depot in which the manganese and chromium ions are concentrated. We believe
that other microelements of the bone tissue are also located mainly in carbonate layers,
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which separate the organic and mineral components of biominerals. This localization model
of ionic impurities provides an explanation of the role of microelements and carbonate
matter in the mechanisms of bone function.

We believe that  part of carbonate substance in biominerals is associated with
carboxyl groups of amino acids and regulates the mineralization processes of the bone
tissue. It is known that when apatite is synthesized, the growth of the apatite crystals is
inhibited by carbonates [8] and that mineralization of bone tissue proceeds by the
replacement of water between tropocollagen molecules and the nanocrystals of the
bioapatite [3]. Therefore, the carbonates inhibit the growth of the bioapatite crystals
and protects the integrity of the organic matrix during mineralization. Thus, the impure
carbonate crystal phases essentially influence mineralization and demineralization of
highly mineralized tissues, and also influences the changes which occur in these tissues
during bone and tooth diseases.

5. Conclusion

The results reported upon in this article show that the EPR method has unique
possibilities for study of crystalline impurity phases in biominerals and in implant
materials used for treatment of bones and teeth. This is based upon the high sensitivity
of the EPR method, and also upon differences in the EPR signals of the paramagnetic
ions located in various crystal lattices. The quantities of crystalline impurity phases
which can be measured by the EPR method, make up approximately  0.1 % of total
weight of examined samples. Small changes in the crystalline structure around the
paramagnetic ions results in important changes of the EPR spectra. It is known that the
limitations of the X-ray phase analysis method are due to defects in the crystals and
small particle size (particles should have sizes larger than the areas of coherent scattering).
The EPR method is less sensitive to the sizes of the nanocrystals of biominerals and to
the defectiveness (or amorphousness) of the structure of the nanoparticles. If the size
of particles is equal to several elementary lattice  cells, it is sufficient for diagnosis of
the type of crystal lattice  by EPR.

The main thrust of this paper was devoted to the impurity phases of carbonate and
oxide substances. This was due to the fact that these phases can be easily investigated
with the help the of EPR of Mn2+ and Cr3+ ions. However in biominerals there are
other impure crystalline phases, including the phases of magnetic substances. The impure
ferromagnetic and antiferromagnetic particles are present not only in biominerals, but
also in other biological tissues. The impure ferroelectric phases are found in biominerals
and implant materials as well. Information about above mentioned phases is very
important for the study of biomineral and implant material properties. Biomagnetism
of ferromagnetic and antiferromagnetic impurity phases in biominerals and peculiarities
of impurity ferroelectric phases in implant materials can be effectively investigated
with the help of the EPR spectrometers.

Research on impure crystalline phases has great potential for solving many applied
problems. Impure crystal phases play an important role in function of bones and implant
materials placed in living organism. Using EPR, we can formulate the requirements for
implant material, manufactured by different technologies, and investigate the
transformation processes of the lifeless implant material to living biological tissue. The
information about impurity crystal phases in bone tissue is of great importance for the
study of osteoporosis mechanisms and the changes in bone tissue which occur with
aging. EPR research facilitates the study of the mechanisms of bones and teeth disease
development. For instance, caries disease of teeth is directly connected with changes of
phase composition of the mineral component of enamel.

As was specified above, in microgravity conditions during space flight a rapid change
of the mineral components of bones (space osteoporosis) takes place. The EPR method
allows effective study of the phase composition of the mineral components of animal
bones after imitation of space flight conditions. This research allows us to develop the
counter-measures for decreasing bone demineralization in microgravity conditions.

This is the first study of crystalline impurity phases of biominerals and synthetic
implant materials. More studies are required to obtain more detailed information, however,
the above described results have demonstrated the unique possibilities of the EPR
method and shown how it can be used for solving of the applied problems.
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ÐÅÇÞÌÅ. Ìåòîäîì ýëåêòðîííîãî ïàðàìàãíèòíîãî ðåçîíàíñà ïðîâåäåíû èññëåäîâàíèÿ ïðèìåñíûõ êðèñòàë-
ëè÷åñêèõ ôàç, êîòîðûå ñîäåðæàòñÿ â ìàëûõ êîëè÷åñòâàõ â áèîìèíåðàëàõ (êîñòè è ýìàëü çóáîâ) è â ñèíòåòè-
÷åñêîì ãèäðîêñèëàïàòèòå. Ïîêàçàíî, ÷òî ýòîò ìåòîä îáëàäàåò óíèêàëüíûìè âîçìîæíîñòÿìè äëÿ èçó÷åíèÿ
õàðàêòåðèñòèê ïðèìåñíûõ êðèñòàëëè÷åñêèõ ôàç. Ñîïîñòàâëåíû õàðàêòåðèñòèêè èîíîâ Mn2+ è Cr3+ â ïðèðîä-
íûõ, ñèíòåòè÷åñêèõ è áèîãåííûõ àïàòèòàõ, êàðáîíàòàõ è îêñèäàõ. Èçó÷åíà äèíàìèêà ïðåîáðàçîâàíèÿ çàðÿäî-
âûõ ñîñòîÿíèé èîíîâ ìàðãàíöà è õðîìà â ïðèìåñíûõ ôàçàõ CaCO3, CaO è MgO ïðè îòæèãå è îáëó÷åíèè
áèîìèíåðàëîâ è ñèíòåòè÷åñêèõ ìàòåðèàëîâ. Óñòàíîâëåíî, ÷òî çàðÿäîâîå ñîñòîÿíèå èîíîâ â ÷àñòèöàõ, êîòîðûå
èìåþò ðàçìåðû ïîðÿäêà íàíîìåòðîâ, ñóùåñòâåííî çàâèñèò îò ýëåêòðè÷åñêîãî ñîñòîÿíèÿ ïîâåðõíîñòè ýòèõ
÷àñòèö. Ñäåëàí âûâîä, ÷òî ïðèìåñíûå êàðáîíàòíûå ôàçû ëîêàëèçîâàíû ìåæäó íàíîêðèñòàëëàìè áèîàïàòèòà è
îðãàíè÷åñêèìè ïðîñëîéêàìè áèîìèíåðàëîâ. Ïðèìåñíûå êàðáîíàòíûå ôàçû â áèîìèíåðàëàõ âûïîëíÿþò ðîëü
äåïî, â êîòîðîì ëîêàëèçîâàíà îñíîâíàÿ ÷àñòü ìèêðîýëåìåíòîâ êîñòåé è çóáîâ. Ïîêàçàíî, ÷òî ïðèìåñíûå
êðèñòàëëè÷åñêèå ôàçû ñóùåñòâåííî âëèÿþò íà ïðîöåññû ìèíåðàëèçàöèè è äåìèíåðàëèçàöèè êîñòåé è çóáîâ,
à òàêæå íà ïðîöåññû ðåãåíåðàöèè êîñòíîé òêàíè ïðè ââåäåíèè â íåå èìïëàíòàòîâ, èçãîòîâëåííûõ èç ñèíòåòè-
÷åñêîãî àïàòèòà.

SUMMARY. Ìåòîäîì åëåêòðîííîãî ïàðàìàãí³òíîãî ðåçîíàíñó ïðîâåäåí³ äîñë³äæåííÿ äîì³øêîâèõ êðèñòàë³÷-
íèõ ôàç, ùî ïðèñóòí³ â ìàëèõ ê³ëüêîñòÿõ ó á³îì³íåðàëàõ (ê³ñòêè òà åìàëü çóá³â) ³ â ñèíòåòè÷íîìó ã³äðîêñèëà-
ïàòèò³. Ïîêàçàíî, ùî öåé ìåòîä ìàº óí³êàëüí³ ìîæëèâîñò³ äëÿ âèâ÷åííÿ õàðàêòåðèñòèê äîì³øêîâèõ êðèñòàë³-
÷íèõ ôàç. Ïîð³âíÿíî õàðàêòåðèñòèêè ³îí³â Mn2+ ³ Cr3+ ó ïðèðîäíèõ, ñèíòåòè÷íèõ ³ á³îãåííèõ àïàòèòàõ, êàðáî-
íàòàõ ³ îêñèäàõ. Âèâ÷åíî äèíàì³êó ïåðåòâîðåííÿ çàðÿäîâèõ ñòàí³â ³îí³â ìàðãàíöþ òà õðîìó â äîì³øêîâèõ
ôàçàõ CaCO3, CaÎ òà MgÎ ïðè â³äïàë³ òà îïðîì³íåíí³ á³îì³íåðàë³â ³ ñèíòåòè÷íèõ ìàòåð³àë³â. Âñòàíîâëåíî, ùî
çàðÿäîâèé ñòàí ³îí³â ó ÷àñòèíêàõ, ùî ìàþòü ðîçì³ðè ïîðÿäêó íàíîìåòð³â, ³ñòîòíî çàëåæèòü â³ä åëåêòðè÷íîãî
ñòàíó ïîâåðõí³ öèõ ÷àñòèíîê. Çðîáëåíî âèñíîâîê, ùî äîì³øêîâ³ êàðáîíàòí³ ôàçè ëîêàë³çîâàí³ ì³æ íàíîêðèñ-
òàëàìè á³îàïàòèòó òà îðãàí³÷íèìè ïðîøàðêàìè á³îì³íåðàë³â. Äîì³øêîâ³ êàðáîíàòí³ ôàçè â á³îì³íåðàëàõ âè-
êîíóþòü ðîëü äåïî, ó ÿêîìó ëîêàë³çîâàíà îñíîâíà ÷àñòèíà ì³êðîåëåìåíò³â ê³ñòîê ³ çóá³â. Ïîêàçàíî, ùî äîì³ø-
êîâ³ êðèñòàë³÷í³ ôàçè ³ñòîòíî âïëèâàþòü íà ïðîöåñè ì³íåðàë³çàö³¿ òà äåì³íåðàë³çàö³¿ ê³ñòîê ³ çóá³â, à òàêîæ íà
ïðîöåñè ðåãåíåðàö³¿ ê³ñòêîâî¿ òêàíèíè ïðè ââåäåíí³ â íå¿ ³ìïëàíòàò³â, âèãîòîâëåíèõ ³ç ñèíòåòè÷íîãî àïàòèòó.
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ÓÄÊ 550.42

È. Ï. Ëóãîâàÿ, Ñ. Ã. Êðèâäèê, À. Í. Ïîíîìàðåíêî

Èçîòîïíûé ñîñòàâ êèñëîðîäà
öèðêîíîâ â ãðàíèòîèäàõ è ùåëî÷íûõ
ïîðîäàõ Óêðàèíñêîãî ùèòà

Èçó÷åí èçîòîïíûé ñîñòàâ êèñëîðîäà öèðêîíîâ è äðóãèõ ìèíåðàëîâ â ãðàíèòîèäàõ è ùåëî÷íûõ ïîðîäàõ
Óêðàèíñêîãî ùèòà. Óñòàíîâëåí äèàïàçîí âàðèàöèé âåëè÷èíû 18O öèðêîíîâ — îò 4,8 äî 8,0 ‰. Íå íàáëþäàåòñÿ
êîððåëÿöèÿ ìåæäó âåëè÷èíîé 18Î àêöåññîðíûõ öèðêîíîâ è ãåîëîãè÷åñêèì âîçðàñòîì ïîðîä. Âàðèàöèè
èçîòîïíîãî ñîñòàâà êèñëîðîäà àêöåññîðíûõ öèðêîíîâ îòðàæàþò óñëîâèÿ êðèñòàëëèçàöèè ìèíåðàëîâ íà ðàçíûõ
ýòàïàõ ýâîëþöèè ïîðîä.

Äàííûå âåëè÷èíû 8O àêöåññîðíûõ öèðêîíîâ ïîìîãàþò ïîëó÷èòü âàæíóþ èíôîð-
ìàöèþ î ïðîöåññàõ, ïðîèñõîäÿùèõ íà ãëàâíûõ ýòàïàõ ôîðìèðîâàíèÿ ìàãìàòè÷åñêèõ
è ìåòàìîðôè÷åñêèõ ïîðîä.

Ñâåäåíèé î ðàñïðåäåëåíèè èçîòîïîâ êèñëîðîäà â àêöåññîðíûõ öèðêîíàõ èç äî-
êåìáðèéñêèõ ïîðîä êðàéíå ìàëî. Â ðåçóëüòàòå èññëåäîâàíèÿ, ïðîâåäåííîãî Å. Á. Áèáè-
êîâîé è äð. [2], óñòàíîâëåíî, ÷òî âàðèàöèè çíà÷åíèé 18Î àêöåññîðíûõ öèðêîíîâ èç
äîêåìáðèéñêèõ ãðàíèòîèäîâ, â ïåðâóþ î÷åðåäü, îáóñëîâëåíû ñòåïåíüþ ìåòàìèêòèçà-
öèè ìèíåðàëà. Öèðêîíû ñ íàðóøåííîé êðèñòàëëè÷åñêîé ñòðóêòóðîé ìåíåå óñòîé÷è-
âû ê èçîòîïíîìó îáìåíó ñ ôëþèäàìè ïðè ïîñòêðèñòàëëèçàöèîííûõ ïðîöåññàõ. Ïðè
ó÷àñòèè â ýòèõ ïðîöåññàõ âîä ìåòåîðíîãî ïðîèñõîæäåíèÿ ìåòàìèêòíûå öèðêîíû îáî-
ãàùàþòñÿ ëåãêèì èçîòîïîì êèñëîðîäà [2]. Ïî äàííûì Ä. Âåëëåé è äð. [11], íåìåòà-
ìèêòíûå àêöåññîðíûå öèðêîíû èç ãðàíóëèòîâ êîìïëåêñà Àäèðîíäàê (ÑØÀ) â ïðî-
öåññå ìåòàìîðôèçìà íàðàùèâàëè îáîëî÷êó, îäíàêî ñóùåñòâåííûõ èçìåíåíèé èçî-
òîïíîãî ñîñòàâà êèñëîðîäà öèðêîíà íå îáíàðóæåíî.

Ðàñïðåäåëåíèþ èçîòîïîâ êèñëîðîäà â àêöåññîðíûõ öèðêîíàõ èç äîêåìáðèéñêèõ
ïîðîä ÓÙ ïîñâÿùåíî òîëüêî îäíî ñîîáùåíèå [3]. Öåëü íàñòîÿùåé ðàáîòû — îïðåäå-
ëåíèå äèàïàçîíà âàðèàöèé çíà÷åíèé 18Î àêöåññîðíûõ íåìåòàìèêòíûõ öèðêîíîâ â
ïîðîäàõ, ðàçëè÷àþùèõñÿ ïî ãåîëîãè÷åñêîìó âîçðàñòó (2695–1720 ìëí ëåò), ñîñòàâó è
ãåíåçèñó.

Äëÿ èçîòîïíûõ îïðåäåëåíèé îòîáðàíû íåìåòàìèêòíûå (ïî äàííûì ÈÊ-ñïåêò-
ðîñêîïèè) öèðêîíû è àññîöèèðóþùèå ñ íèìè ìèíåðàëû. Êèñëîðîä ýêñòðàãèðîâàëè
èç ñèëèêàòîâ â ôîðìå Î2 ñ ïîìîùüþ ðåàêòèâà ClF3 ïî ìåòîäèêå [7], èç êàðáîíàòîâ —
â ôîðìå ÑÎ2 ïî ìåòîäèêå [8]. Èçîòîïíûå àíàëèçû âûïîëíåíû íà ìàññ-ñïåêòðîìåòðå
ÌÈ1201-Â, âîñïðîèçâîäèìîñòü èçîòîïíûõ îïðåäåëåíèé ±0,5 ‰. Ñâåäåíèÿ îá óðàí-
ñâèíöîâûõ èçîõðîííûõ äàòèðîâêàõ îáúåêòîâ èññëåäîâàíèÿ ïî÷åðïíóòû èç ðàáîòû
[10]. Ðåçóëüòàòû àíàëèçà èçîòîïîâ êèñëîðîäà â ìèíåðàëàõ è ïîðîäàõ ïðåäñòàâëåíû â
òàáë. 1.

Çíà÷åíèÿ 18O àêöåññîðíûõ öèðêîíîâ âàðüèðóþò îò 4,8 äî 8,0 ‰. Íàèáîëåå
íèçêèå çíà÷åíèÿ 18Î (4,8 ‰) çàôèêñèðîâàíû â öèðêîíàõ (îáð. 23Ñ) èç ñèåíèòîâ
ßñòðåáåöêîãî ìàññèâà. Öèðêîíû â ñèåíèòàõ îáðàçóþò äîâîëüíî êðóïíûå (0,5–1,5 ñì)
êðèñòàëëû, ÷àùå âñåãî êîðîòêîïðèçìàòè÷åñêîé ôîðìû ñ õîðîøî ðàçâèòûìè ãðàíÿìè
áèïèðàìèäû. Èìåþòñÿ ìåëêèå âêëþ÷åíèÿ öèðêîíèé-òîðèåâîãî ìèíåðàëà (ïðîìåæó-
òî÷íîãî ïî ñîñòàâó ìåæäó öèðêîíîì è òîðèåì). Ïðåîáëàäàþò âûñîêîòåìïåðàòóðíûå
ôîðìû êðèñòàëëîâ öèðêîíà. Àíàëèçèðîâàëñÿ öèðêîí èç ðóäíîãî (1,95 % ZrÎ2) ñðåä-
íåçåðíèñòîãî áèîòèò-àìôèáîë-ïèðîêñåíîâîãî ñèåíèòà. ßñòðåáåöêèé ìàññèâ ïðèíàä-
ëåæèò ê âûäåëåííîé íàìè ðàíåå [6] ãàááðî-ñèåíèòîâîé ôîðìàöèè, ãåíåòè÷åñêè è â
ïðîñòðàíñòâåííî-âðåìåííîì îòíîøåíèè ñâÿçàííîé ñ àíîðòîçèò-ðàïàêèâè ãðàíèò-
íûìè ïëóòîíàìè. Ïðåäïîëàãàåòñÿ ãëóáèííûé èñòî÷íèê öèðêîíèåâîãî îðóäåíåíèÿ.
Ðóäíûå çàëåæè ôîðìèðóþòñÿ â òåõ ñëó÷àÿõ, êîãäà ñèåíèòû îáîãàùåíû ôòîðîì è, âå-
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ðîÿòíî, âîäîé. Íà ïîâûøåííóþ ðîëü
ïîñëåäíåé óêàçûâàåò ïîÿâëåíèå ïåðâè÷-
íûõ àìôèáîëîâ è áèîòèòîâ â ñèåíèòàõ,
â òîì ÷èñëå è â èõ ðóäíûõ ðàçíîâèäíî-
ñòÿõ.

Â îáð. 865/971 êàëüöèòîâîãî êàð-
áîíàòèòà èç ×åðíèãîâñêîãî ìàññèâà
èçîòîïíûé ñîñòàâ êèñëîðîäà öèðêîíà,
êàëüöèòà è òèòàíîìàãíåòèòà, à òàêæå
èçîòîïíûé ñîñòàâ óãëåðîäà êàëüöèòà
(13Ñ = –5,1 ‰, ñòàíäàðò PDB) ñâèäå-
òåëüñòâóþò î ìàãìàòè÷åñêîì ãåíåçèñå
ïîðîäû. Öèðêîí â êàðáîíàòèòå îáðàçó-
åò ïðèçìàòè÷åñêèå êðèñòàëëû, ãðàíè è
ðåáðà êîòîðûõ çàêðóãëåíû (îïëàâëåíû),
î÷åâèäíî, â ðåçóëüòàòå ðåàãèðîâàíèÿ ñ
êàðáîíàòèòîâûì ðàñïëàâîì. Äëÿ öèðêî-
íà õàðàêòåðíû î÷åíü íèçêèå ñîäåðæà-
íèÿ Íf (0,3–0,6) è Y (äî 0,4 %). Â öèð-
êîíå èìåþòñÿ âêëþ÷åíèÿ áàääåëåèòà [6],
âîçìîæíî, îí êðèñòàëëèçîâàëñÿ íà ðàí-
íèõ ýòàïàõ è ñëóæèë ñâîåãî ðîäà çàò-
ðàâêîé, íà êîòîðîé íàðàñòàë öèðêîí ïî
ìåðå ïîíèæåíèÿ òåìïåðàòóðû è ïîâû-
øåíèÿ êðåìíåçåìèñòîñòè ðàñïëàâà. Ýòè
ïðîöåññû ïðîèñõîäèëè íà âûñîêîòåì-
ïåðàòóðíîì ìàãìàòè÷åñêîì ýòàïå, ÷òî
îòðàæåíî â èçîòîïíîì ñîñòàâå êèñëî-
ðîäà   öèðêîíà  (5,8 ‰), êàê ïðàâèëî,
ñîâïàäàþùèì ñ òàêîâûì äëÿ êàëüöèòà
(6,1 ‰) èç òîãî æå îáðàçöà. Óêàçàííûé
ôàêò ïîëíîñòüþ ïîäòâåðæäàåò ðàíåå
ñäåëàííûé âûâîä î ãëóáèííîé ìàãìà-
òè÷åñêîé ïðèðîäå âåùåñòâà êàðáîíàòè-
òîâ ×åðíèãîâñêîãî ìàññèâà. Îá ýòîì
òàêæå ñâèäåòåëüñòâóåò èçîòîïíîå îò-
íîøåíèå ñòðîíöèÿ (87Sr/86Sr = 0,7006)
êàëüöèòà â êàðáîíàòèòå (îáð. 865/971).

Ïî èçîòîïíîìó êàëüöèò-ìàãíåòè-
òîâîìó ãåîòåðìîìåòðó [9] ðàññ÷èòàíà
òåìïåðàòóðà êðèñòàëëèçàöèè êàðáîíà-
òèòà (971 °C), îíà ïðàêòè÷åñêè ñîâïàëà
ñ òåìïåðàòóðîé, îïðåäåëåííîé ïî îëè-
âèí-êëèíîïèðîêñåíîâîìó ãåîòåðìîìåò-
ðó (966–1000 °C). Ìèíåðàëîãè÷åñêèå è
ïåòðîëîãè÷åñêèå õàðàêòåðèñòèêè êàðáî-
íàòèòîâ ×åðíèãîâñêîãî ìàññèâà [6], à
òàêæå èçîòîïíûé ñîñòàâ êèñëîðîäà ìè-
íåðàëîâ â êàðáîíàòèòàõ [5] ñâèäåòåëü-
ñòâóþò î ìàãìàòè÷åñêîì ïðîèñõîæäå-
íèè ýòèõ ïîðîä.

Â Ðîñèíñêî-Òèêè÷ñêîì ðàéîíå
âîçðàñò ãàááðî-àìôèáîëèòîâ äàòèðóåò-
ñÿ ïî àêöåññîðíûì öèðêîíàì 2200–
2620 ìëí ëåò. Äëÿ èçîòîïíîãî àíàëèçà
êèñëîðîäà îòîáðàíû ïðîáû êñåíîëèòà
ãàááðî-àìôèáîëèòà   (îáð. Ò-31),   çàëå-
ãàþùåãî ñðåäè ðîçîâûõ ãðàíèòîâ (îáð.
Ò-33). Àêöåññîðíûé öèðêîí (îáð. Ò-31)
âíóòðåííå îäíîðîäåí, ñ î÷åíü âûñîêè-
ìè öâåòàìè èíòåðôåðåíöèè, ãîìîãåí-
íûé ïî ñîñòàâó. Ðàçìåð êðèñòàëëîâ ïîÒ
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äëèííîé îñè 0,3–0,45 ìì, îêðàñêà — îò ñâåòëûõ äî òåìíî-êîðè÷íåâûõ òîíîâ, áëåñê
ãðàíåé àëìàçíûé, ïîâåðõíîñòü íåðîâíàÿ. Çíà÷åíèå 18Î äëÿ öèðêîíà 6,0, äëÿ ïëàãèîê-
ëàçà — 7,3 ‰. Òàêîé èçîòîïíûé ñîñòàâ êèñëîðîäà õàðàêòåðåí äëÿ ìèíåðàëîâ ìàãìà-
òè÷åñêîãî   ïðîèñõîæäåíèÿ.   Íàïðèìåð,  ó öèðêîíîâ èç êèìáåðëèòîâ òðóáêè "Ìèð"
18Î = 5,9 [2],  ó  àêöåññîðíûõ öèðêîíîâ èç ìåòàãàááðî êîìïëåêñà Àäèðîíäàê —
18Îñð = 6,0 ‰ [11]. Â áèîòèòîâûõ àïëèò-ïåãìàòîèäíûõ ãðàíèòàõ áåðäè÷åâñêîãî è
êèðîâîãðàäñêî-æèòîìèðñêîãî êîìïëåêñîâ öèðêîíû ñîõðàíèëè ïåðâè÷íûå ìàãìàòè-
÷åñêèå çíà÷åíèÿ18Î (5,8 è 6,0 ‰) â ïðîöåññå ìåòàìîðôèçìà, òåìïåðàòóðà êîòîðîãî
îïðåäåëåíà èçîòîïíûì ìåòîäîì (òàáë. 2).

Áëèçîê ïî óêàçàííûì çíà÷åíèÿì 18Î àêöåññîðíûé öèðêîí èç äàåê äâóïèðîêñåíî-
âîãî êðèñòàëëîñëàíöà (îáð. Å-31), çàëåãàþùèõ ñðåäè ýíäåðáèòî-ãíåéñîâ Äíåñòðîâñêî-
Áóãñêîãî ðàéîíà. Öèðêîí ïðåäñòàâëåí îäíîðîäíûìè îêðóãëåííûìè øàðîâèäíûìè çåð-
íàìè áëåäíî-ðîçîâîãî öâåòà ñ ñèëüíûì ñòåêëÿííûì áëåñêîì, ãëàäêîé ïîâåðõíîñòüþ.
Âíóòðåííå îäíîðîäåí, ñ î÷åíü âûñîêèìè ÿðêèìè öâåòàìè èíòåðôåðåíöèè, ãîìîãåííûé
ïî ñîñòàâó. Âîïðîñ îá èñõîäíîì ñóáñòðàòå ÿâëÿåòñÿ äèñêóññèîííûì. Ìèíåðàëîãè÷åñêèå
íàáëþäåíèÿ è èçìåðåííîå â öèðêîíå çíà÷åíèå 18Î = 6,9 ‰ óêàçûâàþò, î÷åâèäíî, íà
åãî ìàãìàòè÷åñêîå ïðîèñõîæäåíèå è õîðîøóþ ñîõðàííîñòü ïåðâè÷íîãî èçîòîïíîãî ñî-
ñòàâà êèñëîðîäà â ïðîöåññå ìåòàìîðôèçìà ãðàíóëèòîâîé ôàöèè.

Øèðîêî ðàçâèòû â Ðîñèíñêî-Òèêè÷ñêîì ðàéîíå êâàðöåâûå äèîðèòû (îáð. Ê-1-1)
è ãðàíîäèîðèòû (îáð. Ê-1-4 ), êîòîðûå, êàê ïðåäïîëàãàåòñÿ, îáðàçîâàëèñü â ðåçóëüòàòå
óëüòðàìåòàìîðôèçìà àìôèáîëèòîâ è àìôèáîëîâûõ ãíåéñîâ. Â êâàðöåâîì äèîðèòå àê-
öåññîðíûé öèðêîí ïðåäñòàâëåí â âèäå èãîëü÷àòûõ èëè êîïüåâèäíûõ êðèñòàëëîâ ñî
ñëîæíûìè ôîðìàìè, öâåò îò áëåäíî-æåëòîãî äî ïî÷òè áåñöâåòíîãî. Öèðêîí âíóòðåííå
îäíîðîäåí, ïðîçðà÷åí, ñ âûñîêèìè öâåòàìè èíòåðôåðåíöèè. Íåñêîëüêî îòëè÷àåòñÿ îò
ïðåäûäóùåãî àêöåññîðíûé öèðêîí èç ãðàíîäèîðèòà: öâåò êîðè÷íåâûé, áëåñê ìàòîâûé,
íèçêèå öâåòà èíòåðôåðåíöèè. Ìèíåðàëû â óêàçàííûõ ïîðîäàõ ðàçëè÷àþòñÿ ïî çíà÷å-
íèÿì 18Î öèðêîíà, ïëàãèîêëàçà è ìàãíåòèòà, ÷òî îáóñëîâëåíî íåñóùåñòâåííûì  ðàçëè-
÷èåì òåìïåðàòóðíûõ óñëîâèé ìèíåðàëîîáðàçîâàíèÿ ïðè ïðàêòè÷åñêè îäèíàêîâîì èçî-
òîïíîì ñîñòàâå êèñëîðîäà ôëþèäà (8,2 è 8,1 ‰), îïðåäåëåííîìó ïî èçîòîïíîìó ðàâíî-
âåñèþ â ñèñòåìå êâàðö — âîäà [9]. Òåìïåðàòóðà, ðàññ÷èòàííàÿ ïî êâàðö-ïëàãèîêëàçîâî-
ìó èçîòîïíîìó ãåîòåðìîìåòðó [9], áîëüøå ñîîòâåòñòâóåò àìôèáîëèòîâîé ôàöèè ðåòðîã-
ðàäíûõ èçìåíåíèé â ðåãèîíå, ÷åì îïðåäåëåííàÿ ïî êâàðö-ìàãíåòèòîâîìó ãåîòåðìîìåò-
ðó [9]. Ïî-âèäèìîìó, ìàãíåòèò îáðàçîâàëñÿ íà áîëåå íèçêîòåìïåðàòóðíîé ñòàäèè ïðî-
öåññà è íå ñèíãåíåòè÷åí êâàðöó. Ðàñ÷åòíûå çíà÷åíèÿ 18Î ôëþèäà (8,2–9,7 ‰) ñîîò-
âåòñòâóþò ýêñïåðèìåíòàëüíî îïðåäåëåííûì çíà÷åíèÿì 18Î âîä, îáðàçîâàííûì â ïðî-
öåññå âûñîêîòåìïåðàòóðíîé äåãèäðàòàöèè àìôèáîëîâ [1]. Ïîâûøåííîå ïî ñðàâíåíèþ ñ
äâóïèðîêñåíîâûìè êðèñòàëëîñëàíöàìè è ãàááðî-àìôèáîëèòàìè ñîäåðæàíèå èçîòîïà
18Î â öèðêîíå èç ãðàíîäèîðèòà îáóñëîâëåíî, âåðîÿòíî, ïðåîáðàçîâàíèåì öèðêîíà â
ïðîöåññå óëüòðàìåòàìîðôèçìà àìôèáîëèòîâ è àìôèáîëîâûõ ãíåéñîâ.

Ïðîöåññû ãðàíèòèçàöèè, êàê ïðàâèëî, ñîïðîâîæäàþòñÿ ïîÿâëåíèåì íîâîîáðàçî-
âàííîãî èëè ïðåîáðàçîâàííîãî àêöåññîðíîãî öèðêîíà è ñîîòâåòñòâóþùèì èçìåíåíèåì
â íåì èçîòîïíîãî ñîñòàâà êèñëîðîäà. Îòìå÷àåòñÿ (òàáë. 1) óòÿæåëåíèå èçîòîïíîãî ñî-
ñòàâà êèñëîðîäà 18Î — 7,6–7,0 ‰) â àêöåññîðíûõ öèðêîíàõ èç êàëèåâûõ ãðàíèòîâ
Èíãóëî-Èíãóëåöêîãî, Ñåâåðî-Çàïàäíîãî è Ðîñèíñêî-Òèêè÷ñêîãî ðàéîíîâ ïî ñðàâíå-
íèþ ñ ñèíïåòðîãåííûìè öèðêîíàìè ìàãìàòè÷åñêèõ ïîðîä îñíîâíîãî ñîñòàâà. Íà ïðè-
ìåðå îáðàçöîâ Ò-31 è Ò-33, îòîáðàííûõ â Ðîñèíñêî-Òèêè÷ñêîì ðàéîíå, ìîæíî ïðîñëå-
äèòü õàðàêòåð èçìåíåíèÿ çíà÷åíèé 18Î àêöåññîðíîãî öèðêîíà è ïëàãèîêëàçà â ïðî-
öåññå ãðàíèòèçàöèè. Èçîõðîííûå äàòèðîâêè ïîäòâåðæäàþò àðõåéñêèé âîçðàñò îáðàçî-
âàíèÿ àêöåññîðíûõ öèðêîíîâ â êàëèåâûõ ãðàíèòîèäàõ è â ãàááðî-àìôèáîëèòàõ. Âî âìå-
ùàþùåé òîëùå ðîçîâûõ ãðàíèòîâ (îáð. Ò-33) àêöåññîðíûå öèðêîíû ðàçëè÷àþòñÿ ïî

Òàáëèöà 2. Ðàñ÷åòíûå çíà÷åíèÿ òåìïåðàòóð ìèíåðàëîîáðàçîâàíèÿ

Ï ð è ì å ÷ à í è å. Òåìïåðàòóðà ðàññ÷èòàíà ïî èçîòîïíûì ãåîòåðìîìåòðàì [8]. Â îáð. Ò-31, Ê-1-1 è Ê-1-4
ïëàãèîêëàçû ¹¹ 35, 32 è 35 ñîîòâåòñòâåííî. Ñèìâîëû ìèíåðàëîâ: ñì. òàáë. 1.

Íîìåð Ïîðîäà Ò, °C

îáðàçöà Q-Pl Q-Mt Pl-Mt

Ò-31 Ãàááðî-àìôèáîëèò — — 590
111/62 Ãðàíèò áèîòèòîâûé àïëèò-ïåãìàòîèäíûé — 500 —
980/64 Òî æå — 540 —
Ê-1-1 Êâàðöåâûé äèîðèò 580 520 550
Ê-1-4 Ãðàíîäèîðèò 570 510 520

ËÓÃÎÂÀß È. Ï. è äð.
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ñòåïåíè óäëèíåííîñòè, èìåþò æåëòîâàòî-êîðè÷íåâûé öâåò, âîëíèñòóþ ïîâåðõíîñòü ãðà-
íåé. Â èììåðñèîííûõ ïðåïàðàòàõ â îòäåëüíûõ êðèñòàëëàõ öèðêîíîâ ïðîñìàòðèâàþòñÿ
òåíåâûå ÿäðà. Ïî ðåçóëüòàòàì ìèêðîçîíäîâîãî àíàëèçà â öèðêîíàõ óñòàíîâëåíî íàëè-
÷èå ïðèìåñåé Ñà, Al, Fe, êîòîðûå çàìåùàþò Zr è Hf. Â îáð. Ò-33 çàôèêñèðîâàíû ñàìûå
âûñîêèå çíà÷åíèÿ 18Î, ‰: äëÿ öèðêîíà — 8,0, äëÿ àññîöèèðóþùåãî ñ íèì ïëàãèîêëàçà
— 9,1. Ñîïîñòàâëåíèå äàííûõ äëÿ îáðàçöîâ Ò-31 è Ò-33 ïîêàçûâàåò: 1) õîðîøóþ ñî-
õðàííîñòü ïåðâè÷íûõ ìàãìàòè÷åñêèõ çíà÷åíèé 18Î â àêöåññîðíîì öèðêîíå è ïëàãè-
îêëàçå èç ãàááðî-àìôèáîëèòà (îáð. Ò-31); 2) ïîâûøåíèå ñîäåðæàíèÿ èçîòîïà 18Î â
öèðêîíå è ïëàãèîêëàçå èç ðîçîâîãî ãðàíèòà (îáð. Ò-33), îáóñëîâëåííîå ðîñòîì îáîëî÷åê
íà êðèñòàëëàõ öèðêîíà è ïåðåêðèñòàëëèçàöèåé ïëàãèîêëàçà â íîâûõ ôèçèêî-õèìè÷åñ-
êèõ óñëîâèÿõ.

Àëüáèòèòû (îáð. 1050) èç Ïðèàçîâüÿ îáðàçîâàëèñü ïðè ìåòàñîìàòè÷åñêîé ïðîðà-
áîòêå âìåùàþùèõ ãðàíèòîâ ùåëî÷íûìè ôëþèäàìè, ñâÿçàííûìè ñ ôîðìèðîâàíèåì ïðåä-
ïîëàãàåìûõ êàðáîíàòèòîâ è, âîçìîæíî, àññîöèèðóþùèõ ñ íèìè ùåëî÷íî-óëüòðàîñíîâ-
íûõ ïîðîä. Â àëüáèòèòå, êðîìå áîãàòîé âêðàïëåííîñòè öèðêîíà, îòìå÷àåòñÿ ïîâûøåí-
íîå ñîäåðæàíèå ìåëêèõ âûäåëåíèé ïèðîõëîðà, ò. å. ïîðîäà â öåëîì èìååò íèîáèé-öèðêî-
íèåâóþ ðóäíóþ ñïåöèàëèçàöèþ, õàðàêòåðíóþ äëÿ ôåíèòîâ èç êàðáîíàòèòîâûõ êîìï-
ëåêñîâ. Öèðêîí îáû÷íî âûäåëÿåòñÿ â âèäå äîâîëüíî êðóïíûõ (äî 0,5–1,0 ñì) áèïèðà-
ìèäàëüíûõ êðèñòàëëîâ, îòíîñèòñÿ ê íèçêîòåìïåðàòóðíîé ðàçíîâèäíîñòè. Ìîæíî ïðåä-
ïîëîæèòü, ÷òî öèðêîí îáðàçîâàëñÿ íà ñòàäèè ôåíèòèçàöèè è ñîäåðæàíèå èçîòîïà 18Î â
íåì ôèêñèðóåò ãëóáèííûé èñòî÷íèê ìåòàñîìàòèçèðóþùèõ (ôåíèòèçèðóþùèõ) ôëþè-
äîâ.

Â ðåçóëüòàòå ïðîâåäåííîãî ìèíåðàëîãè÷åñêîãî è èçîòîïíîãî èññëåäîâàíèÿ öèðêî-
íîâ è àññîöèèðóþùèõ ñ íèìè ìèíåðàëîâ óñòàíîâëåíî ñëåäóþùåå:

1. Îòñóòñòâóåò ñâÿçü ìåæäó çíà÷åíèÿìè âåëè÷èíû 18Î öèðêîíà è ãåîõðîíîëîãè-
÷åñêèìè äàííûìè.

2. Íàáëþäàåòñÿ íåêîòîðàÿ âçàèìîñâÿçü ìåæäó çíà÷åíèÿìè 18Î öèðêîíà è åãî
òèïîìîðôíûìè ïðèçíàêàìè.

3. Äèàïàçîí çíà÷åíèé 18Î öèðêîíà îòðàæàåò óñëîâèÿ ïåðâè÷íîé êðèñòàëëèçà-
öèè è äàëüíåéøåé ýâîëþöèè ïîðîäû.
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ÐÅÇÞÌÅ. Âèâ÷åíî ³çîòîïíèé ñêëàä êèñíþ öèðêîí³â òà ³íøèõ ì³íåðàë³â ó ãðàí³òî¿äàõ òà ëóæíèõ ïîðîäàõ
Óêðà¿íñüêîãî ùèòà. Âèçíà÷åíî ä³àïàçîí âàð³àö³é âåëè÷èíè 18Î öèðêîí³â — â³ä 4,8 äî 8,0 ‰. Íå âèÿâëåíî
êîðåëÿö³¿ ì³æ âåëè÷èíîþ18Î àêöåñîðíèõ öèðêîí³â òà ãåîëîã³÷íèì â³êîì ïîð³ä. Âàð³àö³¿ ³çîòîïíîãî ñêëàäó
êèñíþ àêöåñîðíèõ öèðêîí³â â³äîáðàæàþòü óìîâè êðèñòàë³çàö³¿ ì³íåðàë³â íà ð³çíèõ åòàïàõ åâîëþö³¿ ïîð³ä.

SUMMARY. The range of 18O values in zircons (4.8–8.0 ‰) from precambrian rocks of the Ukrainian Shield has
been determined. Absence of correlations between values of 18O of accessory zircons and geochronological age of
rocks was established. Variations of oxygen isotopic composition  in accessory zircons reflect the conditions of mineral
crystallization  at different stages of evolution of rocks.

ÈÇÎÒÎÏÍÛÉ ÑÎÑÒÀÂ ÊÈÑËÎÐÎÄÀ
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Â. Ï. Èâàíèöêèé, Ï. Î. Âîçíþê, À. Ñ. Ëèòîâ÷åíêî,
Ã. Í. Áîíäàðåíêî

Èññëåäîâàíèå ïðîöåññîâ ðàäèàöèîííîãî
îêèñëåíèÿ æåëåçà â àìôèáîëàõ è êèíåòèêè
èõ ïðîòåêàíèÿ (ïî äàííûì ìåòîäà ßÃÐ)

Ìåòîäîì ßÃÐ-ñïåêòðîñêîïèè èçó÷åíû ïðîöåññû ðàäèàöèîííîãî îêèñëåíèÿ æåëåçà è åãî òåðìè÷åñêîãî
âîññòàíîâëåíèÿ â ñòðóêòóðàõ Ñà- è Na-àìôèáîëîâ. Âûâåäåíî êèíåòè÷åñêîå óðàâíåíèå çàâèñèìîñòè
îòíîñèòåëüíîãî êîëè÷åñòâà îêèñëåííîãî æåëåçà îò âðåìåíè (äîçû) îáëó÷åíèÿ ñ ó÷åòîì êîíêóðèðóþùèõ ïîä
äåéñòâèåì ãàììà-ïîëÿ ðåàêöèé îêèñëåíèÿ è âîññòàíîâëåíèÿ. Âû÷èñëåíû êîíñòàíòû ñêîðîñòè ñîîòâåòñòâóþùèõ
ðåàêöèé, êîëè÷åñòâî èîíîâ Fe3+, îáðàçóåìûõ ïðè ïîãëîùåíèè 1 Äæ ýíåðãèè èçëó÷åíèÿ, à òàêæå ýíåðãèè,
çàòðà÷èâàåìîé íà îáðàçîâàíèå îäíîãî èîíà Fe3+ â ñòðóêòóðå èññëåäîâàííûõ àìôèáîëîâ.

Ââåäåíèå. Ïðîöåññû ïðåîáðàçîâàíèÿ ñîñòàâà, ñòðóêòóðû è ôèçèêî-õèìè÷åñêèõ ñâîéñòâ
ìèíåðàëîâ è ãîðíûõ ïîðîä â çîíàõ íåïðåðûâíî ïðîòåêàþùåãî âîçäåéñòâèÿ íàëîæåí-
íûõ ïðèðîäíûõ èëè òåõíîãåííûõ ðàäèàöèîííûõ ïîëåé íåäîñòàòî÷íî èçó÷åíû. Ïî-
çíàíèå ïðèðîäû ïðåâðàùåíèÿ ìèíåðàëîâ ïîä âîçäåéñòâèåì ðàäèàöèîííûõ ïîëåé
àêòóàëüíî ïðè èçó÷åíèè ãåíåçèñà è ýâîëþöèè ðóäíûõ ñèñòåì, ïðîöåññîâ ìåòàìèêòè-
çàöèè ìèíåðàëîâ, äëÿ âîññòàíîâëåíèÿ ïóòåé ìèãðàöèè ðàäèîàêòèâíûõ ðàñòâîðîâ, âû-
ðàáîòêè ïîèñêîâûõ êðèòåðèåâ íà ðàäèîàêòèâíûå ýëåìåíòû, óñòàíîâëåíèÿ âðåìåíè
íåêîòîðûõ ãåîëîãè÷åñêèõ ñîáûòèé è èõ òåìïåðàòóðíûõ óñëîâèé, îïðåäåëåíèÿ äîçî-
âûõ íàãðóçîê ìèíåðàëîâ è ãîðíûõ ïîðîä â çîíå äåéñòâèÿ ðàäèàöèè, äëÿ îöåíêè óñ-
òîé÷èâîñòè ìèíåðàëîâ êàê êîìïîíåíòîâ ñòðîèòåëüíûõ ìàòåðèàëîâ çàùèòíûõ ñîîðó-
æåíèé. Îáúåêòîì èññëåäîâàíèé, ïîçâîëÿþùèì ïîçíàòü ïðèðîäó è ìåõàíèçì âçàèìî-
äåéñòâèÿ ðàäèàöèîííîé ýíåðãèè ñ ìèíåðàëüíûì âåùåñòâîì, âûñòóïàþò ðàäèàöèîí-
íûå äåôåêòû â ìàòðèöå ìèíåðàëîâ. Âûÿñíåíèå ìåõàíèçìà îáðàçîâàíèÿ äåôåêòîâ, èõ
âëèÿíèÿ íà êðèñòàëëè÷åñêóþ ñòðóêòóðó è ôèçèêî-õèìè÷åñêèå ñâîéñòâà ìèíåðàëîâ,
óñòàíîâëåíèå àíàëèòè÷åñêèõ âûðàæåíèé çàâèñèìîñòè êîíöåíòðàöèè äåôåêòîâ îò äîç
îáëó÷åíèÿ ïðåäñòàâëÿþò ïðàêòè÷åñêèé èíòåðåñ äëÿ äîëãîñðî÷íîãî ïðîãíîçèðîâàíèÿ
ïîâåäåíèÿ âçàèìîäåéñòâóþùèõ ñèñòåì âî âðåìåíè.

Öåëü, îáúåêòû è ìåòîäû èññëåäîâàíèÿ. Ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì èññëåäî-
âàíèé ïî ðàäèàöèîííî-õèìè÷åñêîìó îêèñëåíèþ æåëåçà è åãî òåðìè÷åñêîé óñòîé÷è-
âîñòè â ñòðóêòóðàõ àìôèáîëîâ ðàçíîãî ñîñòàâà ñ ïðèâëå÷åíèåì ìåòîäà ÿäåðíîãî ãàì-
ìà-ðåçîíàíñà (ßÃÐ) íà ÿäðàõ 57Fe [6, 7, 12, 13]. Öåëü äàííîé ðàáîòû — ïîëó÷åíèå íà
îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ àíàëèòè÷åñêèõ âûðàæåíèé äëÿ îïèñàíèÿ êèíå-
òèêè èçó÷àåìûõ ïðîöåññîâ, ðàñøèðåíèå äàííûõ î ìåõàíèçìå âçàèìîäåéñòâèÿ -èçëó-
÷åíèÿ ñ ýëåìåíòàìè êðèñòàëëè÷åñêîé ðåøåòêè àìôèáîëîâ ðàçíîãî ñîñòàâà, îöåíêà
ýíåðãèè èçëó÷åíèÿ, íåîáõîäèìîé äëÿ îêèñëåíèÿ ñòðóêòóðíîãî æåëåçà. ßÃÐ-ñïåêòðû
ïîëó÷åíû íà óñòàíîâêå ýëåêòðîäèíàìè÷åñêîãî òèïà ñ ïîñòîÿííûì óñêîðåíèåì ïðè
êîìíàòíîé òåìïåðàòóðå. Èñòî÷íèê -êâàíòîâ — 57Co â ìàòðèöå Cr. Êàëèáðîâêà øêàëû
ñêîðîñòåé ïðîâîäèëàñü ïî ïîëîæåíèþ ëèíèé ïîãëîùåíèÿ íèòðîïðóññèäà íàòðèÿ.
Àìôèáîëû øèðîêî ïðåäñòàâëåíû â çåìíîé êîðå è, îáëàäàÿ ïîâûøåííîé âîñïðèèì-
÷èâîñòüþ ê âîçäåéñòâèþ ðàäèàöèîííîé ýíåðãèè, âûñòóïàþò óñòîé÷èâûìè èíäèêàòî-
ðàìè è íîñèòåëÿìè äèàãíîñòè÷åñêèõ ïðèçíàêîâ âîçäåéñòâèÿ ðàäèàöèè [3, 4, 8, 14].

Ýêñïåðèìåíòàëüíîå -îáëó÷åíèå ïîëèêðèñòàëëè÷åñêèõ îáðàçöîâ (ðàçìåð çåðåí
0,1 ìì) ïðîâåäåíî íà óñòàíîâêå ÓÊ-250000 íà âîçäóõå ïðè ìîùíîñòè äîçû îáëó÷å-
íèÿ 23 Ãð/ñ. Ôèêñèðîâàííûå äîçû (D), Ãð: 1,2·108; 2,8·108; 4,7·108; 5,7·108 è 6,4·108

îáåñïå÷èâàëè íàäåæíîå çàêðåïëåíèå ðàäèàöèîííûõ äåôåêòîâ â ñòðóêòóðå ìèíåðàëîâ
è âûõîä êèíåòè÷åñêèõ çàâèñèìîñòåé êîíöåíòðàöèè ðàäèàöèîííî-õèìè÷åñêè îêèñ-
ëåííîãî æåëåçà îò äîçû îáëó÷åíèÿ íà "íàñûùåíèå", ò. å. ïðè äàííûõ óñëîâèÿõ îáëó÷å-

© Â. Ï. Èâàíèöêèé, Ï. Î. Âîçíþê, À. Ñ. Ëèòîâ÷åíêî,  Ã. Í. Áîíäàðåíêî, 2001
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íèÿ ðåàêöèè îêèñëåíèÿ ïðàêòè÷åñêè ïîëíîñòüþ èñ÷åðïûâàëèñü. Ïðîãðåâ îáðàçöîâ
îñóùåñòâëÿëñÿ â òðóá÷àòîé ýëåêòðîïå÷è íà âîçäóõå. Îøèáêè èçìåðåíèÿ òåìïåðàòóðû
(Ò) — ± 5 °C.

Â êà÷åñòâå îáúåêòîâ èçó÷åíèÿ èñïîëüçîâàëèñü òðè îáðàçöà àìôèáîëà ñëåäóþùå-
ãî ñîñòàâà:

1. (NaÎ0,11K0,04)0,15(Ca1,82Na0,15Mn0,03)2,00(Mg3,36
Fe1 00

2
,
 Fe0 38

3
,
 Al0,21Ti0,05)5,00

(Si6,89Al1,11)8,00(O21,60OH0,40)22,00(OH)2,00;

2. (Na0,19K0,23)0,42(Ca1,40Na0,60)2,00(Mg2,19
Fe1 75

2
,
 Fe

0 63
3
,
 Al0,34Mn0,05Ti0,04)5,00

(Si6,47Al1,53)8,00(O21,34OH0,66)22,00(OH1,88 F0,10Cl0,02)2,00;

3. (Ca0,37Na1,14K0,04Mn0,03)1,58(Mg2,33
Fe1 00

2
,
 Fe

1 62
3
,
 Al0,05)5,00

(Si7,40Al0,41Ti0,19)8,00O22,00(OH1,32O0,68)2,00.
Â ñîîòâåòñòâèè ñ ñîâðåìåííîé êëàññèôèêàöèåé àìôèáîëîâ [20], èñïîëüçîâàííûå ðàç-
íîñòè ïðåäñòàâëåíû ìàãíåçèàëüíîé (îáð. 1) è ÷åðìàêèòîâîé (îáð. 2) ðîãîâûìè îá-
ìàíêàìè, à òàêæå áàððóàçèòîì (îáð. 3).

Ñâåäåíèÿ î ñòðóêòóðå àìôèáîëîâ. Îñíîâó ñòðóêòóðû àìôèáîëîâ ñîñòàâëÿþò áåñ-
êîíå÷íûå ëåíòû àëþìîêðåìíåêèñëîðîäíûõ òåòðàýäðîâ, âûòÿíóòûå âäîëü îñè ñ è ñî-
÷åòàþùèåñÿ â äâóõñëîéíûå ïàêåòû. Òåòðàýäðè÷åñêèå êàòèîíû (Si4+, Al3+) çàñåëÿþò
äâå íåýêâèâàëåíòíûå ïîçèöèè ñ ðàçíûì õàðàêòåðîì ëèãàíäíîãî îêðóæåíèÿ. Àëþìî-
êðåìíåêèñëîðîäíûå ïàêåòû ïåðåñëàèâàþòñÿ â øàõìàòíîì ïîðÿäêå ëåíòàìè êàòèîí-
êèñëîðîäíûõ îêòàýäðîâ, âûòÿíóòûõ â íàïðàâëåíèÿõ a- è b-îñåé è ñîäåðæàùèõ ÷åòûðå
íåçàâèñèìûå êàòèîííûå ïîçèöèè Ì1, Ì2, Ì3 è Ì4. Ðàñïðåäåëåíèå êàòèîíîâ ïî ýòèì
ïîçèöèÿì îïðåäåëÿåòñÿ ýíåðãåòè÷åñêèìè è ðàçìåðíûìè ôàêòîðàìè è êîëè÷åñòâåí-

Ðèñ. 1. ßÃÐ-ñïåêòðû Ñà-àìôè-
áîëà (îáð. 2) â ïðîöåññå îá-
ëó÷åíèÿ. Äîçà îáëó÷åíèÿ, n•108

Ãð: à — 0; á —1,2; â — 2,8; ã —
4,7; ä — 5,7; å — 6,4. Øòðèõî-
âîé ëèíèåé ïîêàçàíî ïîëîæå-
íèå âûäåëåííûõ äóáëåòîâ
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íûì ïðåäñòàâèòåëüñòâîì èõ â ñòðóêòóðå, â êîòîðîé ñîîòíîøåíèå Ì1 : Ì2 : Ì3 : Ì4 =
= 2 : 2 : 1 : 2. Ïîçèöèè Ì1, Ì3 êîîðäèíèðîâàíû ÷åòûðüìÿ àòîìàìè O è äâóìÿ èîíàìè
OH– è ñêëîííû ê çàñåëåíèþ, â îñíîâíîì, êàòèîíàìè Mg, Fe2+, Mn, Al, Ti. Äëÿ ïîçèöèè
Ì2, êîîðäèíèðîâàííîé øåñòüþ àòîìàìè Î, õàðàêòåðíî ïðåèìóùåñòâåííîå êîíöåíò-
ðèðîâàíèå êàòèîíîâ c ìåíüøèì èîííûì ðàäèóñîì, òàêèõ êàê Fe3+, Al. Â êàëüöèåâûõ è
íåêîòîðûõ íàòðèåâûõ ðÿäàõ ïîçèöèÿ Ì2 ÷àñòè÷íî çàíÿòà òàêæå Fe2+. Ïîçèöèþ Ì4
çàñåëÿþò ïðåèìóùåñòâåííî Ca è Na â Ca- è Na-àìôèáîëàõ ñîîòâåòñòâåííî. Ñàìûå
êðóïíûå À-ïîçèöèè, ñ êîòîðûìè ñâÿçàíû ðàçðûâ ñïëîøíîñòè îêòàýäðè÷åñêîãî ñëîÿ
è ôîðìèðîâàíèå ëåíòî÷íîãî ñòðîåíèÿ àìôèáîëîâ, ÷àñòè÷íî èëè ïîëíîñòüþ çàíÿòû
Na, K, Ca ëèáî âàêàíòíû. Áîëåå ïîäðîáíûå ñâåäåíèÿ î ñòðóêòóðå àìôèáîëîâ ïðåäñòàâ-
ëåíû â ðàáîòå À. Ë. Ëèòâèíà [10].

ßÃÐ-ñïåêòðîñêîïèÿ àìôèáîëîâ. ßÃÐ-ñïåêòðû äâóõ èññëåäîâàííûõ îáðàçöîâ àì-
ôèáîëîâ â ïðîöåññå îáëó÷åíèÿ è ðåçóëüòàòû èõ êîìïüþòåðíîé àïïðîêñèìàöèè ïðåä-
ñòàâëåíû íà ðèñ. 1, 2, à ðàññ÷èòàííûå ïðè ýòîì ïàðàìåòðû ñîñòàâëÿþùèõ äóáëåòîâ
ïðèâåäåíû â òàáë. 1. Õàðàêòåð ïîâåäåíèÿ ßÃÐ-ñïåêòðà îáð. 1 ïîäîáåí òàêîâîìó îáð. 2.
Ïðè êîìïüþòåðíîé îáðàáîòêå ñïåêòðîâ èñïîëüçîâàëàñü ïðîãðàììà, ðåàëèçóþùàÿ ìåòîä
íàèìåíüøèõ êâàäðàòîâ. Îáðàáîòêà ñïåêòðîâ èñõîäíûõ îáðàçöîâ ðîãîâûõ îáìàíîê
âûïîëíåíà ñ ïðèìåíåíèåì ÷åòûðåõäóáëåòíîé ìîäåëè àïïðîêñèìàöèè. Èíòåðïðåòà-
öèÿ ñîñòàâëÿþùèõ äóáëåòîâ ïðîâåäåíà â ñîîòâåòñòâèè ñ îïûòîì ðàíåå âûïîëíåííûõ
ïî àìôèáîëàì ñïåêòðîñêîïè÷åñêèõ èññëåäîâàíèé [2, 7, 13, 15, 17–19]. Òðè äóáëåòà ñ
íàèáîëüøèìè çíà÷åíèÿìè êâàäðóïîëüíîãî ðàñùåïëåíèÿ â ïîðÿäêå èõ óáûâàíèÿ ñî-
ïîñòàâëåíû ñ ðåçîíàíñíûì ïîãëîùåíèåì -êâàíòîâ íà ÿäðàõ Fe2+ â ïîçèöèÿõ Ì1, Ì3
è Ì2 ñîîòâåòñòâåííî, îäèí óøèðåííûé äóáëåò Fe1

3  — ñ ãåíåòè÷åñêè ïðèñóòñòâóþ-
ùèì â èñõîäíîé ñòðóêòóðå Fe3+ (ðèñ. 1). Âêëàä ðàäèàöèîííî-õèìè÷åñêè îêèñëåííîãî

Ðèñ. 2. ßÃÐ-ñïåêòðû Na-àìôèáîëà
(îáð. 3) â ïðîöåññå îáëó÷åíèÿ. Óñ-
ëîâíûå îáîçíà÷åíèÿ ñì. íà ðèñ. 1
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Òàáëèöà 1. Ïàðàìåòðû ßÃÐ-ñïåêòðîâ àìôèáîëîâ ïîñëå èõ îáëó÷åíèÿ
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Îêîí÷àíèå Òàáë. 1

Ï ð è ì å ÷ à í è å.  — èçîìåðíûé ñäâèã îòíîñèòåëüíî íèòðîïðóññèäà íàòðèÿ, ìì/ñ;  — êâàäðóïîëüíîå
ðàñùåïëåíèå, ìì/ñ; Ã — ïîëóøèðèíà ëèíèè ïîãëîùåíèÿ, ìì/ñ; S — îòíîñèòåëüíàÿ ïëîùàäü êîìïîíåíòû, %.
Îøèáêà îïðåäåëåíèÿ , , Ã — ±0,02 ìì/ñ, S — ±10 %.
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æåëåçà îïèñàí îòäåëüíûì äóáëåòîì êâàäðóïîëüíîãî ðàñùåïëåíèÿ Fe2
3 . Ïðè ýòîì

èñïîëüçîâàëèñü äîïóùåíèÿ: 1) ôîðìà ëèíèé ïîãëîùåíèÿ îïèñûâàåòñÿ ôóíêöèåé
Ëîðåíöà; 2) èíòåíñèâíîñòü è ïîëóøèðèíà ëèíèé â êàæäîì èç äóáëåòîâ ðàâíû ìåæäó
ñîáîé. Ïðè ðàâåíñòâå êîýôôèöèåíòîâ ðåçîíàíñíîãî ïîãëîùåíèÿ ðàçíîâàëåíòíûõ èîíîâ
âî âñåõ íåýêâèâàëåíòíûõ ïîçèöèÿõ çíà÷åíèÿ îòíîñèòåëüíûõ ïëîùàäåé âûäåëåííûõ
êîìïîíåíò ñîïîñòàâèìû ñ êîíöåíòðàöèåé æåëåçà â ïîçèöèÿõ, ñîîòâåòñòâóþùèõ äóá-
ëåòàì.

Â êðèñòàëëîõèìè÷åñêîé ôîðìóëå îáð. 3 íàáëþäàåòñÿ äåôèöèò êàòèîíîâ Ca, Na, K
äëÿ çàïîëíåíèÿ íå òîëüêî À-, íî è ïîçèöèè Ì4. Âîïðîñ î ñòðóêòóðå àìôèáîëîâ ñ
ñóììîé êàòèîíîâ â óêàçàííûõ ïîçèöèÿõ < 2 èëè > 3 ÿâëÿåòñÿ äèñêóññèîííûì [9]. Â
ñâÿçè ñ ýòèì èäåíòèôèêàöèÿ òðåòüåãî àìôèáîëà êàê áàððóàçèòà â ñîîòâåòñòâèè ñ
ïðèíÿòûìè ïðèíöèïàìè ïðîáëåìàòè÷íà [20]. ßÃÐ-ñïåêòðîñêîïè÷åñêèå õàðàêòåðèñ-
òèêè îáð. 3 îòëè÷àþòñÿ îò òàêîâûõ äëÿ áàððóàçèòîâ [5] è áëèçêè ê ðèáåêèòàì. Èñõîäÿ
èç ýòîãî, ñïåêòð äàííîãî îáðàçöà (ðèñ. 2) àïïðîêñèìèðîâàí òðåõäóáëåòíîé ìîäåëüþ,
ïðèíÿòîé äëÿ ðèáåêèòîâ: äâà äóáëåòà Fe2+ â ïîçèöèÿõ Ì1 è Ì3 è îäèí Fe1

3  — â Ì2
[9, 13, 16]. Äîëÿ ðàäèàöèîííî îêèñëåííîãî æåëåçà âûäåëåíà äóáëåòîì Fe2

3 . Îäíàêî ñ
áîëüøåé äîñòîâåðíîñòüþ âêëàä ðàäèàöèîííî îêèñëåííîãî æåëåçà äëÿ âñåõ îáðàçöîâ
îïðåäåëÿåòñÿ êàê ðàçíîñòü ìåæäó ñóììàðíûì ñîäåðæàíèåì Fe3+ â îáëó÷åííîì è èñ-
õîäíîì îáðàçöàõ.

Íàèáîëåå ðàñïðîñòðàíåííûå â íàñòîÿùåå âðåìÿ ìîäåëè àïïðîêñèìàöèè ßÃÐ-
ñïåêòðîâ Ca- è Na-àìôèáîëîâ ó÷èòûâàëè âëèÿíèå íà ÿäðî æåëåçà òîëüêî áëèæàéøå-
ãî àíèîííîãî îêðóæåíèÿ. Âëèÿíèå áëèæàéøåãî êàòèîííîãî îêðóæåíèÿ, çàìåùåíèé
òèïà OH–  F–, Cl– â àíèîííîì êàðêàñå [21], õàðàêòåðà çàïîëíåíèÿ À-ïîçèöèè [9],
âîçìîæíîñòè âõîæäåíèÿ  Fe2+ â ïîçèöèþ Ì4 [22] ïðèíÿòûå ìîäåëè íå ó÷èòûâàëè.
Èñïîëüçîâàííûå íàìè ìîäåëè ïîçâîëÿþò êà÷åñòâåííî îïèñàòü õàðàêòåð ïðîòåêàíèÿ
ðàäèàöèîííî-õèìè÷åñêèõ ðåàêöèé îêèñëåíèÿ Fe â ñòðóêòóðå àìôèáîëîâ è äîñòîâåð-
íî ïîêàçàòü êîëè÷åñòâåííóþ ñòîðîíó ïðîöåññà.

Ðèñ. 3. Çàâèñèìîñòü èçìåíåíèÿ êîíöåíòðàöèè ðàçíîâàëåíòíûõ èîíîâ Fe ïî íåýêâèâàëåíòíûì ïîçèöèÿì Ñà-
àìôèáîëà (îáð. 2) îò äîçû îáëó÷åíèÿ: à — Fe3+ (M1–3); á — Fe2+ (M1); â — Fe2+ (M3); ã — Fe2+ (M2)

Ðèñ. 4. Çàâèñèìîñòü èçìåíåíèÿ êîíöåíòðàöèè ðàçíîâàëåíòíûõ èîíîâ æåëåçà ïî ñòðóêòóðíûì ïîçèöèÿì Na-
àìôèáîëà (îáð. 3) îò äîçû îáëó÷åíèÿ: à — Fe3+ (M1–3); á — Fe2+ (M1); â — Fe2+ (M3)

ÈÑÑËÅÄÎÂÀÍÈÅ ÏÐÎÖÅÑÑÎÂ ÐÀÄÈÀÖÈÎÍÍÎÃÎ



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 148

Àíàëèç èçìåíåíèé â ßÃÐ-ñïåêòðàõ îáëó÷åííûõ àìôèáîëîâ (óìåíüøåíèå èíòåí-
ñèâíîñòåé äóáëåòîâ Fe2+ è ïîÿâëåíèå íîâûõ äóáëåòîâ ñ ïàðàìåòðàìè, õàðàêòåðíûìè
äëÿ Fe3+) ïîçâîëèë íàì óñòàíîâèòü [3, 7, 12, 13], ÷òî âçàèìîäåéñòâèå -èçëó÷åíèÿ ñî
ñòðóêòóðîé àìôèáîëîâ âîçáóæäàåò ðåàêöèè ðàäèàöèîííî-õèìè÷åñêîãî îêèñëåíèÿ
æåëåçà. Êèíåòèêà îêèñëåíèÿ Fe2+ ïî ñòðóêòóðíûì ïîçèöèÿì ÷åðìàêèòîâîé ðîãîâîé
îáìàíêè (îáð. 2) ïðåäñòàâëåíà íà ðèñ. 3. Ñïîñîáíîñòü êàòèîíîâ æåëåçà ê ðàäèàöèîí-
íîìó îêèñëåíèþ â íåýêâèâàëåíòíûõ ñòðóêòóðíûõ ïîëîæåíèÿõ (íà îäíó ïîçèöèþ), ñ
ó÷åòîì ðàíåå ïîëó÷åííûõ ðåçóëüòàòîâ [3, 7, 12, 13], ïîä÷èíÿåòñÿ çàâèñèìîñòè Fe3+ (M1)
= Fe3+ (M3) > Fe3+ (M2). Ïðåèìóùåñòâåííîå îêèñëåíèå Fe2+ â ïîçèöèÿõ, ñîäåðæàùèõ
â àíèîííîì îêðóæåíèè ÎÍ–-ãðóïïû, îáúÿñíÿåòñÿ âîçìîæíîñòüþ ëîêàëüíîé êîìïåí-
ñàöèè çàðÿäà çà ñ÷åò ðàcùåïëåíèÿ ÎÍ–-ñâÿçåé è óäàëåíèÿ èç àíèîííîãî êàðêàñà
ïðîòîíà. Èçìåíåíèÿ êîíöåíòðàöèè Fe2+ â ïîçèöèè Ì2 â ïðåäåëàõ îøèáîê èçìåðåíèÿ
íå îòìå÷åíî. Àíàëèç òàêèõ çàâèñèìîñòåé äëÿ ìàãíåçèàëüíîé è ýäåíèòîâîé ðîãîâûõ
îáìàíîê ïðîâåäåí íàìè â ïðåäûäóùèõ ðàáîòàõ [7, 12, 13].

Äóáëåòû ïîãëîùåíèÿ ðàäèàöèîííî îêèñëåííîãî æåëåçà îïèñûâàþòñÿ êâàäðó-
ïîëüíûìè ðàñùåïëåíèÿìè, ïðåâûøàþùèìè ïî çíà÷åíèÿì òàêîâûå äëÿ òåðìè÷åñêè
îêèñëåííûõ è ãåíåòè÷åñêè âíåäðåííûõ â ñòðóêòóðó â ïðîöåññå ìèíåðàëîîáðàçîâàíèÿ
èîíîâ Fe3+. Ðàçëè÷èÿ â ïàðàìåòðàõ ñâÿçàíû ñ íàâåäåíèåì â ñòðóêòóðå óñòîé÷èâûõ
ðàäèàöèîííûõ äåôåêòîâ, ïðîÿâëÿåìûõ â ãåîìåòðè÷åñêîì èñêàæåíèè êîîðäèíàöèîí-
íîãî îêðóæåíèÿ ðåçîíàíñíûõ èîíîâ è â íàðóøåíèè ýíåðãåòè÷åñêèõ ñâÿçåé â êðèñ-
òàëëàõ. Óâåëè÷åíèå ïîñëå îáëó÷åíèÿ êîíöåíòðàöèè ðàäèàöèîííî îêèñëåííîãî æåëå-
çà ñîïðîâîæäàåòñÿ óìåíüøåíèåì çíà÷åíèé  äóáëåòîâ Fe2+ (òàáë. 1).

Êèíåòèêà îêèñëåíèÿ æåëåçà â ñòðóêòóðíûõ ïîçèöèÿõ Ì1 è Ì3 îáð. 3, èäåíòèôè-
öèðîâàííîãî ïî ßÃÐ-ñïåêòðîñêîïè÷åñêèì õàðàêòåðèñòèêàì ðèáåêèòîì, ïîêàçàíà íà
ðèñ. 4. Ñîïîñòàâëåíèå ÷èñëåííûõ çíà÷åíèé ïëîùàäåé äóáëåòîâ Fe2+ (Ì1), Fe2+ (Ì3) è
òàíãåíñîâ óãëîâ íàêëîíà êèíåòè÷åñêèõ êðèâûõ îêèñëåíèÿ æåëåçà â íåýêâèâàëåíòíûõ
ïîçèöèÿõ, õàðàêòåðèçóþùèõ ñêîðîñòè ïðîöåññà, ïîçâîëÿåò ñäåëàòü âûâîä î ïðåèìó-
ùåñòâåííîì îêèñëåíèè æåëåçà â ïîçèöèè Ì1. Ýòîò ðåçóëüòàò îáúÿñíÿåòñÿ áóëüøèì
êîëè÷åñòâåííûì ïðåäñòàâèòåëüñòâîì â ñòðóêòóðå ïîçèöèè Ì1 ïî ñðàâíåíèþ ñ Ì3.
Àíàëîãè÷íî ðîãîâûì îáìàíêàì â ðèáåêèòàõ äóáëåòû ïîãëîùåíèÿ ðàäèàöèîííî îêèñ-

Òàáëèöà 2. Èçìåíåíèå ÏÝß Na-àìôèáîëà (îáð. 3) ïîñëå îáëó÷åíèÿ

Ï ð è ì å ÷ à í è å. Â ñêîáêàõ — îøèáêà èçìåðåíèÿ â ïîñëåäíèõ çíàêàõ, íàïðèìåð, 0,9693 (6) ñîîòâåòñòâóåò
0,9693 ± 0,0006. Èçìåðåíèÿ âûïîëíèë À. Ë. Ëèòâèí.

D, 108 Ãð a, íì b, íì c, íì , ãðàä V, íì3

0 0,9693 (6) 1,796 (1) 0,5309 (5) 103,56 (7) 0,8982
1,2 0,9704 (10) 1,795 (2) 0,5304 (8) 103,68 (11) 0,8977
2,8 0,9705 (8) 1,797 (1) 0,5310 (7) 103,64 (9) 0,8998
4,7 0,9703 (7) 1,798 (1) 0,5311 (5) 103,67 (8) 0,9004
5,7 0,9700 (9) 1,796 (1) 0,5315 (8) 103,59 (10) 0,9002
6,4 0,9706 (13) 1,795 (1) 0,5312 (11) 103,60 (15) 0,8998

Ðèñ. 5. Êèíåòèêà èçìåíåíèÿ îòíîñèòåëüíîãî ñîäåðæàíèÿ Fe3+ â ñòðóêòóðå îáëó÷åííîãî Ñà-àìôèáîëà (îáð. 2)
ïðè åãî èçîòåðìè÷åñêîì ïðîãðåâå. à – â — êðèâûå, îïèñûâàåìûå óðàâíåíèÿìè (3), (1) è (2) ñîîòâåòñòâåííî

Ðèñ. 6. Çàâèñèìîñòü îòíîñèòåëüíîãî ñîäåðæàíèÿ Fe3+ â ñòðóêòóðå Ñà-àìôèáîëà (îáð. 2) îò òåìïåðàòóðû ïðî-
ãðåâà. Êðóæêè íà îñè îðäèíàò — çíà÷åíèÿ äëÿ íåïðîãðåòûõ îáëó÷åííîãî (ââåðõó) è èñõîäíîãî (âíèçó)
îáðàçöîâ. Øòðèõîâàÿ ëèíèÿ — òåîðåòè÷åñêàÿ êðèâàÿ, ðàññ÷èòàííàÿ ïî óðàâíåíèþ (4)

ÈÂÀÍÈÖÊÈÉ Â. Ï. è äð.
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ëåííîãî æåëåçà õàðàêòåðèçóþòñÿ ïîâûøåííûìè çíà÷åíèÿìè .
Âëèÿíèå îáëó÷åíèÿ íà ñòðóêòóðó è ôèçèêî-õèìè÷åñêèå ñâîéñòâà àìôèáîëîâ. Îá-

ëó÷åíèå êàëüöèåâûõ àìôèáîëîâ âûçûâàåò àíèçîòðîïíîå èçìåíåíèå ïàðàìåòðîâ ýëå-
ìåíòàðíîé ÿ÷åéêè (ÏÝß) è èõ ôèçèêî-õèìè÷åñêèõ (îïòè÷åñêèõ, ìàãíèòíûõ, òåðìè-
÷åñêèõ,   ðåàêöèîííûõ)   ñâîéñòâ [6, 11–13]. Èçìåðåíèÿ ÏÝß ùåëî÷íîãî àìôèáîëà
(îáð. 3) ïîêàçûâàþò èõ ñòàáèëüíîñòü ïîñëå îáëó÷åíèÿ â ïðåäåëàõ îøèáêè èçìåðåíèÿ
(òàáë. 2). ÏÝß äàííîãî îáðàçöà, ââèäó åãî âîëîêíèñòîãî ñòðîåíèÿ, èçìåðÿëèñü íå íà
ìîíîêðèñòàëëàõ, à íà ïîðîøêàõ, ÷òî íåñêîëüêî óâåëè÷èâàëî îøèáêó èçìåðåíèé ïî
ñðàâíåíèþ ñ àíàëîãè÷íûìè îïðåäåëåíèÿìè äëÿ Ñà-àìôèáîëà [12].

Ðàíåå èññëåäîâàíèÿìè ïîñòðàäèàöèîííûõ ýôôåêòîâ â àìôèáîëàõ íàìè áûëà
ïîêàçàíà âîçìîæíîñòü âîññòàíîâëåíèÿ ðàäèàöèîííî-õèìè÷åñêè îêèñëåííîãî æåëåçà
ïóòåì ïðîãðåâà êðèñòàëëîâ êàê íà âîçäóõå, òàê è â íåéòðàëüíîé àòìîñôåðå [7, 12, 13].
Ñòåïåíü âîññòàíîâëåíèÿ æåëåçà ïðè òåðìîîáðàáîòêå îïðåäåëÿåòñÿ ñîñòàâîì àìôè-
áîëà è óñëîâèÿìè åãî ïðîãðåâà. Âîññòàíîâëåíèå æåëåçà ñîïðîâîæäàåòñÿ âîññòàíîâëå-
íèåì ôèçèêî-õèìè÷åñêèõ ñâîéñòâ êàê Ca-, òàê è Na-àìôèáîëîâ è ÏÝß êàëüöèåâûõ
ðàçíîñòåé. Ñïîñîáíîñòü ðàäèàöèîííî îêèñëåííîãî æåëåçà ê âîññòàíîâëåíèþ â ñòðóê-
òóðàõ àìôèáîëîâ îòðàæàåò îñîáåííîñòè ìåõàíèçìà åãî îêèñëåíèÿ è ìîæåò ñëóæèòü
òèïîìîðôíûì ïðèçíàêîì àìôèáîëîâ, ïîäâåðãíóòûõ âîçäåéñòâèþ îáëó÷åíèÿ.

Òåðìè÷åñêîå âîññòàíîâëåíèå ðàäèàöèîííî îêèñëåííîãî æåëåçà. Èññëåäîâàíèå òåð-
ìè÷åñêîé óñòîé÷èâîñòè ðàäèàöèîííî îêèñëåííîãî æåëåçà, ìåõàíèçìà åãî âîññòàíîâ-
ëåíèÿ, îïðåäåëåíèå òåìïåðàòóðíûõ ãðàíèö ïðîòåêàíèÿ äàííîãî ïðîöåññà àêòóàëüíî
ïðè îïèñàíèè ýâîëþöèîííûõ ïðåîáðàçîâàíèé ìèíåðàëîâ â çîíàõ ñîâìåñòíîãî âîç-
äåéñòâèÿ òåïëîâûõ è ðàäèàöèîííûõ ïîëåé, îïðåäåëåíèÿ âîçðàñòíûõ ïàðàìåòðîâ ðóä-
íûõ ïîëåé, à òàêæå äîç, íàêîïëåííûõ àññîöèèðóþùèìè ñ íèìè ìèíåðàëàìè, îöåíêè
òåìïåðàòóð íàëîæåííûõ ìåòàìîðôè÷åñêèõ ïðîöåññîâ. Çàäà÷à íàñòîÿùèõ èññëåäîâà-
íèé ïî òåðìè÷åñêîìó âîññòàíîâëåíèþ ðàäèàöèîííî îêèñëåííîãî æåëåçà — ðàñøè-
ðåíèå íîìåíêëàòóðû èññëåäîâàííûõ îáúåêòîâ, îïðåäåëåíèå ãðàíèö òåìïåðàòóðíîãî
äèàïàçîíà ïðîòåêàíèÿ ðàññìàòðèâàåìîãî ïðîöåññà, îïèñàíèå åãî ìåõàíèçìà. Â òàáë. 3
ïðèâåäåíû ðåçóëüòàòû èçìåðåíèé ìåòîäîì ßÃÐ-ñîîòíîøåíèÿ ìåæäó ñóììàðíûìè
êîíöåíòðàöèÿìè ðàçíîâàëåíòíûõ èîíîâ æåëåçà â ñòðóêòóðå îáëó÷åííîé (D = 6,4·108

Ãð) ÷åðìàêèòîâîé ðîãîâîé îáìàíêè, ïðîãðåòîé ïðè ðàçëè÷íûõ òåìïåðàòóðå è âðåìå-
íè âûäåðæåê.   Àíàëèç   ðåçóëüòàòîâ   ïîêàçûâàåò, ÷òî ïðîãðåâàíèå îáðàçöà ïðè 400–
450 °C â òå÷åíèå 0,2 ÷ ïðèâîäèò ïðàêòè÷åñêè ê ïîëíîìó âîññòàíîâëåíèþ ðàäèàöèîí-
íî îêèñëåííîãî æåëåçà. Ñóììàðíîå ñîäåðæàíèå Fe3+, ðàâíîå 44,5 % äëÿ íåïðîãðåòîãî
îáëó÷åííîãî îáðàçöà, óìåíüøèëîñü äî ~30 % äëÿ ïðîãðåòûõ ðàçíîñòåé, ÷òî âåñüìà
áëèçêî ê ñîäåðæàíèþ Fe3+ â èñõîäíîì íåîáëó÷åííîì îáðàçöå. Ïðîãðåâàíèå îáðàçöà

Òàáëèöà 3. Èçìåíåíèå ñîîòíîøåíèÿ ìåæäó ñóììàðíûìè ïëîùàäÿìè äóáëåòîâ Fe2+ è Fe3+

îáëó÷åííîé ÷åðìàêèòîâîé ðîãîâîé îáìàíêè (îáð. 2) ïîñëå åãî ïðîãðåâà

Ï ð è ì å ÷ à í è å. Çâåçäî÷êîé îáîçíà÷åí íåîáëó÷åííûé îáðàçåö.

T, °C t, ÷ S(Fe2+), %  = S(Fe3+)/S(Feîáù.)

Êîìíàòíàÿ* 0 72,1 0,279
Êîìíàòíàÿ 0 55,5 0,445

450 0,2 69,5 0,305
450 0,6 68,8 0,312
450 0,8 67,3 0,327
400 0,2 70,1 0,299
380 4 69,7 0,303
350 4 70,0 0,300
300 0,2 62,1 0,379
300 0,75 66,5 0,335
300 2 66,6 0,334
300 4 67,6 0,324
300 7 68,5 0,315
300 13 69,2 0,308
300 16 70,0 0,300
280 4 67,3 0,327
260 4 65,5 0,345
240 4 65,4 0,346
220 4 64,5 0,355
200 4 60,0 0,400
180 4 57,2 0,428

ÈÑÑËÅÄÎÂÀÍÈÅ ÏÐÎÖÅÑÑÎÂ ÐÀÄÈÀÖÈÎÍÍÎÃÎ
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ïðè 450 °C, à òàêæå óâåëè÷åíèå âðåìåíè îáðàáîòêè ïðè ýòîé òåìïåðàòóðå îáóñëîâëè-
âàþò áîëåå âûñîêîå ñîäåðæàíèå Fe3+, ÷òî, âåðîÿòíî, ñâÿçàíî ñ âîçáóæäåíèåì â ñèñòåìå
ðåàêöèé òåðìè÷åñêîãî îêèñëåíèÿ ïàðàëëåëüíî ñ ðåàêöèÿìè âîññòàíîâëåíèÿ ðàäèà-
öèîííî îêèñëåííîãî æåëåçà. Âêëàä ðåàêöèé òåðìè÷åñêîãî îêèñëåíèÿ â èçìåíåíèå
ñîäåðæàíèÿ Fe3+ ïðè óêàçàííûõ óñëîâèÿõ ïðîãðåâà ìîæåò ñîñòàâëÿòü ~2–3 %. Áëèç-
êèå êîíöåíòðàöèè Fe3+ ïîëó÷åíû è â ñëó÷àå áîëåå íèçêèõ òåìïåðàòóð (380, 350 °C), íî
áîëüøåãî âðåìåíè (4 ÷) îáðàáîòêè.

Êèíåòèêà âîññòàíîâëåíèÿ ðàäèàöèîííî îêèñëåííîãî æåëåçà ïðè èçîòåðìè÷åñ-
êîé îáðàáîòêå (300 °C) ÷åðìàêèòîâîé ðîãîâîé îáìàíêè ïîêàçàíà íà ðèñ. 5. Èçëîì íà
êðèâîé óêàçûâàåò íà íåîäíîðîäíûé õàðàêòåð ïðîöåññà. Ýêñïåðèìåíòàëüíàÿ çàâèñè-
ìîñòü îòíîñèòåëüíîãî ñîäåðæàíèÿ Fe3+ â îáðàçöå ( = Fe3+/Feîáù) îò âðåìåíè ïðî-
ãðåâà (t) ïðåäñòàâëåíà íàìè ôóíêöèåé ðåãðåññèè, ÿâëÿþùåéñÿ êîìáèíàöèåé äâóõ
ýêñïîíåíò

1 (t) = a exp (– bt) ,                                                       (1)

2 (t) = c exp (– dt)                                                        (2)

è íåêîòîðîé ïîñòîÿííîé g:

ñóì = g + a exp (– bt) + c exp (– dt).                                        (3)

Ëèíèÿ ðåãðåññèè ïðîõîäèò ÷åðåç ñîâîêóïíîñòü ýêñïåðèìåíòàëüíûõ òî÷åê ñ ìè-
íèìàëüíûì ñðåäíåêâàäðàòè÷åñêèì îòêëîíåíèåì (êðèâàÿ à) ïðè ñëåäóþùèõ çíà÷å-
íèÿõ ïàðàìåòðîâ ôóíêöèè: a = 0,057, b = 0,062 ñ–1, c = 0,108, d = 4,737 ñ–1 è g = 0,28.
Ïîëîãèé ó÷àñòîê êðèâîé õîðîøî îïèñûâàåòñÿ ôóíêöèåé (1) — êðèâàÿ á, à íà÷àëüíûé
ñïàä — ôóíêöèåé (2), êðèâàÿ â. Ýêñïåðèìåíòàëüíûå è òåîðåòè÷åñêèå çíà÷åíèÿ , ðàñ-
ñ÷èòàííûå ïî óðàâíåíèÿì 1–3, ïðèâåäåíû â òàáë. 4. Ðåçêèé íà÷àëüíûé ñïàä êðèâîé
ïðè âðåìåíè ïðîãðåâà äî 0,75 ÷ ìîæåò áûòü ñâÿçàí ñ âêëàäîì â ïðîöåññ ôðàãìåíòîâ
ñòðóêòóðû êðèñòàëëîâ, îáëàäàþùèõ ìèíèìàëüíîé ýíåðãèåé àêòèâàöèè ðåàêöèé âîñ-
ñòàíîâëåíèÿ æåëåçà. Ýòè ôðàãìåíòû, ñêîðåå âñåãî, ìîãóò áûòü ñâÿçàíû ñ ðàäèàöèîí-
íîé è ìåõàíè÷åñêîé äèñïåðãàöèåé ïîâåðõíîñòè êðèñòàëëîâ. Ñ óâåëè÷åíèåì âðåìåíè
îáðàáîòêè â ïðîöåññ âîâëåêàþòñÿ ãëóáèííûå ñòðóêòóðíûå êàòèîíû Fe3+ êðèñòàëëîâ
ñ áîëåå âûñîêîé ýíåðãèåé àêòèâàöèè ðåàêöèé âîññòàíîâëåíèÿ, ÷òî îáóñëîâëèâàåò
áîëåå ïëàâíûé ñïàä êèíåòè÷åñêîé êðèâîé. Ìèíèìàëüíûå çíà÷åíèÿ 1 = 0,28, îòâå÷à-
þùèå êðèâîé â, ñîãëàñóþòñÿ ñî çíà÷åíèåì  = 0,279, ñâîéñòâåííûì èñõîäíîìó íå-
îáëó÷åííîìó îáð. 2. Ýòî óêàçûâàåò íà ïðàâèëüíûé âûáîð ìîäåëè îáðàáîòêè ýêñïåðè-
ìåíòàëüíûõ ðåçóëüòàòîâ. Áîëåå âûñîêèå çíà÷åíèÿ ýêñ, ïî ñðàâíåíèþ ñ òàêîâûìè äëÿ
èñõîäíîãî îáðàçöà, ìîãóò áûòü îáúÿñíåíû âîçáóæäåíèåì â ñèñòåìå ïàðàëëåëüíî ðå-
àêöèÿì âîññòàíîâëåíèÿ æåëåçà ðåàêöèé åãî îêèñëåíèÿ. Êàê ñëåäñòâèå ýòîãî, ñóììàð-
íàÿ ôóíêöèÿ â îáëàñòè ìàêñèìàëüíûõ çíà÷åíèé t íå äîñòèãàåò çíà÷åíèÿ , õàðàêòåð-
íîãî äëÿ èñõîäíîãî îáðàçöà. Ýòî ðàñõîæäåíèå ñîñòàâëÿåò ~2 %.

Ðåçóëüòàòû èçìåíåíèÿ  ïîñëå èçîõðîííîãî ïðîãðåâà îáëó÷åííîãî îáðàçöà ïðåä-
ñòàâëåíû íà ðèñ. 6. Ýêñïåðèìåíòàëüíàÿ çàâèñèìîñòü ïðåäñòàâëåíà íàìè ñ ïîìîùüþ
ôóíêöèè ðåãðåññèè

= a + b exp (– cT) ,                                                            (4)

ãäå êîíñòàíòû a = 0,296, b = 1,968 è c = 0,015 °Ñ-1. Ýêñòðàïîëÿöèÿ êðèâîé â ñòîðîíó
áîëåå íèçêèõ òåìïåðàòóð äî óðîâíÿ  = 0,445, õàðàêòåðíîãî äëÿ îáëó÷åííîãî íåïðîã-
ðåòîãî îáðàçöà, ïîçâîëÿåò îöåíèòü ìàêñèìàëüíóþ òåìïåðàòóðó óñòîé÷èâîñòè ðàäèà-
öèîííî îêèñëåííîãî æåëåçà (172 °C), ïðè ïðåâûøåíèè êîòîðîé óæå âîçáóæäàþòñÿ
ðåàêöèè âîññòàíîâëåíèÿ. Ïðåäïîëîæèòåëüíî, ýêñòðàïîëÿöèÿ êðèâîé â ñòîðîíó áîëåå
âûñîêèõ òåìïåðàòóð äî óðîâíÿ  = 0,279, õàðàêòåðíîãî äëÿ èñõîäíîãî îáðàçöà, äîëæíà

Òàáëèöà 4. Èçìåíåíèå ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ çíà÷åíèé  ïðè èçîòåðìè÷åñêîì
ïðîãðåâå îáëó÷åííîé ÷åðìàêèòîâîé ðîãîâîé îáìàíêè (îáð. 2)

t, ÷ ýêñ ñóì 1 2

0 0,445 0,445 0,337 0,388
0,2 0,379 0,378 0,336 0,322
0,75 0,335 0,338 0,334 0,283
2 0,334 0,33 0,33 0,28
4 0,324 0,324 0,324 0,28
7 0,315 0,317 0,317 0,28
13 0,308 0,305 0,305 0,28
16 0,300 0,301 0,301 0,28
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áûëà áû ïîçâîëèòü îïðåäåëèòü òåìïåðàòóðó, ïðîãðåâ
îáðàçöà ïðè êîòîðîé â òå÷åíèå 4 ÷ ïîëíîñòüþ âîñ-
ñòàíàâëèâàë áû ðàäèàöèîííî îêèñëåííîå æåëåçî.
Îäíàêî, êàê ñëåäóåò èç óðàâíåíèÿ (4), òåîðåòè÷åñêèå
çíà÷åíèÿ  íå ìîãóò äîñòèãíóòü óðîâíÿ èñõîäíîãî
îáðàçöà. Ýòî ðàñõîæäåíèå ñîñòàâëÿåò ~2 % è ñâÿçà-
íî ñ âîçáóæäåíèåì â ñèñòåìå âñòðå÷íûõ âîññòàíîâ-
ëåíèþ æåëåçà ðåàêöèé åãî îêèñëåíèÿ.

Ïðîãðåâ Na-àìôèáîëà (îáð. 3) ïðè 275 è 325 °C
â òå÷åíèå 1 ÷ ïðèâåë ïðàêòè÷åñêè ê ïîëíîìó âîññòàíîâëåíèþ ðàäèàöèîííî îêèñëåí-
íîãî æåëåçà. Ýòîò ôàêò óêàçûâàåò íà åãî ïîâûøåííóþ âîñïðèèì÷èâîñòü ê òåðìè÷åñ-
êèì âîçäåéñòâèÿì â ñòðóêòóðå Na-àìôèáîëà, ïî ñðàâíåíèþ ñ òàêîâûì â Ñà-àìôèáî-
ëàõ.

Ïîëó÷åííûå ðåçóëüòàòû ïî òåìïåðàòóðå óñòîé÷èâîñòè ðàäèàöèîííî îêèñëåííî-
ãî æåëåçà è ãðàíè÷íîãî åãî âîññòàíîâëåíèÿ ìîãóò ðàññìàòðèâàòüñÿ êàê ìåòîäè÷åñêèå
ðåêîìåíäàöèè ïðè îïðåäåëåíèè êîíöåíòðàöèè ðàäèàöèîííî îêèñëåííîãî æåëåçà â
àìôèáîëàõ, ïîäâåðæåííûõ âîçäåéñòâèþ ðàäèàöèîííûõ ïîëåé, ïðè îïèñàíèè âëèÿíèÿ
ìåòàìîðôè÷åñêèõ ïðîöåññîâ íà îêîëîðóäíûå èçìåíåíèÿ, îïðåäåëåíèè äîç, íàáðàí-
íûõ àññîöèèðóþùèìè ìèíåðàëàìè è îöåíêå âîçðàñòà ðóäíûõ ìåñòîðîæäåíèé.

Êèíåòèêà ðàäèàöèîííîãî îêèñëåíèÿ æåëåçà â ñòðóêòóðå àìôèáîëîâ. Óñòàíîâëåíèå
àíàëèòè÷åñêèõ âûðàæåíèé çàâèñèìîñòè ðàäèàöèîííûõ ïîðàæåíèé ñòðóêòóðû îò äîç
îáëó÷åíèÿ íà ìîäåëüíûõ ñèñòåìàõ ïðåäñòàâëÿåò ïðàêòè÷åñêèé èíòåðåñ äëÿ äîëãî-
ñðî÷íîãî ïðîãíîçèðîâàíèÿ ïîâåäåíèÿ ìèíåðàëîâ è ãîðíûõ ïîðîä â óñëîâèÿõ âîçäåé-
ñòâèÿ êàê ýêñïåðèìåíòàëüíûõ, òàê è ïðèðîäíûõ ðàäèàöèîííûõ ïîëåé, à òàêæå äëÿ
àíàëèçà ñîïóòñòâóþùèõ ãåîõèìè÷åñêèõ ïðîöåññîâ. Â îñíîâó êèíåòè÷åñêèõ ïîñòðîå-
íèé ïðè âûâîäå àíàëèòè÷åñêèõ âûðàæåíèé çàâèñèìîñòè ñòåïåíè ðàäèàöèîííîãî îêèñ-
ëåíèÿ æåëåçà â àìôèáîëàõ ïîñëóæèëè ðåçóëüòàòû ßÃÐ-ñïåêòðîñêîïè÷åñêèõ îïðåäå-
ëåíèé ñîäåðæàíèÿ ðàçíîâàëåíòíîãî æåëåçà ïîñëå îáëó÷åíèÿ îáðàçöîâ ôèêñèðîâàí-
íûìè  äîçàìè. Âðåìÿ îáëó÷åíèÿ îïðåäåëÿëîñü ñîãëàñíî èçâåñòíîìó ñîîòíîøåíèþ t =
= D/P, ãäå D è P — äîçà è ìîùíîñòü îáëó÷åíèÿ ñîîòâåòñòâåííî. Ïðè àíàëèçå âçàèìî-
äåéñòâèÿ ðàäèàöèîííîé ýíåðãèè ñ êðèñòàëëè÷åñêîé ðåøåòêîé àìôèáîëîâ ìû èñ-

Ðèñ. 7. Çàâèñèìîñòü îòíîñèòåëüíîãî ñîäåðæàíèÿ Fe3+ â ñòðóêòóðàõ
àìôèáîëîâ îò âðåìåíè èõ îáëó÷åíèÿ: à – â — äëÿ îáðàçöîâ 3, 1, 2
ñîîòâåòñòâåííî. Ñïëîøíûå ëèíèè — òåîðåòè÷åñêèå êðèâûå, ðàñ-
ñ÷èòàííûå ïî óðàâíåíèþ (8)

Òàáëèöà 5. Çàâèñèìîñòü êèíåòè÷åñêèõ ïàðàìåòðîâ ðåàêöèé ðàäèàöèîííîãî îêèñëåíèÿ æåëåçà â
ñòðóêòóðå àìôèáîëîâ îò äîçû îáëó÷åíèÿ

Ï ð è ì å ÷ à í è å. Çâåçäî÷êîé îáîçíà÷åí âàðèàíò ðàñ÷åòà, êîãäà âñå âû÷èñëåííûå çíà÷åíèÿ ïàðàìåòðîâ èìåþò
ñìûñë ïðè íè÷òîæíî ìàëûõ äîçàõ è âðåìåíè îáëó÷åíèÿ, êîãäà D  0 è t  0, à ýêñ îòðàæàåò ñîîòíîøåíèå
ðàçíîâàëåíòíûõ èîíîâ Fe, çàëîæåííîå â ñòðóêòóðå íåîáëó÷åííûõ ìèíåðàëîâ.

D, 108 Ãð Íîìåð
îáðàçöà

ýêñ òåîð V, 10–8 ñ–1 G, 1014 èîí/Äæ E, 103 ýÂ/èîí

0* 1 0,303 0,303 7,23 30,05 2,07
2 0,279 0,279 4,49 17,25 3,62
3 0,618 0,618 3,19 25,40 2,96

1,2 1 0,564 0,532 2,51 10,48 5,96
2 0,377 0,367 1,16 7,99 7,82
3 0,721 0,723 1,17 9,32 6,71

2,8 1 0,629 0,625 0,62 2,57 24,37
2 0,420 0,420 0,41 2,86 21,85
3 0,768 0,768 0,31 2,45 25,55

4,7 1 0,641 0,649 0,12 0,48 129,66
2 0,432 0,439 0,12 0,85 73,95
3 0,770 0,780 0,06 0,50 125,00

5,7 1 0,650 0,652 0,05 0,20 312,54
2 0,444 0,444 0,06 0,45 140,48
3 0,778 0,782 0,03 0,22 288,30

6,4 1 0,654 0,654 0,03 0,10 625,00
2 0,445 0,445 0,04 0,28 220,14
3 0,782 0,783 0,02 0,13 489,60
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ïîëüçîâàëè ïðèìåíåííûå íàìè ðàíåå ïîäõîäû, ìîäåëèðîâàâøèå çàâèñèìîñòü îòíî-
ñèòåëüíîãî êîëè÷åñòâà îêèñëåííîãî æåëåçà () îò âðåìåíè îáëó÷åíèÿ äëÿ ñèíòåòè-
÷åñêîãî ìåëàíòåðèòà [1]. ßâëåíèå èçìåíåíèÿ âàëåíòíîãî ñîñòîÿíèÿ êàòèîíîâ æåëåçà
ìû ðàññìàòðèâàëè êàê ðåçóëüòàò ïàðàëëåëüíîãî ïðîòåêàíèÿ â îáëó÷àåìîé ñèñòåìå
êîíêóðèðóþùèõ âî âðåìåíè ïðîöåññîâ îêèñëåíèÿ è âîññòàíîâëåíèÿ. ò. å. â ñèñòåìå
ðåàëèçóåòñÿ îáðàòèìàÿ ðåàêöèÿ

[Fe2+] k

k

2

1
 [Fe3+] ,                                                  (5)

ãäå k1 è k2 — êîíñòàíòû ñêîðîñòè îêèñëåíèÿ è âîññòàíîâëåíèÿ ñîîòâåòñòâåííî.
Ïðåäñòàâèì ñêîðîñòü èçìåíåíèÿ êîíöåíòðàöèè Fe2+, èñõîäÿ èç ýòîé ïðåäïîñûë-

êè:

d[Fe2+]/dt = k1[Fe2+] + k2[Fe3+] .                                                       (6)

Ïðîèíòåãðèðîâàâ óðàâíåíèå (6) ñ ó÷åòîì íà÷àëüíûõ óñëîâèé è äîïóùåíèé, ÷òî ïðè
áåñêîíå÷íîì îáëó÷åíèè (t  )

d[Fe2+]/dt  0 , ò.å. k1[Fe2+] = k2[Fe3+] ,                                               (7)

ïîëó÷èì

 =  – [–0] exp [– (k1 + k2)t] .                                                   (8)

Çäåñü  = [Fe3+]/Feîáù — îòíîñèòåëüíîå êîëè÷åñòâî Fe3+ ïðè t , à 0 =
=[Fe3+]0/Feîáù — îòíîñèòåëüíîå êîëè÷åñòâî Fe3+ äî îáëó÷åíèÿ. Ýêñïåðèìåíòàëüíûå
è âû÷èñëåííûå ïî ôîðìóëå (8) çíà÷åíèÿ  äëÿ èññëåäîâàííûõ àìôèáîëîâ ïðèâåäå-
íû â òàáë. 5 è ïîêàçàíû íà ðèñ. 7. Çíà÷åíèÿ  è k1 + k2, ïðè êîòîðûõ ôóíêöèÿ (8)
íàèëó÷øèì îáðàçîì îïèñûâàåò ýêñïåðèìåíòàëüíûå äàííûå äëÿ èññëåäîâàííûõ îá-
ðàçöîâ, à òàêæå ðåçóëüòàòû âû÷èñëåíèÿ k1 è k2 ñîãëàñíî óðàâíåíèþ

 = [Fe3+]/Feîáù = k1/k1+ k2                                                                 (9)

ïðèâåäåíû â òàáë. 6.
Íàáëþäàåòñÿ ñîîòâåòñòâèå ìåæäó òåîðåòè÷åñêèìè è ýêñïåðèìåíòàëüíûìè çíà-

÷åíèÿìè. Ïîýòîìó ìîæíî óòâåðæäàòü, ÷òî âûáðàííàÿ ìîäåëü ïðèìåíèìà äëÿ àíàëè-
çà êèíåòèêè ðàäèàöèîííîãî îêèñëåíèÿ æåëåçà â àìôèáîëàõ. Ñîïîñòàâëåíèå êîíñòàíò
ñêîðîñòè îêèñëåíèÿ æåëåçà óêàçûâàåò íà èõ ñóùåñòâåííûå ðàçëè÷èÿ äëÿ èññëåäîâàí-
íûõ àìôèáîëîâ. Óìåíüøåíèå k1 â ðÿäó ðàññìîòðåííûõ îáðàçöîâ k1 (îáð. 1) > k1 (îáð.
3) > k1 (îáð. 2) ñâèäåòåëüñòâóåò î ñíèæåíèè âîñïðèèì÷èâîñòè êàòèîíîâ Fe2+ ê ðàäè-
àöèîííîìó îêèñëåíèþ â äàííîì ðÿäó. Ýòîò ôàêò ìîæíî îáúÿñíèòü ñîñòàâîì àìôèáî-
ëîâ, â ÷àñòíîñòè íàëè÷èåì â ñòðóêòóðå ýëåìåíòîâ, àêòèâíî ó÷àñòâóþùèõ â îêèñëè-
òåëüíî-âîññòàíîâèòåëüíûõ ïðîöåññàõ è â êîìïåíñàöèè èçìåíÿþùåãîñÿ çàðÿäîâîãî
ðàâíîâåñèÿ ðåøåòêè (Fe2+, Fe3+, OÍ–), à òàêæå êîìïîíåíòîâ, òîðìîçÿùèõ ðàçâèòèå
ïðîöåññîâ, — ýëåìåíòîâ ñ ïîñòîÿííîé âàëåíòíîñòüþ â êàòèîííîé (Mg) è àíèîííîé
ïîäðåøåòêàõ (F, Cl).

Ñêîðîñòü (V) èçìåíåíèÿ îòíîñèòåëüíîãî êîëè÷åñòâà Fe3+ â çàâèñèìîñòè îò âðå-
ìåíè îáëó÷åíèÿ îïðåäåëÿëè, èñõîäÿ èç èçâåñòíîãî ÿâíîãî âèäà ôóíêöèè  (t):

V = d/dt = (k1 + k2) [ – 0] exp [– (k1+k2)t] .                               (10)

Ñêîðîñòü èçìåíåíèÿ îòíîñèòåëüíîãî êîëè÷åñòâà Fe3+ ïîä÷èíÿåòñÿ ðÿäó, ïðèâåäåííî-
ìó äëÿ k1. Çíàÿ êîëè÷åñòâî èîíîâ Fe â 1 êã âåùåñòâà (N) è ñêîðîñòü èçìåíåíèÿ
îòíîñèòåëüíîãî êîëè÷åñòâà Fe3+, ìîæíî îïðåäåëèòü êàêîå êîëè÷åñòâî Fe3+ îáðàçóåò-
ñÿ çà 1 ñ:

n = N · d/dt = NV ,                                                                    (11)

èëè êàêîå êîëè÷åñòâî Fe3+ (G) îáðàçóåòñÿ ïðè âîçäåéñòâèè åäèíèöû ýíåðãèè èçëó-
÷åíèÿ íà îáðàçåö:

G = N/P · d/dt = NV/P ,                                                              (12)

ãäå P — ìîùíîñòü äîçû èçëó÷åíèÿ, à âû÷èñëåííûå çíà÷åíèÿ N äëÿ îáðàçöîâ 1–3

Òàáëèöà 6. Çíà÷åíèÿ êîíñòàíò ñêîðîñòåé îêèñëåíèÿ è âîññòàíîâëåíèÿ æåëåçà â àìôèáîëàõ

Íîìåð îáðàçöà  (k1 + k2), 10–7 ñ–1 k1, 10–7 ñ–1 k2, 10–7 ñ–1

1 0,66 2,02 1,32 0,698
2 0,448 1,476 0,661 0,815
3 0,784 1,922 1,066 0,856
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ñîîòâåòñòâåííî ñîñòàâèëè 9,593898·1023; 1,5908634·1024 è 18,30532·1023 1/êã.
Ýíåðãèÿ ïîëÿ, çàòðà÷èâàåìàÿ íà óâåëè÷åíèå êîëè÷åñòâà èîíîâ Fe3+ íà åäèíèöó,

ðàññ÷èòûâàëàñü êàê

E = 1/G = P/NV .                                                                          (13)

×èñëåííûå çíà÷åíèÿ G è E (òàáë. 5) óêàçûâàþò íà íèçêóþ ýôôåêòèâíîñòü ýíåð-
ãèè -èçëó÷åíèÿ â îêèñëåíèè ñòðóêòóðíîãî æåëåçà àìôèáîëîâ. Ðàñõîäóåìàÿ ýíåðãèÿ
íåñîïîñòàâèìî  âûøå ýíåðãèè èîíèçàöèè êàòèîíîâ Fe2+ è äèññîöèàöèè àíèîíîâ
OH–, ó÷àñòâóþùèõ â ýëåìåíòàðíîì àêòå îêèñëåíèÿ è ïîääåðæèâàþùèõ çàðÿäîâîå
ðàâíîâåñèå ðåøåòêè:

Fe2+ + OH– 


 Fe3+ + e– + O2– + H+  Fe3+ + O2– + H0 .                      (14)

Ïóòè ðàñõîäîâàíèÿ çàòðà÷èâàåìîé ýíåðãèè ìíîãîîáðàçíû [1].
Òàêèì îáðàçîì, àíàëèòè÷åñêèå âûðàæåíèÿ èçó÷àåìûõ ïðîöåññîâ ïîçâîëÿþò "çàã-

ëÿíóòü" íå òîëüêî â èñòîðèþ ïðåîáðàçîâàíèÿ ìèíåðàëîâ è ãîðíûõ ïîðîä â çîíàõ âîç-
äåéñòâèÿ ðàäèàöèîííûõ ïîëåé (îïðåäåëåíèå íàêîïëåííûõ äîç è âðåìåíè îáëó÷åíèÿ),
íî è â áóäóùåå ýòèõ ñèñòåì (ïðîãíîçèðîâàòü ðàäèàöèîííóþ ñòîéêîñòü, îöåíèâàòü àñ-
ïåêòû ïîâåäåíèÿ ñèñòåì â ðàçëè÷íûõ óñëîâèÿõ).

Âûâîäû. Ïðîâåäåíî èññëåäîâàíèå ïðîöåññîâ ðàäèàöèîííî-õèìè÷åñêîãî îêèñëå-
íèÿ æåëåçà â ñòðóêòóðàõ äâóõ Ñà-àìôèáîëîâ ðàçíîãî ñîñòàâà è îäíîãî Na-àìôèáîëà.
Ïîëó÷åíû çàâèñèìîñòè ñòåïåíè îêèñëåíèÿ æåëåçà ïî ñòðóêòóðíûì ïîçèöèÿì îò äîçû
îáëó÷åíèÿ. Âûñòðîåí ðÿä, õàðàêòåðèçóþùèé ñïîñîáíîñòü æåëåçà â íåýêâèâàëåíòíûõ ñòðóê-
òóðíûõ ïîçèöèÿõ ê ðàäèàöèîííîìó îêèñëåíèþ Fe3+ (M1)  Fe3+ (M3) > Fe3+(M2).  Ïðå-
èìóùåñòâåííîå îêèñëåíèå æåëåçà â ïîçèöèÿõ Ì1 è Ì3 îáúÿñíÿåòñÿ ìåõàíèçìîì ýòîãî
ïðîöåññà è îñîáåííîñòÿìè ñòðóêòóðû — íîìåíêëàòóðîé êîîðäèíàöèîííîãî îêðóæåíèÿ
êàòèîíîâ. Îáúÿñíåí ýôôåêò óâåëè÷åíèÿ êâàäðóïîëüíûõ ðàñùåïëåíèé äóáëåòîâ ïîãëî-
ùåíèÿ ðàäèàöèîííî îêèñëåííîãî æåëåçà â ßÃÐ-ñïåêòðàõ àìôèáîëîâ. Ðàññìîòðåíî âëè-
ÿíèå îáëó÷åíèÿ è ïîñëåäóþùåãî îòæèãà íà ôèçèêî-õèìè÷åñêèå ñâîéñòâà àìôèáîëîâ.

Èññëåäîâàíû ïðîöåññû âîññòàíîâëåíèÿ ðàäèàöèîííî îêèñëåííîãî æåëåçà ïðè òåð-
ìè÷åñêîé îáðàáîòêå îáðàçöîâ. Âûâåäåíû àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ îïèñàíèÿ êè-
íåòèêè âîññòàíîâëåíèÿ æåëåçà ïðè èçîòåðìè÷åñêîé îáðàáîòêå Ñà-àìôèáîëà. Ñëîæíûé
äâóõñòàäèéíûé õàðàêòåð êèíåòè÷åñêîé çàâèñèìîñòè ìîæíî îáúÿñíèòü ïðåäïîëîæåíè-
åì î ðàçíûõ ýíåðãèÿõ àêòèâàöèè ïðîöåññîâ âîññòàíîâëåíèÿ ïî îáúåìó êðèñòàëëîâ. Ðå-
çóëüòàòû èçìåíåíèÿ îòíîñèòåëüíîãî ñîäåðæàíèÿ Fe3+ ïðè èçîõðîííîì ïðîãðåâå Ñà-
àìôèáîëà äî 450 °C ïðåäñòàâëåíû ýêñïîíåíöèàëüíîé çàâèñèìîñòüþ, ïîçâîëÿþùåé îï-
ðåäåëèòü ãðàíè÷íóþ òåìïåðàòóðó óñòîé÷èâîñòè ðàäèàöèîííî îêèñëåííîãî æåëåçà è
ïðåäåëû åãî âîññòàíîâëåíèÿ. Ýòè äàííûå ìîãóò áûòü èñïîëüçîâàíû â êà÷åñòâå ìåòîäè-
÷åñêèõ ðåêîìåíäàöèé ïðè îïðåäåëåíèè êîíöåíòðàöèè ðàäèàöèîííî îêèñëåííîãî æå-
ëåçà â àìôèáîëàõ, ïîäâåðæåííûõ âîçäåéñòâèþ ðàäèàöèîííûõ ïîëåé, ïðè îïèñàíèè âëè-
ÿíèÿ ìåòàìîðôè÷åñêèõ ïðîöåññîâ íà îêîëîðóäíûå èçìåíåíèÿ, îöåíêå âîçðàñòà ðóäíûõ
ìåñòîðîæäåíèé è îïðåäåëåíèè äîç, íàáðàííûõ àññîöèèðóþùèìè ìèíåðàëàìè.

Ïîêàçàíî âëèÿíèå ñòðóêòóðíûõ îñîáåííîñòåé àìôèáîëîâ íà èõ ðàäèàöèîííóþ
ñòîéêîñòü. Óñòàíîâëåí ýôôåêò ïîâûøåííîé âîñïðèèì÷èâîñòè ðàäèàöèîííî îêèñëåí-
íîãî æåëåçà â ñòðóêòóðå Na-àìôèáîëà ê òåðìè÷åñêèì âîçäåéñòâèÿì, ïî ñðàâíåíèþ ñ
òàêîâûìè â Ñà-àìôèáîëàõ (ïðè ðàâíûõ òåìïåðàòóðíûõ ïàðàìåòðàõ óðîâåíü âîññòàíîâ-
ëåíèÿ æåëåçà â Na-àìôèáîëå âûøå, ÷åì â êàëüöèåâîé ðàçíîñòè).

Ïîêàçàíî,  ÷òî  ïðè   îáëó÷åíèè  äî n·108 Ãð è ïîñëåäóþùåì íàãðåâàíèè äî 400 °C
â àìôèáîëàõ ïðàêòè÷åñêè íå ïðîèñõîäèò íåîáðàòèìûõ èçìåíåíèé ôèçèêî-õèìè÷åñêèõ
ñâîéñòâ, ÷òî ìîæåò ñëóæèòü êðèòåðèåì ïðè âûáîðå ìàòåðèàëîâ çàùèòíûõ ñîîðóæåíèé.

Âûâåäåíî êèíåòè÷åñêîå óðàâíåíèå, êîòîðîå îïèñûâàåò ïðîöåññ ðàäèàöèîííî-õè-
ìè÷åñêîãî èçìåíåíèÿ âàëåíòíîãî ñîñòîÿíèÿ êàòèîíîâ æåëåçà êàê ðåçóëüòàò ïðîòåêà-
íèÿ êîíêóðèðóþùèõ âî âðåìåíè ðåàêöèé îêèñëåíèÿ è âîññòàíîâëåíèÿ. Îïðåäåëåíû
êîíñòàíòû ñêîðîñòè ðåàêöèé îêèñëåíèÿ è âîññòàíîâëåíèÿ æåëåçà â ñòðóêòóðàõ èçó÷åí-
íûõ àìôèáîëîâ è íà èõ îñíîâå ðàññ÷èòàíî êîëè÷åñòâî èîíîâ Fe3+, îáðàçóåìûõ ïðè
ïîãëîùåíèè 1 Äæ ýíåðãèè -èçëó÷åíèÿ, à òàêæå çíà÷åíèÿ ýíåðãèè, ðàñõîäóåìîé íà óâå-
ëè÷åíèå êîëè÷åñòâà îêèñëåííûõ èîíîâ íà åäèíèöó. Ðåçóëüòàòû êèíåòè÷åñêèõ ïîñò-
ðîåíèé âíîñÿò âêëàä â ñîçäàíèå ìåõàíèçìà ðàäèàöèîííûõ ïðåîáðàçîâàíèé àìôèáî-
ëîâ è ìîãóò áûòü èñïîëüçîâàíû äëÿ äîëãîñðî÷íîãî ïðîãíîçèðîâàíèÿ èõ ðàäèàöèîí-
íîé ñòîéêîñòè êàê êîìïîíåíòîâ ñòðîèòåëüíûõ ìàòåðèàëîâ çàùèòíûõ ñîîðóæåíèé,
ïðè èíòåðïðåòàöèè ýïèãåíåòè÷åñêèõ ïðåîáðàçîâàíèé ìèíåðàëîâ â ðàäèàöèîííûõ
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ïîëÿõ è îïðåäåëåíèè ïîãëîùåííûõ èìè äîç, à òàêæå ïðè îöåíêå âîçðàñòà ðóäíûõ
ìåñòîðîæäåíèé.
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ÍÀÍ Óêðàèíû, Êèåâ
Ãîñ. íàó÷. öåíòð ðàäèîãåîõèìèè îêðóæàþùåé ñðåäû
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ÐÅÇÞÌÅ. Ìåòîäîì ßÃÐ-ñïåêòðîñêîï³¿ âèâ÷åíî ïðîöåñè ðàä³àö³éíîãî îêèñëåííÿ çàë³çà òà éîãî òåðì³÷íîãî
â³äíîâëåííÿ â ñòðóêòóðàõ Ñà- ³ Na-àìô³áîë³â. Âèâåäåíî ê³íåòè÷íå ð³âíÿííÿ çàëåæíîñò³ â³äíîñíî¿ ê³ëüêîñò³
îêèñëåíîãî çàë³çà â³ä ÷àñó (äîçè) îïðîì³íåííÿ ç óðàõóâàííÿì êîíêóðóþ÷èõ ï³ä ä³ºþ ãàììà-ïîëÿ ðåàêö³é
îêèñëåííÿ ³ â³äíîâëåííÿ. Âèðàõîâàíî êîíñòàíòè øâèäêîñòåé â³äïîâ³äíèõ ðåàêö³é, ê³ëüê³ñòü ³îí³â Fe3+, óòâîðþ-
âàíèõ ïðè ïîãëèíàíí³ 1 Äæ åíåðã³¿ âèïðîì³íþâàííÿ, à òàêîæ åíåðã³¿, âèòðà÷åíî¿ íà óòâîðåííÿ îäíîãî ³îíà
Fe3+ ó ñòðóêòóðàõ äîñë³äæåíèõ àìô³áîë³â.

SUMMARY. Processes of the radiation oxidation of iron and its thermal reduction in structures of Ca- and Na-
amphiboles were investigated by NGR-spectroscopy method. The kinetic equation describing the dependence of the
relative amount of oxidized iron on the time (doses) of irradiation was derived taking into account competing
processes of oxidation and reduction of iron affected by the gamma-field. Constants of the oxidation and reduction
reaction rates amount of ions Fe3+ resulting from absorption 1 J of irradiation energy, and values of the energy
expended in producting one ion Fe3+ in structures of the investigated amphiboles were calculated.
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ÓÄÊ 549.681.1

Ã. À. Ñèäîðåíêî, Í. Â. ×óêàíîâ, È. Ñ. Íàóìîâà

Î ñèëèêàòàõ óðàíèëà êðèñòàëëîõèìè÷åñêîé
ãðóïïû õåéâèèòà — óèêñèòà

Ñ öåëüþ íîìåíêëàòóðíîé óïîðÿäî÷åííîñòè ñèëèêàòîâ óðàíèëà, âåñüìà ìíîãî÷èñëåííîé ïî êîëè÷åñòâó
âûäåëÿåìûõ ìèíåðàëüíûõ âèäîâ êðèñòàëëîõèìè÷åñêîé ãðóïïû õåéâèèòà — óèêñèòà, ïðîâåäåíà ðåâèçèÿ âñåõ
èìåþùèõñÿ äàííûõ ïî ýòîé ãðóïïå ìèíåðàëîâ è îáîñíîâàííîñòè èíäèâèäóàëèçàöèè êàæäîãî èç íèõ. Â ðåçóëüòàòå
äîïîëíèòåëüíûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ìåòîäàìè ÈÊ-ñïåêòðîñêîïèè è ìèêðîçîíäîâîãî àíàëèçà
àâòîðû ïðèøëè ê âûâîäó î òîì, ÷òî êðèñòàëëîõèìè÷åñêè îáîñíîâàííûìè âèäàìè ÿâëÿþòñÿ õåéâèèò è óèêñèò,
à òàêæå èõ Ba-, Mg-, Na-àíàëîãè è îáðàçóåìûå èìè ñìåøàíîñëîéíûå ìèíåðàëû.

Ñèëèêàòû øèðîêî ðàñïðîñòðàíåíû ñðåäè ìèíåðàëîâ óðàíèëà; ÷èñëî èõ ìèíåðàëüíûõ
âèäîâ äîñòèãàåò äâóõ äåñÿòêîâ. Âñå ìíîãîîáðàçèå ñèëèêàòîâ óðàíèëà ïîäðàçäåëÿåòñÿ
íà òðè êðèñòàëëîõèìè÷åñêèå ãðóïïû èçîñòðóêòóðíûõ (èëè ãîìåîòèïíûõ) ìèíåðàëîâ.
Ðàíåå [23] áûëî óñòàíîâëåíî, ÷òî òèï ñòðóêòóðû, åå îñíîâíîé ìîòèâ îïðåäåëÿþòñÿ
ñîîòíîøåíèåì [UO2] : [SiO4] â ñîñòàâå ñèëèêàòîâ, êàê è â áîëüøèíñòâå ìèíåðàëîâ
óðàíèëà ñîîòíîøåíèåì [UO2] : (àíèîí). Ñðåäè ñèëèêàòîâ íàèáîëåå ðàñïðîñòðàíåíû
ìèíåðàëû êðèñòàëëîõèìè÷åñêîé ãðóïïû óðàíîôàíà ñ ìîëÿðíûì ñîîòíîøåíèåì [UO2]:
: [SiO4], ðàâíûì 1 : 1. Ìèíåðàëû ãðóïïû õîðîøî èçó÷åíû, êðèñòàëëè÷åñêèå ñòðóêòóðû
îïðåäåëåíû äëÿ ðÿäà åå ïðåäñòàâèòåëåé; ëèøü ñòðóêòóðà b-óðàíîôàíà òðåáóåò óòî÷-
íåíèÿ. Ñòðóêòóðû èìåþò ñëîèñòûé õàðàêòåð: öåïî÷êè êîîðäèíàöèîííûõ ïåíòàãî-
íàëüíûõ äèïèðàìèä óðàíà ñâÿçàíû â ñëîé îðòîãðóïïàìè [SiO4]; â ìåæñëîåâûõ ïðîìå-
æóòêàõ ðàçìåùàþòñÿ ÷àñòèöû ñ íèçêèìè ñèëîâûìè õàðàêòåðèñòèêàìè (êàòèîíû è
ìîëåêóëû âîäû).

Ñîîòíîøåíèå [UO2] : [SiO4] >1 óñòàíîâëåíî äëÿ îäíîãî ìèíåðàëüíîãî âèäà —
ñîääèèòà. Ìîíîêðèñòàëëû, ïðèãîäíûå äëÿ îïðåäåëåíèÿ ñòðóêòóðû, â ïðèðîäå íå âñòðå-
÷åíû. Êðèñòàëëè÷åñêàÿ ñòðóêòóðà îïðåäåëåíà äëÿ ñèíòåòè÷åñêîãî àíàëîãà ýòîãî ìè-
íåðàëà [2]. Áûëî óñòàíîâëåíî åå ïðèíöèïèàëüíîå îòëè÷èå îò ñòðóêòóðû ñëîèñòûõ
ñèëèêàòîâ óðàíèëà: ëåíòû óðàíèëüíûõ ïåíòàãîíàëüíûõ äèïèðàìèä ðàçâåðíóòû â ñìåæ-
íûõ ïëîñêîñòÿõ íà 70° è ñâÿçàíû îðòîãðóïïàìè [SiO4] â òðåõìåðíûé êàðêàñ. Ñîääè-
èò — åäèíñòâåííûé ïðåäñòàâèòåëü âòîðîãî ñòðóêòóðíîãî òèïà ñèëèêàòîâ óðàíèëà.

Òðåòèé òèï ñèëèêàòîâ óðàíèëà ñ ñîîòíîøåíèåì [UO2] : [SiO4] < 1 èçó÷åí çíà÷è-
òåëüíî ìåíüøå, íåñìîòðÿ íà ìíîãî÷èñëåííûå ïóáëèêàöèè, âñëåäñòâèå äàëåêîé îò ñî-
âåðøåíñòâà êðèñòàëëè÷åñêîé ñòðóêòóðû (è, êàê ðåçóëüòàò, äàëåêîé îò æåëàåìîé ïî
÷åòêîñòè ðåíòãåíîäèôðàêöèîííîé êàðòèíû) è ðåäêîé âñòðå÷àåìîñòè ìîíîêðèñòàë-
ëüíûõ îáðàçîâàíèé, ïðèãîäíûõ äëÿ åå èçó÷åíèÿ. Ýòîò ñòðóêòóðíûé òèï ñîäåðæèò âî-
ñåìü îïèñàííûõ ìèíåðàëüíûõ âèäîâ, îäíàêî èíäèâèäóàëüíîñòü èõ îáîñíîâàíà â ðàç-
ëè÷íîé ñòåïåíè. Ñêîðåå âñåãî, ìîæíî ãîâîðèòü î áîëüøîì êîëè÷åñòâå íàçâàíèé, îòíî-
ñÿùèõñÿ ê áëèçêèì, à çà÷àñòóþ, ê èäåíòè÷íûì ìèíåðàëàì, áîëüøèíñòâî èç êîòîðûõ íå
óòâåðæäåíî ÊÍÌ ÍÌ ÌÌÀ, ÷òî ïîðîæäàåò ïðîèçâîë â òåðìèíîëîãèè. Íå âñå íàõîä-
êè îïèñàíû äîñòàòî÷íî ïîëíî, äëÿ òîãî ÷òîáû ìîæíî áûëî ñäåëàòü âûâîä îá èõ èíäè-
âèäóàëüíîñòè. Íå âñåãäà èç ïóáëèêàöèé ÿñíî, íàñêîëüêî ÷èñò è îäíîðîäåí àíàëèçèðî-
âàâøèéñÿ ìàòåðèàë è äîñòîâåðíû äàííûå îá ýëåìåíòíîì ñîñòàâå. Áîëåå òîãî, â îò-
äåëüíûõ ñëó÷àÿõ îäíîé è òîé æå íàõîäêå ìèíåðàëà ðàçíûå èññëåäîâàòåëè äàþò ðàç-
íûå íàçâàíèÿ (òàáëèöà).

Ñòàëà î÷åâèäíîé íåîáõîäèìîñòü ðåâèçèè èìåþùèõñÿ äàííûõ ñ äîêàçàòåëüñòâîì
÷èñëà è òèïîâ ìèíåðàëüíûõ âèäîâ ñðåäè ñèëèêàòîâ óðàíèëà ãðóïïû U : Si < 1 è
óñòàíîâëåíèåì èõ èíäèâèäóàëüíîñòè ïî êðèñòàëëè÷åñêîìó ñòðîåíèþ è ñîñòàâó. Ïðè
ýòîì ñëåäóåò èñïîëüçîâàòü áàçó ëèòåðàòóðíûõ äàííûõ è ðåçóëüòàòû âîçìîæíûõ äî-
ïîëíèòåëüíûõ ñîáñòâåííûõ ýêñïåðèìåíòîâ, â ÷åì è âèäÿò ñâîþ çàäà÷ó àâòîðû.

© Ã. À. Ñèäîðåíêî, Í. Â. ×óêàíîâ, È. Ñ. Íàóìîâà, 2001
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Ïåðâîå îïèñàíèå íîâîãî ùåëî÷íîãî ñèëèêàòà óðàíèëà, â êîòîðîì Si ðåçêî ïðåîá-
ëàäàåò íàä U, ïîä íàçâàíèåì ãàñòóíèò, ïîÿâèëîñü â 1951 ã. [16], è óæå òîãäà àâòîðû
îòìå÷àëè íåñêîëüêî ðàçíîâèäíîñòåé ìèíåðàëà ñ èíäèâèäóàëüíûìè îïòè÷åñêèìè è
ôèçè÷åñêèìè ñâîéñòâàìè. Ýòî âïîëíå çàêîíîìåðíî ïðèâåëî ê îáíàðóæåíèþ âåñüìà
ìíîãî÷èñëåííûõ í î â û õ ñèëèêàòîâ óðàíèëà, î÷åíü áëèçêèõ ïî ñîñòàâó è ñâîéñòâàì,
ïîëó÷èâøèõ ñîáñòâåííûå íàèìåíîâàíèÿ êàê èíäèâèäóàëüíûå ìèíåðàëüíûå âèäû. Â
1957 ã. — óðñèëèò (Ca-óðñèëèò è Mg-óðñèëèò) [8]; â 1959 ã. — õåéâèèò è ìåòàõåéâèèò
(óðàíèë-ñèëèêàò êàëüöèÿ) èç Êàëèôîðíèè [18]; â 1960 ã. — ðàíêèëèò (óðàíèë-ñèëè-
êàò êàëüöèÿ) èç Àðãåíòèíû [11]; â 1960 ã. — óèêñèò (óðàíèë-ñèëèêàò êàëèÿ) èç Þòû
[20]; â 1960 ã. — ïàðàôàí (óðàíèë-ñèëèêàò êàëüöèÿ) èç ðàéîíà Êàâêàçñêèõ Ìèíå-
ðàëüíûõ Âîä [6]. Îïèñàííûé â 1983 ã. óðàíîñèëèò (ñèëèêàò óðàíèëà áåç äîïîëíèòåëü-
íûõ êàòèîíîâ) èç ÔÐÃ [25] èíäèâèäóàëåí è â ñåìåéñòâî õåéâèèòà — óèêñèòà íå
âõîäèò.

Ïîÿâèëèñü ïóáëèêàöèè î íîâûõ íàõîäêàõ õåéâèèòà — â Áðàçèëèè [13], Èðàíå
[15];   óèêñèòà —  â Êàçàõñòàíå [7], Àôãàíèñòàíå [3], Ôðàíöèè [14], Òàíçàíèè [12]. Â
1978 ã. îïèñûâàåòñÿ ñèíòåòè÷åñêèé Na-Cs-óèêñèò [19], à â 1990 ã. È. Ã. Æèëüöîâà ñ
êîëëåãàìè [4] ñèíòåçèðóåò Ba-óèêñèò, ðàíåå Ë. Í. Áåëîâîé âñòðå÷åííûé â ïðèðîäå, íî
îïèñàííûé â ëèòåðàòóðå ëèøü êàê ñèíòåòè÷åñêèé àíàëîã ìèíåðàëà.

Ïðè äîïîëíèòåëüíîì èçó÷åíèè ïåðâûõ íàõîäîê â íîìåíêëàòóðó óæå âíîñèòñÿ
îïðåäåëåííàÿ ïóòàíèöà. Òàê, Õîíåà [17] â 1959 ã. ïóáëèêóåò íîâûå äàííûå î ãàñòóíèòå
èç Àâñòðèè, âïåðâûå îïèñàííîì Õàáåðëàíäîì [16], à â 1960 ã. Âàëåíòà [24] óòâåðæäàåò,
÷òî òîò æå ñèëèêàò èç Àâñòðèè ÿâëÿåòñÿ õåéâèèòîì, àíàëîãè÷íûì "âïåðâûå" îïèñàí-
íîìó Màê Áåðíåé [18] â 1959 ã. êàê Ca-ñèëèêàò óðàíèëà èç Êàëèôîðíèè.

Â ýòèõ îïèñàíèÿõ è õåéâèèò, è ãàñòóíèò ÿâëÿþòñÿ ñèëèêàòàìè óðàíèëà ãðóïïû U:
: Si < 1, â êîòîðûõ ìèíåðàëîîáðàçóþùèé êàòèîí — Ca. Ýòî íå ïîìåøàëî îïèñàíèþ
åùå òðåõ Ca-ñèëèêàòîâ óðàíèëà èç ýòîé æå ãðóïïû: Ca-óðñèëèòà, ïàðàôàíà è ðàíêè-
ëèòà, íî îáùåå êîëè÷åñòâî Ca-ñèëèêàòîâ óðàíèëà äîâîäèòñÿ äî ïÿòè. Êàëèåâûé ñèëè-
êàò óðàíèëà ñ ñîîòíîøåíèåì U : Si < 1, ïîä íàçâàíèåì óèêñèò *, âïåðâûå âñòðå÷åííûé
â øòàòå Þòà [20], îêàçàëñÿ äîñòàòî÷íî øèðîêî ðàñïðîñòðàíåííûì ìèíåðàëîì. Îí
âñòðå÷åí â Êàçàõñòàíå, Àôãàíèñòàíå, Ôðàíöèè, Òàíçàíèè ñ óäèâèòåëüíîé ñòàáèëüíîñ-
òüþ (èäåíòè÷íîñòüþ) äèôðàêöèîííûõ êàðòèí. Ñëåäóåò çàìåòèòü, ÷òî ïðè ïåðâîì îïè-
ñàíèè õåéâèèòà åãî ñèììåòðèÿ ïðèíèìàëàñü ìîíîêëèííîé (êàê è äëÿ óèêñèòà èç
Àôãàíèñòàíà). Äëÿ âñåõ ïîðîøêîãðàìì ìèíåðàëîâ ðàññìàòðèâàåìîãî òèïà ïîëó÷åíû
ïàðàìåòðû ðîìáè÷åñêîé ýëåìåíòàðíîé ÿ÷åéêè.

Óæå ïðè ïåðâîì îïèñàíèè õåéâèèòà Màê Áåðíåé [18] óêàçàë íà èçìåíåíèå îïòè-
÷åñêèõ ñâîéñòâ ìèíåðàëà ïðè íàãðåâàíèè. Õîíåà [17] òàêæå áûëî îòìå÷åíî, ÷òî íàãðå-
âàíèå äî 300–400 °Ñ ãàñòóíèòà (õåéâèèòà) ìîäèôèöèðóåò åãî ñòðóêòóðó (ñóäÿ ïî
ïîðîøêîãðàììå) â óèêñèòîâóþ; ïðè ýòîì èçìåíÿþòñÿ ïàðàìåòðû ýëåìåíòàðíîé ÿ÷åéêè
â ïðåäåëàõ ðîìáè÷åñêîé ñèììåòðèè.

Ñóäÿ ïî ëèòåðàòóðíûì äàííûì, ïåðå÷èñëåííûå ìèíåðàëû ñ ñîîòíîøåíèåì
U : Si < 1 îáúåäèíÿåò ïðåîáëàäàíèå â èõ ñîñòàâå Si íàä U, ïðèñóòñòâèå äîïîëíèòåëü-
íûõ ùåëî÷íûõ èëè ùåëî÷íîçåìåëüíûõ êàòèîíîâ è ñîèçìåðèìîñòü íåêîòîðûõ ïàðà-
ìåòðîâ ýëåìåíòàðíûõ ÿ÷ååê, à ðàçëè÷àþò îïðåäåëåííûå âàðèàöèè òèïîâ è ñîäåðæà-
íèÿ ìåæñëîåâîãî êàòèîíà Ì, ãäå Ì — Ca, Na, K, Mg, Ba, Cs, à òàêæå êîëè÷åñòâî ìîëåêóë
âîäû íà ôîðìóëüíóþ åäèíèöó. Îòíîøåíèå UO2 : SiO2, ðàâíîå 1 : 3, õàðàêòåðèçóåò
áîëüøóþ ÷àñòü ïîðîøêîãðàìì, îäíàêî îòìå÷åíû è çíà÷åíèÿ 2 : 5; 2 : 5,5, ò. å. äàííûå î
ñîîòíîøåíèè U : Si ïðîòèâîðå÷èâû. Ïî ãèäðàòèðîâàííîñòè âûñòðàèâàåòñÿ ðÿä îò
íàèáîëåå "íàñûùåííûõ" H2O óðñèëèòîâ (15–20 H2O) ê õåéâèèòó (10 H2O) è äàëåå ê
óèêñèòó ñ ìèíèìàëüíûì ñîäåðæàíèåì 4 H2O íà 2 [UO2]. Ïî ñîäåðæàíèþ ìåæñëîåâî-
ãî êàòèîíà íà îäíó óðàíèëüíóþ ãðóïïó: Ca-óðñèëèò 1(+)/1, ãàñòóíèò 1(2+)/2, óèêñèò
2(+)/2, õåéâèèò 1(2+)/2 (â ñêîáêàõ óêàçàíà âàëåíòíîñòü äîïîëíèòåëüíîãî êàòèîíà).

Â òàêîé ñèòóàöèè èíäèâèäóàëüíîñòü ìèíåðàëüíûõ âèäîâ ðàññìàòðèâàåìîé ãðóï-
ïû ñèëèêàòîâ óðàíèëà, ñîîòíîøåíèå â èõ ñîñòàâå âèäîîáðàçóþùèõ ýëåìåíòîâ è èñ-
òèííóþ ñèììåòðèþ ìîæåò îáåñïå÷èòü òîëüêî îïðåäåëåíèå èõ êðèñòàëëè÷åñêèõ ñòðóê-
òóð íà ìîíîêðèñòàëëüíûõ îáðàçöàõ. È ýòà çàäà÷à â ïîñëåäóþùèå ãîäû áûëà ðåøåíà
äëÿ äâóõ ìèíåðàëüíûõ âèäîâ — óèêñèòà (âèêñèòà) èç Àôãàíèñòàíà [1] è õåéâèèòà èç
Áðàçèëèè [5]. Îñíîâíûå âûâîäû ïî ýòèì ïóáëèêàöèÿì:

1. Îñíîâîé êðèñòàëëè÷åñêèõ ñòðóêòóð è óèêñèòà, è õåéâèèòà ÿâëÿþòñÿ ñõîäíûå
óðàíèë-ñèëèêàòíûå ñëîè: â óèêñèòå ñîñòàâ ñëîÿ (UO2)2[Si5O13], â õåéâèèòå —
__________________________

* Èñïîëüçîâàâøèéñÿ ðàíåå â ëèòåðàòóðå âàðèàíò íàïèñàíèÿ âèêñèò ñëåäóåò ïðèçíàòü íåæåëàòåëüíûì ïîñëå
óòâåðæäåíèÿ åãî êàê íîâîãî ìèíåðàëà ôîñôàòà ñ òåì æå íàçâàíèåì.

ÑÈÄÎÐÅÍÊÎ Ã. À.  è äð.
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(UO2)2[Si5O12(OH)2].
2. Íåêîòîðûå ðàçëè÷èÿ ñëîÿ (îäèí àòîì êèñëîðîäà â óèêñèòå èëè äâà ãèäðîêñèëà

â õåéâèèòå â âåðøèíå êðåìíåêèñëîðîäíûõ òåòðàýäðîâ, îáðàùåííûõ â ìåæñëîåâîå
ïðîñòðàíñòâî) íèâåëèðóþò íàãðåâàíèå õåéâèèòà. Ïåðåõîä îò ñòðóêòóðû õåéâèèòà ê
ñòðóêòóðå óèêñèòà ðåàëèçóåòñÿ ïóòåì äåãèäðîêñèëèðîâàíèÿ ñ ó÷àñòèåì ãðóïï Si–OH
ïî ñõåìå 2[Si–OH]  Si–O–Si + H2O. Îáðàçîâàíèå êèñëîðîäíîãî ìîñòèêà ìåæäó
ñîñåäíèìè ñëîÿìè, ñîïðîâîæäàþùååñÿ âçàèìíûì ñäâèãîì ñëîåâ, ïðèâîäèò ê èçìåíå-
íèþ ïàðàìåòðîâ ýëåìåíòàðíîé ÿ÷åéêè áåç èçìåíåíèÿ åå ðîìáè÷åñêîé ñèììåòðèè.

3. Â ìåæñëîåâîì ïðîñòðàíñòâå ñòðóêòóðû õåéâèèòà äâå íåýêâèâàëåíòíûå ïîçè-
öèè çàíÿòû èîíàìè Ca2+, è äâå — ìîëåêóëàìè H2O; â óèêñèòå âñå ýòè ÷åòûðå ïîçèöèè
çàíèìàåò K+. Êàê ñëåäñòâèå, â óèêñèòå âñåãäà ìåíüøå ñòðóêòóðíî ñâÿçàííîé âîäû.

4. Â îïèñàííîé ñòðóêòóðå õåéâèèòà ìîæåò áûòü âûäåëåíà ìåíüøàÿ ïî îáúåìó
ìîíîêëèííàÿ ïñåâäîÿ÷åéêà, äàííàÿ Màê Áåðíåé [18], êàê è â ñòðóêòóðå óèêñèòà, äàí-
íàÿ Ã. Ê. Åðåìåíêî [3], íî îïðåäåëåííûå ñòðóêòóðû äàþò îñíîâàíèå ãîâîðèòü î ðîìáè-
÷åñêîé ñèììåòðèè ìèíåðàëîâ.

5. Êðóïíûå êàòèîíû (K, Ba, Cs) óæå ïðè íèçêîé òåìïåðàòóðå ñòàáèëèçèðóþò óèê-
ñèòîâûé òèï ñòðóêòóðû.

Åñëè ó÷åñòü íåäîñòàòî÷íóþ îáîñíîâàííîñòü âûäåëåíèÿ òàêèõ ìèíåðàëüíûõ âè-
äîâ, êàê ïàðàôàí è ðàíêèëèò, òî ñòàíîâèòñÿ î÷åâèäíîé íåîáõîäèìîñòü ðåâèçèè âñåõ
îïóáëèêîâàííûõ äàííûõ ïî ñèëèêàòàì óðàíèëà ãðóïïû U : Si < 1, ïðåæäå âñåãî
äàííûõ ðåíòãåíîãðàôè÷åñêèõ, ýëåìåíòíîãî ñîñòàâà è ÈÊ-ñïåêòðîñêîïèè.

Ðåíòãåíîãðàôè÷åñêèå   õàðàêòåðèñòèêè.   Îïóáëèêîâàííûå  äàííûå ïîðîøêî-
ãðàìì — ìåæïëîñêîñòíûå ðàññòîÿíèÿ d (èíîãäà ñ èíäåêñàìè îòðàæåíèé), îòíîñè-
òåëüíûå èíòåíñèâíîñòè ðåôëåêñîâ I è ïàðàìåòðû ýëåìåíòàðíûõ ÿ÷ååê — ñâåäåíû
àâòîðàìè â åäèíóþ ñîïîñòàâèòåëüíóþ òàáëèöó, ñîäåðæàùóþ äàííûå äëÿ ãàñòóíèòà,
Ca-óðñèëèòà, Mg-óðñèëèòà, óðñèëèòà (åäèíñòâåííûå íàõîäêè), õåéâèèòà (÷åòûðå íà-
õîäêè), óèêñèòà (ïÿòü íàõîäîê), ðàíêèëèòà, ïàðàôàíà. Íåîáõîäèìî îòìåòèòü ðàçëè÷-
íóþ òî÷íîñòü îïðåäåëåíèé d, êàê ñëåäñòâèå èñïîëüçîâàíèÿ â íåêîòîðûõ ñëó÷àÿõ ïî-
ðîøêîâûõ êàìåð ìàëîãî äèàìåòðà, âåñüìà îãðàíè÷åííîå ÷èñëî ðåôëåêñîâ, èõ îñëàáëå-
íèå, îòñóòñòâèå èíäåêñîâ ðåôëåêñîâ è ðàçìåðîâ ýëåìåíòàðíûõ ÿ÷ååê. Ïîñëåäíåå âîñ-
ïîëíåíî àâòîðàìè. Äàííûå òàáëèöû ñî âñåé î÷åâèäíîñòüþ ïîêàçûâàþò ñëåäóþùåå:
ðåàëüíî ñ âðåìåííóé è ïðîñòðàíñòâåííîé âîñïðîèçâîäèìîñòüþ ðåãèñòðèðóþòñÿ äâà
òèïà ïîðîøêîãðàìì — "õåéâèèòîâûé" è "óèêñèòîâûé" ("âèêñèòîâûé"); ãàñòóíèò èç
Àâñòðèè, èçó÷åííûé Õîíåà, — ñèíîíèì óèêñèòà; ãàñòóíèò èç Àâñòðèè, èçó÷åííûé
Âàëåíòa, — õåéâèèò; ïàðàôàí ÿâëÿåòñÿ õåéâèèòîì; ðàíêèëèò áëèçîê ê íåêîòîðûì óð-
ñèëèòàì; Ca-óðñèëèò áëèçîê ê õåéâèèòó.

Ïàðàìåòðû ýëåìåíòàðíûõ ÿ÷ååê äëÿ õåéâèèòà, íì: a = 1,4263–1,430; b = 1,7903–
1,7989; c = 1,837–1,840. Ìèíèìàëüíàÿ ÿ÷åéêà óèêñèòà èìååò ïàðàìåòðû, íì: a = 0,708–
0,717; b = 1,784–1,791; c = 0,711–0,712. Â ñëó÷àå ñëîæíîãî êàòèîííîãî ñîñòàâà èëè
ïðèñóòñòâèÿ êðóïíîãî ùåëî÷íîçåìåëüíîãî êàòèîíà âîçíèêàåò íåîáõîäèìîñòü óäâîå-
íèÿ âñåõ ïàðàìåòðîâ ÿ÷åéêè óèêñèòà äî çíà÷åíèé, íì: a = 1,401–1,430, b = 3,400–
3,588; c = 1,390–1,420, ÷òî ìîæåò áûòü ñâÿçàíî ñ óïîðÿäî÷åíèåì ðàñïðåäåëåíèÿ ìåæ-
ñëîåâûõ êàòèîíîâ â ñòðóêòóðå.

Îñòàåòñÿ íåÿñíûì ìåñòî â ýòîé ãðóïïå óðñèëèòà. Ïî óòâåðæäåíèþ À. À. ×åðíèêî-
âà [8], Ca-óðñèëèò è Mg-óðñèëèò ñîäåðæàò âäâîå áîëüøå äâóõâàëåíòíûõ ìåæñëîåâûõ
êàòèîíîâ, ÷åì õåéâèèò. Åñëè ïðåäïîëîæèòü äëÿ Ca- è Mg-óðñèëèòà êðèñòàëëè÷åñêóþ
ñòðóêòóðó òèïà õåéâèèòà, òî ïîçèöèè è ìåæñëîåâîãî êàòèîíà, è ñòðóêòóðíîé âîäû
áóäóò çàíÿòû àòîìàìè Ca è Mg, ÷òî ïîâëå÷åò èçìåíåíèå çàðÿäà ñëîÿ. Íî â òàêîì
ñëó÷àå â óðñèëèòàõ äîëæíî áûòü ìåíüøå ñîäåðæàíèå âîäû, ÷òî ïðîòèâîðå÷èò ôàêòó.
Âìåñòå ñ òåì, ïðîâåäåííîå àâòîðàìè ìèêðîçîíäîâîå èññëåäîâàíèå íà ìîíîêðèñòàëëå
Ca-óðñèëèòà ïðèâåëî ê êðèñòàëëîõèìè÷åñêîé ôîðìóëå
(Ca0,96Mg0,06K0,08)1,10(UO2)1,94[Si4,76Al0,24]5O13, ÷òî íå ïîäòâåðæäàåò äàííûõ À. À. ×åðíè-
êîâà.

Ñëåäóåò îñîáî îòìåòèòü íåïîñòîÿíñòâî ïîðîøêîâûõ äèôðàêöèîííûõ êàðòèí
óðñèëèòà [8, 9], ÷òî èíîãäà çàòðóäíÿåò èõ èäåíòèôèêàöèþ, à ïîïûòêà èíäèöèðîâàíèÿ
ïîðîøêîãðàìì Ca-óðñèëèòà â ðàçìåðàõ õåéâèèòà íå äàåò íàäåæíûõ ðåçóëüòàòîâ.

Ïîðîøêîãðàììû óðñèëèòîâ, ïîëó÷åííûå ôîòîìåòîäîì â êàìåðàõ ìàëîãî äèàìåò-
ðà, ÷òî ÿâíî ñíèæàåò òî÷íîñòü îïðåäåëåíèÿ çíà÷åíèé d, íå èäåíòèôèöèðóþòñÿ ïî
ìåæïëîñêîñòíûì ðàññòîÿíèÿì íè ñ óèêñèòîì, íè ñ õåéâèèòîì, ïðîÿâëÿÿ â îòäåëüíûõ
ñëó÷àÿõ áëèçîñòü ê ïîñëåäíåìó. Ïðîãðåâàíèå äî 350 °C ïåðåâîäèò ñòðóêòóðó Ca-óðñè-
ëèòà â óèêñèòîâóþ, ÷òî ïîçâîëÿåò ãîâîðèòü åñëè íå îá èçîñòðóêòóðíîñòè ñ õåéâèèòîì,
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òî îá èõ ãîìåîòèïèè, âî âñÿêîì ñëó÷àå, î ñòðóêòóðíîì ðîäñòâå. Ñîáñòâåííî óðñèëèò
ñìåøàííîãî êàòèîííîãî ñîñòàâà èìååò óèêñèòîâóþ ïîðîøêîãðàììó, ÷òî äàåò âîç-
ìîæíîñòü îòíîñèòü óðñèëèòû ê ãðóïïå õåéâèèòà — óèêñèòà.

Òàêèì îáðàçîì, ðåíòãåíîãðàôè÷åñêèé àíàëèç ïîçâîëÿåò ñäåëàòü âûâîä î òîì, ÷òî
â ðàññìàòðèâàåìîé ãðóïïå ñèëèêàòîâ óðàíèëà ñ ò ð ó ê ò ó ð í î îáîñíîâàíû äâà
ìèíåðàëüíûõ âèäà — õåéâèèò è óèêñèò (âèêñèò). Øèðîêîå ðàçâèòèå èçîìîðôíûõ
èçìåíåíèé ùåëî÷íûõ è ùåëî÷íîçåìåëüíûõ êàòèîíîâ è âîçìîæíîñòü âîçíèêíîâåíèÿ
ñìåøàíîñëîéíûõ îáðàçîâàíèé ïîçâîëÿåò ïðåäïîëîæèòü ñóùåñòâîâàíèå â ïðèðîäå è
äðóãèõ ìèíåðàëîâ, îòíîñÿùèõñÿ ê ðàññìàòðèâàåìîé ñòðóêòóðíîé ãðóïïå.

ÈÊ-ñïåêòðû îáðàçöîâ âîäíûõ óðàíèëüíûõ ñèëèêàòîâ, çàïðåññîâàííûõ â òàáëåò-
êè ñ KBr, ðåãèñòðèðîâàëè íà ñïåêòðîôîòîìåòðå Specord 75IR è Ôóðüå-ñïåêòðîìåòðå
Perkin Elmer FTIR 1600 ñ ðàçðåøàþùåé ñïîñîáíîñòüþ 3–4 ñì–1 (äëÿ äèàïàçîíà 400–
2000 ñì–1) è òî÷íîñòüþ èçìåðåíèÿ âîëíîâûõ ÷èñåë â ìàêñèìóìàõ ïîëîñ 1 ñì–1.

Ïî ñâîåìó õàðàêòåðó ÈÊ-ñïåêòðû èçó÷åííûõ îáðàçöîâ ðàçäåëÿþòñÿ íà äâà òèïà.
Ê ïåðâîìó îòíîñÿòñÿ ÈÊ-ñïåêòðû "ïàðàôàíà" [6], "êàëüöèéóðñèëèòà" [8], õåéâèèòà èç
ùåëî÷íîãî ïåãìàòèòà Òàäæèêèñòàíà (Äàðà-Ïèîç) [22] è àíàëîãà ñòðóêòóðíî èçó÷åí-
íîãî õåéâèèòà èç Áðàçèëèè (Teofilo Otoni, Minas Gerais) [5]. Ñïåêòðîãðàììû ýòèõ
îáðàçöîâ ïðàêòè÷åñêè èäåíòè÷íû (ðèñ. 1). Íåáîëüøîå îòëè÷èå ñïåêòðà "ïàðàôàíà"
îáúÿñíÿåòñÿ ïðèìåñüþ ìåòàîòåíèòà. Ê ñîæàëåíèþ, èç-çà íåäîñòàòêà âåùåñòâà íàì íå
óäàëîñü ïîëó÷èòü ñïåêòð îáðàçöà èç Teofilo Otoni â îáëàñòè O–H-âàëåíòíûõ êîëåáà-
íèé (3000–3700 ñì–1).

Îñîáåííîñòÿìè ÈÊ-ñïåêòðîâ ïåðå÷èñëåííûõ îáðàçöîâ, îòëè÷àþùèìè èõ îò ñïåê-
òðà óèêñèòà, ÿâëÿþòñÿ îòñóòñòâèå ðàñùåïëåíèÿ ïîëîñû âàëåíòíûõ êîëåáàíèé ãðóïïû

UO2
2  ïðè 910 ñì–1 (èíîãäà îòìå÷àåòñÿ òîëüêî ñëàáî âûðàæåííîå ïëå÷î ïðè 890 ñì–1),

îòíîñèòåëüíî íèçêîå çíà÷åíèå ñðåäíåâçâåøåííîé ÷àñòîòû Si–O-âàëåíòíûõ êîëåáà-
íèé ñð = 1036 ñì–1, âåëè÷èíà êîòîðîé êîððåëèðóåò ñî ñòåïåíüþ êîíäåíñàöèè ñèñòå-
ìû êðåìíåêèñëîðîäíûõ òåòðàýäðîâ [10] è îòñóòñòâèå ìàêñèìóìîâ ïîãëîùåíèÿ â îá-
ëàñòè O–H-âàëåíòíûõ êîëåáàíèé ñëàáûõ âîäîðîäíûõ ñâÿçåé (3500–3650 ñì–1). Òà-

êèì îáðàçîì, ïî äàííûì ÈÊ-ñïåêòðîñêîïèè, â õåéâèèòå ãðóïïû UO2
2  áëèçêè ïî

ñâîèì ñèëîâûì õàðàêòåðèñòèêàì, à ìîëåêóëû H2O îáðàçóþò íåñêîëüêî ïðî÷íûõ âî-
äîðîäíûõ ñâÿçåé.

Êî âòîðîìó òèïó îòíîñÿòñÿ ñïåêòðû óèêñèòà (ðèñ. 2), õàðàêòåðèçóþùèåñÿ áîëåå
âûñîêèì ïî ñðàâíåíèþ ñ õåéâèèòîì çíà÷åíèåì ïàðàìåòðà ñð (~1047 ñì–1), ÷òî ÿâëÿ-

Ðèñ. 1. ÈÊ-ñïåêòðû ïàðàôàíà èç Êàâêàçñêèõ Ìèíåðàëüíûõ Âîä (1), Ca-óðñèëèòà èç Òàäæèêèñòàíà (2), õåéâè-
èòà èç Äàðà-Ïèîç (3), àíàëîãà ñòðóêòóðíî èçó÷åííîãî [5] õåéâèèòà èç Áðàçèëèè (4)

Ðèñ. 2. ÈÊ-ñïåêòðû "óðñèëèòà" èç Òàäæèêèñòàíà — îáð. À. À. ×åðíèêîâà (1), óèêñèòà èç Óçáåêèñòàíà (2), óèêñèòà
èç Öåíòðàëüíîãî Êàçàõñòàíà (3), ñèíòåòè÷åñêîãî Na-àíàëîãà óèêñèòà (4)
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åòñÿ ñëåäñòâèåì áîëüøåé êîíäåíñàöèè êðåìíåêèñëîðîäíîé ñèñòåìû [10], î÷åâèäíî,
âñëåäñòâèå îáðàçîâàíèÿ äîïîëíèòåëüíûõ, ïî ñðàâíåíèþ ñ õåéâèèòîì, ìîñòèêîâ Si–

O–Si [1]. Ïîëîñà âàëåíòíûõ êîëåáàíèé ãðóïï UO2
2  óèêñèòà ðàñùåïëåíà íà äâå êîì-

ïîíåíòû ñ ìàêñèìóìàìè ~884 è 910 ñì–1. Òàêîé æå ñïåêòð äàåò ñèíòåòè÷åñêèé óèê-
ñèò [21].

ÈÊ-ñïåêòð "óðñèëèòà" (îáð. ¹ 35/57 èç êîëëåêöèè À. À. ×åðíèêîâà) íàèáîëåå
áëèçîê ê ÈÊ-ñïåêòðàì óèêñèòà (ðèñ. 2), ÷òî â ñîâîêóïíîñòè ñ ðåíòãåíîìåòðè÷åñêèìè
äàííûìè [9] è ñîñòàâîì (ñì. íèæå) ïîçâîëÿåò ñäåëàòü ïðåäïîëîæåíèå î åãî ñòðóêòóð-
íîé áëèçîñòè ñ óèêñèòîì. Â òî æå âðåìÿ ÈÊ-ñïåêòð "óðñèëèòà" îáëàäàåò ñîâîêóïíî-
ñòüþ ÷åðò, êîòîðûå ñáëèæàþò åãî ñ õåéâèèòîì. Ýòî ïðåæäå âñåãî ïëîõàÿ ðàçðåøåí-

íîñòü äóáëåòà âàëåíòíûõ êîëåáàíèé UO2
2  (890–910 ñì–1), ïîíèæåííàÿ èíòåíñèâ-

íîñòü ïîëîñ ñëàáûõ âîäîðîäíûõ ñâÿçåé (3530–3600) è ìåíüøåå, ÷åì äëÿ óèêñèòà,
çíà÷åíèå ïàðàìåòðà ñð (1043 ñì–1).

Äëÿ óèêñèòà è "óðñèëèòà" õàðàêòåðíî íàëè÷èå â ÈÊ-ñïåêòðàõ äîïîëíèòåëüíûõ
(ïî ñðàâíåíèþ ñ õåéâèèòîì) ïîëîñ, ñâÿçàííûõ ñ êîëåáàíèÿìè âîäîðîäà: øèðîêîé
ïîëîñû ïðè 3250 è óçêîé — âáëèçè 1400 ñì–1. Àíàëîãè÷íûå ïîëîñû (õàðàêòåðíûå äëÿ
êàòèîíîâ H3O

+ è H+ ñîîòâåòñòâåííî) îòìå÷àþòñÿ è â ñïåêòðàõ ñèíòåòè÷åñêèõ Ba- è
Na-àíàëîãîâ óèêñèòà (íàøè äàííûå). Ïðè ýòîì êðóïíûé êàòèîí H3O

+ ìîæåò èãðàòü
ñòàáèëèçèðóþùóþ ðîëü äëÿ ñòðóêòóðû óèêñèòà, à îáðàçîâàíèå H+ ëåãêî ìîæåò áûòü
îáúÿñíåíî ðàâíîâåñèåì: H3O

+ H2O + H+.
Ìèêðîçîíäîâûé àíàëèç ìèêðîìîíîêðèñòàëëà èç ïðîáû ýòîé ðàçíîâèäíîñòè óð-

ñèëèòîâ   (îáð. ¹ 35/57   èç   êîëëåêöèè  À. À. ×åðíèêîâà), âûïîëíåííûé àâòîðàìè,
ïðèâåë ê êðèñòàëëîõèìè÷åñêîé ôîðìóëå (Mg0,79Na0,47K0,26Ca0,21 Cu0,07�0,20)2,00
(UO2)1,98[Si5O13]nH2O. Ïîëó÷åííûå äàííûå ñâèäåòåëüñòâóþò î "êàòèîííîé" íåîäíî-
ðîäíîñòè, ò. å. â ìåæñëîåâîì ïðîñòðàíñòâå íàõîäÿòñÿ è äâóõ-, è îäíîâàëåíòíûå èîíû,
íà ÷òî íå ìîæåò íå ðåàãèðîâàòü êðèñòàëëè÷åñêàÿ ñòðóêòóðà. Ýòî ïðèâîäèò ê ïðåäïî-
ëîæåíèþ î ôîðìèðîâàíèè ñìåøàíîñëîéíûõ ñòðóêòóð.

Ñìåøàíîñëîéíûå îáðàçîâàíèÿ ìîãóò áûòü ïîñòðîåíû, ïî ñóùåñòâó, îäíîòèïíû-
ìè U–Si-ñëîÿìè õåéâèèòà è óèêñèòà êàê ñ êàëüöèåâûì (è òîãäà ñ OH-èîíîì), òàê è ñ
áîëåå êðóïíûì êàëèåâûì (è òîãäà áåç ãèäðîêñèëà) ìåæñëîåâûìè êàòèîíàìè. Mg, ïðè
åãî ìàëîì èîííîì ðàäèóñå, áóäåò óñèëèâàòü ñêëîííîñòü ê ãèäðàòàöèè. Âñå ýòî ïîâëå-
÷åò çà ñîáîé îáðàçîâàíèå "íåñêîëüêèõ ðàçíîâèäíîñòåé", êîòîðûå îòìå÷àëèñü óæå ïðè
ïåðâîì îïèñàíèè ñèëèêàòîâ óðàíèëà ðàññìàòðèâàåìîãî òèïà ïîä íàçâàíèåì ãàñòóíè-
òà. Âåðîÿòíî, èìåííî òàêîãî ðîäà îáðàçîâàíèÿìè ÿâëÿþòñÿ óðñèëèòû, èìåþùèå, êàê
ïðàâèëî, ñëîæíûé êàòèîííûé ñîñòàâ. Óñòàíîâëåííûé ñõîäíûé òèï ñëîèñòûõ ñòðóêòóð
õåéâèèòà è óèêñèòà îòêðûâàåò áîãàòûå âîçìîæíîñòè äëÿ ôîðìèðîâàíèÿ ñìåøàíîñ-
ëîéíûõ îáðàçîâàíèé ñ ðàçëè÷íîé ñòåïåíüþ óïîðÿäî÷åíèÿ ñëîåâ. Ïðè ýòîì ðàçìåðû
ñëîÿ îñòàþòñÿ áëèçêèìè, èçìåíÿþòñÿ ëèøü ðàññòîÿíèå ìåæäó ñëîÿìè, ñîäåðæàíèå
OH–-èîíà, ìîëåêóë âîäû, êîëè÷åñòâî è òèï ìåæñëîåâîãî êàòèîíà.

Îáñóæäåíèå ðåçóëüòàòîâ. Âñÿ ñîâîêóïíîñòü ýêñïåðèìåíòàëüíûõ äàííûõ î ìèíå-
ðàëàõ êðèñòàëëîõèìè÷åñêîé ãðóïïû õåéâèèòà — óèêñèòà, êàê çàèìñòâîâàííûõ èç ëè-
òåðàòóðíûõ èñòî÷íèêîâ, òàê è ïîëó÷åííûõ àâòîðàìè (â ðåçóëüòàòå ïðîâåäåíèÿ ðåíòãå-
íîãðàôè÷åñêèõ, ìèêðîçîíäîâûõ è ÈÊ-ñïåêòðîñêîïè÷åñêèõ èññëåäîâàíèé) ïîçâîëÿ-
åò, îïèðàÿñü, ïðåæäå âñåãî, íà ðàáîòû ïî ðàñøèôðîâêå êðèñòàëëè÷åñêèõ ñòðóêòóð íà
ìîíîêðèñòàëëàõ áðàçèëüñêîãî õåéâèèòà è àôãàíñêîãî óèêñèòà, óòâåðæäàòü, ÷òî èìåþò-
ñÿ äâà ãîìåîòèïíûõ òèïà ñòðóêòóð, êîòîðûå íàõîäÿòñÿ â òåñíåéøåì ðîäñòâå è âçàèì-
íûõ ïåðåõîäàõ, ïðèáëèæàþùèõñÿ ê ïîëèìîðôíûì ïðåâðàùåíèÿì.

Ïðàêòè÷åñêàÿ èäåíòè÷íîñòü óðàíèë-ñèëèêàòíûõ ñëîåâ çàêëþ÷àåòñÿ â òîì, ÷òî
ëèøü îäíó âåðøèíó êðåìíåêèñëîðîäíîãî òåòðàýäðà, îáðàùåííóþ â ñòîðîíó ñîñåäíå-
ãî àíàëîãè÷íîãî ñëîÿ, â õåéâèèòå çàíèìàåò ãèäðîêñèë, â óèêñèòå — êèñëîðîä; ïðåîá-
ðàçîâàíèå ïðè íàãðåâàíèè õåéâèèòà âåäåò ê çàìåíå àòîìîì êèñëîðîäà äâóõ òàêèõ
ãèäðîêñèëüíûõ ãðóïï êðåìíåêèñëîðîäíûõ òåòðàýäðîâ ñìåæíûõ ñëîåâ. Ïîÿâëÿåòñÿ
ìåæäó ñëîÿìè íîâàÿ ñâÿçü Si–O–Si, âîçíèêàåò íîâàÿ òðåõìåðíàÿ êîíñîëèäàöèÿ êðåì-
íåêèñëîðîäíûõ òåòðàýäðîâ, ïîäòâåðæäàåìàÿ äàííûìè ÈÊ-ñïåêòðîñêîïèè. Ýòî ïîçâî-
ëÿåò ñ÷èòàòü ïåðåõîä õåéâèèò — óèêñèò ïîëèìîðôíûì ïðåâðàùåíèåì. Ïåðåõîä ñî-
ïðîâîæäàåòñÿ ñäâèãîì óðàíèë-ñèëèêàòíûõ ñëîåâ îòíîñèòåëüíî äðóã äðóãà è èçìåíå-
íèåì ïàðàìåòðîâ ýëåìåíòàðíîé ÿ÷åéêè ïðè ñîõðàíåíèè ðîìáè÷åñêîé ñèììåòðèè.

Ïðåäëîæåííûå Màê Áåðíåé [18] ïàðàìåòðû ìîíîêëèííîé ÿ÷åéêè íå ïîçâîëÿþò
ïðîèíäèöèðîâàòü ïîðîøêîãðàììó õåéâèèòà (ñì. ICDD, ãäå íà êàðòî÷êå 12-721 îò-

ÑÈÄÎÐÅÍÊÎ Ã. À.  è äð.



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 1 61

ìå÷àåòñÿ: "Ìîíîêðèñòàëüíûå äàííûå ñîìíèòåëüíû, òàê êàê íå îáúÿñíÿþò âñåõ ïîðîøêîâûõ
ëèíèé"). Â òî æå âðåìÿ ïîðîøêîãðàììà, ïðèâåäåííàÿ Màê Áåðíåé, õîðîøî èíäèöèðóåòñÿ â
ïàðàìåòðàõ ðîìáè÷åñêîé ÿ÷åéêè, íì: a = 1,430; b = 1,789; c = 1,840.

Îäíàêî è ïàðàìåòðû ðîìáè÷åñêîé ýëåìåíòàðíîé ÿ÷åéêè â èõ ìèíèìàëüíûõ çíà÷åíèÿõ,
îïðåäåëåííûõ äëÿ óèêñèòà ïî ìîíîêðèñòàëëó (a = 0,709; b = 1,791; c = 0,712 íì), íå îáåñïå-
÷èâàþò èíäèöèðîâàíèÿ åãî ïîëíîé ïîðîøêîâîé êàðòèíû è òðåáóþò â ðÿäå ñëó÷àåâ èõ óäâî-
åíèÿ, ÷òî åñòåñòâåííî ñâÿçàòü ñ õàðàêòåðîì (òèïîì) è ñòåïåíüþ óïîðÿäî÷åíèÿ ìåæñëîåâûõ
êàòèîíîâ. Â õåéâèèòå ìåæäó U–Si-ñëîÿìè ðàñïîëàãàþòñÿ äâà èîíà Ca2+ (íà ÷åòûðå óðàíè-
ëà) è äâå ìîëåêóëû H2O; â óèêñèòå ìåæñëîåâîé êàòèîí îäíîâàëåíòåí, ñîäåðæàíèå åãî íà
ôîðìóëüíóþ åäèíèöó â äâà ðàçà áîëüøå, è îí çàíèìàåò ìåæäó ñëîÿìè âñå ÷åòûðå ïîçèöèè.
Êàê ñëåäñòâèå, ñîäåðæàíèå âîäû â óèêñèòå ìåíüøå, ÷åì â õåéâèèòå. Íàðóøåíèå (èçìåíåíèå)
èëè âàðèàöèè â ïîëîæåíèè ìåæñëîåâûõ êàòèîíîâ èçìåíÿþò ñòåïåíü óïîðÿäî÷åííîñòè ñòðóê-
òóðû ìèíåðàëà.

Íåñîìíåííî è âëèÿíèå íà ñòðóêòóðíîå ñîñòîÿíèå óñëîæíåíèÿ êàòèîííîãî ñîñòàâà,
êîãäà Ca2+ â õåéâèèòå çàìåùàåòñÿ Mg2+ èëè îäíîâàëåíòíûìè K+ è Na+, ÷òî óñèëèâàåò
íàðóøåíèå òðåõìåðíîãî ïîðÿäêà è, êàê ñëåäñòâèå, îñëàáëåíèå äèôðàêöèîííîé êàðòèíû. Âåñüìà
îãðàíè÷åííûå èçîìîðôíûå çàìåùåíèÿ Ca–K è òåì áîëåå (Ca, Mg)–K ìîãóò ñïîñîáñòâîâàòü
ôîðìèðîâàíèþ ñìåøàíîñëîéíûõ îáðàçîâàíèé ñ ÷åðåäîâàíèåì ðàçëè÷íîé ñòåïåíè óïîðÿ-
äî÷åíèÿ õåéâèèòîâûõ è óèêñèòîâûõ ñëîåâ, è òîãäà îñëàáëåííàÿ è óñëîæíåííàÿ äèôðàêöè-
îííàÿ êàðòèíà íå ïðîèíäèöèðóåòñÿ â ïàðàìåòðàõ ýëåìåíòàðíîé ÿ÷åéêè íè õåéâèèòà, íè
óèêñèòà.

Âåðîÿòíî, òàêîãî ðîäà îáðàçîâàíèåì ÿâëÿåòñÿ óðñèëèò (íå Ca-óðñèëèò — ñèíîíèì õåé-
âèèòà, à óðñèëèò — êàê ìèíåðàë ñìåøàííîãî êàòèîííîãî ñîñòàâà). Äîêàçàòåëüñòâîì ñìåøà-
íîñëîéíîãî õàðàêòåðà óðñèëèòîâ ñëóæàò è äàííûå ÈÊ-ñïåêòðîñêîïèè, à èìåííî: ïðîìåæó-
òî÷íàÿ ìåæäó óèêñèòîì è õåéâèèòîì ñòåïåíü êîíäåíñàöèè Si-O ñèñòåìû; îñëàáëåíèå ïîëî-
ñû (OH) ñëàáûõ âîäîðîäíûõ ñâÿçåé; ïëîõî âûðàæåííîå ðàñùåïëåíèå ïîëîñ ïîãëîùåíèÿ
[UO2]; îïðåäåëåííûé äåôèöèò êàòèîíîâ, îáíàðóæèâàåìûé ïðè ìèêðîçîíäîâîì àíàëèçå
ìèêðîêðèñòàëëîâ óðñèëèòà.

Îñîáîãî âíèìàíèÿ çàñëóæèâàþò ýëåìåíòíûé ñîñòàâ è êðèñòàëëîõèìè÷åñêèå ôîðìóëû
ìèíåðàëîâ ãðóïïû õåéâèèòà — óèêñèòà è ïðåæäå âñåãî åãî îñíîâíîé ñòðîèòåëüíîé åäèíè-
öû — óðàíèë-ñèëèêàòíîãî ñëîÿ, â ïåðâóþ î÷åðåäü îòíîøåíèå U : Si, êîòîðîå, ïî ðàçíûì
ëèòåðàòóðíûì èñòî÷íèêàì, ñîñòàâëÿåò ëèáî 1 : 3, ëèáî 2 : 5. Îïðåäåëåíèå êðèñòàëëè÷åñêèõ
ñòðóêòóð ïîçâîëÿåò îñòàíîâèòüñÿ íà ñòàáèëüíîì è òðóäíî ïîääàþùèìñÿ (ïî ñòðóêòóðå)
âàðèàöèÿì îòíîøåíèè 2 : 5, îòíåñÿ ïåðâîå (1 : 3) íà ñ÷åò òðóäíîñòåé âûäåëåíèÿ ìîíîìèíå-
ðàëüíûõ ôðàêöèé ðàññìàòðèâàåìûõ ìèíåðàëîâ äëÿ òðàäèöèîííîãî õèìè÷åñêîãî àíàëèçà è
ïîäòâåðæäåíèåì îòíîøåíèÿ 2 : 5 ìèêðîçîíäîâûì àíàëèçîì ìîíîêðèñòàëëîâ.

Ñëåäóåò îòìåòèòü, ÷òî õåéâèèò è óèêñèò ìîãóò âñòðå÷àòüñÿ â åäèíîé àññîöèàöèè. Òàê,
Õoíea [17], îïèñûâàÿ ãàñòóíèò Õàáåðëàíäà èç Àâñòðèè, èìååò äåëî ñ óèêñèòîì, â òå ãîäû åùå
íå óòâåðæäåííûì, à Âàëåíòà [24] ñ÷èòàåò, ÷òî Õàáåðëàíä îïèñàë õåéâèèò.

Ïî óñòíîìó ñîîáùåíèþ ïåðâîîòêðûâàòåëÿ ìèíåðàëîâ ñåðèè "óðñèëèò" À. À. ×åðíèêîâà,
èì âñòðå÷åí âìåñòå ñ óðñèëèòîì è õåéâèèò. Íåñîìíåíåí ïðèîðèòåò À. À. ×åðíèêîâà â îòêðû-
òèè Mg-äîìèíàíòíîãî ÷ëåíà ðàññìàòðèâàåìîé ãðóïïû, îäíàêî ìèêðîçîíäîâîå èçó÷åíèå
ïîêàçàëî åãî ñìåøàííûé è, ãëàâíîå, íåîäíîðîäíûé (ñ ïðåîáëàäàíèåì â îòäåëüíûõ òî÷êàõ Na
íàä äðóãèìè ìåæñëîåâûìè êàòèîíàìè) ñîñòàâ ïðè ñîõðàíåíèè îòíîøåíèÿ U : Si = 2 : 5.

Âàæíî îòìåòèòü, ÷òî íåñìîòðÿ íà òî, ÷òî "óðñèëèò" èìååò ñîñòàâ è ôèçè÷åñêèå ñâîéñòâà,
ïðîìåæóòî÷íûå ìåæäó õåéâèèòîì è óèêñèòîì, îí íå ÿâëÿåòñÿ ïðîñòîé "ìåõàíè÷åñêîé" ñìå-
ñüþ ýòèõ ìèíåðàëîâ, òàê êàê åãî ïîðîøêîãðàììà íå ñîäåðæèò ãëàâíûõ ëèíèé õåéâèèòà
(0,910–0,930; ~0,805; 0,455–0,460 íì è äð.) [9]. Ýòî ãîâîðèò î òîì, ÷òî "õåéâèèòîâûé êîìïî-
íåíò" ïðèñóòñòâóåò â óðñèëèòå íå â âèäå ñàìîñòîÿòåëüíîé ôàçû, à â âèäå ôðàãìåíòîâ èëè
îòäåëüíûõ ñëîåâ (âîçìîæíî "ñòàáèëèçèðîâàííûõ" êàëüöèåì).

Òàêèì îáðàçîì, êðèñòàëëîõèìè÷åñêè îáîñíîâàííûìè ÿâëÿþòñÿ ìèíåðàëüíûå âèäû
õåéâèèò, óèêñèò è îáðàçóåìûå èìè ñìåøàíîñëîéíûå ìèíåðàëû ïðè ïîñòîÿííîì ñîîòíîøå-
íèè (UO2)

2+ : (SiO2)
4– = 2 : 5 è ðàçâèòèè îãðàíè÷åííûõ èçîìîðôíûõ çàìåùåíèé íà áàçå

ñòðóêòóðû õåéâèèòà (ìèíåðàë Ñà) è øèðîêèõ — íà áàçå ñòðóêòóðû óèêñèòà (K, Na, Mg, Ca,
Ba).

Àâòîðû áëàãîäàðíû çà ïðåäîñòàâëåííûå îáðàçöû õåéâèèòà äîêòîðó Ä. Àòåíñèî
(Óíèâåðñèòåò Ñàí-Ïàóëî, Áðàçèëèÿ) è óðñèëèòà — äîêòîðó ãåîë.-ìèíåðàë. íàóê À. À.
×åðíèêîâó.
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ÐÅÇÞÌÅ. Ç ìåòîþ íîìåíêëàòóðíîãî óïîðÿäêóâàííÿ ñèë³êàò³â óðàí³ëó, âåëèêîãî çà ê³ëüê³ñòþ âèä³ëåíèõ ì³íå-
ðàëüíèõ ð³çíîâèä³â êðèñòàë³÷íî¿ ãðóïè õåéâ³¿òó — ó¿êñ³òó ïðîâåäåíî ðåâ³ç³þ óñ³õ íàÿâíèõ äàíèõ ç ö³º¿ ãðóïè
ì³íåðàë³â òà îáãðóíòóâàííÿ ³íäèâ³äóàë³çàö³¿ êîæíîãî ç íèõ. Â ðåçóëüòàò³ äîäàòêîâèõ åêñïåðèìåíòàëüíèõ äîñ-
ë³äæåíü ìåòîäàìè ²×-ñïåêòðîñêîï³¿ òà ì³êðîçîíäîâîãî àíàë³çó àâòîðè ä³éøëè âèñíîâê³â, ùî êðèñòàë³÷íî îá-
ãðóíòîâàíèìè âèäàìè º õåéâ³¿ò ³ ó¿êñèò, à òàêîæ ¿õ Ba-, Mg-, Na-àíàëîãè òà óòâîðþâàí³ íèìè çì³øàíîøàðóâàò³
ì³íåðàëè.

SUMMARY. Authors have made the revision of all data concerning haiweeite-weeksite crystal chemical group in order
to classify the various mineral types included in this group. Additional experimental IR-spectroscopy and microprobe
analysis allowed the authors to make a conclusion that haiweeite and weeksite and their Ba-, Mg-, Na-analogues with
mixed-layer minerals only are of crystal chemical type.

ÑÈÄÎÐÅÍÊÎ Ã. À.  è äð.
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ÓÄÊ 546.05:548.73:549.6

Á. Ã. Øàáàëèí, Ý. Â. Ïîëüøèí

Ñèíòåç ãîëëàíäèòîâ è èçîìîðôèçì â íèõ

Èçó÷åíû óñëîâèÿ ñèíòåçà ãîëëàíäèòîâ èç øèõòû ñîâìåñòíî îñàæäåííûõ ãèäðîêñîêàðáîíàòîâ ñ èçîìîðôíûìè
ïðèìåñÿìè Cs, Sr è Na. Ìåòîäàìè ðåíòãåíîãðàôè÷åñêîãî àíàëèçà è ßÃÐ-ñïåêòðîñêîïèè óñòàíîâëåíû ïðåäåëû
èçîìîðôíîé åìêîñòè ãîëëàíäèòîâ.

Â íàñòîÿùåå âðåìÿ ñðåäè êîíöåïöèé ëîêàëèçàöèè âûñîêîàêòèâíûõ îòõîäîâ (ÂÀÎ)
íàó÷íî îáîñíîâàííîé, òåõíè÷åñêè îïðàâäàííîé è áåçîïàñíîé ñ÷èòàåòñÿ êîíöåïöèÿ
èçîëÿöèè äîëãîæèâóùèõ ðàäèîíóêëèäîâ â âèäå îñîáîóñòîé÷èâûõ ìèíåðàëîïîäîáíûõ
îòâåðæäåííûõ ôîðì, ñîâìåñòèìûõ ñ ãåîëîãè÷åñêîé ñðåäîé [7, 8].

Èñõîäÿ èç ýòîé êîíöåïöèè, ïðîáëåìà âûáîðà ôîðìû îòâåðæäåíèÿ ÿâëÿåòñÿ îä-
íîé èç ãëàâíûõ, ïîñêîëüêó ñâîéñòâà ýòîé ôîðìû â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿþò
ðèñê âîçìîæíîãî ðàñïðîñòðàíåíèÿ ðàäèîàêòèâíûõ îòõîäîâ â îêðóæàþùóþ ñðåäó. Âûáîð
ôîðìû îòâåðæäåíèÿ ôàêòè÷åñêè îçíà÷àåò è âûáîð òåõíîëîãèè ïåðåðàáîòêè ðàäèîàê-
òèâíûõ îòõîäîâ. Ñðåäè ðàçðàáàòûâàåìûõ ôîðì îòâåðæäåíèÿ, çàñëóæèâàþùèõ òåîðå-
òè÷åñêîãî è ýêñïåðèìåíòàëüíîãî èçó÷åíèÿ, ïåðñïåêòèâåí öèðêîíîòèòàíàòíûé êåðà-
ìè÷åñêèé ìàòåðèàë (SYNPOC), ïîëó÷àåìûé íà îñíîâå àññîöèàöèè ÷åòûðåõ ñèíòåòè-
÷åñêèõ ìèíåðàëüíûõ ôàç: öèðêîíîëèòà — CaZrTi2O7, ãîëëàíäèòà — Ba(Al,Fe)2Ti6O16,
ïåðîâñêèòà — CaTiO3 è ðóòèëà — TiO2. Îí èìååò âûñîêóþ õèìè÷åñêóþ è ðàäèàöèîí-
íóþ óñòîé÷èâîñòü, ìåõàíè÷åñêóþ ïðî÷íîñòü è îòëè÷àåòñÿ øèðîêèìè èçîìîðôíûìè
ïðåäåëàìè çàìåùåíèé äëÿ ðÿäà ãåòåðîâàëåíòíûõ êàòèîíîâ, â òîì ÷èñëå äîëãîæèâó-
ùèõ ðàäèîíóêëèäîâ è ïðîäóêòîâ èõ ðàñïàäà. Ãîëëàíäèò èñïîëüçóåòñÿ â êåðàìèêå
SYNÐOC äëÿ ôèêñàöèè ùåëî÷íûõ è ùåëî÷íî-çåìåëüíûõ ðàäèîíóêëèäîâ Ñs, Rb, K, Ba,
à òàêæå ñîïóòñòâóþùèõ ïðîäóêòîâ ðàñïàäà, êîððîçèè ìåòàëëîâ (Fe, Cr) [8].

Íàìè ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèé óñëîâèé ñèíòåçà è èçó÷åíû ïðåäåëû
èçîìîðôíîé åìêîñòè æåëåçèñòîãî ãîëëàíäèòà (BaFeTi6O16) ñ èçîìîðôíûìè ïðèìå-
ñÿìè Cs, Cr è Na, êîòîðûå ñëóæèëè ýëåìåíòàìè — èìèòàòîðàìè ÂÀÎ (òàáë. 1). Ñòðóê-
òóðà ãîëëàíäèòà äåòàëüíî îïèñàíà â ðàáîòå [10]. Êàòèîíû ñ ìàëûì èîííûì ðàäèóñîì
(Ò³4+, Ò³3+, Àl3+) íàõîäÿòñÿ â öåíòðàõ îêòàýäðîâ. Ïàðû îêòàýäðîâ, ñîåäèíåííûå ðåáðà-
ìè, îáðàçóþò äâîéíûå öåïè, ïàðàëëåëüíûå îñè ñ. Äâîéíûå öåïè îêòàýäðîâ, ñîåäèíÿñü
âåðøèíàìè, îáðàçóþò òðåõìåðíóþ ðåøåòêó, ñîäåðæàùóþ òóííåëè ïàðàëëåëüíûå îñè ñ,
â êîòîðûõ   ðàñïîëàãàþòñÿ  êàòèîíû  ñ  áîëüøèì èîííûì ðàäèóñîì. Ïîñëåäíèå îêðó-
æåíû àòîìàìè êèñëîðîäà, ðàñïîëîæåííûìè â âåðøèíàõ ñëåãêà èñêàæåííîãî êóáà
(ðèñ. 1). Â ñòðóêòóðå ãîëëàíäèòà íàáëþäàåòñÿ øèðîêèé ïðåäåë èçîìîðôíûõ çàìåùå-
íèé. Ba çàìåùàåòñÿ Cs, Rb, K, ïðè ýòîì Al çàìåùàåòñÿ èëè òðåõâàëåíòíûìè êàòèîíàìè
(íàïðèìåð, Cr, Fe, Ti), èëè êîìáèíàöèåé ÷åòûðåõ- è äâóõâàëåíòíûõ êàòèîíîâ Ti4+ è
M2+ (M — Mg, Co, Fe, Ni, Mn). Ãîëëàíäèò èçîñòðóêòóðåí ïðàéäåðèòó (K2Fe2Ti6O16).

Â íàñòîÿùåå âðåìÿ ñèíòåç ãîëëàíäèòîâ îñóùåñòâëÿåòñÿ ïðîêàëèâàíèåì ñìåñè
èñõîäíûõ îêñèäîâ, êàðáîíàòîâ èëè íèòðàòîâ íà âîçäóõå èëè â âàêóóìå (äëÿ îáðàçöîâ,
ñîäåðæàùèõ Ti3+) [6]. Ñïîñîá ïðèãîòîâëåíèÿ èñõîäíîé øèõòû íå âñåãäà îáåñïå÷èâà-
åò ñòåõèîìåòðèþ è äîñòàòî÷íóþ îäíîðîäíîñòü ñîñòàâà è, êàê ñëåäñòâèå, ïîñòîÿíñòâî
ñâîéñòâ ïîëó÷åííûõ îáðàçöîâ. Ê òîìó æå ñàì ñèíòåç òðåáóåò äîñòàòî÷íî äëèòåëüíîãî
ïðîêàëèâàíèÿ (15–92 ÷).

Îáðàçöû ãîëëàíäèòîâ Ã-1–Ã-5 (òàáë. 2) ïîëó÷åíû ìåòîäîì ïðîêàëèâàíèÿ ñîâìå-
ñòíî îñàæäåííûõ ãèäðîêñîêàðáîíàòîâ Âà, Fe, Ti è Sr (ÑÎÃ), îñòàëüíûå — ñîâìåñòíûì
îñàæäåíèåì ãèäðîêñîêàðáîíàòîâ Ba, Fe, Ti ñ ïîñëåäóþùèì äîáàâëåíèåì ê îòäåëåííî-
ìó îñàäêó íèòðàòîâ Na, Cs, Ñî è óïàðèâàíèåì ïîëó÷åííûõ ñìåñåé ïðè èíòåíñèâíîì
ïåðåìåøèâàíèè. Îñàäêè ïðîêàëèâàëè ïðè 1100 °C â òå÷åíèè 3 ÷ ñ ïîñòåïåííûì âû-
õîäîì íà çàäàííóþ òåìïåðàòóðó. Ïðîêàëèâàíèå îáð. Ã-13 ïðîâîäèëè ñðàçó â ãîðÿ÷åé
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ïå÷è ïðè 1100 °C. Íåîáõîäèìîñòü òàêîé
òåðìîîáðàáîòêè îáóñëîâëåíà òåì, ÷òî Co3+

ïåðåõîäèò â Co2+ ïðè Ò  940 °C [1].
Â êà÷åñòâå ñîëåé ïðè ïðèãîòîâëåíèè

èñõîäíîé øèõòû ìåòîäîì ÑÎÃ èñïîëü-
çîâàëè ñëåäóþùèå ðåàêòèâû: íèòðàòû Ba,
Sr, Fe, Cs, Na, Co3+ ìàðêè Õ×, ÷åòûðåõõëî-
ðèñòûé Ti ìàðêè ×. Ðàñòâîðèòåëåì äëÿ âñåõ
ñîëåé ñëóæèëà âîäà. Èñõîäÿ èç íåîáõîäè-
ìîñòè ïîëó÷åíèÿ ñëîæíîãî ìíîãîêîìïî-
íåíòíîãî ìàòåðèàëà, â ñîñòàâ êîòîðîãî
âõîäÿò Ba, Sr, Fe è Ti, à òàêæå èìåþùèõñÿ
ëèòåðàòóðíûõ äàííûõ îá óñëîâèÿõ èõ
îñàæäåíèÿ [3, 4], îñàäèòåëåì âûáðàí êàð-
áîíàòíî-àììèà÷íûé áóôåðíûé ðàñòâîð.
Îñàäîê îòôèëüòðîâûâàëè (ôèëüòðàò ïðî-
âåðÿëè êà÷åñòâåííûìè ðåàêöèÿìè íà ïîë-
íîòó îñàæäåíèÿ), ïðîìûâàëè, âûñóøèâà-
ëè è ïîäâåðãàëè òåðìîîáðàáîòêå. Ïðèãî-
òîâëåííàÿ òàêèì îáðàçîì øèõòà ñîîòâåò-

ñòâîâàëà çàäàííîìó ñòåõèîìåòðè÷åñêîìó ñîñòàâó.

Îáðàçöû èññëåäîâàëè ìåòîäàìè ðåíòãåíîôàçîâîãî àíàëèçà (ÄÐÎÍ-3,0; CuK -

èçëó÷åíèå ñ Ni-ôèëüòðîì) è ìåññáàóýðîâñêîé ñïåêòðîñêîïèè (ñïåêòðîìåòð ßÃÐÑ-
4Ì â ðåæèìå ëèíåéíîé ðàçâåðòêè ñêîðîñòè èñòî÷íèêà 57Ñî (Ñr) ñ àêòèâíîñòüþ 37
ÌÁê).

Ðåíòãåíîãðàôè÷åñêèå èññëåäîâàíèÿ ïðîäóêòîâ òåðìîîáðàáîòêè øèõòû ÑÎÃ ïî-
êàçàëè, ÷òî âûñóøåííàÿ ïðè êîìíàòíîé òåìïåðàòóðå øèõòà ïðîäîëæàåò îñòàâàòüñÿ
ðåíòãåíîàìîðôíîé äî 750–800 °C.

Íàáîð îñíîâíûõ îòðàæåíèé íà äèôðàêòîãðàììå îáð. Ã-1 àíàëîãè÷åí îòðàæåíè-
ÿì ïðèðîäíîãî ãîëëàíäèòà [8]. Íàëè÷èå äâóõ äîïîëíèòåëüíûõ (ê ãîëëàíäèòó) îòðàæå-
íèé (0,324 è 0,2183 íì), êàê ïîêàçàëî èäåíòèôèöèðîâàíèå â ìîíîêëèííîé ñèíãîíèè
è ïîñëåäóþùèå ýêñïåðèìåíòû ïî çàìåùåíèþ Ba â îáð. Ã-1, íå âûçâàíî ìîíîêëèííûì
èñêàæåíèåì ãîëëàíäèòà, à îáóñëîâëåíî íàëè÷èåì ïðèìåñíîé ôàçû, îäíîçíà÷íîå îï-
ðåäåëåíèå êîòîðîé ðåíòãåíîôàçîâûì àíàëèçîì íåâîçìîæíî. Ïðèñóòñòâèå ýòîé ôàçû
îáóñëîâëåíî, î÷åâèäíî, òåì, ÷òî ïîëíîå çàìåùåíèå K íà Ba â ãîëëàíäèòå íåâîçìîæíî,
÷òî ïîäòâåðæäàåòñÿ èçâåñòíûì ñîñòàâîì ïðèðîäíûõ ïðàéäåðèòîâ [6].

Èçîìîðôíîå çàìåùåíèå Ba íà Sr ïðîâåäåíî íà ÷åòûðåõ îáð. Ã-2–Ã-5 ñ ñîäåðæà-
íèåì, %: SrÎ — 5,0; 8,72; 10,0 è 11,02 ñîîòâåòñòâåííî (òàáë. 2). Äëÿ îáð. Ã-2 ðåíòãåíî-
ôàçîâûé àíàëèç ïîêàçàë íàëè÷èå ôàçû ñî ñòðóêòóðîé ãîëëàíäèòà è íåçíà÷èòåëüíîå
êîëè÷åñòâî ïðèìåñíûõ ôàç (~ äî 5 %). Ôàçû ñî ñòðóêòóðîé ïåðîâñêèòà îòñóòñòâóþò.
Îáð. Ã-3–Ã-5 ìíîãîôàçíûå. Îñíîâíûå ôàçû — ïåðîâñêèò, åãî ñîäåðæàíèå íàðàñòàåò ñ
óâåëè÷åíèåì êîíöåíòðàöèè SrO â èñõîäíîé øèõòå, ïàðàìåòðû ÿ÷åéêè áëèçêè ê òàêî-

Ðèñ. 1. Ôðàãìåíòû ñòðóêòóðû ãîëëàíäèòà (À — îäíî-
è äâóõâàëåíòíûå êàòèîíû)

Òàáëèöà 1. Õèìè÷åñêèé ñîñòàâ ãîëëàíäèòîâ, %

Íîìåð
îáðàçöà

Ôîðìóëà BaO Fe2O3 TiO2 SrO Na2O Cs2O CoO

Ã-1 BaFe2Ti6O16 19,35 20,15 60,50 — — — —
Ã-2 Ba0,625Sr0,375Fe2Ti6O16 12,40 20,60 62,00 5,00 — — —
Ã-3 Ba0,36Sr0,64Fe2Ti6O16 7,26 20,99 63,03 8,72 — — —
Ã-4 Ba0,27Sr0,73Fe2Ti6O16 5,50 21,10 63,40 10,00 — — —
Ã-5 Ba0,20Sr0,80Fe2Ti6O16 4,07 21,22 63.69 11,02 — — —
Ã-6 Ba0,75Na0,5Fe2Ti6O16 14,90 20,80 62,30 — 2,00 — —
Ã-7 Ba0,58Na0,84Fe2Ti6O16 11,79 21,18 63,57 — 3,46 — —
Ã-8 Ba0,405Na1,19Fe2Ti6O16 8,40 21,60 65,00 — 5,00 — —
Ã-9 Âà0,8Cs0,4Fe2Ti6O16 15,00 19,50 58,60 — — 6,90 —
Ã-10 Ba0,5Cs1,0Fe2Ti6O16 8,95 18,64 55,96 — — 16,45 —
Ã-11 Ba0,2Cs1,6Fe2Ti6O16 3,43 17,84 53,55 — — 25,18 —
Ã-12 Cs2Fe2Ti6O16 — 17,30 52,10 — — 30,60 —
Ã-13 Ba0,7Cs0,3Ti1,15Co0,85Ti6O16 13,68 — 72,81 — — 5,39 8,12
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âûì äëÿ SrTiO3 [9]; è ãîëëàíäèò. Ïðèñóòñòâóåò òàêæå íåçíà÷èòåëüíîå êîëè÷åñòâî (~ äî
5 %) íå óñòàíîâëåííûõ ïðèìåñíûõ ôàç è ðåíòãåíîàìîðôíàÿ ôàçà. Ïðèñóòñòâèå ïîñ-
ëåäíåé ñâèäåòåëüñòâóåò, ïî-âèäèìîìó, î íåäîñòàòî÷íî âûñîêîé òåìïåðàòóðå è ìàëîì
âðåìåíè ñèíòåçà. Çíà÷åíèÿ îáúåìà ýëåìåíòàðíîé ÿ÷åéêè ãîëëàíäèòîâ â îáð. Ã-2–Ã-5
â ïðåäåëàõ îøèáêè èçìåðåíèÿ îêàçàëèñü îäèíàêîâûìè, ÷òî óêàçûâàåò íà èçîìîðôíîå
çàìåùåíèå Ba íà Sr â ñòðóêòóðå ïðàéäåðèòà äî ñîäåðæàíèÿ SrO íå áîëåå 5 %.

Ðåíòãåíîôàçîâûé àíàëèç íàòðèéñîäåðæàùèõ ãîëëàíäèòîâ (îáð. Ã-6–Ã-8, òàáë. 2)
ïîêàçàë, ÷òî îñíîâíîé ôàçîé â íèõ ÿâëÿåòñÿ ãîëëàíäèò, äèôðàêöèîííàÿ êàðòèíà êîòî-
ðîãî èäåíòè÷íà òàêîâîé îáð. Ã-1. Ñ óâåëè÷åíèåì ñîäåðæàíèÿ íàòðèÿ (îáð. Ã-7, Ã-8)
èíòåíñèâíîñòü äîïîëíèòåëüíûõ ê ãîëëàíäèòîâîé ôàçå îòðàæåíèé âîçðàñòàåò, õîòÿ â
öåëîì è îñòàåòñÿ äîñòàòî÷íî íèçêîé. Èñõîäÿ èç ýòèõ äàííûõ ìîæíî ãîâîðèòü, ÷òî
ãðàíè÷íîå çíà÷åíèå èçîìîðôíî çàìåùàþùåãî Na â ñòðóêòóðå ãîëëàíäèòà íå ïðåâû-
øàåò 2 % Na2O.

Çàìåùåíèå Ba íà Cs (îáð. Ã-9–Ã-12, òàáë. 2) ñîõðàíÿåò ñòðóêòóðíûé òèï ãîëëàíäèòà.
Âìåñòå ñ òåì, íà ïîëó÷åííûõ äèôðàêòîãðàììàõ ïîÿâëÿåòñÿ íåñêîëüêî äîïîëíèòåëüíûõ
îòðàæåíèé, êîòîðûå íå èäåíòèôèöèðóþòñÿ íè â òåòðàãîíàëüíîé, íè â ìîíîêëèííîé
ñèíãîíèÿõ. Ýòè îòðàæåíèÿ, ñêîðåå âñåãî, ïðèíàäëåæàò ôàçàì èíîãî ñòðóêòóðíîãî òèïà
(âîçìîæíî, òèòàíàòàì Cs), êîòîðûå ñîñòàâëÿþò ~10 % îñíîâíîé ãîëëàíäèòîâîé ôàçû
â îáð. Ã-12 (â íåì ïðèñóòñòâóåò òàêæå íåáîëüøîå êîëè÷åñòâî ðåíòãåíîàìîðôíîé ôàçû).
Îáúåì ýëåìåíòàðíîé ÿ÷åéêè öåçèåâîãî ãîëëàíäèòà ïðàêòè÷åñêè ëèíåéíî ðàñòåò ñ
óâåëè÷åíèåì ñòåïåíè çàìåùåíèÿ Ba íà Cs âïëîòü äî 25 % Cs2O â øèõòå (ðèñ. 2).
Ïðè÷åì îáúåì óâåëè÷èâàåòñÿ â îñíîâíîì çà ñ÷åò ðîñòà ïàðàìåòðà à. Ïîñêîëüêó äàëü-
íåéøåå óâåëè÷åíèå êîíöåíòðàöèè Cs2O â øèõòå íå ïðèâîäèò ê èçìåíåíèþ ðàçìåðîâ
ÿ÷åéêè, ýòî çíà÷åíèå ìîæíî ïðèíÿòü çà ãðàíè÷íîå äëÿ äàííîé ñòðóêòóðû.

Òàáëèöà 2. Ôàçîâûé ñîñòàâ è ïàðàìåòðû ýëåìåíòàðíûõ ÿ÷ååê ãîëëàíäèòîâ

Íîìåð
îáðàçöà

Ôàçîâûé ñîñòàâ a, íì c, íì V, íì3

Ã-1 Ãîëëàíäèò 1,0085 (2) 0,2966 (1) 0,3016 (1)

Ã-2 Òî æå 1,0065 (2) 0,2968 (1) 0,3007 (1)

Ã-3 "   "
>> ïåðîâñêèò

>> àìîðôíàÿ ôàçà

1,0064 (5) 0,2971 (2) 0,3009 (5)

Ã-4 Ãîëëàíäèò
< ïåðîâñêèò

>> àìîðôíàÿ ôàçà

1,0077 (5) 0,2969 (2) 0,3016 (1)

Ã-5 Ãîëëàíäèò
< ïåðîâñêèò

> àìîðôíàÿ ôàçà

1,0573 (3) 0,2967 (8) 0,3001 (3)

Ã-6 Ãîëëàíäèò 1,0084 (2) 0,2966 (1) 0,3016 (1)

Ã-7 Òî æå
>> x-ôàçà+àìîðôíàÿ

1,0067 (3) 0,2963 (3) 0,3004 (5)

Ã-8 Ãîëëàíäèò
> x-ôàçà

1,0088 (2) 0,2963 (1) 0,3015 (1)

Ã-9 Ãîëëàíäèò 1,0104 (1) 0,2967 (1) 0,3029 (1)

Ã-10 Òî æå 1,0166 (4) 0,2968 (2) 0,3067 (1)

Ã-11 "   "
>> x-ôàçà

1,0230 (6) 0,2965 (4) 0,3103 (2)

Ã-12 Ãîëëàíäèò
> x-ôàçà+àìîðôíàÿ

1,0245 (5) 0,2954 (3) 0,3100 (3)

Ã-13 Ãîëëàíäèò
> ðóòèë

1,0215 (1) 0,5784 (1) 0,6536 (5)

ÑÈÍÒÅÇ ÃÎËËÀÍÄÈÒÎÂ
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Âîçìîæíîñòü îäíîâðåìåííîãî èçîìîðôíîãî çàìåùåíèÿ Ba íà Cs, à Ti íà Co
èçó÷åíà íàìè íà îáð. Ã-13 (òàáë. 1). Íàáîð îñíîâíûõ îòðàæåíèé äèôðàêòîãðàììû ýòîãî
îáðàçöà ñîîòâåòñòâóåò ãîëëàíäèòó, à ïàðàìåòðû è îáúåì ýëåìåíòàðíîé ÿ÷åéêè èìåþò áóëü-
øèå çíà÷åíèÿ, ÷åì ó äðóãèõ ãîëëàíäèòîâ, òàê êàê èîííûå ðàäèóñû CsVI

  è CoVI
2  áîëüøå

èîííûõ ðàäèóñîâ Ba VI
2  è TiVI

4  ñîîòâåòñòâåííî. Â îáð. Ã-13 îáíàðóæåíî òàêæå íåçíà÷èòåëü-
íîå êîëè÷åñòâî ðóòèëà (~ 5 %).

Ìåññáàóýðîâñêèå ñïåêòðû ñèíòåçèðîâàííûõ ãîëëàíäèòîâ ðàçíîãî ñîñòàâà ïðåäñòàâëÿ-
þò ñîáîé îäèíî÷íûå äóáëåòû ñ ïðàêòè÷åñêè ïîñòîÿííûì èçîìåðíûì ñäâèãîì (IS), ðàâíûì
0,64 ìì/ñ è êâàäðóïîëüíûì ðàñùåïëåíèåì (QS), èçìåíÿþùèìñÿ îò ìèíèìàëüíîãî çíà÷å-
íèÿ 0,51 (äëÿ ÷èñòî áàðèåâîãî ãîëëàíäèòà) äî ìàêñèìàëüíîãî 0,65 ìì/ñ (â îáðàçöå ñ ïðåîá-
ëàäàíèåì Sr). Çíà÷åíèå IS õàðàêòåðíî äëÿ èîíîâ Fe3+, íàõîäÿùèõñÿ â îêòàýäðè÷åñêîé êîîð-
äèíàöèè â âûñîêîñïèíîâîì ñîñòîÿíèè, ò. å. ïðåîáëàäàíèåì èîííîãî òèïà ñâÿçè. Ýòè äàííûå
ïîëíîñòüþ ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè ðàñøèôðîâêè ñòðóêòóðû ãîëëàíäèòà [10]. Â ñîîòâåò-
ñòâèè ñ íèìè èîíû Fe ñòàòèñòè÷åñêè çàïîëíÿþò â ãîëëàíäèòå 1/4 ÷àñòü îêòàýäðè÷åñêèõ
ïîçèöèé, êàæäàÿ èç êîòîðûõ ÷åðåç àòîìû Î1 ñâÿçàíà ñ êàíàëüíûìè êàòèîíàìè (ðèñ. 1), êîì-
ïåíñèðóþùèìè îòðèöàòåëüíûé çàðÿä îêòàýäðè÷åñêîãî êàðêàñà.

Øèðèíà îòäåëüíûõ ëèíèé ïîãëîùåíèÿ â äóáëåòàõ ñóùåñòâåííî áîëüøå ìèíèìàëüíî
äîïóñòèìîé è èçìåíÿåòñÿ îò îáðàçöà ê îáðàçöó, ÷òî ïîçâîëÿåò ïðåäïîëîæèòü åå çàâèñèìîñòü
îò õèìè÷åñêîãî ñîñòàâà êîìïåíñèðóþùèõ êàòèîíîâ, òàê êàê ñîñòàâ îêòàýäðè÷åñêèõ êàòèî-
íîâ âî âñåõ ñèíòåçèðîâàííûõ ãîëëàíäèòàõ ïîñòîÿíåí. Ìîäåëèðîâàíèå ñïåêòðîâ îäèíî÷íûì
äóáëåòîì ïðèâîäèò ê íåïðèåìëåìûì çíà÷åíèÿì ñòàòèñòè÷åñêèõ ïîêàçàòåëåé (2) ñõîäèìî-
ñòè òåîðåòè÷åñêîãî è ýêñïåðèìåíòàëüíîãî ñïåêòðîâ (òàáë. 3), êðîìå îáðàçöà ñ ÷èñòî áàðèå-
âûì ñîñòàâîì êàíàëüíûõ êàòèîíîâ.

Ýòè ðåçóëüòàòû ñâèäåòåëüñòâóþò î òîì, ÷òî ðåçîíàíñíûå ëèíèè ïîãëîùåíèÿ óøèðåíû
íåîäíîðîäíî, à íàáëþäàåìûå äóáëåòû ïðåäñòàâëÿþò ñîáîé â äåéñòâèòåëüíîñòè ñóïåðïîçè-
öèþ íåñêîëüêèõ êâàäðóïîëüíûõ äóáëåòîâ ñ ðàçíûìè QS è ïðèìåðíî îäèíàêîâûìè IS. Íà-
ëè÷èå òàêèõ äóáëåòîâ ìîæåò áûòü ñâÿçàíî ñ âëèÿíèåì âàðèàöèé õèìè÷åñêîãî ñîñòàâà êà-
íàëüíûõ êàòèîíîâ (à òàêæå ñ èçìåíåíèåì èõ ðàçìåðîâ) â áëèæàéøåé êàòèîííîé ñôåðå
èîíîâ Fe3+ íà ãðàäèåíò ýëåêòðè÷åñêîãî ïîëÿ (ÃÝÏ) íà ÿäðå èîíîâ Fe3+. ÃÝÏ îïðåäåëÿåò, â
êîíå÷íîì ñ÷åòå, êâàäðóïîëüíûå ðàñùåïëåíèÿ â ìåññáàóýðîâñêèõ ñïåêòðàõ. Êîëè÷åñòâî âîç-
ìîæíûõ ïðè ýòîì äóáëåòîâ îïðåäåëÿåòñÿ êîëè÷åñòâîì îäíîòèïíûõ ñèòóàöèé, âîçíèêàþùèõ
â áëèæàéøåé êàòèîííîé ñôåðå, êîòîðîå, â ñâîþ î÷åðåäü, çàâèñèò îò ÷èñëà ðàçíîòèïíûõ
êàòèîíîâ â À-ïîçèöèÿõ è ÷èñëà ýòèõ ïîçèöèé íåïîñðåäñòâåííî ñâÿçàííûõ ñ Â-îêòàýäðàìè.

Äëÿ âûáîðà ñîîòâåòñòâóþùåé ìîäåëè ðàçëîæåíèÿ ñïåêòðîâ íà îòäåëüíûå äóáëåòû ðàñ-
ñìîòðèì ïîäðîáíåå ñòðóêòóðó ãîëëàíäèòà. Êàê âèäíî èç ðèñ. 1 (ôðàãìåíò ñòðóêòóðû ñ âûäå-
ëåííûìè âäîëü îñè ñ ëåíòàìè îêòàýäðîâ è êàíàëüíûõ êàòèîíîâ) êàæäûé Â-îêòàýäð èìååò
ñ À-âîñüìèâåðøèííèêàìè îáùåå ðåáðî Î1–Î1 è îáùóþ âåðøèíó Î1. Äëÿ ïðîñòîòû ìû
ðàññìàòðèâàåì ñòðóêòóðó ãîëëàíäèòà, â êîòîðîé À-êàòèîíû èìåþò êîîðäèíàòû (0; 0; 0,5). Â
ñëó÷àå, åñëè À-êàòèîíàìè ÿâëÿþòñÿ äâóõâàëåíòíûå èîíû, À-ïîçèöèè çàïîëíÿþòñÿ íàïîëî-

Òàáëèöà 3. Ïàðàìåòðû ìåññáàóýðîâñêèõ ñïåêòðîâ îáðàçöîâ æåëåçîòèòàíîâîãî ãîëëàíäèòà ïðè
ìîäåëèðîâàíèè ñïåêòðîâ îäíèì äóáëåòîì

Ï ð è ì å ÷ à í è å. Çäåñü è â òàáë. 4: IS — èçîìåðíûé ñäâèã äóáëåòà îòíîñèòåëüíî öåíòðà ñïåêòðà íèòðîïðóñ-
ñèäà íàòðèÿ, QS — êâàäðóïîëüíîå ðàñùåïëåíèå äóáëåòà; W — øèðèíà ëèíèé ïîãëîùåíèÿ â äóáëåòå, 2 —
íîðìèðîâàííàÿ ñóììà êâàäðàòîâ ðàçíîñòåé òåîðåòè÷åñêîãî è ýêñïåðèìåíòàëüíîãî ñïåêòðîâ. Òî÷íîñòü îïðå-
äåëåíèÿ IS è QS — 0,01 ìì/ñ, W — 0,02 ìì/ñ, S — 10 %.

Íîìåð Ñîñòàâ êàòèîíîâ Äóáëåò Fe3+

îáðàçöà â À-ïîçèöèÿõ IS QS W 2

Ã-1 Ba 0,64 0,51 0,34 1,232
Ã-2 Ba0,625Sr0,375 0,64 0,55 0,41 5,406
Ã-3 Ba0,36Sr0,64 0,64 0,60 0,46 4,401
Ã-4 Ba0,27Sr0,73 0,64 0,63 0,50 2,592
Ã-5 Ba0,20Sr0,80 0,64 0,65 0,50 14,514
Ã-6 Ba0,75Na0,5 0,64 0,54 0,38 1,347
Ã-7 Ba0,58Na0,84 0,64 0,52 0,38 3,132
Ã-8 Ba0,405Na1,19 0,64 0,59 0,43 3,143
Ã-9 Ba0,8Cs0,4 0.64 0,53 0,34 2,480
Ã-10 Ba0,5Cs1,0 0,64 0,56 0,40 2,484
Ã-11 Ba0,2Cs1,6 0,65 0,56 0,42 1,484
Ã-12 Cs2 0,64 0,58 0,37 2,063

ØÀÁÀËÈÍ Á. Ã., ÏÎËÜØÈÍ Ý. Â.
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âèíó ÷åðåç îäíó. Â ðåçóëüòàòå ýòîãî âîçìîæíû
äâå ñèòóàöèè ðàñïîëîæåíèÿ À-êàòèîíîâ âîê-
ðóã Â-îêòàýäðîâ. Â îäíîé èç íèõ (ðèñ. 1, à) ñ Â-
ïîçèöèåé ÷åðåç îáùèå Î1-âåðøèíû ñâÿçàíû
òîëüêî äâà À-êàòèîíà èç ðàçíûõ ëåíò êàíàëü-
íûõ êàòèîíîâ, ïðè÷åì îäèí èç íèõ ñâÿçàí ñðàçó
ñ äâóìÿ àòîìàìè êèñëîðîäà Î1. Âî âòîðîé ñè-
òóàöèè (ðèñ. 1, á) ñ Â-ïîçèöèåé ñâÿçàíû òðè
À-êàòèîíà, ïðè÷åì êàæäûé òîëüêî ñ îäíîé
âåðøèíîé Â-îêòàýäðà. Ïî ñðàâíåíèþ ñ ïåð-
âîé ñèòóàöèåé, êîãäà îäèí èç À-êàòèîíîâ áûë ñâÿçàí ñðàçó ñ äâóìÿ àòîìàìè êèñëîðîäà
îêòàýäðà, ò. å. îêòàýäð è âîñüìèâåðøèííèê èìåëè îáùåå ðåáðî, âî âòîðîé — ðàññòîÿíèå
ìåæäó À-êàòèîíàìè èç ýòîãî æå êàíàëà è Fe3+ ñòàíîâèòñÿ áîëüøå è, ñëåäîâàòåëüíî, èõ âëè-
ÿíèå íà ÃÝÏ íà ÿäðå èîíîâ Fe3+ áóäåò ìåíüøå. Îäíàêî ïîñêîëüêó âî âòîðîé ñèòóàöèè òàêèõ
êàòèîíîâ â äâà ðàçà áîëüøå, ìîæíî ïðåäïîëîæèòü, ÷òî â ïåðâîì ïðèáëèæåíèè ïî ñâîåìó
âëèÿíèþ íà ðàñùåïëåíèÿ â ìåññáàóýðîâñêèõ ñïåêòðàõ ýòè ñèòóàöèè ïðèìåðíî îäèíàêîâû.
Ïîýòîìó â äàëüíåéøåì ïðè ìîäåëèðîâàíèè ìåññáàóýðîâñêèõ ñïåêòðîâ áóäåì ñ÷èòàòü, ÷òî â
ñòðóêòóðå ãîëëàíäèòà èìååòñÿ òîëüêî ïåðâàÿ ñèòóàöèÿ, êîãäà ñ êàæäûì Fe3+-îêòàýäðîì ñâÿ-
çàíî äâà êàíàëüíûõ êàòèîíà èç ðàçíûõ ëåíò. Åñëè â ñîñòàâå À-êàòèîíîâ èìåþòñÿ ðàçíûå
êàòèîíû Õ è Y, òî âîêðóã Fe3+-îêòàýäðîâ âîçìîæíû èõ òðè ñî÷åòàíèÿ: ÕÕ, YY è ÕY, à ìåññáà-
óýðîâñêèå ñïåêòðû, ñîîòâåòñòâåííî, íåîáõîäèìî ìîäåëèðîâàòü òðåìÿ äóáëåòàìè ñ ðàçíûìè
êâàäðóïîëüíûìè ðàñùåïëåíèÿìè. Â ñëó÷àå ñòàòèñòè÷åñêîãî ðàñïðåäåëåíèÿ ðàçíîòèïíûõ
êàòèîíîâ Õ è Y ïî çàïîëíåííûì À-ïîçèöèÿì, êîëè÷åñòâî òàêèõ ñî÷åòàíèé è, ñîîòâåòñòâåííî,
ïëîùàäè ïîä êâàäðóïîëüíûìè äóáëåòàìè ëåãêî ïîäñ÷èòàòü ïåðåóìíîæåíèåì êîíöåíòðà-
öèé ñîîòâåòñòâóþùèõ êàòèîíîâ. Òåì íå ìåíåå, ðàçëîæåíèå ìåññáàóýðîâñêèõ ñïåêòðîâ íà òðè
äóáëåòà íå ïîçâîëèëî ïîëó÷èòü õîòü êàêîå-òî ïîäîáèå çàâèñèìîñòè ïëîùàäåé äóáëåòîâ îò
õèìè÷åñêîãî ñîñòàâà êàíàëüíûõ êàòèîíîâ. Îñíîâíàÿ ïðè÷èíà òàêîé íåóäà÷è, ïî-íàøåìó
ìíåíèþ, — íåäîñòàòî÷íî áîëüøàÿ ðàçíèöà â êâàäðóïîëüíûõ ðàñùåïëåíèÿõ, ñîîòâåòñòâóþ-
ùèõ ïðåäïîëàãàåìûì äóáëåòàì. Â êà÷åñòâå âûõîäà èç ñèòóàöèè ìû ïðåäïîëîæèëè, ÷òî ñî÷å-
òàíèÿ ÕÕ è YY ïî ñâîåìó âëèÿíèþ íà èñêàæåíèÿ â îêòàýäðàõ ïðàêòè÷åñêè ýêâèâàëåíòíû è,
ñëåäîâàòåëüíî, ñïåêòðû íåîáõîäèìî ìîäåëèðîâàòü òîëüêî äâóìÿ äóáëåòàìè (òàáë. 4). Êàê
âèäíî èç ïîëó÷åííûõ äàííûõ, ñîîòâåòñòâèå ìåæäó ïëîùàäÿìè äîñòèãíóòî â ñðåäíåì ñ òî÷-
íîñòüþ äî ± 6 %, ÷òî â îïðåäåëåííîé ñòåïåíè äîêàçûâàåò ïðèåìëåìîñòü äàííîé ìîäåëè è
ñòàòèñòè÷åñêèé õàðàêòåð ðàñïðåäåëåíèÿ êàíàëüíûõ êàòèîíîâ. Ýòà æå ìîäåëü ïîçâîëèëà ñó-
ùåñòâåííî óìåíüøèòü ïî ñðàâíåíèþ ñ îäíîäóáëåòíîé çíà÷åíèÿ ïàðàìåòðà 2 ñòàòèñòè÷åñ-
êîãî ñîîòâåòñòâèÿ ýêñïåðèìåíòàëüíîãî è ðàññ÷èòàííîãî ïî ìåòîäó íàèìåíüøèõ êâàäðàòîâ
ñïåêòðà. Ñëåäóåò îòìåòèòü, ÷òî äëÿ ðàñ÷åòîâ ïî äâóõäóáëåòíîé ìîäåëè áûëè èñïîëüçîâàíû
ñïåêòðû òîëüêî òåõ ãîëëàíäèòîâ, â äèôðàêòîãðàììàõ êîòîðûõ íå áûëî çàôèêñèðîâàíî â
áîëüøèõ êîëè÷åñòâàõ äðóãèõ ôàç, â îñîáåííîñòè ðåíòãåíîàìîðôíûõ.

Ïðè ðàñ÷åòå êîëè÷åñòâà íåýêâèâàëåíòíûõ ñèòóàöèé âîêðóã èîíîâ Fe3+ â ãîëëàíäèòàõ ñ
îäíîâàëåíòíûìè êàíàëüíûìè êàòèîíàìè ïîñëåäíèå îáúåäèíÿëè â ïàðû, òàê êàê ïîçèöèè À
çàïîëíÿþòñÿ èìè áåç ïåðåðûâîâ, à ñîîòâåòñòâóþùèå ÷èñëà çàïîëíåíèÿ ïîçèöèé óìåíüøàëè

Ðèñ. 2. Çàâèñèìîñòü îáúåìà ýëåìåíòàðíîé ÿ÷åéêè ñèí-
òåòè÷åñêèõ ãîëëàíäèòîâ Ba(1–x)Cs2xFe2Ti6O16 îò ìîëü-
íîé äîëè Cs (õ)

Òàáëèöà 4. Ïàðàìåòðû ìåññáàóýðîâñêèõ ñïåêòðîâ îáðàçöîâ æåëåçî-òèòàíîâîãî ãîëëàíäèòà ïðè
ìîäåëèðîâàíèè ñïåêòðîâ äâóìÿ äóáëåòàìè

Ï ð è ì å ÷ à í è å. S — ïëîùàäü ïîä êàæäûì äóáëåòîì (â % ê îáùåé ïëîùàäè ïîãëîùåíèÿ). Èíäåêñû exp è
st îòíîñÿòñÿ ñîîòâåòñòâåííî ê îïðåäåëåííûì èç ìåññáàóýðîâñêèõ ñïåêòðîâ è âû÷èñëåííûì ïî ìîäåëè ñòàòè-
ñòè÷åñêîãî ðàñïðåäåëåíèÿ êîìïåíñèðóþùèõ êàòèîíîâ â êàíàëàõ ãîëëàíäèòà.

Íîìåð
Äóáëåò Fe3+ (ÕÕ + YY) Äóáëåò Fe3+ (XY)

îáðàçöà IS QS W Sexp/Sst IS QS W Sexp/Sst
2

Ã-2 0,64 0,43 0,32 56/53 0,63 0,75 0,37 44/47 1,113
Ã-6 0,64 0,47 0,34 69/62 0,64 0,70 0,32 31/38 1,387
Ã-7 0,64 0,46 0,32 56/52 0,64 0,69 0,37 44/48 1,353
Ã-9 0,64 0,45 0,28 60/68 0,64 0,69 0,34 40/32 1,412
Ã-10 0,64 0,45 0,33 52/50 0,64 0,76 0,37 48/50 1,059
Ã-11 0,65 0,48 0,34 70/68 0,63 0,79 0,35 30/32 1,109

ÑÈÍÒÅÇ ÃÎËËÀÍÄÈÒÎÂ
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âäâîå. Òàêèì îáðàçîì, ñèòóàöèè ñ îäíîâàëåíòíûìè À-êàòèîíàìè ñâîäèëèñü ê îïèñàííûì
âûøå äëÿ äâóõâàëåíòíûõ.

Êàê âèäíî èç òàáë. 4, êâàäðóïîëüíûå ðàñùåïëåíèÿ, à ñëåäîâàòåëüíî, è èñêàæåíèÿ îêòàýä-
ðîâ óâåëè÷èâàþòñÿ, åñëè â èõ áëèæàéøåì îêðóæåíèè â êà÷åñòâå êîìïåíñàòîðîâ íàõîäÿòñÿ
ðàçíûå õèìè÷åñêèå ýëåìåíòû. Â òî æå âðåìÿ äëÿ êàæäîé ñèòóàöèè âîêðóã Fe3+-èîíîâ ðàñ-
ùåïëåíèÿ ñëàáî ìåíÿþòñÿ âíóòðè ãðóïïû èçó÷åííûõ ãîëëàíäèòîâ, ÷òî ñâèäåòåëüñòâóåò î
ñïîñîáíîñòè ñòðóêòóðíîãî òèïà ãîëëàíäèòà ïîãëîùàòü ðàçëè÷àþùèåñÿ ïî ðàçìåðàì êðóï-
íûå êàòèîíû áåç çàìåòíîãî íàðóøåíèÿ èõ ýíåðãåòèêè.

Íåîáõîäèìî îòìåòèòü ïëîõóþ ñõîäèìîñòü ðàñ÷åòíîãî ñïåêòðà â ñëó÷àå ÷èñòî öåçèåâîãî
ñîñòàâà ãîëëàíäèòà. Êàê îòìå÷àëîñü âûøå, ýòîò îáðàçåö â äåéñòâèòåëüíîñòè ïðåäñòàâëÿåò
ñîáîé ñìåñü ãîëëàíäèòà è íåèçâåñòíîé ôàçû, â ñîñòàâ êîòîðîé íåèçáåæíî äîëæíû âõîäèòü
èîíû Fe3+, ïîýòîìó ýêñïåðèìåíòàëüíûé ñïåêòð ÿâëÿåòñÿ â äàííîì ñëó÷àå ñóïåðïîçèöèåé
ñïåêòðîâ ñîîòâåòñòâóþùèõ ôàç.

Íà îñíîâàíèè ïîëó÷åííûõ äàííûõ ìîæíî ñäåëàòü ñëåäóþùèå âûâîäû:
1. Ìåòîäîì ïðîêàëèâàíèÿ ñîâìåñòíî îñàæäåííûõ êîìïîíåíòîâ ñèíòåçèðîâàíû ãîë-

ëàíäèòû ðàçëè÷íîãî ñîñòàâà. Ïîêàçàíà âîçìîæíîñòü èçîìîðôíîãî çàìåùåíèÿ àòîìîâ Ba â
ãîëëàíäèòå (BaFeTi6O16) íà ùåëî÷íûå (Ñà, Nà) è ùåëî÷íîçåìåëüíûå êàòèîíû (Sr, Cs).

2. Óñòàíîâëåíî, ÷òî ãîëëàíäèò îáðàçóåò îãðàíè÷åííûé ðÿä òâåðäûõ ðàñòâîðîâ ñ Nà, Sr
è Cs. Ïðè ýòîì ïðåäåëüíîå ñîäåðæàíèå èçîìîðôíî çàìåùàþùåãî Nà íå ïðåâûøàåò 2 % â
Nà2Î, Sr — 5 % â SrO, à èçîìîðôíîå çàìåùåíèå Ba íà Cs âîçìîæíî äî 25 % â Ñs2Î.

3. Ïîêàçàíî, ÷òî ìåññáàóýðîâñêèå ñïåêòðû ãîëëàíäèòîâ ìîãóò áûòü ïðåäñòàâëåíû ñó-
ïåðïîçèöèåé äâóõ êâàäðóïîëüíûõ äóáëåòîâ èîíîâ Fe3+, ñîîòâåòñòâóþùèõ ðàçíûì êîíôèãó-
ðàöèÿì êîìïåíñèðóþùèõ êàíàëüíûõ êàòèîíîâ â áëèæàéøåé êàòèîííîé ñôåðå èîíîâ Fe3+.

4. Àòîìû Fe â ñòðóêòóðàõ èçó÷åííûõ ãîëëàíäèòîâ ïðèñóòñòâóþò â âûñîêîñïèíîâîì
ñîñòîÿíèè òîëüêî â âèäå èîíîâ Fe3+ â îêòàýäðè÷åñêèõ ïîçèöèÿõ ñ ïðåèìóùåñòâåííî èîí-
íûì òèïîì ñâÿçè.

5. Õàðàêòåð ðàñïðåäåëåíèÿ êàíàëüíûõ êàòèîíîâ ïî çàïîëíåííûì À-ïîçèöèÿì ïðå-
èìóùåñòâåííî ñòàòèñòè÷åñêèé è íå çàâèñèò îò òèïà êàòèîíà.

6. Îòíîñèòåëüíîå ïîñòîÿíñòâî êâàäðóïîëüíîãî ðàñùåïëåíèÿ â ñïåêòðàõ èçó÷åííûõ
ãîëëàíäèòîâ ñâèäåòåëüñòâóåò î ñïîñîáíîñòè åãî ñòðóêòóðíîãî òèïà èçîìîðôíî çàìåùàòü
ðàçëè÷àþùèåñÿ ïî ðàçìåðàì êðóïíûå êàíàëüíûå êàòèîíû áåç çàìåòíîãî íàðóøåíèÿ ýíåð-
ãåòèêè ñòðóêòóðû â ðàìêàõ óñòàíîâëåííûõ ïðåäåëîâ ñìåñèìîñòè ýòèõ êàòèîíîâ.

1. Ðåìè Ã. Êóðñ íåîðãàíè÷åñêîé õèìèè: â 2 ò. — Ì.: Ìèð, 1966. —Ò. 2. — 836 c.
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ìèÿ, 1965. — 976 ñ.
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Èí-ò ãåîõèìèè, ìèíåðàëîãèè è ðóäîîáðàçîâàíèÿ                                                                                Ïîñòóïèëà 27.01.2000
ÍÀÍ Óêðàèíû, Êèåâ
Ãîñ. íàó÷. öåíòð ðàäèîãåîõèìèè îêðóæàþùåé ñðåäû
ÍÀÍ Óêðàèíû, Êèåâ

ÐÅÇÞÌÅ. Âèâ÷åíî óìîâè ñèíòåçó çàë³çèñòèõ ãîëàíäèò³â ð³çíîãî ñêëàäó ç øèõòè ñï³ëüíî îñàäæåíèõ ã³äðîêñî-
êàðáîíàò³â. Ïîêàçàíà ìîæëèâ³ñòü ³çîìîðôíîãî çàì³ùåííÿ àòîì³â áàð³þ â ãîëàíäèò³ íà ëóæí³ òà ëóæíîçåìåëüí³
êàò³îíè. Âñòàíîâëåíî, ùî ãîëàíäèò óòâîðþº îáìåæåíèé ðÿä òâåðäèõ ðîç÷èí³â ç íàòð³ºì, ñòðîíö³ºì ³ öåç³ºì, ïðè
öüîìó  ãðàíè÷íå  çíà÷åííÿ ³çîìîðôíî çàì³ùóþ÷îãî íàòð³þ íå ïåðåâèùóº 2 % ó Na2O, ñòðîíö³þ — 5 ó SrO,
öåç³þ — äî 25 % ó Cs2O.

SUMMARY. Synthesis conditions of hollandites of different composition from the co-pricipitated hydroxycarbonates
charge have been investigated. The possibility of isomorphic replacement of barium atoms in hollandite into alkaline
and alkaline-earth cations has been shown. It is determined that hollandite forms a limited isomorphic series of solid
solutions containing sodium, strontium and cesium, and the extreme value of isomorphic substituting sodium does not
exceed 2 % in Na2O, strontium — 5 in SrO, cesium — up to  25 % in Cs2O.

ØÀÁÀËÈÍ Á. Ã., ÏÎËÜØÈÍ Ý. Â.



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 1 69

ÓÄÊ 541.123+541.127+549.613.4

Ã. Ò. Îñòàïåíêî, Ë. È. Ãîðîãîöêàÿ, Ë. Ï. Òèìîøêîâà, Â. À. Êóö,
Á. Ã. ßêîâëåâ

Î ìåòàñòàáèëüíûõ ðåàêöèÿõ ðàñïàäà êèàíèòà
è àíäàëóçèòà íà ìóëëèò è êâàðö â ïîëå ñèëëèìàíèòà

Ýêñïåðèìåíòàëüíî óñòàíîâëåíî, ÷òî ïðè äàâëåíèè âîäû 200 ÌÏà êèàíèò è àíäàëóçèò ðàçëàãàþòñÿ ñ çàìåòíîé
ñêîðîñòüþ   ïî   ìåòàñòàáèëüíûì ðåàêöèÿì íà ìóëëèò è êâàðö ïðè òåìïåðàòóðå 900 °Ñ è âûøå (êèàíèò) è
1000 °Ñ è âûøå (àíäàëóçèò). Ñèëëèìàíèò îñòàåòñÿ íåèçìåííûì è ïðè 1100 °Ñ. Ïîëó÷åííûå ðåçóëüòàòû
ñîãëàñóþòñÿ ñ ïîëîæåíèåì ðàñ÷åòíûõ ÐÒ-êðèâûõ ìåòàñòàáèëüíûõ ðàâíîâåñèé 3(êèàíèò, àíäàëóçèò) = ìóëëèò+
+ êâàðö, ðàñïîëàãàþùèõñÿ â ïîëå ñèëëèìàíèòà. Ïðîòåêàíèå óêàçàííûõ ìåòàñòàáèëüíûõ ðåàêöèé ìîæíî
äîïóñòèòü â óñëîâèÿõ âûñîêîòåìïåðàòóðíîãî êîíòàêòîâîãî ìåòàìîðôèçìà.

Ïîëèìîðôíûå ìîäèôèêàöèè ñîñòàâà Al2SiO5 — àíäàëóçèò, êèàíèò, ñèëëèìàíèò — óñ-
òîé÷èâû ïðè íàãðåâàíèè íà âîçäóõå äî òåìïåðàòóðû (Ò) ~1200 °Ñ, âûøå êîòîðîé îíè
ðàçëàãàþòñÿ íà ìóëëèò è êâàðö [1, 2]. Äåòàëüíûå êîëè÷åñòâåííûå äàííûå ïî êèíåòèêå
ýòèõ ðåàêöèé íà âîçäóõå ïðèâåäåíû â ðàáîòå Õ. Âèëüñîíà [13]. Ýòîò èññëåäîâàòåëü
óñòàíîâèë, ÷òî èç òðåõ ìîäèôèêàöèé ñîñòàâà Al2SiO5 ïðè ñàìîé íèçêîé Ò ~1250 °Ñ
ðàçëàãàåòñÿ êèàíèò, ïðè áîëåå âûñîêîé ~1300 è 1450 °Ñ — àíäàëóçèò è ñèëëèìàíèò
ñîîòâåòñòâåííî. Ðåàêöèÿ ðàñïàäà ïîëèìîðôà íà ìóëëèò è êâàðö íà÷èíàåòñÿ íà ïîâåð-
õíîñòè çåðåí ïîëèìîðôà è äàëåå ïðîäîëæàåòñÿ â ãëóáü çåðíà. Îíà êîíòðîëèðóåòñÿ
ïðîöåññàìè çàðîäûøåîáðàçîâàíèÿ è äèôôóçèîííîãî ïåðåíîñà êîìïîíåíòîâ, îäíàêî
êîëè÷åñòâåííîé ìîäåëè àâòîðó [13] ñîçäàòü íå óäàëîñü. Äîñòàòî÷íî ÷åòêî èì âûäåëå-
íû ïåðâàÿ (áîëåå áûñòðàÿ) è âòîðàÿ (áîëåå ìåäëåííàÿ) ñòàäèè. Äëÿ ïåðâîé ñòàäèè
ïîëó÷åíû çíà÷åíèÿ ýíåðãèè àêòèâàöèè 418,68; 586,152 è 711,756 êÄæ/ìîëü äëÿ êèà-
íèòà, àíäàëóçèòà è ñèëëèìàíèòà ñîîòâåòñòâåííî [13].

Â óñëîâèÿõ äàâëåíèÿ âîäû, êîòîðûå ïðåäñòàâëÿþò áîëüøèé èíòåðåñ äëÿ ãåíåòè-
÷åñêîé ìèíåðàëîãèè è ïåòðîëîãèè, ðåàêöèè â ñèñòåìå Al2O3 — SiO2 ïðîòåêàþò, êàê
èçâåñòíî, êîãäà òåìïåðàòóðà çíà÷èòåëüíî íèæå. Ïî äàííûì ìíîãî÷èñëåííûõ ýêñïå-
ðèìåíòàëüíûõ ðàáîò, îáçîð è êðèòè÷åñêèé àíàëèç ìíîãèõ èç êîòîðûõ ïðèâåäåí â
ðàáîòå [10], a òàêæå ïî íàøèì äàííûì [4, 5], ïðè Ò < 1000 °Ñ ïîëèìîðôû ñîñòàâà
Al2SiO5 ïðåâðàùàþòñÿ îäèí â äðóãîé  óæå ñ çàìåòíîé ñêîðîñòüþ ïðè Ò ~ 800 °Ñ. Ýòî
îáû÷íî ïðîèñõîäèò â ïðèñóòñòâèè èñõîäíîé è êîíå÷íîé ôàç, ò. å. êîãäà íå òðåáóåòñÿ
ïðåîäîëåâàòü ïðàêòè÷åñêè çàòîðìîæåííóþ ñòàäèþ îáðàçîâàíèÿ çàðîäûøåé. Ñóòü ïðå-
âðàùåíèÿ ñîñòîèò â ðàñòâîðåíèè íåóñòîé÷èâîé ôàçû è êðèñòàëëèçàöèè óñòîé÷èâîé.
Â ñâÿçè ñ çàòîðìîæåííîñòüþ ñòàäèè çàðîäûøåîáðàçîâàíèÿ â ñèñòåìå Al2O3 — SiO2
âîçìîæíî ïðîòåêàíèå ìåòàñòàáèëüíûõ ðåàêöèé, â ÷àñòíîñòè, êèàíèò — àíäàëóçèò è
àíäàëóçèò — êèàíèò â ïîëå ñèëëèìàíèòà. Âîçìîæíû è äðóãèå ìåòàñòàáèëüíûå ðåàê-
öèè. Òàê, Ä. Õàðëîâ è Ð. Íüþòîí [9] ïîêàçàëè, ÷òî ïðè äàâëåíèè âîäû 700–800 ÌÏà è
òåìïåðàòóðå 700–800 °Ñ, ÷òî ñîîòâåòñòâóåò ïîëþ óñòîé÷èâîñòè ñèëëèìàíèòà, êèàíèò è
àíäàëóçèò ìîãóò ðàçëàãàòüñÿ íà êîðóíä è êâàðö. Àâòîðàìè [9] ïîñòðîåíû ÐÒ-êðèâûå
ìåòàñòàáèëüíûõ ðàâíîâåñèé äëÿ ýòèõ ðåàêöèé.

Öåëü äàííîé ðàáîòû — âûÿñíåíèå ïîâåäåíèÿ êèàíèòà è àíäàëóçèòà, à òàêæå
ñìåñè êèàíèò + àíäàëóçèò è êèàíèò + ñèëëèìàíèò ïðè Ò > 800 °Ñ, íî, â îòëè÷èå îò
äàííûõ ðàáîòû [9], ïðè íå î÷åíü âûñîêîì äàâëåíèè âîäû è â ïðèñóòñòâèè êâàðöà (ò. å.
ïðè âûñîêîé àêòèâíîñòè êðåìíåçåìà â ðàñòâîðå). Ïîìèìî ÷èñòî ýêñïåðèìåíòàëüíîãî
èíòåðåñà ýòà çàäà÷à ïðèâëåêàòåëüíà òåì, ÷òî óñëîâèÿ ïîñòàíîâêè îïûòîâ ïðèáëèæà-
þòñÿ ê ÐÒ-ãðàíèöå ñèëëèìàíèò = ìóëëèò + êâàðö è îòâå÷àþò ÐÒ-îáëàñòè íàèáîëåå
âûñîêîòåìïåðàòóðíîé (ñàíèäèíèòîâîé) ôàöèè êîíòàêòîâîãî ìåòàìîðôèçìà, â óñëî-
âèÿõ êîòîðîé âîçìîæíî îáðàçîâàíèå ìóëëèòà [2].

Íàìè   ïðîâåäåíà  ñåðèÿ îïûòîâ, â êîòîðûõ èçìåëü÷åííûå çåðíà ðàçìåðîì 10–
100 ìêì (êàê è â îïûòàõ, îïèñàííûõ â ðàáîòå [4]) êèàíèòà, àíäàëóçèòà è ñèëëèìàíèòà,
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â îòäåëüíûõ   ñëó÷àÿõ  ñ äîáàâêîé çåðåí êâàðöà (10–15 %), à òàêæå ñìåñè äâóõ ïîëè-
ìîðôîâ ñ  êâàðöåì,  âûäåðæèâàëèñü  â   ïðèñóòñòâèè   âîäû  ïðè    äàâëåíèè 200 ÌÏà
(± 0,05 ÌÏà) è òåìïåðàòóðå 800, 900, 950, 1000 è 1100 °C (± 5–10 °Ñ).

Îïûòû ïðîâîäèëèñü â äâóõñëîéíîé áîìáå ãàçîâîãî äàâëåíèÿ ñ îõëàæäàþùèìñÿ
ïðîòî÷íîé âîäîé íàðóæíûì ñëîåì. Ñæàòèå îñóùåñòâëÿëîñü àðãîíîì. Îáðàçöû (íàâåñ-
êè 30–50 ìã ñ 8–10 ìã âîäû) íàõîäèëèñü â ïëàòèíîâûõ àìïóëàõ, êîòîðûå ðàçìåùà-
ëèñü â ñïåöèàëüíîì ìåòàëëè÷åñêîì áëîêå, ðàñïîëàãàâøåìñÿ â çîíå ïîñòîÿííîé òåì-
ïåðàòóðû. Òåðìîïàðû óñòàíàâëèâàëèñü â áëîêå ðÿäîì ñ àìïóëàìè. Ïðîäîëæèòåëü-
íîñòü îïûòîâ ñîñòàâëÿëà 1–2 ñóò. Ââîä â ðåæèì (ïî Ò) äîñòèãàëñÿ çà 30–40 ìèí.
Çàêàëêà îñóùåñòâëÿëàñü (î÷åíü áûñòðî) âûêëþ÷åíèåì âíóòðåííåãî íàãðåâàòåëÿ áîìáû.
Îáðàçöû ïîñëå îïûòà áûëè èññëåäîâàíû ðåíòãåíîãðàôè÷åñêè è ïîä ìèêðîñêîïîì.
Ïðè ðåíòãåíîãðàôè÷åñêîì èçó÷åíèè îáðàçöîâ âîçíèêàþò òðóäíîñòè èç-çà ïî÷òè ïîë-
íîé èäåíòè÷íîñòè äèôðàêòîãðàìì ñèëëèìàíèòà è ìóëëèòà.

Íåêîòîðûå àâòîðû èäåíòèôèöèðóþò äàííûå ìèíåðàëû, ðàññìàòðèâàÿ îòðàæåíèÿ
â îáëàñòè óãëîâ 2, ðàâíûõ 65–77° [8]. Ïîëó÷åííûå íàìè îáðàçöû íå âñåãäà õîðîøî
îêðèñòàëëèçîâàíû, ðåôëåêñû â ýòîé óãëîâîé îáëàñòè èìåþò ñëàáóþ èíòåíñèâíîñòü è
ðàçìûòû. Íåáîëüøèå ðàçëè÷èÿ â ìåæïëîñêîñòíûõ ðàññòîÿíèÿõ òàêæå îáíàðóæèâàþò-
ñÿ â îáëàñòè óãëîâ 31–41° (2) [8]. Â ýòîé îáëàñòè óãëîâ îïðåäåëåííûå íàìè ìåæ-
ïëîñêîñòíûå ðàññòîÿíèÿ ñèëëèìàíèòà (ïðèðîäíûé îáðàçåö èç Äðàãóíñêîãî ìåñòî-
ðîæäåíèÿ, Ïðèàçîâüå) è ìóëëèòà (ñèíòåòè÷åñêèé îáðàçåö, ïîëó÷åííûé Þ. È. Ãîí÷à-
ðîâûì [3]) èìåþò ñëåäóþùèå çíà÷åíèÿ:

Áûëà èçìåðåíà ðàçíèöà â óãëîâûõ ðàññòîÿíèÿõ  ìåæäó ïàðàìè ïèêîâ (002) è (220);
(220) è (112) äëÿ ñèëëèìàíèòà, à òàêæå ìåæäó ïèêàìè (001) è (220); (220) è (111) äëÿ
ìóëëèòà.

Çíà÷åíèÿ  ìåæäó óêàçàííûìè îòðàæåíèÿìè äëÿ ñèëëèìàíèòà è ìóëëèòà ðàçëè÷à-
þòñÿ. Ñðåäíèå ïîëó÷åííûå çíà÷åíèÿ  ñëåäóþùèå, ãðàä:  (1–2) = 2,52 (ñèëëèìàíèò);
 (1–2) = 2,28 (ìóëëèò);  (2–3) = 1,88 (ñèëëèìàíèò);  (2–3) = 2,04 (ìóëëèò).
Èñïîëüçóÿ äàííóþ ìåòîäèêó, óäàëîñü îäíîçíà÷íî èäåíòèôèöèðîâàòü ñèëëèìàíèò è ìóëëèò
â ýêñïåðèìåíòàëüíûõ îáðàçöàõ. Ïàðàìåòðû îïûòîâ è èõ ðåçóëüòàòû ïðèâåäåíû â òàáëèöå. Èç
ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàííûõ ñëåäóåò, ÷òî ïðè 900 °Ñ è âûøå êèàíèò ðàçëàãàåòñÿ
ñ çàìåòíîé ñêîðîñòüþ íà ìóëëèò è êâàðö. Àíäàëóçèò ðàçëàãàåòñÿ ïî àíàëîãè÷íîé ðåàêöèè
íà÷èíàÿ ñ 1000 °Ñ. Ñèëëèìàíèò è ïðè 1100 °Ñ îñòàåòñÿ íåèçìåííûì â óñëîâèÿõ îïûòà.
Ìóëëèò ôèêñèðóåòñÿ êàê ðåíòãåíîãðàôè÷åñêè, òàê è ïîä ìèêðîñêîïîì: íàáëþäàþòñÿ "ïñåâ-

Ñèëëèìàíèò Ìóëëèò
Íîìåð ïèêà 2, ãðàä d, íì hkl 2, ãðàä d, íì hkl

1 31,00 0,2885 002 30,98 0,2886 001
2 33,52 0,2673 220 33,26 0,2694 220
3 35,40 0,2536 112 35,30 0,2542 111

Ðèñ. 1. Îáðàçîâàíèå ïðèçìàòè÷åñêèõ
è èãîëü÷àòûõ êðèñòàëëèêîâ ìóëëèòà
(My) çà ñ÷åò ðàçëîæåíèÿ êèàíèòà
(Êí) è íàðàùèâàíèå èãîëü÷àòî-êî-
íóñíûõ êðèñòàëëîâ ñèëëèìàíèòà
(Ñèë(íàð.)) íà èñõîäíûõ çåðíàõ ñèë-
ëèìàíèòà (Ñèë(èñõ.)). Èñõîäíàÿ ñìåñü
çåðåí  êèàíèòà  è   ñèëëèìàíèòà  ñ
äîáàâêîé çåðåí êâàðöà (Êâ) (îïûò
187/4, T = 900 °Ñ)

ÎÑÒÀÏÅÍÊÎ Ã. Ò. è äð.
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äîìîðôíîå" ðàçâèòèå ñïóòàííî-âîëîêíèñòîãî àãðåãàòà ñ íèçêèì äâóïðåëîìëåíèåì ïî èñ-
õîäíûì çåðíàì êèàíèòà è àíäàëóçèòà è îáðàçîâàíèå îòäåëüíûõ ïðèçìàòè÷åñêèõ è èãîëü÷à-
òûõ êðèñòàëëîâ ìóëëèòà òîëùèíîé 1–10 è äëèíîé 10–100 ìêì ñ õàðàêòåðíûìè îïòè÷åñêè-
ìè ñâîéñòâàìè.

Åñëè â àìïóëàõ íàõîäèëèñü çåðíà êèàíèòà è ñèëëèìàíèòà (òàáëèöà), òî íàðÿäó ñ îáðà-
çîâàíèåì ìóëëèòà íàáëþäàëîñü è íàðàùèâàíèå ñèëëèìàíèòà íà èñõîäíûõ çåðíàõ ñèëëèìà-
íèòà (ðèñ. 1). Â ýòîì ñëó÷àå â îïûòå ïàðàëëåëüíî ïðîòåêàëè äâå ðåàêöèè: 3êèàíèò  ìóëëèò
+ êâàðö è êèàíèò  ñèëëèìàíèò. Ïåðâàÿ ðåàêöèÿ (ìåòàñòàáèëüíàÿ) ïðè Ò = 900 °Ñ ïðîòå-
êàëà áûñòðåå âòîðîé (ñòàáèëüíîé), î÷åâèäíî, èç-çà î÷åíü áûñòðîãî îáðàçîâàíèÿ ìíîãî÷èñ-
ëåííûõ çàðîäûøåé ìóëëèòà. Åñëè â àìïóëå íàõîäèëèñü çåðíà êèàíèòà è àíäàëóçèòà, òî àíà-
ëîãè÷íî ïðè Ò = 900 °Ñ íàðÿäó ñ îáðàçîâàíèåì ìóëëèòà çà ñ÷åò ðàñïàäà êèàíèòà îòìå÷àëîñü
òàêæå íàðàùèâàíèå àíäàëóçèòà íà èñõîäíûõ çåðíàõ àíäàëóçèòà, ò. å. ïðîòåêàíèå óæå äâóõ
ìåòàñòàáèëüíûõ ðåàêöèé: 3êèàíèò  ìóëëèò + êâàðö è êèàíèò  àíäàëóçèò. Åñëè æå â
àìïóëå íàõîäèëèñü çåðíà àíäàëóçèòà è ñèëëèìàíèòà, òî ïðè 1000 °Ñ è âûøå íàáëþäàëîñü
òîëüêî îáðàçîâàíèå ìóëëèòà çà ñ÷åò ðåàêöèè 3àíäàëóçèò  ìóëëèò + êâàðö. Ðåàêöèÿ àíäàëó-
çèò  ñèëëèìàíèò ïðàêòè÷åñêè íå ïðîèñõîäèëà, î÷åâèäíî, èç-çà åå î÷åíü ìàëîé ñêîðîñòè,
÷òî áûëî äîêàçàíî è â íàøåé ïðåäûäóùåé ðàáîòå [4].

Ïîëó÷åííûå ÐÒ-óñëîâèÿ ðåàêöèé 3êèàíèò  ìóëëèò + êâàðö è 3àíäàëóçèò  ìóëëèò
+ êâàðö íàíåñåíû íà ÐÒ-äèàãðàììó (ðèñ. 2), íà êîòîðîé ïðèâåäåíû: òðîéíàÿ Al2SiO5-äèàã-
ðàììà, ïî [10], ñ êîòîðîé õîðîøî ñîãëàñóåòñÿ ðàñ÷åòíàÿ äèàãðàììà, îñíîâàííàÿ íà íàøèõ
äàííûõ ðàñòâîðèìîñòè [6]; ðàñ÷åòíàÿ ÐÒ-êðèâàÿ ðàâíîâåñèÿ 3ñèëëèìàíèò = ìóëëèò + êâàðö,
îñíîâàííàÿ òàêæå íà íàøèõ äàííûõ ðàñòâîðèìîñòè [3, 6]; ÐÒ-êðèâûå ìåòàñòàáèëüíûõ ðàâ-
íîâåñèé 3êèàíèò = ìóëëèò + êâàðö è 3àíäàëóçèò = ìóëëèò + êâàðö, ðàññ÷èòàííûå íàìè ïî
òåðìîäèíàìè÷åñêèì äàííûì èç ðàáîòû [12] (ê ñîæàëåíèþ, â áîëåå ïîçäíèõ ñâîäêàõ [7, 11]
òåðìîäèíàìè÷åñêèõ êîíñòàíò îòñóòñòâóþò äàííûå äëÿ ìóëëèòà). Êàê âèäíî èç ðèñ. 2, ïîëó-

Ðèñ. 2. Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû ïî ðåàêöèÿì
ðàñïàäà êèàíèòà, àíäàëóçèòà è ñèëëèìàíèòà, íàíå-
ñåííûå íà ÐÒ-äèàãðàììó ôàçîâûõ ðàâíîâåñèé ñèñ-
òåìû Al2O3 — SiO2. Ýêñïåðèìåíòàëüíûå òî÷êè: 1 —
Êí, Àíä, Ñèë íå ðàñïàäàþòñÿ; 2 — Êí ðàñïàäàåòñÿ íà
Ìó + Êâ, à Àíä è Ñèë íå ðàçëàãàþòñÿ; 3 — Êí (áîëåå
èíòåíñèâíî) è Àíä (ìåíåå èíòåíñèâíî) ðàñïàäà-
þòñÿ íà Ìó + Êâ, íî Ñèë íå ðàçëàãàåòñÿ. Êðèâûå
ôàçîâîãî ðàâíîâåñèÿ: à, á, â — ðàñ÷åòíûå ÐÒ-êðèâûå
ìåòàñòàáèëüíûõ ðàâíîâåñèé 3Êí = Ìó + Êâ è 3Àíä
= Ìó + Êâ è ñòàáèëüíîãî ðàâíîâåñèÿ 3Ñèë = Ìó +
Êâ ñîîòâåòñòâåííî; ã — òðîéíàÿ ñèñòåìà êèàíèò —
àíäàëóçèò — ñèëëèìàíèò, ïî [10]. Ñèìâîëû ìèíåðà-
ëîâ: ñì. â ïðèìå÷àíèè òàáëèöû

Óñëîâèÿ ýêñïåðèìåíòîâ è èõ ðåçóëüòàòû

Ï ð è ì å ÷ à í è å. Ñèìâîëû ìèíåðàëîâ: Àíä — àíäàëóçèò, Êâ — êâàðö, Êí — êèàíèò, Ìó — ìóëëèò, Ñèë —
ñèëëèìàíèò.

Íîìåð
îïûòà Èñõîäíûé ìèíåðàë Ò, °Ñ

Ïðîäîëæè-
òåëüíîñòü
îïûòà, ñóò

Ðåçóëüòàò

179/4 Êí 800 2 Êí
187/4 Êí 900 1 Ìó, Êí (ñëåäû), Êâ
192/4 Êí 1000 1 My, Êâ
189/4 Êí 1100 1 My, Êâ
282/4 Êí + Êâ 900 2 My, Êâ
179/5 Àíä 800 2 Àíä
187/5 Àíä 900 1 Àíä
192/5 Àíä 1000 1 Àíä, My, Êâ
189/5 Àíä 1100 1 My, Êâ
282/5 Àíä + Êâ 900 2 Àíä, Êâ
282/3 Ñèë 900 2 Ñèë
282/6 Ñèë + Êâ 900 2 Ñèë, Êâ
187/2 Êí + Àíä + Êâ 900 1 My, Êí (ñëåäû), Àíä, Êâ
192/2 Êí + Àíä + Êâ 1000 1 My, Êâ
187/4 Êí + Ñèë + Êâ 900 1 My, Ñèë, Êâ
192/1 Êí + Ñèë + Êâ 1000 1 My, Ñèë, Êâ
189/1 Êí + Ñèë + Êâ 1100 1 My, Ñèë, Êâ
187/3 Àíä + Ñèë + Êâ 900 1 Àíä, Ñèë, Êâ
158/7 Àíä + Ñèë + Êâ 1000 1 Àíä, My, Ñèë, Êâ
189/3 Àíä + Ñèë + Êâ 1100 1 My, Ñèë, Êâ

Î ÌÅÒÀÑÒÀÁÈËÜÍÛÕ ÐÅÀÊÖÈßÕ
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÷åííûå ðåçóëüòàòû ïî ÐÒ-óñëîâèÿì ìåòàñòàáèëüíûõ ðåàêöèé ðàñïàäà êèàíèòà è àíäàëóçèòà
ñîãëàñóþòñÿ ñ ïîëîæåíèåì ìåòàñòàáèëüíûõ ðàâíîâåñèè ýòèõ ðåàêöèé.

Ñëåäóåò òàêæå îòìåòèòü, ÷òî óñòàíîâëåííîå íàìè ñîîòíîøåíèå ñêîðîñòè ðåàêöèé ðàç-
ëîæåíèÿ àëþìîñèëèêàòîâ Al2SiO5 (íà ìóëëèò è êâàðö) â çàâèñèìîñòè îò òåìïåðàòóðû òàêîå
æå, êàê è äëÿ ýòèõ ðåàêöèé â "ñóõèõ" óñëîâèÿõ ïðè àòìîñôåðíîì äàâëåíèè, ïî äàííûì [13]:
êèàíèò ðàñïàäàåòñÿ ïðè ñàìîé íèçêîé, à ñèëëèìàíèò — ïðè ñàìîé âûñîêîé òåìïåðàòóðå.
Âîçìîæíî, ýòî îáúÿñíÿåòñÿ òåì, ÷òî ïðè îäèíàêîâîé òåìïåðàòóðå (íà÷èíàÿ ñ 1250 °Ñ) òåð-
ìîäèíàìè÷åñêîå ñðîäñòâî ðåàêöèè À(À = –Gðåàêöèè) íàèáîëüøåå ïðè ðåàêöèè ðàçëîæå-
íèÿ êèàíèòà è íàèìåíüøåå — ïðè peàêöèè ðàçëîæåíèÿ ñèëëèìàíèòà.

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû ïî ìåòàñòàáèëüíûì ðåàêöèÿì ðàñïàäà
êèàíèòà, àíäàëóçèòà è ñòàáèëüíîé ðåàêöèè ðàñïàäà ñèëëèìàíèòà ìîæíî, ïî-âèäèìîìó, èñ-
ïîëüçîâàòü ïðè âûÿñíåíèè îáðàçîâàíèÿ ìóëëèòà â ìåòàïåëèòàõ, ñîäåðæàùèõ ïîëèìîðôû
ñîñòàâà Al2SiO5, â óñëîâèÿõ ìåòàìîðôèçìà ñàíèäèíèòîâîé ôàöèè. Â ýòîì ñëó÷àå ìóëëèò
ìîæåò îáðàçîâàòüñÿ íå òîëüêî â ïîëå ñâîåé óñòîé÷èâîñòè, íî è ïðè áîëåå íèçêîé òåìïåðàòó-
ðå çà ñ÷åò ìåòàñòàáèëüíûõ ðåàêöèé ðàñïàäà êèàíèòà è ñèëëèìàíèòà. Â äàëüíåéøåì òàêîé
"ìåòàñòàáèëüíûé" ìóëëèò ìîæåò ñîõðàíèòüñÿ â ïîðîäå, êàê ÷àñòî ñîõðàíÿþòñÿ ìåòàñòàáèëü-
íûå ìåòàìîðôè÷åñêèå ìèíåðàëüíûå àññîöèàöèè (íàïðèìåð, êîðóíä + êâàðö [9], äâà èëè
äàæå òðè ïîëèìîðôà Al2SiO5 è äðóãèå ñëó÷àè) ïî ñëåäóþùèì ïðè÷èíàì: à) èñ÷åçíîâåíèå
ìåæçåðåííîãî âîäíîãî ôëþèäà; á) ðåçêîå óìåíüøåíèå äîëè âîäû â ïîðîâîì ôëþèäå [5].

Â ðåçóëüòàòå ïðîâåäåííûõ ýêñïåðèìåíòîâ óñòàíîâëåíî, ÷òî êèàíèò è àíäàëóçèò ïðè
äàâëåíèè âîäû 200 ÌÏà è òåìïåðàòóðå âûøå 900 è 1000 °Ñ, ò. å. â ïîëå óñòîé÷èâîñòè
ñèëëèìàíèòà, ðàñïàäàþòñÿ íà ìóëëèò è êâàðö. Ýòèì ìåòàñòàáèëüíûå ðåàêöèè ìîæíî îáúÿñ-
íèòü, âåðîÿòíî, ëåãêîñòüþ îáðàçîâàíèÿ çàðîäûøåé ìóëëèòà è ÷ðåçâû÷àéíîé òðóäíîñòüþ îá-
ðàçîâàíèÿ çàðîäûøåé ñèëëèìàíèòà. Ìîæíî ïðåäïîëîæèòü, ÷òî òàêèå ðåàêöèè è, ñîîòâåò-
ñòâåííî, ìåòàñòàáèëüíîå îáðàçîâàíèå ìóëëèòà ïðîèñõîäÿò â óñëîâèÿõ âûñîêîòåìïåðàòóðíî-
ãî êîíòàêòîâîãî ìåòàìîðôèçìà ïðè îòíîñèòåëüíî íåïðîäîëæèòåëüíîì ñîõðàíåíèè óñëî-
âèé ñóùåñòâîâàíèÿ ìåæçåðåííîãî ôëþèäà.
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Èí-ò ìàãíåòèçìà ÍÀÍ Óêðàèíû, Êèåâ                                                                                                  Ïîñòóïèëà 20.10.99
Èí-ò ãåîõèìèè, ìèíåðàëîãèè è ðóäîîáðàçîâàíèÿ ÍÀÍ Óêðàèíû, Êèåâ

ÐÅÇÞÌÅ. Åêñïåðèìåíòàëüíî âñòàíîâëåíî, ùî ïðè òèñêó âîäè 200 ÌÏà ê³àí³ò òà àíäàëóçèò ðîçêëàäàþòüñÿ ç ïî-
ì³òíîþ øâèäê³ñòþ çà ìåòàñòàá³ëüíèìè ðåàêö³ÿìè íà ìóë³ò òà êâàðö çà òåìïåðàòóðè 900 ³ âèùå (ê³àí³ò) òà 1000 °Ñ ³
âèùå (àíäàëóçèò). Ñèë³ìàí³ò çàëèøàºòüñÿ íåçì³ííèì ³ ïðè 1100 °Ñ. Îòðèìàí³ ðåçóëüòàòè óçãîäæóþòüñÿ ç ïîëîæåííÿì
ðîçðàõóíêîâèõ ÐÒ-êðèâèõ ìåòàñòàá³ëüíèõ ð³âíîâàã 3(ê³àí³ò, àíäàëóçèò) = ìóë³ò + êâàðö, ùî ðîçòàøîâóþòüñÿ ó ïîë³
ñèë³ìàí³òó. Ïðîò³êàííÿ çàçíà÷åíèõ ìåòàñòàá³ëüíèõ ðåàêö³é ìîæíà äîïóñòèòè â óìîâàõ âèñîêîòåìïåðàòóðíîãî êîíòàê-
òîâîãî ìåòàìîðô³çìó.

SUMMARY. Experiments showed that at 200 MP water pressure kyanite and andalusite decompose with noticeable rates into
mullite  and   quartz  by  the  metastable reactions at 900 and 1000 °C, respectively. Sillimanite remains unchangeable even at
1100 °C. Obtained results agree with the position of the following calculated PT-curves for the metastable equilibrium in the
sillimanite field: 3(kyanite or andalusite) = mullite + quartz. It is assumed that the above metastable reactions take place under
conditions of high-temperature contact metamorphism (sanidinite facies).

ÎÑÒÀÏÅÍÊÎ Ã. Ò. è äð.
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ÓÄÊ 550.93

Ã. Â. Àðòåìåíêî

Ãåîõðîíîëîãèÿ ãðàíóëèò-ãíåéñîâûõ àññîöèàöèé
Ïðèàçîâñêîãî ìåãàáëîêà Óêðàèíñêîãî ùèòà

Ñîãëàñíî ãåîõðîíîëîãè÷åñêèì äàííûì, ãðàíóëèò-ãíåéñîâûé êîìïëåêñ Ïðèàçîâñêîãî ìåãàáëîêà Óêðàèíñêîãî
ùèòà ñîïîñòàâëÿåòñÿ ñ äðåâíåéøèìè ãåîëîãè÷åñêèìè ôîðìàöèÿìè Çåìëè. Ñäåëàíî ïðåäïîëîæåíèå î òîì, ÷òî
èíôðàêðóñòàëüíûé êîìïëåêñ ïðåäñòàâëåí ãíåéñàìè âåðõíåòîêìàêñêîé òîëùè çàïàäíîïðèàçîâñêîé ñåðèè, à
ìåòàîñàäî÷íûå ïîðîäû öåíòðàëüíîïðèàçîâñêîé ñåðèè ñîïîñòàâëÿþòñÿ ñ äðåâíåéøèìè ñóïðàêðóñòàëüíûìè
êîìïëåêñàìè. Â ïàëåîàðõåå âûäåëÿþòñÿ äâà êðóïíûõ ýòàïà ãðàíèòîîáðàçîâàíèÿ âîçðàñòîì 3650 ± 50 è 3350
± 120 ìëí ëåò. Çåëåíîêàìåííûé êîìïëåêñ Ñîðîêèíñêîé çåëåíîêàìåííîé ñòðóêòóðû, ñ íåñîãëàñèåì
ïåðåêðûâàþùèé ïàëåîàðõåéñêèé ãðàíóëèò-ãíåéñîâûé ôóíäàìåíò, èìååò âîçðàñò îêîëî 3160 ± 140 ìëí ëåò.

Ïàëåîàðõåéñêèå àññîöèàöèè ìåòàìîðôè÷åñêèõ ïîðîä Ïðèàçîâñêîãî ìåãàáëîêà Óê-
ðàèíñêîãî ùèòà (ÓÙ) — ñàìûé ñëîæíûé îáúåêò äëÿ ãåîõðîíîëîãè÷åñêèõ èññëåäîâà-
íèé, ïîýòîìó îíè, ïðàêòè÷åñêè, íå èçó÷åíû äî íàñòîÿùåãî âðåìåíè. Ðàñøèôðîâêà
ãåîëîãè÷åñêîãî ñòðîåíèÿ ðåëèêòîâ ðàííåäîêåìáðèéñêèõ îáðàçîâàíèé ñîïðîâîæäàåò-
ñÿ îáû÷íî èõ ñîïîñòàâëåíèåì ñî ñòðàòîòèïè÷åñêèìè ðàçðåçàìè, ãäå óäàëîñü âûäåëèòü
îñíîâíûå ýòàïû ãåîëîãè÷åñêîãî ðàçâèòèÿ â ðàííåì àðõåå. Â ñëàáîèçìåíåííîì âèäå
îíè ñîõðàíèëèñü òîëüêî íà åäèíè÷íûõ ó÷àñòêàõ êîíòèíåíòàëüíîé êîðû — â Çàïàä-
íîé Ãðåíëàíäèè, Þæíîé Àôðèêå, Çàïàäíîé Àâñòðàëèè è Âîñòî÷íîé Ñèáèðè. Ïî êîñ-
âåííûì ãåîëîãè÷åñêèì äàííûì, ñèàëè÷åñêàÿ êîíòèíåíòàëüíàÿ êîðà ñóùåñòâîâàëà óæå
áîëåå 4000 ìëí ëåò òîìó íàçàä. Ïîðîäíûå àññîöèàöèè ýòîé äðåâíåéøåé êîðû íå
ñîõðàíèëèñü, íî íà áëîêå Éèëãàðí â Çàïàäíîé Àâñòðàëèè â ãíåéñàõ êîìïëåêñà Íýðü-
åð åñòü êñåíîëèòû ìåòàîñàäî÷íûõ ïîðîä ñ äåòðèòîâûì öèðêîíîì âîçðàñòîì äî 4200–
4100 ìëí ëåò [18]. Íàèáîëåå äðåâíèìè èíôðàêðóñòàëüíûìè ïîðîäàìè ÿâëÿþòñÿ: êîì-
ïëåêñ ñåðûõ ãíåéñîâ ñåðèè Àìèòñîê â Çàïàäíîé Ãðåíëàíäèè (3900–3700 ìëí ëåò)
[22]; òîíàëèòîâûå îðòîãíåéñû êîìïëåêñà Íåéïèð â Âîñòî÷íîé Àíòàðêòèäå (3927 ±
10) [24]; òîíàëèòîâûå è òðîíäüåìèòîâûå ãíåéñû äðåâíåãî ãíåéñîâîãî êîìïëåêñà (AGC)
Êààïñâààëüñêîãî êðàòîíà (3644 ± 2) [15]; òîíàëèòîâûå ãíåéñû Àëäàíñêîãî ùèòà (3570
± 50 ìëí ëåò) [14]. Â îòëè÷èå îò ïåðå÷èñëåííûõ îáëàñòåé, äðåâíåéøèå ãíåéñû êîì-
ïëåêñà Íýðüåð áëîêà Éèëãàðí âîçðàñòîì 3678 ± 6 ìëí ëåò ÿâëÿþòñÿ ïðîèçâîäíûìè
ìîíöîãðàíèòîâ. Ñ äðåâíåéøèìè ñèàëè÷åñêèìè ïîðîäàìè àññîöèèðóþò ñïåöèôè÷åñ-
êèå ìàãìàòè÷åñêèå êîìïëåêñû — ðàññëîåííûå ãàááðî-àíîðòîçèòîâûå èíòðóçèè, íà-
ïðèìåð êîìïëåêñ Ìàíôðåä âîçðàñòîì 3730 ± 30 ìëí ëåò íà áëîêå Éèëãàðí [25],
áàçèòû ùåëî÷íîé ñåðèè è ïèðîêñåíèòû [3].

Äðåâíåéøèìè ñóïðàêðóñòàëüíûìè ïîðîäàìè ÿâëÿþòñÿ, ê ïðèìåðó, ñåðèÿ Èñóà
(3813 ± 20 ìëí ëåò) [7], èåíãðñêàÿ ñåðèÿ íà Àëäàíñêîì ùèòå (> 3460 ìëí ëåò) [3, 14]
è äð. Â êîíöå ïàëåîàðõåÿ â íèæíåé ÷àñòè êîíòèíåíòàëüíîé êîðû óæå ìîãëè ñîçäà-
âàòüñÿ óñëîâèÿ ãðàíóëèòîâîé ôàöèè ìåòàìîðôèçìà, òàê êàê åå ìîùíîñòü óæå äîñòè-
ãàëà 45–60 êì [5]. Ìèíåðàëüíûå àññîöèàöèè ðàííåãî ãðàíóëèòîâîãî ìåòàìîðôèçìà,
íàëîæåííîãî íà äðåâíåéøèå ñåðîãíåéñîâûå è ñóïðàêðóñòàëüíûå êîìïëåêñû, ñîõðà-
íèëèñü â ìåòàìîðôè÷åñêèõ ïîðîäàõ äðåâíåéøèõ êîìïëåêñîâ. Ôîðìàöèÿ ïîðîä ãðà-
íóëèòîâîé ôàöèè Àêèëèÿ â Çàïàäíîé Ãðåíëàíäèè èìååò âîçðàñò ~ 3600 ± 50 ìëí ëåò
[13, 19]. Íà Àëäàíñêîì ùèòå ãðàíóëèòîâûé ìåòàìîðôèçì ïðîÿâèëñÿ 3460 ± 160 ìëí
ëåò òîìó íàçàä [14], íà áëîêå Éèëãàðí — 3350 [16], â íåéïèðñêîì êîìïëåêñå íà Çåìëå
Ýíäåðáè — 3070 ± 34 ìëí ëåò òîìó íàçàä [24]. Â êîíöå ïàëåîàðõåÿ ðåçêî ìåíÿåòñÿ
òåêòîíî-òåðìàëüíûé ðåæèì Çåìëè è ~3500–3300 ìëí ëåò òîìó íàçàä íà÷àëîñü ôîð-
ìèðîâàíèå ðàííèõ çåëåíîêàìåííûõ ïîÿñîâ è ïëàãèîãíåéñîâûõ êîìïëåêñîâ. Îêîëî
3500 ìëí ëåò òîìó íàçàä çàëîæèëèñü ðàííèå çåëåíîêàìåííûå ïîÿñà íà êðàòîíå Êà-
àïâààëü (Áàðáåðòîí, Äâàëèë è äð.) [21], áëîêå Ïèëáàðà (äîìåíû North Pole è McPhee
è äð.) [23]. Íà Àëäàíñêîì ùèòå âîçðàñò ðàííèõ çåëåíîêàìåííûõ ïîÿñîâ Îëåêìèíñ-

Геохимия

© Ã. Â. Àðòåìåíêî, 2001



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 174

Ò
àá

ëè
öà

 1
. 
Ð
åç

óë
üò

àò
û

 U
-P

b 
èç

îò
îï

íî
ãî

 è
ññ

ëå
äî

âà
íè

ÿ 
öè

ðê
îí

à 
èç

 ã
íå

éñ
îâ

 Ï
ðè

àç
îâ

ñê
îã

î 
ì
åã

àá
ëî

êà

Ï
 ð

 è
 ì

 å
 ÷

 à
 í

 è
 å

. 
Ô

ðà
êö

èÿ
: 
í
å 

ý/
ì

 —
 í

åý
ëå

ê
òð

îì
àã

í
è
òí

àÿ
; 
II

 ý
/ì

 —
 â

òî
ðà

ÿ 
ýë

åê
òð

îì
àã

í
è
òí

àÿ
. 
Ç
âå

çä
î÷

ê
îé

 î
áî

çí
à÷

åí
 ð

àä
è
îã

åí
í
û

é
 P

b.

ÀÐÒÅÌÅÍÊÎ Ã. Â.



ISSN 0204-3548. Ìèíåðàë. æóðí. — 2001. — 23,  ¹ 1 75

êîé ãðàíèò-çåëåíîêàìåííîé îáëàñòè ñîñòàâëÿåò 3507 ± 123, à îëåêìèíñêîãî êîìïëåê-
ñà ãíåéñîâ 3235 ± 174 ìëí ëåò [3]. Â íà÷àëå ìåçîàðõåÿ ôîðìèðîâàëèñü çåëåíîêàìåí-
íûå ïîÿñà (âîçðàñò 3200–3000 ìëí ëåò) — íà Ñðåäíåïðèäíåïðîâñêîì êðàòîíå [9],
Àëäàíñêîì ùèòå (ñóáãàíñêèé çåëåíîêàìåííûé êîìïëåêñ) [3], â çàïàäíîé ÷àñòè áëîêà
Éèëãàðí (ïðîâèíöèè Ìóð÷èññîí è Ñàóçåðí-Êðîññ) [20] è äð.

Ãåîëîãè÷åñêîå ïîëîæåíèå ãðàíóëèò-ãíåéñîâûõ àññîöèàöèé Ïðèàçîâüÿ. Íà Ïðè-
àçîâñêîì ìåãàáëîêå ÓÙ ãðàíóëèò-ãíåéñîâûå àññîöèàöèè ïîðîä èçó÷àëèñü È. Ñ. Óñåíêî,
Ã. Â. Æóêîâûì, Ê. Å. Åñèï÷óêîì, Å. Á. Ãëåâàññêèì, Ã. Ë. Êðàâ÷åíêî è äðóãèìè èññëåäîâà-
òåëÿìè, êîòîðûå èõ çàêàðòèðîâàëè è îáîñíîâàëè ñòðàòèãðàôè÷åñêîå ðàñ÷ëåíåíèå êîì-
ïëåêñà. Ïàëåîàðõåéñêèå ãðàíóëèò-ãíåéñîâûå àññîöèàöèè ïîðîä ðàñïðîñòðàíåíû ïî
ïåðèôåðèè Îáèòî÷íåíñêîãî, Ãàé÷óðñêîãî è äðóãèõ áëîêîâ òðåòüåãî ïîðÿäêà. Êðóïíûå
ïîëîñîâèäíûå îñòàíöû ñóáìåðèäèîíàëüíîãî ïðîñòèðàíèÿ øèðèíîé äî 20–40 êì
ïðîñëåæèâàþòñÿ â ïðåäåëàõ Îðåõîâî-Ïàâëîãðàäñêîé çîíû, Êóêñóíãóðñêî-×åðíèãîâñ-
êîé ïîëîñû è â çàïàäíîé ÷àñòè Ìàíãóøñêîãî ñèíêëèíîðèÿ. Â Îðåõîâî-Ïàâëîãðàäñ-
êîé çîíå âûäåëÿþòñÿ êðóïíûå ñêëàä÷àòûå ñòðóêòóðû ðàçìåðîì äî 2 11 êì — Íîâî-
ïàâëîâñêàÿ è Òîêìàêñêàÿ àíòèêëèíàëè è Îðåõîâñêàÿ, Âàñèíîâñêî-Òåðñÿíñêàÿ, Âà-
ñèëüêîâñêàÿ ñèíêëèíàëè. Ñèíêëèíàëüíûå ñòðóêòóðû ñëîæåíû ïåñòðîé òîëùåé ïîðîä
öåòðàëüíîïðèàçîâñêîé ñåðèè — áèîòèòîâûìè è ãëèíîçåìèñòûìè ãíåéñàìè, èòàáèðè-
òàìè, áåçðóäíûìè êâàðöèòàìè, êðèñòàëëîñëàíöàìè îñíîâíîãî ñîñòàâà, ïèðîêñåíèòà-
ìè è äð. Íàèáîëåå äðåâíèå ìåòàìîðôè÷åñêèå ïîðîäû ðàçäåëÿþò íà íîâîïàâëîâñêóþ
è òîêìàêñêóþ òîëùè çàïàäíîïðèàçîâñêîé ñåðèè. Áîëåå äðåâíÿÿ òîêìàêñêàÿ òîëùà,
ïðåäñòàâëåííàÿ â îñíîâíîì áèîòèòîâûìè ãíåéñàìè, ñëàãàåò ÿäðà àíòèêëèíàëüíûõ
ñêëàäîê, íîâîïàâëîâñêàÿ òîëùà — èõ êðûëüÿ [4]. Íà Íîâîàíäðååâñêîì è Íîâîïàâëîâ-
ñêîì ó÷àñòêàõ íîâîïàâëîâñêàÿ òîëùà ïðåäñòàâëåíà àìôèáîëèòàìè, êðèñòàëëîñëàíöà-
ìè, ïèðîêñåíèòàìè, ïåðèäîòèòàìè, ýíäåðáèòàìè, ãðàíàò-áèîòèò-ïèðîêñåíîâûìè, ãðà-
íàò-ãðàôèòîâûìè ãíåéñàìè è äð. [9].

Â êðóïíûõ ðàçëîìíûõ çîíàõ ñåâåðî-çàïàäíîãî ïðîñòèðàíèÿ — Äîáðîïîëüñêîé,
Ñîðîêèíñêîé è Ìàëî-ßíèñîëüñêîé, ðàçäåëÿþùèõ áëîêè ðàííåàðõåéñêîé êîíñîëèäà-
öèè, — ðàñïîëîæåíû çåëåíîêàìåííûå ñòðóêòóðû (ÇÑ) ïàëåî- è ìåçîàðõåéñêîãî âîç-
ðàñòà — Êîñèâöåâñêàÿ, Ñîðîêèíñêàÿ, Ïàâëîâñêàÿ è Çåëåíîãàéñêàÿ ñîîòâåòñòâåííî.

Ãåîõðîíîëîãè÷åñêàÿ èçó÷åííîñòü ãðàíóëèò-ãíåéñîâîãî êîìïëåêñà ìåòàìîðôè-
÷åñêèõ ïîðîä Ïðèàçîâñêîãî ìåãàáëîêà î÷åíü ñëàáàÿ. Ñîãëàñíî äàííûì ðàáîò [6, 10, 11],
âðåìÿ ðåãèîíàëüíîãî ìåòàìîðôèçìà è ãðàíèòèçàöèè, íàëîæåííûõ íà äðåâíåéøèå
ïîðîäû çàïàäíîïðèàçîâñêîé ñåðèè, — 2750–2850 ìëí ëåò [6, 9]. Íà Íîâîïàâëîâñêîì
ó÷àñòêå Îðåõîâî-Ïàâëîãðàäñêîé çîíû äàòèðîâàíû äðåâíåéøèå ìèãìàòèòû ïî ïîðî-
äàì íîâîïàâëîâñêîé òîëùè. U-Pb èçîòîïíûé âîçðàñò öèðêîíà èç òîíàëèòîâûõ ìèã-
ìàòèòîâ è ïèðîêñåíèòîâ ñîñòàâëÿåò 3670 ± 50, à öèðêîíà èç ýíäåðáèòîâ — 3400 ± 30
ìëí ëåò [1, 9]. Ãëóáîêîìåòàìîðôèçîâàííûå ïîðîäû öåíòðàëüíîïðèàçîâñêîé ñåðèè â
Ìàíãóøñêîì ñèíêëèíîðèè îõàðàêòåðèçîâàíû òîëüêî èçîòîïíûìè äàòàìè ìåòàìîð-
ôîãåííîãî öèðêîíà èç ýíäåðáèòîâ ñ ìàêñèìàëüíûì âîçðàñòîì — 2730 ± 30 ìëí ëåò
[12]. Íà Ðèçäâÿíñêîì ó÷àñòêå è â Òåðíîâàòñêîé ïîëîñå Ãàé÷óðñêîãî áëîêà ïîðîäû
öåíòðàëüíîïðèàçîâñêîé ñåðèè ðàññåêàþòñÿ ãðàíèòîèäàìè ñ U-Pb èçîòîïíûì âîçðà-

Ðèñ. 1. Èçîõðîííûå äèàãðàììû ñ êîíêîðäèåé ïî öèðêîíó (âîçðàñò, ìëí ëåò): 1 — áèîòèòîâûå ãíåéñû çàïàäíî-
ïðèàçîâñêîé ñåðèè (ñ. Êîëîìèéöû, ïðàâûé áåðåã ð. Âîë÷üÿ, êàðüåð Äðóæáà, ïðîáà 98-10); 2 — áèîòèòîâûå
ãíåéñû îñèïåíêîâñêîé ñâèòû (õóò. Ñîðîêè, ïðàâûé áåðåã ð. Áóðòè÷èÿ, ïðîáà 92–237)

Ðèñ. 2. Èçîõðîííûå äèàãðàììû ñ êîíêîðäèåé ïî öèðêîíó (âîçðàñò, ìëí ëåò): 1 — àìôèáîë-áèîòèòîâûå ãíåé-
ñû çàïàäíîïðèàçîâñêîé ñåðèè (ñ. Çðàçêîâîå, ëåâûé áåðåã ð. Ìîêðàÿ Êîíêà, ïðîáà 84-102); 2 — êâàðö-ïëàãèîê-
ëàçîâûå ìåòàïîðôèðû îñèïåíêîâñêîé ñâèòû (Ñóðîæñêèé ó÷àñòîê, ñêâ. 71-95, èíò. 145,8–149 ì)
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ñòîì ïî öèðêîíó 2970 ± 180 è 3390 ± 260 ìëí
ëåò ñîîòâåòñòâåííî [8].

Ðåçóëüòàòû èçîòîïíî-ãåîõðîíîëîãè÷åñêèõ
èññëåäîâàíèé. Ãåîõðîíîëîãè÷åñêèå èññëåäîâà-
íèÿ ãðàíóëèò-ãíåéñîâûõ àññîöèàöèé èçîòîïíû-
ìè Sm-Nd è U-Pb ìåòîäàìè áûëè âûïîëíåíû
íà Âàñèëüêîâñêîì, Çðàçêîâñêîì è Ñîðîêèíñ-
êîì ó÷àñòêàõ. Íà Âàñèëüêîâñêîì ó÷àñòêå èçó-
÷àëèñü ïîðîäû Âàñèëüêîâñêîé ñèíêëèíàëè, êî-
òîðàÿ çàíèìàåò âñþ ñåâåðíóþ ÷àñòü Îðåõîâî-
Ïàâëîãðàäñêîé çîíû. Îíà ñëîæåíà áèîòèòîâû-
ìè, àìôèáîë-, ñèëëèìàíèò-, ãðàíàò- è ãðàôèò-
áèîòèòîâûìè ãíåéñàìè, à òàêæå êâàðöèòàìè,
èòàáèðèòàìè, àìôèáîëèçèðîâàííûìè äâóïèðîê-
ñåí-ïëàãèîêëàçîâûìè êðèñòàëëîñëàíöàìè è
ïèðîêñåíèòàìè. Òàêàÿ àññîöèàöèÿ ìåòàìîðôè-
÷åñêèõ ïîðîä õàðàêòåðíà äëÿ äðåâíåéøèõ ñóï-
ðàêðóñòàëüíûõ òîëù, íàïðèìåð äëÿ âåðõíåàë-
äàíñêîé ñâèòû èåíãðñêîé ñåðèè. Íà âîñòîêå ýòà
òîëùà ïî ïðîäîëüíûì ðàçëîìàì ñî÷ëåíÿåòñÿ ñ
Âîë÷àíñêèì áëîêîì, ñëîæåííûì áîëåå äðåâíèì
êîìïëåêñîì áèîòèòîâûõ ãíåéñîâ çàïàäíîïðè-
àçîâñêîé ñåðèè. U-Pb ìåòîäîì äàòèðîâàí öèð-
êîí áèîòèòîâûõ ãíåéñîâ Âîë÷àíñêîãî áëîêà
(ïðîáà 98-10), à òàêæå èçó÷åíû Sm-Nd èçîòîï-
íûå õàðàêòåðèñòèêè (ïîðîä â öåëîì) áèîòèòî-
âûõ ãíåéñîâ Âîë÷àíñêîãî áëîêà (ïðîáà 98-10)
è ãðàíàò-áèîòèòîâûõ ãíåéñîâ Âàñèëüêîâñêîãî
ó÷àñòêà (ïðîáà 99-156).

Öèðêîí â áèîòèòîâûõ ãíåéñàõ ïðîáû 98-
10 ìåòàìîðôîãåííûé. Îí î÷åíü èçìåíåí â ðå-
çóëüòàòå ïîçäíèõ íàëîæåííûõ ïðîöåññîâ è ïî-
ýòîìó âìåñòå ñ ìîíàöèòîì âûäåëåí â ýëåêòðî-
ìàãíèòíîé ôðàêöèè. Ãàáèòóñ êðèñòàëëîâ ãèà-
öèíòîâûé. Ðåáðà è ãðàíè öèðêîíà çàêðóãëåíû â
ðåçóëüòàòå ðàñòâîðåíèÿ ïðè ìåòàìîðôèçìå.
Âíóòðåííèå ÷àñòè íåèçìåíåííîãî öèðêîíà çî-
íàëüíûå, à îáîëî÷êè òîëùèíîé îò 1/5 äî 2/3
ïîïåðå÷íîãî ñå÷åíèÿ êðèñòàëëîâ ñëîæåíû ìå-
òàìèêòíûì öèðêîíîì. Èçîòîïíûé âîçðàñò öèð-
êîíà èç áèîòèòîâûõ ãíåéñîâ — 2720 ± 130 ìëí
ëåò (2) (òàáë. 1; ðèñ. 1, ïðîáà 98-10). Ïîëó÷åí-
íàÿ äàòà ñîîòâåòñòâóåò âðåìåíè íàëîæåííîãî
ìåòàìîðôèçìà íà ïàëåîàðõåéñêèé ñóáñòðàò ýòèõ
ãíåéñîâ. Âûñîêàÿ ïîãðåøíîñòü èçîõðîíû îáóñ-
ëîâëåíà íàëè÷èåì áîëüøîé äîëè ìåòàìèêòíî-
ãî öèðêîíà. Ðàñ÷åòíûå Sm-Nd ìîäåëüíûå äàòû
áèîòèòîâûõ ãíåéñîâ Âîë÷àíñêîãî áëîêà TNd
(DM) = 3770 (òàáë. 2, ïðîáà 98-10) è ãðàíàò-
áèîòèòîâûõ ãíåéñîâ Âàñèëüêîâñêîãî ó÷àñòêà
TNd (DM) = 4100 ìëí ëåò (òàáë. 2, ïðîáà 99-
156) óêàçûâàþò íà äëèòåëüíîå íàõîæäåíèå â
êîðå ñóáñòðàòà ýòèõ ãíåéñîâ.

Ïî ðåêàì Ìîêðàÿ Êîíêà è Ñóõàÿ Êîíêà
(Çðàçêîâñêèé ó÷àñòîê) ñåâåðíåå ïëîùàäè ðàç-
âèòèÿ òåìðþêñêîé ñâèòû îáíàæåíû ïîðîäû
âåðõíåòîêìàêñêîé òîëùè çàïàäíîïðèàçîâñêîé
ñåðèè. Ýòîò êðóïíûé îñòàíåö ìåòàìîðôè÷åñêèõ
ïîðîä ñëîæåí ïèðîêñåíîâûìè, ïèðîêñåí-àìôè-
áîëîâûìè, àìôèáîëîâûìè, áèîòèòîâûìè è àì-
ôèáîë-áèîòèòîâûìè ãíåéñàìè ñ ïëàñòîâûìè
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òåëàìè êðèñòàëëîñëàíöåâ äèîïñèä-àìôèáîëîâûõ, ïèðîêñåíîâûõ àìôèáîëèòîâ è àì-
ôèáîëèòîâ. Èçîòîïíûìè U-Pb è Sm-Nd ìåòîäàìè áûëè èçó÷åíû àìôèáîë-áèîòèòî-
âûå ãíåéñû (ïðîáà 84-102). Öèðêîí â ýòèõ ãíåéñàõ ìåòàìîðôîãåííûé, òèïè÷íûé äëÿ
ïîðîä àìôèáîëèòîâîé ôàöèè, èìååò ÷åòûðå ðàçíîâèäíîñòè. Ïåðâàÿ (70 %) — ïðåä-
ñòàâëåíà äèïèðàìèäàëüíûìè íåñèììåòðè÷íûìè êðèñòàëëàìè ñî ñìåùåííûìè ãî-
ëîâêàìè è çàêðóãëåííûìè ãðàíÿìè. Òèï îãðàíêè ãèàöèíòîâûé. Âñòðå÷àþòñÿ äåôîð-
ìèðîâàííûå êðèñòàëëû — êðó÷åíûå, ëîìàíûå. Âíóòðåííåå ñòðîåíèå îäíîðîäíîå, çî-
íàëüíîå. Âòîðàÿ (5 %) —  êðóïíûå ñëàáîïðîçðà÷íûå çåðíà öèðêîíà ñ õàðàêòåðíûìè
íàðîñòàìè è âêëþ÷åíèÿìè ðóäíûõ ìèíåðàëîâ. Òðåòüÿ (5 %) — ïðîçðà÷íûå êðèñòàë-
ëû öèðêîíà âåðåòåíîîáðàçíîé ôîðìû áåç ãðàíåé. ×åòâåðòàÿ (20 %) — âîäÿíî-ïðî-
çðà÷íûå èíäèâèäû öèðêîíà ñ àëìàçíûì áëåñêîì è îäíîðîäíûì âíóòðåííèì ñòðîå-
íèåì.

U-Pb èçîòîïíûé âîçðàñò ïåðâîé ðàçíîâèäíîñòè öèðêîíà — 2790 ± 145 ìëí ëåò
(2) (òàáë. 1; ðèñ. 2, ïðîáà 84-102). Ýòà äàòèðîâêà ñîîòâåòñòâóåò âðåìåíè ìåòàìîðôèç-
ìà ïàëåîàðõåéñêîãî ñóáñòðàòà àìôèáîë-áèîòèòîâûõ ãíåéñîâ. Sm-Nd ìîäåëüíàÿ äàòà
ýòèõ ãíåéñîâ TNd (DM) = 4245 ìëí ëåò (òàáë. 2, ïðîáà 84-102), ÷òî óêàçûâàåò íà äëè-
òåëüíîå íàõîæäåíèå â êîðå ñóáñòðàòà ýòèõ ãíåéñîâ.

Â âåðõîâüÿõ ðåê Áóðòè÷èÿ è Êèëüòè÷èÿ (Ñîðîêèíñêèé ó÷àñòîê) îáíàæåíû ïî-
ðîäû Ãóðîâñêîé àíòèêëèíàëè. Íà ó÷àñòêå âîäîðàçäåëà ðåê ïðåîáëàäàþò áèîòèòîâûå
ãíåéñû çàïàäíîïðèàçîâñêîé ñåðèè ñ îñòàíöàìè àìôèáîëîâûõ è ïèðîêñåíîâûõ ãíåé-
ñîâ è êðèñòàëëîñëàíöåâ ìîùíîñòüþ äî 0,7 êì è ïðîòÿæåííîñòüþ äî 5 êì, êîòîðûå ïî
ðàçëîìó ñ þãî-çàïàäà êîíòàêòèðóþò ñ Ñîðîêèíñêîé ÇÑ. Sm-Nd ìîäåëüíûé âîçðàñò
áèîòèò-àìôèáîëîâûõ ãíåéñîâ çàïàäíîïðèàçîâñêîé ñåðèè ýòîãî ó÷àñòêà TNd (DM) =
3820 ìëí ëåò (òàáë. 2, ïðîáà 99-131), ÷òî óêàçûâàåò íà èõ äëèòåëüíóþ êîðîâóþ èñòîðèþ.

U-Pb ìåòîäîì äàòèðîâàí öèðêîí áèîòèòîâûõ ãíåéñîâ èç îáíàæåíèÿ íà ð. Áóðòè-
÷èÿ, íàïðîòèâ õóò. Ñîðîêè (ïðîáà 92-237). Ýòè ãíåéñû íàõîäÿòñÿ â êîíòàêòîâîé çîíå

Ðèñ. 3. Äèàãðàììà SiO2 — TiO2 äëÿ ãíåéñîâ Ïðèàçîâñêîãî
áëîêà. Ëèíèÿ ðàçäåëà ïîëåé ïî ðàáîòå [7]. Ïîðîäû: I — îñà-
äî÷íûå; II — ìàãìàòè÷åñêèå. Õèìè÷åñêèå àíàëèçû ãíåéñîâ
ïåðåñ÷èòàíû íà áåçâîäíûé îñòàòîê

Òàáëèöà 3. Õèìè÷åñêèé ñîñòàâ ãíåéñîâ Ïðèàçîâñêîãî ìåãàáëîêà (ÓÙ), %

Ï ð è ì å ÷ à í è å. Ïðèâÿçêè ïðîá 98-10, 99-156, 84-102, 99-131 (àí. 1–4) èç òàáë. 2. Àíàëèçû 5–7: 5 — áèîòèòîâûé
ãíåéñ, îñèïåíêîâñêàÿ ñâèòà, ïðàâûé áåðåã ð. Áóðòè÷èÿ íàïðîòèâ õóò. Ñîðîêè â ñåâåðíîé ÷àñòè îáíàæåíèÿ; 6 —
òî æå, â þæíîé ÷àñòè îáíàæåíèÿ, 7 — êâàðö-ïëàãèîêëàçîâûé ìåòàïîðôèð, îñèïåíêîâñêàÿ ñâèòà, Ñóðîæñêèé
ó÷àñòîê, ñêâ. 71-95, èíò. 145,8–149 ì. Õèìè÷åñêèå àíàëèçû âûïîëíåíû â ëàáîðàòîðèè ÈÃÌÐ ÍÀÍ Óêðàèíû.

Êîìïîíåíò 98-10 (1) 99-156 (2) 84-102 (3) 99-131 (4) 92-237 (5) 90-218 (6) 99-32 (7)

SiO2 66,54 69,06 68,76 54,20 74,68 72,40 73,54
TiO2 0,46 0,52 0,36 1,14 0,74 0,74 0,18
Al2O3 15,07 14,06 15,03 10,87 11,70 12,10 10,83
Fe2O3 2,05 3,32 1,75 10,47 2,20 1,40 3,97
FeO 2,73 2,16 2,44 3,74 1,00 2,60 1,29
MnO 0,08 Ñëåäû 0,14 0,20 0,03 0,06 0,14
MgO 1,95 1,35 1,45 5,29 1,80 2,30 1,65
CaO 3,06 3,37 3,54 8,23 1,70 1,50 2,01
Na2O 4,20 4,60 4,30 3,20 2,40 2,40 1,80
K2O 2,10 1,20 1,50 0,80 1,40 1,80 3,04
Sîáù 0,08 Ñëåäû 0,08 Ñëåäû Ñëåäû Ñëåäû Ñëåäû
P2O5 Ñëåäû 0,22 Ñëåäû 0,33 0,03 0,05 0,12
CO2 Íå îïð. Íå îïð. Íå îïð. Íå îïð. 0,17 0,14 Íå îïð.
H2O– 0,12 0,14 0,20 0,18 0,50 0,70 Ñëåäû
Ï.ï.ï. 1,18 0,38 0,82 1,79 1,83 1,68 1,50
Ñóììà 99,62 100,38 100,37 100,30 100,18 99,87 100,07
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Ñîðîêèíñêîé ÇÑ. Íåêîòîðûå èññëåäîâàòåëè ðàññìàòðèâàþò èõ êàê òåêòîíè÷åñêè ïðå-
îáðàçîâàííûé ôðàãìåíò ðàííåàðõåéñêîãî ôóíäàìåíòà, à äðóãèå — êàê áîëåå ìåòà-
ìîðôèçîâàííûå ïîðîäû îñèïåíêîâñêîé ñâèòû. Ïî ìèíåðàëîãè÷åñêèì õàðàêòåðèñòè-
êàì â ýòèõ ãíåéñàõ ðàçëè÷àþòñÿ òðè ðàçíîâèäíîñòè öèðêîíà. Ïåðâàÿ (70 %) — ïðåä-
ñòàâëåíà êîðîòêîïðèçìàòè÷åñêèìè êðèñòàëëàìè ãèàöèíòîâîãî òèïà ñî ñãëàæåííûìè
ðåáðàìè. Èõ âíóòðåííåå ñòðîåíèå çîíàëüíîå ñ óçêèìè ðåãåíåðàöèîííûìè îáîëî÷êà-
ìè. Âòîðàÿ (25 %) — êðèñòàëëû öèðêîíîâîãî òèïà ñ íåïðàâèëüíûìè êðèñòàëëîãðà-
ôè÷åñêèìè   î÷åðòàíèÿìè.   Âíóòðåííåå  ñòðîåíèå ýòîãî öèðêîíà îäíîðîäíîå. Òðåòüÿ
(5 %) — çåðíà îêðóãëîé èëè ýëëèïòè÷åñêîé ôîðìû ñ ãëàäêîé ïîâåðõíîñòüþ è îäíî-
ðîäíûì âíóòðåííèì ñòðîåíèåì, îáðàçîâàëàñü ïðè íàëîæåííûõ ïðîöåññàõ. Ñóäÿ ïî
êðèñòàëëîìîðôîëîãè÷åñêèì õàðàêòåðèñòèêàì, â ïðîáå 92-237 ïðèñóòñòâóþò äåòðèòî-
âûé è ìåòàìîðôîãåííûé öèðêîí. Íà îñàäî÷íûé ãåíåçèñ ýòèõ ãíåéñîâ óêàçûâàþò è
ïåòðîõèìè÷åñêèå äàííûå. Íà äèñêðèìèíàöèîííîé äèàãðàììå SiO2—TiO2 [7] ôèãóðà-
òèâíûå òî÷êè áèîòèòîâûõ ãíåéñîâ, â îòëè÷èå îò äðóãèõ ïðîá, ïîïàäàþò â ïîëå îñàäî÷-
íûõ ïîðîä (òàáë. 3; ðèñ. 3). U-Pb âîçðàñò âàëîâîé ïðîáû öèðêîíà áèîòèòîâûõ ãíåéñîâ
3350 ± 120 ìëí ëåò (2) (òàáë. 1; ðèñ. 2, ïðîáà 92-237). Ýòà äàòèðîâêà ñîîòâåòñòâóåò
âîçðàñòó ôóíäàìåíòà Ñîðîêèíñêîé ÇÑ.

Âóëêàíîãåííî-îñàäî÷íûå ïîðîäû Ñîðîêèíñêîé çåëåíîêàìåííîé ñòðóêòóðû ñôîð-
ìèðîâàëèñü çíà÷èòåëüíî ïîçäíåå ïàëåîàðõåéñêèõ ãðàíóëèò-ãíåéñîâûõ àññîöèàöèé
Ïðèàçîâñêîãî ìåãàáëîêà è ñëàãàþò ñèñòåìó ïðèðàçëîìíûõ ãðàáåíîâ Ñîðîêèíñêîé
òåêòîíè÷åñêîé çîíû [2]. Ñ çåëåíîêàìåííûì êîìïëåêñîì ïîðîä ýòîé ñòðóêòóðû àññî-
öèèðóþò êâàðö-ïëàãèîêëàçîâûå ìåòàïîðôèðû (ïëàãèîðèîäàöèòû), êîòîðûå ãåîõðî-
íîëîãè÷åñêè èçó÷åíû íà Ñóðîæñêîì ó÷àñòêå (ñêâ. 71-95, èíò. 145,8–149 ì; ïðîáà 99-
32). Öèðêîí â êâàðö-ïëàãèîêëàçîâûõ ìåòàïîðôèðàõ (ïðîáà 99-32) îäíîé ðàçíîâèä-
íîñòè ñ ãèàöèíòîâûì òèïîì îãðàíêè. Ïðèçìà {100} çíà÷èòåëüíî ïðåîáëàäàåò íàä {110}.
Ðàçìåð ïî L4 äî 0,15 ìì. Öèðêîí êîðîòêîïðèçìàòè÷åñêèé ñ êîýôôèöèåíòîì óäëèíå-
íèÿ äî 2,5. Ãîëîâêè íåñèììåòðè÷íûå. Âñòðå÷àþòñÿ ëîìàíûå è çàëå÷åííûå êðèñòàëëû
âäîëü îñè L4. Öâåò êîðè÷íåâàòî-ðîçîâûé, áëåñê ñòåêëÿííûé. Öèðêîí íåïðîçðà÷íûé.
Ïîâåðõíîñòü ÿì÷àòàÿ. Âíóòðåííèå ÷àñòè òðåùèíîâàòûå è ðàçðóøåíû. Îáîëî÷êè äîñ-
òèãàþò   1/7   òîëùèíû êðèñòàëëîâ. U-Pb èçîòîïíûé âîçðàñò ýòîãî öèðêîíà 3160 ±
±140 ìëí ëåò (òàáë. 1; ðèñ. 2).

Âûâîäû. Ïî ãåîõðîíîëîãè÷åñêèì äàííûì, íà Ïðèàçîâñêîì ìåãàáëîêå ÓÙ ñî-
õðàíèëèñü ãðàíóëèò-ãíåéñîâûå àññîöèàöèè ïîðîä ïàëåîàðõåéñêîãî âîçðàñòà. Ïî àíà-
ëîãèè ñ ãåîëîãè÷åñêèì ñòðîåíèåì äðåâíåéøèõ áëîêîâ êîíòèíåíòàëüíîé êîðû ìîæíî
ïðåäïîëàãàòü, ÷òî èíôðàêðóñòàëüíûé êîìïëåêñ Ïðèàçîâñêîãî ìåãàáëîêà ïðåäñòàâëåí
ñåðûìè ãíåéñàìè âåðõíåòîêìàêñêîé òîëùè çàïàäíîïðèàçîâñêîé ñåðèè. Ìåòàìîðôè-
çîâàííûå â ãðàíóëèòîâîé ôàöèè ãëóáîêîäèôôåðåíöèðîâàííûå îñàäî÷íûå ïîðîäû
öåíòðàëüíîïðèàçîâñêîé ñåðèè ïî ãåîëîãè÷åñêîìó ïîëîæåíèþ è ñîñòàâó ñõîäíû ñ
äðåâíåéøèìè ñóïðàêðóñòàëüíûìè ïîðîäàìè âåðõíåàëäàíñêîé ñâèòû èåíãðñêîé ñå-
ðèè Àëäàíñêîãî ùèòà. U-Pb äàòû ïî öèðêîíó èç ãíåéñîâ çàïàäíîïðèàçîâñêîé ñåðèè
íà Âîë÷àíñêîì è Ãàé÷óðñêîì áëîêàõ ñîîòâåòñòâóþò âðåìåíè èõ ãëóáîêîãî ìåòàìîð-
ôèçìà è ãðàíèòèçàöèè â àìôèáîëèòîâîé ôàöèè 2850–2700 ìëí ëåò òîìó íàçàä. Ñî-
ãëàñíî Sm-Nd èçîòîïíûì äàííûì, ñóáñòðàò äðåâíåéøèõ ãíåéñîâ âåðõíåòîêìàêñêîé
òîëùè çàïàäíîïðèàçîâñêîé ñåðèè Ïðèàçîâñêîãî ìåãàáëîêà ñôîðìèðîâàëñÿ ~4250–
3800 ìëí ëåò òîìó íàçàä. Âðåìÿ ðàííåãî ãðàíóëèòîâîãî ìåòàìîðôèçìà íà Ïðèàçîâñ-
êîì ìåãàáëîêå íàäåæíî íå îïðåäåëåíî. Â ïàëåîàðõåå âûäåëÿþòñÿ äâà êðóïíûõ ýòàïà
ãðàíèòîîáðàçîâàíèÿ âîçðàñòîì 3650 ± 50 è 3350 ± 120 ìëí ëåò. Çåëåíîêàìåííûé
êîìïëåêñ Ñîðîêèíñêîé ÇÑ, ñ íåñîãëàñèåì ïåðåêðûâàþùèé ïàëåîàðõåéñêèé ãðàíó-
ëèò-ãíåéñîâûé ôóíäàìåíò, èìååò âîçðàñò ~3160 ± 140 ìëí ëåò.
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Èí-ò ãåîõèìèè, ìèíåðàëîãèè è ðóäîîáðàçîâàíèÿ                                                                                   Ïîñòóïèëà 17.03.2000
ÍÀÍ Óêðàèíû, Êèåâ

ÐÅÇÞÌÅ. Çà Sm-Nd ³çîòîïíèìè äàíèìè, ñóáñòðàò íàéäðåâí³øèõ ãíåéñ³â âåðõíüîòîêìàöüêî¿ òîâù³ çàõ³äíî-
ïðèàçîâñüêî¿ ñåð³¿ Ïðèàçîâñüêîãî áëîêó ñôîðìóâàâñÿ á³ëÿ 3800–4250 ìëí ðîê³â òîìó. Ó ïàëåîàðõå¿ âèä³ëåíî
äâà êðóïíèõ åòàïè ãðàí³òî¿äíîãî ìàãìàòèçìó òà êîðîóòâîðåííÿ â³êîì 3650 ± 50 òà 3350 ± 120 ìëí ðîê³â.
Çåëåíîêàì’ÿíèé êîìïëåêñ Ñîðîêèíñüêî¿ ÇÑ, ÿêèé ç íåóçãîäæåííÿì ïåðåêðèâàº ïàëåîàðõåéñüêèé ãðàíóë³ò-
ãíåéñîâèé ôóíäàìåíò, ìàº â³ê á³ëÿ 3160 ± 140 ìëí ðîê³â.

SUMMARY. According to Sm-Nd isotope data, the substratum of ancient gneisses of upper-Tokmak series formed in the
Near Azov block about 4250–3800 Ma ago. In Paleoarchean two large stages of granitoid magmatism and crust
formation of age of 3650 ± 50 and 3350 ± 120 Ma are distinguished. The Soroky greenstone complex which
discordantly overlaps Paleoarchean granulite-gneiss basement is of age about 3160 ± 140 Ma.

ÃÅÎÕÐÎÍÎËÎÃÈß ÃÐÀÍÓËÈÒ-ÃÍÅÉÑÎÂÛÕ ÀÑÑÎÖÈÀÖÈÉ
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ÓÄÊ 550.46(477.6)

Â. Ã. Ñóÿðêî

Ãåîõ³ì³ÿ ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ
âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì Äîíáàñó

Ðîçãëÿíóòî äåÿê³ îñîáëèâîñò³ ãåîõ³ì³¿ ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì Äîíáàñó.
Îõàðàêòåðèçîâàíî çàêîíîì³ðíîñò³ ¿õíüîãî ïîøèðåííÿ, äæåðåëà íàäõîäæåííÿ é ÷èííèêè ì³ãðàö³¿ ó ï³äçåìí³é
ã³äðîñôåð³. Ïîêàçàíî, ùî ôëþ¿äíå òåïëîìàñîïåðåíåñåííÿ ³ ïåðåì³ùåííÿ áëîê³â çåìíî¿ êîðè â³äáèâàþòü ñó÷àñíó
àêòèâ³çàö³þ ã³äðîòåðìàëüíèõ ñèñòåì ðåã³îíó, ç ÿêîþ ïîâ’ÿçàíå íàäõîäæåííÿ ó ï³äçåìí³ âîäè áàãàòüîõ åíäîãåííèõ
ð³äê³ñíèõ åëåìåíò³â. Íà ï³äñòàâ³ öüîãî â ãåîõ³ì³÷í³é ³ñòîð³¿ ã³äðîòåðìàëüíèõ ñèñòåì Äîíáàñó âèä³ëåíî
ïîñòã³äðîòåðìàëüíèé åòàï ðîçâèòêó.

Ãåîõ³ì³ÿ ð³äê³ñíèõ õ³ì³÷íèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì
Äîíáàñó ÷åðåç â³äñóòí³ñòü ïðîìèñëîâî¿ ì³íåðàë³çàö³¿ ó ïîðîäàõ ìàéæå íå âèâ÷àëàñÿ.
Îêðåì³ ïîëîæåííÿ ö³º¿ âàæëèâî¿ ïðîáëåìè ðîçãëÿíóòî ëèøå ó ê³ëüêîõ ïðàöÿõ [8, 18,
20]. Àíàë³ç ðåçóëüòàò³â áàãàòîð³÷íîãî âèâ÷åííÿ ã³äðîãåîõ³ì³¿ ðåã³îíó äîçâîëèâ íàì íå
ëèøå âèÿâèòè äåÿê³ çàêîíîì³ðíîñò³ ðîçïîä³ëó ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ
îäí³º¿ ç íàéâàæëèâ³øèõ ðóäîíîñíèõ ïðîâ³íö³é Óêðà¿íè, à é ä³éòè ö³êàâèõ íàóêîâèõ
âèñíîâê³â.

Óìîâè ôîðìóâàííÿ ³ ã³äðîãåîõ³ì³÷í³ îñîáëèâîñò³ ã³äðîòåðìàëüíèõ ñèñòåì ðåã³îíó.
Äîíáàñ ÿê ñêëàä÷àñòà ñïîðóäà óòâîðèâñÿ â ìåæàõ ïàëåîçîéñüêîãî ðèôòó (Â. Ê. Ãàâðèø,
1969). Ãîëîâí³ éîãî òåêòîí³÷í³ ðèñè âèçíà÷àþòüñÿ ãëèáèííèìè ðîçëîìàìè — Ï³âí³÷íî-
äîíåöüêèì, Ï³âäåííîäîíåöüêèì, Öåíòðàëüíîäîíåöüêèì, Êðèâîð³çüêî-Ïàâë³âñüêèì,
Ìóøêåò³âñüêî-Ïåðñ³àí³âñüêèì, Êóðóëüñüêî-Äðîí³âñüêèì òà ³í. Ã³äðîòåðìàëüíà
ä³ÿëüí³ñòü ïî çîíàõ ðîçëîì³â, ùî ïîâ’ÿçàíà ç ïàëåîçîéñüêèìè ³ ìåçî-êàéíîçîéñüêèìè
òåêòîí³÷íèìè ðóõàìè, îáóìîâèëà âèíèêíåííÿ áàãàòîôàçîâèõ îñåðåäê³â ðîçâàíòàæåí-
íÿ òåðìàëüíèõ ì³íåðàëîóòâîðþþ÷èõ ðîç÷èí³â, ÿê³ ³ ñôîðìóâàëè ð³çí³ çà ïîòóæí³ñòþ
òà õàðàêòåðîì ì³íåðàë³çàö³¿ ã³äðîòåðìàëüí³ ñèñòåìè (ðèñóíîê). Ó íèõ óòâîðèëèñÿ ÿê
íàéêðóïí³ø³ ó ðåã³îí³ ðóäí³ ïîëÿ (Ìèêèò³âñüêå, Íàãîëü÷àíñüêå, Ïîêðîâî-Êèðåºâñüêå,
Äðóæê³âñüêî-Êîñòÿíòèí³âñüêå, Ñëîâ’ÿíñüêå òà ³í.), òàê ³ íåâåëèê³ ïðîÿâè ã³äðîòåð-
ìàëüíî¿ ì³íåðàë³çàö³¿. Ä³ÿëüí³ñòü ã³äðîòåðìàëüíèõ ñèñòåì îáóìîâèëà íå ëèøå ïàëåî-
çîéñüêå (ó äåÿêèõ âèïàäêàõ — ìåçîçîéñüêå) ðóäîóòâîðåííÿ, à é øèðîêî ðîçïîâñþä-
æåí³ çì³íè ó ïîðîäàõ ð³çíîãî â³êó — àæ äî êàéíîçîéñüêîãî [19]. Ó ïðîöåñ³ ãåîëîã³÷íî-
ãî ðîçâèòêó ó ñòðóêòóð³ Äîíáàñó ñôîðìóâàâñÿ Äîíåöüêèé âîäîíàï³ðíèé áàñåéí, äî
ñêëàäó ÿêîãî âõîäÿòü âîäîíîñí³ ãîðèçîíòè ³ êîìïëåêñè ïàëåîçîéñüêîãî, ìåçîçîéñüêî-
ãî òà êàéíîçîéñüêîãî â³êó.

Âíàñë³äîê íàéíîâ³øèõ òà ñó÷àñíèõ òåêòîí³÷íèõ ðóõ³â ç àìïë³òóäàìè 10–15 ìì çà
ð³ê, ÿê³ º ëèøå ñëàáêèì â³äãîëîñêîì äàâí³õ (íàáàãàòî ïîòóæí³øèõ) òåêòîí³÷íèõ ïðî-
öåñ³â, íà äåÿêèõ ãåîäèíàì³÷íî àêòèâíèõ ä³ëÿíêàõ ðîçëîì³â ³ íèí³ ñïîñòåð³ãàþòüñÿ
ïðîöåñè òåïëîìàñîïåðåíîñó. Âîíè ïðîÿâëÿþòüñÿ ó çá³ëüøåíí³ íàïðóæåíîñò³ ãåîòåð-
ì³÷íîãî ïîëÿ (ó 1,5–2 ðàçè), ó âèñõ³äíîìó ðîçâàíòàæåíí³ åíäîãåííèõ ãàç³â ³ âîä ãëè-
áîêîãî ôîðìóâàííÿ, çáàãà÷åíèõ íàéðóõëèâ³øèìè ñêëàäîâèìè ãëèáèííîãî ôëþ¿äó. Öå
âèêëèêàº ôîðìóâàííÿ ãåîõ³ì³÷íèõ ³ ãåîòåðì³÷íèõ àíîìàë³é, ùî íåñóòü ãåíåòè÷íó ³íôîð-
ìàö³þ ïðî ñïåö³àë³çàö³þ ãåíåðóþ÷èõ îñåðåäê³â ã³äðîòåðìàëüíèõ ñèñòåì. Âîäè öèõ
àíîìàë³é, íàïîðè ÿêèõ á³ëÿ ïîâåðõí³ ñÿãàþòü áàãàòüîõ ñîòåíü ìåòð³â, çâè÷àéíî âì³ùó-
þòü ð³äê³ñí³ åëåìåíòè òà ¿õí³ ñïîëóêè, íàäõîäæåííÿ ÿêèõ ó ï³äçåìíó ã³äðîñôåðó ìîæå
áóòè ïîâ’ÿçàíå íå ëèøå ç êîðîâèìè, à é ç ìàíò³éíèìè ïðîöåñàìè [19].

Îðåîëüí³ âîäè ã³äðîòåðìàëüíèõ ðîäîâèù ³ ðóäîïðîÿâ³â ðåã³îíó, ùî ñôîðìóâàëè-
ñÿ ó ìåæàõ ã³äðîòåðìàëüíèõ ñèñòåì, â³äð³çíÿþòüñÿ ãåîõ³ì³÷íèìè îñîáëèâîñòÿìè. Âíàñ-
ë³äîê ð³çêîãî ïîðóøåííÿ ã³äðîãåîõ³ì³÷íî¿ çîíàëüíîñò³ òóò, íà íåâåëèê³é ãëèáèí³, à
³íîä³ é íà ïîâåðõí³, íà ôîí³ íèçüêî ì³íåðàë³çîâàíèõ, íåéòðàëüíèõ àáî ñëàáîëóæíèõ
àêòèâ³çàö³þ ã³äðîòåðìàëüíèõ ñèñòåì ðåã³îíó. Öå äîçâîëÿº âèä³ëèòè â ¿õ ãåîëîã³÷í³é
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åâîëþö³¿ ïîñòã³äðîòåðìàëüíèé åòàï ðîçâèòêó [5], ç ÿêèì ïîâ’ÿçàíî íàäõîäæåííÿ
ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìí³ âîäè.

Ð³äê³ñí³ õ³ì³÷í³ åëåìåíòè ó ï³äçåìíèõ âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì Äîíáàñó. Ó
ï³äçåìíèõ âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì Äîíáàñó õ³ì³÷í³ åëåìåíòè, ùî íàëåæàòü äî
ð³äê³ñíèõ, òðàïëÿþòüñÿ çíà÷íî ÷àñò³øå, í³æ ó âîäàõ ðåã³îíàëüíîãî ôîíó. Öå, ç îäíîãî
áîêó, îáóìîâëåíî ì³ñöåçíàõîäæåííÿì äæåðåë ¿õ ãëèáèííî¿ ãåíåðàö³¿, à ç äðóãîãî —
ñïðèÿòëèâèìè äëÿ ì³ãðàö³¿ ð³äê³ñíèõ åëåìåíò³â ô³çèêî-õ³ì³÷íèìè óìîâàìè, õàðàêòåð-
íèìè äëÿ âîä, ùî öèðêóëþþòü ó öèõ ñïåöèô³÷íèõ ã³äðîãåîëîã³÷íèõ ñòðóêòóðàõ.

Ðîçïîâñþäæåííÿ ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì.
Ð³äê³ñí³ åëåìåíòè âèÿâëÿþòü íå÷àñòî ó ï³äçåìíèõ âîäàõ Äîíáàñó ÷åðåç ¿õíþ íèçüêó
êîíöåíòðàö³þ ³ íåâèñîêó ÷óòëèâ³ñòü ìåòîä³â âèçíà÷åííÿ. Òàê, çà äàíèìè ñïåêòðàëüíî-
ãî àíàë³çó, ÷óòëèâ³ñòü ñòàíîâèëà: ³òåðá³þ, ãåðìàí³þ, ñåëåíó òà ãàë³þ — 1·10–4, ñêàíä³þ —
3,5·10–4, ëàíòàíó, ð³äê³ñíîçåìåëüíèõ åëåìåíò³â, í³îá³þ òà ³òð³þ — 1·10–3, öåð³þ — 3·10–3.
Ë³ò³é, ðóá³ä³é òà öåç³é çà ìåòîäîì ïîëóì’ÿíî¿ ôîòîìåòð³¿ ìàëè ÷óòëèâ³ñòü 1·10–5–1·10–4  %.

Â îðåîëüíèõ âîäàõ ã³äðîòåðìàëüíèõ ðîäîâèù ðåã³îíó íàé÷àñò³øå âèçíà÷àëè âì³ñò
ð³äê³ñíèõ ëóã³â ³ ìåíøîþ ì³ðîþ — ãåðìàí³þ, ³òð³þ, ãàë³þ, ëàíòàíó. ²íø³ ð³äê³ñí³ åëå-
ìåíòè òðàïëÿþòüñÿ çíà÷íî ð³äøå (òàáëèöÿ).

Çà ðîçïîä³ëîì ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ ð³çíèõ ã³äðîòåðìàëüíèõ
ñèñòåì Äîíáàñó, ç’ÿñîâóºòüñÿ, ùî ¿õ ï³äâèùåíà êîíöåíòðàö³ÿ òÿæ³º äî ëóæíèõ õëîðèä-
íî-, ã³äðîêàðáîíàòíî-íàòð³ºâèõ, ã³äðîêàðáîíàòíî-õëîðèäíî- àáî ñóëüôàòíî-õëîðèä-
íî-íàòð³ºâèõ âîä. Ïðè öüîìó ïðîáè âîäè, ÿê³ â³ä³áðàíî ïëàñòîâèïðîáóâà÷åì ³ç ãëèáî-
êèõ ñâåðäëîâèí, ùî ñàìîâèëèâàþòüñÿ, ³ øàõò ãëèáèíîþ > 800–1000 ì, õàðàêòåðèçó-
þòüñÿ íå ëèøå á³ëüøèì âì³ñòîì ³îí³â õëîðó òà íàòð³þ, âåëè÷èíîþ ðÍ ³ ó á³ëüøîñò³
âèïàäê³â — ì³íåðàë³çàö³ºþ, à é ï³äâèùåíîþ êîíöåíòðàö³ºþ ïðàêòè÷íî óñ³õ ð³äê³ñíèõ
åëåìåíò³â. Ùå îäí³ºþ õàðàêòåðíîþ ãåîõ³ì³÷íîþ îñîáëèâ³ñòþ º çàëåæí³ñòü ì³æ âì³ñòîì
ð³äê³ñíèõ åëåìåíò³â ó âîä³ ³ â³ëüíèì ä³îêñèäîì âóãëåöþ. Ñë³ä çàçíà÷èòè òàêîæ, ùî
àíîìàëüíà êîíöåíòðàö³ÿ ë³ò³þ (äî 21,0 ìã/ë), ãåðìàí³þ (> 0,3) òà ³íøèõ åëåìåíò³â
ö³º¿ ãðóïè âñòàíîâëåíà ó ïðîáàõ âîäè ç ãëèáèí â³ä 500–600 äî 1000–1500 ì ³ á³ëüøå.

Çà ã³äðîãåîõ³ì³÷íîþ ñïåö³àë³çàö³ºþ ã³äðîòåðìàëüí³ ñèñòåìè â³äð³çíÿþòüñÿ ì³æ
ñîáîþ. Òàê, ó ìåæàõ Öåíòðàëüíîäîíåöüêîãî ðîçëîìó ¿õíi âîäè ÷àñòî âì³ùóþòü ïî-
ð³âíÿíî âèñîêó êîíöåíòðàö³þ ð³äê³ñíèõ ëóã³â ³ ãåðìàí³þ, à ó çîí³ Ï³âäåííîäîíåöüêî-
ãî ðîçëîìó âîäè ã³äðîòåðìàëüíî¿ ñèñòåìè Ïîêðîâî-Êèðåºâñüêîãî ðîäîâèùà õàðàêòå-
ðèçóþòüñÿ ïðèñóòí³ñòþ í³îá³þ, áåðèë³þ, ëàíòàíî¿ä³â, ³òåðá³þ. Öå, íà íàøó äóìêó, îáó-
ìîâëåíî ñòðóêòóðíèìè îñîáëèâîñòÿìè öèõ ðîçëîìíèõ çîí ³ ãëèáèíîþ çàëÿãàííÿ äæåðåë
ïîñòà÷àííÿ ð³äê³ñíèõ åëåìåíò³â. Íà ï³äñòàâ³ âèâ÷åííÿ > 300 ðåçóëüòàò³â àíàë³ç³â ã³äðî-
ãåîõ³ì³÷íèõ ïðîá âñòàíîâëåíî íàéêîíòðàñòí³ø³ îðåîëè ðîçñ³þâàííÿ ð³çíèõ ð³äê³ñíèõ
åëåìåíò³â ó ï³äçåìíèõ âîäàõ Äîíáàñó [8, 20].

Ìàêñèìàëüíèé âì³ñò ë³ò³þ âèÿâëåíî ó âîäàõ, ùî ðîçâàíòàæóþòüñÿ ïî çîíàõ
Ï³âäåííîäîíåöüêîãî (21,0 ìã/ë íà ãëèáèí³ 623 ì), Êðèâîð³çüêî-Ïàâë³âñüêîãî (12,5–
13,0  ìã/ë  íà   ãëèáèí³ 1300 ì),    Öåíòðàëüíîäîíåöüêîãî  (1,0–1,2 ìã/ë íà ãëèáèí³
1500 ì) ðîçëîì³â [8]. Ã³äðîãåîõ³ì³÷í³ àíîìàë³¿ ç êîíöåíòðàö³ºþ åëåìåíòà ó ìåæàõ
0,15–0,75 ìã/ë ïðîñòåæóþòüñÿ â îðåîëüíèõ âîäàõ á³ëüøîñò³ ã³äðîòåðìàëüíèõ ðîäîâèù
³ ðóäîïðîÿâ³â ðåã³îíó ó ð³çíèõ âîäîíîñíèõ ãîðèçîíòàõ ³ êîìïëåêñàõ. Âîäí³ îðåîëè
ðîçñ³þâàííÿ ë³ò³þ ð³çíî¿ êîíòðàñòíîñò³ (äî 0,5–0,7 ìã/ë) â³äì³÷åíî ³ íà ä³ëÿíêàõ
ðîçâàíòàæåííÿ ëóæíèõ ã³äðîêàðáîíàòíî- òà õëîðèäíî-íàòð³ºâèõ âîä ó ìåæàõ êóïîëü-
íèõ ñòðóêòóð Ï³âí³÷íî-Çàõ³äíîãî Äîíáàñó (Êðàñíîîñêîëüñüêà, Âîëâåíê³âñüêà, Ñï³âàê-
³âñüêà òà ³í.), à òàêîæ ó çîí³ Ìóøêåò³âñüêî-Ïåðñ³àí³âñüêîãî ðîçëîìó.

Íàéâèùó êîíöåíòðàö³þ ðóá³ä³þ âèÿâëåíî â îðåîëüíèõ âîäàõ ðòóòíèõ ðóäíèõ ïîë³â
Ãîëîâíî¿ (0,08 ìã/ë) òà Äðóæê³âñüêî-Êîñòÿíòèí³âñüêî¿ (0,052) àíòèêë³íàëåé, íà ï³âäåí-
íî-çàõ³äíîìó ñêëåï³íí³ Êðàñíîîñêîëüñüêîãî êóïîëà (0,016–0,04) ³ ó çîí³ Ìóøêåò³â-
ñüêî-Ïåðñ³àí³âñüêîãî ðîçëîìó (0,04 ìã/ë).

Öåç³é (0,08 ìã/ë) âèÿâëåíî ó õëîðèäíî-íàòð³ºâèõ ðîçñîëàõ Ñëîâ’ÿíñüêî¿ ñîëÿíî-
êóïîëüíî¿ ñòðóêòóðè ³ ó íèæ÷³é êîíöåíòðàö³¿ (äî 0,02) — â îðåîëüíèõ âîäàõ Ìèêèò-
³âñüêîãî òà Ïîêðîâî-Êèðåºâñüêîãî ðóäíèõ ïîë³â, à òàêîæ íà Êðàñíîîñêîëüñüê³é,
Á³ëÿºâñüê³é, Ñï³âàê³âñüê³é, Êàìèøîâàõñüê³é êóïîëüíèõ ñòðóêòóðàõ, ïîðîäè ÿêèõ õà-
ðàêòåðèçóþòüñÿ ã³äðîòåðìàëüíîþ ì³íåðàë³çàö³ºþ.

Ãåðìàí³é (äî 0,355 ìã/ë) ÷àñòî òðàïëÿºòüñÿ ó âîäàõ Ìèêèò³âñüêîãî ðòóòíîãî ðî-
äîâèùà. Öåé åëåìåíò äóæå õàðàêòåðíèé äëÿ ï³äçåìíèõ âîä êàì’ÿíîâóã³ëüíèõ â³äêëàä³â
Öåíòðàëüíîãî Äîíáàñó, äå éîãî âì³ñò ³íîä³ ñÿãàº ïðîìèñëîâèõ êîíöåíòðàö³é.

Ç-ïîì³æ ð³äê³ñíîçåìåëüíèõ åëåìåíò³â íàéõàðàêòåðí³øèì äëÿ ï³äçåìíèõ âîä ðå-
ã³îíó º ëàíòàí. Éîãî âñòàíîâëåíî (äî 0,473 ìã/ë) ó õëîðèäíî-íàòð³ºâèõ âîäàõ Ìèêè-
ò³âñüêîãî   ðóäíîãî   ïîëÿ   íà   ãëèáèí³ > 700 ì. Òàêèé âèñîêèé âì³ñò åëåìåíòà (äî
0,460 ìã/ë) ñïîñòåð³ãàºòüñÿ ³ â îðåîëüíèõ âîäàõ Ïîêðîâî-Êèðåºâñüêîãî ðîäîâèùà
ôëþîðèòó, àëå íà çíà÷íî ìåíøèõ ãëèáèíàõ. À íèæ÷ó êîíöåíòðàö³þ, ùî íå ïåðåâèùóº
0,006–0,007 ìã/ë, âèÿâëåíî íà Ñëîâ’ÿíñüêîìó ðóäíîìó ïîë³, ðóäíèõ ïîëÿõ Íàãîëüíîãî
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êðÿæó ³ ó âîäàõ áàãàòüîõ êóïîëüíèõ ñòðóêòóð Áàõìóòñüêî¿ òà Êàëüì³óñ-Òîðåöüêî¿ êîò-
ëîâèí.

Áëèçüêèé çà õàðàêòåðîì ðîçïîâñþäæåííÿ ³òåðá³é, êîíöåíòðàö³ÿ ÿêîãî ó ï³äçåìíèõ
âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì ðåã³îíó çâè÷àéíî íå ïåðåâèùóº 0,0003–0,0005 ìã/ë.

Ãàë³é ÷àñò³øå çà âñå òðàïëÿºòüñÿ ó âîäàõ Öåíòðàëüíî- ³ Ï³âäåííîäîíåöüêîãî ðîç-
ëîì³â, äå éîãî âì³ñò ó ï³äçåìíèõ âîäàõ ãëèáîêèõ ãîðèçîíò³â — â³ä 0,005 (Ìèêèò³âñüêå
ðîäîâèùå ðòóò³) äî 0,01 ìã/ë (Ïîêðîâî-Êèðåºâñüêå ðîäîâèùå ôëþîðèòó). Ó ìåæàõ
³íøèõ ã³äðîòåðìàëüíèõ ñèñòåì ãàë³é ñïîñòåð³ãàºòüñÿ ð³äêî.

Àíàë³ç ðîçïîä³ëó êîíöåíòðàö³¿ áåðèë³þ äîçâîëèâ âèÿâèòè ïåâíó òåíäåíö³þ, ùî
õàðàêòåðíà äëÿ Äîíáàñó. Àíîìàëüíà êîíöåíòðàö³ÿ åëåìåíòà âñòàíîâëåíà ó âîäàõ Ïî-
êðîâî-Êèðåºâñüêî¿ ã³äðîòåðìàëüíî¿ ñèñòåìè, ÿêà óñêëàäíåíà ³íòðóç³ÿìè ëóæíî-îñ-
íîâíèõ òà ãàáðî¿äíèõ ïîð³ä (äî 0,005 ìã/ë) ó âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì Íàãîëü-
íîãî êðÿæà — íà ä³ëÿíêàõ ðîçâèòêó äàºê ëàìïðîô³ð³â (äî 0,001), ó âîäàõ ð³çíèõ çà
ðîçì³ðàìè ã³äðîòåðìàëüíèõ âîãíèù íà Áåðåêñüê³é òà Êóðóëüñüê³é êóïîëüíèõ ñòðóê-
òóðàõ (äî 0,002 ìã/ë), äå ó áðåê÷³ÿõ ñîëÿíèõ ä³àï³ð³â çíàéäåíî óëàìêè ïîð³ä êîìïëåêñó
ä³àáàç³â. Ï³äâèùåíà êîíöåíòðàö³ÿ áåðèë³þ âèÿâëåíà ³ ó âîäàõ Ìóøêåò³âñüêî-Ïåðñ³à-
í³âñüêîãî ðîçëîìó íà ä³ëÿíêàõ âèõîäó ìàãìàòè÷íèõ äàºê (äî 0,001 ìã/ë). Öå âêàçóº íà
÷³òêó ïðèóðî÷åí³ñòü àíîìàë³é åëåìåíòà ó ï³äçåìíèõ âîäàõ äî ³íòðóçèâíèõ ïîð³ä, ùî
³íîä³ âì³ùóþòü íàâ³òü áåðèë³ºâ³ ì³íåðàëè (ãåíòãåëüâ³í, ôåíàê³ò, åâêëàç òà ³í.) [7] ³
ìîæóòü áóòè íàéâàæëèâ³øèì äæåðåëîì íàäõîäæåííÿ éîãî ó ï³äçåìíó ã³äðîñôåðó ðå-
ã³îíó.

Òàê³ ð³äê³ñí³ åëåìåíòè, ÿê ñêàíä³é (êîíöåíòðàö³ÿ 0,0001 äî 0,003 ìã/ë), öåð³é (äî
0,002–0,006), í³îá³é (â³ä 0,0001 äî 0,0005) òà ñåëåí (0,0001 ìã/ë) òðàïëÿþòüñÿ ó ï³äçåìíèõ
âîäàõ Äîíáàñó âêðàé ð³äêî, à äåÿê³ ëèøå ó ïîîäèíîêèõ âèïàäêàõ.

Âèâ÷åííÿ ðîçïîä³ëó ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ Äîíáàñó äîçâîëÿº
íàì³òèòè ïðèóðî÷åí³ñòü ¿õíüî¿ ãëèáèííî¿ ì³ãðàö³¿ äî ðîçëîìíèõ ãåîñòðóêòóð, ÿê³ âèç-
íà÷àþòü òåêòîí³÷íó ïîçèö³þ Äîíåöüêî¿ ñêëàä÷àñòî¿ ñïîðóäè (Ï³âäåííî-, Öåíòðàëü-
íîäîíåöüêèé òà Êðèâîð³çüêî-Ïàâë³âñüêèé ðîçëîìè).

Äæåðåëà íàäõîäæåííÿ ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíó ã³äðîñôåðó ðåã³îíó. Àíàë³çóþ-
÷è ìîæëèâ³ äæåðåëà íàäõîäæåííÿ ó ï³äçåìí³ âîäè ð³äê³ñíèõ åëåìåíò³â, ÿê³ ïðàêòè÷íî
â³äñóòí³ ó ïîðîäàõ áàãàòîê³ëîìåòðîâî¿ îñàäîâî¿ òîâù³ ðåã³îíó, ìè âèõîäèìî ç êîí-
öåïö³¿ óòâîðåííÿ "ã³ïîãåííèõ" ã³äðîãåîõ³ì³÷íèõ àíîìàë³é [17]. Âîíè ôîðìóþòüñÿ âíàñ-
ë³äîê ðîç÷èíåííÿ ó âåðõí³õ ã³äðîäèíàì³÷íèõ çîíàõ ã³äðîñôåðè åíäîãåííèõ ôëþ¿ä³â,
ùî íàäõîäÿòü ïî çîíàõ òåêòîí³÷íî àêòèâ³çîâàíèõ ðîçëîì³â. Öå äîçâîëÿº ðîçãëÿäàòè
òàê³ àíîìàë³¿ ÿê ïåðâèíí³ ã³äðîãåîõ³ì³÷í³ îðåîëè ðîçñ³þâàííÿ ïðîäóêò³â ãëèáèííèõ
ãåíåðóþ÷èõ âîãíèù. Îñòàíí³ ìîæóòü áóòè ÿê ó ïîðîäàõ, ùî ï³ääàâàëèñÿ ³íòåíñèâíèì
ñòðåñîâèì íàâàíòàæåííÿì, òàê ³ ó ìàãìàòè÷íèõ êîðîâèõ àáî íàâ³òü ³ ï³äêîðîâèõ åêñãà-
ëÿòàõ. Ïðàâèëüí³ñòü ³íòåðïðåòàö³¿ ã³ïîãåííèõ ã³äðîãåîõ³ì³÷íèõ àíîìàë³é âåëèêîþ ì³ðîþ çà-
ëåæèòü â³ä âèçíà÷åííÿ íàïðÿìê³â ïðîöåñ³â ìàñîïåðåíîñó òà ãåîõ³ì³÷íèõ áàð’ºð³â, íà ÿêèõ
â³äáóâàºòüñÿ ñêèäàííÿ ì³íåðàëüíî¿ ñêëàäîâî¿ ïðèðîäíèìè ðîç÷èíàìè.

Ðîçãëÿíåìî öå ïîëîæåííÿ íà ïðèêëàä³ ðîçïîä³ëó ðóá³ä³þ ó âîäàõ ãëèáîêèõ ãîðèçîíò³â
Ïåðåäêàâêàççÿ ó Ðîñ³¿ [10, 11]. Àâòîðè ïóáë³êàö³é âêàçóþòü íà õàðàêòåðíó ³ äëÿ Äîíáàñó
òåíäåíö³þ äî çðîñòàííÿ êîíöåíòðàö³¿ ð³äê³ñíèõ ëóã³â, ³ çîêðåìà ðóá³ä³þ ³ç çá³ëüøåííÿì ãëè-

Òåêòîí³÷íà ñõåìà ç îñíîâíèìè
ã³äðîòåðìàëüíèìè ñèñòåìàìè
Äîíáàñó: 1 — ãëèáèíí³ ðîçëî-
ìè; 2 — òåêòîí³÷í³ ðîçðèâí³
ïîðóøåííÿ; 3 — â³ñ³ àíòèêë³íà-
ëåé; 4 — â³ñ³ ñèíêë³íàëåé; 5 —
êîíòóðè ìåçîçîéñüêèõ ïîêëàä³â;
6 — ã³äðîòåðìàëüí³ ñèñòåìè
(ðóäí³ ïîëÿ)
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áèíè, ïëàñòîâî¿ òåìïåðàòóðè òà ì³íåðàë³çàö³¿ âîä. Éîãî àíîìàëüíà êîíöåíòðàö³ÿ ó âîä³ çà-
ô³êñîâàíà íà ãëèáèí³ ~1 êì ó ìåæàõ ñåéñìîàêòèâíî¿ Ï³âäåííîäàãåñòàíñüêî¿ çîíè ðîçëîì³â.
Íà äóìêó àâòîð³â, öå ÿâèùå ïîâ’ÿçàíî ³ç íàäõîäæåííÿì åëåìåíòà ïî òåêòîí³÷íèõ ïîðóøåí-
íÿõ ç ãëèáèííèõ çîí çåìíî¿ êîðè. Ð³çêå çá³ëüøåííÿ êîíöåíòðàö³¿ ðóá³ä³þ ó ðîç÷èí³ ñïîñòå-
ð³ãàºòüñÿ òàêîæ íà ãëèáèí³ ~3 êì. Ãîëîâíèìè ÷èííèêàìè, ùî âèêëèêàëè "ñòðèáîê" âì³ñòó
ðóá³ä³þ íà âêàçàí³é ãëèáèí³, íà ¿õíþ äóìêó, º òåìïåðàòóðà ³ òèñê, ÿê³ ñïðèÿëè âèâîäó åëåìåíòà
ç êðèñòàë³÷íî¿ ðåø³òêè ì³íåðàë³â (Ðãåîñòàòè÷.70 ÌÏà, Ò ~100 °C). Îäíàê, íà íàøó äóìêó, çá³ëüøåí-
íÿ êîíöåíòðàö³¿ ðóá³ä³þ íà âêàçàíèõ ãëèáèíàõ çóìîâëåíî çîâñ³ì ³íøèìè ïðè÷èíàìè. Ìîâà
ìîæå éòè ïðî ãåîõ³ì³÷í³ (ïåðø çà âñå, òåðìîáàðè÷í³) áàð’ºðè, íà ÿêèõ â³äáóâàºòüñÿ ñêèäàííÿ
ð³äê³ñíèõ ëóã³â, ùî çíàõîäÿòüñÿ ó ôëþ¿äíîìó ïîòîö³. Òîìó ñë³ä ãîâîðèòè íå ïðî çá³ëüøåííÿ,
à íàâïàêè ïðî çìåíøåííÿ êîíöåíòðàö³¿ åëåìåíòà (ó äàíîìó âèïàäêó — ðóá³ä³þ) â ïðîöåñ³
âèñõ³äíîãî ðîçâàíòàæåííÿ ðîç÷èíó ïî çîí³ ðîçëîìó íà ãëèáèíàõ 3 ³ 1 êì. Ï³äòâåðäæåííÿì
ïðàâèëüíîñò³ íàøî¿ òî÷êè çîðó ìîæóòü ñëóæèòè ³ ðåçóëüòàòè åêñïåðèìåíò³â ç ïåðåõîäó
ð³äê³ñíèõ ëóã³â ³ç ìàãìàòè÷íèõ ïîð³ä ó âîäíèé ðîç÷èí [22]. Äîñë³äíèì øëÿõîì âñòàíîâëåíî,
ùî ë³ò³é, ðóá³ä³é òà öåç³é, ÿê³ ïðèñóòí³ ó êðèñòàë³÷í³é ñòðóêòóð³ ì³íåðàë³â ïåðâèííèõ ïîð³ä,
âèìèâàþòüñÿ ëèøå çà ³íòåíñèâíèõ çì³í ã³ðñüêî¿ ïîðîäè, ÿê³ â³äáóâàþòüñÿ ïðè Ò  500–600 °C
[21], à íå 100 °C, ÿê öå òåîðåòè÷íî ïðèïóñêàëîñÿ ó ïðàöÿõ [10, 11]. Öå ñâ³ä÷èòü ïðî òå, ùî
ðóéíóâàííÿ êðèñòàë³÷íèõ ðåø³òîê ì³íåðàë³â ç â³ääà÷åþ äî ôëþ¿äíî¿ ñêëàäîâî¿ ð³äê³ñíèõ
ëóã³â ìîæå â³äáóâàòèñÿ, âèõîäÿ÷è ç ãåîòåðì³÷íîãî ãðàä³ºíòà, íà ãëèáèí³ 15–18 êì.

Íàâåäåíà ñõåìà ïðèäàòíà ³ äëÿ óìîâ Äîíáàñó. Çã³äíî ç ãåîô³çè÷íèìè äîñë³äæåííÿìè,
ëîæå êðèñòàë³÷íîãî ôóíäàìåíòó ï³ä ñòðóêòóðîþ Äîíåöüêî¿ ñêëàä÷àñòî¿ ñïîðóäè çàëÿãàº íà
ãëèáèí³ äî 10–12 êì. Âèõîäÿ÷è ç öüîãî, íå âàæêî âèçíà÷èòè, ùî ñàìå ïîðîäè àðõåé-ïðîòåðî-
çîéñüêîãî êîìïëåêñó, ÿê³ ïåðåáóâàþòü ï³ä âïëèâîì ïðîöåñ³â ãëèáîêîãî òåðìîäèíàìîìåòà-
ìîðô³çìó, º îäíèì ç íàéâàæëèâ³øèõ (àëå íå ºäèíèì) äæåðåëîì ð³äê³ñíèõ ëóã³â ³ áàãàòüîõ
³íøèõ õ³ì³÷íèõ åëåìåíò³â ó ï³äçåìí³é ã³äðîñôåð³ ðåã³îíó. Ó ôëþ¿äàõ, ùî ï³äí³ìàþòüñÿ ç òàêèõ
ãëèáèí, ö³ëêîì ëîã³÷íî ïðèïóñòèòè ³ ïðèñóòí³ñòü ðå÷îâèí ³íøîãî, á³ëüø ãëèáèííîãî ãåíåçè-
ñó. Òîé ôàêò, ùî ë³ò³é, ðóá³ä³é, öåç³é ³ ãåîõ³ì³÷íî íàáëèæåíèé äî íèõ êàë³é çâè÷àéíî êîíöåí-
òðóþòüñÿ ó çàëèøêîâèõ ôëþ¿äàõ ìàãì, ùî êðèñòàë³çóþòüñÿ, äîçâîëÿº ñòâåðäæóâàòè, ùî ïåâíà
÷àñòèíà ð³äê³ñíèõ åëåìåíò³â íàäõîäèòü ç ìàãìàòè÷íèìè åêñãàëÿòàìè. Ó ïðîöåñ³ êîíâåêö³é-
íîãî öèêëó íà âåëèêèõ ãëèáèíàõ âîäíî-ãàçîâèé ðîç÷èí çáàãà÷óºòüñÿ ìàãìàòè÷íèìè âîäàìè
(5–10 %), ùî âì³ùóþòü ð³äê³ñí³ ëóãè, êàë³é òà ³íø³ ã³ïîãåíí³ åëåìåíòè [21].

Ì³ãðàö³ÿ ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ ðåã³îíó. Ì³ãðàö³ÿ õ³ì³÷íèõ åëåìåíò³â ó
ï³äçåìíèõ âîäàõ âèçíà÷àºòüñÿ âíóòð³øí³ìè ³ çîâí³øí³ìè ôàêòîðàìè [3, 6], çàëåæíî â³ä ÿêèõ
âîíè ìîæóòü áóòè ó âîäíîìó ðîç÷èí³ ó âèãëÿä³ ïðîñòèõ äèñîö³éîâàíèõ ³îí³â, êîìïëåêñíèõ
ñïîëóê àáî êîëî¿ä³â. Ó áàãàòîêîìïîíåíòí³é ñèñòåì³, ÿêîþ º ï³äçåìí³ âîäè, á³ëüø³ñòü ð³äê³ñíèõ
åëåìåíò³â óòâîðþþòü ðóõëèâ³ êîìïëåêñè ç ð³çíèìè àäåíäàìè. Ïðè öüîìó ÷èì ñò³éê³øå êîì-
ïëåêñíà ñïîëóêà, òèì êðàùå âîíà ì³ãðóº ó âîäíîìó ñåðåäîâèù³. Ðîçãëÿíåìî îñîáëèâîñò³
ì³ãðàö³¿ äåÿêèõ ð³äê³ñíèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ Äîíáàñó.

Ð³äê³ñí³ ëóãè. Âîäíà ì³ãðàö³ÿ ë³ò³þ, ðóá³ä³þ ³ öåç³þ â³äáóâàºòüñÿ, ãîëîâíèì ÷èíîì, ó ôîðì³
ïðîñòèõ ³îí³â (Li+, Rb+, Cs+). Âîíà çáåð³ãàºòüñÿ äî ¿õíüî¿ âçàºìîä³¿ ç ð³çíèìè àäåíäàìè, âíàñ-
ë³äîê ÿêî¿ óòâîðþþòüñÿ êîìïëåêñí³ ñïîëóêè. Ñ. Ð. Êðàéíîâ [6] ââàæàº, ùî íàéá³ëüøîþ çäàò-
í³ñòþ äî êîìïëåêñîóòâîðåííÿ õàðàêòåðèçóºòüñÿ ë³ò³é, ÿêèé óòâîðþº ðóõëèâ³ ñïîëóêè ç ã³äðîê-
ñèë- (LiOH0) òà ñóëüôàò-³îíîì ( LiSO4

 ). Ñàìå ö³ òðè ôîðìè ì³ãðàö³¿ — ³îííà, ã³äðîêñèëüíà
òà ñóëüôàòíà — ³ ïåðåâàæàþòü ó ã³äðîêàðáîíàòíî-ñóëüôàòíèõ òà ñóëüôàòíî-ã³äðîêàðáîíàò-
íèõ âîäàõ ðåã³îíàëüíîãî ôîíó çîíè â³ëüíîãî âîäîîáì³íó Äîíáàñó. Ë³ò³ºâî-ñóëüôàòí³ êîìï-
ëåêñè òàêîæ ìîæóòü óòâîðþâàòèñÿ ó ìåçîçîéñüêèõ ã³äðîãåîëîã³÷íèõ ñòðóêòóðàõ ç øèðîêèì
ðîçâèòêîì ñóëüôàòíèõ âîä. Ó ñâîþ ÷åðãó, ïîì³òíå çá³ëüøåííÿ ã³äðîêñèë-ë³ò³ºâèõ ³îí³â ìîæå
ñïîñòåð³ãàòèñÿ ñàìå çà ðàõóíîê öüîãî ³ ó ã³äðîêàðáîíàòíî-íàòð³ºâèõ âîäàõ, ÿê³ ðîçâàíòàæó-
þòüñÿ íà òåêòîí³÷íî àêòèâ³çîâàíèõ ä³ëÿíêàõ ðîçëîì³â. Ó ãëèáîêèõ (> 1200–1500 ì) ãîðèçîí-
òàõ ïàëåîçîþ, äå ïåðåâàæíèì òèïîì öèðêóëþþ÷èõ ðîç÷èí³â º õëîðèäíî-íàòð³ºâ³-(êàëüö³ºâ³)
ðîçñîëè ç ì³íåðàë³çàö³ºþ > 35 ã/ë, ñóòòºâå çíà÷åííÿ ÿê àäåíäà íàáóâàº õëîð-³îí. Òóò, ÿê ³ íà
ä³ëÿíêàõ ³íô³ëüòðàö³éíîãî ðîç÷èíåííÿ êàì’ÿíî¿ ñîë³, ë³ò³é ìîæå ì³ãðóâàòè ïåðåâàæíî ó âèã-
ëÿä³ õëîðèäíîãî êîìïëåêñó LiCl0. Ö³ âèñíîâêè ìàþòü ìàòåìàòè÷íå îá´ðóíòóâàííÿ. Íàìè
âñòàíîâëåíî, ùî ó âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì Äîíáàñó íàéá³ëüø ðîçïîâñþäæåíèì ç
ð³äê³ñíèõ ëóã³â º ë³ò³é, ÿêèé ìàéæå çàâæäè ìàº ïîçèòèâí³ êîðåëÿö³éí³ çâ’ÿçêè ç âåëè÷èíîþ

ðÍ, ì³íåðàë³çàö³ºþ, ³îíàìè HCO3
 , SO4

2 , Na+, CO2, F
–, Hg2+ ³ íåãàòèâí³ — ç ³îíàìè Ca2+, Mg2+,

B3+, Cu+, Zn2. Ñïîñòåð³ãàºòüñÿ òàêîæ õî÷ ³ ñëàáêèé, àëå ïîçèòèâíèé çâ’ÿçîê ë³ò³þ ç õëîð-³îíîì.
Ðóá³ä³é ó â³äïîâ³äíîñò³ ç³ ñâî¿ìè ãåîõ³ì³÷íèìè îñîáëèâîñòÿìè çäàòíèé óòâîðþâàòè ó

âîä³ íåîðãàí³÷í³ êîìïëåêñè ïåðåâàæíî ç õëîðîì. Ïðîòå, êîìïëåêñ RbCl0 íå ìàº ó ïðèðîäíèõ
âîäàõ ñóòòºâîãî çíà÷åííÿ. Çà ðîçðàõóíêàìè Ñ. Ð. Êðàéíîâà [6], ê³ëüê³ñòü ïðèðîäíîãî êîìïëåê-
ñó ðóá³ä³þ ç õëîðîì ó âîäàõ ç ì³íåðàë³çàö³ºþ äî 5–7 ã/ë äóæå íåçíà÷íà. Òå ñàìå ñòîñóºòüñÿ
öåç³þ, ÿêèé ÿê ³ ðóá³ä³é (à çðåøòîþ ³ ë³ò³é), ì³ãðóº ãîëîâíèì ÷èíîì ó âèãëÿä³ ïðîñòèõ ïîçè-
òèâíî çàðÿäæåíèõ ³îí³â. Â³äñóòí³ñòü ð³çíîìàí³òíîñò³ ó ôîðìàõ ì³ãðàö³¿ — îäíà ç ïðè÷èí

ÑÓßÐÊÎ Â. Ã.

LiSO
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íèçüêî¿ ðîçïîâñþäæåíîñò³ ³ íåâèñîêî¿ êîíöåíòðàö³¿ ðóá³ä³þ ³ öåç³þ ó ï³äçåìíèõ âîäàõ ðåã³-
îíó. Âèíÿòêîì, ñóäÿ÷è ç ìîæëèâîñòåé öèõ åëåìåíò³â óòâîðþâàòè õëîðèäí³ êîìïëåêñè, º ëèøå
õëîðèäíî-íàòð³ºâ³ âîäè òà ðîçñîëè, ùî ôîðìóþòüñÿ ó ãëèáîêèõ ãîðèçîíòàõ ïàëåîçîþ òà
ðîçâàíòàæóþòüñÿ ïî ãëèáèííèõ ðîçëîìàõ. Ãîëîâíîþ ïðè÷èíîþ îñàäæåííÿ ëóã³â ç ïðèðîä-
íèõ ðîç÷èí³â º ¿õíÿ ³îíîîáì³ííà ñîðáö³ÿ íåãàòèâíî çàðÿäæåíèìè ÷àñòêàìè ãëèíèñòèõ ïîð³ä.
Ç óðàõóâàííÿì åíåðã³¿ ã³äðàòàö³¿ çà çäàòí³ñòþ äî ³îíîîáì³ííî¿ ñîðáö³¿ ö³ åëåìåíòè óòâîðþþòü
òàêèé ðÿä: Cs > Rb > K > Na > Li. À çà çäàòí³ñòþ äî ¿õ ñîðáö³¿, ãëèíèñò³ ì³íåðàëè ðîçòàøîâó-
þòüñÿ ó ïîñë³äîâíîñò³: ìîíòìîðèëîí³òè  ã³äðîñëþäè  êàîë³í³òè. 3à ³íøèõ ð³âíèõ îáñòà-
âèí ñîðáö³ÿ ë³ò³þ, ðóá³ä³þ ³ öåç³þ ç âîä íàòð³ºâîãî ñêëàäó ïðîò³êàº ³íòåíñèâí³øå, í³æ ³ç
êàëüö³ºâèõ âîä, ùî ïîâ’ÿçàíî ç á³ëüøîþ êîíêóðåíòîçäàòí³ñòþ êàëüö³þ ó ³îíîîáì³ííèõ ïðî-
öåñàõ [13].

Ð³äê³ñíîçåìåëüí³ åëåìåíòè. Îñíîâíîþ ôîðìîþ âîäíî¿ ì³ãðàö³¿ ð³äê³ñíîçåìåëüíèõ åëå-
ìåíò³â (TR) º ð³çí³ êîìïëåêñí³ ñïîëóêè [3, 13, 21]. Ðàçîì ç òèì â³äîìî, ùî âîíè º íå ëèøå
åëåìåíòàìè-êîìïëåêñîóòâîðþâà÷àìè ³ åëåìåíòàìè-ã³äðîë³çàòîðàìè. Çà âèñîêèõ çíà÷åíü ðÍ
ïðèðîäí³ âîäè ìîæóòü óòâîðþâàòè ã³äðîêñèäè òèïó TROH3+. Ïðè çá³ëüøåíí³ êîíöåíòðàö³¿
àäåíä³â ó âîäíîìó ðîç÷èí³ ã³äðîêñèë-³îí âèò³ñíÿºòüñÿ ç êîîðäèíàö³éíî¿ ñôåðè TR ¿õí³ìè

³îíàìè (CO3
2 , F– òà ³í.) [6]. Ùî æ äî êîìïëåêñíèõ ñïîëóê, òî äëÿ TR îñîáëèâî õàðàêòåðí³

êîìïëåêñè ç êèñíåâì³ñíèìè àäåíäàìè ï³äçåìíèõ âîä ³, ïåðø çà âñå, ç CO3
2  [3]. Öå íàéâàæ-

ëèâ³øà ôîðìà ì³ãðàö³¿ ïðàêòè÷íî óñ³õ TR â óìîâàõ çîíè ã³ïåðãåíåçó Äîíáàñó. Êîìïëåêñè ç

ñ³ðêîâì³ñíèìè ñïîëóêàìè (SO3
2  òà ³í.) íåñò³éê³ ó âîäíîìó ðîç÷èí³ ÷åðåç òå, ùî çâ’ÿçêè, ÿê³

óòâîðþþòüñÿ â öüîìó âèïàäêó ì³æ ð³äê³ñíîçåìåëüíèìè åëåìåíòàìè ³ ñ³ðêîþ íå áóâàþòü
êîâàëåíòíèìè [13]. Êîìïëåêñí³ ñïîëóêè ç àçîòâì³ñíèìè àäåíäàìè íàñò³ëüêè íåñò³éê³, ùî íå
â³ä³ãðàþòü í³ÿêî¿ ãåîõ³ì³÷íî¿ ðîë³ [6]. Òîìó ó ñóëüôàòíèõ âîäàõ ðåã³îíó íå òðåáà î÷³êóâàòè
áóäü-ÿêèõ çíà÷íèõ êîíöåíòðàö³é TR. Ó ãåîõ³ì³÷íèõ óìîâàõ ï³äçåìíèõ âîä ã³äðîòåðìàëü-
íèõ ñèñòåì Äîíáàñó, çà ÿêèõ ã³äðîêñèäè TR ìîæóòü óòâîðþâàòèñÿ ëèøå îáìåæåíî, íàé-
øèðøå ðîçïîâñþäæåííÿ ñåðåä ôîðì ì³ãðàö³¿ ìàþòü, â³ðîã³äíî, ¿õ êîìïëåêñí³ ñïîëóêè ç

CO3
2  òà F–.

ßê äëÿ îêðåìèõ ð³äê³ñíîçåìåëüíèõ åëåìåíò³â, òàê ³ äëÿ ¿õí³õ ïåâíèõ ãðóï ³ñíóþòü îñîá-
ëèâîñò³ âîäíî¿ ì³ãðàö³¿. Òàê, ëàíòàíî¿äè (La, Ce, Yb òà ³í.) óòâîðþþòü íàéñò³éê³ø³ êîìïëåêñí³
ñïîëóêè ³ç ôòîðîì, ÿê³ îñîáëèâî õàðàêòåðí³ äëÿ òåðìîäèíàì³÷íèõ ³ ô³çèêî-õ³ì³÷íèõ óìîâ
ï³äçåìíèõ âîä çîíè ã³ïåðãåíåçó. Äî íèõ íàëåæàòü òàê³ ôòîðèäè: ëàíòàíó — LaF3, ³òåðá³þ —
YF3 ³ öåð³þ — CeF3 (ôëþîöåðèò). Ðîçðàõóíêè óìîâ óòâîðåííÿ ôòîðèä³â ó ñèñòåìàõ TR3+ —
F– ñâ³ä÷àòü ïðî òå, ùî âîíî ìîæëèâå çà òèõ êîíöåíòðàö³é TR ³ F, ÿê³ ïðèñóòí³ ó ï³äçåìíèõ
âîäàõ áàãàòüîõ ðîäîâèù [6]. Öåé âèñíîâîê ö³ëêîì â³äïîâ³äàº ã³äðîãåîõ³ì³÷íèì óìîâàì ã³äðî-
òåðìàëüíèõ ñèñòåì Äîíáàñó. Íàéòèïîâ³øèì ïðèêëàäîì º Ïîêðîâî-Êèðåºâñüêå ðîäîâèùå
ôëþîðèòó. Ñàìå òóò ôòîð ñëóæèòü îñíîâíèì àäåíäîì íå ëèøå äëÿ âêàçàíèõ âèùå åëåìåíò³â-
êîìïëåêñîóòâîðþâà÷³â, à é ³òð³þ, ÿêèé äîñèòü ÷àñòî òðàïëÿºòüñÿ â îðåîëüíèõ âîäàõ. Ñë³ä
çàçíà÷èòè, ùî ñåðåä ëàíòàíî¿ä³â ìàêñèìàëüíîþ ðóõëèâ³ñòþ õàðàêòåðèçóºòüñÿ öåð³é. Ó ëóæ-
íèõ âîäàõ (ðÍ > 8) éîãî ì³ãðàö³éíà çäàòí³ñòü ð³çêî çðîñòàº, îñê³ëüêè â³äáóâàºòüñÿ îêèñëåííÿ
Ce3+ äî Ce4+. ×îòèðüîõâàëåíòíèé ³îí ìàº íàéêðàùó çäàòí³ñòü äî êîìïëåêñîóòâîðåííÿ. 3

ðîñòîì ëóæíîñò³ êîìïëåêñè öåð³þ îñîáëèâî ç CO3
2 , íàáóâàþòü ñò³éêîñò³ ³ íàäçâè÷àéíî¿

ðóõëèâîñò³ [3, 13]. Öèì ³ îáóìîâëåíî òå, ùî ìàêñèìàëüíà êîíöåíòðàö³ÿ öåð³þ ñïîñòåð³ãàºòüñÿ
ó ã³äðîêàðáîíàòíî-õëîðèäíî-íàòð³ºâèõ âîäàõ ã³äðîòåðìàëüíèõ ñèñòåì Äîíáàñó íà ä³ëÿíêàõ,
äå â³äáóâàºòüñÿ àíîìàëüíå âèä³ëåííÿ â³ëüíîãî ä³îêñèäó âóãëåöþ.

Ñêàíä³é óòâîðþº ñò³éê³ êîìïëåêñè ôòîðèä³â òèïó K(ScF4), à òàêîæ íàáàãàòî ìåíø ñò³éê³
ñïîëóêè ç ³íøèìè ãàëîãåíàìè. Âàæëèâó ðîëü ó éîãî ì³ãðàö³¿ â³ä³ãðàþòü ³ îêñàëàòí³ êîìïëåê-
ñè òèïó Me[Sc(C2O4)3]. À âåëèêà ñèëà åíåðãåòè÷íîãî ïîëÿ ñêàíä³þ äîçâîëÿº éîìó óòâîðþâà-
òè ñïîëóêè íàâ³òü ç êðèñòàë³çàö³éíîþ âîäîþ [3].

Äëÿ àêòèíî¿ä³â, ç ÿêèõ ó ï³äçåìíèõ âîäàõ ðåã³îíó òðàïëÿþòüñÿ ëèøå óðàí ³ òîð³é, õàðàê-

òåðíèì º óòâîðåííÿ ðóõëèâèõ êîìïëåêñ³â ç êèñíåâì³ñíèìè ñïîëóêàìè òèïó MeO2
2  òà F–.

²îíè Cl–, Br– ³ I– òàêîæ ìîæóòü âèñòóïàòè ó ðîë³ àäåíä³â. Ïðîòå ¿õíÿ çäàòí³ñòü äî êîìïëåêñî-

óòâîðåííÿ ç àêòèíî¿äàìè çíà÷íî ìåíøà ³ ïàäàº ³ç çá³ëüøåííÿì àòîìíî¿ ìàñè ãàëîãåííîãî

åëåìåíòà. Òå æ ñàìå ìîæíà ñêàçàòè ïðî ñïîëóêè, ùî ì³ñòÿòü ñ³ðêó (SO4
2 ,SO3

2  òà ³í.). Òîð³é,

ÿêèé º ð³äê³ñíèì åëåìåíòîì, óòâîðþº äóæå ðóõëèâ³ êîìïëåêñè ³ òîìó â³ëüíî ì³ãðóº ó ð³çíèõ
ãåîõ³ì³÷íèõ òèïàõ ï³äçåìíèõ âîä Äîíáàñó — â³ä ïð³ñíèõ íåéòðàëüíèõ ã³äðîêàðáîíàòíî-êàëü-
ö³ºâèõ äî âèñîêî ì³íåðàë³çîâàíèõ ëóæíèõ õëîðèäíî-íàòð³ºâèõ-(êàëüö³ºâèõ) âîä òà ðîçñîë³â.

ÃÅÎÕIÌIß ÐIÄÊIÑÍÈÕ ÅËÅÌÅÍÒIÂ

LiSO4

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Áåðèë³é ð³äêî âèÿâëÿºòüñÿ ó ñóõèõ çàëèøêàõ ïðîá ï³äçåìíèõ âîä Äîíáàñó, òîìó éîãî
ì³ãðàö³éíà çäàòí³ñòü äîñèòü íèçüêà. ²ñíóâàííÿ áåðèë³þ ìîæëèâå ó âèãëÿä³ ïðîñòîãî êàò³îíà
Âå2+ ³ ó êîìïëåêñíèõ ñïîëóêàõ. Îñíîâíîþ ôîðìîþ çíàõîäæåííÿ åëåìåíòà ó íåéòðàëüíèõ

âîäàõ ìîæóòü áóòè îêñèäí³ ñïîëóêè òèïó [Ben(OH)n)]
n+. Ó ïðèñóòíîñò³ äîñòàòíüî¿ ê³ëüêîñò³

àäåíä³â (F–, CO3
2  òà ³í.) óòâîðþºòüñÿ ãàìà êîìïëåêñíèõ ñïîëóê [6]. Ñòóï³íü çàêîìïëåêñîâà-

íîñò³ áåðèë³þ îñîáëèâî çðîñòàº ó ïðèñóòíîñò³ àí³îí³â ôòîðó, ç ÿêèìè óòâîðþþòüñÿ ïîçè-

òèâí³ êîìïëåêñè — BeF–, à òàêîæ äóæå ðóõëèâ³ íåãàòèâí³ êîìïëåêñè (òèïó BeF3
 -  ³ BeF4

2- ).

Ìîæëèâå é ³ñíóâàííÿ ³íøèõ êîìïëåêñ³â áåðèë³þ, íàïðèêëàä, êàðáîíàòíèõ, òèïó Be(CO )3 3
2-

÷è ã³äðîêàðáîíàòíèõ, òèïó Be(HCO3)
2–, ôîñôàòíèõ, òèïó Be (PO )3 4 2

0  òà ³í. [14].

Âàãîìèì âíåñêîì ó âèâ÷åííÿ ôîðì ì³ãðàö³¿ áåðèë³þ ó âîäíèõ ðîç÷èíàõ ñòàëè äîñë³ä-
æåííÿ â³ò÷èçíÿíèõ ãåîõ³ì³ê³â: Þ. ß. Ñóùèêà, Á. Ô. Ì³öêåâè÷à [15] òà ³í. Íà ï³äñòàâ³ äàíèõ ïðî
ìåõàí³çì ³ ê³íåòèêó âçàºìîä³¿ îêñèäó áåðèë³þ — áðîìåë³òó (BeO) — ç âîäîþ ç âèêîðèñòàí-
íÿì òåðìîäèíàì³÷íèõ ðîçðàõóíê³â âîíè îäåðæàëè ö³êàâ³ íàóêîâ³ âèñíîâêè ïðî ã³äðîë³ç áðî-
ìåë³òó â ³çîëüîâàí³é ñèñòåì³. Ðîçãëÿäàþ÷è âçàºìîä³þ îêñèäó áåðèë³þ ç âîäîþ ÿê êîìïëåêñ
ô³çèêî-õ³ì³÷íèõ ïðîöåñ³â: ðîç÷èíåííÿ, ã³äðîë³çó, êîëî¿äîóòâîðåííÿ, âîíè âñòàíîâèëè, ùî ïðè
öüîìó óòâîðþºòüñÿ Be(OH)2. Â³í äèñîö³þº ÿê ïî òèïó êèñëîòè ç óòâîðåííÿì ³îí³â 2H2O

2+ ³
Be2+, òàê ³ ïî òèïó îñíîâè ç óòâîðåííÿì ³îíó Be2+ ³ äâîõ ìîëåêóë âîäè. Â ïîäàëüøîìó ó

âîäíîìó ðîç÷èí³ â³äáóâàþòüñÿ ðåàêö³¿ ã³äðîë³çó, ó ÿêèõ â ðîë³ ãîëîâíîãî àäåíäà âèñòóïàº

ã³äðîêñèë-³îí: Be2+  BeOH+  Be(OH)2
0   Be(OH)3

 –   Be(OH)4
2- . Íà ï³äñòàâ³ ðîçðàõóíê³â

òåðìîäèíàì³÷íèõ êîíñòàíò ðåàêö³é ã³äðîë³çó áåðèë³þ àâòîðè ä³éøëè âèñíîâêó ïðî òå, ùî ó

ñèëüíîêèñëèõ ðîç÷èíàõ (ðÍ < 4) ð³çêî ïåðåâàæàº Be2+, à ó ñèëüíîëóæíèõ (ðÍ > 12,5) —

àí³îíí³ êîìïëåêñè òèïó Be(OH)3
 – . Ïðîòå ïðèðîäí³ âîäè ç òàêèìè êèñëîòíî-ëóæíèìè ïî-

êàçíèêàìè ïðàêòè÷íî íå òðàïëÿþòüñÿ. Òîìó â ³íòåðâàë³ çíà÷åíü ðÍ 6,3–12,5 ïðè 25 °C

äîì³íóþ÷îþ ôîðìîþ âîäíî¿ ì³ãðàö³¿ áåðèë³þ º íåéòðàëüíà ñïîëóêà — Be(OH)2
0  [15].

Øèðîêà ðîçïîâñþäæåí³ñòü ãåðìàí³þ ó ï³äçåìíèõ âîäàõ ðóäíèõ ³ âóã³ëüíèõ ðîäîâèù
Äîíáàñó âêàçóº íà éîãî âèñîêó ðóõëèâ³ñòü. Ì³ãðàö³¿ åëåìåíòà ïðèñâÿ÷åíà çíà÷íà ê³ëüê³ñòü
ïðàöü [2, 3, 6 òà ³í.], ó ÿêèõ äîñèòü äåòàëüíî ðîçãëÿíóòî éîãî ïîâåä³íêó ó ð³çíîìàí³òíèõ
ãåîõ³ì³÷íèõ òèïàõ ïðèðîäíèõ ðîç÷èí³â. Îñíîâíèìè ôîðìàìè ì³ãðàö³¿ ãåðìàí³þ ó íàéá³ëüø
ðîçïîâñþäæåíèõ ñëàáîêèñëèõ, íåéòðàëüíèõ òà ñëàáîëóæíèõ âîäàõ ðåã³îíó (ðÍ 6,0–7,5) ïî-

âèíí³ áóòè àí³îíè ³ ìîëåêóëè ãåðìàí³ºâî¿ êèñëîòè — H2GeO3, ã³äðîãåðìàíàò-³îí (HGeO3
- ), à

òàêîæ ãåðìàí³é-îðãàí³÷í³ êîìïëåêñí³ ñïîëóêè [2, 6].

²ç çá³ëüøåííÿì ëóæíîñò³ ðîç÷èíó ñïîñòåð³ãàºòüñÿ çíèæåííÿ êîíöåíòðàö³¿ êîìïëåêñ³â

H2GeO3, HGeO3
-  ³ çá³ëüøåííÿ HGeO3

2- [3]. Ó êèñëîìó ñåðåäîâèù³ ì³ãðàö³ÿ ãåðìàí³þ

çä³éñíþºòüñÿ øâèäøå  çà âñå ó âèãëÿä³ ôòîðêîìïëåêñ³â òèïó GeF
6
2- , GeOF4

2- , GeF5H2O
– òà ³í.

[3]. ²ç çá³ëüøåííÿì êîíöåíòðàö³¿ ó âîä³ ³îí³â ã³äðîêñèäó, ÿêà ñïîñòåð³ãàºòüñÿ ó ã³äðîêàðáîíàò-

íî-(õëîðèäíî)-íàòð³ºâèõ âîäàõ, ùî ðîçâàíòàæóþòüñÿ ïî ðîçëîìàõ, ìîæå â³äáóâàòèñÿ ã³äðîë³ç

ôòîðèäíèõ êîìïëåêñ³â çà ñõåìîþ: GeF
6
2-  + H2O = GeF4OH– + HF0 + F– [6]. Ñë³ä çàçíà÷èòè,

ùî, íåçàëåæíî â³ä õ³ì³÷íîãî ñêëàäó âîä, á³ëüø³ñòü ð³äê³ñíèõ åëåìåíò³â â óìîâàõ Äîíáàñó
óòâîðþº ïîð³âíÿíî íåâåëèê³ çà ðîçì³ðàìè (äî 500–600 ì), àëå êîíòðàñòí³ âîäí³ îðåîëè
ðîçñ³þâàííÿ. ̄ õ âèâ÷åííÿ äàº ìîæëèâ³ñòü ç óñï³õîì âèð³øóâàòè íå ëèøå íàóêîâ³, à ³, ïåðåäóñ³ì,
ïðàêòè÷í³ çàäà÷³ ïîøóêîâî¿ ã³äðîãåîõ³ì³¿.

Âèñíîâêè. 1. Ôëþ¿äíèé òåïëîìàñîïåðåíîñ ³ ïîñóâè áëîê³â çåìíî¿ êîðè â³äáèâàþòü ñó-
÷àñíó (àëüï³éñüêó) òåêòîí³÷íó àêòèâ³çàö³þ ã³äðîòåðìàëüíèõ ñèñòåì Äîíáàñó. Öå ÿâèùå ñâ³ä÷èòü
ïðî ïîñòã³äðîòåðìàëüíèé åòàï ¿õíüîãî ðîçâèòêó, íà ÿêîìó â³äáóâàºòüñÿ íàäõîäæåííÿ â ï³äçåìí³
âîäè ð³äê³ñíèõ åëåìåíò³â òà ¿õí³õ ñïîëóê.

2. Ðîçïîä³ë ð³äê³ñíèõ õ³ì³÷íèõ åëåìåíò³â ó ï³äçåìíèõ âîäàõ ðåã³îíó êîíòðîëþºòüñÿ çîíà-
ìè ãëèáèííèõ ðîçëîì³â, à ó ¿õí³õ ìåæàõ — ä³ëÿíêàìè áàãàòîôàçîâîãî ðîçâàíòàæåííÿ ì³íåðà-
ëîóòâîðþþ÷èõ ðîç÷èí³â, ç ÿêèìè ïîâ’ÿçàíî ôîðìóâàííÿ ã³äðîòåðìàëüíîãî çðóäåí³ííÿ â ïî-
ðîäàõ.

3. Íà ã³äðîäèíàì³÷íî â³äêðèòèõ ä³ëÿíêàõ òåêòîí³÷íî àêòèâ³çîâàíèõ ã³äðîòåðìàëüíèõ ñèñòåì
ôîðìóþòüñÿ ã³ïîãåíí³ ã³äðîãåîõ³ì³÷í³ àíîìàë³¿ ð³äê³ñíèõ åëåìåíò³â, ùî ÿâëÿþòü ñîáîþ âîäí³
îðåîëè ðîçñ³þâàííÿ ïðîäóêò³â ãëèáèííî¿ ãåíåðàö³¿.

4. Âîäíà ì³ãðàö³ÿ ð³äê³ñíèõ åëåìåíò³â çàëåæíî â³ä ãåîõ³ì³÷íèõ óìîâ â³äáóâàºòüñÿ ÿê ó
âèãëÿä³ ïðîñòèõ ³îí³â, òàê ³ â êîìïëåêñíèõ ñïîëóêàõ ç ð³çíîìàí³òíèìè àäåíäàìè ï³äçåìíèõ

ÑÓßÐÊÎ Â. Ã.
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âîä. Ðóõëèâ³ñòü á³ëüøîñò³ ç íèõ ïîñèëþºòüñÿ ó ëóæíèõ (ðÍ > 8), õëîðèäíî-ã³äðîêàðáîíàòíî-
(ñóëüôàòíî)-íàòð³ºâèõ âîäàõ, ùî õàðàêòåðèçóþòüñÿ ï³äâèùåíîþ ì³íåðàë³çàö³ºþ, âåëèêîþ
êîíöåíòðàö³ºþ CO2, ôòîðó òà ³íøèõ ðå÷îâèí.

5. Íàéðóõëèâ³øèìè ôîðìàìè ì³ãðàö³¿ ð³äê³ñíèõ åëåìåíò³â ó ïðèðîäíèõ âîäàõ Äîíáàñó
º ïðîñò³ äèñîö³éîâàí³ ³îíè òà êîìïëåêñí³ ñïîëóêè ç ôòîðîì, òðèîêñèäîì âóãëåöþ, ã³äðîêñèë-
³îíîì òà ³íøèìè êèñíåâì³ñíèìè àäåíäàìè.
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²í-ò ãåîõ³ì³¿, ì³íåðàëîã³¿ òà ðóäîóòâîðåííÿ                                                                                                   Íàä³éøëà 25.02.99
ÍÀÍ Óêðà¿íè, Êè¿â

ÐÅÇÞÌÅ. Ðàññìîòðåíû íåêîòîðûå îñîáåííîñòè ãåîõèìèè ðåäêèõ ýëåìåíòîâ â ïîäçåìíûõ âîäàõ ãèäðîòåðìàëüíûõ
ñèñòåì Äîíáàññà. Îõàðàêòåðèçîâàíû çàêîíîìåðíîñòè èõ ðàñïðîñòðàíåíèÿ, èñòî÷íèêè ïîñòóïëåíèÿ è ôàêòîðû ìèãðà-
öèè â ïîäçåìíîé ãèäðîñôåðå. Ïîêàçàíî, ÷òî ôëþèäíûé òåïëîìàññîïåðåíîñ è ïîäâèæêè áëîêîâ çåìíîé êîðû îòðàæà-
þò ñîâðåìåííóþ àêòèâèçàöèþ ãèäðîòåðìàëüíûõ ñèñòåì ðåãèîíà, ñ êîòîðîé ñâÿçàíî ïîñòóïëåíèå â ïîäçåìíûå âîäû
ìíîãèõ ýíäîãåííûõ ðåäêèõ ýëåìåíòîâ. Íà îñíîâàíèè ýòîãî â ãåîõèìè÷åñêîé èñòîðèè ãèäðîòåðìàëüíûõ ñèñòåì Äîí-
áàññà âûäåëåí ïîñòãèäðîòåðìàëüíûé ýòàï ðàçâèòèÿ.

SUMMARY. Some features of geochemistry of rare elements in underground waters of hydrothermal systems of Donbas are
considered. The laws of their distribution, sources of ingress and factors of migration in underground hydrosphere are characterized.
It is shown that fluid heat-mass transfer and the motions of blocks of terrestrial crust reflect modern activization of hydrothermal
systems of the region,  to which the receipt of many endogenetic rare elements in underground waters is connected. On its basis
in geochemical history of hydrothermal systems of Donbas a posthydrothermal stage of development is distinguished.

ÃÅÎÕIÌIß ÐIÄÊIÑÍÈÕ ÅËÅÌÅÍÒIÂ
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ÓÄÊ 550.42:552.312(477)

Å. Ã. Øìåëåâ

Ãåîõèìè÷åñêèå îñîáåííîñòè ìåòàñîìàòè÷åñêèõ
ïðîöåññîâ â áàçèòîâûõ äàéêàõ
Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû
(Âîëûíñêèé áëîê Óêðàèíñêîãî ùèòà)

Â ïðåäåëàõ Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû ðàçëîìîâ ðàñïðîñòðàíåíû äàéêè êîìïëåêñà ñóáùåëî÷íûõ
äèàáàçîâ è ëàìïðîôèðîâ. Äàéêè äîñòàòî÷íî ñèëüíî èçìåíåíû ýïèãåíåòè÷åñêèìè ïðîöåññàìè, ÷òî ïîäòâåðæäàåòñÿ
ñîäåðæàíèåì ìàëûõ è ðóäíûõ ýëåìåíòîâ, à òàêæå ñîñòàâîì àêöåññîðíîé ìèíåðàëèçàöèè. Îíè ÿâëÿþòñÿ âàæíûì
ñòðóêòóðíî-ãåîëîãè÷åñêèì êðèòåðèåì, ïîçâîëÿþùèì îïðåäåëèòü ïðîñòðàíñòâåííûå è âðåìåííûå
çàêîíîìåðíîñòè ëîêàëèçàöèè ðóäíîé ìèíåðàëèçàöèè â ïðåäåëàõ òåêòîíî-ìåòàñîìàòè÷åñêèõ çîí.

Êðàñíîãîðñêî-Æèòîìèðñêàÿ çîíà îòíîñèòñÿ ê äèàãîíàëüíîé ñèñòåìå ðàçëîìîâ, çàëîæåíèå
êîòîðîé ïðîèçîøëî åùå â àðõåå. Îíà ïðîñòèðàåòñÿ â ñåâåðî-çàïàäíîì íàïðàâëåíèè âäîëü
çàïàäíîãî êîíòàêòà Êîðîñòåíñêîãî ïëóòîíà îò þæíîé ãðàíèöû Âîëûíñêîãî áëîêà äî Ñóùà-
íî-Ïåðæàíñêîé òåêòîíè÷åñêîé çîíû è ñå÷åò ãðàíèòû è ìèãìàòèòû êèðîâîãðàäñêî-æèòî-
ìèðñêîãî êîìïëåêñà.

Â ïðåäåëàõ Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû ðàçëîìîâ ïðåèìóùåñòâåííî ðàñïðîñò-
ðàíåíû äàéêè ôîðìàöèè ñóáùåëî÷íûõ äèàáàçîâ è ëàìïðîôèðîâ îñíîâíîãî ñîñòàâà (äàëåå
äèàáàçîâ) [1]. Îíè â ïîäàâëÿþùåì áîëüøèíñòâå ïðåäñòàâëåíû òåëàìè íåáîëüøîé ìîùíî-
ñòè (èç ñîòåí äàåê ðåãèîíà, èçó÷åííûõ â îáíàæåíèÿõ è âñêðûòûõ ñêâàæèíàìè, ëèøü åäèíè-
öû äîñòèãàþò ìîùíîñòè 100 ì), áåç ñóùåñòâåííî ïðîÿâëåííûõ ïðîöåññîâ êðèñòàëëèçàöè-
îííîé äèôôåðåíöèàöèè è ðàññëîåíèÿ (çà èñêëþ÷åíèåì èçìåíåíèÿ ñòåïåíè ðàñêðèñòàëëè-
çàöèè è çåðíèñòîñòè ïîðîä îò ïåðèôåðèè äàåê ê öåíòðàëüíîé ÷àñòè), áåç îáðàçîâàíèÿ çíà-
÷èòåëüíîãî êîëè÷åñòâà ðóäíûõ ìèíåðàëîâ â ñâÿçè ñ ìàãìàòè÷åñêèì ïðîöåññîì. Ýòî ñâèäå-
òåëüñòâóåò î áåñïåðñïåêòèâíîñòè èçó÷åíèÿ ìàãìàòè÷åñêèõ ðóäîîáðàçóþùèõ ñèñòåì [5] è
ïîäòâåðæäàåòñÿ â öåëîì íåâûñîêèì ñîäåðæàíèåì â äàéêàõ òèïè÷íûõ äëÿ ìàãìàòè÷åñêèõ
ìåñòîðîæäåíèé ýëåìåíòîâ: Ni, Co, Cu. Ïîâûøåííàÿ êîíöåíòðàöèÿ èõ àíòàãîíèñòîâ â ìàãìà-
òè÷åñêîì ðóäîîáðàçîâàíèè (Ti, Fe, K, P) [1], â ñîâîêóïíîñòè ñ Cr è ïðè îòñóòñòâèè âíóòðèêà-
ìåðíîé äèôôåðåíöèàöèè ðàñïëàâà, ïîä÷åðêèâàåò ëèøü ïîâûøåííóþ ùåëî÷íîñòü ïåðâè÷-
íîãî ðàñïëàâà.

Ñóäÿ ïî ãåîõðîíîëîãè÷åñêèì äàòèðîâêàì (2100–1700 ìëí ëåò), ðåãèîíàëüíîìó ìåòà-
ìîðôèçìó è, â ðÿäå ñëó÷àåâ, íå÷åòêèì êîíòàêòàì ñ âìåùàþùèìè ïîðîäàìè, îáðàçîâàíèå
äàåê ïðîèñõîäèëî ïîñëå çàâåðøåíèÿ îñíîâíîãî ýòàïà ðàííåïðîòåðîçîéñêîé ãðàíèòèçàöèè.
Ïî ìíåíèþ íåêîòîðûõ èññëåäîâàòåëåé [3], ðóäíûé ïðîöåññ áîëåå ïðîäîëæèòåëüíûé, ÷åì
ôîðìèðîâàíèå ìàãìàòè÷åñêèõ ôîðìàöèé. Ïðè ýòîì ñ ïîñòìàãìàòè÷åñêèì ïðîöåññîì ÷àñòî
ñîâïàäàåò ïî âðåìåíè âíåäðåíèå äàåê, îòíîñÿùèõñÿ ê íèñõîäÿùåé àíòèäðîìíîé âåòâè ýâî-
ëþöèè, è èìåííî â ýòîì èíòåðâàëå ôèêñèðóåòñÿ ìíîãî÷èñëåííîå ÷åðåäîâàíèå ìàãìàòè÷åñ-
êèõ ôàç è ðóäîîòëîæåíèå.

Ïðîñòðàíñòâåííàÿ è âðåìåííàÿ ïðèóðî÷åííîñòü äàåê ñóáùåëî÷íûõ äèàáàçîâ è ëàìï-
ðîôèðîâ îñíîâíîãî ñîñòàâà ê ëåéêîêðàòîâûì ãðàíèòîèäíûì ìàññèâàì è òåëàì íàòðèåâûõ
ìåòàñîìàòèòîâ è äèàôòîðèòîâ, èõ èíûå, ïî ñðàâíåíèþ ñ âìåùàþùèìè ïîðîäàìè, ôèçèêî-
õèìè÷åñêèå ñâîéñòâà ÿâëÿþòñÿ äîïîëíèòåëüíûìè áëàãîïðèÿòíûìè ôàêòîðàìè äëÿ ïðîñà-
÷èâàíèÿ ãèäðîòåðìàëüíûõ ðàñòâîðîâ â ïðèêîíòàêòíûå çîíû äàåê è ðóäîîòëîæåíèÿ â íèõ.

Íàèáîëåå ÿðêî âëèÿíèå ìåòàñîìàòè÷åñêèõ ïðîöåññîâ ïðîÿâëåíî â äàéêàõ Êðàñíîãîð-
ñêî-Æèòîìèðñêîé  çîíû,  ÷òî   ôèêñèðóåòñÿ  ïî   ñîäåðæàíèþ ìàëûõ è ðóäíûõ ýëåìåíòîâ
(òàáë. 1), à òàêæå ïî ñîñòàâó àêöåññîðíîé ìèíåðàëèçàöèè (òàáë. 2). Ñëåäóåò îòìåòèòü, ÷òî â
íåêîòîðûõ òåëàõ äàåê â òåêòîíî-ìåòàñîìàòè÷åñêèõ çîíàõ íå îáíàðóæèâàåòñÿ ñëåäîâ âîçäåé-
ñòâèÿ ãèäðîòåðìàëüíûõ ðàñòâîðîâ. Ýòîò ôàêò ÿâëÿåòñÿ êîñâåííûì ïîäòâåðæäåíèåì äâóõý-
òàïíîñòè âíåäðåíèÿ äàåê ýòîãî òèïà [4]. Äàéêè âòîðîãî ýòàïà, âåðîÿòíî, âíåäðèëèñü ïîñëå
îêîí÷àòåëüíîãî çàòóõàíèÿ ãèäðîòåðìàëüíî-ìåòàñîìàòè÷åñêèõ ïðîöåññîâ, ñâÿçàííûõ ñ ðàí-
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íåïðîòåðîçîéñêîé ãðàíèòèçàöèåé. Òàêèì îáðàçîì, âñå ñêàçàííîå î ìåòàñîìàòè÷åñêèõ èçìå-
íåíèÿõ â äàéêàõ îòíîñèòñÿ ëèøü ê äàéêàì ïåðâîãî ýòàïà.

Âñå àíàëèçèðóåìûå õèìè÷åñêèå ýëåìåíòû ïî îòíîøåíèþ ê êëàðêîâîìó ñîäåðæàíèþ â
ïîðîäàõ îñíîâíîãî ñîñòàâà (ïî À. Ï. Âèíîãðàäîâó) ìîæíî ðàçáèòü íà òðè ãðóïïû (òàáë. 1): 1)
Pb, Sn, Zr, Ba — ïîâûøåííîå ñîäåðæàíèå (> 1,5); 2) Zn, Ga, Mo, Nb, Y, La, Li, Rb, Ce — èçìåíÿ-
þùååñÿ ñîäåðæàíèå (0,75–1,50); 3) P, Ti, Mn, V, Sc, Cr, Ni, Co, Cu — ïîíèæåííîå ñîäåðæàíèå
(< 0,75).

Àíàëîãè÷íûå ãðóïïû ýëåìåíòîâ íàáëþäàþòñÿ è ïðè ñðàâíèòåëüíîé õàðàêòåðèñòèêå
íåèçìåíåííûõ ìåòàñîìàòè÷åñêèìè ïðîöåññàìè äèàáàçîâ Îñíèöêîãî áëîêà ñ äàéêàìè Êðàñ-
íîãîðñêî-Æèòîìèðñêîé çîíû. Èñêëþ÷åíèåì ÿâëÿåòñÿ ãðóïïà ýëåìåíòîâ (Ni, Co, V, Cu), äåôè-
öèò êîòîðûõ â äàéêàõ Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû ïî îòíîøåíèþ ê ïîäîáíûì äàé-
êàì Îñíèöêîãî áëîêà âûðàæåí íåñêîëüêî ñëàáåå, ÷åì ïî îòíîøåíèþ ê êëàðêîâûì ñîäåðæà-
íèÿì.

Ïðè àíàëèçå ïàðàãåíåòè÷åñêèõ àññîöèàöèé õèìè÷åñêèõ ýëåìåíòîâ â äàéêàõ íàìè áûë
ïðèìåíåí ìåòîä êëàñòåðíîãî àíàëèçà (èåðàðõè÷åñêîé êëàññèôèêàöèè), øèðîêî èñïîëüçóå-
ìûé â ãåîëîãèè [2]. Îí ïîçâîëÿåò óñòàíàâëèâàòü ñõîäñòâî èññëåäóåìûõ îáúåêòîâ. Â êîíòåêñòå
íàøåé çàäà÷è ïðèìåíåíèå ýòîãî ìåòîäà ïîçâîëÿåò óñòàíîâèòü ñõîäñòâî ãåîõèìè÷åñêîãî
ïîâåäåíèÿ ýòèõ ýëåìåíòîâ, ÷òî ñëóæèò îñíîâàíèåì äëÿ âûäåëåíèÿ (è ïîäòâåðæäåíèÿ óæå
èçâåñòíûõ) ïàðàãåíåòè÷åñêèõ àññîöèàöèé õèìè÷åñêèõ ýëåìåíòîâ. Ñèëà ñâÿçåé ìåæäó ýëå-
ìåíòàìè (ìåðà ñõîäñòâà) îïðåäåëÿåòñÿ áåçðàçìåðíîé õàðàêòåðèñòèêîé — ýâêëèäîâûì ðàñ-
ñòîÿíèåì: ÷åì îíî ìåíüøå, òåì áîëüøå ãåîõèìè÷åñêîå ñõîäñòâî ýëåìåíòîâ.

Íà îñíîâàíèè àíàëèçà ãåîõèìè÷åñêèõ äàííûõ àâòîðà, à òàêæå äàííûõ ïðîèçâîäñòâåí-
íûõ ãåîëîãè÷åñêèõ îò÷åòîâ óñòàíîâëåíî, ÷òî â äàéêàõ ñóáùåëî÷íûõ äèàáàçîâ è ëàìïðîôèðîâ,
íàõîäÿùèõñÿ âíå òåêòîíî-ìåòàñîìàòè÷åñêèõ çîí, âûäåëÿþòñÿ äâå êðóïíûå àññîöèàöèè ýëå-
ìåíòîâ. Ïåðâàÿ èç íèõ ïðåäñòàâëåíà òèïè÷íûìè äëÿ ïîðîä îñíîâíîãî ñîñòàâà ñèäåðîôèëü-
íûìè (Ni, Co, Cr, V), íåêîòîðûìè õàëüêîôèëüíûìè (Cu) ýëåìåíòàìè, à òàêæå Ti è Sc (êëàñòåð
20, ðèñ. 1). Âî âòîðóþ àññîöèàöèþ âõîäÿò ùåëî÷íûå ìåòàëëû, ðåäêîçåìåëüíûå, ðåäêîìåòàëëü-
íûå è äðóãèå ãðàíèòîôèëüíûå ýëåìåíòû (êëàñòåð 19, ðèñ. 1). Ýòè àññîöèàöèè îòðàæàþò èçìå-
íåíèå ñîñòàâà äàåê êîìïëåêñà îò äèàáàçîâ ê äèîðèòîâûì ïîðôèðèòàì.

Ñðåäè ýëåìåíòîâ ñ ïîâûøåííûì ñîäåðæàíèåì â äàéêàõ íàèáîëåå èíòåðåñíûì â ãåîõè-
ìè÷åñêîì îòíîøåíèè ÿâëÿåòñÿ Sn. Ýòî òèïè÷íûé ýëåìåíò ðóäíîé ìèíåðàëèçàöèè, ïðèóðî-
÷åííîé ê òåêòîíî-ìåòàñîìàòè÷åñêèì çîíàì [6]. Îäíàêî íåîáõîäèìî îòìåòèòü, ÷òî â íåêîòî-
ðûõ òåëàõ ùåëî÷íûõ ìåòàñîìàòèòîâ Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû (îñîáåííî åå ñåâåð-

Ýëåìåíò 1 2 3 4 5 6

P Íå îïð. 3488 1135 850 1400 0,70
Ti "     " Íå îïð. 4300 4750 9000 0,50
Mn 1600 "     " 750 1300 2000 0,51
V 195 182 59 206 200 0,66
Sc Íå îïð. 28 8 8 24 0,33
Cr 57 95 44 54 200 0,25
Ni 42 25 27 42 160 0,28
Co 38 43 16 32 45 0,53
Cu 67 46 23 49 100 0,36
Zn 108 125 98 135 130 0,90
Pb 12 11 27 39 8 4,13
Ga 23 20 19 19 18 1,06
Mo 2,1 2,2 1 1 1,4 0,75
Sn 1,8 2,1 5 8 1,5 4,33
Nb 7 15,7 13 16 20 0,75
Y 23 26 15 16 20 0,77
La 12 48 26 32 27 1,07
Ce Íå îïð. 90 30 41 4,5 7,78
Zr 266 214 250 300 100 2,75
Ba Íå îïð. 1569 600 470 300 1,92
Li "    " 18 7 29 1,5 1,20
Rb "    " Íå îïð. 33 Íå îïð. 45 0,73
n 34 29 42 28 — —

Òàáëèöà 1. Ñîäåðæàíèå ìàëûõ ýëåìåíòîâ â äàéêàõ äèàáàçîâ, ã/ò

Ï ð è ì å ÷ à í è å. 1 — Îñíèöêèé áëîê (Òîìàøãîðîäñêèé è Ðîêèòíÿíñêèé êàðüåðû); 2 — ð-í ïãò Ãîðîäíèöà;
3–4 — Êðàñíîãîðñêî-Æèòîìèðñêàÿ çîíà (3 — Áàðàøåâñêèé, 4 — Ñåðáîâñêèé ìàññèâû); 5 — ñîäåðæàíèå
ýëåìåíòîâ â ãîðíûõ ïîðîäàõ îñíîâíîãî ñîñòàâà (ïî À. Ï. Âèíîãðàäîâó); 6 — êîýôôèöèåíò êîíöåíòðàöèè
ýëåìåíòîâ â äèàáàçàõ Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû îòíîñèòåëüíî êëàðêîâîãî ñîäåðæàíèÿ (ïî À. Ï. Âè-
íîãðàäîâó); n — êîëè÷åñòâî àíàëèçîâ.
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íîãî ôëàíãà) Sn âõîäèò â ïàðàãåíåòè÷åñêóþ
àññîöèàöèþ íå ñ Nb, Ta, Be, à ñ Pb, Bi è Au.
Ñîäåðæàíèå   ïîñëåäíåãî  â    èçìåíåííûõ
ãðàíèòàõ Áàðàøîâñêîãî ìàññèâà äîñòèãàåò
3000 ìã/ò.   Àññîöèàöèÿ   Sn,   Pb  è  Au  (ñîäåð-
æàíèå   Au  â   íåêîòîðûõ   äàéêàõ    äîñòèãàåò
10 ìã/ò) õàðàêòåðíà è äëÿ äèàáàçîâ è äèàáà-
çîâûõ ïîðôèðèòîâ, àññîöèèðóþùèõ ñ òåëàìè
ùåëî÷íûõ ìåòàñîìàòèòîâ è ìàññèâàìè ëåé-
êîêðàòîâûõ êàëèåâûõ ãðàíèòîâ. Êîíöåíòðà-
öèÿ Pb è Sn ïðåâûøàåò êëàðêîâóþ â 5–30
ðàç. Âûñîêîå ñîäåðæàíèå Pb è Sn õàðàêòåðíî
íå òîëüêî äëÿ äàåê, íî è äëÿ èíòðóçèé ãèïåð-
áàçèòîâ è áàçàëüòîèäîâ Îñîâñêîé âóëêàíî-
òåêòîíè÷åñêîé âïàäèíû. Â ðàéîíå ñ. Íàðöû-
çîâêà âñêðûòî òåëî àìôèáîëèçèðîâàííûõ è
ñåðïåíòèçèðîâàííûõ ãèïåðáàçèòîâ, â êîòîðûõ
ñðåäíåå ñîäåðæàíèå Sn ïðåâûøàåò êëàðêî-
âîå â 46, à Pb — â 165 ðàç. Íà òåñíóþ ïàðàãåíå-
òè÷åñêóþ ñâÿçü Pb è Au â äàéêàõ Êðàñíîãîð-
ñêî-Æèòîìèðñêîé çîíû óêàçûâàë è Â. Ô. Ëà-
áóçíûé (1982).

Ïîäîáíûå âçàèìîîòíîøåíèÿ ýëåìåíòîâ âûÿâëÿþòñÿ è ïîäòâåðæäàþòñÿ òàêæå ñ ïîìî-
ùüþ êëàñòåðíîãî àíàëèçà: Pb è Sn îáðàçóþò íàèáîëåå îáîñîáëåííûé è óñòîé÷èâûé êëàñòåð
(êëàñòåð 9, ðèñ. 2). Ïîäîáíóþ, íî ìåíåå âûðàæåííóþ ñâÿçü çàíèìàþò Li è Rb (êëàñòåð 18, ðèñ.
2). Áîëüøèíñòâî ðåäêîçåìåëüíûõ è ðåäêîìåòàëëüíûõ ýëåìåíòîâ îáðàçóþò îäíó ïàðàãåíåòè-
÷åñêóþ àññîöèàöèþ (êëàñòåð 13 è ÷àñòè÷íî 14, ðèñ. 2). Ïîâûøåíèå èõ êîíöåíòðàöèè ÷åòêî
ïðîÿâëÿåòñÿ â çàâåðøàþùåé ñòàäèè ãèäðîòåðìàëüíî-ãðàíèòèçàöèîííîãî ïðîöåññà, ïðèâî-
äÿùåãî ê ôîðìèðîâàíèþ òåêòîíî-ìåòàñîìàòè÷åñêèõ çîí [6]. Àññîöèàöèÿ Ni, Co, V, Cr, Cu, Sc,
Ti, íàîáîðîò, ðàñïàäàåòñÿ íà íåñêîëüêî êëàñòåðîâ (ðèñ. 2). Ýòî ïîä÷åðêèâàåò ñëîæíîñòü è
íåîäíîçíà÷íîñòü ãåîõèìèè ýòèõ ýëåìåíòîâ â ìåòàñîìàòè÷åñêîì ïðîöåññå.

Íåîáõîäèìî îòìåòèòü, ÷òî ñóëüôèäíûé ïàðàãåíåçèñ Sn, Pb, Au è Bi â äàéêàõ äèàáàçîâ
áîëåå ïðîÿâëåí, ÷åì ïàðàãåíåçèñ ðåäêîçåìåëüíûõ è ðåäêîìåòàëëüíûõ ýëåìåíòîâ (Ce, La, Y,
Nb è äð.). Åñëè â ïåðâîì ñëó÷àå íàáëþäàþòñÿ çíà÷èòåëüíîå ïîâûøåíèå êîíöåíòðàöèè ýëå-
ìåíòîâ è äàæå ìèíåðàëèçàöèÿ (òàáë. 2), òî âî âòîðîì ýòîò ïàðàãåíåçèñ ôèêñèðóåòñÿ ëèøü ïî
èçìåíåíèþ ãåîõèìè÷åñêîãî ïîâåäåíèÿ ýëåìåíòîâ (ïî äàííûì êëàñòåðíîãî àíàëèçà), áåç

Ìèíåðàë 1 2 3

Ìàãíåòèò 1214,1 1746,2 517,4
Èëüìåíèò Çíàê 35,9 110,7
Àïàòèò 3,5 1,9 53,1
Öèðêîí 3,9 1,3 29,8
Ñôåí Çíàê 34,1 22,4
Ïèðèò " 337,6 650,1
Ïèððîòèí* Íå îáí. Çíàê 10,8
Ìîëèáäåíèò* Çíàê " Çíàê
Ñôàëåðèò* Íå îáí. Íå îáí. 2,7
Ãàëåíèò* "    " "    " 3,2
Ðóòèë "    " Çíàê 0,8
Ñèäåðèò "    " 64,9 163,9
Ýïèäîò 250 95,4 906,8
Ãðàíàò Íå îáí. Çíàê 1,5
Ìîíàöèò "     " Íå îáí. Çíàê

n 2 6 12

Òàáëèöà 2. Ñîäåðæàíèå àêöåññîðíûõ è âòîðè÷íûõ ìèíåðàëîâ â äàéêàõ äèàáàçîâ, ã/ò

Ï ð è ì å ÷ à í è å. 1 — Îñíèöêèé áëîê; 2 — öåíòðàëüíàÿ ÷àñòü Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû (Óæà÷èí-
ñêèé ìàññèâ); 3 — ñåâåðíàÿ ÷àñòü Êðàñíîãîðñêî-Æèòîìèðñêîé çîíû (ìàêñèìàëüíîå ñîäåðæàíèå ïèðèòà —
1500, ãàëåíèòà — 19, ñôàëåðèòà — 16 ã/ò); n — êîëè÷åñòâî àíàëèçîâ. Çâåçäî÷êîé îáîçíà÷åíû ìèíåðàëû, âõîäÿ-
ùèå â ñîñòàâ ðåäêîìåòàëëüíîé ìèíåðàëèçàöèè òåêòîíî-ìåòàñîìàòè÷åñêèõ çîí (ïî äàííûì À. Í. Êîìàðîâà [6]).

Ðèñ. 1. Èåðàðõè÷åñêàÿ êëàññèôèêàöèÿ ïàðàãåíåòè÷åñ-
êèõ ñâÿçåé õèìè÷åñêèõ ýëåìåíòîâ â íåèçìåíåííûõ
äàéêàõ äèàáàçîâ. Öèôðàìè îáîçíà÷åíû íîìåðà êëàñ-
òåðîâ

ØÌÅËÅÂ Å. Ã.
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ñóùåñòâåííîãî ïîâûøåíèÿ êîíöåíòðàöèè
ïîñëåäíèõ.

Ó÷èòûâàÿ îïèñàííûå âûøå îñîáåííî-
ñòè âîçäåéñòâèÿ ãèäðîòåðìàëüíî-ìåòàñîìà-
òè÷åñêèõ ðàñòâîðîâ íà äàéêè ñóáùåëî÷íûõ
äèàáàçîâ è ëàìïðîôèðîâ, ìîæíî ñäåëàòü âû-
âîä î òîì, ÷òî âíåäðåíèå äàåê ðàçäåëÿëî âî
âðåìåíè ñòàäèè ðóäíîé ìèíåðàëèçàöèè. Ïî-
çäíèé õàðàêòåð ìèíåðàëèçàöèè Pb, Sn, Au, Bi
è äð. ïîä÷åðêèâàåòñÿ êàê áîëåå ñèëüíûì âîç-
äåéñòâèåì ãèäðîòåðìàëüíûõ ðàñòâîðîâ ñ ýòè-
ìè ìèíåðàëèçàòîðàìè íà äàéêè, òàê è ñïå-
öèôèêîé ýòîãî ïàðàãåíåçèñà ýëåìåíòîâ. Ñî-
ãëàñíî ðàáîòå [7], àññîöèàöèÿ Au ñ Bi, ñóëü-
ôèäàìè Pb è Zn (ñôàëåðèòîì, ãàëåíèòîì)
ñâÿçàíà ñ âîññòàíîâèòåëüíûìè ïðîöåññàìè
è ïîâûøåííîé ùåëî÷íîñòüþ, ãäå ïåðåíîñè-
ëîñü îäíîâàëåíòíîå Au. Âõîæäåíèå â ýòîò
ïàðàãåíåçèñ Sn ìîæåò áûòü îáóñëîâëåíî
ëèøü åãî äâóõâàëåíòíîñòüþ, ÷òî òàêæå ïîä-
òâåðæäàåò âîññòàíîâèòåëüíûé õàðàêòåð ãèäðîòåðìàëüíûõ ðàñòâîðîâ. Äâóõâàëåíòíûé Sn ïðî-
ÿâëÿåò âûñîêîå õèìè÷åñêîå ñðîäñòâî ê S è îáû÷íî âñòðå÷àåòñÿ â ñóëüôèäíîé ôîðìå. Ïîäîá-
íûå àññîöèàöèè ñâÿçàíû ñ íàèáîëåå ïîçäíèìè è íèçêîòåìïåðàòóðíûìè ñòàäèÿìè ãèäðî-
òåðìàëüíî-ìåòàñîìàòè÷åñêîãî ïðîöåññà (ñòàäèÿ ùåëî÷íîãî ìåòàñîìàòîçà).

Ïðèíèìàÿ âî âíèìàíèå âñå ñêàçàííîå âûøå, ìîæíî ðåêîíñòðóèðîâàòü âðåìåííûå âçà-
èìîîòíîøåíèÿ ìåæäó òåëàìè ùåëî÷íûõ ìåòàñîìàòèòîâ, ýòàïàìè äàéêîîáðàçîâàíèÿ è ðóä-
íîé ìèíåðàëèçàöèè. Íàìå÷àåòñÿ ñëåäóþùàÿ âðåìåííàÿ ïîñëåäîâàòåëüíîñòü: 1) ôîðìèðîâà-
íèå òåë ùåëî÷íûõ ìåòàñîìàòèòîâ è ðåäêîìåòàëëüíîé ìèíåðàëèçàöèè (íàïðèìåð Be, Sn, Nb,
Mo â Ñàäêîâñêîé è Âîëêîâñêîé òåêòîíî-ìåòàñîìàòè÷åñêèõ çîíàõ); 2) âíåäðåíèå äàåê äèà-
áàçîâ ïåðâîãî ýòàïà; 3) ãèäðîòåðìàëüíàÿ ñóëüôèäíàÿ ìèíåðàëèçàöèÿ Sn, Pb, Au, Bi è äð.; 4)
âíåäðåíèå äàåê äèàáàçîâ âòîðîãî ýòàïà.

Òàêèì îáðàçîì, íåñìîòðÿ íà òî, ÷òî ïîêà íå óäàëîñü îáíàðóæèòü çíà÷èòåëüíûõ ñêîïëå-
íèé ðóäíûõ ýëåìåíòîâ, ñâÿçàííûõ íåïîñðåäñòâåííî ñ äàéêàìè, ïîñëåäíèå ÿâëÿþòñÿ âàæíûì
ñòðóêòóðíî-ãåîëîãè÷åñêèì êðèòåðèåì, ïîçâîëÿþùèì îïðåäåëèòü íå òîëüêî ïðîñòðàíñòâåí-
íûå [4], íî è âðåìåííûå çàêîíîìåðíîñòè ëîêàëèçàöèè ðóäíîé ìèíåðàëèçàöèè â ïðåäåëàõ
òåêòîíî-ìåòàñîìàòè÷åñêèõ çîí.
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ÐÅÇÞÌÅ. Ó ìåæàõ Êðàñíîãîðñüêî-Æèòîìèðñüêî¿ çîíè ðîçëîì³â ïîøèðåí³ äàéêè êîìïëåêñó ñóáëóæíèõ ä³à-
áàç³â òà ëàìïðîô³ð³â. Äàéêè äîñèòü ñèëüíî çì³íåí³ åï³ãåíåòè÷íèìè ïðîöåñàìè, ùî ô³êñóºòüñÿ çà âì³ñòîì
ìàëèõ òà ðóäíèõ åëåìåíò³â, à òàêîæ çà ñêëàäîì àêöåñîðíî¿ ì³íåðàë³çàö³¿. Âîíè º âàæëèâèì ñòðóêòóðíî-ãåîëî-
ã³÷íèì êðèòåð³ºì, ùî äîïîìàãàº ç’ÿñóâàòè ïðîñòîðîâ³ òà ÷àñîâ³ çàêîíîì³ðíîñò³ ëîêàë³çàö³¿ ðóäíî¿ ì³íåðàë³-
çàö³¿ ó ìåæàõ òåêòîíî-ìåòàñîìàòè÷íèõ çîí.

SUMMARY. Within the limits of the Krasnogorsk-Zhytomyr fracture zone, subalkaline diabase and lamprophyre complex
dikes prevail. These dikes have been significantly changed by epigenetic processes — this fact is proved by content of
minor and ore elements, as well as by the accessory mineralization composition. They are an important structural-
geological criterion that allows to elucidate spatial and temporal regularities as to localization of ore mineralization
within the limits of tectonic-metasomatic zones.

Ðèñ. 2. Èåðàðõè÷åñêàÿ êëàññèôèêàöèÿ ïàðàãåíåòè÷åñ-
êèõ ñâÿçåé õèìè÷åñêèõ ýëåìåíòîâ â ìåòàñîìàòè÷åñ-
êè èçìåíåííûõ äàéêàõ äèàáàçîâ. Öèôðàìè îáîçíà÷å-
íû íîìåðà êëàñòåðîâ

ÃÅÎÕÈÌÈ×ÅÑÊÈÅ ÎÑÎÁÅÍÍÎÑÒÈ
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Àðõåéñêèé âîçðàñò ãðàíèòîèäîâ
øåâ÷åíêîâñêîãî êîìïëåêñà

Âûïîëíåíî èçîòîïíîå äàòèðîâàíèå ãðàíèòîèäîâ øåâ÷åíêîâñêîãî êîìïëåêñà. Ñîãëàñíî ïîëó÷åííûì ðåçóëüòàòàì,
èíòðóçèè ãðàíèòîèäîâ øåâ÷åíêîâñêîãî êîìïëåêñà ñôîðìèðîâàëèñü â íåîàðõåå îêîëî 2850 ìëí ëåò òîìó
íàçàä. Â îòëè÷èå îò ìåçîàðõåéñêèõ èíòðóçèé ãðàíèòîèäîâ â Ñîðîêèíñêîé è Êîñèâöåâñêîé çåëåíîêàìåííûõ
ñòðóêòóðàõ, êîòîðûå ðàñïîëîæåíû â êðàåâûõ ðàçëîìíûõ çîíàõ, èíòðóçèè ãðàíèòîèäîâ øåâ÷åíêîâñêîãî êîìïëåêñà
çàíèìàþò çíà÷èòåëüíûå ïëîùàäè è àññîöèèðóþò ñ ðàííåàðõåéñêèìè ïîðîäàìè çàïàäíîïðèàçîâñêîé ñåðèè.
Ãðàíèòîèäû øåâ÷åíêîâñêîãî êîìïëåêñà îáðàçîâàëèñü íà ãëóáèíå ìåíåå 45 êì, âåðîÿòíî, ïðè âíåäðåíèè êðóïíîãî
ìàíòèéíîãî äèàïèðà.

Âñòóïëåíèå. Ãðàíèò-áàòîëèòîâàÿ ôîðìàöèÿ ñëàãàåò çíà÷èòåëüíóþ ÷àñòü ïëîùàäè Çà-
ïàäíîãî Ïðèàçîâüÿ. Âûõîäû ìíîãî÷èñëåííûõ ìàññèâîâ äèîðèòîâ, êâàðöåâûõ äèîðè-
òîâ, ãðàíîäèîðèòîâ è òîíàëèòîâ ðàñïðîñòðàíåíû ïðåèìóùåñòâåííî â áàññåéíå ð. Îáè-
òî÷íàÿ. Èõ åäèíè÷íûå âûõîäû èçâåñòíû òàêæå ïî ðåêàì Êèëüòè÷èÿ, Ëîçîâàòêà, Êîíêà
è Áåðäà. Íàèáîëåå êðóïíûå ìàññèâû ñ ïëîùàäüþ äî 85 êì2 ïðèóðî÷åíû ê ñóáêîíöåí-
òðè÷åñêîé ñòðóêòóðå â ÿäåðíîé ÷àñòè Ñàëòû÷àíñêîãî àíòèêëèíîðèÿ, ñðåäè êîòîðûõ
âûäåëÿþòñÿ Ñàëòû÷àíñêèé, Öåíòðàëüíî-Îáèòî÷íåíñêèé, Ñåâåðî-Îáèòî÷íåíñêèé, Çà-
ïàäíî-Åëèñååâñêèé, Âîñòî÷íî-Åëèñååâñêèé, Íåëüãîâñêèé, Áîãîðîäèöêèé è Åëåíîâñ-
êèé. Ãðàíèòîèäû øåâ÷åíêîâñêîãî êîìïëåêñà òàêæå ðàñïðîñòðàíåíû â Ãàé÷óðñêîì è
Ðåìîâñêîì áëîêàõ. Ñóììàðíàÿ ïëîùàäü ðàçâèòèÿ ïîðîä øåâ÷åíêîâñêîãî êîìïëåêñà
îöåíèâàåòñÿ â 2000 êì2. Ýòîò èíòðóçèâíûé êîìïëåêñ ìíîãîôàçíûé. Ê ðàííåé èíòðó-
çèâíîé ôàçå îòíîñÿòñÿ ãàááðî è ãàááðî-äèîðèòû, ñëàãàþùèå íåáîëüøèå ìàññèâû è
ýíäîêîíòàêòîâûå çîíû ñëîæíûõ èíòðóçèé. Âî âòîðóþ èíòðóçèâíóþ ôàçó âõîäÿò íàè-
áîëåå ðàñïðîñòðàíåííûå äèîðèòû, êâàðöåâûå äèîðèòû, òîíàëèòû è ïëàãèîãðàíèòû,
ñëàãàþùèå íåáîëüøèå ìàññèâû è âíóòðåííèå ÷àñòè ìíîãîôàçíûõ èíòðóçèé. Ðàñïðî-
ñòðàíåííîñòü èíòðóçèâíûõ ïîðîä øåâ÷åíêîâñêîãî êîìïëåêñà, %: äèîðèòû è êâàðöå-
âûå äèîðèòû — 40, òîíàëèòû è ïëàãèîãðàíèòû — 35, ãàááðî-äèîðèòû è ãàááðî-àìôè-
áîëèòû — 15, æèëüíûå ïîðîäû — äî 10 [3, 6, 7, 8, 10, 11].

Ïî õèìè÷åñêîìó ñîñòàâó ãðàíèòîèäû øåâ÷åíêîâñêîãî êîìïëåêñà îòíîñÿòñÿ ê
íîðìàëüíîìó ðÿäó íàòðèåâîé è êàëèåâî-íàòðèåâîé ñåðèè. Îíè õàðàêòåðèçóþòñÿ óìå-
ðåííûì ôðàêöèîíèðîâàíèåì ÐÇÝ (La/Yb = 7–23) ïðè YbN = 6–10. Âûäåëÿåòñÿ ñëàáî
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Êîìïîíåíò Ïðîáû
99-25á 4536

SiO2 67,92 54,80
TiO2 0,30 2,06
Al2O3 16,65 18,00
Fe2O3 3,71 2,39
FeO 1,80 6,74
MnO 0,06 0,09
MgO 1,59 3,00
CaO 2,66 7,10
Na2O 3,60 3,55
K2O 0,60 1,00
Sîáù 0,02 0,10
P2O5 0,15 0,30
H2O 0,06 Íå îïð.
Ï.ï.ï. 0,47 0,99
Ñóììà 99,58 100,12

Òàáëèöà 1. Õèìè÷åñêèé ñîñòàâ ãðàíèòîèäîâ
øåâ÷åíêîâñêîãî êîìïëåêñà, %

âûðàæåííàÿ ïîëîæèòåëüíàÿ åâðîïè-
åâàÿ àíîìàëèÿ [5]. Ïðè ïîâûøåíèè
ñîäåðæàíèÿ êðåìíåçåìà â íèõ óâåëè-
÷èâàåòñÿ êîíöåíòðàöèÿ ëåãêèõ ÐÇÝ,
ïðè ïîñòîÿííîì ñîäåðæàíèè òÿæåëûõ
ÐÇÝ. Òàêèå âàðèàöèè ìîãóò áûòü ðå-
çóëüòàòîì ôðàêöèîííîé êðèñòàëëèçà-
öèè ðîãîâîé îáìàíêè è ïëàãèîêëàçà
â èõ ìàãìàòè÷åñêîì î÷àãå.

Øåâ÷åíêîâñêèé ìíîãîôàçíûé
èíòðóçèâíûé êîìïëåêñ, çàíèìàþùèé
îãðîìíóþ òåððèòîðèþ, ãåîõðîíîëîãè-
÷åñêè ïðàêòè÷åñêè íå èçó÷åí. Ïðåä-
ñòàâëåíèå î ïðîòåðîçîéñêîì âîçðàñòå
îòäåëüíûõ èíòðóçèé îñíîâûâàëîñü íà
èçîòîïíûõ äàòàõ, óñòàíîâëåííûõ K-Ar
ìåòîäîì ïî ðîãîâûì îáìàíêàì èç äè-
îðèòîâ (2150–2020 ìëí ëåò) [4] è åäè-
íè÷íîé U-Pb äàòîé ïî öèðêîíó èç
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äèîðèòà Åëåíîâñêîãî ìàññèâà (2200 ìëí ëåò)
[3]. Ïîñëå óñòàíîâëåíèÿ àðõåéñêîãî âîçðàñòà ãðà-
íîäèîðèòîâ Îñèïåíêîâñêîãî ìàññèâà ïðåäïî-
ëîæåíèå î ïðîòåðîçîéñêîì âîçðàñòå ýòèõ èíò-
ðóçèé áûëî ïîñòàâëåíî ïîä ñîìíåíèå [2].

Ðåçóëüòàòû U-Pb äàòèðîâàíèÿ. Ìåòîäèêè
âûäåëåíèÿ Pb è U èç öèðêîíà è ìàññ-ñïåêòðî-
ìåòðè÷åñêèõ èçìåðåíèé, èñïîëüçóåìûå â èçî-
òîïíîé ëàáîðàòîðèè Èíñòèòóòà ãåîõèìèè, ìè-
íåðàëîãèè è ðóäîîáðàçîâàíèÿ ÍÀÍ Óêðàèíû,
îïèñàíû â ðàáîòå [9]. Äèîðèòû ïåðâîé èíòðó-
çèâíîé ôàçû ïðîäàòèðîâàíû ïî ïðîáå, îòîáðàí-
íîé â Âîñòî÷íî-Åëèñååâñêîì ìàññèâå (ïðîáà
4536, îêîëî ñ. Øåâ÷åíêîâî, ð. Îáèòî÷íàÿ). Ïî õè-
ìè÷åñêîìó ñîñòàâó ïîðîäà ñîîòâåòñòâóåò äèî-
ðèòó íîðìàëüíîãî ðÿäà êàëèåâî-íàòðèåâîé ñå-
ðèè (òàáë. 1) [5].

Â äèîðèòàõ âûäåëÿþòñÿ äâå ðàçíîâèäíîñ-
òè öèðêîíà. Ïåðâàÿ (90 %) — ïðåäñòàâëåíà ïðî-
çðà÷íûìè è ïîëóïðîçðà÷íûìè êðèñòàëëàìè
æåëòîâàòî-êîðè÷íåâîãî öâåòà. Òèï îãðàíêè ãè-
àöèíòîâûé è êîïüåâèäíûé. Ðàçâèòû ãðàíè {100}
è {311} ñ óãíåòåííîé ãðàíüþ {110}. Âíóòðåííåå
ñòðîåíèå îäíîðîäíîå. Âòîðàÿ (10 %) — ïðî-
çðà÷íûå ïî÷òè áåñöâåòíûå èãîëü÷àòûå êðèñòàë-
ëû ãèàöèíòîâîãî òèïà ñ òóïîé ïèðàìèäêîé {111},
èëè êîïüåâèäíûå ñ ïèðàìèäêîé {311}.

Ïî ðàçìåðíûì ôðàêöèÿì öèðêîíà áûëè
ïîëó÷åíû áëèçêèå U-Pb îòíîøåíèÿ, ÷òî íå ïî-
çâîëèëî ðàññ÷èòàòü èçîõðîíó. Èçîòîïíûé âîç-
ðàñò âñåõ ôðàêöèé öèðêîíà ïî 207Pb/206Pb î÷åíü
áëèçîê è íàõîäèòñÿ â ïðåäåëàõ 2847 ± 5 ìëí ëåò
(òàáë. 2).

Ãðàíîäèîðèòû âòîðîé èíòðóçèâíîé ôàçû
äàòèðîâàëèñü ïî ïðîáå, îòîáðàííîé â ñåâåðíîé
÷àñòè Ñàëòû÷àíñêîãî ìàññèâà (ïðîáà 99–25á,
þæíàÿ îêðàèíà ñ. Îáèòî÷íîå, ð. Îáèòî÷íàÿ). Ïî
õèìè÷åñêîìó ñîñòàâó ýòà ïîðîäà ñîîòâåòñòâóåò
ãðàíîäèîðèòó íîðìàëüíîãî ðÿäà íàòðèåâîé ñå-
ðèè (òàáë. 1) [5].

Öèðêîí â ãðàíîäèîðèòàõ ñâåòëî-ðîçîâûé,
âîäÿíî-ïðîçðà÷íûé. Ãðàíè êðèñòàëëîâ âûðàæå-
íû íå÷åòêî. Òèï îãðàíêè ãèàöèíòîâûé è êîïü-
åâèäíûé. Èçðåäêà âñòðå÷àþòñÿ êðèñòàëëû óï-
ëîùåííîé èëè èãîëü÷àòîé ôîðìû. Âíóòðåííåå
ñòðîåíèå öèðêîíà îäíîðîäíîå.

Ïî ýòîìó öèðêîíó áûëà ïîëó÷åíà èçîõðî-
íà, âåðõíåå ïåðåñå÷åíèå êîòîðîé ñ êîíêîðäèåé
ñîîòâåòñòâóåò âîçðàñòó — 2850 ± 40 ìëí ëåò
(òàáë. 1; ðèñóíîê). Äëÿ öèðêîíà èç äèîðèòîâ è
ãðàíîäèîðèòîâ øåâ÷åíêîâñêîãî êîìïëåêñà õà-
ðàêòåðíî âûñîêîå Th/U. Öèðêîí ñ òàêèìè õà-
ðàêòåðèñòèêàìè âñòðå÷åí òîëüêî â ãàááðîèäàõ
è ãðàíèòîèäàõ Àëåêñàíäðîâñêîé è Ñîôèåâñêîé
èíòðóçèé ìàíòèéíîãî çàëîæåíèÿ [1].

Âûâîäû. Ñîãëàñíî ïîëó÷åííûì ãåîõðîíî-
ëîãè÷åñêèì äàííûì, Ñàëòû÷àíñêèé àíòèêëèíî-
ðèé ñôîðìèðîâàëñÿ â íåîàðõåå â ðåçóëüòàòå
âíåäðåíèÿ îãðîìíûõ ìàññ èíòðóçèé ãðàíèòîè-
äîâ øåâ÷åíêîâñêîãî êîìïëåêñà îêîëî 2850 ìëí
ëåò òîìó íàçàä. Â îòëè÷èå îò ìåçîàðõåéñêèõ
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èíòðóçèé ãðàíèòîèäîâ â Ñîðîêèíñêîé è
Êîñèâöåâñêîé çåëåíîêàìåííûõ ñòðóêòóðàõ,
êîòîðûå ðàñïîëîæåíû â êðàåâûõ ïðèðàçëîì-
íûõ çîíàõ, èíòðóçèè ãðàíèòîèäîâ øåâ÷åí-
êîâñêîãî êîìïëåêñà çàíèìàþò áîëüøèå ïëî-
ùàäè è àññîöèèðóþò ñ ðàííåàðõåéñêèìè

ãíåéñàìè çàïàäíîïðèàçîâñêîé ñåðèè. Ñóäÿ ïî ðàñïðåäåëåíèþ ÐÇÝ, ãðàíèòîèäû ýòîãî
êîìïëåêñà îáðàçîâàëèñü ïðè ôðàêöèîííîé êðèñòàëëèçàöèè ìàãì îñíîâíîãî ñîñòàâà
íà ãëóáèíå ìåíåå 45 êì â óñëîâèÿõ âûñîêîãî òåïëîâîãî ïîòîêà, ïðè÷èíîé êîòîðîãî
ïîñëóæèëî, âåðîÿòíî, âíåäðåíèå êðóïíîãî ìàíòèéíîãî äèàïèðà.
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Èí-ò ãåîõèìèè, ìèíåðàëîãèè è ðóäîîáðàçîâàíèÿ     Ïîñòóïèëà 19.02.2001
ÍÀÍ Óêðàèíû, Êèåâ
Èí-ò ïðèêëàä. ïðîáë. ýêîëîãèè, ãåîôèçèêè è ãåîõèìèè, Êèåâ
Ïðèàçîâ. êîìïëåêñ. ãåîë. ïàðòèÿ, Âîëíîâàõà

ÐÅÇÞÌÅ. Âèêîíàíî ³çîòîïíå äàòóâàííÿ ãðàí³òî¿ä³â øåâ÷åíêiâñüêîãî êîìïëåêñó.  Çã³äíî ç îòðèìàíèìè ðå-
çóëüòàòàìè, ³íòðóç³¿ ãðàí³òî¿ä³â øåâ÷åíêiâñüêîãî êîìïëåêñó ñôîðìóâàëèñÿ ó íåîàðõå¿ á³ëÿ 2850 ìëí ðîê³â òîìó.
Íà â³äì³íó â³ä ìåçîàðõåéñüêèõ ³íòðóç³é ãðàí³òî¿ä³â â Ñîðîêèíñüê³é é Êîñèâöåâñüê³é çåëåíîêàì’ÿíèõ ñòðóêòó-
ðàõ, ÿê³ ðîçòàøîâàí³ ó êðàéîâèõ ðîçëîìíèõ çîíàõ, ³íòðóç³¿ ãðàí³òî¿ä³â øåâ÷åíêiâñüêîãî êîìïëåêñó çàéìàþòü
çíà÷í³ ïëîù³ ³ àñîö³þþòü ³ç ðàííüîàðõåéñüêèìè ïîðîäàìè çàõ³äíîïðèàçîâñüêî¿ ñåð³¿. Ãðàí³òî¿äè øåâ÷åíêiâñüêîãî
êîìïëåêñó óòâîðèëèñÿ íà ãëèáèí³ ìåíøå 45 êì, éìîâ³ðíî, ïðè âêîðiíåííi êðóïíîãî ìàíò³éíîãî ä³àï³ðó.

SUMMARY. Isotope dating of granitoids of the Shevchenko complex. According to the results obtained, intrusions of
granitoids Shevchenko complex formed in Neoarchean about 2850 Ma ago. In contrast to the Mesoarchean granitoid
intrusions in the Soroki and Kosivtsevo greenstone structures, which are located in marginal fault zones, the intrusions
of granitoids Shevchenko complex occupy considerable areas and associate whith the Early Archean rocks of the West
Priazov series. Granitoids of the Shevchenko complex formed at depthes less than 45 km, perhapse, due to intrusion of
a large mantle diapir.

U-Pb èçîõðîíà ñ êîíêîðäèåé ïî öèðêîíó èç ãðàíîäèî-
ðèòîâ Ñàëòû÷àíñêîãî ìàññèâà (ïðîáà 99-25á, þæíàÿ îê-
ðàèíà ñ. Îáèòî÷íîå, ð. Îáèòî÷íàÿ)
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Íèêîëàé Ïàíòåëåéìîíîâè÷ Ñåìåíåíêî ðîäèë-
ñÿ 16 íîÿáðÿ 1905 ã. â Ìàðèóïîëå â ñåìüå æå-
ëåçíîäîðîæíèêà. Â âîçðàñòå ÷åòûðåõ ëåò îí
ïîòåðÿë îòöà è âñå çàáîòû ïî åãî âîñïèòàíèþ
ëåãëè íà ïëå÷è ñòàðøåãî íà 15 ëåò áðàòà Äà-
íèëû. Îí ïîìîã Íèêîëàþ Ïàíòåëåéìîíîâè÷ó
ïîñòóïèòü â 1914 ã. â Áåðäÿíñêîå ðåàëüíîå ó÷è-
ëèùå, êîòîðîå îí îêîí÷èë ñ îòëè÷èåì â 1920 ã.
Çàòåì ïî íàñòîÿíèþ áðàòà, êîòîðûé ðàáîòàë
äèðåêòîðîì Êðèâîðîæñêîãî êîêñîõèìè÷åñêî-
ãî çàâîäà, Íèêîëàé Ïàíòåëåéìîíîâè÷ ïîñòó-
ïàåò â Äíåïðîïåòðîâñêèé ãîðíûé èíñòèòóò è
ñ îòëè÷èåì çàêàí÷èâàåò â 1927 ã.

Ó÷åíûé ñ ìèðîâûì èìåíåì, îí óñïåøíî
ñîâìåùàë íàó÷íóþ, ïåäàãîãè÷åñêóþ è îáùå-
ñòâåííóþ äåÿòåëüíîñòü. Â òå÷åíèå ìíîãèõ ëåò
Í. Ï. Ñåìåíåíêî áûë ïðîôåññîðîì Äíåïðî-
ïåòðîâñêîãî   ãîðíîãî    èíñòèòóòà  è Êèåâñêî-
ãî   óíèâåðñèòåòà   èì. Ò. Ã. Øåâ÷åíêî. Â 1939 ã.
Í. Ï. Ñåìåíåíêî áûë èçáðàí ÷ëåíîì-êîððåñ-
ïîíäåíòîì, à â 1948 ã. — àêàäåìèêîì ÀÍ ÓÑÑÐ,

ХРОНИКА

Âûäàþùèéñÿ îðãàíèçàòîð óêðàèíñêîé íàóêè
(ê 95-ëåòèþ ñî äíÿ ðîæäåíèÿ àêàäåìèêà
ÍÀÍ Óêðàèíû Í. Ï. Ñåìåíåíêî)

â 1948–1950 ãã. îí — àêàäåìèê-ñåêðåòàðü Ïðå-
çèäèóìà ÀÍ ÓÑÑÐ. Áîëåå 20 ëåò Íèêîëàé Ïàí-
òåëåéìîíîâè÷ âîçãëàâëÿë Ñîâåòñêèé êîìèòåò
Êàðïàòî-Áàëêàíñêîé ãåîëîãè÷åñêîé àññîöèà-
öèè, à òàêæå Óêðàèíñêèé êîìèòåò ïî ãåîëîãè-
÷åñêîé êîððåëÿöèè ïðè ÞÍÅÑÊÎ.

Í. Ï. Ñåìåíåíêî áûë âûäàþùèìñÿ ó÷å-
íûì øèðîêîãî ãåîëîãè÷åñêîãî ïðîôèëÿ, íà-
ó÷íûå èíòåðåñû êîòîðîãî ïðîñòèðàëèñü îò
èçó÷åíèÿ êîñìîñà è ïëàíåòàðíîé ãåîëîãèè äî
ðåøåíèÿ ïðèêëàäíûõ çàäà÷ ðóäíîé ãåîëîãèè
è ìåòàëëîãåíèè. Îñîáåííî ìíîãî âíèìàíèÿ îí
óäåëÿë òàêèì îòðàñëÿì ãåîëîãè÷åñêîé íàóêè,
êàê ïåòðîãðàôèÿ, òåêòîíèêà, ñòðóêòóðíûé àíà-
ëèç, ïåòðîõèìèÿ, ïåòðîëîãèÿ, ãåîõðîíîëîãèÿ,
ïðîöåññû ìåòàìîðôèçìà è ìåòàñîìàòîçà, ãåî-
õèìèÿ è ãåîëîãèÿ ðóäíûõ ìåñòîðîæäåíèé, ôîð-
ìàöèîííûé àíàëèç, ãåîëîãè÷åñêîå êàðòèðîâà-
íèå, ïëàíåòîëîãèÿ. Èì íàïèñàíî áîëåå 600
íàó÷íûõ ðàáîò, èç êîòîðûõ òîëüêî ìîíîãðà-
ôèé áîëåå 30. Ïîñëåäíÿÿ ìîíîãðàôèÿ Í. Ï. Ñå-
ìåíåíêî "Ãðàíóëèòû è ÷àðíîêèòû Óêðàèíñ-
êîãî ùèòà" âûøëà èç ïå÷àòè çà íåñêîëüêî
ìåñÿöåâ äî åãî ñìåðòè.

Íèêîëàé Ïàíòåëåéìîíîâè÷ íå ëþáèë
ïîâåðõíîñòíîãî è óïðåæäåííîãî îòíîøåíèÿ
ê íàó÷íûì èññëåäîâàíèÿì; âî âðåìÿ âûñòóï-
ëåíèÿ ìîã òóò æå ïåðåáèòü è îò÷èòàòü äîêëàä-
÷èêà, íå ñòåñíÿÿñü â âûðàæåíèÿõ. Îáû÷íî ïîñ-
ëå òàêîé "ãîëîâîìîéêè" áðàë ïîòåðïåâøåãî
ïîä ðóêó è, ïðîõàæèâàÿñü ïî êàáèíåòó, ãîâî-
ðèë: "Íå ïåðåæèâàé — ýòî íà ïîëüçó äåëà". Ïðî
ñîâåðøåííûé äîêëàä÷èêîì ïðîìàõ îí âïîñ-
ëåäñòâèè íèêîãäà íå íàïîìèíàë. Åñëè ÷òî-íè-
áóäü ñäåëàííîå ñîòðóäíèêàìè Íèêîëàþ Ïàí-
òåëåéìîíîâè÷ó íðàâèëîñü, òî îí îöåíèâàë ïî
äîñòîèíñòâó, íå ñêóïèëñÿ íà ïîõâàëó è îò âñåé
äóøè ðàäîâàëñÿ óñïåõó.

Í. Ï. Ñåìåíåíêî ðàçðàáîòàë òåîðèþ ìå-
òàìîðôèçìà, âïåðâûå ïðåäëîæèë øêàëó äîêåì-
áðèÿ Óêðàèíñêîãî ùèòà, èññëåäîâàë ïðîáëå-
ìû ìåòàëëîíîñíîñòè è ñòðóêòóð ðóäíûõ ìåñ-
òîðîæäåíèé, îñíîâû ïëàíåòàðíîé ãåîõèìèè,
âîïðîñû ïðîèñõîæäåíèÿ êîíòèíåíòàëüíîé
çåìíîé êîðû è ëèòîñôåðû. Ó÷åíûé âíåñ âåñî-
ìûé âêëàä â ñîçäàíèå ìèíåðàëüíî-ñûðüåâîé
áàçû Óêðàèíû, îñîáåííî òâåðäûõ ïîëåçíûõ
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èñêîïàåìûõ — ìåòàëëîâ, àëìàçîâ è äð., à òàê-
æå â êîìïëåêñíîå îñâîåíèå ïîëåçíûõ èñêî-
ïàåìûõ è ðàçðàáîòêó êðèòåðèåâ èõ ïîèñêîâ.
Îí ïðåäëîæèë ïðàêòè÷åñêîå èñïîëüçîâàíèå
ìàãíåòèòîâûõ æåëåçíûõ êâàðöèòîâ è íåôåëè-
íîâûõ ðóä, ÷òî çíà÷èòåëüíî ðàñøèðèëî áàçó
÷åðíûõ è öâåòíûõ ìåòàëëîâ Óêðàèíû.

Í. Ï. Ñåìåíåíêî — êðóïíûé îðãàíèçàòîð
íàóêè â Óêðàèíå. Ïîä åãî ðóêîâîäñòâîì êàê
ïåðâîãî âèöå-ïðåçèäåíòà ÀÍ ÓÑÑÐ (1950–
1970 ãã.) áûë ñîçäàí ðÿä èíñòèòóòîâ, êîòîðûå
â íàñòîÿùåå âðåìÿ ïîëüçóþòñÿ ìèðîâîé ñëà-
âîé, èçâåñòíîñòüþ è ñ êîòîðûìè ñâÿçàíû ãëàâ-
íûå äîñòèæåíèÿ óêðàèíñêîé íàóêè (Èíñòè-
òóò ãåîõèìèè è ãåîëîãèè ãîðþ÷èõ èñêîïàåìûõ,
Èíñòèòóò ãåîôèçèêè, Èíñòèòóò ìèíåðàëüíûõ
ðåñóðñîâ). Ïî åãî èíèöèàòèâå òàêæå áûë ñî-
çäàí Èíñòèòóò ãåîõèìèè è ôèçèêè ìèíåðàëîâ
(íûíå — Èíñòèòóò ãåîõèìèè, ìèíåðàëîãèè è
ðóäîîáðàçîâàíèÿ), ïåðâûì äèðåêòîðîì êîòî-
ðîãî îí áûë â òå÷åíèå äåâÿòè ëåò.

Áîëüøóþ ïîìîùü â îðãàíèçàöèè Èíñòè-
òóòà ãåîõèìèè è ôèçèêè ìèíåðàëîâ îêàçàëè
Íèêîëàþ Ïàíòåëåéìîíîâè÷ó Ñåìåíåíêî ïðå-
çèäåíò ÀÍ ÑÑÑÐ Ì. Â. Êåëäûø è âèöå-ïðåçè-
äåíòû ÀÍ ÑÑÑÐ À. Â. Âèíîãðàäîâ, À. Â. Ñèäî-
ðåíêî. Îñíîâíûå íàó÷íûå èäåè è óáåæäåíèÿ
Íèêîëàÿ Ïàíòåëåéìîíîâè÷à ðàçäåëÿëè è ïîä-
äåðæèâàëè âûäàþùèåñÿ îòå÷åñòâåííûå è çà-
ðóáåæíûå   ó÷åíûå, òàêèå êàê À. È. Òóãàðèíîâ,
Ä. Ñ. Êîðæèíñêèé,   Â. È. Ñìèðíîâ,      Â. Å. Õàèí,
Í. Ï. Ëàâåðîâ, Þ. À. Êîñûãèí, Â. À. Æàðèêîâ,
Ê. À. Âëàñîâ, À. À. Ìàðàêóøåâ, Ê. Î. Êðàòö,
Í. Ï. Øòðåéñ (Ðîññèÿ), È. Í. Êîñòîâ (Áîëãà-
ðèÿ), Ñ. Êàðàìàòà (Þãîñëàâèÿ), Á. Öàìáåë (Ñëî-
âàêèÿ) è äð. Â èíñòèòóòå áûëè ñîçäàíû îòäå-
ëû ïî íàèáîëåå ïåðñïåêòèâíûì íàïðàâëåíè-
ÿì ñîâðåìåííîé ãåîëîãè÷åñêîé íàóêè: ôèçè-
êå ìèíåðàëîâ, ÿäåðíîé ãåîõèìèè, êîñìîõèìèè,
ýêñïåðèìåíòàëüíîé ìèíåðàëîãèè, èçîòîïíîé
ãåîõðîíîëîãèè è äð. Â íàñòîÿùåå âðåìÿ ìíî-
ãèå èç ýòèõ íàïðàâëåíèé óñïåøíî ðàçðàáàòû-
âàþòñÿ åãî ó÷åíèêàìè è ïîëó÷èëè ïðèçíàíèå
â ìèðîâîé íàóêå.

Â òå÷åíèå ìíîãèõ ëåò Í. Ï. Ñåìåíåíêî

ÕÐÎÍÈÊÀ

áûë ïðåäñåäàòåëåì Óêðàèíñêîãî ðåñïóáëèêàí-
ñêîãî êîìèòåòà çàùèòû ìèðà. Îí íåîäíîêðàò-
íî èçáèðàëñÿ äåïóòàòîì Äíåïðîïåòðîâñêîãî
è Êèåâñêîãî ãîðñîâåòîâ. Òðóäû ó÷åíîãî áûëè
îòìå÷åíû ðÿäîì ïðàâèòåëüñòâåííûõ è ìåæ-
äóíàðîäíûõ íàãðàä, à òàêæå íàó÷íûìè ïðåìè-
ÿìè. Òå, êòî èìåë âîçìîæíîñòü íàáëþäàòü Íè-
êîëàÿ Ïàíòåëåéìîíîâè÷à âáëèçè, ïðåæäå âñå-
ãî îòìå÷àëè åãî íåîáûêíîâåííóþ öåëåóñòðåì-
ëåííîñòü, ñîáðàííîñòü, óìåíèå êîíöåíòðèðî-
âàòü âíèìàíèå íà ãëàâíîì, íåñòàíäàðòíîå
ìûøëåíèå, íàó÷íóþ èíòóèöèþ è ôåíîìåíàëü-
íóþ ïàìÿòü.

Íèêîëàé Ïàíòåëåéìîíîâè÷ Ñåìåíåí-
êî íå áûë "íàó÷íûì ñóõàðåì". Îí áûë íåî-
áûêíîâåííî íåæíûì è ÷óòêèì ìóæåì, çà-
áîòëèâûì îòöîì, äåäîì. Âìåñòå ñî ñâîåé âåð-
íîé ñïóòíèöåé ïî æèçíè — Ëþáîâüþ ßêîâ-
ëåâíîé ñ óäîâîëüñòâèåì ïîñåùàë òåàòðû,
êèíîòåàòðû, óìåë áûñòðî ïåðåêëþ÷àòüñÿ ñ
íàó÷íûõ ïðîáëåì íà äèñêóññèè îá èñêóññò-
âå èëè ñïîðòå. Ïîýòîìó ÷àñòî åãî ìîëîäûå
êîëëåãè áûâàëè èçóìëåíû òåì, ÷òî "øåô"
çíàåò î ïîñëåäíèõ óñïåõàõ êèåâñêîãî "Äè-
íàìî" èëè î íàøóìåâøåé õóäîæåñòâåííîé
êíèãå è íå òîëüêî çíàåò, íî èìååò èíòåðåñ-
íîå, íåîðäèíàðíîå ñóæäåíèå.

Ðàçíîñòîðîííèé áëåñòÿùèé èññëåäîâà-
òåëü â îáëàñòè èçó÷åíèÿ çåìíîé êîðû, Íèêî-
ëàé Ïàíòåëåéìîíîâè÷ Ñåìåíåíêî îñòàâèë
ïîñëå ñåáÿ ïàìÿòíèê â âèäå îãðîìíîãî ÷èñëà
âàæíåéøèõ ðàáîò, êîòîðûå áëàãîäàðÿ ÷ðåçâû-
÷àéíî òî÷íîìó èçëîæåíèþ ìàòåðèàëà è ñòðî-
ãî ïðîäóìàííûì âûâîäàì ïðåäñòàâëÿþò íå-
ïðåõîäÿùóþ öåííîñòü.

Íèêîëàé Ïàíòåëåéìîíîâè÷ ñîçäàë ñåáå
è äðóãîé ïàìÿòíèê â âèäå êðóïíåéøåé øêî-
ëû ó÷åíèêîâ (ïîäãîòîâèë 52 êàíäèäàòà è 12
äîêòîðîâ ãåîëîãî-ìèíåðàëîãè÷åñêèõ íàóê, èç
íèõ 2 àêàäåìèêà ÍÀÍ Óêðàèíû), ïðîäîëæàþ-
ùèõ áëàãîðîäíîå äåëî èçó÷åíèÿ çåìíîé êîðû
è ñêðûòûõ â íåé áîãàòñòâ, êîòîðîìó ïîñâÿòèë
âñþ ñâîþ æèçíü Íèêîëàé Ïàíòåëåéìîíîâè÷
Ñåìåíåíêî.

À. Í. Äîíñêîé
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15 àïðåëÿ 2001 ã. èñïîëíÿåòñÿ 70 ëåò ñî äíÿ
ðîæäåíèÿ è 47 ëåò ïðîèçâîäñòâåííîé, íàó÷-
íîé è îðãàíèçàòîðñêîé äåÿòåëüíîñòè âûäàþ-
ùåãîñÿ ó÷åíîãî-ïåòðîëîãà, äîêòîðà ãåîëîãî-
ìèíåðàëîãè÷åñêèõ íàóê, ïðîôåññîðà, ëàóðåàòà
Ãîñóäàðñòâåííîé ïðåìèè â îáëàñòè íàóêè è
òåõíèêè Èãîðÿ Áîðèñîâè÷à Ùåðáàêîâà.

È. Á. Ùåðáàêîâ ðîäèëñÿ 15 àïðåëÿ 1931 ã.
â  Ñâåðäëîâñêå (íûíå Åêàòåðèíáóðã) â èí-
òåëëèãåíòíîé ñåìüå. Óðàë âîñïèòàë â íåì ëþ-
áîâü ê êàìíþ ñ äåòñòâà, êîãäà ìàëü÷èøêè, ïî-
âñþäó ñîáèðàÿ ÿðêèå êîëëåêöèè, ñ âîñõèùå-
íèåì çàâîðîæåíî çàìèðàëè íàä êàæäîé íîâîé
íàõîäêîé ìèíåðàëà èëè ïîðîäû. Ýòî óâëå÷å-
íèå è ïðèâåëî Èãîðÿ Áîðèñîâè÷à íà ãåîëîãè-

Èãîðü Áîðèñîâè÷ Ùåðáàêîâ
(ê 70-ëåòèþ ñî äíÿ ðîæäåíèÿ)

Íå â ìàññå ïðèîáðåòåííûõ çíàíèé  çàê-
ëþ÷àåòñÿ êðàñîòà è ìîùü  óìñòâåííîé
äåÿòåëüíîñòè,  äàæå íå â èõ ñèñòåìà-
òè÷íîñòè, à â èñêðåííåì,  ÿðêîì èñêàíèè

Â. È. Âåðíàäñêèé

÷åñêèé ôàêóëüòåò Êèåâñêîãî óíèâåðñèòåòà,
êîòîðûé îí çàêîí÷èë â 1954 ã.

Ñ 1954 ïî 1957 ãã. È. Á. Ùåðáàêîâ ðàáîòàë
â ïîëåâûõ ïàðòèÿõ Äàëüãåîëîãîóïðàâëåíèÿ, ãäå
ïîëó÷èë õîðîøèå ïðîèçâîäñòâåííûå íàâûêè
è òðóäîâóþ çàêàëêó. Â 1958 ã. îí ñâÿçûâàåò ñâîþ
æèçíü ñ íàóêîé — ðàáîòàåò â Èíñòèòóòå ãåî-
ëîãè÷åñêèõ íàóê (ÈÃÍ) ÀÍ ÓÑÑÐ, çàòåì —
Èíñòèòóòå ãåîõèìèè, ìèíåðàëîãèè è ðóäîîá-
ðàçîâàíèÿ (ÈÃÌÐ) ÍÀÍ Óêðàèíû, ãäå ïðî-
õîäèò âñå ýòàïû ñòàíîâëåíèÿ ñïåöèàëèñòà è
ó÷åíîãî — îò èíæåíåðà äî çàâåäóþùåãî îòäå-
ëîì ïåòðîëîãèè. Â 1995 ã. åìó áûëî ïðèñâîåíî
ó÷åíîå çâàíèå ïðîôåññîðà.

Ïîñëå çàî÷íîé àñïèðàíòóðû ïîä ðóêî-
âîäñòâîì È. Ñ. Óñåíêî, ñ êîòîðûì îí âïîñëåä-
ñòâèè   äîëãî è ïëîäîòâîðíî ðàáîòàë, â 1963 ã.
È. Á. Ùåðáàêîâ çàùèùàåò êàíäèäàòñêóþ äèñ-
ñåðòàöèþ íà òåìó: "Ïåòðîãðàôèÿ è ãåíåçèñ
ãíåéñîâî-ìèãìàòèòîâîé òîëùè Ñðåäíåãî Ïî-
áóæüÿ", à â 1974 ã. — äîêòîðñêóþ: "Ïåòðîëîãèÿ
ñðåäíåé ÷àñòè Óêðàèíñêîãî ùèòà".

Íàó÷íàÿ äåÿòåëüíîñòü È. Á. Ùåðáàêîâà
ïîñâÿùåíà óêðàèíñêîìó äîêåìáðèþ. Îí ÿâ-
ëÿåòñÿ àâòîðîì ñâûøå 250 íàó÷íûõ ðàáîò, â
òîì ÷èñëå 10 êíèã, ìíîãî÷èñëåííûõ ñòàòåé,
ðåöåíçèé ïî îáùèì è ÷àñòíûì âîïðîñàì, èñ-
òîðèè ïåòðîëîãèè, ðÿä èç êîòîðûõ îïóáëèêî-
âàí çà ðóáåæîì.

Âåòåð ñòðàíñòâèé íåîäíîêðàòíî óâëåêàë
Èãîðÿ Áîðèñîâè÷à â ìîðñêèå ýêñïåäèöèè óê-
ðàèíñêèõ ó÷åíûõ ïî èçó÷åíèþ äíà Èíäèé-
ñêîãî è Àòëàíòè÷åñêîãî îêåàíîâ, Êðàñíîãî è
×åðíîãî ìîðåé, ðåçóëüòàòîì êîòîðûõ ÿâèëèñü
÷åòûðå ìîíîãðàôèè.

Óæå â ïåðâûõ ñâîèõ ðàáîòàõ Èãîðü Áî-
ðèñîâè÷ àêòèâíî ðàçâèâàåò ïåòðîìèíåðàëîãè-
÷åñêîå íàïðàâëåíèå — èñïîëüçîâàíèå îñîáåí-
íîñòåé ïîðîäîîáðàçóþùèõ ìèíåðàëîâ äëÿ ðå-
øåíèÿ çàäà÷ ïåòðîëîãèè. Êíèãà "Áèîòèòû äî-
êåìáðèÿ" (È. Ñ. Óñåíêî, È. Á. Ùåðáàêîâ, À. Ï. Çàÿö,
1972) îòêðûëà ñåðèþ ìîíîãðàôèé ïî ïîðî-
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äîîáðàçóþùèì ìèíåðàëàì; åå àâòîðû áûëè
óäîñòîåíû ïðåìèè èì. Â. È. Âåðíàäñêîãî Ïðå-
çèäèóìà ÀÍ ÓÑÑÐ.

È. Á. Ùåðáàêîâ áûë ó èñòîêîâ âñïëåñêà
ìåòàìîðôè÷åñêèõ èññëåäîâàíèé, âîçãëàâëÿå-
ìûõ àêàäåìèêàìè Â. Ñ. Ñîáîëåâûì è Ä. Ñ. Êîð-
æèíñêèì, íà÷àëî êîòîðîãî äàòèðóåòñÿ 1950-ìè
ãîäàìè. Â ìíîãî÷èñëåííûõ ñòàòüÿõ è ìîíîãðà-
ôèè "Ïåòðîãðàôèÿ äîêåìáðèéñêèõ ïîðîä öåí-
òðàëüíîé ÷àñòè Óêðàèíñêîãî ùèòà" (1975), èñ-
ïîëüçóÿ ñâîéñòâà ïîðîäîîáðàçóþùèõ ìèíåðà-
ëîâ, îí âïåðâûå â Óêðàèíå äîêàçàë ïðèíàä-
ëåæíîñòü ïîðîä Ñðåäíåãî Ïîáóæüÿ è Ïðèàçî-
âüÿ ê âûñîêîòåìïåðàòóðíîé ÷àñòè ãðàíóëèòî-
âîé   ôàöèè   àëäàíñêîãî   òèïà è, ñîâìåñòíî ñ
È. Ñ. Óñåíêî, ïîäòâåðäèë ñóùåñòâîâàíèå ýêëî-
ãèòîïîäîáíûõ ïîðîä. Êíèãà ñòàëà ìåòîäè÷åñ-
êèì ðóêîâîäñòâîì äëÿ ãåîëîãîâ ïî èçó÷åíèþ
ïåòðîëîãèè ãëóáîêîìåòàìîðôèçîâàííûõ ïîðîä
äîêåìáðèÿ.

Êðîìå òðàäèöèîííûõ ïåòðîõèìè÷åñêèõ
ìåòîäîâ, êîòîðûå È. Á. Ùåðáàêîâ íà÷àë ðàçðà-
áàòûâàòü îäíèì èç ïåðâûõ â Óêðàèíå, îí èñ-
ïîëüçóåò è òàêèå ìåòîäû ôèçèêè ìèíåðàëîâ,
êàê òåðìîëþìèíåñöåíöèÿ ùåëî÷íûõ ïîëåâûõ
øïàòîâ, ÝÏÐ-õàðàêòåðèñòèêè êâàðöà, îïòè÷åñ-
êàÿ ñïåêòðîñêîïèÿ òåìíîöâåòíûõ ìèíåðàëîâ.
Ýòèì ïðîáëåìàì ïîñâÿùåí ðÿä ðàáîò, â òîì
÷èñëå ìîíîãðàôèÿ "Ùåëî÷íûå ïîëåâûå øïà-
òû ãðàíèòîèäîâ Óêðàèíñêîãî ùèòà" (1980),
îäíèì èç àâòîðîâ êîòîðîé îí ÿâëÿåòñÿ.

Ôóíäàìåíòàëüíûì âêëàäîì È. Á. Ùåðáà-
êîâà â ïåòðîëîãèþ ñòàëà áîëüøàÿ ñåðèÿ ðàáîò
â îáëàñòè ìåòàìîðôèçìà, êîòîðàÿ çàâåðøè-
ëàñü ìîíîãðàôèåé "Ìåòàìîðôèçì Óêðàèíñ-
êîãî ùèòà" (1982) â ñîàâòîðñòâå ñ È. Ñ. Óñåí-
êî, Ð. È. Ñèðîøòàíîì è äð., à òàêæå ñåðèåé ðàç-
íîìàñøòàáíûõ êàðò ÑÑÑÐ, Óêðàèíñêîãî ùèòà
è ìåòàìîðôè÷åñêîé êàðòîé Åâðîïû ìàñøòàáà
1 : 2500000, èçäàííîé ïîä ýãèäîé ÞÍÅÑÊÎ.
Êàðòû ìåòàìîðôèçìà — äîïîëíèòåëüíûé èñ-
òî÷íèê èíôîðìàöèè î çàêîíîìåðíîñòÿõ ãåî-
ëîãè÷åñêîãî ðàçâèòèÿ Óêðàèíñêîãî ùèòà. Îíè
øèðîêî èñïîëüçóþòñÿ òåêòîíèñòàìè, ãåîôèçè-
êàìè è äðóãèìè ñïåöèàëèñòàìè â îáëàñòè ãåî-
ëîãèè äîêåìáðèÿ.

Èãîðåì Áîðèñîâè÷åì ìíîãî ñäåëàíî â
îáëàñòè ôîðìàöèîííîãî ðàñ÷ëåíåíèÿ ïîðîä
äîêåìáðèÿ, îñîáåííî ãðàíèòîèäîâ. Çà äâà ãîäà
äî ïîÿâëåíèÿ èçâåñòíûõ ðàáîò àâñòðàëèéñêèõ
ãåîëîãîâ ×åïïåëà è Óàéòà, ãäå îíè îáîñíîâà-
ëè âûäåëåíèå s- è i-ãðàíèòîâ, ÷òî ñåãîäíÿ ÿâ-
ëÿåòñÿ îáùåïðèçíàííûì è øèðîêî èñïîëüçó-
åòñÿ â ïðàêòèêå, È. Á. Ùåðáàêîâ óæå îïóáëè-
êîâàë â òåìàòè÷åñêîì ñáîðíèêå ÈÃÍ (1972)
ñâîè âûâîäû î ñóùåñòâîâàíèè àïîïåëèòîâûõ
è àïîáàçèòîâûõ ãðàíèòîèäíûõ ñåðèé. Áîëåå
òîãî, îí ïðåäëîæèë ñâîé "áèîòèòîâûé" ìåòîä
(1972) ðàçäåëåíèÿ ýòèõ ãðàíèòîâ — èíñòðó-
ìåíò áîëåå òîíêèé, ÷åì ìèíåðàëîãè÷åñêèå
ìåòîäû, êîòîðûìè ïîëüçîâàëèñü çàðóáåæíûå
ó÷åíûå. Çäåñü, êàê è âî ìíîãèõ äðóãèõ ñëó÷àÿõ,

ñðàáîòàë ïðåñëîâóòûé "æåëåçíûé çàíàâåñ".
È. Á. Ùåðáàêîâ ÿâëÿåòñÿ àâòîðîì ïðî-

ñòðàíñòâåííî-âðåìåííîé ìîäåëè ïðîãðåññèâ-
íî-ðåãðåññèâíîãî ãðàíèòîîáðàçîâàíèÿ è îñ-
íîâàííîãî íà íåé ôîðìàöèîííî-âîçðàñòíîãî
ìåòîäà ðàñ÷ëåíåíèÿ è êîððåëÿöèè ãðàíèòîè-
äîâ. Â ðàçíîå âðåìÿ èì âûäåëåí öåëûé ðÿä
ãðàíèòîèäíûõ êîìïëåêñîâ (ãàéâîðîíñêèé, òå-
òèåâñêèé, ãàéñèíñêèé è äð.), êîòîðûå âîøëè â
îôèöèàëüíûå ñòðàòèãðàôè÷åñêèå ñõåìû Óê-
ðàèíñêîãî ùèòà. Èòîãîì ìíîãîëåòíèõ òðóäîâ
ïî ýòîé ïðîáëåìå ÿâëÿåòñÿ êíèãà "Ãðàíèòî-
èäíûå ôîðìàöèè Óêðàèíñêîãî ùèòà" (1984),
çà êîòîðóþ Èãîðü Áîðèñîâè÷ âìåñòå ñ ñîàâòî-
ðàìè íàãðàæäåí Ãîñóäàðñòâåííîé ïðåìèåé
Óêðàèíû â 1998 ã. Ýòî ôóíäàìåíòàëüíàÿ ñâîä-
êà, ñîäåðæàùàÿ âñåñòîðîííåå ñèñòåìàòè÷åñêîå
îïèñàíèå âñåõ èçâåñòíûõ ê òîìó âðåìåíè êîì-
ïëåêñîâ ãðàíèòîèäîâ ñ îáîáùåíèåì äàííûõ
ïî ïåòðîõèìèè è àáñîëþòíîìó âîçðàñòó. Êíè-
ãà ÿâèëàñü ôàêòè÷åñêîé îñíîâîé äëÿ ôîðìà-
öèîííîãî âîçðàñòíîãî ðàñ÷ëåíåíèÿ è êîððå-
ëÿöèè ãðàíèòîèäîâ ùèòà è äàëüíåéøåé äåòà-
ëèçàöèè ñòðàòèãðàôè÷åñêîé ñõåìû äîêåìáðèÿ.

Ïî÷òè ÷åòâåðòü âåêà È. Á. Ùåðáàêîâ âîç-
ãëàâëÿåò îòäåë ïåòðîëîãèè ÈÃÌÐ ÍÀÍ Óêðà-
èíû. Çà ýòî âðåìÿ îí âîñïèòàë øåñòü êàíäèäà-
òîâ ãåîëîãî-ìèíåðàëîãè÷åñêèõ íàóê. Èãîðü Áî-
ðèñîâè÷ — èíèöèàòîð è îðãàíèçàòîð ïðîâå-
äåíèÿ ïåðâîé Ðåñïóáëèêàíñêîé øêîëû ìîëî-
äûõ ó÷åíûõ è ñïåöèàëèñòîâ ïî ïåòðîëîãèè
(1986). Öåëü øêîëû — ïîâûøåíèå ïðîôåññè-
îíàëüíîãî óðîâíÿ è óãëóáëåíèå çíàíèé ìîëî-
äûõ íàó÷íûõ ñîòðóäíèêîâ, ïðåïîäàâàòåëåé, ãåî-
ëîãîâ, îçíàêîìëåíèå èõ ñ íîâåéøèìè äîñòè-
æåíèÿìè íàóêè. Â ðàáîòå øêîëû ïðèíÿëè ó÷à-
ñòèå ìîëîäûå ïåòðîãðàôû èç 14 ãîðîäîâ Óê-
ðàèíû è Ñîâåòñêîãî Ñîþçà èç 22 íàó÷íûõ è
ïðîèçâîäñòâåííûõ îðãàíèçàöèé, ÷òî ÿâèëîñü
ëó÷øåé ðåêëàìîé ïåòðîëîãè÷åñêîé íàóêè.

È. Á. Ùåðáàêîâ èçáðàí ïðåäñåäàòåëåì
Ìåæâåäîìñòâåííîãî ïåòðîãðàôè÷åñêîãî êîìè-
òåòà Óêðàèíû. Ïîä åãî ðóêîâîäñòâîì è ïðè åãî
ó÷àñòèè ðàçðàáîòàí è îïóáëèêîâàí "Ïåòðî-
ãðàôè÷åñêèé êîäåêñ Óêðàèíû" — âòîðîå â
ìèðå èçäàíèå ïîäîáíîãî ðîäà. Çà ïëîäîòâîð-
íóþ òâîð÷åñêóþ äåÿòåëüíîñòü è áîëüøîé âêëàä
â ðàçâèòèå íàóêè Èãîðü Áîðèñîâè÷ îòìå÷åí
âûñîêèìè ïðàâèòåëüñòâåííûìè íàãðàäàìè —
ìåäàëÿìè "Çà äîáëåñòíûé òðóä" è "Âåòåðàí
òðóäà".

Ñâîå ñåìèäåñÿòèëåòèå Èãîðü Áîðèñîâè÷
Ùåðáàêîâ âñòðå÷àåò â ïîëíîì ðàñöâåòå ñèë,
òâîð÷åñêèõ óñòðåìëåíèé è ïëàíîâ, íàïðàâëåí-
íûõ íà ðàñöâåò ëþáèìîãî äåòèùà — ãåîëîãè-
÷åñêîé íàóêè âî áëàãî íàðîäà è ïðîöâåòàíèÿ
Óêðàèíû.

Ñåðäå÷íî ïîçäðàâëÿÿ Èãîðÿ Áîðèñîâè-
÷à ñ þáèëååì, êîëëåãè, äðóçüÿ, ó÷åíèêè, ðåä-
êîëëåãèÿ è ðåäàêöèÿ "Ìèíåðàëîãè÷åñêîãî
æóðíàëà" æåëàþò åìó êðåïêîãî çäîðîâüÿ, òâîð-
÷åñêèõ óñïåõîâ è ñâåðøåíèé.

ÕÐÎÍÈÊÀ
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òåõíîëîãèè, Ìýäèñîí (ÑØÀ)
Âîçíþê Ïåòð Îêñåíòüåâè÷ — êàíä. ôèç.-ìàò. íàóê, çàâ êàô. Óêð. ãîñ. óí-ò ïèù. òåõíîëîãèé
Âîçíÿê Äìèòðèé Êîíñòàíòèíîâè÷ — êàíä. ãåîë.-ìèíåðàë. íàóê, è. î. çàâ. îòä. ÈÃÌÐ
ÍÀÍ Óêðàèíû
Ãàëàáóðäà Þðèé Àíäðîíîâè÷ — êàíä. ãåîë.-ìèíåðàë. íàóê, ñ. í. ñ. ÈÃÌÐ ÍÀÍ Óêðàèíû
Ãîðîãîöêàÿ Ëþäìèëà Èâàíîâíà — êàíä. ãåîë.-ìèíåðàë. íàóê, ñ. í. ñ. ÈÌ ÍÀÍ Óêðàèíû
Ãðå÷àíîâñêàÿ Åëåíà Åâãåíüåâíà — ì. í. ñ. ÈÃÌÐ ÍÀÍ Óêðàèíû
Äîâáóø Òàòüÿíà Èëüèíè÷íà — í. ñ. ÈÃÌÐ ÍÀÍ Óêðàèíû
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Êðèâäèê Ñòåïàí Ãðèãîðüåâè÷ — ä-ð ãåîë.-ìèíåðàë. íàóê, çàâ. îòä. ÈÃÌÐ ÍÀÍ Óêðàèíû
Êóö Âèêòîð Àëåêñååâè÷ — í. ñ. ÈÌ ÍÀÍ Óêðàèíû
Êóëü÷èöêàÿ Àííà Àëåêñàíäðîâíà — êàíä. ãåîë.-ìèíåðàë. íàóê, ñ. í. ñ. ÈÃÌÐ ÍÀÍ Óêðàèíû
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Ìåëüíèêîâ Âëàäèìèð Ñòåïàíîâè÷ — êàíä. ãåîë.-ìèíåðàë. íàóê, âåä. í. ñ. ÈÃÌÐ ÍÀÍ
Óêðàèíû
Íàóìîâà Èðèíà Ñåðãååâíà — í. ñ. ÂÈÌÑ, Ìîñêâà
Îñòàïåíêî Ãåîðãèé Òèõîíîâè÷ — ä-ð ãåîë.-ìèíåðàë. íàóê, çàâ. îòä. ÈÌ ÍÀÍ Óêðàèíû
Ïàâëèøèí Âëàäèìèð Èâàíîâè÷ — ä-ð ãåîë.-ìèíåðàë. íàóê, ïðîô., âåä. í. ñ. ÈÃÌÐ ÍÀÍ
Óêðàèíû
Ïîíîìàðåíêî Àëåêñàíäð Íèêîëàåâè÷ — êàíä. ãåîë.-ìèíåðàë. íàóê, âåä. í. ñ. ÈÃÌÐ ÍÀÍ
Óêðàèíû
Ïîëüøèí Ýðíåñò Âàñèëüåâè÷ — êàíä. ãåîë.-ìèíåðàë. íàóê, ñ. í. ñ. ÈÃÌÐ ÍÀÍ Óêðàèíû
Ðàçäîðîæíûé Âèòàëèé Ôåäîðîâè÷ — êàíä. ãåîë.-ìèíåðàë. íàóê, ãåîëîã. ÏÃÐÏ (Âîëíî-
âàõà)
Ðàéñ Ýðèê — ä-ð íàóê, ïðåçèäåíò. Êîðïîðàöèÿ îðáèòàëüíûõ òåõíîëîãèé, Ìýäèñîí
(ÑØÀ)
Ñèäîðåíêî Ãàëèíà Àëåêñàíäðîâíà — ä-ð ãåîë.-ìèíåðàë. íàóê, ïðîô., ãë. í. ñ. ÂÈÌÑ,
Ìîñêâà
Ñóÿðêî Âàñèëèé Ãðèãîðüåâè÷ — ä-ð ãåîë.-ìèíåðàë. íàóê, ïðîô., âåä. í. ñ. ÈÃÌÐ ÍÀÍ
Óêðàèíû
Òàòàðèíîâà Åëåíà Àëåêñàíäðîâíà — íà÷. ó÷åá. îòä. ÀÎ "Êàðáîí" Èí-òà ïðèêëàä. ïðîáë.
ýêîëîãèè, ãåîôèçèêè è ãåîõèìèè
Òèìîøêîâà Ëþäìèëà Ïàâëîâíà — êàíä. ãåîë.-ìèíåðàë. íàóê, ñ. í. ñ. ÈÌ ÍÀÍ Óêðàèíû
Óëüÿí÷è÷ Íàòàëüÿ Âëàäèìèðîâíà — ãåíåð. äèð. Íàó÷.-ïðîèçâîäñòâ. ïðåäïðèÿòèå "ÊÅÐÃÀÏ"
×óêàíîâ Íèêèòà Âëàäèìèðîâè÷ — ä-ð ôèç.-ìàò. íàóê, âåä. í. ñ. Èí-ò ïðîáë. õèì. ôèçèêè
ÐÀÍ, ×åðíîãîëîâêà
×åðíûø Äàðèÿ Ñåðãååâíà — àñï. ÈÃÌÐ ÍÀÍ Óêðàèíû
Øàáàëèí Áîðèñ Ãðèãîðüåâè÷ — êàíä. ãåîë.-ìèíåðàë. íàóê, ñ. í. ñ. ÃÍÖ ÐÎÑ ÍÀÍ Óêðàèíû
Øìåëåâ Åâãåíèé Ãåííàäèåâè÷ — âåä. èíæ. ÃÍÖ ÐÎÑ ÍÀÍ Óêðàèíû
Ùåðáàê Íèêîëàé Ïåòðîâè÷ — ä-ð ãåîë.-ìèíåðàë. íàóê, àêàä. ÍÀÍ Óêðàèíû, ïðîô., äèð.
ÈÃÌÐ ÍÀÍ Óêðàèíû
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Ðóäîïðîÿâ Òåìïåðàòóðà ×àñòîòà, ñì-1

çàïèñó ñïåêòðó H2O OH(Al) OH(Li) H–F Ñ–H

Àðñåí³âñüêèé Òê 3430; 3220* 3450; 3395; 3330 3495 3640 2980; 2940; 2880
Òêð 3230; 3145* 3445; 3382; 3322 3490 3730;

3675;
3695
3653

— — —

Ñêëÿíà Ãîðà Òê 3430; 3222* — — 3320 — 3635 — — —
Òêð 3240; 3145* — 3382; 3320 — 3730; 3675 — — —

3665; 3635
Ëåí÷èíñüêèé Òê 3440; 3220* — — — 3350 3650 — — —

Òêð 3440; 3150* — — — 3350 3720; 3700 — — —
3680; 3660
3620

Ìèíåðàë Ïàðàìåòðû ýëåìåíòàðíîé ÿ÷åéêè, íì (UO2) : (SiO2)
Êðèñòàëëîõèìè÷åñêàÿ ôîðìóëà

Ìåòîä
ðåíòãåíîãðà-
ôè÷åñêîãî
àíàëèçà

Ëèòåðàòóð-
íûé

èñòî÷íèê

à b c

Óèêñèò 0,709 1,791 0,712 1 : 3 K2(UO2)2(Si2O5)34H2O ÐÊÄ-57,3 [20]
0,7092 1,7888 0,7113 2 : 5 (K,Na)2(UO2)2[Si5O13]4H2O ÄÐÎÍ-1 [3]
0,717 1,789 0,711 K2(UO2)2(Si2O5)34H2O ÐÊÓ-114 [14]
1,401 3,499 1,390 1 : 3 (K1,1Na0,5Ca0,2)(UO2)2(Si2O5)34H2O ÐÊÓ-114 [7]

Âà-óèêñèò 1,430 3,588 1,420 1 : 3 Ba(UO2)2(Si2O5)3nH2O n = 2–13 ÄÐÎÍ-2 [4]
Ãàñòóíèò 1,427 1,798 1,839 3 : 8 (K,Na)2(UO2)3(Si2O5)48H2O — [17]
Õåéâèèò (ãàñòóíèò) 1,429 1,798 0,837 — [24]
Õåéâèèò 1,426 1,799 1,840 — [13]

1,430 1,789 1,840 1 : 3 Ca(UO2)2(Si2O5)35H2O ÐÊÓ-114 [18]
Ìåòà-õåéâèèò 1,430 3,589 1,420 1 : 3 Òî æå ÐÊÓ-114 [18]
Ðàíêèëèò 1,430 1,790 1,839 2 : 5 Ca3(UO2)4(Si2O5)5(OH)417,5H2O — [11]
Óðñèëèò 1,429 1,789 1,844 2 : 5,5 (Mg,Ca,Na2,K2)4(UO2)4(Si2O5,5)13,5H2O — [9]
Óðñèëèò      —      —      — 2 : 5 (Mg0,79Na0,47K0,26Ca0,21O0,20)2,00(UO2)1,98[SiO13]nH2O — —
Ña-óðñèëèò 1,433 1,790 1,841 2 : 5 Ca4(UO2)4(Si2O5)5(OH)615H2O — [9]
Ñà-óðñèëèò 1,431 1,790 1,835 2 : 5 Ca3(UO2)4(Si2O5)5(OH)417H2O — [8]
Ca-óðñèëèò      —      —     — 2 : 5 (Ca0,96Mg0,06K0,08)1,13(UO2)1,94[Si4,76Al0,24]5O13 — —
Mg-óðñèëèò 1,430 1,803 1,836 2 : 5 Mg4(UO2)4(Si2O5)5(OH)620H2O — [8]
Õåéâèèò 1,4263 1,7988 1,8395 2 : 5 Ca(UO2)2[Si5O12(OH)2]4,5H2O — [5]
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Ôðàêöèÿ, ìì ppm Èçîòîïíûå îòíîøåíèÿ Èçîòîïíûé âîçðàñò, ìëí ëåò

U Pb 206Pb/204Pb 206Pb/207Pb 206Pb/208Pb 206Pb*/238U 207Pb*/235U 206Pb/238U 207Pb/235U 207Pb/206Pb

Ïðîáà 98-10, áèîòèòîâûé ãíåéñ (ñ. Êîëîìèéöû, êàðüåð Äðóæáà)
Èñõîäíàÿ 858 283 689 4,8305 6,8087 0,27713 7,2517 1577 2143 2740
II ý/ì > 0,1 877 327 1090 5,0638 10,006 0,32914 8,4689 1834 2283 2713
II ý/ì 0,07–0,1 772 84 679 4,7479 6,9295 0,09102 3,4246 562 1250 2770
II ý/ì 0,04–0,07 842 167 362 4,6277 2,2447 0,13303 3,3545 805 1494 2679
II ý/ì < 0,04 872 248 339 4,7742 1,6890 0,17536 4,1979 1042 1674 2593

Ïðîáà 84-102, àìôèáîë-áèîòèòîâûé ãíåéñ (ñ. Çðàçêîâîå, ïðàâûé áåðåã ð. Ìîêðàÿ Êîíêà)
Èñõîäíàÿ 573 283 7430 4,9769 11,814 0,44626 12,277 2379 2626 2822
íå ý/ì > 0,1 539 138 5880 4,9077 12,330 0,23058 6,4205 1338 2035 2842
íå ý/ì 0,07–0,1 616 65 9090 4,9806 12,064 0,09540 2,6265 587 1308 2824
íå ý/ì < 0,04 476 209 4930 5,1888 12,084 0,39822 10,458 2161 2476 2746

Ïðîáà 92-237, áèîòèòîâûé ãíåéñ (õóò. Ñîðîêè, ïðàâûé áåðåã ð. Áóðòè÷èÿ)
Èñõîäíàÿ 332 140 2400 4,4354 8,5338 0,36226 11,036 1993 2526 2988
> 0,1 239 118 1900 4,1160 6,9688 0,41232 13,492 2226 2715 3102
0,07–0,1 331 136 1710 4,4272 7,4944 0,34746 10,513 1922 2481 2977
0,04–0,07 355 132 1160 4,6286 7,4686 0,31784 9,0406 1779 2342 2877

Ïðîáà 99-32, êâàðö-ïëàãèîêëàçîâûé ìåòàïîðôèð (Ñóðîæñêèé ó÷àñòîê, ñêâ. 71-95, èíò. 145,8–149 ì)
íå ý/ì > 0,1 552 262 1600 4,3984 7,1499 0,3998 12,150 2168 2616 2984
íå ý/ì 0,07–0,1 538 276 1499 4,2759 6,9034 0,4279 13,365 2296 2706 3028
íå ý/ì 0,04–0,07 572 289 2183 4,3311 7,1162 0,4259 13,265 2287 2699 3023
íå ý/ì < 0,04 635 285 1927 4,4480 7,0675 0,3788 11,443 2070 2560 2974
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Íîìåð Íîìåð Ñîäåðæàíèå, ã/ò
Sm/Nd 147Sm/144Nd 143Nd/144Nd 1ñð Nd (T) Ìîäåëüíûé âîçðàñò, ìëí ëåò

Âîçðàñò äëÿ
âû÷èñëåíèÿ

àíàëèçà ïðîáû Sm Nd CHUR DM Nd, ìëí ëåò

1 98-10 1,403 7,570 0,185 0,1053 0,510447  ± 4 –10,8 3620 3770 2720
2 99-156 1,118 6,160 0,181 0,1030 0,510144  ± 4 –4,5 4020 4100 3400
3 84-102 1,376 5,720 0,241 0,1366 0,510983  ± 3 –10,8 4155 4245 2790
4 99-131 1,449 5,927 0,245 0,1388 0,511257  ± 2 –26,9 3605 3820 2800

Ðóäíå ïîëå
Ãëèáèíà
â³äáîðó
ïðîá, ì

Ê³ëü-
ê³ñòü
àíà-
ë³ç³â

Óñåðåäíåíà ôîðìóëà
õ³ì³÷íîãî ñêëàäó ï³äçåìíèõ

âîä
pH CO2 Li Rb Cs Ge Ga Sc Y La Ce Yb Nb Be Se

Ìèêèò³âñüêå 150–955 34 M
Cl HCO SO
Na Ca Mg2 8

36 34
3

30
4

57 23 20
,

9 2
7 7
,
,

90 0
33 5

,
,

125 0
7 6

,
, 80

8
20
16

335
1

5
0 1,

2
0 5

*
,

2 5
15
,
,

473
1 5,

50
4
* 0 3

0 1
, *
, — — —

Äðóæê³âñüêî-
Êîñòÿíòèí³â-
ñüêå

0–18 15 M
HCO SO Cl
Na Ca Mg1 6

39
3

36
4

25
36 35 29

,
8 7
7 5
,
,

107 9
49 4

,
, 700

56
52
7 8,


16

1 2
1
, *

—
*
,0 1

2
1
*

— — — — — —

Ñëîâ’ÿíñüêå 52–210 12 M
Cl SO HCO
Na Ca Mg3 0

43 41
4

16
3

47 33 20
,

8 4
7 5
,
,

101 5
53 0

,
, 1010

90
60
11

80
16 —

0 3
01
, *
,

*
,0 5

5
015,

7
1

*
4

0 3
01
, *
, — — —

Ïîêðîâî-
Êèðåºâñüêå

0–358 27 M
SO Cl HCO
Na Ca Mg2 7

47
4

31 20
3

51 32 17
,

8 2
7 7
,
,

80 0
44 2

,
, 133

26
11
5 4,

20
12

12
0 14

*
,

10
0 5,

3
0 57,

6
0 58,

460
11,

140
3

0 5
01
, *
,

2 7
1 7
, *
,

7
0 04, —

ªñàóë³âñüêå 121–632 5 M
HCO Cl SO
Na Ca Mg0 8

38
3

35 27
4

56 31 13,
8 8
7 8
,
,

94 0
57 2

,
, 90

50


7 8,

16

1
0 2,

0 4
01
,
,

*
,0 2

*
,0 2

*
,15 — — — —


01,



Íîìåð
Ìåñòî îòáîðà ïðîá Ïîðîäà

Âîçðàñò, ìëí 18Î (SMOW)

îáðàçöà ëåò Zr Pl Q Mt Rc

23 Ñ ßñòðåáåöêèé ñèåíèòîâûé ìàññèâ Öèðêîíèåâàÿ ðóäà 1720 4,8 — — — —
865/971 ×åðíèãîâñêàÿ çîíà Êàðáîíàòèò 2060 5,8 — 1,6 2,3 —
Ò-31 Ðîñèíñêî-Òèêè÷ñêèé ðàéîí, ñ. Òåëåæèíöû Ãàááðî-àìôèáîëèò 2695 6,0 7,3 — — 7,5
980/64 Áåðäè÷åâñêèé êîìïëåêñ, ã. Ëèòèí Ãðàíèò áèîòèòîâûé àïëèò-ïåãìàòîèäíûé 2000 5,8 — 10,1 0,8 —
111/62 Êèðîâîãðàäñêî-æèòîìèðñêèé êîìïëåêñ,

ñ. Ðàéêè
Òî æå 2000–2100 6,0 — 10,7 0,5 —

Å-31 Äíåñòðîâñêî-Áóãñêèé ðàéîí, ñ. Çàâàëüå Äâóïèðîêñåíîâûé êðèñòàëëîñëàíåö 1950 6,0 — — — 7,0
Ê-1-1 Ðîñèíñêî-Òèêè÷ñêèé ðàéîí, ñ. Êîðñóíêà Êâàðöåâûé äèîðèò 2150 7,2 8,1 10,7 1,7 —
Ê-1-4 Òàì æå Ãðàíîäèîðèò 2100 7,8 9,0 10,9 2,3 —
5115 Èíãóëî-Èíãóëåöêèé ðàéîí, ñ. ×å÷åëååâêà Ãðàíèò àïëèò-ïåãìàòîèäíûé 1990 7,6 — — — —
ÑÒÖ-5 Ñåâåðî-Çàïàäíûé ðàéîí, ã. Ìàëèí Ãðàíèò ðàïàêèâè 1950 7,7 — — — —
Ò-33 Òàì æå Ãðàíèò ðîçîâûé 2620 8,0 9,1 — — —
1050 Ïðèàçîâüå, ñ. Äìèòðîâêà, êàðüåð Àëüáèòèò 1935 7,0 — — — —

39



Ôðàêöèÿ, ìì ppm Èçîòîïíûå îòíîøåíèÿ Èçîòîïíûé âîçðàñò, ìëí ëåò
U Pb 206Pb/204Pb 206Pb/207Pb 206Pb/208Pb 206Pb*/238U 207Pb*/235U 206Pb/238U 207Pb/235U 207Pb/206Pb Th**/U

Âîñòî÷íî-Åëèñååâñêèé ìàññèâ
Ïðîáà 4536, äèîðèò, âîçëå ñ. Øåâ÷åíêî, ð. Îáèòî÷íàÿ

Èñõîäíàÿ 167 89 3200 4,8982 3,6724 0,41606 11,658 2243 2577 2852 0,83
HM > 0,1 100 49 3090 4,8298 4,2942 0,39222 11,002 2133 2523 2854 1,212
HM 0,07–0,1 192 96 3940 4,8859 3,7008 0,39186 10,908 2131 2515 2842 0,722
HM < 0,04 114 61 2110 4,7902 3,2558 0,40841 11,453 2208 2561 2854 1,316

Ñàëòû÷àíñêèé ìàññèâ
Ïðîáà 99-25á, ãðàíîäèîðèò, þæíàÿ îêðàèíà ñ. Îáèòî÷íîå, ð. Îáèòî÷íàÿ

HM > 0,1 115 63 4854 5,0230 6,7408 0,46754 12,6903 2473 2657 2800 0,708
HM 0,04–0,07 184 82 7752 5,1942 6,9029 0,38655 10,1897 2107 2452 2752 0,441
HM 0,07–0,1 151 76 4854 5,0684 6,5219 0,43144 11,6039 2312 2573 2785 0,555
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