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Ââåäåíèå 

Îñòðîâà Êàíàðñêîãî àðõèïåëàãà èìåþò âóëêàíè-

÷åñêîå ïðîèñõîæäåíèå. Îíè ñôîðìèðîâàëèñü íà äî-

ñòàòî÷íî êðóïíîì ñèìàóíòå â çîíå òðàíñôîðìíîãî ðàç-

ëîìà Àòëàíòè÷åñêîãî ñðåäèííî-îêåàíè÷åñêîãî õðåáòà. 

Ñëàãàþùèå èõ ïîðîäû ïðåäñòàâëåíû ïðåèìóùåñòâåí-

íî ñóáùåëî÷íûìè áàçàëüòàìè K-Na-óêëîíà, ðåæå îò-

ìå÷àþòñÿ òðàõèòû è íåôåëèíñîäåðæàùèå áàçèòû. Ïî 

ñâîèì ãåîõèìè÷åñêèì ïàðàìåòðàì îíè ñîîòâåòñòâóþò 

ïðîäóêòàì E-MORB- èëè OIB-òèïà [4]. Îñîáåííîñòüþ 

òåêñòóðû äàííûõ âóëêàíèòîâ âûñòóïàåò ÷àñòîå ïðèñóò-

ñòâèå êñåíîãåííûõ âêëþ÷åíèé ïåðèäîòèòîâîãî ñîñòàâà 

[1, 3] è îñàäî÷íûõ ïîðîä [5, 12, 13]. Ïåðâûå ÷àñòî ðàñ-

ñìàòðèâàþòñÿ â êà÷åñòâå ìàíòèéíûõ êñåíîëèòîâ. Íà 

ïðèìåðå ïåðèäîòèòîâûõ êñåíîëèòîâ è áàçàëüòîâ îñòðî-

âîâ Ãðàí-Êàíàðèÿ, Òåíåðèôå è Ëà-Ãîìåðà ïðåäïîëàãà-

åòñÿ àêòèâíîå âçàèìîäåéñòâèå ìàòåðèàëà êñåíîëèòîâ 

ñ ìåòàñîìàòè÷åñêèìè ðàñòâîðàìè êîðîâîãî è ìàíòèé-

íîãî ïðîèñõîæäåíèÿ [2, 9]. Â öåëîì ïðèðîäà êñåíîãåí-

íûõ âêëþ÷åíèé îñòàåòñÿ äîñòàòî÷íî äèñêóññèîííîé.

Äëÿ âûÿâëåíèÿ óñëîâèé ôîðìèðîâàíèÿ èññëåäóå-

ìûõ ïîðîä áûë èçó÷åí ñîñòàâ ãëàâíûõ ïîðîäîîáðàçó-

þùèõ ìèíåðàëîâ áàçàëüòîâ è êñåíîëèòà. Èçó÷åíèå õè-

ìè÷åñêîãî ñîñòàâà ïîðîäîîáðàçóþùèõ ìèíåðàëîâ áàçè-

ðîâàëîñü íà ðåçóëüòàòàõ ìèêðîðåíòãåíîñïåêòðàëüíîãî 

àíàëèçà â ÖÊÏ «Àíàëèòè÷åñêèé öåíòð ãåîõèìèè ïðè-

ðîäíûõ ñèñòåì». Áûëî èçó÷åíî 3 îáðàçöà ãîðíûõ ïîðîä 

è 79 îïðåäåëåíèé õèìè÷åñêîãî ñîñòàâà ìèíåðàëüíûõ 

ôàç (îëèâèíà, ïèðîêñåíà, ïëàãèîêëàçà, õðîìøïèíåëè-

äà, èëüìåíèòà è êàðáîíàòîâ). Â äàííîé ðàáîòå îáñóæ-

ÓÄÊ 552.111 DOI:10.19110/geov.2020.4.1

ÎÑÎÁÅÍÍÎÑÒÈ ÑÎÑÒÀÂÀ ÃËÀÂÍÛÕ ÏÎÐÎÄÎÎÁÐÀÇÓÞÙÈÕ ÌÈÍÅÐÀËÎÂ ÁÀÇÀËÜÒÎÂ
È ÊÑÅÍÎËÈÒÀ ÊÀÍÀÐÑÊÎÃÎ ÀÐÕÈÏÅËÀÃÀ (ÈÑÏÀÍÈß)

Â. À Êðûëîâà, È. Ô. Ãåðòíåð

Íàöèîíàëüíûé èññëåäîâàòåëüñêèé Òîìñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Òîìñê

krylova.vera1994@yandex.ru; labspm@ggf.tsu.ru

Ñòàòüÿ ïîñâÿùåíà îñîáåííîñòÿì õèìè÷åñêîãî ñîñòàâà ãëàâíûõ ïîðîäîîáðàçóþùèõ ìèíåðàëîâ áàçàëüòîâ ñ îñòðîâà Ëà-
Ïàëüìà, êñåíîëèòà ñ îñòðîâà Ëàíñàðîòå Êàíàðñêîãî àðõèïåëàãà (Èñïàíèÿ). Îñíîâíîé çàäà÷åé èññëåäîâàíèÿ âûñòóïàëà äè-
àãíîñòèêà ìèíåðàëüíîãî ñîñòàâà äàííûõ ïîðîä. Ðàññìîòðåíû íåñêîëüêî âåðñèé ïðèðîäû ïåðèäîòèòîâûõ êñåíîëèòîâ, îòðà-
æàþùèõ èõ ìàíòèéíîå èëè êîðîâîå ïðîèñõîæäåíèå. Ïðèâîäèòñÿ îïèñàíèå õèìè÷åñêîãî ñîñòàâà ãëàâíûõ ïîðîäîîáðàçóþùèõ 
ìèíåðàëîâ, íà îñíîâå êîòîðîãî ïðåäïîëàãàåòñÿ êóìóëÿòèâíûé ãåíåçèñ ýòèõ îáðàçîâàíèé â ãëóáèííûõ ìàãìàòè÷åñêèõ êàìå-
ðàõ ñ âîçìîæíûì âîâëå÷åíèåì êñåíîãåííûõ êðèñòàëëîâ èç ìàòåðèàëà ëèòîñôåðíîé ìàíòèè.

Êëþ÷åâûå ñëîâà: ïîðîäîîáðàçóþùèå ìèíåðàëû, õèìè÷åñêèé ñîñòàâ, êñåíîëèò, ìèíåðàëüíûé òèï, áàçàëüòû, ïåðèäîòèò.

FEATURES OF THE COMPOSITION OF THE MAIN ROCK-FORMING MINERALS OF BASALTS
AND XENOLITHS OF THE CANARY ARCHIPELAGO  (SPAIN)

V. A. Krylova, I. F. Gertner

Tomsk National Research State University, Tomsk

The article is devoted to studying the chemical composition of the main rock-forming minerals of basalts from the island of La 
Palma, xenolith from the island of Lanzarote of the Canary Archipelago (Spain). The main task of the research is the diagnosis of 
mineral composition of these rocks. Peridodite xenoliths can be of several types reflecting their mantle or crust origin. The chemical 
composition of the main rock-forming minerals is described, which testifies to a cumulative genesis of these formations in deep 
magmatic chambers with possible inclusion of xenogenic crystals from lithospheric mantle material.

The main research methods were petrographic diagnostics and micro X-ray spectral analysis of the chemical composition of 
the main rock-forming minerals by Tescan Vega II LMU electron microscope equipped with INCA Energy 350 energy dispersive 
spectrometer (with Si (Li) Standart detector). We found that the olivines and pyroxenes of basalts were characterized by a typical 
composition of volcanic rocks, which had been formed in near-surface conditions or as a result of direct outpouring. Variations in the 
composition of plagioclase from labrador to oligoclase allowed classifying these formations as subalkaline bases characteristic of 
intraplate oceanic magmatism. The study of the petrostructure of peridotite xenolith and the composition of its constituent minerals 
revealed the peculiarities of their formation. There are several versions of the nature of peridotite xenoliths, reflecting their mantle or 
crustal origin. The obtained results suggested the cumulative genesis of these formations in deep magma chambers, with the possible 
involvement of xenogenic crystals from lithospheric mantle material. The magmatic nature of xenolith was supported by the presence 
of endiopside and plagioclase in the intergranular space of large olivine and orthopyroxene grains. The elements of intracrystalline 
deformations and their high magnesian composition, corresponding to restite hyperbasites of ophiolite association, can be used to 
explain the mantle nature of large crystals of olivine and orthopyroxene.

Key words: rock-forming minerals, chemical composition, xenolith, mineral type, basalts, peridotite.

Äëÿ öèòèðîâàíèÿ: Êðûëîâà Â. À, Ãåðòíåð È. Ô. Îñîáåííîñòè ñîñòàâà ãëàâíûõ ïîðîäîîáðàçóþùèõ ìèíåðàëîâ áàçàëüòîâ è êñåíîëèòà 

Êàíàðñêîãî àðõèïåëàãà (Èñïàíèÿ) // Âåñòíèê ãåîíàóê. 2020. 4(304). C. 3—8. DOI: 10.19110/geov.2020.4.1.

For citation:  Krylova V. A., Gertner I. F. Features of the composition of the main rock-forming minerals of basalts and xenoliths of the Canary 

Archipelago (Spain). Vestnik of Geosciences, 2020, 4(304), pp. 3—8. DOI: 10.19110/geov.2020.4.1.
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äàþòñÿ îñîáåííîñòè ñîñòàâà òîëüêî îñíîâíûõ ïîðîäî-
îáðàçóþùèõ ìèíåðàëîâ.

Êðàòêàÿ ïåòðîãðàôè÷åñêàÿ
õàðàêòåðèñòèêà èçó÷åííûõ îáðàçöîâ 

Ïî ñâîèì ïåòðîãðàôè÷åñêèì îñîáåííîñòÿì èçó÷åí-
íûå îáðàçöû îòâå÷àþò îñíîâíûì òèïàì ïîðîä, ðàñïðî-
ñòðàíåííûõ â âóëêàíèòàõ Êàíàðñêîãî àðõèïåëàãà [6]. 
Îáðàçåö À-1685 ïðåäñòàâëåí ïîðôèðîâèäíûì àíàìåçè-

òîì (ðèñ. 1, À, B). Â êà÷åñòâå âêðàïëåííèêîâ (1–3 ìì) 
íàáëþäàþòñÿ èçîìîðôíûå êðèñòàëëû îëèâèíà è êëè-
íîïèðîêñåíà ñî ñëàáîé ñèðåíåâîé îêðàñêîé. Îñíîâíàÿ 
ìàññà äîñòàòî÷íî ðàñêðèòàëëèçîâàíà (äî 0.3 ìì), èìå-
åò èíòåðãðàíóëÿðíóþ ñòðóêòóðó, îáóñëîâëåííóþ áîëåå 
êðóïíûìè ëåéñòàìè ïëàãèîêëàçà è èíòåðñòèöèàëüíûì 
àãðåãàòîì ïèðîêñåíà, îëèâèíà, ïëàãèîêëàçà è ðóäíîãî 
ìèíåðàëà. Ïðèñóòñòâóþò òàêæå ìåíåå ðàñêðèñòàëëèçî-
âàííûå ðàçíîâèäíîñòè ñ ïîðôèðîâûìè âûäåëåíèÿìè 
ïëàãèîêëàçà (îáð. 3138).

Ðèñ. 1. Îñîáåííîñòè ìèêðîñòðóêòóðû áàçàëüòîâ è ïåðèäîòèòîâîãî êñåíîëèòà èçó÷åííûõ îáðàçöîâ: À, B — ïîðôèðîâèäíûé äîëå-

ðèò, îáðàçåö À-1685; C, D — ïèðîêñåíîâûé àìèãäîëîèäíûé ïîðôèðèò, îáðàçåö À-1688; E, F — êîíòàêò ïåðèäîòèòîâîãî êñåíî-

ëèòà ñ âìåùàþùèì ìèíäàëåêàìåííûì áàçàëüòîì, îáðàçåö À-3; G, H — ïðîòîãðàíóëÿðíàÿ ñ ýëåìåíòàìè ïîðôèðîêëàñòè÷åñêîé 

ñòðóêòóðà ïåðèäîòèòîâîãî êñåíîëèòà, îáðàçåö À-3 (ñëåâà íà ôîòî íèêîëè ñêðåùåíû, ñïðàâà íèêîëè ïàðàëëåëüíû). Óñëîâíûå 

îáîçíà÷åíèÿ: CPx — êëèíîïèðîêñåí; Pl — ïëàãèîêëàç; Anl — àíàëüöèì; Ol — îëèâèí; OPx — îðòîïèðîêñåí

Fig. 1. Petrofabric features of basalts and peridotite xenolith of studied samples. A, B — porphiric dolerite. A-1685; C, D — amigdaloid 

pyroxene porphirite, sample A-1688; E, F — boundary between peridotite xenolith and host basalt, sample A-3; G, H — protogranular 

with elements of porphiroclastic structures of peridotite xenolith, sample A-3 (on the left of the photo — crossed nicols, on the right — 

parallel nicols). Symbols: Cpx — clinopyroxene, Pl — plagioclase, Anl — analcime, Ol — olivine, OPx — orthopyroxene
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Îáðàçåö À-1688 èíòåðïðåòèðóåòñÿ êàê ïèðîêñåíî-
âûé ïîðôèðèò ñ îáèëüíûìè ìèíäàëèíàìè àíàëüöèìà 
(ðèñ. 1, C, D), êîòîðûå ïî ðàçìåðó èíîãäà ñîïîñòàâè-
ìû ñ ñàìèìè âêðàïëåííèêàìè (0.5 ìì). Êðîìå êëèíî-
ïèðîêñåíà ïðèñóòñòâóþò êðóïíûå (äî 0.5 ìì) ÷åøóéêè 
áóðîé ñëþäû. Îñíîâíàÿ ìàññà ñëîæåíà ëåéñòàìè ïëàãè-
îêëàçà, ìåëêèìè çåðíàìè ïèðîêñåíà è ðóäíîãî ìèíåðà-
ëà. Îòìå÷àþòñÿ ó÷àñòêè ñ ïèëîòàêñèòîâîé ñòðóêòóðîé.

Îáðàçåö À-3 ïðåäñòàâëåí ïåðèäîòèòîâûì êñåíîëè-
òîì â àìèãäàëîèäíîì áàçàëüòå. Âìåùàþùèé âóëêàíèò 
ñëàáî ðàñêðèñòàëëèçîâàí è èçîáèëóåò ìåëêèìè ìèíäà-
ëèíàìè àíàëüöèìà, ÷òî ïîçâîëÿåò ñîïîñòàâëÿòü åãî ñ 
ïðåäûäóùåé ïîðîäîé (ðèñ. 1, F). Ñîáñòâåííî êñåíîëèò 
èìååò ðåçêèå ãðàíèöû áåç ïðèçíàêîâ âçàèìîäåéñòâèÿ ñ 
âìåùàþùèì ñóáñòðàòîì (ðèñ. 1, E, F). Ïåðèäîòèò ñëî-
æåí êðóïíûìè (äî 3–4 ìì) êðèñòàëëàìè îëèâèíà ñ õà-
ðàêòåðíûìè ïðèçíàêàìè âíóòðèêðèñòàëëè÷åñêèõ äå-
ôîðìàöèé (ïîëîñû èçëîìà èëè «êèíê-áàíä» ñòðóêòóðû) 
è îðòîïèðîêñåíîì ñî ñëåäàìè ðàñïàäà «ïèæîíèòîâîãî» 
òèïà. Ñòðóêòóðà ïåðèäîòèòà ïðîòîãðàíóëÿðíàÿ ñ ýëå-
ìåíòàìè ïîðôèðîêëàñòîâîé (ðèñ. 1, G, H). Ïîñëåäíÿÿ 
îñîáåííîñòü îáóñëîâëåíà ïðèñóòñòâèåì âíóòðè êðóïíûõ 
êðèñòàëëîâ ìåëêîçåðíèñòîãî (0.2–0.3 ìì) èíòåðñòèöè-
àëüíîãî àãðåãàòà, ñëîæåííîãî ïëàãèîêëàçîì, êëèíîïè-
ðîêñåíîì, îëèâèíîì è ðóäíûì ìèíåðàëîì. Â ñîñòàâå 
êðóïíîçåðíèñòîé ïåðèäîòèòîâîé ôðàêöèè ïîñòîÿííî 
ïðèñóòñòâóåò òàêæå õðîìøïèíåëèä ñ õàðàêòåðíûì âèø-
íåâûì îòòåíêîì â ïàðàëëåëüíûõ íèêîëÿõ.

Ìåòîäèêà èññëåäîâàíèé 

Àíàëèç âåùåñòâåííîãî ñîñòàâà ïîðîäîîáðàçóþùèõ 
ìèíåðàëîâ, à òàêæå êà÷åñòâåííûå èçîáðàæåíèÿ õàðàêòå-
ðà âçàèìîîòíîøåíèÿ ìèíåðàëüíûõ àññîöèàöèé è ìèíå-
ðàëüíûõ èíäèâèäîâ ïðîâîäèëñÿ ìåòîäîì ðåíòãåíîñïåê-
òðàëüíîãî ìèêðîàíàëèçà â ðåæèìå îáðàòíîðàññåÿííûõ 
ýëåêòðîíîâ (ðåæèì BSE) íà ýëåêòðîííîì ñêàíèðóþùåì 
ìèêðîñêîïå Tescan Vega II LMU, îáîðóäîâàííîì ýíåð-
ãîäèñïåðñèîííûì ñïåêòðîìåòðîì INCA Energy 350 (ñ 
äåòåêòîðîì Si(Li) Standart). Îøèáêà îïðåäåëåíèÿ êîí-
öåíòðàöèé ãëàâíûõ îêñèäîâ ñîñòàâëÿëà 0.05–0.1 %. Äëÿ 
èññëåäîâàíèé èç îòîáðàííûõ îáðàçöîâ áûëè âûïèëå-
íû ïëîñêîïàðàëëåëüíûå àíøëèôû òîëùèíîé 3–4 ìì. 
Ïåðåä ïðîâåäåíèåì àíàëèòè÷åñêèõ ðàáîò íà ïîâåðõ-

íîñòü èçó÷àåìûõ îáðàçöîâ ïðåäâàðèòåëüíî íàïûëÿëñÿ 
ñëîé óãëåðîäà òîëùèíîé 25–30 íì.

Ðåçóëüòàòû èññëåäîâàíèé 

Îëèâèíû â áàçàëüòå (îáð. À-1688) áûëè èçó÷åíû âî 
âêðàïëåííèêàõ, â êñåíîëèòå (îáð. À-3) — â êðóïíûõ 
çåðíàõ, â îðòîïèðîêñåíå — â áîëåå ìåëêèõ èäèîìîðô-
íûõ âêëþ÷åíèÿõ. Îëèâèíû ïðåäñòàâëåíû ôîðñòåðèòîì 
è õðèçîëèòîì. Ïî ñîäåðæàíèþ ôàÿëèòîâîãî ìèíàëà 
ìîæíî âûäåëèòü äâå îòíîñèòåëüíî êîíòðàñòíûå ãðóï-
ïû. Ïåðâàÿ ãðóïïà ôèêñèðóåò ìàêñèìàëüíûå çíà÷åíèÿ 
æåëåçèñòîñòè (26.8–27.1 % Fa), êîòîðûå íàáëþäàþòñÿ 
âî âêðàïëåííèêàõ áàçàëüòà. Êî âòîðîé ãðóïïå îòíåñå-
íû ôîðñòåðèòû è õðèçîëèòû (7.7–16.1 % Fa), êîòîðûå 
ïðåäñòàâëåíû â êñåíîëèòå ïåðèäîòèòà. Ïðèñóòñòâèå 
îëèâèíà ïîâûøåííîé æåëåçèñòîñòè (13–16 % Fa) ñâîé-
ñòâåííî ìàãìàòè÷åñêèì îëèâèíàì, ñôîðìèðîâàâøèì-
ñÿ â ïðîìåæóòî÷íîé ãëóáèííîé êàìåðå íà óðîâíå íèæ-
íåé êîðû è ïðåäñòàâëåííûì âêðàïëåííèêàìè èç óëü-
òðàîñíîâíûõ âóëêàíèòîâ [10, 14]. Õèìè÷åñêèé ñîñòàâ 
èçó÷åííûõ îëèâèíîâ ïîêàçàí â òàáëèöå 1.

Ñîäåðæàíèå CaO èçìåíÿåòñÿ îò 0.00 äî 0.67 âåñ.%. 
Çäåñü ïðîñëåæèâàåòñÿ ÷åòêàÿ çàêîíîìåðíîñòü. Âêðàïëåí -
íèêè îëèâèíà â áàçàëüòàõ õàðàêòåðèçóþòñÿ ðåçêî ïî-
âûøåííûìè êîíöåíòðàöèÿìè îêñèäà êàëüöèÿ (0.4–
0.7 âåñ. %), òîãäà êàê â îëèâèíàõ ïåðèäîòèòîâûõ êñå-
íîëèòîâ åãî ðîëü êðàéíå ìàëà (íå áîëåå 0.2 âåñ. %). 
Ñîäåðæàíèå êàëüöèÿ â îëèâèíå ÿâëÿåòñÿ ñâîåîáðàç-
íûì ãåîáàðîìåòðîì [11], ðàçäåëÿþùèì ïîëÿ âóëêàíè-
÷åñêèõ è ïëóòîíè÷åñêèõ óëüòðàìàôèòîâ. Íà áèíàðíîé 
äèàãðàììå «CaO–Fa» (ðèñ. 2) îñíîâíàÿ ìàññà ôèãóðà-
òèâíûõ òî÷åê ïîïàäàåò â îãðàíè÷åííóþ îáëàñòü çíà÷å-
íèé 0.0–0.2 âåñ. %, êîòîðûå õàðàêòåðíû äëÿ îëèâèíîâ 
èç ïîðîä êñåíîëèòîâ, ñôîðìèðîâàâøèõñÿ íà çíà÷èòåëü-
íîé ãëóáèíå. Ïîâûøåííûå ñîäåðæàíèÿ CaO (0.43–0.67) 
ôèêñèðóþòñÿ â îëèâèíàõ èç áàçàëüòà, ãäå ïîëó÷èëè ðàç-
âèòèå âêðàïëåííèêè ãèïàáèññàëüíûõ ôàöèé.

Ïèðîêñåíû ïî ðåçóëüòàòàì èññëåäîâàíèÿ áûëè îïðå-
äåëåíû è â êñåíîëèòå, è âî âêðàïëåííèêàõ èç áàçàëüòîâ. 
Ïðè ýòîì áûëè äèàãíîñòèðîâàíû êàê êàëüöèåâî-ìàãíè-
åâûå (ìîíîêëèííûå), òàê è ìàãíåçèàëüíî-æåëåçèñòûå 
(ðîìáè÷åñêèå) ðàçíîâèäíîñòè (òàáë. 2). Îðòîïèðîêñåíû 
íàáëþäàþòñÿ èñêëþ÷èòåëüíî â ïåðèäîòèòå (îáð. À-3). 

Òàáëèöà ¹ 1. Õèìè÷åñêèé ñîñòàâ îëèâèíîâ (ìàñ. %)

Table 1. The chemical composition of olivines (wt. %)

Îêèñëû
Oxides

À-3/1 À-3/2 À-3/3 À-3/4 À-1688/6 À-1688/7 À-1688/8

1 2 3 4 5 6 7

SiO2 42.31 41.77 41.83 41.27 39.63 39.42 39.55

TiO2 – – – – 0.37 – –

FeO 7.66 12.44 10.75 15.04 23.32 23.36 23.45

MnO – – – 0.23 0.52 0.64 0.52

MgO 49.50 45.22 46.94 43.19 35.20 35.98 35.87

CaO 0.20 0.20 0.18 – 0.94 0.60 0.61

NiO 0.34 0.37 0.30 0.27 – – –

Ñóììà / Sum 100.01 100 100 100 99.98 100 100

Ðàñ÷¸ò ôîðìóë îëèâèíîâ ïðîèçâîäèëñÿ íà 4 èîíà (Î) / Olivine formulas are calculated for 4 ions (O) 

(Mg 1.79, Fe 0.15) Ni 0.01 [Si 1.02 O4]; (Mg 1.67, Fe 0.26) Ca 0.01 Ni 0.01 [Si 1.03 O4]; (Mg 1.72, Fe 0.22) Ni 0.01 [Si 1.03 O4];

(Mg 1.61, Fe 0.31) Ni 0.01 [Si 1.03 O4]; (Mg 1.37, Fe 0.51) Ca 0.03 Ti 0.01 Mn 0.01 [Si 1.03 O4]; (Mg 1.40, Fe 0.51) Ca 0.02 Mn 0.01 [Si 1.03 O4];

(Mg 1.39, Fe 0.51) Ca 0.02 Mn 0.01 [Si 1.03 O4]
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äóþùèå ðàñ÷¸òû ïî ôîðìóëå: Ca /(Ca+Na+K) = ¹ ïëà-
ãèîêëàçà. Â ðåçóëüòàòå áûëè îïðåäåëåíû ïëàãèîêëàçû, 
ïî ñîñòàâó ñîîòâåòñòâóþùèå ëàáðàäîðó, áèòîâíèòó, àí-
äåçèíó è îëèãîêëàçó ñ ïîâûøåííûì ñîäåðæàíèåì îð-
òîêëàçîâîãî ìèíàëà (òàáë. 3, ðèñ. 4). Äëÿ ïåðèäîòèòî-
âûõ êñåíîëèòîâ õàðàêòåðíû ëàáðàäîðû, à äëÿ ñîáñòâåí-
íî áàçàëüòîâ — áîëåå øèðîêèé ñïåêòð: îò áèòîâíèòà äî 
îáîãàùåííîãî êàëèåì îëèãîêëàçà. Íàëè÷èå îñíîâíîãî 

Îíè äîâîëüíî îäíîðîäíû ïî ñîñòàâó è îòâå÷àþò ýíñòà-
òèòó, ÷òî ïîçâîëÿåò ñîïîñòàâëÿòü äàííûå îáðàçîâàíèÿ 
ñ ïðîäóêòàìè ðåñòèòîâîé ìàíòèè. Âìåñòå ñ òåì â äàí-
íûõ ïîðîäàõ îáíàðóæåíû è êàëüöèåâûå ðàçíîâèäíîñòè 
ýòîãî ìèíåðàëà, êîòîðûå ïðåäñòàâëåíû â ïîðôèðîêëà-
ñòîâîì àãðåãàòå. Êëèíîïèðîêñåíû îáíàðóæåíû â ïåðè-
äîòèòå (îáð. À-3) è â áàçàëüòàõ (îáð. À-1685, À-1688), 
(ðèñ. 3). Äëÿ âêðàïëåííèêîâ â áàçàëüòàõ õàðàêòåðíû 
áîëåå êàëüöèåâûå è áîëåå æåëåçèñòûå ðàçíîâèäíîñòè 
òèïà äèîïñèäà è àâãèòà. Â ñîñòàâå ïåðèäîòèòîâûõ êñå-
íîëèòîâ óñòàíîâëåíû ïðåèìóùåñòâåííî ýíäèîïñèäû.

Ïëàãèîêëàçû ïðåäñòàâëåíû â áîëüøîì êîëè÷åñòâå 
â áàçàëüòàõ (îáð. À-1685, 1688) è â êñåíîëèòå (îáð. À-3). 
×òîáû îïðåäåëèòü ñîñòàâ ïëàãèîêëàçà, ìû ïðîâåëè ñëå-

Ðèñ. 2. Âàðèàöèè ñîäåðæàíèÿ CaO â îëèâèíàõ

Fig. 2. Variations in CaO content in olivines

Ðèñ. 3. Ñîñòàâ ïèðîêñåíîâ èç áàçàëüòîâ è ïåðèäîòèòà Êàíàð-

ñêèõ îñòðîâîâ

Fig. 3. Composition of pyroxenes from basalts and peridotite of 

the Canary Islands

Îêèñëû

Oxides

À-1685/9 À-1685/10 À-3/11 À-3/12 À-3/13 À-1688/14 À-1688/15

1 2 3 4 5 6 7

SiO2 50.61 48.86 55.94 51.45 58.29 47.94 50.93

TiO2 2.45 3.53 – 1.94 – 3.49 1.95

Al2O3 3.82 5.26 1.67 4.14 1.32 5.78 4.30

Cr2O3 – – 1.10 0.37 0.68 – 0.30

FeO 9.74 9.15 3.10 8.53 4.64 7.65 6.10

MnO 0.24 – – – – 0.22 0.20

MgO 11.38 11.45 19.59 16.13 33.44 13.16 13.52

CaO 21.23 21.15 18.20 17.15 1.63 21.31 22.00

Na2O 0.53 0.60 0.40 0.28 – 0.46 0.70

Ñóììà / Sum 100 100 100 99.99 100 100.01 100

Wo 47.8 47.73 38.04 37.36 3.16 46.74 18.89

En 35.5 36.36 56.52 48.35 89.47 40.22 41.11

Fs 16.7 15.9 5.43 14.28 7.37 13.04 10

f, % 31.9 30.4 8.7 22.8 7.6 24.4 19.5

Òàáëèöà 2. Ïðåäñòàâèòåëüíûé õèìè÷åñêèé ñîñòàâ ïèðîêñåíîâ (ìàñ. %)

Table 2. The chemical composition of pyroxenes (wt. %)

Ðàñ÷¸ò ôîðìóë ïèðîêñåíîâ ïðîèçâîäèëñÿ íà 3 èîíà (Î) / Pyroxene formulas are calculated for 3 ions (O) 

Ca 0.43 Mg 0.32 Fe 0.15 Na 0.02 Al 0.08 Ti 0.03[Si 0.95 O3]; Ca 0.42 Mg 0.32 Fe 0.14 Na 0.02 Al 0.12 Ti 0.05[Si 0.91 O3];

Са 0.35 (Mg 0.52.Fe 0.05.Al 0.04) Na 0.01 Cr 0.02 [Si 1.00 O3]; Са 0.34 (Mg 0.44. Fe 0.13. Al 0.09) Na 0.01 Ti 0.03 Cr 0.01 [Si 0.94 O3];

Са 0.03 (Mg 0.85. Fe 0.07. Al 0.03) Cr 0.01 [Si 1 O3]; Ca 0.43 Mg0.37 Fe 0.12 Na 0.02 Al 0.13 Ti 0.05[Si 0.89 O3];

Ca 0.44 Mg0.37 Fe 0.09 Na 0.02 Al 0.09 Ti 0.03[Si 0.94 O3]
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ïëàãèîêëàçà â ñîñòàâå «êñåíîãåííûõ» ïåðèäîòèòîâ ÿâ-
íî óêàçûâàåò íà èõ êóìóëÿòèâíóþ ïðèðîäó. Ñ äðóãîé 
ñòîðîíû, ïðèñóòñòâèå äîñòàòî÷íî êèñëûõ ðàçíîâèä-
íîñòåé ïëàãèîêëàçà â ñîñòàâå áàçàëüòîâ è îáîãàùåíèå 
èõ êàëèåì ïîçâîëÿåò ïîäòâåðäèòü ïîâûøåííóþ ùåëî÷-
íîñòü èñõîäíîãî ìàãìàòè÷åñêîãî ðàñïëàâà. Â ïåðèäî-
òèòîâûõ êñåíîëèòàõ ïëàãèîêëàç äèàãíîñòèðîâàí òîëü-
êî â ìåæãðàíóëÿðíîì (ïîðôèðîêëàñòîâîì) àãðåãàòå.

Õðîìøïèíåëèäû â êñåíîëèòàõ ïî ñâîåìó õèìè÷å-
ñêîìó ñîñòàâó ñîîòâåòñòâóþò àëþìîõðîìèòàì.

Çàêëþ÷åíèå

Íà îñíîâå àíàëèçà ïîðîäîîáðàçóþùèõ ìèíåðà-
ëîâ áàçàëüòîâ è êñåíîëèòîâ óëüòðàìàôèòîâ, ñîäåðæà-
ùèõñÿ â âóëêàíè÷åñêèõ ïîðîäàõ îñòðîâîâ Ëà-Ïàëüìà è 

Ðèñ. 4. Ñîñòàâ ïëàãèîêëàçîâ èç áàçàëüòîâ è ïåðèäîòèòà Êàíàð-
ñêèõ îñòðîâîâ

Fig. 4. Composition of plagioclases from basalts and peridotite of 
the Canary Islands

Ëàíñàðîòå, ìîæíî ñäåëàòü âûâîä, ÷òî ñîáñòâåííî âóë-
êàíèòû ïðåäñòàâëåíû ñóáùåëî÷íûìè ðàçíîâèäíîñòÿ-
ìè áàçèòîâ òèïà OIB, à êñåíîëèòû, âåðîÿòíî, ÿâëÿþòñÿ 
ôðàãìåíòàìè êóìóëÿòèâíûõ îáðàçîâàíèé èç ãëóáèííîé 
êàìåðû íà ãðàíèöå ëèòîñôåðíîé ìàíòèè è îêåàíè÷å-
ñêîé êîðû [7]. Ïîäòâåðæäåíèåì ýòîãî âûñòóïàþò îñî-
áåííîñòè ìèíåðàëüíîãî ïàðàãåíåçèñà äàííûõ àññîöè-
àöèé. Ïðèñóòñòâèå äîñòàòî÷íî êèñëûõ ïëàãèîêëàçîâ ñ 
ïîâûøåííûì ñîäåðæàíèåì ìèíàëà îðòîêëàçà ïîçâî-
ëÿþò îäíîçíà÷íî èäåíòèôèöèðîâàòü èõ ñ òàêèìè ðàç-
íîâèäíîñòÿìè, êàê ãàâàéèòû è ìóäæåèðèòû, êîòîðûå 
õàðàêòåðíû äëÿ îêåàíè÷åñêèõ îñòðîâîâ âíóòðèïëèòíî-
ãî ïðîèñõîæäåíèÿ. Äëÿ êñåíîëèòîâ îñòðîâà Ëàíñàðîòå 
ïðèñóòñòâèå âûñîêîæåëåçèñòîãî îëèâèíà (äî 13–16 % 
Fa-ìèíàëà), ýíäèîïñèäà è îñíîâíîãî ïëàãèîêëàçà òàêæå 
ïîäòâåðæäàåò èõ îáðàçîâàíèå èñêëþ÷èòåëüíî â ãëóáèí-
íîé êàìåðå è íå äîïóñêàåò ïðèðîäó ìàíòèéíûõ êñåíî-
ëèòîâ íèæå àñòåíîñôåðíîãî ñëîÿ èëè ñîáñòâåííî ëèòîñ-
ôåðíîé ìàíòèè. Äîïîëíèòåëüíûì êðèòåðèåì â ïîëüçó 
äàííîé òî÷êè çðåíèÿ î êóìóëÿòèâíîì ïðîèñõîæäåíèè 
äàííûõ óëüòðàìàôèòîâ âûñòóïàþò èññëåäîâàíèÿ ïî ïå-
òðîñòðóêòóðíîìó àíàëèçó îðèåíòèðîâîê çåðåí îëèâèíà. 
Ïðîâåäåííûå ìåòîäîì EBSD (äåòåêòîð îáðàòíîîòðà-
æåííûõ ýëåêòðîíîâ) ïåòðîñòðóêòóðíûå èññëåäîâàíèÿ 
êðóïíûõ çåðåí îëèâèíà â êñåíîëèòàõ óêàçûâàþò íà èõ 
ôîðìèðîâàíèå â óñëîâèÿõ îòëîæåíèÿ ðàííèõ êóìóëà-
òîâ. Ïåòðîñòðóêòóðíûå óçîðû äàííîãî ìèíåðàëà áîëåå 
ñîïîñòàâèìû ñ îëèâèíàìè äóíèòîâ èç Éîêî-Äîâûðåí-
ñêîãî ïëóòîíà è çàìåòíî îòëè÷àþòñÿ îò îðèåíòèðîâîê 
àëüïèíîòèïíûõ (ðåñòèòîâûõ) ãèïåðáàçèòîâ ñåâåðíîãî 
ñêëîíà Êóçíåöêîãî Àëàòàó [8].

Âìåñòå ñ òåì íåëüçÿ èãíîðèðîâàòü ðÿä ïðèçíà-
êîâ (âíóòðèêðèñòàëëè÷åñêèå äåôîðìàöèè êðóïíûõ 
çåðåí îëèâèíà, åãî ìàãíåçèàëüíûé ñîñòàâ è ïðèñóò-
ñòâèå ýíñòàòèòà), êîòîðûå ïîääåðæèâàþò òî÷êó çðåíèÿ 
î ìàíòèéíîé ïðèðîäå êñåíîëèòîâ îñòðîâà Ëàíñàðîòå. 
Âîçìîæíî, ðÿä êðèñòàëëîâ èìåþò êñåíîãåííîå ïðîèñ-
õîæäåíèå, êàê, íàïðèìåð, â ïîðîäàõ ìàðèàíèò-áîíè-
íèòîâîé ñåðèè. Äëÿ ðåøåíèÿ äàííîé ïðîáëåìû íåîá-
õîäèìû áîëåå äåòàëüíûå ãåîõèìè÷åñêèå èññëåäîâàíèÿ 
íà óðîâíå êàê âàëîâûõ ñîñòàâîâ ïîðîä, òàê è ñàìèõ ïî-
ðîäîîáðàçóþùèõ ìèíåðàëîâ. Ìíîãèå àñïåêòû ìîãóò 

Îêèñëû
Oxides

À-1685/16
Ëàáðàäîð

Labradorite 

À-1685/18
Àíäåçèí
Andesine 

À-1688/19
Ëàáðàäîð

Labradorite

À-1688/20
Áèòîâíèò
Bytownite 

À-3/21
Ëàáðàäîð

Labradorite 

À-3/22
Ëàáðàäîð

Labradorite 
1 2 3 4 5 6

SiO2 59.79 57.73 55.07 55.70 56.03 56.33

Al2O3 25.21 26.56 28.11 25.17 26.98 27.16

FeO 0.41 0.38 0.72 2.92 1.24 0.82

MgO 0.41 – –

CaO 7.68 9.33 11.29 7.27 11.10 10.70

Na2O 6.40 5.46 4.35 5.50 4.48 4.85

K2O 0.51 0.54 0.47 3.02 0.16 0.14

Ñóììà / Sum 100 100 100.01 99.99 99.99 100

Òàáëèöà 3. Õèìè÷åñêèé ñîñòàâ ïëàãèîêëàçîâ (ìàñ.%)

Table 3. The chemical composition of plagioclases (wt. %)

Ðàñ÷¸ò ôîðìóë ïëàãèîêëàçîâ ïðîèçâîäèëñÿ íà 24 èîíà (Î) / Plagioclase formulas are calculated for 24 ions (O) 
Na 2.7 Ca 1.77 K 0.15 Fe 0.09 [Al 6.36 Si 12.8 O24]; Na 2.27 Ca 2.16 K 0.15 Fe 0.07 [Al 6.74 Si 12.44 O24];

Ca 2.63 Na 1.83 K 0.13 Fe 0.13 [Al 7.19 Si 11.94 O24]; Na 2.35 Ca 1.71 K 0.84 Mg 0.14 Fe 0.54 [Al 6.54 Si 12.28 O24];

Ca 2.58 Na 1.89 K 0.05 Fe 0.22 [Al 7.22 Si 12.14 O24]; Ca 2.48 Na 2.03 K 0.03 Fe 0.14 [Al 6.93 Si 12.18 O24]



8

Âåñòíèê ãåîíàóê, àïðåëü, 2020 ã., ¹ 4

áûòü ðåøåíû ïðè àíàëèçå èçîòîïîâ Nd, Sr, O è äðó-
ãèõ ýëåìåíòîâ. 

Èññëåäîâàíèÿ âûïîëíåíû ïðè ïîääåðæêå Ìèíè ñòå-

ðñòâà íàóêè è âûñøåãî îáðàçîâàíèÿ Ðîññèéñêîé Ôåäåðàöèè 

â ðàìêàõ âûïîëíåíèÿ ãîñóäàðñòâåííîãî çàäàíèÿ (ïðîåêò 

¹ 0721-2020-0041).

Àâòîð âûðàæàåò áëàãîäàðíîñòü ïðîôåññîðó 

Óíèâåðñèòåòà Ñàëàìàíêè Ãóòèåððåç-Àëîíñî Ãàáðèýëþ 

çà ïðåäîñòàâëåíèå îáðàçöîâ è ïîìîùü â èíòåðïðåòàöèè.
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Èçó÷åí âåùåñòâåííûé ñîñòàâ ôðàãìåíòîâ ìåòåîðè-
òà, îáíàðóæåííîãî â äåêàáðå 2017 ã. â ïóñòûíå Àòàêàìà 
(24°42' 15.3 þ. ø., 69°45'24.5 ç. ä.) è ïåðåäàííîãî íàì àâ-
òîðàìè íàõîäêè. Ìåòåîðèò ïðåäñòàâëÿë ñîáîé òðåùè-
íîâàòûé âàëóí äèàìåòðîì îêîëî 15 ñì, ïðè ðàñ÷èñòêå 
ðàñïàâøèéñÿ íà îòäåëüíûå ôðàãìåíòû óãëîâàòîé ôîð-
ìû, ðàçìåðîì 3–5 ñì. Èññëåäîâàííûå íàìè îáëîìêè 
ìåòåîðèòà (32.6 ã è 37.4 ã) ñëîæåíû êðàñíîâàòî-áóðîé, 
îêèñëåííîé ñ ïîâåðõíîñòè ìàññèâíîé ïîðîäîé ñî ñôå-
ðîèäàëüíûì ñòðîåíèåì (ðèñ. 1, a). Çîíà ïîâåðõíîñòíî-
ãî ïëàâëåíèÿ íà èçó÷åííûõ íàìè îáëîìêàõ îòñóòñòâóåò, 
âåðîÿòíî â ðåçóëüòàòå ãèïåðãåííûõ èçìåíåíèé â çåì-
íûõ óñëîâèÿõ; âíåøíèå ãðàíèöû îáëîìêîâ èìåþò èç-
âèëèñòûå, çàçóáðåííûå î÷åðòàíèÿ (ðèñ. 1, b, c).

Öåëüþ èññëåäîâàíèÿ áûëî îïðåäåëåíèå âåùåñòâåí-
íîãî ñîñòàâà è ñòðóêòóðíî-òåêñòóðíûõ îñîáåííîñòåé 
ñëàãàþùåé ìåòåîðèò ïîðîäû, êëàññèôèêàöèÿ íà îñíî-
âå ñîïîñòàâëåíèÿ ñ èçâåñòíûìè ïåòðîëîãè÷åñêèìè òè-

ïàìè ìåòåîðèòîâ è çåìíûìè ìàãìàòè÷åñêèìè ïîðîäà-
ìè. Äëÿ ýòîãî áûëî ïðîâåäåíî êîìïëåêñíîå ïåòðîãðà-
ôè÷åñêîå, ìèíåðàëîãè÷åñêîå è ãåîõèìè÷åñêîå èçó÷å-
íèå ñëàãàþùåé ìåòåîðèò ãîðíîé ïîðîäû.

Ìåòîäû èññëåäîâàíèÿ

Ïåòðîãðàôè÷åñêèé àíàëèç ïîðîäû ïðîâåäåí â ïðî-
çðà÷íûõ øëèôàõ. Õèìè÷åñêèé è ìèíåðàëüíûé ñîñòàâ 
ïîðîäû, êðèñòàëëîõèìèÿ îòäåëüíûõ ìèíåðàëîâ è èçî-
òîïíûé ñîñòàâ óãëåðîäà èçó÷àëèñü íà îáîðóäîâàíèè 
ÖÊÏ «Ãåîíàóêà» ÈÃ ÔÈÖ Êîìè ÍÖ ÓðÎ ÐÀÍ. 

Ìèêðîçîíäîâûå èññëåäîâàíèÿ ïðîâîäèëèñü íà ñêà-
íèðóþùåì ýëåêòðîííîì ìèêðîñêîïå TESCAN VEGA3 
LMH c ýíåðãîäèñïåðñèîííîé ïðèñòàâêîé X-MAX 50 
mm Oxford instruments) ïðè óñêîðÿþùåì íàïðÿæåíèè 
20 êÂ, äèàìåòðå çîíäà 180 íì è îáëàñòè âîçáóæäåíèÿ 
äî 5 ìêì, à òàêæå íà ñêàíèðóþùåì ýëåêòðîííîì ìè-

ÓÄÊ 552.63+523.681.2 DOI:10.19110/geov.2020.4.2

ÌÈÍÅÐÀËÎÃÎ-ÏÅÒÐÎÃÐÀÔÈ×ÅÑÊÀß È ÃÅÎÕÈÌÈ×ÅÑÊÀß ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ
ÎÊÈÑËÅÍÍÎÃÎ ÕÎÍÄÐÈÒÀ (ÏÓÑÒÛÍß ÀÒÀÊÀÌÀ, ×ÈËÈ)

Í. Þ. Íèêóëîâà, Â. Ï. Ëþòîåâ, È. Ñ. Àñòàõîâà, Ã. Â. Èãíàòüåâ, Ê. Â. Êóëèêîâà, À. Þ. Ëûñþê,

Á. À. Ìàêååâ, À. Í. Ñàíäóëà, Þ. Ñ. Ñèìàêîâà, Â. Í. Ôèëèïïîâ, À. Ñ. Øóéñêèé

Èíñòèòóò ãåîëîãèè ÔÈÖ Êîìè ÍÖ ÓðÎ ÐÀÍ, Ñûêòûâêàð

nikulova@geo.komisc.ru

Ïðåäñòàâëåíû ðåçóëüòàòû ïåòðîãðàôè÷åñêîãî, ìèíåðàëîãè÷åñêîãî, ñïåêòðàëüíîãî, õèìè÷åñêîãî è ýëåìåíòíîãî àíàëè-
çîâ ìåòåîðèòà. Óñòàíîâëåíî, ÷òî ïî ñòðóêòóðíî-òåêñòóðíûì îñîáåííîñòÿì, ñîäåðæàíèþ ìèíåðàëîâ è ýëåìåíòíîìó ñîñòàâó 
èçó÷åííûé ìåòåîðèò ÿâëÿåòñÿ îáûêíîâåííûì îëèâèí-ýíñòàòèòîâûì õîíäðèòîì ïåòðîëîãè÷åñêîãî òèïà H4. Ïðåîáëàäàþùèìè 
ìèíåðàëàìè ÿâëÿþòñÿ ðîìáè÷åñêèé ïèðîêñåí è îëèâèí. Óñòàíîâëåíî ïðèñóòñòâèå êëèíîïèðîêñåíà, íàòðèåâîãî ïëàãèîêëàçà, 
ïîëåâîøïàòîâîãî ñòåêëà, õðîìèòà, øïèíåëè, àïàòèòà, áàðèòà, êàëüöèòà, öèðêîíà, òèòàíèòà, êàìàñèòà è òýíèòà. Õîíäðû ïðåä-
ñòàâëåíû ïðåèìóùåñòâåííî ðàäèàëüíî-ëó÷èñòûìè, êîëîñíèêîâûìè, êðèïòîêðèñòàëëè÷åñêèìè è ïîðôèðîâûìè îëèâèíîâû-
ìè è ïèðîêñåíîâûìè ìîíîìèíåðàëüíûìè ðàçíîâèäíîñòÿìè. Ðåæå âñòðå÷àþòñÿ õîíäðû, ñëîæåííûå òîíêîçåðíèñòûìè ïîðî-
äàìè è îêðóæåííûå êàéìîé óãëåðîäèñòîãî âåùåñòâà. Â óãëåðîäèñòîì âåùåñòâå è õðîìèòå îáíàðóæåíû âêëþ÷åíèÿ ñàìîðîä-
íîé ïëàòèíû. Óñòàíîâëåíà çàêîíîìåðíîñòü èçìåíåíèÿ ðàñïðåäåëåíèÿ æåëåçà â ñëàãàþùèõ õîíäðû ìàôè÷åñêèõ ìèíåðàëàõ. 

Êëþ÷åâûå ñëîâà: ìåòåîðèò, õîíäðèò, ìèíåðàëüíûé ñîñòàâ, îëèâèí, ïèðîêñåí, ñàìîðîäíûå ìåòàëëû.

MINERAL-PETROGRAPHIC AND GEOCHEMICAL CHARACTERISTICS
OF THE OXIDIZED CHONDRITE (ATAKAMA, CHILE)

N. Yu. Nikulova, V. P. Lyutoev, I. S. Astahova, G. V. Ignat'ev, K. V. Kulikova, A. Yu. Lysyuk, B. A. Makeev, 

A. N. Sandula, Yu. S. Simakova, V. N. Filippov, A. S. Shujskij

Institute of Geology FRC Komi SC UB RAS, Syktyvkar

We present our results of petrographic, mineralogical, spectral, chemical and elemental analysis of the meteorite. We determined 
that according to structural and textural features mineral and elemental composition, the studied meteorite is an ordinary olivine-
enstatite chondrite of H4 petrological type. The predominant minerals are rhombic pyroxene and olivine. We determined the presence 
of sodium plagioclase, feldspar glass, chromespinelides, apatite, chlorapatite, barite, calcite, zircon, titanite, pyrrhotine, kamacite 
and taenite. Chondres were predominantly represented by radiant-fibrous, grate, cryptocrystalline and porphyry olivine and pyroxene 
monomineral varieties. We found chondres composed of fine-grained rocks and surrounded by a rim of carbonaceous matter. We 
determined inclusions of native platinum in the carbon matter and chromespinelides. The regularity of changes in the distribution of 
iron in the mafic minerals, composing the chondre, was established. 

Keywords: meteorite, chondrite, mineral composition, olivine, pyroxene, native metals.

Äëÿ öèòèðîâàíèÿ: Íèêóëîâà Í. Þ., Ëþòîåâ Â. Ï., Àñòàõîâà È. Ñ., Èãíàòüåâ Ã. Â., Êóëèêîâà Ê. Â., Ëûñþê À. Þ., Ìàêååâ Á. À., Ñàíäóëà À. Í., 

Ñèìàêîâà Þ. Ñ., Ôèëèïïîâ Â. Í., Øóéñêèé À. Ñ. Ìèíåðàëîãî-ïåòðîãðàôè÷åñêàÿ è ãåîõèìè÷åñêàÿ õàðàêòåðèñòèêè îêèñëåííîãî õîíäðèòà

(ïóñòûíÿ Àòàêàìà, ×èëè) // Âåñòíèê ãåîíàóê. 2020. 4(304). C. 9—20. DOI: 10.19110/geov.2020.4.2.

For citation:  Nikulova N. Yu., Lyutoev V. P., Astahova I. S., Ignat'ev G. V., Kulikova K. V., Lysyuk A. Yu., Makeev B. A., Sandula A. N., Simakova Yu. S., 
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êðîñêîïå JSM-6400 ñ ýíåðãåòè÷åñêèì ñïåêòðîìåòðîì 
Link, ñ óñêîðÿþùèì íàïðÿæåíèåì è òîêîì íà îáðàçöàõ 
20 êÂ è 2 ´ 10–9 A ñîîòâåòñòâåííî è ñåðòèôèöèðîâàí-
íûìè ñòàíäàðòàìè ôèðìû Microspec. 

Ôàçîâûé ñîñòàâ âåùåñòâà ìåòåîðèòà îïðåäåëÿë-
ñÿ ìåòîäàìè ïîðîøêîâîé ðåíòãåíîâñêîé äèôðàêòî-
ìåòðèè, èíôðàêðàñíîé (ÈÊÑ) è ì¸ññáàóýðîâñêîé 
ñïåêòðîñêîïèè 57Fe. Èñïîëüçîâàëñÿ ðåíòãåíîâñêèé 
äèôðàêòîìåòð Shimadzu XRD-6000, èçëó÷åíèå CuKa,
Ni-ôèëüòð, 30kV, 30 mA, èíòåðâàë ñêàíèðîâàíèÿ 
2–82°2q, øàã ñêàíèðîâàíèÿ 2q — 0.05, ñêîðîñòü ñúåì-
êè — 1 ãðàä/ìèí. Èíôðàêðàñíûå (ÈÊ) ñïåêòðû áûëè 
ïîëó÷åíû íà ôóðüå-ñïåêòðîìåòðå «Ëþìåêñ ÔÒ-02» â äè-
àïàçîíå 400–4000 ñì–1 ñ èíñòðóìåíòàëüíûì ðàçðåøåíè-
åì 2 ñì–1 ïî 256 ñêàíàì. Ïðåïàðàòû ãîòîâèëèñü â âèäå 
ïðåññîâàííûõ òàáëåòîê 0.8 ã KBr ñ 1.7 ìã íàâåñêîé ðàñ-
òåðòîãî îáðàçöà. Ì¸ññáàóýðîâñêèå (ßÃÐ) ñïåêòðû 57Fe 
èñòåðòûõ äî ñîñòîÿíèÿ ïóäðû 20 ìã ïðåïàðàòîâ âàëî-
âîé ïðîáû (SE-1), ìàãíèòíîé (SE-1m) è íåìàãíèòíîé 
(SE-1nm) ñîñòàâëÿþùèõ âåùåñòâà ìåòåîðèòà áûëè ïî-
ëó÷åíû â ðåæèìå òîíêîãî ïîãëîòèòåëÿ íà ñïåêòðîìåòðå 
MS-1104Em â äèàïàçîíå ñêîðîñòåé îò –11 äî +11 ìì/c 
ñ ðàçðåøåíèåì â 1024 êàíàëà ïðè êîìíàòíîé òåìïåðà-
òóðå. Îòäåëüíî ñ òàêèì æå ðàçðåøåíèåì çàïèñûâàëàñü 
ïàðàìàãíèòíàÿ ÷àñòü ñïåêòðà íåìàãíèòíîé ÷àñòè ïðî-
áû (SE-1nm) â äèàïàçîíå ñêîðîñòåé îò –4 äî +4 ìì/c. 
Èçîìåðíûé ñäâèã îïðåäåëÿëñÿ îòíîñèòåëüíî a-Fe. Ïðè 
îáðàáîòêå ñïåêòðîâ èñïîëüçîâàëîñü ñòàíäàðòíîå ïðî-
ãðàììíîå îáåñïå÷åíèå ñïåêòðîìåòðà Univem è ôèòòèíã 
ñïåêòðîâ â ìîäåëÿõ ïîëíîãî îðèåíòàöèîííîãî óñðåäíå-
íèÿ ñïåêòðàëüíûõ êîìïîíåíò.

Îïðåäåëåíèå ñîäåðæàíèé ðåäêèõ è ðåäêîçåìåëü-
íûõ ýëåìåíòîâ ïðîâîäèëîñü íà ìàññ-ñïåêòðîìåòðå ñ 
èíäóêòèâíîé ñâÿçíîé ïëàçìîé Agilent 7700x. Äëÿ ïå-
ðåâîäà ïðîáû â ðàñòâîð èñïîëüçîâàëñÿ ìåòîä ìíîãî-
êèñëîòíîãî ðàçëîæåíèÿ (ñìåñü êèñëîò â ñîîòíîøåíèè 
HNO3 : HF : HCl = 1 : 5 : 2) â óñëîâèÿõ ìèêðîâîëíîâîãî 
íàãðåâà. Ðàçëîæåíèå âåëîñü â ìèêðîâîëíîâîé ñèñòåìå 
ïðîáîïîäãîòîâêè Sineo MDS-10.

Èçìåðåíèÿ èçîòîïíîãî ñîñòàâà óãëåðîäà è àçîòà 
ïðîâîäèëèñü ìåòîäîì ïðîòî÷íîé ìàññ-ñïåêòðîìåòðèè 
(àíàëèòèê È. Â. Ñìîëåâà) â ðåæèìå ïîñòîÿííîãî ïîòîêà 
ãåëèÿ CF-IRMS íà ìàññ-ñïåêòðîìåòðå DeltaV Advantage, 
ñîåäèíåííîì ÷åðåç ãàçîâûé êîììóòàòîð Conflo IV ñ ýëå-
ìåíòíûì àíàëèçàòîðîì Flash EA 1112, â êîòîðîì ïðî-
èçâîäèëîñü ñæèãàíèå îáðàçöîâ ïðè 1000 °Ñ. Äëÿ èçìå-
ðåíèé èñïîëüçîâàëèñü CO2 è N2. Çíà÷åíèÿ d13Ñ äàíû 
â ïðîìèëëå îòíîñèòåëüíî PDB, à d15N — îòíîñèòåëüíî 
âîçäóõà àòìîñôåðû. Òî÷íîñòü îïðåäåëåíèé èçîòîïíîãî 
ñîñòàâà óãëåðîäà è àçîòà (±0.15 ‰ — 1s) êîíòðîëèðî-

âàëàñü àíàëèçîì ìåæäóíàðîäíîãî ñòàíäàðòà USGS-40 
(L-Glutamic acid) è ëàáîðàòîðíîãî ñòàíäàðòà Acetanilide 
(C8H9NO). 

Ïåòðîãðàôè÷åñêàÿ õàðàêòåðèñòèêà

Ïîðîäà èìååò ìàññèâíóþ òåêñòóðó è õîíäðèòî-
âóþ ñòðóêòóðó ñ íåèçìåíåííûìè õîíäðàìè (ðèñ. 1, 
b, c). Îëèâèíîâûå, îëèâèí-ïèðîêñåíîâûå è ïèðîêñå-
íîâûå õîíäðû ðàçìåðîì 0.2–1.3 ìì (ïðåîáëàäàþùèé 
ðàçìåð 0.8–1.0 ìì) çàíèìàþò îêîëî 80 % îáúåìà ïîðî-
äû (ðèñ. 1, b) è õàîòè÷íî ðàñïîëîæåíû â òîíêîçåðíè-
ñòîé ìàòðèöå, â ñîñòàâå êîòîðîé ïðåîáëàäàåò îëèâèí. 
Íàèáîëåå êðóïíûå õîíäðû ñëîæåíû: ðàñùåïëåííûìè 
êðèñòàëëàìè ïèðîêñåíà (ðèñ. 2, a), îëèâèí-ïèðîêñå-
íîâûìè ñðàñòàíèÿìè (ðèñ. 2, b), ïèðîêñåíîâîé ìèêðî-
áðåê÷èåé (ðèñ. 2, c), ïèðîêñåíèòîì (ðèñ. 2, d), ïèðîê-
ñåí-îëèâèíîâîé ïîðîäîé (ðèñ. 2, e), ñêðûòîêðèñòàë-
ëè÷åñêèì ñòåêëîì, ïèãìåíòèðîâàííûì óãëåðîäèñòûì 
âåùåñòâîì (ðèñ. 2, f) èëè ìèêðîâêëþ÷åíèÿìè ðóäíîãî 
(?) ìèíåðàëà (ðèñ. 2, g), îëèâèíîâûì àãðåãàòîì ñ êî-
ëîñíèêîâîé ñòðóêòóðîé (ðèñ. 2, h). Áîëüøèíñòâî õîíäð 
ãðàíóëèðîâàííûå, ñëîæåííûå ïîðîäàìè áîëåå ðàííåé 
ãåíåðàöèè [20], ïåðåæèâøèå îáðàçîâàíèå áîëåå ïîçä-
íèõ õîíäð áåç ïëàâëåíèÿ èëè ðàñòâîðåíèÿ. Èíîãäà òà-
êèå õîíäðû îêðóæåíû òîíêîé êàéìîé óãëåðîäèñòîãî 
âåùåñòâà (ðèñ. 2, e). Ñàìîðîäíûå ìåòàëëû è ñóëüôèäû 
â èíòåðñòèöèÿõ ñîñòàâëÿþò îêîëî 5 % îáúåìà ïîðîäû.

Ìèíåðàëüíûé ñîñòàâ

Ðàñøèôðîâêà äèôðàêòîãðàìì ïîêàçàëà, ÷òî ñëàãà-
þùåå ìåòåîðèò âåùåñòâî èìååò ñëîæíûé ôàçîâûé ñî-
ñòàâ. Ïðåîáëàäàþùèìè ìèíåðàëàìè âåùåñòâà ìåòåîðè-
òà ÿâëÿþòñÿ îðòîïèðîêñåí è îëèâèí (ðèñ. 3). Íà äèô-
ðàêöèîííîé êðèâîé îëèâèí õàðàêòåðèçóåòñÿ íàèáîëåå 
èíòåíñèâíûìè ðåôëåêñàìè ñ ìåæïëîñêîñòíûìè ðàñ-
ñòîÿíèÿìè d/n ~ 5.10 (020), 3.88 (021), 3.49 (111), 2.98 
(002), 2.77 (130), 2.51 (131), 2.46 (112), 2.25 (122), 1.749 
(222), 1.639 (133), 1.498 (004) Å, à îðòîïèðîêñåí ñîîò-
âåòñòâåííî — 3.18 (221), 2.94 (321), 2.87 (610), 2.54 (131), 
2.50 (202, 620), 2.47 (521, 430), 2.12 (502), 2.02 (512), 1.639 
(023), 1.403 (11 0 2), 1.391 (11 3 1) Å (â ñêîáêàõ — hkl). 
Ðåôëåêñû îðòîïèðîêñåíà ìåíåå èíòåíñèâíû, ÷åì îëè-
âèíîâûå. Ðàññ÷èòàííûå ïàðàìåòðû ýëåìåíòàðíîé ÿ÷åé-
êè îëèâèíà a = (4.775 ± 0.014) Å, b = (10.262 ± 0.015) Å,
c = (5.995 ± 0.015) Å ñîîòâåòñòâóþò ñîñòàâó Fo77–79

Fa23–21 [18, 22], à îðòîïèðîêñåíà a = (18.256 ± 0.037) Å, 
b = (8.677 ± 0.039) Å, ñ = (5.290±0.010) Å — ýíñòàòèòó 
Fs18–20En82–80 [26]. Â íåáîëüøèõ êîëè÷åñòâàõ â ïðîáå 

Ðèñ. 1. Õîíäðèòîâàÿ ñòðóêòóðà è ìàññèâíàÿ òåêñòóðà ïîðîäû: a — îêèñëåííàÿ ïîâåðõíîñòü îáëîìêà; b — ñêàíèðîâàííûé øëèô, 

c — àíøëèô, èçîáðàæåíèå ïîä ýëåêòðîííûì ìèêðîñêîïîì

Fig. 1. The structure and texture of the rock: a — oxidized surface of debris; b — scanned thin section, c — polished thin section, BSE-image
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ïðèñóòñòâóþò ïîëåâîé øïàò (àëüáèò) è õðîìèò. Êðîìå 
òîãî, íà äèôðàêòîãðàììàõ ïðèñóòñòâóþò îò÷åòëèâûå 
ðåôëåêñû ã¸òèòà, ïðî÷èå Fe-ñîäåðæàùèå ôàçû äèàãíî-
ñòèðóþòñÿ íåäîñòîâåðíî.

Ñïåêòðû ÈÊ-ïîãëîùåíèÿ ñôîðìèðîâàíû èí-
òåíñèâíûìè ïîëîñàìè ïîãëîùåíèÿ âàëåíòíûõ (700–
1200 ñì–1) è äåôîðìàöèîííûõ (400–700 ñì–1) ìîä êî-
ëåáàíèé SiO4-ãðóïïèðîâîê â ñîñòàâå ñèëèêàòîâ (ðèñ. 4). 

Â ñïåêòðàõ ïðèñóòñòâóþò òàêæå ïîëîñà 1437 ñì–1 âà-
ëåíòíûõ êîëåáàíèé êàðáîíàòíîé ãðóïïèðîâêè è ñëåäû 
óçêîé ïîëîñû åå äåôîðìàöèîííûõ êîëåáàíèé 713 ñì–1. 

Ïî ïîëîæåíèþ ýòèõ ïîëîñ êàðáîíàò ÿâëÿåòñÿ êàëüöè-
òîì. Îáùåå âûñîêîå íèçêî÷àñòîòíîå ïîãëîùåíèå 400–
700 ñì-1, íàëè÷èå â ñïåêòðàõ ïîëîñû 798 ñì–1 óêàçûâàþò 
íà ïðèñóòñòâèå çíà÷èòåëüíîãî êîëè÷åñòâà îêñèãèäðîê-
ñèäíîé ôàçû æåëåçà — ã¸òèòà, ÿâëÿþùåãîñÿ, î÷åâèäíî, 
ïðîäóêòîì îêèñëåíèÿ ìåòàëëè÷åñêèõ è ñóëüôèäíûõ ôàç 
æåëåçà èñõîäíîãî ìåòåîðèòíîãî âåùåñòâà. Ñèëèêàòíàÿ 
÷àñòü ñïåêòðà ÿâëÿåòñÿ ñóïåðïîçèöèåé ïîëîñ ïîãëîùå-
íèÿ îëèâèíà è îðòîïèðîêñåíà. Ñâîáîäíûå îò íàëîæå-
íèÿ óçêèå ïîëîñû ïîãëîùåíèÿ 951, 840, 958, 415 ñì–1

îòíîñÿòñÿ ê îëèâèíó, à ïîëîñû 725, 678, 643 ñì–1 —

Ðèñ. 2. Õîíäðû â ìåòåîðèòå: a — ëó÷èñòûé àãðåãàò ðàñùåïëåííûõ êðèñòàëëîâ ïèðîêñåíà; b — ìèêðîçåðíèñòûå îëèâèí-ïèðîê-

ñåíîâûå ñðàñòàíèÿ; c — íåðàâíîìåðíî-çåðíèñòàÿ ïèðîêñåíîâàÿ ìèêðîáðåê÷èÿ; d — ïîëíîêðèñòàëëè÷åñêàÿ, ñëîæåííàÿ êðè-

ñòàëëàìè îðòîïèðîêñåíà (ïèðîêñåíèò); e — ïèðîêñåí-îëèâèíîâàÿ ìèêðîêðèñòàëëè÷åñêîãî ñòðîåíèÿ, îêðóæåííàÿ îáîëî÷êîé 

óãëåðîäèñòîãî âåùåñòâà; f — ñëîæåííàÿ ñêðûòîêðèñòàëëè÷åñêîì ñòåêëîì, ïèãìåíòèðîâàííûì óãëåðîäèñòûì âåùåñòâîì; g — 

ñëîæåííàÿ ñêðûòîêðèñòàëëè÷åñêèì ñòåêëîì ñ ìèêðîçåðíàìè ðóäíîãî ìèíåðàëà; h — îëèâèíîâàÿ ñ êîëîñíèêîâîé ñòðóêòóðîé. 

Ôîòî a, c, d — â ïðîõîäÿùåì ñâåòå; b, e–h — íèêîëè ñêðåùåíû

Fig. 2. Chondrules in the meteorite: a — radiant aggregate of split pyroxene crystals; b — micrograin olivine-pyroxene accretions; c — 

irregularly grained pyroxene microbreññia; d — full crystalline ñhondrule composed of orthopyroxene (pyroxenite) crystals; e — the 

microcrystalline pyroxene-olivine chondre, surrounded by a shell of carbonaceous substance; f — cryptocrystalline glass pigmented with 

a carbonaceous substance; g — cryptocrystalline volcanic glass with micrograins of ore minerals; h — grate structure in olivine. Photo a, 

c, d — parallel nicols; b, e–h — crossed nicols

Ðèñ. 3. Äèôðàêòîãðàììà ïîëíîé ïðîáû ìåòåîðèòà (SE-1), åãî ìàãíèòíîé (SE-1m) è íåìàãíèòíîé ôðàêöèé (SE-1nm). Ôîíîâîå 

ðàññåÿíèå óäàëåíî

Fig. 3. Diffraction patterns of the bulk sample of the meteorite (SE-1), its magnetic (SE-1m) and non-magnetic fractions (SE-1nm). 

Background dispersion has been removed
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ê ïèðîêñåíó. Ïîëó÷åííîå ñ èñïîëüçîâàíèåì ïðèâåäåí-
íûõ â ðàáîòàõ [14, 17, 25] ãðàäóèðîâîê ïîëîæåíèå ïî-
ëîñ ÈÊ-ïîãëîùåíèÿ êëàññèôèêàöèè îëèâèíà (Fa20–30 

Fo80–70,) è ïèðîêñåíà (Fs20En80) ñîãëàñóåòñÿ ñ ðåíòãåí-
äèôðàêòîìåòðè÷åñêèìè îïðåäåëåíèÿìè.

Êîëè÷åñòâåííàÿ îöåíêà ðàñïðåäåëåíèÿ æåëåçîñî-
äåðæàùèõ ôàç â ìåòåîðèòå ïîëó÷åíà ìåòîäîì ì¸ññáàóý-
ðîâñêîé ñïåêòðîñêîïèè 57Fe. Â ñïåêòðàõ âàëîâîé ïðîáû 
(SE-1), ìàãíèòíîé (SE-1m) è íåìàãíèòíîé (SE-1nm) ñî-
ñòàâëÿþùèõ âåùåñòâà ìåòåîðèòà (ðèñ. 5) ïðèñóòñòâóþò 
ñåêñòåòíàÿ ñòðóêòóðà îò ìàãíèòíî-óïîðÿäî÷åííûõ æåëå-
çèñòûõ ôàç, à òàêæå èíòåíñèâíàÿ ïàðà äóáëåòîâ Fe2+ ñ òè-
ïè÷íûìè äëÿ îêòàýäðè÷åñêèõ ïîçèöèé â ðåøåòêàõ ñèëèêà-
òîâ çíà÷åíèÿìè èçîìåðíîãî ñäâèãà IS ~ 1.1 ìì/c è êâàäðó-
ïîëüíîãî ðàñùåïëåíèÿ (QS ~ 2, 3 ìì/c). Íèçêîñêîðîñòíûå 
êîìïîíåíòû äóáëåòîâ Fe2+ èìååò áîëüøóþ èíòåíñèâíîñòü 
âñëåäñòâèå íàëîæåíèÿ íà äóáëåò Fe3+.

Ìàãíèòíûå ìèíåðàëû âåùåñòâà ìåòåîðèòà, ïî äàí-
íûì ì¸ññáàóýðîâñêîé ñïåêòðîñêîïèè, ïðåäñòàâëåíû êà-
ìàñèòîì, òðîèëèòîì, ìàãíåòèòîì è ã¸òèòîì. Èõ ñåêñòå-
òû îò÷åòëèâî ïðîÿâëåíû íà ñïåêòðå ìàãíèòíîé ÷àñòè 
ïðîáû SE-1m, â ìåíüøåé ñòåïåíè — â ñïåêòðå ïîëíîé 
ïðîáû SE-1 (ðèñ. 5, òàáë. 1). Ñåêñòåò ñ îòíîñèòåëüíî 
íåáîëüøîé øèðèíîé ëèíèé G = 0.48 ìì/c, íóëåâûìè 
çíà÷åíèÿìè âåëè÷èí IS, QS è çíà÷åíèåì ñâåðõòîíêî-
ãî ìàãíèòíîãî ïîëÿ íà ÿäðàõ æåëåçà Hýôô = 335 êÝ îò-
íîñèòñÿ ê êàìàñèòó a-Fe(Ni) c 3–7 àò. % Ni. Êàìàñèò ñ 
òàêèì ñîäåðæàíèåì Ni õàðàêòåðåí äëÿ õîíäðèòîâ ãðóïï 
H, L è LL [23, 24]. Ñåêñòåò òðîèëèòà FeS ñ òèïè÷íûì 
äëÿ ýòîãî ìèíåðàëà âûñîêèì çíà÷åíèåì IS » 0.7 ìì/c 
ïðè QS » 0 èìååò ïîíèæåííîå çíà÷åíèå Hýôô =306–
309 êÝ è âûñîêóþ øèðèíó ëèíèé (0.6 ìì/c), ÷òî, âå-
ðîÿòíî, ñâÿçàíî ñ ïîòåðåé ìèíåðàëîì ÷àñòè Fe â õîäå 
âûâåòðèâàíèÿ ìåòåîðèòà [24].

Íàëè÷èå ôàç ã¸òèòà õîðîøî çàìåòíî ïî ì¸ññáàó-
ýðîâñêîìó ñïåêòðó íåìàãíèòíîé ÷àñòè ïðîáû SE-1nm 

(ðèñ. 5). Íàáëþäàåìûé óøèðåííûé ñåêñòåò ìîæíî 
ïðåäñòàâèòü ñóïåðïîçèöèåé äâóõ ñåêñòåòîâ ñ âåëè÷è-
íàìè IS, QS è Hýôô, õàðàêòåðíûìè äëÿ èîíîâ Fe3+ â 
ñòðóêòóðå îòíîñèòåëüíî õîðîøî îêðèñòàëëèçîâàííîãî 
(Hýôô ~ 300 êÝ) è íèçêîóïîðÿäî÷åííîãî (Hýôô < 200 êÝ) 
ã¸òèòà [27]. Â òàáë. 1 ïðèâåäåíû ñðåäíåâçâåøåííûå ïà-
ðàìåòðû äàííûõ ñåêñòåòîâ. Áîëüøàÿ øèðèíà ïèêîâ ñåê-
ñòåòîâ (G ~ 1.4 ìì/c) îòðàæàåò øèðîêèé ðàçáðîñ ðàçìå-
ðîâ ÷àñòè÷åê ã¸òèòà è âåëè÷èí Hýôô. Ìàãíèòíîå óïî-
ðÿäî÷åíèå íå äîñòèãàåòñÿ â ÷àñòèöàõ ã¸òèòà ñ ðàçìå-
ðîì ìåíüøå êðèòè÷åñêîãî, ñîñòàâëÿþùåãî äëÿ ã¸òèòà 
îêîëî 15 íì ïðè 300 K, âñëåäñòâèå ÷åãî ì¸ññáàóýðîâ-
ñêèé ñåêñòåò âûðîæäàåòñÿ â ñóïåðïàðàìàãíèòíûé äó-
áëåò. Âèäèìî, ê ýòîé ðàçíîâèäíîñòè îêñèãèäðîêñè-
äà æåëåçà îòíîñèòñÿ íàáëþäàåìûé â ñïåêòðàõ äóáëåò 
Fe3+ (ðèñ. 5). Îí õîðîøî âîñïðîèçâîäèòñÿ ñóïåðïîçè-
öèåé äâóõ äóáëåòîâ ñ áëèçêèìè çíà÷åíèÿìè IS = 0.35–
0.39 ìì/c, íî ðàçëè÷íûìè âåëè÷èíàìè QS ~0.5–0.6, 
1.0–1.1 ìì/c îò èîíîâ Fe3+, ðàñïîëîæåííûõ ñîîòâåò-
ñòâåííî â îáúåìå è íà ïîâåðõíîñòè ÷àñòèö. Âîçìîæíî 
òàêæå, ÷òî äóáëåò ñ áîëüøåé âåëè÷èíîé QS îòíîñèòñÿ 
ê äðóãèì óëüòðàäèñïåðñíûì ðàçíîâèäíîñòÿì îêñèãè-
äðîêñèäîâ æåëåçà — ãèäðîã¸òèòó, àêàãàíåèòó, ëåïèäî-
êðîêèòó, ôåððèãèäðèòó [27]. Àíàëîãè÷íûå ñïåêòðàëü-
íûå êîìïîíåíòû îêñèãèäðîêñèäîâ æåëåçà çàðåãèñòðè-
ðîâàíû â ñïåêòðàõ ïîëíîé ïðîáû SE-1 è åå ìàãíèòíîé 
÷àñòè SE-1m. Íàðÿäó ñ ñèëüíî óøèðåííûìè ñåêñòåòàìè 
âàðüèðóþùèõ ïî ðàçìåðàì ïëîõî îêðèñòàëëèçîâàííûõ 
êðèñòàëëèòîâ ã¸òèòà âûäåëÿåòñÿ ñåêñòåò ñ óçêèìè ïèêà-
ìè (G = 0.24–0.27 ìì/c) è Hýôô » 300 êÝ, ñôîðìèðîâàí-
íûé õîðîøî îêðèñòàëëèçîâàííûì ã¸òèòîì. Â öåëîì íà 
îêñèãèäðîêñèäû æåëåçà ïðèõîäèòñÿ 46 % ïëîùàäè ñïåê-
òðàëüíîãî êîíòóðà ïîëíîé ïðîáû, 35 % — â ñïåêòðå ìàã-
íèòíîé ÷àñòè è 56 % —â ñïåêòðå íåìàãíèòíîé ÷àñòè âå-
ùåñòâà ìåòåîðèòà. Ïî áîëüøåé ÷àñòè (80–90 %) îêñè-
ãèäðîêñèäû æåëåçà äîëæíû áûòü ðåíòãåíîàìîðôíûìè.

Ðèñ. 4. Ñïåêòðû ÈÊ-ïîãëîùåíèÿ âàëîâîé ïðîáû ìåòåîðèòà (SE-1) è åå íåìàãíèòíîé ÷àñòè (SE-1nm). Â íèæíåé ÷àñòè ïðèâå-

äåíû ýòàëîííûå ñïåêòðû îëèâèíà, îðòîïèðîêñåíà, êàëüöèòà è ã¸òèòà

Fig. 4. Infrared absorption spectra of the bulk sample (SE-1) and its non-magnetic part (SE-1nm). The lower part shows the standard spec-

tra of olivine, orthopyroxene, calcite, and goethite
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Ì¸ññáàóýðîâñêèé ïàðöèàëüíûé ñïåêòð ìàãíåòèòà 
(Fe3+)A[Fe3+Fe2+]BO4 õîðîøî ïðîÿâëåí â ñïåêòðàõ ìàã-
íèòíîé ôðàêöèè ìåòåîðèòà, åãî ñëåäû èìåþòñÿ òàêæå 
â ñïåêòðå ïîëíîé ïðîáû (ðèñ. 5). Ñïåêòð ïðåäñòàâëÿåò 
ñîáîé ïàðó ñåêñòåòîâ îò èîíîâ Fe3+ â òåòðàýäðè÷åñêèõ 
À-ïîçèöÿõ (Hýôô = 491 ìì/c) è îò îáìåííûõ ïàð èîíîâ 
Fe2+–Fe3+ (Fe2.5+, Hýôô = 444 ìì/c) â îêòàýäðè÷åñêèõ 
Â-ïîçèöèÿõ ðåøåòêè ìèíåðàëà. Îòíîøåíèÿ ïàðöèàëü-
íûõ ïëîùàäåé ñåêñòåòîâ ìàãíåòèòà (òàáë. 1) óêàçûâà-
þò íà íåèäåàëüíûé ñîñòàâ ìèíåðàëà. Íàðóøåíèå èäå-
àëüíîãî ðàñïðåäåëåíèÿ èíòåíñèâíîñòåé ñåêñòåòîâ ìàã-
íåòèòà ìîæåò áûòü ñâÿçàíî ñ èçîìîðôèçìîì M2+®Fe2+ 
(M2+ = Mg2+, Mn2+…). Ñ ó÷åòîì áîëüøîãî êîëè÷åñòâà â 

ñîñòàâå ìåòåîðèòà îêñèãèäðîêñèäîâ æåëåçà ìîæíî ïðåä-
ïîëîæèòü, ÷òî ìàãíåòèò îêèñëåí (Fe2+ ® Fe3+). Â ýòîì 
ñëó÷àå ñîîòíîøåíèå ïëîùàäåé ñåêñòåòîâ ñîîòâåòñòâó-
åò ñòðóêòóðíîé ôîðìóëå (Fe3+)A[Fe3+

1.4Fe2+
0.4�0.2]BO4,

ãäå � — âàêàíñèÿ Fe, à äàííûé îêñèä æåëåçà Fe2.8O4 
ÿâëÿåòñÿ ïåðåõîäíîé ìàãíåòèò-ìàããåìèòîâîé ôàçîé: 
(Fe3+)[Fe3+Fe2+]O4 — (Fe3+)[Fe3+

1.67�0.33]O4.
Ïàðàìàãíèòíûå äóáëåòû Fe2+ èìåþò ïðèìåðíî ðàâ-

íûå çíà÷åíèÿ èçîìåðíîãî ñäâèãà (1.14 ìì/c) è ðàçëè÷-
íûå âåëè÷èíû êâàäðóïîëüíîãî ðàñùåïëåíèÿ (ðèñ. 5, 
òàáë. 1). Äóáëåò ñ áîëüøåé âåëè÷èíîé QS =2.95 ìì/ñ, 
î÷åâèäíî, îòíîñèòñÿ ê æåëåçèñòîìó ôîðñòåðèòó, à äó-
áëåò ñ ìåíüøåé âåëè÷èíîé QS » 2.0–2.2 ìì/c — ê îðòî-
ïèðîêñåíó [7, 24]. Ïðè ôèòèíãå ì¸ññáàóýðîâñêèõ ñïåê-
òðîâ â äèàïàçîíå ñêîðîñòåé ± 11 ìì/c âûÿâëÿåòñÿ íå-
áîëüøàÿ àíèçîòðîïèÿ êîìïîíåíò îáîèõ äóáëåòîâ (ðèñ. 
5, òàáë. 1), ñâÿçàííàÿ ñ íåïîëíûì íàëîæåíèåì ñèãíà-
ëîâ îò èîíîâ Fe2+ â äâóõ ñòðóêòóðíûõ îêòàýäðè÷åñêèõ 
ïîçèöèÿõ M1 è M2 îëèâèíà è îðòîïèðîêñåíà. Ïîçèöèè 
M1 êàòèîíîâ èìåþò ìåíüøóþ ñòåïåíü ècêàæåíèÿ îêòà-
ýäðè÷åñêîé êîîäèíàöèè è áîëüøèå çíà÷åíèÿ âåëè÷èí 
QS íà ÿäðàõ æåëåçà. Â ñòðóêòóðå îëèâèíà ïîçèöèè M1, 
M2 ðàçëè÷àþòñÿ ìàëî, ïðèìåðíî ðàâíîçàñåëåíû èîíà-
ìè Fe2+ ñ áëèçêèìè çíà÷åíèÿìè IS, QS. Â îðòîïèðîê-
ñåíå ñòðóêòóðíûå ïîçèöèè M1 è M2 ñóùåñòâåííî ðàç-
ëè÷àþòñÿ êîîðäèíàöèåé êàòèîíà è ì¸ññáàóýðîâñêèìè 
ïàðàìåòðàìè Fe2+. Â ðàçíîâèäíîñòè îðòîïèðîêñåíà 
èîíû Fe2+ ïðåèìóùåñòâåííî çàñåëÿþò ïîçèöèþ M2 ñ 
QS ~ 2.0 ìì/c [19, 24]. Äóáëåòíàÿ ÷àñòü ñïåêòðà SE-1nm, 
çàïèñàííàÿ ñ âäâîå áîëüøèì ðàçðåøåíèåì â äèàïàçîíå 
ñêîðîñòåé –4 … +4 ìì/c, ïîêàçàíà íà ðèñ. 6. 

Äëÿ îïðåäåëåíèÿ îòäåëüíûõ âêëàäîâ ïîçèöèé Ì1, 
Ì2 èñïîëüçîâàíà ìîäåëü ïàðû ñèììåòðè÷íûõ äóáëå-
òîâ. Äëÿ ìàëî ðàçëè÷àþùèõñÿ îêòàýäðè÷åñêèõ ïîçè-
öèé Fe2+(M1) è Fe2+(M2) â ñòðóêòóðå îëèâèíà ïðèíÿ-
òà ðàâíàÿ øèðèíà ïèêîâ èõ äóáëåòîâ â ì¸ññáàóýðîâ-
ñêîì ñïåêòðå. Ïîëó÷åííûå ïàðàìåòðû äóáëåòîâ ñïåê-
òðà ïðåäñòàâëåíû â òàáë. 2. 

Â ñòðóêòóðå îëèâèíà èìååòñÿ íåáîëüøîé ïåðåâåñ 
â çàñåëåííîñòè èîíàìè Fe2+ ïîçèöèé M1, â ñòðóêòó-
ðå îðòîïèðîêñåíà ïðåèìóùåñòâåííî çàñåëåíû ïîçè-
öèè M2. Àíàëîãè÷íîå ðàñïðåäåëåíèå æåëåçà â äàííûõ 

Ðèñ. 5. Ì¸ññáàóýðîâñêèå ñïåêòðû âàëîâîé ïðîáû (SE-1) 

âåùåñòâà ìåòåîðèòà, åãî ìàãíèòíîé (SE-1m) è íåìàãíèòíîé 

(SE-1nm) ÷àñòåé è èõ ñïåêòðàëüíûå êîìïîíåíòû: Mgt — ñåê-

ñòåòû Fe3+ è Fe2.5+ îêèñëåííîãî ìàãíåòèòà Fe2.8O4; Gt — ñåê-

ñòåòû ìàãíèòíî-óïîðÿäî÷ííîãî ã¸òèòà è äóáëåòû îêñèãèäðîê-

ñèäîâ æåëåçà â ñóïåðïàðàìàãíèòíîì ñîñòîÿíèè; Kms — ñåê-

ñòåò êàìàñèòà; Tr — ñåêñòåò òðîèëèòà; Ol, Px — äóáëåòû îëè-

âèíà è ïèðîêñåíà

Fig. 5. Mӧssbauer spectrum of the bulk sample of the meteorite 

material (SE-1), its magnetic (SE-1m) and non-magnetic (SE — 

1nm) parts and their spectral components: Mgt — Fe3+ and Fe2.5+ 

sextets of oxidized magnetite Fe2.8O4; Gt — sextets of magnetically 

ordered goethite and doublets of iron oxy-hydroxides in the super-

paramagnetic state; Kms — kamacite sextet; Tr –troilite sextet; Ol, 

Px — doublets of olivine and pyroxene

Ðèñ. 6. Äóáëåòíàÿ ÷àñòü ì¸ññáàóýðîâñêîãî ñïåêòðà ïðîáû 

SE-1nm âåùåñòâà ìåòåîðèòà è ðåçóëüòàòû åå äåêîìïîçèöèè. 

Ôîíîâûé ñèãíàë ñåêñòåòîâ îêñèãèäðîêñèäà æåëåçà óäàëåí

Fig. 6. The doublet part of the Mîssbauer spectrum of the meteor-

ite substance (SE-1nm sample) and the results of its deconvolution. 

The background of the iron hydroxide sextets has been removed
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Îáðàçåö 

ìåòåîðèòà

Meteorite 

sample

IS, ìì/ñ QS, ìì/ñ Hýôô, êÝ G, ìì/ñ A, %
Fe-ñîäåðæàùàÿ ôàçà, ñòðóêòóðíàÿ ïîçèöèÿ Fe

Fe-phase, Fe-position

SE-1

0.011 –0.042 3351 0.483 10.7 êàìàñèò, a-Fe(Ni, Co) / kamacite

òðîèëèò, FeS / troilite0.655 0.022 3063 0.61 6.4

0.32 0.03 4911 0.62 2.0
ìàãíåòèò / magnetite

0.48 0.2 4442 0.50 0.5

0.41 –0.32 20010 1.12 17.5 *ã¸òèò, FeOOH / *goethite

0.372 1.04 – 0.858 16.1 ñóïåðïàðàìàãíèòíûå îêñèãèäðîêñèäû Fe3+

superparamagnetic oxyhydroxides0.362 0.554 – 0.362 12.4

1.1442 2.9484 – 0.291 21.7 **îëèâèí, Fe2+(M1, M2) / **olivine

1.141 2.093 – 0.325 12.7 îðòîïèðîêñåí, Fe2+(M1, M2) / orthopyroxene

SE-1m

0.0135 –0.031 335.43 0.482 26.7 êàìàñèò, a-Fe(Ni, Co) / kamacite

òðîèëèò, FeS / troilite0.784 –0.036 3093 0.61 7.0

0.322 0.034 4911 0.625 11.0
ìàãíåòèò / magnetite

0.483 0.225 4442 0.509 4.0

0.51 –0.207 22010 1.02 16.5 *ã¸òèò, FeOOH / *goethite

0.393 1.075 – 0.756 11.2 ñóïåðïàðàìàãíèòíûå îêñèãèäðîêñèäû Fe3+

superparamagnetic oxyhydroxides0.352 0.525 – 0.363 7.2

1.1444 2.951 – 0.271 9.9 **îëèâèí, Fe2+(M1, M2) / **olivine

1.133 2.176 – 0.395 6.6 îðòîïèðîêñåí, Fe2+(M1, M2) / orthopyroxene

SE-1nm

0.41 –0.21 25010 1.43 24.5 *ã¸òèò, FeOOH / *goethite 

0.395 1.11 – 0.768 14.2 cóïåðïàðàìàãíèòíûå îêñèãèäðîêñèäû Fe3+

superparamagnetic oxyhydroxides0.352 0.603 – 0.363 17.2

1.1402 2.9474 – 0.281 27.5 **îëèâèí, Fe2+(M1, M2) / **olivine

1.161 2.082 – 0.294 16.6 îðòîïèðîêñåí, Fe2+(M1, M2) / orthopyroxene

Ïðèìå÷àíèå. IS — èçîìåðíûé ñäâèã îòíîñèòåëüíî a-Fe, QS — êâàäðóïîëüíîå ðàñùåïëåíèå, Hýôô — ýôôåêòèâíîå ñâåðõòîíêîå 

ìàãíèòíîå ïîëå íà ÿäðàõ Fe, G — ïîëóøèðèíà ëèíèé, A — îòíîñèòåëüíàÿ ïëîùàäü ïîä ñïåêòðàëüíûì êîìïîíåíòîì. * — ñðåä-

íåâçâåøåííûå ïàðàìåòðû. ** — àñèììåòðèÿ íèçêîñêîðîñòíîãî è âûñîêîñêîðîñòíîãî ïèêîâ äóáëåòà îëèâèíà: G — 1:1.1, èíòåí-

ñèâíîñòü — 1:0.94

Note. IS — isomer shift relative to a-Fe, QS — quadrupole splitting, Hýôô — effective hyperfine magnetic field on Fe nuclei, G — full width 

at half maximum, À — relative area under the spectral component. * — weighted average parameters; ** — asymmetry of low-speed and 

high-speed peaks of the olivine doublet: G — 1:1.1, intensity — 1:0.94

Òàáëèöà 1. Ïàðàìåòðû ì¸ññáàóýðîâñêèõ êîìïîíåíò ñïåêòðîâ îáðàçöîâ ìåòåîðèòà SE

è èõ îòíåñåíèå ê ìèíåðàëüíûì ôàçàì

Table 1. Parameters of the Mîssbauer components of the spectrum of SE meteorite samples

and their relation to mineral phases

ìèíåðàëàõ îòìå÷àåòñÿ è ïðè èçó÷åíèè äðóãèõ ìåòåî-
ðèòîâ [23, 24].

Ìèêðîçîíäîâûå èññëåäîâàíèÿ ïîçâîëèëè óòî÷íèòü 
ñîñòàâ, ôîðìû íàõîæäåíèÿ è âçàèìîîòíîøåíèå ïî-
ðîäîîáðàçóþùèõ è àêöåññîðíûõ ìèíåðàëîâ (ðèñ. 7, 
òàáë. 3–6).

Îëèâèíû ñîäåðæàò íåçíà÷èòåëüíûå ïðèìåñè Mn, 
Ca, Al, à ñîäåðæàíèå ôîðñòåðèòîâîãî (Fo) è ôàÿëèòîâî-
ãî (Fa) êîìïîíåíòîâ ñîñòàâëÿþò Fo80.8–82.5 è Fa17.5–19.2

(òàáë. 3). 
Ïèðîêñåíû ïðåäñòàâëåíû êëèíî- è îðòîïèðîêñå-

íàìè (òàáë. 4 è 5). Õèìè÷åñêèé ñîñòàâ êëèíîïèðîêñå-
íîâ áëèçîê ê äèîïñèäó ñ íåäîñòàòêîì êàëüöèÿ: Ca0.60–0.68

(Mg0.81–1.07Fe0.11–0.20)0.92–1.27Si1.94–2.02Î6. Íåõâàòêà â êà-
òèîííîé ÷àñòè êîìïåíñèðóåòñÿ ïðèìåñÿìè Al, Cr, Mn, 
Na è Ê. Îðòîïèðîêñåí íàèáîëåå ðàñïðîñòðàíåí è âõîäèò 
â ñîñòàâ êàê ìîíîìèíåðàëüíûõ, òàê è ïîëèìèíåðàëüíûõ 
õîíäð. Õèìè÷åñêèé ñîñòàâ îðòîïèðîêñåíîâ îòâå÷àåò îá-
ùåé ôîðìóëå (Mg1.30–1.07Fe0.17–0.60)1.47–1.67Si1.95–2.00 Î6

ñ íåçíà÷èòåëüíûìè ïðèìåñÿìè Al, Cr, Mn è Cà. Äàííûé 

ñîñòàâ ñîîòâåòñòâóåò ýíñòàòèòó ñ æåëåçèñòîñòüþ ïèðîê-
ñåíà îò 10 äî 29 % Fs. 

Ïî ñîîòíîøåíèþ ñðåäíèõ ñîñòàâîâ îëèâèíà (Fa — 
18–19 ìîë. %) è îðòîïèðîêñåíà (Fs — 16–17 ìîë. %) èç-
ó÷àåìûé ìåòåîðèò îòíîñèòñÿ ê H-õîíäðèòàì (ðèñ. 8).

Ñòåêëî, âûïîëíÿþùåå èíòåðñòèöèè ìåæäó çåðíà-
ìè îëèâèíîâ è ïèðîêñåíîâ â õîíäðàõ ñ êîëîñíèêîâîé 
è ëó÷èñòîé ñòðóêòóðàìè, èìååò ïðåèìóùåñòâåííî íà-
òðèåâûé ñîñòàâ (Na0.31–0.48Ê0.08–0.18Fe0.06–0.07Ca0.08–0.09

Mn0–0.03)0.46–0.67Al1.01–1.06Si3.14–3.36Î8 (òàáë. 6).
Øïèíåëèäû, ðàñïîëàãàþùèåñÿ âíóòðè ïèðîêñå-

íîâûõ õîíäð â îêðóæåíèè ïëàãèîêëàçîâîãî ñòåêëà è â 
âûïîëíåííûõ èíòåðìåòàëëèäàìè ó÷àñòêàõ ìàòðèöû â 
âèäå èçîìîðôíûõ êðèñòàëëîâ (ðèñ. 7, g) è êñåíîìîðô-
íûõ çåðåí ðàçìåðîì 2–5 ìêì, ïðåäñòàâëåíû ñîáñòâåí-
íî õðîìèòîì ñ ñîñòàâîì (ìàñ. %): FeO 21.78–23.48, MgO 
1.36–2.88, ZnO 0–0.71, MnO 0–0.68, Cr2O3 63.70–68.89, 
Al2O3 4.31–8.23, TiO2 0.73–1.25, V2O5 0.97–1.19 è îáùåé 
ôîðìóëîé (Fe0.65–0.70Mg0.15–0.70Zn0–0.02Mn0–0.02)0.8–0.9 

(Cr1.78–1.99Al0.18–0.38Ti0.02–0.03V0–0.03)2.1–2.2O4 è øïèíå-
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ëüþ (ìàñ. %) — MgO 18.56–19.71, FeO 10.13–14.03, ZnO 
0.32–0.63, MnO 0.19–0.25, Al2O3 66.01–68.25, Cr2O3 
0.38–1.39, V2O5 0–0.23 è ôîðìóëîé (Mg0.70–0.74Fe0.21–0.30 

Zn0.01Mn0.01)0.96–1.01(Al1.97–2.01Cr0.01–0.03V0.01)1.99–2.04O4. 
Öèðêîí ñ ñîñòàâîì (Zr0.96 Hf0.01)0.97 Si0.96 O4 âñòðå-

÷åí â âèäå óäëèíåííîãî êðèñòàëëà ðàçìåðîì 50 ìêì â 
(ðèñ. 7, h ). 

Ìèêðîàãðåãàòíûå çåðíà àïàòèòà ñ ôîðìóëîé Ca4.92–5.13  

Sr0–0.08 Fe0.04–0.11 Ni0.01–0.05)5.21[P2.83O12](OH, F, Cl) 
âñòðå÷àþòñÿ â âèäå âêëþ÷åíèé â îëèâèíå. 

(Ña0.72 Mg0.42 K0.02)1.16(Ti1.04 Fe0.09)1.94[(Si1.12 

Al0.02)1.13 Î4]O îáíàðóæåí â âèäå âêëþ÷åíèé â ïèðîê-
ñåíîâûõ õîíäðàõ.

Áàðèò, èìåþùèé ôîðìóëó (Ba1.08 Sr0.01 Ca0.01)1.10 S

0.96 O4, îáðàçóåò ðàçíîîáðàçíîé ôîðìû âêëþ÷åíèÿ â îð-
òîïèðîêñåíå ðàçìåðîì äî 60 ìêì (ðèñ. 7, i).

 Ñóëüôèäû æåëåçà âñòðå÷åíû â âèäå åäèíè÷íûõ 
âêëþ÷åíèé íåïðàâèëüíîé ôîðìû èëè êàåìîê âîêðóã 
õîíäð. Ýìïèðè÷åñêàÿ ôîðìóëà òðîèëèòà, ïðåäñòàâëåí-
íîãî ìèêðîêðèñòàëëàìè, ÷àñòî îêðóæåííûìè èíòåð-
ìåòàëëèäàìè, Fe7.77–8.12Ni0.07–0.21S7.56–7.63; ìàêèíàâè-
òà — Fe7.41Ni2.39S7.95. 

Íèêåëèñòîå æåëåçî (îò êàìàñèòà äî òýíèòà) âû-
ïîëíÿåò èíñòåðñòèöèè ìåæäó õîíäðàìè è íåðåäêî 
âûñòóïàåò â ðîëè ìàòðèêñà ìåæäó õîíäðàìè (ðèñ. 7, 
a, c, f).

Äóáëåò / Doublet IS, ìì/ñ QS, ìì/ñ G A, % Ñòðóêòóðíàÿ ïîçèöèÿ / Structural positiuon

îëèâèí / olivine

D1 Fe2+ 1.1572 3.0304 0.27 20.43 Fe2+(M1)

D1’ Fe2+ 1.1242 2.8575 0.27 16.53 Fe2+(M2)

îðòîïèðîêñåí /orthopyroxene

D2 Fe2+ 1.051 2.353 0.27 3.24 Fe2+(M1)

D2’ Fe2+ 1.1344 2.113 0.30 19.16 Fe2+(M2)

D Fe3+ 0.451 0.802 0.663 22.56 ñóïåðïàðàìàãíèòíûå îêñèãèäðîêñèäû Fe3+ 

superparamagnetic oxyhydroxidesD’ Fe3+ 0.3724 0.521 0.281 13.34

Òàáëèöà 2. Ïàðàìåòðû ì¸ññáàóýðîâñêèõ äóáëåòîâ ïàðàìàãíèòíîé ÷àñòè ñïåêòðà îáð. SE-1nm

Table 2. Parameters of Mössbauer doublets of the paramagnetic part of the spectrum of the SE-1nm sample

* — расшифровку см. в таб. 1 / 

* — for the transcript, see Table 1

¹ îáðàçöà

Sample No.

Ñîäåðæàíèÿ îêñèäîâ (ìàñ. %)

Oxyde content (wt %)

Ôîðìóëüíûå êîëè÷åñòâà

Formular quantitites

Ìèíàëû

Minals

SiO2 FeO MnO MgO S Si Fe'' Mn Mg Fo Fa

3-1 40.37 16.98 0.58 43.29 101.22 3-1 1.011 0.355 0.012 1.615 0.820 0.180

6-2 40.32 16.54 0.46 43.48 100.8 6-2 1.014 0.347 0.010 1.629 0.824 0.176

6-4 41.92 15.87 0.61 41.79 100.19 6-4 1.056 0.334 0.013 1.568 0.825 0.175

6-5 39.55 16.58 0.55 42.38 99.06 6-5 1.014 0.355 0.012 1.619 0.820 0.180

6-6 38.75 16.91 0.38 40.9 96.94 6-6 1.019 0.371 0.008 1.602 0.812 0.188

9-3 38.7 17.06 0.37 40.26 96.39 9-3 1.024 0.377 0.008 1.587 0.808 0.192

Òàáëèöà 3. Ñîñòàâ îëèâèíîâ

Table 3. Composition of olivines

¹ îáðàçöà
Sample No.

Ñîäåðæàíèÿ îêñèäîâ (ìàñ. %)
Oxyde content (wt%)

Ôîðìóëüíûå êîëè÷åñòâà (íà 6 àíèîíîâ)
Formular quantitites (for 6 anions)

SiO2 Al2O3 Cr2O3 FeO MnO MgO CaO S Si Al Cr Fe3+ Fe2+ Mn Mg Ca

2-5 57.21 – 0.19 11.29 0.51 31.11 0.52 100.83 2.005 0.000 0.005 0.000 0.330 0.015 1.624 0.020

4-1 53.9 – 0.55 19.37 1.02 23.27 0.77 98.88 2.018 0.000 0.016 0.000 0.605 0.032 1.298 0.031

4-2 54.93 – 0.64 17.69 0.87 24.67 1.11 99.91 2.018 0.000 0.019 0.000 0.543 0.027 1.350 0.044

4-3 56.06 – 0.29 10.44 0.54 28.46 1.89 97.68 2.041 0.000 0.008 0.000 0.317 0.017 1.543 0.074

4-4 56.11 – 0.6 10.05 0.42 30.4 0.43 98.01 2.021 0.000 0.017 0.000 0.302 0.013 1.631 0.017

4-5 55.07 1.85 1.37 12.29 0.71 27.88 1.93 101.1 1.953 0.077 0.038 0.000 0.364 0.021 1.473 0.073

5-2 55.57 0.19 0.7 10.7 0.41 30.26 0.42 98.25 1.992 0.008 0.020 0.002 0.319 0.012 1.616 0.016

5-1 57.02 0.62 0.7 10.79 0.55 30.54 0.69 100.91 1.998 0.026 0.019 0.000 0.316 0.016 1.594 0.026

5-3 55.53 – 0.21 12.27 0.5 30.24 0.83 99.58 1.978 0.000 0.006 0.038 0.327 0.015 1.604 0.032

10-3 57.58 – – 10.66 0.5 31.79 0.24 100.77 2.011 0.000 0.000 0.000 0.311 0.015 1.654 0.009

11-1 58.24 – 0.31 5.77 0.49 33.7 1.47 99.98 2.017 0.000 0.008 0.000 0.167 0.014 1.739 0.055

Òàáëèöà 4. Ñîñòàâ îðòîïèðîêñåíîâ

Table 4. Composition of orthopyroxene
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Ñîåäèíåíèå, îòâå÷àþùåå ñîñòàâó àêàíòèòà Ag2S, 
âñòðå÷åíî â âèäå ìèêðîçåðíà ðàçìåðîì îêîëî 5 ìêì, 
ïîãðóæåííîãî â çåðíî óãëåðîäèñòîãî âåùåñòâà.

 Óãëåðîäèñòîå âåùåñòâî òîíêîé êîðî÷êîé îêðóæà-
åò îáîñîáëåíèÿ, ñëîæåííûå ïîðîäîé, âåðîÿòíî áîëåå 
ðàííåé ãåíåðàöèè, èëè îáðàçóåò ïðè÷óäëèâîé ôîðìû 
îáîñîáëåíèÿ (ðèñ. 2, e, f). Â ìèíåðàëîãè÷åñêîé ïðîáå 
ïåðâûå ïðåäñòàâëåíû çåðíàìè ïîäêîâîîáðàçíîé ôîð-
ìû è áîëåå ìåëêèìè ôðàãìåíòàìè ìèêðîñôåð-îáîëî-
÷åê, âòîðûå — çåðíàìè íåïðàâèëüíîé ôîðìû. 

Ñàìîðîäíàÿ ïëàòèíà îáðàçóåò ìèêðîâêëþ÷åíèÿ 
â óãëåðîäèñòîì âåùåñòâå è õðîìèòàõ, ãäå ôîðìèðóåò 
ñðîñòêè êóáè÷åñêèõ ìèêðîêðèñòàëëîâ èëè íåîïðåäåëè-
ìîé èç-çà ìàëîãî ðàçìåðà ôîðìû çåðíà 0.5–5.0 ìêì. Â 
26 èç 30 ïðîàíàëèçèðîâàííûõ çåðåí ïëàòèíà íå èìååò 
ïðèìåñåé. Â òðåõ çåðíàõ â êà÷åñòâå ïðèìåñè îáíàðóæåíî 
0.88–1.23 ìàñ. % çîëîòà è â îäíîì çåðíå — 0.39 ìàñ. % 
ñåðåáðà [8]. 

Ïîðîäîîáðàçóþùèå ýëåìåíòû

Ïî äàííûì õèìè÷åñêîãî àíàëèçà, â ñëàãàþùåé 
ìåòåîðèò ïîðîäå ñîäåðæèòñÿ (ìàñ. %): SiO2 — 38.46, 
TiO2 —0.11, Al2O3 — 4.00, Fe2O3 — 14.69, FeO —9.44, 
MnO — 0.229, MgO — 24.55, CaO — 1.48, Na2O — 0.89, 
K2O — 0.14, P2O5  —0.27, SO3  —2.05, CO2  — 0.17. Ñëåäóåò 
îòìåòèòü, ÷òî ïîëó÷åííûå ðåçóëüòàòû õèìè÷åñêîãî àíà-
ëèçà îòðàæàþò ñîñòàâ ãèïåðãåííî èçìåíåííîé ïîðîäû. 

Ðåäêèå è ðåäêîçåìåëüíûå ýëåìåíòû

Ñîäåðæàíèå ðåäêèõ è ðåäêîçåìåëüíûõ ýëåìåíòîâ â 
èçó÷åííîì ìåòåîðèòå è ñðàâíåíèå ñ ñîäåðæàíèåì ýòèõ 
ýëåìåíòîâ â ìåòåîðèòàõ äðóãèõ òèïîâ ïðèâåäåíî â òàáë. 7 
è íà ðèñ. 9 è 10.

Èç òàáë. 7 è ðèñ. 9 âèäíî, ÷òî ñîäåðæàíèå LREE 
â èçó÷åííîì ìåòåîðèòå ñóùåñòâåííî ïðåâûøàåò çíà-
÷åíèÿ, à ñîäåðæàíèå HREE, íàîáîðîò, íåñêîëüêî íè-
æå, ÷òî õàðàêòåðíî äëÿ õîíäðèòîâ H-, L- è LL-òèïîâ. 

Îñîáåííîñòüþ ðàñïðåäåëåíèÿ ñèäåðîôèëüíûõ ýëå-
ìåíòîâ ÿâëÿåòñÿ íèçêîå ñîäåðæàíèå â èçó÷åííîì ìåòå-
îðèòå Pd, Au è áëèçêèå ê îñòàëüíûì ñðàâíèâàåìûì òè-
ïàì õîíäðèòîâ ñîäåðæàíèÿ õàëüêîôèëüíûõ ýëåìåíòîâ. 

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðåäñòàâëåíèå î ðàñïðåäåëåíèè æåëåçà ïî âûÿâ-
ëåííûì â ìåòåîðèòå ìèíåðàëüíûì ôàçàì äàþò ì¸ññáà-
óýðîâñêèå äàííûå (òàáë. 1). Êîëè÷åñòâî àòîìîâ æåëåçà 
ôàçû ïðÿìî ïðîïîðöèîíàëüíî ïëîùàäè ïîä åå ì¸ññáà-
óýðîâñêèì ñïåêòðàëüíûì êîìïîíåíòîì è îáðàòíî ïðî-

ïîðöèîíàëüíî ôàêòîðó Äåáàÿ – Âàëëåðà (âåðîÿòíîñòü 
ì¸ññáàóýðîâñêîãî ïåðåõîäà). Èîíû Fe3+ õàðàêòåðèçó-
þòñÿ â ñðåäíåì íà 15 % áîëüøèì çíà÷åíèåì ôàêòîðà 
Äåáàÿ – Âàëëåðà, ÷åì èîíû áîëåå íèçêîé âàëåíòíîñòè 
[16]. Ñ ó÷åòîì ýòîãî è ïî äàííûì òàáë. 1, æåëåçî (àò. %) 
ðàñïðåäåëåíî ìåæäó ìèíåðàëüíûìè ôàçàìè îêñèãè-
äðîêñèäîâ (43), ìàãíåòèòà (2), êàìàñèòà (11), òðîèëè-
òà (6), ñèëèêàòîâ (37). Êîëè÷åñòâî íåñâÿçàííîãî æåëå-
çà è ñóëüôèäíîãî æåëåçà íèæå ñèëèêàòíîãî Fe2+, è ïî 
ýòîìó ïðèçíàêó ìåòåîðèò îòíîñèòñÿ ê îáûêíîâåííûì 
L- èëè LL-õîíäðèòàì. Èçó÷åííûé ìåòåîðèò áûë ïîä-
âåðæåí èíòåíñèâíûì ãèïåðãåííûì ïðåîáðàçîâàíèÿì 
ìåòàëëè÷åñêîé ôàçû ñ îáðàçîâàíèåì îêñèãèäðîêñèäîâ 
æåëåçà. Âûíîñó æåëåçà áûë ïîäâåðæåí òàêæå òðîèëèò. 
Îáíàðóæåííûé â íåáîëüøèõ êîëè÷åñòâàõ ìàãíåòèò, êî-
òîðûé îáû÷íî îòíîñÿò êî âòîðè÷íûì ìèíåðàëàì, îá-
ðàçóåòñÿ ïðè îêèñëåíèè êàìàñèòà è ñóëüôèäîâ æåëåçà 
[9]. Ñêåëåòíûå êðèñòàëëû ìàãíåòèòà ôîðìèðóþòñÿ òàê-
æå èç îëèâèíà â õîäå àòìîñôåðíîãî íàãðåâà ìåòåîðè-
òîâ. Íå èñêëþ÷åíî, ÷òî ÷àñòè÷íî îêñèãèäðîêñèäû æå-
ëåçà ÿâëÿþòñÿ ïðèâíåñåííûìè. Òåì íå ìåíåå â èñõîä-
íîì ñîñòîÿíèè ìåòåîðèò èìåë çíà÷èòåëüíî áîëüøåå 
ñîäåðæàíèå ìåòàëëè÷åñêîé è ñóëüôèäíîé ôàç æåëåçà. 

Ïî çíà÷åíèÿì ôàÿëèòîâîãî (Fa) è ôåððîñèëè-
òîâîãî (Fs) ìèíàëîâ îëèâèíà è ïèðîêñåíà, ïîëó÷åí-
íûõ ìåòîäàìè ðåíòãåíîâñêîé äèôðàêöèè è ÈÊÑ, ìå-
òåîðèò çàíèìàåò ïðîìåæóòî÷íîå ïîëîæåíèå ìåæäó 
H- è L-ïåòðîëîãè÷åñêèìè òèïàìè õîíäðèòîâ ïî [13]. 
Ñîãëàñíî äàííûì ì¸ññáàóýðîâñêîé ñïåêòðîñêîïèè 
(òàáë. 1, 2), ÷àñòíîå ðàñïðåäåëåíèå ñèëèêàòíîãî æå-
ëåçà â îëèâèíå è ïèðîêñåíå (Fe2+

Ol : Fe2+
Px) íàõîäèòñÿ 

â äèàïàçîíå îò 0.60 : 0.40 äî 0.63 : 0.37 è ñîîòâåòñòâóåò 
H-õîíäðèòàì [23]. 

Ðàñïðåäåëåíèå Fe2+ è Mg2+ ïî ñòðóêòóðíûì ïî-
çèöèÿì M1, M2 â îëèâèíå è ïèðîêñåíå ñâÿçàíî ñ òåì-
ïåðàòóðîé ðàâíîâåñèÿ êàòèîííîãî ðàñïðåäåëåíèÿ è, 
ñîîòâåòñòâåííî, ñ òåðìè÷åñêîé èñòîðèåé ìåòåîðèòà. 
Èñïîëüçîâàíèå çíà÷åíèé Fa èëè Fs è ì¸ññáàóýðîâñêèõ 
äàííûõ î ðàñïðåäåëåíèè Fe2+ â îëèâèíå è ïèðîêñåíå 
â ïîçèöèè M1, M2 ïîçâîëÿåò ðàññ÷èòàòü êîýôôèöèåíò 
ðàñïðåäåëåíèÿ Fe2+– Mg è îïðåäåëåíèÿ òåìïåðàòóðû 
ðàâíîâåñèÿ êàòèîííîãî ðàñïðåäåëåíèÿ [24]. Åñëè ñ÷è-
òàòü ôàêòîð Äåáàÿ – Âàëëåðà äëÿ ïîçèöèé M1, M2 ðàâ-
íûì, çíà÷åíèÿ ïëîùàäåé ñîîòâåòñòâóþùèõ äóáëåòîâ â 
òàáë. 2 äàþò îòíîøåíèå M1 : M2=1.24 ± 0.03 äëÿ îëè-
âèíà è M1 : M2 = 0.17 ± 0.02 äëÿ ïèðîêñåíà. Äëÿ ïîëó-
÷åííûõ ðåíòãåíîäèôðàêöèîííûõ çíà÷åíèé ôàÿëèòîâîãî 
(Fa21–23) è ôåððîñèëèòîâîãî (Fs18–20) ìèíàëîâ òåìïåðà-
òóðû ðàâíîâåñèÿ êàòèîííîãî ðàñïðåäåëåíèÿ [24] ñîñòàâ-
ëÿþò (910 ± 110)°Ñ ïî îëèâèíó è (880 ± 60)°Ñ ïî ïèðîê-
ñåíó è ñîîòâåòñòâóþò âûñîêîé ñòåïåíè òåïëîâîãî ìå-

 ¹

îáðàçöà

Sample 

No.

Ñîäåðæàíèÿ îêñèäîâ (ìàñ. %)

Oxide content (wt %)

Ôîðìóëüíûå êîëè÷åñòâà (íà 6 àíèîíîâ)

Formular quantitites (for 6 anions)

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2Î S Si Ti Al Cr Fe2+ Mn Mg Ca Na K

3-3 57.15 0.37 3.17 1.58 6.85 0.62 15.38 16.63 1.75 0.26 103.76 2.021 0.010 0.132 0.044 0.202 0.019 0.810 0.630 0.120 0.012

3-4 55.42 0.44 1.79 1.66 6.95 0.71 16.28 17.56 1.34 0.09 102.24 1.991 0.012 0.076 0.047 0.208 0.022 0.871 0.676 0.093 0.004

9-1 48.65 0.59 5.24 2.4 7.04 0.77 16.72 15.04 0.97 0.21 97.63 1.821 0.017 0.231 0.071 0.220 0.024 0.932 0.603 0.070 0.010

10-1 55.05 0.4 1.47 1.18 5.24 0.54 19.96 16.69 0.66 – 101.19 1.971 0.011 0.062 0.033 0.157 0.016 1.064 0.640 0.046 0.000

10-4 53.25 0.49 1.95 1.5 3.77 1.06 19.85 16.93 0.52 – 99.32 1.939 0.013 0.084 0.043 0.115 0.033 1.077 0.660 0.037 0.000

Òàáëèöà 5. Ñîñòàâ êëèíîïèðîêñåíîâ

Table 5. Composition of clinopyroxenes
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òàìîðôèçìà ïåòðîëîãè÷åñêîãî òèïà 4. Òàêèì îáðàçîì, 
ïî äàííûì ñïåêòðîñêîïèè, èçó÷åííûé ìåòåîðèò íàè-
áîëåå áëèçîê ê îáûêíîâåííîìó õîíäðèòó H4-ãðóïïû.

Ñîñòàâ ñîäåðæàùèõñÿ â ìåòåîðèòå õðîìèòîâ áëèçîê 
ê ñîñòàâó õðîìèòîâ èç ìåòåîðèòîâ H- è L-òèïîâ [1–5, 
11]. Â ñëàãàþùåé ìåòåîðèò ïîðîäå ïðèñóòñòâóþò õîíäðû 
ðàçëè÷íûõ ãåíåðàöèé — ìîíîìèíåðàëüíûõ (ïðèìèòèâ-

íûõ) è ãðàíóëèðîâàííûõ. Ìîíîìèíåðàëüíûå õîíäðû 
ÿâëÿþòñÿ ðåçóëüòàòîì êðèñòàëëèçàöèè ñâîáîäíûõ êà-
ïåëü ðàñïëàâà ïðè âûñîêîé ñêîðîñòè îõëàæäåíèÿ, ãðà-
íóëèðîâàííûå ïðåäñòàâëÿþò ñîáîé èçìåíåííûå ïðè-
ìèòèâíûå õîíäðû, ïðåäïîëîæèòåëüíî óíàñëåäîâàííûå 
èç ìåòåîðèòíûõ ðîäèòåëüñêèõ àñòåðîèäîâ è ïåðåæèâ-
øèå íåñêîëüêî ñîáûòèé íàãðåâà-îõëàæäåíèÿ [15, 20]. 

Ðèñ. 7. Àêöåññîðíûå è ïîðîäîîáðàçóþùèå ìèíåðàëû â ìåòå-

îðèòå: a — êàìàñèò è òýíèò â òîíêîçåðíèñòîì ìàòðèêñå; b — 

ïèðîêñåíîâàÿ õîíäðà; c — ìèêðîêðèñòàëë òðîèëèòà â òýíèòå, 

âçàèìîîòíîøåíèå òýíèòà è êàìàñèòà (ôðàãìåíò ðèñ. 7, b);

d — ëó÷èñòàÿ ñòðóêòóðà ïèðîêñåíîâîé õîíäðû ñ ïëàãèîêëàçî-

âûì ñòåêëîì â ïðîìåæóòêàõ ìåæäó ñóáèíäèâèäàìè è ìèêðî-

êðèñòàëëîì õðîìøïèíåëèäà (ôðàãìåíò ðèñ. 7, b); e — íàñû-

ùåííîå ìèêðîêðèñòàëëàìè ðóäíûõ ìèíåðàëîâ çåðíî ïèðîê-

ñåíà ñ îáåäíåííîé æåëåçîì êàéìîé; f — ó÷àñòîê ìàòðèöû, 

ñëîæåííûé ïðåèìóùåñòâåííî ñàìîðîäíûìè ìåòàëëàìè, ãäå öèôðàìè îáîçíà÷åíû: 1 — êàìàñèò, 2 — òýíèò, 3 — ãèäðîêñèäû 

æåëåçà, 4 — õëîðàïàòèò, 5 — îëèâèí, 6 –7 — õðîìèò, 8 — ïèðîêñåí; g — ìèêðîêðèñòàëëû õðîìøïèíåëèäà (ôðàãìåíò 6 ðèñ. 7, f); 

h — êðèñòàëë öèðêîíà â ïèðîêñåíîâîé õîíäðå; i — êðèñòàëëè÷åñêèé êàëüöèò â ïóñòîòàõ ñèëèêàòíîé ìàòðèöû; j — áàðèò â çåðíå 

îëèâèíà è â ìàòðèêñå

Fig. 7. Accessory and rock-forming minerals in a meteorite: a — kamañite and taenite in a fine-grained matrix; b — pyroxene chondrule; 

c — troillite microcrystal in tenite, the relationship of tenite and camasite (part of Fig. 7, b); d — radiant structure of pyroxene chondrule 

with plagioclase glass between the subindividuals and the microcrystall of chromian spinels (part of Fig. 7, b); e — pyroxene grain saturated 

with microcrystals of ore minerals with the iron-depleted edge; f — a matrix section composed of native metals: 1 — kamacite, 2 — taenite, 

3 — iron hydroxides, 4 –chlorapatite, 5 — olivine, 6–7 — chromite, 8 — pyroxene; g — chromite microcrystals (part 6 of Fig. 7, f); h — 

zircon crystal in pyroxene chondrule; i — crystalline calcite in silicate matrix voids; j — barite in olivine grain and in matrix

Ðèñ. 8. Ñîîòíîøåíèå ñîñòàâîâ îëèâèíà (Fa) è îðòîïèðîêñåíà 

(Fs) â îáûêíîâåííûõ õîíäðèòàõ (ïî [13], ÷åðíàÿ òî÷êà — èçó-

÷àåìûé ìåòåîðèò

Fig. 8. The ratio of the olivine (Fa) and orthopyroxene (Fs) com-

positions in ordinary chondrites (according to [13]), the studied 

meteorite is indicated by a dot

Ðèñ. 9. Ñîäåðæàíèå ðåäêîçåìåëüíûõ ýëåìåíòîâ â èçó÷åííîì 

ìåòåîðèòå (1), íîðìèðîâàííîå ê ñîäåðæàíèþ â õîíäðèòå 

CI-òèïà, â ñðàâíåíèè ñ ìåòåîðèòàìè H-, L- è LL-òèïîâ (äàí-

íûå ïî [28])

Fig. 9. Content of rare earth elements in the studied meteorite (1), 

normalized to the content in the CI-type chondrite, in comparison 

with the H-, L- and LL-type meteorites (data from: [28])
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Òàêèå õîíäðû, êàê ïðàâèëî, èìåþò îêðóæåííûå áîëåå 
ìåëêèìè çåðíàìè îòíîñèòåëüíî êðóïíîêðèñòàëëè÷å-
ñêèå «ÿäðà», (ðèñ. 7, b–e), ñîñòàâ êîòîðûõ îòðàæàåò ñî-
ñòàâ õîíäð ïðåäøåñòâåííèêîâ. Íåîäíîêðàòíûå íàãðå-
âàíèÿ-îñòûâàíèÿ ïðèâîäÿò ê ïîâòîðíîé êîíäåíñàöèè 
â õîíäðàõ ëèòîôèëüíûõ ýëåìåíòîâ ñ ðàçëè÷íûìè òåì-
ïåðàòóðàìè êðèñòàëëèçàöèè, ïðè òîì ÷òî ñèäåðîôèëü-
íûå è õàëüêîôèëüíûå ýëåìåíòû êîíäåíñèðîâàëèñü êàê 
íîâûå ôàçû (ðèñ. 7, g) èëè âûòåñíÿëèñü èç õîíäð â ìå-
òàëë. Òàêèì îáðàçîì, âîçìîæíî, áûëà ïåðåîöåíåíà äî-
ëÿ ìåòàëëè÷åñêîãî æåëåçà è óìåíüøåíà æåëåçèñòîñòü 
îëèâèíîâ è ïèðîêñåíîâ â õîíäðàõ, ÷òî, â ñâîþ î÷åðåäü, 
ñêàçàëîñü íà ïîëîæåíèè ñîîòâåòñòâóþùåé ôèãóðàòèâ-
íîé òî÷êè íà êëàññèôèêàöèîííîé äèàãðàììå Fa – Fs 
(ðèñ. 8) è ïîñëóæèëî ïîâîäîì äëÿ îòíåñåíèÿ õîíäðèòà 
ê ïåòðîëîãè÷åñêîìó òèïó Í. 

Ìû îáíàðóæèëè àíàëîãè÷íóþ êàðòèíó ðàñïðåäå-
ëåíèÿ æåëåçà â çíà÷èòåëüíîé ÷àñòè ìîíîìèíåðàëüíûõ 
õîíäð. Íà ìèêðîôîòîãðàôèè çåðíà ïèðîêñåíà (ðèñ. 7, e) 
îò÷åòëèâî âèäíà êàéìà, â êîòîðîé ñîäåðæàíèå Fe2+ ñî-
ñòàâëÿåò 2.56–3.22, â òî âðåìÿ êàê â öåíòðàëüíîé ÷àñòè 
çåðíà — 4.94–5.45 àò. %. 

Çàêëþ÷åíèå

Ñðàâíåíèå ñòðóêòóðíî-òåêñòóðíûõ õàðàêòåðèñòèê 
ìèíåðàëüíîãî è ýëåìåíòàðíîãî ñîñòàâà èçó÷åííîãî ìå-
òåîðèòà ñ ìåòåîðèòàìè èçâåñòíûõ ïåòðîëîãè÷åñêèõ òè-
ïîâ ïîçâîëÿåò êëàññèôèöèðîâàòü åãî êàê îáûêíîâåí-
íûé îëèâèí-ýíñòàòèòîâûé õîíäðèò ïåòðîëîãè÷åñêîãî 
òèïà H4. Ñîîòíîøåíèå ïîðîäîîáðàçóþùèõ ýëåìåíòîâ â 
ñëàãàþùåé ìåòåîðèò ïîðîäå è ñîñòàâ àêöåññîðíûõ õðî-

Ýëåìåíò / Element 1 H L LL Ýëåìåíò / Element 1 H L LL

Li 1.88 1.7 1.8 2.1 La 0.56 0.295 0.31 0.315

Be 0.048 0.051 0.043 0.051 Ce 1.2 0.83 0.9 0.907

Sc 7.0 7.9 8.6 8.4 Pr 0.17 0.123 0.132 0.122

V 18 74 77 75 Nd 0.79 0.628 0.682 0.659

Cr 1046 3660 3880 3740 Sm 0.22 0.185 0.195 0.20

Co 792 8110 590 490 Eu 0.081 0.073 0.078 0.076

Ni 13164 16000 12000 10200 Gd 0.30 0.299 0.31 0.303

Cu 79 82 90 80 Tb 0.051 0.053 0.057 0.048

Zn 31 47 50 46 Dy 0.32 0.343 0.366 0.351

Ga 4.7 6.0 5.7 5.0 Ho 0.071 0.073 0.081 0.077

Se 4.8 7.7 9.0 9.9 Er 0.22 0.26 0.248 0.234

Rb 2.6 2.9 3.1 3.1 Tm 0.032 0.039 0.039 0.034

Sr 20 10 11.1 11.1 Yb 0.20 0.0205 0.022 0.22

Zr 4.9 6.3 5.9 5.9 Lu 0.032 0.031 0.033 0.033

Nb 0.45 0.36 0.39 0.37 Hf 0.15 0.18 0.17 0.15

Mo 1.1 1.7 1.30 1.1 Ta 0.70 0.022 0.023 0.022

Ru 0.90 1.1 0.75 – W 0.46 0.16 0.11 –

Rh 0.18 0.22 – – Os 0.48 0.82 0.515 0.4

Pd 0.24 0.87 0.56 0.53 Ir 0.62 0.76 0.49 0.36

Ag 0.23 0.045 0.065 00.72 Pt 1.2 1.4 1.05 0.85

Cd 0.048 0.017 0.011 0.037 Pb 0.78 0.24 0.37 –

Cs 0.053 0.12 0.28 0.180 Th 0.1 0.042 0.043 0.043

Ba 7.1 4.2 3.7 4.8 U 0.027 0.012 0.013 0.013

Òàáëèöà 7. Ñîäåðæàíèÿ ðåäêèõ è ðåäêîçåìåëüíûõ ýëåìåíòîâ â èçó÷åííîì ìåòåîðèòå è â äðóãèõ òèïàõ õîíäðèòîâ (ã/ò)

Table 7. Content of rare and rare earth elements of the studied meteorite and other types of chondrites (g/t)

¹ îáðàçöà
Sample No.

Ñîäåðæàíèå îêñèäîâ, ìàñ. %
Oxide content, wt %

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O S

2-3 60.02 0.38 8.39 0.81 3.49 0.24 10.73 10.55 4.51 0.89 100.01

3-2 63.79 – 11.71 – 4.06 0.2 10.19 3.27 5.51 1.54 100.27

3-6 62.54 – 11.06 0.2 4.47 0.23 11.8 3.85 5.29 1.31 100.75

6-1 66.92 0.58 16.12 0.35 1.14 – 0.73 0.52 7.21 3.63 97.2

6-3 59.03 0.2 11.39 0.41 1.93 – 6.4 9.97 5.17 0.7 95.2

9-2 60.72 0.69 18.13 0.84 1.72 – 3.29 5.93 7.44 0.36 99.12

11-2 67.56 – 10.09 0.5 1.39 – 7.5 2.31 5.77 0.37 95.49

Òàáëèöà 6. Õèìè÷åñêèé ñîñòàâ ñòåêëîâàòîé ìàññû

Table 6. Chemical composition of the glassy mass
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ìèòîâ àíàëîãè÷íû çåìíûì óëüòàðàîñíîâíûì ïîðîäàì. 
Â õðîìèòàõ è óãëåðîäèñòîì âåùåñòâå îáíàðóæåíû ìè-
êðîêðèñòàëëû ñàìîðîäíîé ïëàòèíû. 

Àâòîðû ïðèçíàòåëüíû è Ñ. Ï. Âàñèëüåâó (Ïðàãà, 

×åõèÿ) è Ñ. Â. Åôèìîâó (Ñàíêò-Ïåòåðáóðã), ïðåäî-

ñòàâèâøèì ìàòåðèàë äëÿ èçó÷åíèÿ, Ñ. À. Îíèùåíêî 

(Ñûêòûâêàð) çà êîíñòðóêòèâíûå çàìå÷àíèÿ, à òàêæå 

ñîòðóäíèêàì Èíñòèòóòà ãåîëîãèè, îêàçàâøèì ïîìîùü 

â èññëåäîâàíèè.
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Ââåäåíèå

Ïîçäíèå ïðîöåññû àëüáèòèçàöèè è êàíêðèíèòè-
çàöèè ïîðîä øèðîêî ðàçâèòû â èëüìåíî-âèøíåâîãîð-
ñêîì ùåëî÷íî-êàðáîíàòèòîâîì êîìïëåêñå. Èçâåñòíî, 
÷òî ñîâìåñòíî ñ àëüáèòîì îáðàçóþòñÿ: áèîòèò, ïèðîõ-
ëîð, öèðêîí, ìàãíåòèò, èëüìåíèò, òèòàíèò, ïèðèò, ïèð-
ðîòèí è ôëþîðèò [1, 2, 6]. Àññîöèàöèÿ àëüáèòà ñ êàëü-
öèåâûì ñòðîíöèàíèòîì áûëà óñòàíîâëåíà â ìèàñêèòî-
âîì ïåãìàòèòå [5]. Ïðè èçó÷åíèè ìèíåðàëîãèè êàëüöèò-
íåôåëèí-ïîëåâîøïàòîâîãî ïåãìàòèòà áûëî âûÿâëåíî, 
÷òî ïðè àëüáèòèçàöèè êðîìå èçâåñòíîãî àííèòà, ïèðè-
òà è ñòðîíöèàíèòà, ñ àëüáèòîì îáðàçîâàëèñü áàðèò è 
ôòîðàïàòèò. Áàðèò, êàê ïîçäíèé ìèíåðàë, âñòðå÷àåòñÿ 
â îñíîâíîì ñ öåîëèòàìè (àíàëüöèìîì, íàòðîëèòîì) â 
ìèàñêèòàõ êîìïëåêñà è èõ ïåãìàòèòàõ.

Âòîðè÷íûé êàíêðèíèò, ðàçâèòûé ïî íåôåëèíó, îò-
ìå÷àåòñÿ îáû÷íî â ïàðàãåíåçèñå ñ âèøíåâèòîì è ñîäà-

ëèòîì [6]. Âïåðâûå îáíàðóæåíû â êàíêðèíèòå âêëþ÷å-
íèÿ ôëþîðèò-êàëüöèòîâûõ àãðåãàòîâ ñ ñóëüôèäàìè è 
ðåäêîçåìåëüíûìè ìèíåðàëàìè. Ôëþîðèò-êàëüöèòîâûå 
ïðîæèëêè ðàíåå îòìå÷àëèñü â ôåíèòàõ ìèàñêèòîâîãî 
ìàññèâà, ðåæå â åãî ïðåäåëàõ, è îòíîñèëèñü ê ïîçäíèì 
ñòàäèÿì êàðáîíàòèòîîáðàçîâàíèÿ [1].

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå íî-
âûõ ìàëîèçó÷åííûõ ìèíåðàëüíûõ àññîöèàöèé ïðè àëü-
áèòèçàöèè è êàíêðèíèòèçàöèè ïîðîä è óñòàíîâëåíèå 
ñâÿçè ýòèõ ïîçäíèõ ïðîöåññîâ ñ îáðàçîâàíèåì êàðáî-
íàòèòîâ.

Êðàòêàÿ ãåîëîãè÷åñêàÿ
õàðàêòåðèñòèêà îáúåêòà

Èëüìåíî-âèøíåâîãîðñêèé ùåëî÷íî-êàðáîíàòèòî-
âûé êîìïëåêñ, ðàñïîëîæåííûé íà Þæíîì Óðàëå, ñîñòî-
èò èç äâóõ ìèàñêèòîâûõ ìàññèâîâ — Èëüìåíîãîðñêîãî 

ÓÄÊ 549.02 (553.063) DOI:10.19110/geov.2020.4.3

ÌÈÍÅÐÀËÜÍÛÅ ÀÑÑÎÖÈÀÖÈÈ ÏÎÇÄÍÈÕ ÏÐÎÖÅÑÑÎÂ
Â ÊÀËÜÖÈÒ-ÍÅÔÅËÈÍ-ÏÎËÅÂÎØÏÀÒÎÂÎÌ ÏÅÃÌÀÒÈÒÅ

(ÈËÜÌÅÍÎÃÎÐÑÊÈÉ ÌÈÀÑÊÈÒÎÂÛÉ ÌÀÑÑÈÂ)
Ñ. Â. ×åðåäíè÷åíêî

Èëüìåíñêèé ãîñóäàðñòâåííûé çàïîâåäíèê ÞÓ ÔÍÖ ÌèÃ ÓðÎ ÐÀÍ, Ìèàññ
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Ðàññìîòðåíû îñîáåííîñòè ñîñòàâà ìèíåðàëîâ, îáðàçîâàâøèõñÿ ïðè àëüáèòèçàöèè è êàíêðèíèòèçàöèè ïîðîä â êàëü-
öèò-íåôåëèí-ïîëåâîøïàòîâîé ïåãìàòèòîâîé æèëå (þãî-çàïàäíûé ýíäîêîíòàêò Èëüìåíîãîðñêîãî ìèàñêèòîâîãî ìàññèâà). 
Ñîâìåñòíî ñ àëüáèòîì ðàçâèëèñü àííèò, ïèðèò, ñòðîíöèàíèò, áàðèò è ôòîðàïàòèò. Â ñîñòàâå àííèòà âûÿâëåíî íèçêîå ñîäåðæà-
íèå TiÎ2 è MgÎ (äî 1.0 ìàñ. %) è âûñîêîå FeÎ (31.2–41.4 ìàñ. %). Äëÿ ôòîðàïàòèòà õàðàêòåðíî ïîâûøåííîå êîëè÷åñòâî ðåä-
êèõ çåìåëü, å ÐÇÝ = 2.9–4.8 ìàñ. % è óâåëè÷åíèå ñîäåðæàíèÿ SrÎ ê êðàþ çåðíà äî 5.4 ìàñ. %. Â ñîñòàâå îðòîêëàçà íà ãðàíèöå 
ñ àëüáèòîì ñîäåðæàíèå ÂàÎ óâåëè÷èâàåòñÿ îò 0.6–1.0 äî 2–7 ìàñ. %. Âïåðâûå îáíàðóæåíû ôëþîðèò-êàëüöèòîâûå îáðàçîâà-
íèÿ ñ ñóëüôèäíî-ðåäêîçåìåëüíîé ìèíåðàëèçàöèåé, ðàçâèòèå êîòîðûõ ñîïðÿæåíî ñ ïðîöåññàìè êàíêðèíèòèçàöèè íåôåëèíà.

Êëþ÷åâûå ñëîâà: ìèíåðàëû, àëüáèòèçàöèÿ, êàíêðèíèòèçàöèÿ, êàëüöèò-íåôåëèí-ïîëåâîøïàòîâàÿ ïåãìàòèòîâàÿ æèëà, 
êàðáîíàòèò, Èëüìåíîãîðñêèé ìèàñêèòîâûé ìàññèâ.

MINERAL ASSOCIATIONS OF LATE PROCESSES
IN THE CALCITE-NEPHELINE-FELDSPAR PEGMATITE

(ILMENOGORSKY MIASKITE MASSIF)
S. V. Cherednichenko 

Ilmeny State Reserve SU FRC MG UB RAS, Miass, Russia

The features of the composition of minerals formed during the albitization and cancrinitization of rocks in the calcite-nephe-
line-feldspar pegmatite vein (southwestern endocontact of the Ilmenogorsky miaskite massif) are studied. Albite formed together with 
annite, pyrite, strontianite, barite, and fluorapatite. Annite revealed a low content of TiÎ2 and MgÎ (up to 1.0 wt. %) and a high content 
of Fe (31.2–41.4 wt. %). Fluorapatite is characterized by an increased amount of rare earths, å REE = 2.9–4.8 wt. %, and an increase 
in the content of SrÎ to the edge of the grain, up to 5.4 wt. %. The content of BaÎ increases from 0.6–1.0 to 2–7 wt. % in the compo-
sition of orthoclase at the border with albite. The development of late fluorite-calcite formations with the sulfide-rare-earth mineral-
ization is associated with the processes of the cancrinitization of nepheline.

Keywords: minerals, albitization, cancrinitization, calcite-nepheline-feldspar pegmatite vein, carbonatite, Ilmenogorsky miaskite 
massif.
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è Âèøíåâîãîðñêîãî, êîòîðûå îêðóæåíû îðåîëîì ôå-
íèòîâ è êâàðö-ïîëåâîøïàòîâûõ ìèãìàòèòîâ [5, 6]. 
Ïðîÿâëåíèÿ ïåãìàòèòîâ êàëüöèò-íåôåëèí-ïîëåâîø-
ïàòîâîãî ñîñòàâà ïðèóðî÷åíû ê þãî-çàïàäíîìó è âîñ-
òî÷íîìó ýíäîêîíòàêòàì Èëüìåíîãîðñêîãî ìàññèâà. 
Âîçðàñò ìèàñêèòîâ è êàðáîíàòèòîâ ùåëî÷íîãî êîìïëåê-
ñà èñ÷èñëÿåòñÿ 446–420 ìëí ëåò, ïåãìàòèòîâûõ æèë — 
282–231 ìëí ëåò [7].

Êàëüöèò-íåôåëèí-ïîëåâîøïàòîâàÿ ïåãìàòèòîâàÿ 
æèëà, ãäå èçó÷åíû ìèíåðàëüíûå àññîöèàöèè ïîçäíèõ 
ïðîöåññîâ, íàõîäèòñÿ â þãî-çàïàäíîì ýíäîêîíòàêòå 
Èëüìåíîãîðñêîãî ìàññèâà (55°01¢56.5²N, 60°08¢14.9²E, 
êîïü 125, ðèñ. 1). Ïåãìàòèòîâàÿ æèëà ðàçìåðîì 2 ´ 12 ì 
çàëåãàåò ñîãëàñíî ñ âìåùàþùèìè áèîòèòîâûìè ìèà-
ñêèòàìè. Àçèìóò ïðîñòèðàíèÿ æèëû ñîñòàâëÿåò 310–
320°, íàïðàâëåíèå ïàäåíèÿ þãî-çàïàäíîå, óãîë ïàäå-
íèÿ 50–60°. Ìèàñêèò ìåëêî-, ñðåäíåçåðíèñòûé, ñ ãíåé-
ñîâèäíîé òåêñòóðîé è ïîíèæåííûì ñîäåðæàíèåì íå-
ôåëèíà (5 îá. %). Íà êîíòàêòå ñ ïåãìàòèòîâîé æèëîé 
ìèàñêèòû ìåòàñîìàòè÷åñêè èçìåíåíû ñ îáðàçîâàíè-
åì ëåéêîêðàòîâîé ìåëêî-, ñðåäíåçåðíèñòîé ïîðîäû. 
Ýêçîêîíòàêòîâàÿ îòîðî÷êà æèëû ñîñòîèò èç îðòîêëàç-
êðèïòîïåðòèòà è àêöåññîðíûõ ìèíåðàëîâ öèðêîíà, 
ôòîð àïàòèòà. Ïîçäíèå îáðàçîâàíèÿ â îòîðî÷êå — àëü-
áèò, ôëîãîïèò, êàëüöèò ñ ïèðîõëîð-èëüìåíèòîâûì àãðå-
ãàòîì — ðàñïîëîæåíû ïàðàëëåëüíî æèëå.

Êàëüöèò-íåôåëèí-ïîëåâîøïàòîâàÿ æèëà èìååò 
àñèììåòðè÷íîå ñòðîåíèå. Ñî ñòîðîíû âèñÿ÷åãî áîêà 
îíà ñëîæåíà ìîíîìèíåðàëüíûì íåôåëèíîâûì àãðåãà-
òîì ñ èëüìåíèòîì. Ñî ñòîðîíû ëåæà÷åãî — ìåëêîçåð-
íèñòûì ìèêðîêëèíîì, êîòîðûé ê öåíòðó æèëû ñìåíÿ-
åòñÿ ïîðôèðîâèäíûì êàëüöèò-ïîëåâîøïàòîâûì àãðå-
ãàòîì ñ íåçíà÷èòåëüíûì êîëè÷åñòâîì íåôåëèíà (2–
3 %). Âêðàïëåííèêè ïîëåâîãî øïàòà ñîäåðæàò îêðóãëûå 
âêëþ÷åíèÿ êàëüöèòà, íåôåëèíà è ðóäíîãî ìèíåðàëà. Îò 
êðàÿ ê öåíòðó æèëû êîëè÷åñòâî êàëüöèòà â ïîðôèðî-
âèäíîì àãðåãàòå óâåëè÷èâàåòñÿ âïëîòü äî îáðàçîâàíèÿ 
ìîíîìèíåðàëüíîãî àãðåãàòà (êàðáîíàòèòà). Ñî ñòîðî-
íû ëåæà÷åãî áîêà ìåæäó ïåãìàòèòîì è âìåùàþùåé ïî-
ðîäîé íàáëþäàþòñÿ òðåùèíû ðàñòâîðåíèÿ ñ êðóïíûìè 
êðèñòàëëàìè îðòîêëàç-êðèïòîïåðòèòà, èëüìåíèòà, òåì-
íîé ñëþäû è êàëüöèòà â ïåãìàòèòå. Ïðîöåññ êàíêðè-
íèòèçàöèè øèðîêî ðàçâèò â íåôåëèíîâîé çîíå æèëû. 
Àëüáèòèçàöèÿ ïðîÿâëåíà âî âñåõ çîíàõ ïåãìàòèòîâîé 
æèëû, ãäå ðàçâèò êàëèåâûé ïîëåâîé øïàò.

Ìåòîäû èññëåäîâàíèÿ

Ìèíåðàëîãè÷åñêèå èññëåäîâàíèÿ âûïîëíåíû íà 
ìèêðîñêîïå Olympus BX 51. Àíàëèòè÷åñêèå ðàáîòû ïðî-
âåäåíû â öåíòðå êîëëåêòèâíîãî ïîëüçîâàíèÿ Þæíî-
Óðàëüñêîãî ôåäåðàëüíîãî íàó÷íîãî öåíòðà ìèíåðàëî-
ãèè è ãåîýêîëîãèè ÓðÎ ÐÀÍ (ã. Ìèàññ). Õèìè÷åñêèé 
ñîñòàâ ìèíåðàëîâ îïðåäåëåí ñ ïîìîùüþ ñêàíèðóþùå-
ãî ýëåêòðîííîãî ìèêðîñêîïà ÐÝÌÌÀ-202Ì (àíàëèòèê
Â. À. Êîòë ÿðîâ, ÞÓ ÔÍÖ ÌèÃ ÓðÎ ÐÀÍ). Ðåæèì ñúåì-
êè: óñêîðÿþùåå íàïðÿæåíèå 20 êÂ, òîê çîíäà 3 ´ 10–10 À, 
äèàìåòð çîíäà 2–3 ìêì. Ñòàíäàðòû ASTIMEX Scientific 
Limited, MINM 25–53, Mineral Mount Serial ¹ 01–044. 
Ôòîð â òåìíûõ ñëþäàõ íå îïðåäåëÿëñÿ.

Ïðèíÿòûå ñîêðàùåíèÿ ìèíåðàëîâ: àííèò (Ann), 
àïàòèò (Ap), áàñòíåçèò-(Ñå) (Bst), êàëüöèò (Cal), êàí-
êðèíèò (Ccn), íåôåëèí (Nph), ñèäåðîôèëëèò (Sid), ñî-
äàëèò (Sdl), ôëþîðèò (Fl), öåëüçèàí (Cls).

Îñîáåííîñòè ñîñòàâà ìèíåðàëîâ

Îðòîêëàç-êðèïòîïåðòèòîì ñëîæåíà êàëüöèò-ïî-
ëåâîøïàòîâàÿ çîíà ïåãìàòèòà, ýêçîêîíòàêòîâàÿ îòî-
ðî÷êà è äðóçîâûå êðèñòàëëû â òðåùèíàõ ðàñòâîðå-
íèÿ. Îðòîêëàç ìåòàñîìàòè÷åñêè çàìåùàåòñÿ àëüáè-
òîì. Ñîâìåñòíî ñ àëüáèòîì îáðàçîâàëèñü àííèò, ïè-
ðèò, ñòðîíöèàíèò, áàðèò è ôòîðàïàòèò.

Ðèñ. 1. Ãåîëîãè÷åñêàÿ ñõåìà èëüìåíîãîðñêîãî êîìïëåêñà [4]: 

1 — îñàäî÷íî-âóëêàíîãåííûå ïîðîäû, ïðåèìóùåñòâåííî ñëàáî-

ìåòàìîðôèçîâàííûå (D2—Ñ1); 2 — càèòîâñêàÿ ñåðèÿ (àðà-

êóëüñêàÿ (ar), ñàèòîâñêàÿ (st), èãèøñêàÿ (ig) ñâèòû) (PZ1— 

S?); 3–5 èëüìåíñêàÿ ñåðèÿ (RF—PZ1?); 6–8 ñåëÿíêèíñêàÿ 

ñåðèÿ (AR—PR1); 9 — ãðàíèòû; 10 — ìóñêîâèòîâûå ãðàíèòû 

(Åëàí÷èêîâñêèé ìàññèâ); 11 — ïëàãèîãðàíèòû; 12 — ãàááðî; 

13 — ïèðîêñåíèòû (à), ìåòàãàðöáóðãèòû è ìåòàäóíèòû (b); 

14 — ìåòàãèïåðáàçèòû íåðàñ÷ëåíåííûå; 15 — íåôåëèíîâûå 

ñèåíèòû (ìèàñêèòû è äð.) (à), ñèåíèòû (b); 16 — ôåíèòû (à), 

êàðáîíàòèòû (b); 17 — çîíû ñåðïåíòèíèòîâûõ ìåëàíæåé (à), 

çîíû áëàñòîìèëîíèòîâ ðàçíûõ óðîâíåé ìåòàìîðôèçìà (b); 

18 — íàäâèãè; 19 — ðàçëîìû è äðóãèå òåêòîíè÷åñêèå êîí-

òàêòû (à), çîíû ñäâèãîâ (b); 20 — ìåñòî ðàñïîëîæåíèÿ êàëü-

öèò-íåôåëèí-ïîëåâîøïàòîâîé æèëû

Fig. 1. Shematic geological map of the Ilmenogorsky complex 

[4]: 1 — Sedimentary-volcanogenic strata, predominantly weakly 

metamorphosed (D2—Ñ1); 2 — Saitovo group (arakul (ar), saitovo 

(st), igish (ig) series) (PZ1—S?); 3–5 Ilmensky group (RF—PZ1?); 

6–8 Selyankino group (AR — PR1); 9 — granites; 10 — musco-

vite granites (Elanchik massif); 11 — plagiogranites; 12 — gab-

bro; 13 — pyroxenites (à), metarharzburgites and metadunites (b); 

14 — metaultramafic rocks undivided; 15 — nepheline syenites 

(miaskites, etc.) (à), syenites (b); 16 — fenites (à), carbonatites 

(b); 17 — zones of serpentinite melange (à), zones of blastomylo-

nites of different levels of metamorphism (b); 18 — thrusts; 19 — 

faults and other tectonic contacts (à), shear zones (b); 20 — loca-

tion of the calcite-nepheline-feldspar vein
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Àííèò çåëåíîãî, ñåðî-çåëåíîãî öâåòà èìååò â ñîñòà-
âå íèçêîå ñîäåðæàíèå Ti è Mg (TiO2 — 0.24–0.92 ìàñ. %, 
MgO — 0.24–0.62 ìàñ. %) è âûñîêîå Fe (FeOîáù — 
31.22–41.35 ìàñ. %). Æåëåçèñòîñòü ìèíåðàëà Fîáù — 
97–100 % (òàáë. 1, àí. 1).

Ñòðîíöèàíèò è áàðèò ïðåäñòàâëåíû ìåëêèìè çåð-
íàìè ðàçìåðîì íåñêîëüêî ìèêðîí íà ãðàíèöå ðàçâèòèÿ 
àëüáèòà ïî îðòîêëàçó. Â ñîñòàâå ñòðîíöèàíèòà âûÿâëå-
íà ïðèìåñü ÑàÎ (4.28–10.99 ìàñ. %), â ñîñòàâå áàðèòà — 
SrÎ (1.89–2.65 ìàñ. %).

Ôòîðàïàòèò âñòðå÷åí ñîâìåñòíî ñ àëüáèòîì â 
ýêçîêîíòàêòîâîé îòîðî÷êå ïåãìàòèòîâîé æèëû, ðàç-
ìåð çåðíà 0.1–0.2 ìì. Çîíàëüíîå ñòðîåíèå ìèíåðà-
ëà îòðàæàåòñÿ â ïîíèæåíèè ñîäåðæàíèÿ ÑàÎ (51.77® 
46.20 ìàñ. %) è ïîâûøåíèè SrÎ (0.96®5.35 ìàñ. %) îò 
öåíòðà ê êðàþ çåðíà. Ôòîðàïàòèò â ñîñòàâå èìååò ïî-
âûøåííîå ñîäåðæàíèå ðåäêèõ çåìåëü, åÐÇÝ = 2.95–
4.83 ìàñ. % (òàáë. 2, àí. 1, 2).

Ïðè àëüáèòèçàöèè îðòîêëàçà â ìèíåðàëå íà ãðà-
íèöå ñ àëüáèòîì óâåëè÷èâàåòñÿ ñîäåðæàíèå ÂàÎ (îò 
0.6–1.0 äî 2–7 ìàñ. %). Â ðåçóëüòàòå îáðàçóåòñÿ Âà-
ñîäåðæàùèé (äî 10 % öåëüçèàíîâîãî ìèíàëà) è áàðèå-
âûé (10–13 % Cls) êàëèåâûé ïîëåâîé øïàò.

Íåôåëèí â ïåãìàòèòîâîé æèëå çàìåùàåòñÿ ñîäà-
ëèòîì, ñòðîíàëñèòîì (òàáë. 2, àí. 3), àëüáèòîì, êàí-
êðèíèòîì, öåîëèòàìè ãðóïïû íàòðîëèòà è òîìñîíèòîì.

Êàíêðèíèò ðàçâèò â íåôåëèíå â âèäå æèëîê ðàç-
ìåðîì 0.02–0.6 ìì, â ñîñòàâå ìèíåðàëà îòìå÷àåòñÿ ñåðà 
SO3 äî 3 ìàñ. %. Â êàíêðèíèòå âûÿâëåíû àííèò, ôëþî-
ðèò-êàëüöèòîâûå àãðåãàòû ñ ïèððîòèíîì, ñèäåðîôèëëè-

òîì, áàñòíåçèòîì-(Ñå) è ôòîðàïàòèòîì; èçðåäêà â êàí-
êðèíèòå îòìå÷àåòñÿ ïèðèò è öèðêîíîëèò [8].

Àííèò ïî ñîñòàâó îòëè÷àåòñÿ îò ñîñòàâà ìèíåðà-
ëà, îáðàçîâàâøåãîñÿ ñ àëüáèòîì, áîëüøåé ãëèíîçåìè-
ñòîñòüþ (AlVI — 0.65 ê.ô. ïðîòèâ 0.34–0.42 ê.ô.) è íå-
ñêîëüêî ïîâûøåííûì ñîäåðæàíèåì MnÎ — 1.6 ìàñ. % 
(òàáë. 1, àí. 2). Àííèò â íåôåëèíîâîé çîíå ïåãìàòèòà 
íåðåäêî çàìåùàåòñÿ ìóñêîâèòîì, ïðè ýòîì â åãî ñî-
ñòàâå óìåíüøàåòñÿ ñîäåðæàíèå FeÎ (30.08®25.76–
28.15 ìàñ. %) è TiÎ2 (0.58®0.01–0.17 ìàñ. %), óâåëè-
÷èâàåòñÿ MgÎ (0.28®3.12–4.23 ìàñ. %).

Âî ôëþîðèò-êàëüöèòîâîì àãðåãàòå ôëþîðèò îáðà-
çîâàëñÿ ïîçæå êàëüöèòà, ÷àñòè÷íî èëè ïîëíîñòüþ îá-
ðàñòàÿ åãî (ðèñ. 2). Ñ ôëþîðèòîì ïàðàãåíåòè÷åñêè ñâÿ-
çàíû áàñòíåçèò-(Ñå), ïèððîòèí, ôòîðàïàòèò è ñèäåðî-
ôèëëèò. Â ñîñòàâå êàëüöèòà îïðåäåëåíû ïðèìåñè SrO 
(ñðåäíåå 1.85 ìàñ. %) è MnO (2.90 ìàñ. %), âî ôëþîðè-
òå — Sr (0.63 ìàñ. %) (òàáë. 2, àí. 4, 5).

Ñèäåðîôèëëèò îáðàçîâàë ïëàñòèíêè êîðè÷íåâî-
ãî, êðàñíî-êîðè÷íåâîãî öâåòà. Â ñðàâíåíèè ñ àííè-
òîì ñèäåðîôèëëèò ñîäåðæèò áîëüøå Ti è Mg (TiO2 — 
2.77–3.79 ìàñ. %, MgO — 1.34 ìàñ. %). Æåëåçèñòîñòü 
ìèíåðàëà âûñîêàÿ, 93–95 %. Ïðè áëèçêîé îáùåé ãëè-

Êîìïîíåíò
Component

1 2 3 4

24291f 24264k 24198f 24352b

SiO2 33.04 32.57 30.21 28.90

Al2O3 17.55 21.34 17.91 15.95

TiO2 0.74 0.58 2.77 3.79

FeO 34.94 30.08 32.94 34.97

MgO 0.26 0.28 1.34 1.21

MnO 0.05 1.61 2.12 1.56

K2O 9.06 9.34 8.67 9.01

Ñóììà / Sum 95.64 95.80 95.96 95.39

Si 2.72 2.62 2.50 2.45

AlIV 1.28 1.38 1.50 1.55

Ñóììà Ò / Sum 4.00 4.00 4.00 4.00

AlVI 0.42 0.65 0.24 0.04

Ti 0.05 0.04 0.17 0.24

Fe3+ 0.53 0.32 0.59 0.72

Fe2+ 1.87 1.71 1.69 1.76

Mg 0.03 0.03 0.17 0.15

Mn 0.00 0.11 0.15 0.11

Ñóììà Ì / Sum 2.91 2.85 3.00 3.03

K 0.95 0.96 0.91 0.97
Fîáù, % 99 98 93 94

Òàáëèöà 1. Õèìè÷åñêèé ñîñòàâ àííèòà (1, 2),

ñèäåðîôèëëèòà (3, 4), ìàñ. %

Table 1. Chemical composition of annite (1, 2), 

siderophyllite (3, 4), wt. %

Ïðèìå÷àíèå. Êðèñòàëëîõèìè÷åñêèå êîýôôèöèåíòû ðàññ÷è-

òàíû íà ñóììó çàðÿäîâ = 22.

Note. Crystal chemical coefficients are calculated on the sum of 

charges = 22.

Êîìïîíåíò
Component

1 2 3 4 5

18117f 18117h 24263b 24264h 24349a

P2O5 40.72 40.17 – – –

SiO2 – – 41.07 – –

Al2O3 – – 32.63 – –

CaO 51.77 46.20 0.24 48.39 52.11

SrO 0.96 5.35 13.96 2.16 1.75

MnO – – – 5.13 1.65

FeO – – – 1.22 0.74

La2O3 1.17 0.99 – – –

Ce2O3 1.78 2.07 – – –

Nd2O3 0.00 0.89 – – –

Na2O 0.40 0.57 10.68 – –

F 3.20 3.30 – – –

Ñóììà / Sum 100.00 99.54 99.50 56.90 56.25

P 3.00 3.02 – – –

Si – – 4.13 – –

Al – – 3.87 – –

Ca 4.83 4.40 0.03 0.89 0.95

Sr 0.05 0.28 0.81 0.02 0.02

Mn – – – 0.07 0.02

Fe – – – 0.02 0.01

La 0.04 0.03 – – –

Ce 0.09 0.10 – – –

Nd 0.00 0.03 – – –

Na 0.07 0.10 2.08 – –

F 0.88 0.93 – – –

Òàáëèöà 2. Õèìè÷åñêèé ñîñòàâ ìèíåðàëîâ, ìàñ. %

Table 2. Chemical composition of minerals, wt. %

Ïðèìå÷àíèå. 1, 2 — ôòîðàïàòèò, 3 — ñòðîíàëñèò, 4, 5 — êàëüöèò. 

3 — BaO — 0.71 ìàñ. %, K2O — 0.21 ìàñ. %. Êîýôôèöèåíòû

â ôîðìóëàõ êàëüöèòà ðàññ÷èòàíû íà 1 êàòèîí, ôòîðàïàòèòà — 

íà Î = 13, ñòðîíàëñèòà — íà Î = 16.

Note. 1, 2 — fluorapatite, 3 — stronalsite, 4, 5 — calcite. 3 — BaO 

0.71 wt. %, K2O 0.21 wt. %. The coefficients in the formulas of 

calcite are calculated for 1 cation, fluorapatite for O = 13, stronal-

site for O = 16.
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íîçåìèñòîñòè ñ àííèòîì (Alîáù — 1.59–1.74 ê. ô.) ðàñ-
ïðåäåëåíèå åå â ãðóïïàõ îòëè÷àåòñÿ: êîëè÷åñòâî òåòðà-
ýäðè÷åñêîãî Al âûøå è ñîñòàâëÿåò 1.50–1.55 ê.ô, îê-
òàýäðè÷åñêîãî — íèæå, 0.04–0.24 ê.ô. (òàáë. 1, àí. 3, 
4). Ñèäåðîôèëëèò â ùåëî÷íîì êîìïëåêñå êðàéíå ðå-
äîê, èçâåñòåí åäèíñòâåííûé åãî àíàëèç èç êîðóíäîâî-
ãî ñèåíèòà [6].

Ìåëêèå çåðíà áàñòíåçèòà-(Ñå) è ôòîðàïàòèòà (äî 
6 ìêì), íå ïîçâîëèëè âûïîëíèòü êîëè÷åñòâåííûé àíà-
ëèç èõ ñîñòàâà.

Îáñóæäåíèå ðåçóëüòàòîâ 

Ðàçâèòèå ïîçäíåãî àëüáèòà ïî îðòîêëàçó â êàëüöèò-
íåôåëèí-ïîëåâîøïàòîâîì ïåãìàòèòå ñîïðîâîæäàëîñü 
îáðàçîâàíèåì ñîáñòâåííûõ ìèíåðàëîâ Ba (áàðèò), Sr 
(ñòðîíöèàíèò), Ñà (ôòîðàïàòèò) è Fe (ïèðèò). Êðîìå 
ýòîãî, âûÿâëåíû ïîâûøåííûå ñîäåðæàíèÿ äàííûõ ýëå-
ìåíòîâ â âèäå ïðèìåñè ñ îáðàçîâàíèåì áàðèåâîãî êàëè-
åâîãî ïîëåâîãî øïàòà, Sr-ñîäåðæàùåãî áàðèòà, êàëüöèå-
âîãî ñòðîíöèàíèòà, àííèòà è äð. Ñîãëàñíî Â. ß. Ëåâèíó 
è äð. [3], ïðîöåññû àëüáèòèçàöèè ïðåäøåñòâóþò îáðà-
çîâàíèþ êàðáîíàòèòîâ â êîìïëåêñå. Äàííàÿ ñâÿçü áû-
ëà òàêæå óñòàíîâëåíà â èññëåäóåìîé ïåãìàòèòîâîé æè-
ëå. Íåñìîòðÿ íà òî, ÷òî îòìå÷åí ïàðàãåíåçèñ êàëüöè-
òà, íåôåëèíà è ïîëåâîãî øïàòà, îòëîæåíèå êàðáîíàòè-
òà ñ ðåäêîçåìåëüíî-ðåäêîìåòàëëüíîé ìèíåðàëèçàöèåé, 
ïðèóðî÷åííîå ê öåíòðó æèëû, ïðîèçîøëî ïîñëå ïðî-
öåññà àëüáèòèçàöèè.

Â ðåçóëüòàòå èññëåäîâàíèÿ íå áûëà óñòàíîâëåíà 
ïîñëåäîâàòåëüíîñòü ôîðìèðîâàíèÿ êàðáîíàòèòà è âòî-
ðè÷íîãî êàíêðèíèòà; âîçìîæíî, ïî âðåìåíè îáðàçîâà-
íèÿ îíè áëèçêè.

Â ïðåäåëàõ ðàçâèòèÿ êàíêðèíèòà âïåðâûå îáíàðó-
æåíû ôëþîðèò-êàëüöèòîâûå àãðåãàòû ñ ñóëüôèäíî-ðåä-
êîçåìåëüíîé ìèíåðàëèçàöèåé. Ïî ìèíåðàëîãè÷åñêîìó 
è õèìè÷åñêîìó ñîñòàâó ýòè îáðàçîâàíèÿ îòëè÷àþòñÿ îò 
êàðáîíàòèòà ïåãìàòèòîâîé æèëû. Êàðáîíàòèò ñîäåðæèò 
áàñòíåçèò-(Ñå), àíêèëèò-(Ñå), àëëàíèò-(Ñå), ìîíàöèò-
(Ñå), èëüìåíèò, öèðêîí, ìèíåðàëû ãðóïïû ïèðîõëîðà, 
Nb-ñîäåðæàùèé ðóòèë. Àïàòèò, ôëþîðèò è ñóëüôèäû Fe 
â êàðáîíàòèòå íå îáíàðóæåíû. Êðîìå ýòîãî, êàëüöèòû 
îòëè÷àþòñÿ ïî õèìè÷åñêîìó ñîñòàâó. Ñîäåðæàíèå MnÎ 
â êàëüöèòå èç êàðáîíàòèòà ñîñòàâëÿåò 0.8–1.5 ìàñ. %,
èç ôëþîðèò-êàëüöèòîâîãî àãðåãàòà âàðüèðóåò îò 1.65 äî 
5.13 ìàñ. %. Èçâåñòíî, ÷òî ñóùåñòâóåò òåíäåíöèÿ íàêî-
ïëåíèÿ Mn îò ðàííèõ ê ïîçäíèì ãåíåðàöèÿì ìèíåðà-

Ðèñ. 2. Ìèíåðàëüíûå àãðåãàòû â êàíêðèíèòå èç êàëüöèò-íåôåëèí-ïîëåâîøïàòîâîé ïåãìàòèòîâîé æèëû. Ôîòî â îòðàæåííûõ 

ýëåêòðîíàõ. a — áàñòíåçèò-ôëþîðèò-êàëüöèòîâûé àãðåãàò; b — ñèäåðîôèëëèò-ïèððîòèí-ôëþîðèò-êàëüöèòîâûé àãðåãàò ñ ôòî-

ðàïàòèòîì

Fig. 2. Mineral aggregates in cancrinite from the calcite-nepheline-feldspar pegmatite vein. BSE image. a — bastnesite-fluorite-calcite 

aggregate; b — siderophyllite-pyrrhotite-fluorite-calcite aggregate with fluorapatite

ëà. Ôëþîðèò-êàëüöèòîâûå îáðàçîâàíèÿ ñ ñóëüôèäàìè 
è ðåäêîçåìåëüíûìè ìèíåðàëàìè ðàíåå ðàññìàòðèâà-
ëèñü êàê âûäåëåíèÿ ïîçäíèõ ñòàäèé îáðàçîâàíèÿ êàð-
áîíàòèòîâ â êîìïëåêñå [1].

Âûâîäû

Ñ ïðîöåññàìè àëüáèòèçàöèè â êàëüöèò-íåôåëèí-
ïîëåâîøïàòîâîì ïåãìàòèòå ïàðàãåíåòè÷åñêè ñâÿçàíû
ìèíåðàëû Fe (ïèðèò, àííèò) è ùåëî÷íî-ùåëî÷íî-
çåìåëüíûõ ýëåìåíòîâ (àëüáèò, áàðèò, ñòðîíöèàíèò, ôòî-
ðàïàòèò). 

Ôëþîðèò-êàëüöèòîâûå îáðàçîâàíèÿ ñ ñóëüôèäíî-
ðåäêîçåìåëüíîé ìèíåðàëèçàöèåé ñîïðÿæåíû ñ ïðîöåñ-
ñàìè êàíêðèíèòèçàöèè íåôåëèíà è ñëåäóþò çà ôîðìè-
ðîâàíèåì îñíîâíîãî êàðáîíàòèòà ñ ðåäêîçåìåëüíî-ðåä-
êîìåòàëëüíîé ìèíåðàëèçàöèåé â ïåãìàòèòîâîé æèëå.

Àâòîð áëàãîäàðèò Â. À. Êîòëÿðîâà çà ïðîâåäåíèå ìè-

êðîçîíäîâûõ èññëåäîâàíèé, Å. Â. Ìåäâåäåâó è Í. À. Èñàêîâó 

çà îáñóæäåíèå ñòàòüè.
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Îáúåêò è ìåòîäû èññëåäîâàíèÿ 

Îáúåêòîì èññëåäîâàíèÿ ÿâëÿåòñÿ Êîòóðñêèé ìàñ-

ñèâ, ðàñïîëîæåííûé â ñðåäíåì òå÷åíèè ð. Êîêñû, 

ëåâîãî ïðèòîêà ð. Åíèñåÿ. Îí íàõîäèòñÿ â ïðåäå-

ëàõ Óéáàòñêî-Áàòåíåâñêîé ìåòàëëîãåíè÷åñêîé çîíû 

Êîêñèíñêîãî ðóäíîãî óçëà è ïðèóðî÷åí ê îñåâîé ÷à-

ñòè ×àëïàíñêîé àíòèêëèíàëè [7]. Öåëüþ íàñòîÿùåé 

ðàáîòû ÿâëÿåòñÿ óñòàíîâëåíèå îñîáåííîñòåé ïåòðî-

ãåîõèìè÷åñêîãî ñîñòàâà ïîðîä Êîòóðñêîãî ìàññèâà. 

Ýòîò ìàññèâ ÿâëÿåòñÿ ñîñòàâíûì ôðàãìåíòîì þëèí-

ñêîãî ñèåíèò-ãðàíîñèåíèòîâîãî êîìïëåêñà, ôîðìà-

öèîííàÿ ïðèíàäëåæíîñòü êîòîðîãî áûëà îáîñíîâàíà 

Î. Þ. Ïåðôè ëîâîé [2]. Þëèíñêèé êîìïëåêñ íà èññëå-

äóåìîé òåððèòîðèè ïðåäñòàâëåí ðåçêî äèñêîðäàíòíû-

ìè, ïðåèìóùåñòâåííî óìåðåííîùåëî÷íûìè ãèïàáèñ-

ñàëüíûìè òåëàìè. Èíòðóçèâíûå îáðàçîâàíèÿ ýòîãî êîì-

ïëåêñà èìåþò ïîçäíåîðäîâèêñêèé âîçðàñò. Íèæíÿÿ âîç-

ðàñòíàÿ ãðàíèöà þëèíñêîãî êîìïëåêñà îïðåäåëÿåòñÿ 

ïðîðûâîì ïîðîä ðàííåîðäîâèêñêîãî òèãåðòûøñêîãî 

êîìïëåêñà; âåðõíÿÿ — íàëåãàíèåì ñ ðàçìûâîì áàçàëü-

òîâ ìàòàðàêñêîé ñâèòû íèæíåãî äåâîíà [1].

Ìàññèâ èìååò ýëëèïñîèäàëüíóþ ôîðìó (2.5 ´ 8 êì2) 

è îðèåíòèðîâàí â ñóáøèðîòíîì íàïðàâëåíèè (ðèñ. 1). 

Åãî ïëîùàäü â ñîâðåìåííîì ýðîçèîííîì ñðåçå ñîñòàâ-

ëÿåò ~20 êì2. Îí ÿâëÿåòñÿ ñëàáîîáíàæåííûì, îñîáåí-

íî åãî öåíòðàëüíàÿ è çàïàäíàÿ ÷àñòè ñ ðåäêèìè äåëþ-

âèàëüíûìè ñâàëàìè, ëèøü â âîñòî÷íîé ÷àñòè âñòðå÷à-

þòñÿ êîðåííûå îáíàæåíèÿ, èç êîòîðûõ áûëè îòîáðà-

íû îáðàçöû äëÿ èññëåäîâàíèÿ.

Ïîðîäû ìàññèâà èìåþò íåîäíîðîäíûé ïåòðîãðà-

ôè÷åñêèé ñîñòàâ è ïðåäñòàâëåíû ãëàâíûì îáðàçîì ñèå-

íèòàìè, ãðàíîñèåíèòàìè, ðåæå ãðàíèòàìè ïðè îãðàíè-

÷åííîé ðîëè ìîíöîíèòîâ, ìîíöîäèîðèòîâ è ùåëî÷íûõ 

ñèåíèòîâ. Ïî èìåþùèìñÿ òî÷êàì íàáëþäåíèÿ â êîðåí-

íûõ îáíàæåíèÿõ íàìè óñòàíîâëåíî çîíàëüíîå ñòðî-

åíèå âîñòî÷íîé ÷àñòè ìàññèâà (ðèñ. 1). Öåíòðàëüíàÿ 

÷àñòü ñëîæåíà ñèåíèòàìè, êîòîðûå ñìåíÿþòñÿ ê ïåðè-
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Îáúåêòîì èçó÷åíèÿ ÿâëÿþòñÿ ïîðîäû þëèíñêîãî êîìïëåêñà íà ïðèìåðå Êîòóðñêîãî ìàññèâà, ðàñïîëîæåííîãî íà þãî-
âîñòî÷íîì ñêëîíå Áàòåíåâñêîãî êðÿæà â Êóçíåöêîì Àëàòàó. Èññëåäóåìûé ìàññèâ ñëîæåí ïðåèìóùåñòâåííî ïîðîäàìè ñèå-
íèò-ãðàíîñèåíèòîâîé ìàãìàòè÷åñêîé ôîðìàöèè. Àêòóàëüíîñòü èññëåäîâàíèÿ îáóñëîâëåíà ïîÿâëåíèåì íîâûõ äàííûõ î ñî-
ñòàâå ïîðîä þëèíñêîãî êîìïëåêñà, ñ êîòîðûìè ñâÿçàíû ìåäíî-ìîëèáäåíîâûå ðóäîïðîÿâëåíèÿ. Ïîýòîìó ïîðîäû ìàññè-
âà ïðåäñòàâëÿþò íåñîìíåííûé èíòåðåñ äëÿ áîëåå äåòàëüíîãî èõ èçó÷åíèÿ. Ïåòðîãåîõèìè÷åñêàÿ õàðàêòåðèñòèêà ïîðîä 
Êîòóðñêîãî ìàññèâà ïðèâîäèëàñü ïðåèìóùåñòâåííî ïî îðèãèíàëüíûì ðåçóëüòàòàì ñèëèêàòíîãî è ICP-MS-àíàëèçîâ ñ öåëüþ 
âûÿñíåíèÿ çàêîíîìåðíîñòåé âàðèàöèè ñîñòàâîâ è îïðåäåëåíèÿ èõ ýâîëþöèîííîé íàïðàâëåííîñòè. Óñòàíîâëåííûå ïåòðî-
ãåîõèìè÷åñêèå îñîáåííîñòè ïîðîä Êîòóðñêîãî ìàññèâà îòðàæàþò èõ êðèñòàëëèçàöèþ èç äèôôåðåíöèðîâàííûõ ìàãìàòè÷å-
ñêèõ ðàñïëàâîâ, êîòîðûå â ðàçëè÷íîé ñòåïåíè êîíòàìèíèðîâàíû âåùåñòâîì çåìíîé êîðû. Çàêîíîìåðíîñòè ðàñïðåäåëåíèÿ 
ïåòðî- è ìèêðîýëåìåíòîâ ñâèäåòåëüñòâóþò î ïðèíàäëåæíîñòè ïîðîä ìàññèâà ê îñòðîâîäóæíî-êîëëèçèîííûì è ïðåèìóùå-
ñòâåííî âíóòðèïëèòíûì ãðàíèòîèäàì. Ïîðîäû Êîòóðñêîãî ìàññèâà ÿâëÿþòñÿ òèïè÷íûìè äëÿ þëèíñêîãî ìàãìàòè÷åñêîãî êîì-
ïëåêñà ìàëûõ èíòðóçèé. 

 Êëþ÷åâûå ñëîâà: Áàòåíåâñêèé êðÿæ, þëèíñêèé êîìïëåêñ, ïåòðîãðàôèÿ, ñèåíèòû, ãðàíîñèåíèòû, ãðàíèòû, ïåòðîãåî-
õèìèÿ, ýâîëþöèÿ.

 PETROGEOCHEMICAL FEATURES OF ROCKS OF KOTURSKY MASSIF (KUZNETSK ALATAU)
M. V. Polyukhova, A. I. Chernyshov

National Research Tomsk State University, Tomsk

The object of study — the rocks of the Yulinsk complex, as exemplified by the Kotursky massif, located on the southeastern 
slope of the Batenevsky ridge of Kuznetsk Alatau. The massif under study consists mainly of rocks of syenite-granosyenite magmatic 
formation. The relevance of the study is conditioned by new data on the composition of the Yulinsk complex with copper-molybdenum 
ore occurrences. The petrogeochemical characteristics of the rocks of the Kotursky massif was given mainly according to the original 
results of silicate and ICP-MS analyzes to elucidate the patterns of composition variation and to establish their evolutionary orientation. 
The established petrogeochemical features of the rocks of the Kotursky massif reflect their crystallization from differentiated magmatic 
melts, which are contaminated to varying degrees by the material of the earth's crust. The regularities of the distribution of petro- and 
microelements indicate that the rocks of the massif belong to the island-arc collision and, mainly, to intraplate granitoids. The rocks 
of the Kotursky massif are typical of the Yulinsk igneous complex of small intrusions.

Keywords: Batenevsky ridge, Yulinsk complex, petrography, syenites, granosyenites, granites, petrogeochemistry, evolution.
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Ðèñ. 1. Ñõåìà ãåîëîãè÷åñêîãî ñòðîåíèÿ Êîòóðñêîãî ìàññèâà (ñîñòàâëåíà ïî ìàòåðèàëàì [7] ñ äîïîëíåíèÿìè àâòîðîâ): 1 — óãëå-

ðîäèñòî-êðåìíèñòûå ñëàíöû ñîðíèíñêîé ñâèòû; 2 — èçâåñòíÿêè ìàðòþõèíñêîé ñâèòû; 3 — äîëîìèòû, èçâåñòíÿêè áèäæèíñêîé 

ñâèòû, 4 — ïîðîäû ñèåíèò-ãðàíîñèåíèòîâîé àññîöèàöèè þëèíñêîãî êîìïëåêñà: 5 — ñèåíèòû, 6 — ãðàíîñèåíèòû, 7 — óìåðåí-

íîùåëî÷íûå ãðàíèòû, óìåðåííîùåëî÷íûå ëåéêîãðàíèòû; 8 — ìåñòî îòáîðà ïðîá. Ãðàíèöû ðàñïðîñòðàíåíèÿ ïîðîä óñëîâíûå. 

Íà âðåçêå ïîêàçàíî ãåîãðàôè÷åñêîå ïîëîæåíèå Êîòóðñêîãî ìàññèâà

Fig. 1. The geological structure of the Kotursky massif (compiled from materials [7] with the additions of the authors): 1 — carbona-

ceous-siliceous schists of the Sorninsky suite; 2 — limestones of the Martyukhinskaya suite; 3 — dolomites, limestones of the Bigin suite, 

4 — rocks of the syenite-granosyenite association of the Yulinsk complex: 5 — syenites, 6 — granosyenites, 7 — moderate alkaline gran-

ites, moderate — alkaline leucogranites; 8 — sampling site. The boundaries of the distribution of rocks are conditional. The inset shows 

the geographical location of the Kotursky massif

Ðèñ. 2. TAS-äèàãðàììà [9] äëÿ ïîðîä Êîòóðñêîãî ìàññèâà: 1 — ãðàíèòû, óìåðåííîùåëî÷íûå ãðàíèòû, óìåðåííîùåëî÷íûå ëåé-

êîãðàíèòû; 2 — ãðàíîñèåíèòû, 3 — ñèåíèòû

Fig. 2. TAS diagram [9] for rocks of the Kotursky massif. 1 — granites, moderately alkaline granites, moderately alkaline leucogranites;

2 — granosyenites, 3 — syenites
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ôåðèè ãðàíîñèåíèòàìè; êðàåâûå ÷àñòè ïðåäñòàâëåíû 
ãðàíèòàìè. Âìåùàþùèìè ïîðîäàìè ìàññèâà ÿâëÿþò-
ñÿ êåìáðèéñêèå îòëîæåíèÿ ìàðòþõèíñêîé è áèäæèí-
ñêîé ñâèò, ñëîæåííûìè ïðåèìóùåñòâåííî èçâåñòíÿ-
êàìè. Â ýíäîêîíòàêòîâûõ ÷àñòÿõ èçâåñòíÿêè íåðåäêî 
ïîäâåðãàþòñÿ ñêàðíèðîâàíèþ. Â ñêàðíîâûõ îáðàçîâà-
íèÿõ îòìå÷àþòñÿ ðóäíàÿ ìèíåðàëèçàöèÿ è ðóäîïðîÿâ-
ëåíèÿ ìåäè è ìîëèáäåíà. 

Äëÿ ïðîâåäåíèÿ àíàëèòè÷åñêèõ èññëåäîâàíèé èñ-
ïîëüçîâàëèñü îáðàçöû ïîðîä, îòîáðàííûõ èç êîðåííûõ 
âûõîäîâ â õîäå ìàðøðóòíûõ èññëåäîâàíèé â ïåðèîä 
ïðîâåäåíèÿ ãåîëîãî-ïîèñêîâûõ ðàáîò ÎÎÎ «Ñèáèðñêàÿ 
ãîðíîðóäíàÿ êîìïàíèÿ» â 2018–2019 ãã. Âåùåñòâåííûé 
ñîñòàâ ïîðîä îïðåäåëÿëñÿ ñèëèêàòíûì àíàëèçîì ïî 
ñòàíäàðòíîé ìåòîäèêå â èñïûòàòåëüíîé ëàáîðàòîðèè 
ÎÀÎ «Ìèíóñèíñêàÿ ÃÐÝ» (ã. Ìèíóñèíñê, 12 àíàëè-
çîâ), âîñåìü àíàëèçîâ çàèìñòâîâàíû èç äîïîëíèòåëüíûõ 
èñòî÷íèêîâ [5, 7]. Îïðåäåëåíèå ýëåìåíòîâ-ïðèìåñåé 
ïðîâîäèëîñü ìåòîäîì IÑP-MS â ÖÊÏ «Àíàëèòè÷åñêèé 
öåíòð ãåîõèìèè ïðèðîäíûõ ñèñòåì» ÒÃÓ (ã. Òîìñê, 15 
àíàëèçîâ).

Ïåòðîãåîõèìè÷åñêàÿ õàðàêòåðèñòèêà
ïîðîä Êîòóðñêîãî ìàññèâà

Ïîðîäû Êîòóðñêîãî ìàññèâà îòëè÷àþòñÿ çíà÷èòåëü-
íîé âàðèàöèåé ïåòðîãðàôè÷åñêîãî ñîñòàâà. Îäíàêî îíè 
ïðåäñòàâëåíû ãëàâíûì îáðàçîì ñèåíèòàìè, ãðàíîñèå-
íèòàìè è ãðàíèòàìè, ÷òî ñîîòâåòñòâóåò èõ ïåòðîõèìè-
÷åñêèì òèïàì íà TAS-äèàãðàììå (ðèñ. 2). Ïî ñîîòíîøå-
íèþ ùåëî÷åé è êðåìíåçåìà ïîðîäû êîìïëåêñà îòíîñÿòñÿ
ïðåèìóùåñòâåííî ê óìåðåííîùåëî÷íûì ïîðîäàì.

Äåòàëüíàÿ ïåòðîõèìè÷åñêàÿ õàðàêòåðèñòèêà ãëàâ-
íûõ òèïîâ ïîðîä Êîòóðñêîãî ìàññèâà ðàññìàòðèâàåòñÿ â 
ýâîëþöèîííîì ðÿäó «ñèåíèòû — ãðàíîñèåíèòû — ãðà-
íèòû» è ïðåäóñìàòðèâàåò èõ îáðàçîâàíèå èç èñõîäíîé 
ìàíòèéíûé ìàãìû îñíîâíîãî ñîñòàâà, êîòîðàÿ â ïðî-
öåññå ïåðåìåùåíèÿ â âåðõíèå ýòàæè ëèòîñôåðû, âåðî-
ÿòíî, íåîäíîêðàòíî ïðåòåðïåëà ìàãìàòè÷åñêóþ äèôôå-
ðåíöèàöèþ è êîíòàìèíàöèþ âìåùàþùèìè êîðîâûìè 
ïîðîäàìè ñ îáðàçîâàíèåì ïðîèçâîäíûõ ðàñïëàâîâ ñóá-
ùåëî÷íîãî è êèñëîãî ñîñòàâà. Ïåòðîõèìè÷åñêèé àíàëèç 
ïîðîä ìàññèâà ïðîâîäèòñÿ ïî ðåçóëüòàòàì ñèëèêàòíûõ 
àíàëèçîâ èññëåäóåìûõ ïîðîä (òàáë. 1). 

Ýëåìåíòû
Elements

Ñèåíèòû / Syenites Ãðàíîñèåíèòû / Granosyenites

6Ñ2-2 20022 3Ñ2-2 911912 270 2-Ñ1-1 1-Ñ3-3 12-Ñ3-3 20023 5Ñ3-4

SiO2 63.36 62.00 63.32 66.57 66.56 66.96 65.10 63.94 64.73 64.25

TiO2 0.48 0.66 0.51 0.31 0.39 0.50 0.53 0.54 0.59 0.52

Al2O3 15.92 17.00 16.27 15.97 15.55 15.49 15.41 17.07 17.10 16.46

Fe2O3 4.76 2.20 4.90 2.35 3.26 3.79 4.93 5.15 1.00 4.49

FeO 1.72 2.92 2.78 2.00 1.11 1.65 2.97 1.13 1.04 2.12

MnO 1.12 0.09 1.20 0.06 0.04 0.93 1.28 0.86 0.07 1.26

MgO 0.07 1.56 0.08 0.49 1.39 0.05 0.58 0.06 1.36 0.06

CaO 2.69 3.26 2.44 1.08 2.07 1.91 2.37 2.68 3.25 2.30

Na2O 6.85 5.65 7.35 5.80 4.53 5.27 4.46 4.13 5.98 6.34

K2O 3.60 3.76 2.16 4.59 3.79 3.14 3.10 3.00 3.43 2.84

P2O5 0.30 0.24 0.27 0.08 0.30 0.30 0.28 0.18 0.30 0.33

ÏÏÏ / POI 0.75 0.69 0.76 0.43 0.74 1.11 0.97 2.29 1.06 0.95

Ñóììà / Sum 99.70 100.00 99.00 99.70 99.70 99.30 98.70 101.00 99.90 99.60

Ýëåìåíòû
Elements

Ãðàíîñèåíèòû / Granosyenites Ãðàíèòû / Granites

20021-2 516 519à 2-Ñ2-2 911972 516â 516á 20024 20021-3 20024-1

SiO2 66.33 67.16 68.17 69.20 67.68 69.34 70.23 72.56 73.44 75.03

TiO2 0.44 0.41 0.37 0.36 0.45 0.39 0.39 0.20 0.17 0.08

Al2O3 16.17 17.73 16.72 14.64 15.66 16.26 15.98 14.37 13.12 13.03

Fe2O3 1.50 1.53 3.41 4.40 2.46 2.52 2.83 1.16 0.84 0.90

FeO 1.77 0.14 0.29 3.52 2.10 0.90 0.45 0.58 1.67 0.43

MnO 0.05 0.02 0.01 0.60 0.06 0.05 0.01 0.02 0.03 0.02

MgO 0.57 0.30 0.28 0.04 0.78 0.70 0.14 0.24 0.27 0.13

CaO 1.66 1.94 0.53 1.43 1.35 1.67 1.77 0.43 0.71 0.31

Na2O 5.72 5.46 5.22 5.60 4.97 3.55 2.87 5.27 4.09 4.62

K2O 4.04 4.11 3.77 3.17 3.37 2.95 3.16 3.43 4.65 4.35

P2O5 0.18 0.30 0.30 0.18 0.15 0.18 0.14 0.30 0.05 0.02

ÏÏÏ / POI 1.44 1.02 0.75 0.54 0.94 2.29 1.11 1.06 0.91 0.95

Ñóììà / Sum 99.90 100.10 99.80 99.80 100.00 100.80 99.10 100.00 99.90 100.00

Òàáëèöà 1. Õèìè÷åñêèé ñîñòàâ ïîðîä Êîòóðñêîãî ìàññèâà (ìàñ. %)

Table 1. The chemical composition of the rocks of the Kotursky massif (wt. %)

Ïðèìå÷àíèå. Çàèìñòâîâàííûå àíàëèçû: ¹ 20022, 20023, 20021-2, 20024, 20021-3, 20024-1 — [5], 911912, 911972 — [7].

Note. Derived analyses: 20022, 20023, 20021-2, 20024, 20021-3, 20024-1 — [5], 911912, 911972 — [7].
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Â íîðìàëüíîì ãîìîäðîìíîì ðÿäó îò ñèåíèòîâ ê 
ãðàíîñèåíèòàì îòìå÷àþòñÿ íåçíà÷èòåëüíûå òåíäåí-
öèè ê äàëüíåéøåìó óâåëè÷åíèþ ñîäåðæàíèé SiO2 (îò 
62.00 äî 69.20 %), óìåíüøåíèþ CaO (îò 3.26 äî 1.35 %) 
è Na2O (îò 7.35 äî 4.13 %). 

Â ðÿäó îò ãðàíîñèåíèòîâ ê ãðàíèòàì îòìå÷àåò-
ñÿ óâåëè÷åíèå ñîäåðæàíèé SiO2 (îò 63.94 äî 70.23 %). 
Ïðîÿâëÿåòñÿ îò÷åòëèâàÿ òåíäåíöèÿ ê óìåíüøåíèþ ñî-
äåðæàíèé TiO2 (îò 0.59 äî 0.39 %), ñóììàðíîãî FeO (îò 
7.90 äî 3.28 %), MnO (îò 1.28 äî 0.01 %), CaO (îò 3.25 äî 
1.67 %), Na2O (îò 6.85 äî 2.87 %), Ê2Î (îò 4.11 äî 2.95 %), 
P2O5 (îò 0.33 äî 0.14 %). 

Ñðåäè ãðàíèòîâ âûäåëÿþòñÿ ãðàíèòû íîðìàëüíîé 
ùåëî÷íîñòè è óìåðåííîùåëî÷íûå. Â ýòîì ðÿäó îò÷åò-
ëèâî ïðîñëåæèâàåòñÿ óâåëè÷åíèå ñîäåðæàíèé SiO2 (îò 
69.34 äî 75.03 %), Na2O (îò 2.87 äî 5.27 %), Ê2Î (îò 2.95 
äî 4.65 %) è óìåíüøåíèå TiO2 (îò 0.39 äî 0.08 %), Al2O3 
(îò 16.25 äî 13.03 %), ñóììàðíîãî FeO (îò 3.42 äî 1.74%), 
CaO (îò 1.77 äî 0.31 %). 

Ýâîëþöèÿ ñîñòàâîâ ïîðîä â ðÿäó «ñèåíèòû — ãðà-
íîñèåíèòû — ãðàíèòû» îò÷åòëèâî ïðîñëåæèâàåòñÿ íà 

äèàãðàììàõ Õàðêåðà (ðèñ. 3). Ðàñïðåäåëåíèå ôèãóðàòèâ-
íûõ òî÷åê íà äèàãðàììàõ ïîêàçûâàåò, ÷òî ïîëÿ ñîñòà-
âîâ ïîðîä îáû÷íî ïåðåêðûâàþòñÿ, îäíàêî íà íèõ ìîæ-
íî óñòàíîâèòü ýâîëþöèîííûå òðåíäû èçìåíåíèÿ ñîäåð-
æàíèé äëÿ íåêîòîðûõ ýëåìåíòîâ. Òàê, äëÿ SiO2 — CaO, 
Na2O ïðîñëåæèâàåòñÿ òðåíä óáûâàíèÿ â ðÿäó «ñèåíè-
òû — ãðàíîñèåíèòû — ãðàíèòû». Äëÿ TiO2 îòìå÷àåòñÿ 
òàêæå ïîñòåïåííîå óáûâàíèå ñîäåðæàíèé â ýâîëþöè-
îííîì ðÿäó. Äðóãèå ýëåìåíòû íå îáíàðóæèâàþò çàìåò-
íîãî çàêîíîìåðíîãî èçìåíåíèÿ.

Íà êëàññèôèêàöèîííîé äèàãðàììå [11] «(Na2O + 
K2O – CaO) — SiO2» â ðÿäó «ñèåíèòû — ãðàíîñèåíè-
òû — ãðàíèòû» ôèãóðàòèâíûå òî÷êè ïîñëåäîâàòåëüíî 
ïîïàäàþò â ïîëÿ ùåëî÷íî-èçâåñòêîâîé — èçâåñòêîâî-
ùåëî÷íîé è ùåëî÷íîé ñåðèé, ïðåèìóùåñòâåííî â ïåð-
âûå äâå. Ïîëó÷åííûå ðåçóëüòàòû õîðîøî ñîãëàñóþòñÿ 
ñ äàííûìè Î. Þ. Ïåðôèëîâîé [3].

Àíàëèç ðàñïðåäåëåíèÿ ðåäêîçåìåëüíûõ ýëåìåíòîâ 
(ÐÇÝ) â èññëåäóåìûõ ïîðîäàõ ìàññèâà ïîêàçàë, ÷òî â 
ãðàíèòàõ îòìå÷àåòñÿ íàèáîëåå íèçêîå ñóììàðíîå ñî-
äåðæàíèå ÐÇÝ (äî 180 ã/ò), ÷òî õàðàêòåðèçóåò êîíå÷-
íóþ ñòàäèþ ôîðìèðîâàíèÿ ïîðîä ìàññèâà. Â ñèåíè-
òàõ îòìå÷àåòñÿ íåçíà÷èòåëüíîå îòëè÷èå (269–328 ã/ò, 
ñðåäíåå — 299 ã/ò) îò ñîäåðæàíèé ÐÇÝ â ãðàíîñèåíè-
òàõ, ãäå ñîäåðæàíèå âîçðàñòàåò (310–384 ã/ò, ñðåäíåå — 
337 ã/ò). Íà äèàãðàììå ðàñïðåäåëåíèÿ ÐÇÝ, íîðìè-
ðîâàííûõ ê õîíäðèòó Ñ1 [10], îò÷åòëèâî âèäíî, ÷òî 
òðåíäû äëÿ ñèåíèòîâ, ãðàíîñèåíèòîâ, ãðàíèòîâ èìå-
þò ñõîäñòâî è õàðàêòåðèçóþòñÿ îòðèöàòåëüíûì íà-
êëîíîì (ðèñ. 5). 

Ïîðîäû Êîòóðñêîãî ìàññèâà îáîãàùåíû ëåãêèìè 
ÐÇÝ ñ ïîñëåäîâàòåëüíûì ïîíèæåíèåì ñîäåðæàíèé ê 
ñðåäíèì è òÿæåëûì ýëåìåíòàì. Ïîâûøåííûå ñîäåðæà-
íèÿ õàðàêòåðíû äëÿ ñèåíèòîâ è ãðàíîñèåíèòîâ ñ ïðå-
îáëàäàíèåì ïîñëåäíèõ. Ïðè ýòîì îò÷åòëèâî âèäíî, ÷òî 
èõ ñîäåðæàíèÿ ìèíèìàëüíûå äëÿ ãðàíèòîâ.

Ðèñ. 3. Ïîëÿ ñîñòàâîâ ïîðîä Êîòóðñêîãî ìàññèâà íà äèàãðàì-

ìàõ Õàðêåðà [12]: 1 — ãðàíèòû, óìåðåííîùåëî÷íûå ãðàíèòû, 

óìåðåííîùåëî÷íûå ëåéêîãðàíèòû, 2 — ãðàíîñèåíèòû, 3 — 

ñèåíèòû

Fig. 3. Fields of rock compositions of the Kotursky massif on the 

Harker diagrams [12]. 1 — ranites, moderately alkaline granites, 

moderately alkaline leukogranites, 2 — granosyenites, 3 — syenites

Ðèñ. 4. Ñîñòàâû ïîðîä Êîòóðñêîãî ìàññèâà íà êëàññèôèêà-

öèîííîé äèàãðàììå [11] «(Na2O + K2O – CaO) — SiO2». 1 — 

ãðàíèòû, óìåðåííîùåëî÷íûå ãðàíèòû, 2 — ãðàíîñèåíèòû, 

3 — ñèåíèòû

Fig. 4. Compositions of rocks of the Kotursky massif in the classi-

fication diagrams [11] «(Na2O + K2O – CaO) — SiO2». 1 — gran-

ites, moderately alkaline granites, 2 — granosyenites, 3 — syenites
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Â ðàñïðåäåëåíèè ðåäêèõ ýëåìåíòîâ â ðÿäó «ñèåíèòû 
— ãðàíîñèåíèòû — ãðàíèòû» ìîæíî âûäåëèòü òðè òðåí-
äà (òàáë. 2). Äëÿ ïåðâîãî õàðàêòåðíî óìåíüøåíèå â ýòîì 
ðÿäó Cu, Zn, U, äëÿ âòîðîãî îòìå÷àåòñÿ óìåíüøåíèå Rb, 
Pb, Be, Cs. Mo. Äëÿ òðåòüåãî òðåíäà âûÿâëåíî óâåëè÷å-
íèå ñîäåðæàíèé Ti, Ba, Sr, V, Ga, Sc îò ñèåíèòîâ ê ãðà-
íîñèåíèòàì ñ ïîñëåäóþùèì óìåíüøåíèåì ê ãðàíèòàì.

Ìóëüòèýëåìåíòíûå ñïåêòðû (ðèñ. 5), íîðìèðî-
âàííûå ïî ïðèìèòèâíîé ìàíòèè [14], õàðàêòåðèçóþò-
ñÿ ÿðêî âûðàæåííûìè îòðèöàòåëüíûìè àíîìàëèÿìè 
ïî Cs, Ba, Nb, Eu. Òðåíäû ðàñïðåäåëåíèÿ èìåþò ñõî-
æèé õàðàêòåð äëÿ êàæäîé èç ôàç ôîðìèðîâàíèÿ ìàññè-
âà. Íàèáîëåå ÷åòêî ïðîÿâëåííàÿ îòðèöàòåëüíàÿ íèîáè-
åâàÿ àíîìàëèÿ â ðàñïðåäåëåíèè ýëåìåíòîâ ìîæåò áûòü 
ÿâíûì ïðèçíàêîì êîíòàìèíàöèè ðàñïëàâà è èíäèêà-
òîðîì âîâëå÷åíèÿ êîðîâîãî êîìïîíåíòà â ìàãìàòè÷å-
ñêèå ïðîöåññû. Íàèáîëüøèå çíà÷åíèÿ äëÿ êðóïíîèîí-
íûõ ëèòîôèëüíûõ ýëåìåíòîâ õàðàêòåðíû äëÿ ãðàíèòîâ, 
÷òî õàðàêòåðèçóåò êîíå÷íóþ ñòàäèþ ôîðìèðîâàíèÿ è 
ñâÿçü ñ ôëþèäàìè çåìíîé êîðû. 

Îáñóæäåíèå ðåçóëüòàòîâ èññëåäîâàíèÿ

Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò, ÷òî ïî-
ðîäû Êîòóðñêîãî ìàññèâà îòëè÷àþòñÿ çàìåòíîé âàðè-
àöèîííîñòüþ ùåëî÷íîñòè îò íîðìàëüíîùåëî÷íûõ äî 
óìåðåííîùåëî÷íûõ ñî çíà÷èòåëüíûì ïðåîáëàäàíè-
åì ïîñëåäíèõ. 

Íà êëàññèôèêàöèîííîé äèàãðàììå Ôðîñòà [12] îò-
÷åòëèâî âèäíî, ÷òî ñîñòàâû ïîðîä ìàññèâà ïîïàäàþò â 
ïîëÿ âûñîêîãëèíîçåìèñòûõ è ìàëîãëèíîçåìèñòûõ ãðà-
íèòîèäîâ (ðèñ.6) [11]. Íà äèñêðèìèíàöèîííûõ ãåîõè-
ìè÷åñêèõ äèàãðàììàõ [13] óñòàíàâëèâàåòñÿ, ÷òî ïîðî-
äû ìàññèâà ïîïàäàþò â ïîëå ïðåèìóùåñòâåííî âíóòðè-
ïëèòíûõ ãðàíèòîèäîâ è èíîãäà â ïîëå îñòðîâîäóæíî-
êîëëèçèîííûõ (ðèñ. 6). 

Âûâîäû

Òàêèì îáðàçîì, ïåòðîãåîõèìè÷åñêèå îñîáåííîñòè 
ïîðîä Êîòóðñêîãî ìàññèâà, î÷åâèäíî, îòðàæàþò èõ êðè-

¹ ï. ï. Ñèåíèòû / Syenites Ãðàíîñèåíèòû / Granosyenites Ãðàíèòû / Granites

Element/Ïðîáà 3-C2-2 6-C2-2 5C3-4 3-C1-1 1-C3-3 2-C1-1 12-C3-3 2-C2-2 ÏÊ-23

Ba 339.6 1257.3 1281.9 1328.5 1400.3 1412.1 1134.5 1121.8 151.6

Sr 529.2 1044.8 1411.9 1303.3 1245.5 1295.7 404.1 872.1 27.4

Rb 53.4 89.6 90.8 101.9 101.2 115.8 91.4 126.3 158.5

Zr 69.4 59.9 4.6 67.4 90.9 92.4 105.2 54.0 96.3

Zn 41.4 82.5 49.9 46.8 51.7 46.9 77.7 48.8 16.8

V 60.1 61.4 66.5 65.1 70.3 65.4 81.5 39.6 9.4

Ga 22.5 24.8 26.2 26.7 26.2 28.3 23.9 28.0 21.4

Th 15.3 14.4 12.8 15.8 13.9 14.0 17.3 22.1 17.9

Pb 4.7 23.3 12.9 16.2 15.5 15.9 11.1 19.9 9.6

Cu 41.0 42.4 16.0 24.8 19.4 20.9 102.7 15.9 10.5

Y 21.8 24.8 23.9 24.6 24.1 24.9 29.2 11.8 8.9

Sc 4.2 4.3 5.0 4.4 4.8 4.7 5.0 2.6 0.6

U 4.2 2.6 2.5 5.1 2.7 2.9 2.8 2.2 3.7

Nb 23.8 26.8 25.7 27.3 27.3 28.8 34.1 18.5 25.7

Be 2.7 3.3 3.7 3.8 3.5 4.0 2.3 4.4 4.2

Mo 1.4 0.7 1.1 0.8 1.1 0.9 1.2 1.8 -

Cs 0.2 0.9 0.6 0.7 0.8 1.0 0.3 1.7 0.1

La 62.9 77.0 69.0 69.2 71.4 75.9 89.0 51.2 48.0

Ce 120.9 149.7 140.6 147.5 144.8 156.6 175.1 81.3 82.4

Pr 12.7 16.9 15.1 16.0 16.6 16.9 18.2 7.3 6.0

Nd 45.5 55.1 54.5 56.3 62.4 63.3 64.1 26.0 16.0

Sm 7.2 8.5 8.7 8.8 8.9 9.1 10.2 3.9 2.0

Eu 1.9 2.2 1.9 2.3 2.2 2.3 2.1 1.0 0.4

Gd 6.8 6.6 7.9 6.8 6.7 6.9 9.6 3.9 1.6

Tb 0.8 0.9 0.9 1.0 1.0 1.0 1.1 0.4 0.2

Dy 4.2 4.7 4.7 5.0 4.7 4.9 5.7 2.1 1.3

Ho 0.8 0.9 0.9 1.0 0.9 1.0 1.1 0.4 0.3

Er 2.4 2.6 2.6 2.7 2.5 2.6 3.3 1.3 1.0

Tm 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.2 0.2

Yb 2.3 2.6 2.4 2.6 2.4 2.6 3.1 1.3 1.4

Lu 0.3 0.4 0.3 0.4 0.3 0.4 0.4 0.2 0.2

Òàáëèöà 2. Ñîäåðæàíèå ðåäêèõ ýëåìåíòîâ â ïîðîäàõ Êîòóðñêîãî ìàññèâà (ã/ò)

Table 2. The content of rare elements of rocks of the Kotursky massif (g/t)
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Ðèñ. 6. Ñîñòàâû ïîðîä Êîòóðñêîãî ìàññèâà íà êëàññèôèêàöè-

îííûõ äèàãðàììàõ: À — Ôðîñòà [11]; B, C — Ïèðñà [13]. Ïîëÿ 

ãðàíèòîèäîâ: À — peraluminous — âûñîêîãëèíîçåìèñòûå, met-

aluminous — ìàëîãëèíîçåìèñòûå, peralkaine — âûñîêîùåëî÷-

íûå (àãïàèòîâûå); B, C — VAG + syn-COLG — îñòðîâîäóæíî-

êîëëèçèîííûå, VAG — îñòðîâîäóæíûå, syn-COLG — êîëëèçè-

îííûå, ORG — ãðàíèòû îêåàíè÷åñêèõ  õðåáòîâ, WPG — âíó-

òðèïëèòíûå; A/NK = Al2O3/(Na2O + K2O), A/CNK = AI2O3/

(CaO + Na2O + K2O). Óñëîâíûå îáîçíà÷åíèÿ: 1 — ãðàíèòû, 

óìåðåííîùåëî÷íûå ãðàíèòû, 2 — ãðàíîñèåíèòû, 3 — ñèåíèòû

Fig. 6. Compositions of rocks of the Kotursky massif on classifi-

cation diagrams: A — Frost B. R. [11]; B, C — Pearce J.A. [13]. 

Fields of granitoids: in the diagrams: B, C — VAG + syn-COLG 

— island-arc collision, VAG — island-arc, syn-COLG — colli-

sion, ORG — granites of ocean ridges, WPG — intraplate; A/NK= 

Al2O3/(Na2O + K2O), A/CNK = Al2O3/(CaO + Na2O + K2O). 

Legend: 1 — granites, moderately alkaline granites, 2 — granosy-

enites, 3 — syenites

ñòàëëèçàöèþ èç ïðîèçâîäíûõ äèôôåðåíöèðîâàííûõ 
ìàãìàòè÷åñêèõ ðàñïëàâîâ, îáðàçîâàâøèõñÿ èç áàçàëü-
òîâûõ ìàãì ìàíòèéíîãî ïðîèñõîæäåíèÿ [3]. Â ïðîöåñ-
ñå ïåðåìåùåíèÿ â âåðõíèå ýòàæè ëèòîñôåðû îíè, âå-
ðîÿòíî, áûëè â ðàçëè÷íîé ñòåïåíè êîíòàìèíèðîâàíû 
êîðîâûì âåùåñòâîì. Ïî ãåîõèìè÷åñêèì îñîáåííîñòÿì 
óñòàíàâëèâàåòñÿ, ÷òî ïîðîäû ìàññèâà ñîîòâåòñòâóþò 
ïðåèìóùåñòâåííî âíóòðèïëèòíûì ãðàíèòîèäàì, ðå-
æå îñòðîâîäóæíî-êîëëèçèîííûì. Ñîãëàñíî ïðåäûäó-
ùèì èññëåäîâàíèÿì, îáðàçîâàíèå èñõîäíûõ ðàñïëà-
âîâ îñóùåñòâëÿëîñü â îáñòàíîâêå àêòèâíîé êîíòèíåí-
òàëüíîé îêðàèíû àíäèéñêîãî òèïà (òûëîâûõ ðèôòîâ è 
íàäðèôòîâûõ ïðîãèáîâ) [1]. Ïîðîäû Êîòóðñêîãî ìàñ-
ñèâà ÿâëÿþòñÿ òèïè÷íûìè äëÿ þëèíñêîãî ìàãìàòè÷å-
ñêîãî êîìïëåêñà ìàëûõ èíòðóçèé. Îíè îòíîñÿòñÿ ê ñè-
åíèò-ãðàíîñèåíèòîâîé ôîðìàöèè è ïðåäñòàâëÿþò ñî-
áîé ãðàíèòîèäû ëàòèòîâîãî ðÿäà ñîãëàñíî êëàññèôè-
êàöèè Ë. Â. Òàóñîíà [8].
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Fig. 5. Multi-element concentration diagrams of elements in the 

rocks of the Kotursky massif: A — normalized to chondrite C1 

[10], B — normalized to the primitive mantle [14]. 1 — granites, 

2 — granosyenites, 3 — syenites
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Ââåäåíèå

Æåëåçíûå äîðîãè — ýòî âàæíûå àíòðîïîãåííûå 

ñîîðóæåíèÿ, îáåñïå÷èâàþùèå æèçíåäåÿòåëüíîñòü òåð-

ðèòîðèé, ðàçâèòèå êîòîðûõ îïðåäåëÿåò íåîáõîäèìîñòü 

ñòðîèòåëüñòâà íîâûõ òðàíñïîðòíûé ïóòåé, â òîì ÷èñ-

ëå æåëåçíîäîðîæíûõ ìàãèñòðàëåé. Â íàøåé ñòðàíå èí-

òåíñèâíî ðàçâèâàþùèåñÿ òåððèòîðèè — ýòî â îñíîâíîì 

ðàéîíû ñî ñëîæíûìè ãðóíòîâûìè óñëîâèÿìè (Ñèáèðü, 

Çàïîëÿðüå è ïð.). Âàæíî, ÷òî èìåííî çäåñü àêòóàëüíåé 

ñòàíîâèòñÿ ïðîáëåìà ãëîáàëüíîãî ïîòåïëåíèÿ, êîòîðàÿ, 

â òîì ÷èñëå, ïðèâîäèò ê äåãðàäàöèè ìíîãîëåòíåìåðç-

ëûõ ãðóíòîâ. Ïî òåêóùèì ïðîãíîçàì, ïðèìåðíî òðåòü 

âå÷íîé ìåðçëîòû â þæíûõ ðåãèîíàõ Ñèáèðè è Àëÿñêè 

èñ÷åçíåò ê êîíöó íûíåøíåãî ñòîëåòèÿ [10].

Îäíèì èç âàæíûõ îáúåêòîâ æåëåçíîäîðîæíîé èí-

ôðàñòðóêòóðû, âëèÿþùèõ íà áåçîïàñíîñòü, ÿâëÿåòñÿ 

ãåîòåõíè÷åñêàÿ ñèñòåìà «çåìëÿíîå ïîëîòíî — îñíîâà-

íèå», ïðè÷åì åå ñòàáèëüíîñòü ñóùåñòâåííî çàâèñèò îò 

ñîñòîÿíèÿ ãðóíòîâ îñíîâàíèÿ. Â ñâÿçè ñ òàÿíèåì ìíî-
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Íà îñíîâàíèè îïûòà ïðèìåíåíèÿ øèðîêîïîëîñíîé ñåéñìè÷åñêîé àïïàðàòóðû äëÿ ìîíèòîðèíãà ãðóíòîâ Ñåâåðíîé æå-
ëåçíîé äîðîãè ñ èñïîëüçîâàíèåì ïîåçäà êàê èñòî÷íèêà çîíäèðóþùåãî ñèãíàëà ýêñïåðèìåíòàëüíî ïîêàçàíà è ïîäòâåðæäåíà 
ìîäåëèðîâàíèåì âîçìîæíîñòü ìîíèòîðèíãà ñîñòîÿíèÿ ãðóíòîâ îñíîâàíèÿ äîðîæíîãî ïîëîòíà ïàññèâíûìè ñåéñìè÷åñêèìè 
ìåòîäàìè. Íàòóðíûå íàáëþäåíèÿ ïðîäåìîíñòðèðîâàëè, ÷òî çàïèñè íà íèçêèõ ÷àñòîòàõ (0.01 Ãö) ñóùåñòâåííî ðàçëè÷àþòñÿ íà 
ñîñåäíèõ ó÷àñòêàõ ïóòè — áëàãîïðèÿòíîì è íåáëàãîïðèÿòíîì, ïðè÷åì íàèáîëåå èíôîðìàòèâíûìè ÿâëÿþòñÿ ãîðèçîíòàëüíûå 
êîìïîíåíòû. Çàïèñè íà ÷àñòîòàõ 2–8 Ãö õàðàêòåðèçóþòñÿ ñóùåñòâåííûìè èçìåíåíèÿìè ñîîòíîøåíèé àìïëèòóä âåðòèêàëüíîé 
è ãîðèçîíòàëüíûõ êîìïîíåíò ïðè ñåçîííîì îáâîäíåíèè. Îïðåäåëåíû ïàðàìåòðû ñåéñìè÷åñêîãî ìîíèòîðèíãà (àïïàðàòóðà 
è ñïîñîáû îáðàáîòêè äàííûõ), ïî êîòîðûì â óñëîâèÿõ åñòåñòâåííîãî çàëåãàíèÿ ìîæíî ñóäèòü îá èçìåíåíèè ñîñòîÿíèÿ ãðóí-
òîâ; îáñóæäàåòñÿ âîçìîæíîñòü âûÿâëåíèÿ ñòàäèé ïðîìåðçàíèÿ-îòòàèâàíèÿ ãðóíòà è ñâÿçàííûõ ñ íèìè íåãàòèâíûõ ïðîöåññîâ. 

Êëþ÷åâûå ñëîâà: íèçêî- è âûñîêî÷àñòîòíûå âèáðàöèè æåëåçíîäîðîæíîãî ïîëîòíà, äèàãíîñòèêà, ñåéñìè÷åñêàÿ àïïà-
ðàòóðà, óñòîé÷èâîñòü çåìëÿíîãî ïîëîòíà.

POSSIBILITIES OF SEISMIC EQUIPMENT FOR ROADBED RAILWAY MONITORING
IN AREAS WITH DIFFICULT GROUND CONDITIONS

I. P. Orlova1, N. K. Kapustian1, 2, G. N. Antonovskaya2, I. M. Basakina2

1Schmidt Institute of Physics of the Earth, Russian Academy of Sciences, Moscow
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Based on the experience of using broadband seismic equipment for monitoring the ground of the base of the railway track for 
the Northern Railway using the train as a source of the probing signal, the possibility of monitoring the state of the soil of the base 
of the roadbed by passive seismic methods was experimentally shown and confirmed by modeling. Field observations showed that 
recordings at low frequencies (0.01 Hz) significantly differ in neighboring sections of the path — favorable and unfavorable, with the 
horizontal components being the most informative. Records at frequencies of 2–8 Hz are characterized by significant changes in the 
ratio of the amplitudes of the vertical and horizontal components during seasonal watering. The parameters of seismic monitoring 
are determined: equipment and data processing methods by which in situ it is possible to judge the change in the state of soils, the 
possibility of identifying stages of soil freezing and thawing and the associated negative processes is discussed.

Keywords: low-frequency vibrations of a roadbed railway, seismic test, seismic equipment, stability of the roadbed railway.
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ãîëåòíåìåðçëûõ ãðóíòîâ è çíà÷èòåëüíûì ïåðåóâëàæ-
íåíèåì îñíîâàíèÿ ïðîèñõîäÿò ïîòåðÿ óñòîé÷èâîñòè è 
îñàäêà íàñûïåé. Â òàêèõ óñëîâèÿõ çåìëÿíîå ïîëîòíî 
íàèáîëåå ïîäâåðæåíî äåôîðìàöèÿì îò äèíàìè÷åñêî-
ãî âîçäåéñòâèÿ ïîäâèæíîãî ñîñòàâà [8].

Ñ êàæäûì ãîäîì ïðîèñõîäèò óâåëè÷åíèå îáúåìîâ 
ãðóçîïîòîêîâ è ñêîðîñòè ïîåçäîâ, â ñâÿçè ñ ÷åì ñòàíî-
âèòñÿ î÷åâèäíîé ïðîáëåìà áåçîïàñíîñòè. Îíà âêëþ-
÷àåò ñîçäàíèå ýôôåêòèâíîé òåõíîëîãèè îáåñïå÷åíèÿ 
íåïðåðûâíîãî ìîíèòîðèíãà ñîñòîÿíèÿ ãðóíòîâ, ïðè-
÷åì âàæíî âûÿâëåíèå èçìåíåíèé íà ðàííåé ñòàäèè. 
Ýòà ïðîáëåìà àêòèâíî èññëåäóåòñÿ ïóòåéöàìè, â òîì 
÷èñëå ðàçðàáàòûâàåòñÿ êîìïëåêñ ãåîëîãî-ãåîôèçè÷å-
ñêèõ ìåòîäîâ [4], àíàëèç êîòîðûõ ïîêàçûâàåò âîçìîæ-
íîñòè èõ äîïîëíåíèÿ ïðè ó÷åòå ñëåäóþùèõ ôàêòîðîâ.

• Ïðè èçûñêàíèÿõ íà îñíîâå ñåéñìè÷åñêèõ ìåòîäîâ 
àíàëèçèðóþòñÿ, êàê ïðàâèëî, êèíåìàòè÷åñêèå õàðàê-
òåðèñòèêè çàïèñåé (âðåìåíà ïðèõîäà âîëí, ò. å. ñêîðî-
ñòè ðàñïðîñòðàíåíèÿ); äèíàìè÷åñêèå õàðàêòåðèñòèêè 
ïîäêëþ÷àþòñÿ â îñíîâíîì ïðè àíàëèçå çàòóõàíèÿ âîëí. 
Îïûò ñåéñìîëîãè÷åñêîãî ìîíèòîðèíãà ïîêàçûâàåò ñó-
ùåñòâåííî áîëüøóþ òåíçî÷óâñòâèòåëüíîñòü äèíàìè-
÷åñêèõ õàðàêòåðèñòèê (àìïëèòóäû, ÷àñòîòíîãî ñîñòà-
âà) [6]. Òàêèì îáðàçîì, èìåííî ýòè ïàðàìåòðû äîëæ-
íû ñëóæèòü îñíîâîé äëÿ âûÿâëåíèÿ ñëàáûõ èçìåíåíèé 
â ãðóíòàõ.

• Ïðè ïðîâåäåíèè îáñëåäîâàíèé íà òðàíñïîðòå îñ-
íîâíîå âíèìàíèå óäåëÿåòñÿ âåðõíåé ÷àñòè ðàçðåçà ïóòè, 
ãëóáèíû íèæå 5 ì ñ÷èòàþòñÿ íå ïîäâåðæåííûìè âîçäåé-
ñòâèÿì ïîåçäà, ò. å. íå ó÷èòûâàþòñÿ â ñèñòåìå «äâèæó-
ùèéñÿ ïîåçä – ãðóíò» [7]. Ýòî ñâÿçàíî ñ òåì, ÷òî äåòàëü-
íûå èçûñêàíèÿ ïðîâîäèëèñü ìåñäîçàìè, íå ïîçâîëÿþ-
ùèìè óâèäåòü ýòè âçàèìîäåéñòâèÿ. Ñîâðåìåííîå ñåéñ-
ìîëîãè÷åñêîå îáîðóäîâàíèå äàåò òàêóþ âîçìîæíîñòü [3].

• Èññëåäîâàíèå äåôîðìèðîâàíèÿ ïîëîòíà ïðè äâè-
æåíèè ïîåçäà âåëîñü â îñíîâíîì ïî âåðòèêàëè [7], ñåéñ-
ìîëîãè÷åñêèå äàò÷èêè ïîçâîëÿþò îäíîâðåìåííî ðåãè-
ñòðèðîâàòü òðè êîìïîíåíòû âîçäåéñòâèÿ.

Ðåçóëüòàòû, èçëîæåííûå íèæå, ó÷èòûâàþò ïåðå-
÷èñëåííûå ôàêòîðû.

Îáúåêòû è ìåòîäû èññëåäîâàíèÿ

Äëÿ ïðîâåäåíèÿ èññëåäîâàíèé áûë âûáðàí ó÷àñòîê 
Ñåâåðíîé æåëåçíîé äîðîãè (ÑÆÄ) Îíåæñêîãî ðàéîíà 
Àðõàíãåëüñêîé îáëàñòè â ïðåäåëàõ àêêóìóëÿòèâíîé ðàâ-
íèíû îçåðíî-ëåäíèêîâîãî ïðîèñõîæäåíèÿ ïðèìîðñêîé 
íèçìåííîñòè. Ïðîâîäèëèñü íàòóðíûå ñåéñìè÷åñêèå íà-
áëþäåíèÿ ïî îöåíêå âèáðàöèîííûõ âîçäåéñòâèé, ñîçäà-
âàåìûõ ïîäâèæíûìè ñîñòàâàìè, ñ ïðèìåíåíèåì øèðî-
êîïîëîñíîé ñåéñìè÷åñêîé àïïàðàòóðû, â òå÷åíèå äâóõ 
ïîëåâûõ ñåçîíîâ, õàðàêòåðèçóþùèõñÿ ðàçëè÷íûìè ïî-
ãîäíûìè óñëîâèÿìè. Îáúåêòîì èññëåäîâàíèé ÿâëÿëîñü 
îñíîâàíèå çåìëÿíîãî ïîëîòíà â ðàéîíàõ íåáëàãîïðè-
ÿòíûõ è óñòîé÷èâûõ ãðóíòîâ. Ñîãëàñíî ÑÏ 11-105-97 
[9], òåððèòîðèÿ ðàéîíà îòíåñåíà ê II êàòåãîðèè ñëîæ-
íîñòè èíæåíåðíî-ãåîëîãè÷åñêèõ óñëîâèé.

Â êà÷åñòâå èçìåðèòåëüíîãî îáîðóäîâàíèÿ äëÿ ðåãè-
ñòðàöèè êîëåáàíèé îò ïîåçäà èñïîëüçîâàëàñü øèðîêî-
ïîëîñíàÿ ñåéñìè÷åñêàÿ àïïàðàòóðà ôèðìû Nanometrics 
(Êàíàäà): äàò÷èê — óíèâåðñàëüíûé ñåéñìîìåòð Trillium 
Compact ñ ÷àñòîòíûì äèàïàçîíîì 120 ñ–100 Ãö, ðåãè-
ñòðàòîð Centaur ñ äèíàìè÷åñêèì äèàïàçîíîì 142 äÁ 
ïðè 100 îòñ/ñ.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Ïåðâûé öèêë íàáëþäåíèé ïðîâîäèëñÿ â àâãó-
ñòå 2017 ã., ïðè ñóõîé ïîãîäå, íà äâóõ ó÷àñòêàõ ïóòè: 
íåáëàãîïðèÿòíîì (À) è áëàãîïðèÿòíîì (Â) (òàáë. 1). 
Íåáëàãîïðèÿòíûé ó÷àñòîê ïóòè òàêæå õàðàêòåðèçóåòñÿ 
ðàçíûì ñîñòîÿíèåì ãðóíòîâ (AI — îñëàáëåííîå, AII — 
óêðåïëåííîå îñëàáëåííîå). Âòîðîé öèêë âûïîëíÿë-
ñÿ â êîíöå àïðåëÿ — ñåðåäèíå èþíÿ 2019 ã. (äîæäëè-
âûé ïåðèîä) íà òîì æå ó÷àñòêå, ñ óêàçàííîé âûøå àï-
ïàðàòóðîé. Îáîðóäîâàíèå (äàò÷èê è ðåãèñòðàòîð) óñòà-
íàâëèâàëèñü íåïîñðåäñòâåííî â ãðóíò íà ãëóáèíå 1 ì. 
Ãîðèçîíòàëüíûå êîìïîíåíòû äàò÷èêà îðèåíòèðîâàíû 
ïîïåðåê (Y, íàïðàâëåíèå íà íàñûïü) è âäîëü (Õ) ïóòè. 
Ðàñïîëîæåíèå ñåéñìè÷åñêèõ äàò÷èêîâ è ñõåìàòè÷åñêèå 
ðàçðåçû íàñûïè ïîïåðåê ïîëîòíà äëÿ íåáëàãîïðèÿòíîãî 
è óñòîé÷èâîãî ó÷àñòêîâ ïóòè ïðåäñòàâëåíû â ñòàòüå [5].

Íà ðèñ. 1, a ïðèâåäåíû õàðàêòåðíûå ñèãíàëû, ñîç-
äàâàåìûå ïîäâèæíûì ñîñòàâîì, çàðåãèñòðèðîâàííûå 
øèðîêîïîëîñíûìè äàò÷èêàìè TC-120s, íà êîòîðûõ 
îò÷åòëèâî âèäíà ñóïåðïîçèöèÿ âîçäåéñòâèé: ñèëüíî-
ãî íèçêî÷àñòîòíîãî âñëåäñòâèå ïðèãðóçà ãðóíòîâ ïîåç-
äîì è âûñîêî÷àñòîòíîãî îò êîëåñ ïîäâèæíîãî ñîñòàâà. 

Ñíà÷àëà íàìè ðàññìàòðèâàëèñü êîëåáàíèÿ â íèç-
êî÷àñòîòíîé îáëàñòè. Àíàëèçèðóÿ çàïèñè, ìîæíî çàìå-
òèòü, ÷òî íèçêî÷àñòîòíûå êîëåáàíèÿ ïðèñóòñòâóþò íà 
âñåõ òðåõ êîìïîíåíòàõ: ãîðèçîíòàëüíûõ (âäîëü è ïî-
ïåðåê ïóòè) è íà âåðòèêàëüíîé, ïðè÷åì ãîðèçîíòàëü-
íûå ñîñòàâëÿþùèå äîìèíèðóþò. Äëÿ ñîçäàíèÿ ìåòîäè-
êè ìîíèòîðèíãà ãðóíòà íåîáõîäèìî îïðåäåëèòü ïàðà-
ìåòðû, ïî êîòîðûì ìîæíî ñóäèòü êàê î ñîñòîÿíèè, òàê 
è î åãî èçìåíåíèè. Ñ ýòîé öåëüþ áûëè ñîïîñòàâëåíû 
êðèâûå íèçêî÷àñòîòíûõ êîëåáàíèé äëÿ ðàçíûõ ãðóíòîâ 
(ÀI, ÀII, B), äëÿ ðàçíûõ êîìïîíåíò, äëÿ ðàçíûõ ïîåç-
äîâ ïðè ðåãèñòðàöèè â îäíîé òî÷êå.

Íà ðèñ. 2 ïðåäñòàâëåíû êðèâûå, ñîîòâåòñòâóþùèå 
òðàåêòîðèÿì äâèæåíèÿ òî÷êè íàñûïè ïðè äâèæåíèè 
ïîåçäîâ â ïîëîñå ÷àñòîò 120 ñ–0.5 Ãö â ãîðèçîíòàëüíîé 
ïëîñêîñòè, ïîëó÷åííûå ïðè îáðàáîòêå çàïèñåé, ñäåëàí-
íûõ â ñóõîì àâãóñòå 2017 ãîäà.

Ðåãèñòðèðîâàëèñü âèáðàöèè, ñîçäàâàåìûå ïîä-
âèæíûìè ñîñòàâàìè ðàçíîãî òèïà, äëÿ îáåñïå÷å-
íèÿ íåçàâèñèìîñòè îò èíäèâèäóàëüíûõ ïàðàìåòðîâ. 
Ïðåèìóùåñòâåííî ýòî áûëè ãðóçîâûå ïîåçäà ñ 50–70 
âàãîíàìè, äëèòåëüíîñòü ïðîõîæäåíèÿ îòíîñèòåëüíî 
òî÷êè íàáëþäåíèÿ ñîñòàâëÿëà 60–100 ñ.

Ïðè àíàëèçå íèçêî÷àñòîòíûõ ñîñòàâëÿþùèõ çàïè-
ñåé áûë âûÿâëåí ãëàâíûé ïðèçíàê ãðóíòà, íàõîäÿùåãî-
ñÿ â íåáëàãîïðèÿòíîì äëÿ ïóòè ñîñòîÿíèè (ÀI), — íà-
ëè÷èå îòðèöàòåëüíûõ àìïëèòóä ñêîðîñòåé ñìåùåíèé â 
íàïðàâëåíèè âäîëü ïóòè Õ, ò. å. òî÷êè íàñûïè äâèæóò-
ñÿ êàê âïåðåä ïîä äåéñòâèåì äâèæóùåãîñÿ ïîåçäà, òàê 
è â îáðàòíîì íàïðàâëåíèè ïîñëå åãî ïðîõîæäåíèÿ. Äëÿ 
äðóãèõ òèïîâ ãðóíòîâ äëÿ êîìïîíåíòû Õ (âäîëü ïóòè) òà-
êîãî ýôôåêòà íå íàáëþäàåòñÿ, äëÿ áëàãîïðèÿòíûõ ãðóí-
òîâ (Â) íåò è «âîçâðàòíîãî» äâèæåíèÿ ïîïåðåê ïîëîòíà. 
Òàêæå íàáëþäàåòñÿ îòïîð ãðóíòà ïîñëå ñíÿòèÿ íàãðóç-
êè, îá ýòîì ñâèäåòåëüñòâóåò ôîðìà òðàåêòîðèè ïî âåð-
òèêàëè (ðèñ. 1, à), õàðàêòåðíàÿ äëÿ âñåõ òèïîâ ãðóíòîâ.

Òàêèì îáðàçîì, àíàëèçèðóÿ íèçêî÷àñòîòíóþ ñî-
ñòàâëÿþùóþ ñèãíàëà íèæå 0.5 Ãö, ìîæíî ãîâîðèòü, ÷òî 
ïðèçíàêîì ïðîáëåìíîãî ñîñòîÿíèÿ ãðóíòà ÿâëÿåòñÿ äâó-
ïîëÿðíàÿ âîëíîâàÿ ôîðìà, íàëè÷èå ïîëîæèòåëüíûõ è 
îòðèöàòåëüíûõ ôàç êîëåáàíèé â íàïðàâëåíèè âäîëü è 
ïîïåðåê ïóòè. Óêðåïëåíèå íåáëàãîïðèÿòíûõ ãðóíòîâ 
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Ðèñ. 1. à — ïðèìåð çàïèñè àìïëèòóä ñêîðîñòåé ñìåùåíèÿ ïîåçäîâ, çàðåãèñòðèðîâàííûõ â ãðóíòå ó íàñûïè íà ó÷àñòêå AI ïî  

êîìïîíåíòàì: X — âäîëü ïóòè, Ó — ïîïåðåê ïóòè, Z — âåðòèêàëüíàÿ ñîñòàâëÿþùàÿ: âåðõíèé — èñõîäíûé ñèãíàë 120 ñ–100 Ãö;  

íèæíèé — ôèëüòð 120 ñ — 0.5 Ãö; b — ðàçâåðòêà çàïèñåé äëÿ îäíîãî ïîåçäà ñ ïðèìåíåíèåì ôèëüòðà 0.5–100 Ãö

Fig. 1. a — an example of recording the amplitudes of the drift velocities of trains recorded in the ground at the embankment into sections 

AI by components: X — along the track, Y — across the track, Z — vertical component: upper — initial signal 120 s–100 Hz; lower —

filter 120 s — 0.5 Hz; b — scanning records for one train using a filter of 0.5–100 Hz

Ðèñ. 2. Êðèâûå, ñîîòâåòñòâóþùèå òðàåêòîðèÿì äâèæåíèÿ òî÷êè íàñûïè ïðè äâèæåíèè ïîåçäîâ â ïîëîñå ÷àñòîò 120 ñ – 0.5 Ãö

â ãîðèçîíòàëüíîé ïëîñêîñòè. Äàò÷èêè óñòàíîâëåíû â ãðóíòàõ ðàçíûõ òèïîâ. Öâåòíûå ëèíèè — ðàçíûå ïîåçäà. Àâãóñò 2017 ãîäà

Fig. 2. Trajectories embankment ñurves when the trains move in the frequency band 120 s – 0.5 Hz in the horizontal plane. Sensors are 

installed in different types of soils. Colored lines — different trains. August 2017
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óëó÷øàåò ñîñòîÿíèå ãðóíòà, âäîëü ïóòè â ýòîì ñëó÷àå 

íàáëþäàåòñÿ îäíîïîëÿðíàÿ íèçêî÷àñòîòíàÿ âîëíîâàÿ 

ôîðìà, íî ïîïåðåê ïóòè êîëåáàíèå äâóïîëÿðíîå. Äëÿ 

óñòîé÷èâûõ ãðóíòîâ â ãîðèçîíòàëüíîé ïëîñêîñòè ðåãè-

ñòðèðóåòñÿ ïðàêòè÷åñêè îäíîïîëÿðíûé ñèãíàë.

Ðàññìîòðèì ðåçóëüòàòû ñïåêòðàëüíîãî àíàëèçà 

êîëåáàíèé â âûñîêî÷àñòîòíîé îáëàñòè (ôèëüòð 0.5–

100 Ãö). Íà ðèñ. 3 ïðåäñòàâëåíû õàðàêòåðíûå ñïåêòðû 

ìîùíîñòè çàïèñåé äâèæåíèÿ ïîåçäîâ íà íåáëàãîïðè-

ÿòíîì ó÷àñòêå, ãäå ïðèñóòñòâóþò äâà ïèêà îêîëî 2 è 

5 Ãö, îòðàæàþùèå äèíàìèêó êîëåáàòåëüíîé ñèñòåìû 

«íàñûïü – ãðóíòû îñíîâàíèÿ». Ñïåêòð ìîùíîñòåé äëÿ 

áëàãîïðèÿòíîãî ó÷àñòêà ïóòè ïîêàçûâàåò äîñòàòî÷íî 

ðàâíîìåðíîå ðàñïðåäåëåíèå íàãðóçêè ïî ÷àñòîòàì [1]. 

Äëÿ ðàçíûõ ïîåçäîâ çíà÷åíèÿ ïèêîâûõ ÷àñòîò ëåæàò â 

ïðåäåëàõ 1.5–2. è 4–5 Ãö, ïðè÷åì äëÿ ãîðèçîíòàëüíîé 

ñîñòàâëÿþùåé ïîïåðåê ïóòè (Y) íàèáîëåå ÿðêèé ïèê 

ïðèñóòñòâóåò â ðàéîíå 2 Ãö, äëÿ âåðòèêàëüíîé ñîñòàâ-

ëÿþùåé êîëåáàíèé (Z) õàðàêòåðíûé ïèê ïîÿâëÿåòñÿ íà 

4–5 Ãö, ïîñëåäíåå ñîãëàñóåòñÿ ñ èçâåñòíûìè äàííûìè 

[7]. Ïèê 2 Ãö â íàïðàâëåíèè ïîïåðåê ïóòè ñîîòâåòñòâó-

åò òàê íàçûâàåìîìó âèëÿíèþ òåëåæêè. Àíàëèç ñïåêòðîâ 

ìîùíîñòè ïîêàçûâàåò, ÷òî ïîëîñà ÷àñòîò 2–8 Ãö ÿâëÿ-

åòñÿ õàðàêòåðíîé äëÿ ñèãíàëîâ ïðîõîäÿùèõ ïîåçäîâ. 

Áûë ïðîâåäåí ñòàòèñòè÷åñêèé àíàëèç çíà÷åíèé 

êâàäðàòîâ àìïëèòóä ñêîðîñòåé ñìåùåíèé (ìîùíîñòè 

âèáðîñêîðîñòè) â äàííîé îáëàñòè ÷àñòîò äëÿ êîìïîíåíò 

êîëåáàíèé X, Y, Z. Íà ðèñ. 4 ïðèâåäåíû ãèñòîãðàììû 

çíà÷åíèé êâàäðàòîâ àìïëèòóä ãàðìîíèê èç âûáðàííî-

ãî ÷àñòîòíîãî äèàïàçîíà ïî äâóì îñÿì (Y, Z) äëÿ îäíî-

ãî ïîåçäà. Âèäíî ïðèñóòñòâèå ÿðêî âûðàæåííîãî ìåäè-

àííîãî çíà÷åíèÿ, êîòîðîå â äàëüíåéøåì áóäåì èñïîëü-

çîâàòü êàê àíàëèçèðóåìûé ïàðàìåòð çàïèñè.

Ñòàòèñòè÷åñêèé àíàëèç ïðîâîäèëñÿ äëÿ çàïèñåé 

ïîåçäîâ çà àâãóñò 2017 ã. è àïðåëü 2019 ã., â ðåçóëüòàòå 

áûëè âûÿâëåíû õàðàêòåðíûå ìåäèàíû çíà÷åíèé êâà-

äðàòîâ àìïëèòóä ñêîðîñòåé ñìåùåíèÿ â «ìîêðûé» è 

«ñóõîé» ïåðèîäû. Äëÿ èñêëþ÷åíèÿ âëèÿíèÿ âåñà ïîåç-

äà áûëè âûïîëíåíû ñâîåîáðàçíûå «íîðìèðîâêè» ïî-

ëó÷åííûõ çíà÷åíèé, ðàñc÷èòàíû îòíîøåíèÿ êâàäðàòîâ 

àìïëèòóä âî âçàèìíî ïåðïåíäèêóëÿðíûõ íàïðàâëåíè-

Ðèñ. 3. Õàðàêòåðíûå ñïåêòðû ìîùíîñòè çàïèñåé äâèæåíèÿ ïîåçäîâ íà íåáëàãîïðèÿòíîì ó÷àñòêå

Fig. 3. Characteristic power spectra of train records on the weak site

Ðèñ. 4. Òèïè÷íûå ãèñòîãðàììû çíà÷åíèé êâàäðàòîâ àìïëè-

òóä ãàðìîíèê èç äèàïàçîíà 2–8 Ãö ïî òðåì îñÿì äëÿ çàïèñè 

îäíîãî ïîåçäà: à — äëÿ îñè Y ïîïåðåê ïóòè; b — äëÿ îñè Z 

(âåðòèêàëüíàÿ ñîñòàâëÿþùàÿ)

Fig. 4. Typical histograms values of squared amplitudes of har-

monics from the range of 2–8 Hz along three axes for recording 

one train: a — for the Y axis across the track; b — for the Z (axis 

the vertical component)
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ÿõ. Â òàáëèöå 2 ïðåäñòàâëåíû òèïè÷íûå ðåçóëüòàòû äëÿ 
«ìîêðîãî» è «ñóõîãî» ïåðèîäîâ.

Âèäèì, ÷òî â ìîêðûé ïåðèîä íàáëþäàåòñÿ çíà÷è-
òåëüíîå óâåëè÷åíèå îòíîñèòåëüíîé àìïëèòóäû ïîïå-
ðåê ïóòè ïî ñðàâíåíèþ ñ ñóõèì ïåðèîäîì, ÷òî ãîâîðèò 
îá óñèëåíèè êîëåáàíèé â ãîðèçîíòàëüíîé ïëîñêîñòè â 
îáâîäíåííûõ ãðóíòàõ. Íà ðèñ. 5 ïðåäñòàâëåíî ðàñïðå-
äåëåíèå çíà÷åíèé îòíîñèòåëüíûõ àìïëèòóä ïîïåðåê ïó-
òè, ïîëó÷åííûõ ïî ðåçóëüòàòàì ñòàòèñòè÷åñêîãî àíàëè-
çà çàïèñåé ïîåçäîâ çà 2017 è 2019 ãã.: ïî âåðòèêàëüíûì 
îñÿì îòëîæåíû âåëè÷èíû êâàäðàòîâ àìïëèòóä ïîïåðåê 
ïóòè (ïðèíÿòû ðàçíûå ìàñøòàáû), ïî ãîðèçîíòàëüíîé 
îñè ïðèâåäåíî çíà÷åíèå îòíîñèòåëüíîé àìïëèòóäû ïî 
îñè Y(îòíîøåíèå A2Y/A2Z) . Îòíîøåíèå êâàäðàòîâ àì-
ïëèòóä ïîïåðå÷íîé ñîñòàâëÿþùåé ê âåðòèêàëüíîé äëÿ 
ñóõîãî ïåðèîäà íå ïðåâûøàåò 0.6, äëÿ ìîêðîãî ýòî îò-
íîøåíèå âñåãäà áîëüøå 0.6. Ñòàòèñòè÷åñêàÿ îáðàáîò-
êà äàåò ñëåäóþùèé ðåçóëüòàò: â ìîêðûé ïåðèîä êîëå-
áàíèÿ ïî îñè Y èíòåíñèâíåå, ÷åì â ñóõîé, ÷òî ñîîòâåò-
ñòâóåò áîëüøåé äåôîðìèðóåìîñòè ãðóíòà ïîïåðåê ïóòè 
ïðè ïðîõîæäåíèè ïîåçäà. Ïðè äåãðàäàöèè âå÷íîìåðç-
ëûõ ãðóíòîâ èëè â ñåçîí îòòàèâàíèÿ, õàðàêòåðèçóþ-
ùèéñÿ îáèëüíûì îáâîäíåíèåì, ýíåðãèÿ êîëåáàíèé â 
ãîðèçîíòàëüíîé ïëîñêîñòè (ïîïåðåê ïóòè) çíà÷èòåëü-
íî âîçðàñòàåò ïî ñðàâíåíèþ ñ ëåòíèì ïåðèîäîì. Òàêæå 
ìîæíî ãîâîðèòü î òîì, ÷òî â ëåòíèé ïåðèîä îñíîâíàÿ 
ýíåðãèÿ êîëåáàíèé, âûçâàííûõ äâèæåíèåì ïîåçäà, ñî-
ñðåäîòî÷åíà â âåðòèêàëüíîé ïëîñêîñòè.

Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå
ðàçëè÷íûõ ñîñòîÿíèé ãðóíòîâ îñíîâàíèÿ 
æåëåçíîäîðîæíîãî ïîëîòíà

Äëÿ èññëåäîâàíèé íåîáõîäèìî îïðåäåëèòü ðàçðå-
øàþùóþ ñïîñîáíîñòü ìåòîäà, êîòîðàÿ çàâèñèò îò ÷óâ-
ñòâèòåëüíîñòè ñåéñìè÷åñêîé àïïàðàòóðû ê èçìåíåíè-

ÿì óïðóãîäåôîðìèðîâàííîãî ñîñòîÿíèÿ ñðåäû. Ñ ýòîé 
öåëüþ áûëè ðàçðàáîòàíû ìîäåëè íàñûïè ñ ðàçëè÷íû-
ìè âàðèàíòàìè äåôîðìàöèîííûõ ñëîåâ, ó÷èòûâàëèñü 
èíæåíåðíî-ãåîëîãè÷åñêèå óñëîâèÿ ðàéîíà, â êîòîðîì 
ïðîâîäèëèñü íàáëþäåíèÿ, à èìåííî íåîáõîäèìî áû-
ëî ðàññìîòðåòü ñåçîííûå èçìåíåíèÿ, òàêèå êàê çèìíåå 
ïðîìåðçàíèå, ñåçîííîå îáâîäíåíèå èëè âîçìîæíàÿ äå-
ãðàäàöèÿ ìåðçëûõ ãðóíòîâ. Áûëè èçó÷åíû òðè ìîäåëè. 
Èñõîäíàÿ ìîäåëü I ïîçâîëèëà îöåíèòü íàïðÿæåííî-äå-
ôîðìèðîâàííîå ñîñòîÿíèå (ÍÄÑ) â ðàçëè÷íûõ ñëîÿõ 
íàñûïè. Îòíîñèòåëüíî ýòîé ìîäåëè ðàññìàòðèâàëèñü 
âîçìîæíûå èçìåíåíèÿ ÍÄÑ ïðè ìåíÿþùèõñÿ ñåçîí-
íûõ óñëîâèÿõ. Ìîäåëü II — âàðèàíò ïðè çèìíåì ïðî-
ìåðçàíèè, ìîäåëü III — ïîÿâëåíèå îáâîäíåíèÿ ïðè ñå-
çîííîì îòòàèâàíèè èëè ïðè äåãðàäàöèè ìåðçëûõ ãðóí-
òîâ. Âàðèàíòû ðàñ÷åòíûõ ìîäåëåé è õàðàêòåðíûå ðàç-
ìåðû àíàëèçèðóåìîãî ó÷àñòêà ïðèâåäåíû â ñòàòüå [3]. 
×èñëåííîå ìîäåëèðîâàíèå çåìëÿíîãî ïîëîòíà æåëåçíîé 
äîðîãè âûïîëíÿëîñü â ïðîãðàììíîì êîìïëåêñå PLAXIS 
2D, ðàáîòàþùåì íà îñíîâå ìåòîäà êîíå÷íûõ ýëåìåí-
òîâ; ãåîìåòðèÿ ñëîåâ è îñíîâíûå ïàðàìåòðû çàäàâàëèñü 
ïî äàííûì ìàëîãëóáèííîé ñåéñìîðàçâåäêè [1]. Ðàñ÷åòû 
ïðîâîäèëèñü ñ èñïîëüçîâàíèåì ïîëîâèíû ñõåìû, ðàññìà-
òðèâàëàñü ñòàòèñòè÷åñêàÿ íàãðóçêà, ÷òî íà êà÷åñòâåííîì 
óðîâíå ñîîòâåòñòâóåò äëèííîïåðèîäíûì êîëåáàíèÿì (ïå-
ðèîä 100 ñ è áîëåå). Èñïîëüçîâàíà óïðóãîïëàñòè÷åñêàÿ
ìîäåëü Êóëîíà – Ìîðà, ïîçâîëÿþùàÿ âûïîëíÿòü ðàñ÷åò 
íàïðÿæåíèé è äåôîðìàöèé ãðóíòà. Ìåðçëûå è îáâîä-
íåííûå ãðóíòû çàäàâàëèñü òàêæå ëèíåéíî-óïðóãîé ìî-
äåëüþ, àíàëîãè÷íîé ìîäåëè Êóëîíà – Ìîðà. Íàãðóçêà 
îò ïðîåçæàþùåãî ïîåçäà ïðèíèìàëàñü 40 000 ò. 

Áûëè ïîëó÷åíû èçîïîëÿ âåðòèêàëüíûõ (Z) è ãîðè-
çîíòàëüíûõ (Y — ïîïåðåê ïóòè) ñìåùåíèé, îáúåìíûõ è 
ñäâèãîâûõ äåôîðìàöèé äëÿ òðàíñïîðòíîé íàãðóçêè äëÿ 
âñåõ òðåõ ìîäåëåé. Íà ðèñ. 6 ïðåäñòàâëåíû ðåçóëüòàòû 

Õàðàêòåðèñòèêè 
Characteristics

Ó÷àñòîê
íàáëþäåíèÿ
Observation area

Ñåéñìîðàçâåäî÷íûé ïðîôèëü
Seismic profile

Ñðåäíèå ñêîðîñòè*

Vp, ì/ñ
Average velocities*

Vp, m/s

Õàðàêòåðèñòèêè îñíîâàíèÿ
Characteristics of base

ÀI I 350 Îñëàáëåííîå / Weak

AII II 400 Óêðåïëåííîå îñëàáëåííîå / Armed weak

B III 650 Õîðîøåå / Good

Òàáëèöà 1. Ïàðàìåòðû ó÷àñòêîâ íàáëþäåíèé

Table 1. Parameters of observation sites

*äî îòëîæåíèÿ ãëèíèñòûõ ïîðîä / *before sedimentation of clay rocks

Çíà÷åíèå àìïëèòóäû 
Value of amplitude

Ïåðèîä
Period

À2Õ, ì2/ñ2 À2 Ó ì2/ñ2 À2 Z ì2/ñ2 À2Õ/ À2 Ó À2 Ó/ À2 Z À2Õ/ À2 Z

Àâãóñò 2017 ïîåçä 1 / August 2017 train 1 7.66E-09 1.0Е-08 7.17Å-08 0.764 0.140 0.107

Àâãóñò 2017 ïîåçä 2 / August 2017 train 2 1.36Å-08 1.34Е-08 6.62Е-08 1.017 0.202 0.206

Август 2017 поезд 3 / August 2017 train 3 7.71Е-09 6.59Е-09 5.81Е-08 1.169 0.113 0.133

Апрель 2019 поезд 1 / April 2019 train 1 5.9 Е-10 6.35Е-10 6.6Е-10 0.930 0.961 0.894

Апрель 2019 поезд 2 / April 2019 train 2 3.28Е-10 1.42Е-10 2.13Е-10 2.313 0.664 1.537

Апрель 2019 поезд 3 / April 2019 train 3 8.64 Е-10 6.1Е-10 7.51Е-10 1.417 0.813 1.151

Òàáëèöà 2. Òèïè÷íûå çíà÷åíèÿ ìåäèàí êâàäðàòîâ àìïëèòóä ñêîðîñòåé ñìåùåíèÿ

Table 2. Typical values of the medians of the squares of the amplitudes of the drift velocities
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ìîäåëèðîâàíèÿ ñäâèãîâûõ äåôîðìàöèé äëÿ ìîäåëè II, 
ñîîòâåòñòâóþùåé çèìíåìó ïðîìåðçàíèþ, è ìîäåëè III, 
ñîîòâåòñòâóþùåé îáâîäíåííîìó ñîñòîÿíèþ; êðàñíûé 
êðóæîê — ìåñòî ðàçìåùåíèÿ øèðîêîïîëîñíîãî äàò-
÷èêà. Ñäâèãîâûå äåôîðìàöèè îïðåäåëÿþò çîíû, â êî-
òîðûõ êàñàòåëüíûå íàïðÿæåíèÿ ïðåîáëàäàþò íàä íîð-
ìàëüíûìè. Êàê ïðàâèëî, ýòè îáëàñòè ôîðìèðóþò ïî-
òåíöèàëüíûå ïîâåðõíîñòè îáðóøåíèÿ, êîíòðîëèðóåìûå 
ðàñ÷åòàìè óñòîé÷èâîñòè. Àíàëîã òàêîé çîíû âèäåí íà 
ðèñóíêå 6, á, ãäå ìàêñèìàëüíûå êàñàòåëüíûå äåôîðìà-
öèè îáðàçóþò íàêëîííóþ çîíó ñêîëüæåíèÿ. Ýòî ñîãëà-
ñóåòñÿ ñ áîëüøèìè çíà÷åíèÿìè îòíîøåíèé ìîùíîñòåé 
âûñîêî÷àñòîòíûõ êîëåáàíèé â ìîêðûé ïåðèîä ïî ñðàâ-
íåíèþ ñ ñóõèì (ðèñ. 5). Âèäíî, ÷òî íàñûïü â ìåðçëîì 
ñîñòîÿíèè (ìîäåëü II) áåç îáâîäíåíèÿ â íèæíåé ÷àñòè 
ðàçðåçà õàðàêòåðèçóåòñÿ ñäâèãîâûìè äåôîðìàöèÿìè, 
ïðèóðî÷åííûìè ê âåðòèêàëè, ÷òî íå ãðîçèò ãîðèçîí-
òàëüíûìè ïîäâèæêàìè íàñûïè. Íà ïðàêòèêå èçâåñò-
íî, ÷òî ïðè ïðîìåðçàíèè âåðõíåãî ñëîÿ íàñûïü ñòà-
íîâèòñÿ áîëåå ïðî÷íîé. Êàðòèíà ñäâèãîâûõ äåôîð-
ìàöèé, ïðåäñòàâëåííàÿ äëÿ ìîäåëè III, ñîîòâåòñòâó-

åò íåáëàãîïðèÿòíîìó ñîñòîÿíèþ ïóòè. Â ñðàâíåíèè 
ñ ìîäåëüþ II ýòî ìîæåò îïèñûâàòü ñëó÷àé îòòàèâàíèÿ 
ìåðçëûõ ãðóíòîâ. Îïàñíîé ìîæåò áûòü çîíà, îòõîäÿ-
ùàÿ âãëóáü è âáîê îò îñè íàñûïè. Òàêàÿ çîíà, èíèöè-
èðóåìàÿ äâèæåíèåì ñîñòàâà, ìîæåò ñòàòü îïîëçíåâîé. 
Ýòî ñâèäåòåëüñòâóåò î íåîáõîäèìîñòè êîíòðîëèðîâàòü 
èçìåíåíèÿ, ïðîèñõîäÿùèå â çåìëÿíîì ïîëîòíå, â ãî-
ðèçîíòàëüíîé ïëîñêîñòè â íàïðàâëåíèè ïîïåðåê ïóòè. 
Âîïðîñ î âîçìîæíîñòè ýêñïåðèìåíòàëüíîãî íàáëþäå-
íèÿ ýôôåêòîâ, âûÿâëåííûõ ïðè ìîäåëèðîâàíèè, ðàñ-
ñìîòðåíû â ðàáîòå [2].

Çàêëþ÷åíèå

Ýêñïåðèìåíòàëüíî ïîêàçàíà è ïîäòâåðæäåíà ìî-
äåëèðîâàíèåì âîçìîæíîñòü ïðîâåäåíèÿ ñåéñìè÷åñêî-
ãî ìîíèòîðèíãà ñîñòîÿíèÿ ãðóíòîâ îñíîâàíèÿ æåëåç-
íîäîðîæíîãî ïóòè íà îñíîâå àíàëèçà çàïèñåé êîëåáà-
íèé ïðè ïðîõîæäåíèè ïîåçäà. Âûÿâëåíû ïàðàìåòðû, 
ïî âàðèàöèè êîòîðûõ ìîæíî ñóäèòü îá èçìåíåíèÿõ, 
ïðîèñõîäÿùèõ â ãðóíòàõ îñíîâàíèé íà ðàííèõ ñòàäèÿõ 
ðàçâèòèÿ äåôîðìàöèé. Âàæíî, ÷òî ïîëó÷àåìûå ñåéñ-

Ðèñ. 5. Ðàñïðåäåëåíèå çíà÷åíèé îòíîñèòåëüíûõ àìïëèòóä ïîïåðåê ïóòè (Y), ïîëó÷åííûõ ïî ðåçóëüòàòàì ñòàòèñòè÷åñêîãî

àíàëèçà çàïèñåé ïîåçäîâ çà àâãóñò 2017 ã. è àïðåëü 2019 ã.

Fig. 5. Distribution of values of relative amplitudes across the track (Y) obtained from the results of a statistical analysis of train records 

for August 2017 and April 2019

Ðèñ. 6. Èçîïîëÿ ñäâèãîâûõ äåôîðìàöèé: à — äëÿ ìîäåëè II; b — äëÿ ìîäåëè III. Êðàñíûé êðóæîê — ìåñòî ðàçìåùåíèÿ øèðîêî-

ïîëîñíîãî äàò÷èêà 

Fig. 6. Isofield of shear deformations: a — for model II; b — for model III. The red circle is the location of the broadband sensor
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ìè÷åñêèå çàïèñè ñâèäåòåëüñòâóþò î ðåàêöèè ãðóíòîâ 
îäíîâðåìåííî ïðè ðàçíûõ âèäàõ âîçäåéñòâèÿ — êâàçè-
ñòàòè÷åñêîì ïðè íàãðóæåíèè ïîåçäîì íàñûïè (íèçêî-
÷àñòîòíàÿ êîìïîíåíòà çàïèñè) è âèáðàöèîííîì îò óäà-
ðîâ êîëåñ (âûñîêî÷àñòîòíàÿ ÷àñòü). Ïðè ýòîì íàèáîëåå 
èíôîðìàòèâíûì äëÿ íèçêî÷àñòîòíîé îáëàñòè (ìåíüøå 
0.5 Ãö) ÿâëÿåòñÿ ìîíèòîðèíã ãîðèçîíòàëüíûõ êîìïî-
íåíò êîëåáàíèé, âîçíèêàþùèõ îò âîçäåéñòâèÿ ïîåçäà. 
Äëÿ âûñîêî÷àñòîòíîé îáëàñòè, êðîìå èçâåñòíîãî èçìå-
ðåíèÿ âèáðîóñêîðåíèé è âèáðîñìåùåíèé äëÿ âåðòè-
êàëüíûõ êîìïîíåíò [7], òàêæå íåîáõîäèìî ó÷èòûâàòü 
êîëåáàíèÿ â ãîðèçîíòàëüíîé ïëîñêîñòè. Èíôîðìàöèÿ 
îá îòíîøåíèÿõ ìîùíîñòåé êîëåáàíèé â ãîðèçîíòàëü-
íîé è âåðòèêàëüíîé îáëàñòÿõ ñâèäåòåëüñòâóåò îá èçìå-
íåíèÿõ, ïðîèñõîäÿùèõ â çåìëÿíîì ïîëîòíå ïîä âîç-
äåéñòâèåì ïîäâèæíîãî ñîñòàâà. Ïîëó÷åííûå ðåçóëü-
òàòû ìîãóò ëå÷ü â îñíîâó ìåòîäèêè îäíîâðåìåííîãî 
ñòàòè÷åñêîãî è äèíàìè÷åñêîãî çîíäèðîâàíèÿ ãðóíòîâ 
â óñëîâèÿõ åñòåñòâåííîãî çàëåãàíèÿ, à ïðè äëèòåëüíîì 
ðàçìåùåíèè äàò÷èêîâ — äëÿ ìîíèòîðèíãà ñîñòîÿíèÿ 
çåìëÿíîãî ïîëîòíà è ïîäñòèëàþùèõ ãðóíòîâ æåëåçíî-
äîðîæíûõ ïóòåé.
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Ââåäåíèå

Äàâíî çàìå÷åíî, ÷òî ïðèðîäà ðàöèîíàëüíà. Ñòðóê-
òóðû, îïòèìàëüíûå â òîì èëè èíîì ôèçè÷åñêîì êîí-
òåêñòå, êîïèðóþòñÿ â ìèíåðàëüíûõ è æèâûõ îáúåêòàõ. 
Ïëîñêîñòè, ïðîñòûå è âèíòîâûå îñè ñèììåòðèè â îð-
ãàíèçàöèè ìèíåðàëîâ, æèâîòíûõ è ðàñòåíèé áóêâàëüíî 
áðîñàþòñÿ â ãëàçà. Ïî ìåòêîìó âûðàæåíèþ Í. Â. Áåëîâà, 
«îñüþ 5-ãî ïîðÿäêà æèçíü çàùèùàåòñÿ îò êðèñòàëëè-
çàöèè». Âîêðóã íàñ èäåò ñîãëàñîâàíèå ýâîëþöèîííûõ 
ñòðàòåãèé. Íåóäèâèòåëüíî, ÷òî â ïîëå çðåíèÿ êðèñòàë-
ëîãðàôèè ïîïàäàåò âñå áîëüøå ñòðóêòóð, ê îïèñàíèþ 
êîòîðûõ ïðèìåíèìû ìàòåìàòè÷åñêèé ÿçûê òåîðèè ñèì-
ìåòðèè è ôèçè÷åñêèå ìåòîäû ñòðóêòóðíîãî àíàëèçà. 
Ïðåäñòàâëÿåòñÿ ïðàâèëüíûì âêëþ÷àòü ðàññìîòðåíèå 
òàêèõ ïðèìåðîâ â óíèâåðñèòåòñêèé ëåêöèîííûé êóðñ.

Êðèñòàëëîãðàôèÿ æèâîãî âåùåñòâà âïåðâûå è ìîù-
íî çàÿâèëà î ñåáå ðàñøèôðîâêîé ñòðóêòóð ÄÍÊ è ÐÍÊ 
Äæ. Óîòñîíîì è Ô. Êðèêîì â 1953 ã. (Íîáåëåâñêàÿ ïðå-
ìèÿ 1962 ã.). Ñ òåõ ïîð òåîðåòè÷åñêèì è ïðèáîðíûìè 
àíàëèçàìè îõâà÷åíû ðàçíûå æèâûå îáúåêòû. Â òîì ÷èñ-
ëå íàìè ïîêàçàíî øèðîêîå ðàñïðîñòðàíåíèå â ìèíå-
ðàëüíîé è æèâîé ïðèðîäå ïîëèýäðè÷åñêèõ ñòðóêòóð òè-
ïà ôóëëåðåíîâ, â êîòîðûõ ðàçðåøåíû òîëüêî 5-óãîëüíûå 
(ðîâíî 12) è 6-óãîëüíûå (âñå îñòàëüíûå) ãðàíè [5]. Ïðè 
ýòîì â ñàìûõ ñèììåòðè÷íûõ ôóëëåðåíàõ ëåãêî óçíàâà-
åì äîäåêàýäðè÷åñêèé ìîòèâ, âåäü ïðîñòåéøèé ôóëëå-
ðåí — èìåííî äîäåêàýäð, à ñàìûé ñòàáèëüíûé ôóëëå-
ðåí Ñ60 — óñå÷¸ííûé èêîñàýäð. Â ñêåëåòàõ ðàäèîëÿðèé 

âñòðå÷åíû îáà ìîòèâà (Circogonia dodecahedra Häckel è 
Circogonia icosahedra Häckel).

Íî íàèáîëåå ÿðêî îíè âûðàæåíû â êàïñèäàõ èêîñà-
ýäðè÷åñêèõ (ñôåðè÷åñêèõ) âèðóñîâ (ðèñ. 1). Òîò ôàêò, ÷òî 
äîäåêàýäð è èêîñàýäð ãåîìåòðè÷åñêè äóàëüíû äðóã äðó-
ãó, ïîçâîëÿåò ëåãêî ïåðåéòè îò îäíîãî ê äðóãîìó è äàòü 
êëàññèôèêàöèþ è íîìåíêëàòóðó äëÿ âñåõ ñòðóêòóð íà 
èõ îñíîâå. «Íîìåíêëàòóðà è êëàññèôèêàöèÿ âèðóñîâ — 
òðóäíàÿ îáëàñòü âèðóñîëîãèè… Ãðóïïèðîâêà ìîæåò áûòü 
îñíîâàíà íà ìîðôîëîãè÷åñêèõ è ôèçèîëîãè÷åñêèõ êðè-
òåðèÿõ. Èäåàë, ê êîòîðîìó ìû ñòðåìèìñÿ — ýòî ñîçäàòü 
òàêóþ êëàññèôèêàöèþ, êîòîðàÿ îòðàæàëà áû ýâîëþöè-
îííûå è ôèëîãåíåòè÷åñêèå âçàèìîîòíîøåíèÿ îðãàíèç-
ìîâ, à òàêæå îáåñïå÷èâàëà áû óäîáíóþ è ðàöèîíàëüíóþ 
ñèñòåìó íîìåíêëàòóðû» [1, ñ. 18–23]. Â ÷àñòè ìîðôîëî-
ãèè èêîñàýäðè÷åñêèõ âèðóñîâ çàäà÷è êëàññèôèêàöèè è 
íîìåíêëàòóðû ðåøàþòñÿ â ïðåäëàãàåìîé ñòàòüå.

Ïðèíöèïû êëàññèôèêàöèè
è íîìåíêëàòóðû

Ïðèíöèïû ñòðîåíèÿ êàïñèäîâ èêîñàýäðè÷åñêèõ 
âèðóñîâ èç êàïñîìåðîâ (ñóáúåäèíèö, ñôåðè÷åñêèõ áåë-
êîâûõ ãëîáóë) è èõ êëàññèôèêàöèÿ ïðåäëîæåíû ðàíåå 
[3]. Âñÿêèé êàïñèä (áåëêîâàÿ îáîëî÷êà, â êîòîðóþ óïà-
êîâàíà ñâåðíóòàÿ â êëóáîê ìîëåêóëà ÄÍÊ èëè ÐÍÊ) 
ïîñòðîåí èç 20 ðàâíîñòîðîííèõ òðåóãîëüíûõ ìåãàãðà-
íåé — ôðàãìåíòîâ ïëîñêîé ñåòêè, îáðàçîâàííîé ãëî-
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áóëàìè ïî ïðèíöèïó ïëîòíåéøåé øàðîâîé óïàêîâêè. 
Ëèíèè ãëîáóë íå âñåãäà ñîâïàäàþò ñ ð¸áðàìè èêîñà-
ýäðà, ÷òî è ñîçäàâàëî ïðîáëåìó ïîèñêà îáùåé ôîðìó-
ëû äëÿ èõ ÷èñëà â êàïñèäå. 

Â ñòàòüå [3] àíîíñèðîâàíà òåîðåìà, ïåðå÷èñëèâøàÿ 
ðàçðåø¸ííûå äëÿ èêîñàýäðè÷åñêèõ êàïñèäîâ «òðèàíãóëÿ-
öèîííûå ÷èñëà» Ò = Ðf2, ãäå Ð = h2 + hk + k2, h ³ k ³ 0 — 
ëþáûå ïàðû öåëûõ ÷èñåë áåç îáùèõ äåëèòåëåé (ïðè ýòîì 
h > 0, ò. ê. h = 0 âëå÷åò k = 0, ÷òî ïðîòèâîðå÷èò ôèçè-
÷åñêîìó ñìûñëó òðèàíãóëÿöèîííîãî ÷èñëà êàê ïëîùà-
äè ãðàíè êàïñèäà), f = 1, 2, 3... Äîêàçàòåëüñòâî âïåðâûå 
ïðèâåäåíî â ñòàòüå [4, ñ. 1124–1125]. Ïî ñóòè, h è k — 
êîîðäèíàòû êîíöà áàçàëüíîãî ðåáðà ìåãàãðàíè â êî-
ñîóãîëüíîé (60°) äåêàðòîâîé ñèñòåìå êîîðäèíàò, ñî-
ãëàñîâàííîé ñ ïëîòíåéøåé óïàêîâêîé ãëîáóë (ðèñ. 2).

Â îñíîâó îïèñàíèÿ èêîñàýäðè÷åñêèõ êàïñèäîâ ñå-
ãîäíÿ ïîëîæåíû èìåííî òðèàíãóëÿöèîííûå ÷èñëà Ò 
(òàáë. 1). Â ýòîì åñòü èçâåñòíîå óäîáñòâî. ×èñëî ãëîáóë 
â êàïñèäå: Ì = 10Ò + 2. Îíè îáðàçóþò ìîðôîëîãè÷å-
ñêèå ñóáúåäèíèöû: 12 ïåíòàìåðîâ è 10(Ò – 1) ãåêñàìå-
ðîâ. Ïðè ýòîì Ò = (m – 1)2, ãäå m — ÷èñëî ãëîáóë íà ðå-
áðå ìåãàãðàíè, ò. å. åñëè ëèíèÿ ãëîáóë è ðåáðî èêîñàýäðà 
ñîíàïðàâëåíû (âåðõíÿÿ ñòðîêà òàáë. 1, êëàññ (f, 0), ñì. 
äàëåå) [6]. Êðîìå òîãî, 20Ò — ÷èñëî ýëåìåíòàðíûõ òðå-
óãîëüíûõ ãðàíåé ó ëþáîãî êàïñèäà. Äëÿ ìíîãèõ âèðóñîâ 
ýòè õàðàêòåðèñòèêè èçâåñòíû: áàêòåðèîôàã jX174: Ò = 
1, M = 12, m = 2, (h, k) = (1, 0); âèðóñ æ¸ëòîé ìîçàèêè 
òóðíåïñà: Ò = 3, M = 32, (h, k) = (1, 1); âèðóñ ïîëèîìû: 
Ò = 4, M = 42, m = 3, (h, k) = (2, 0); ïàïîâàâèðóñ: Ò = 7, 
Ì = 72, (h, k) = (2, 1); ðåîâèðóñ: Ò = 9, M = 92, m = 4,

(h, k) = (3, 0); ðîòàâèðóñ: Ò = 13, Ì = 132, (h, k) = (3, 1); 
âèðóñû ãåðïåñà è âåòðÿíîé îñïû: Ò = 16, M = 162, m = 
5, (h, k) = (4, 0); àäåíîâèðóñ è âèðóñ ñîáà÷üåãî ãåïàòè-
òà: Ò = 25, M = 252, m = 6, (h, k) = (5, 0); ðàäóæíûé âè-
ðóñ: Ò = 81, M = 812, m = 10, (h, k) = (9, 0). Àíàëèç òà-
áëèöû îáíàðóæèâàåò èçîìåðû — âèðóñû ñ îäèíàêîâûì 
Ò. Äëÿ Ò = 49 èõ ìîæíî ðàçëè÷èòü ïî ñèììåòðèè: êàï-
ñèä (h, k) = (7, 0) èìååò òî÷å÷íóþ ãðóïïó ñèììåòðèè 
(ò. ã. ñ.) –5–3m, êàïñèä (5, 3) — ò. ã. ñ. 532.* Íî äëÿ Ò = 
91 îáà êàïñèäà (9, 1) è (6, 5) èìåþò ò. ã. ñ. 532. Ñèìâîë 
(h, k) ôèêñèðóåò ñòðîåíèå ëþáîãî êàïñèäà îäíîçíà÷íî. 
Èìåííî åãî ñëåäóåò ïîëîæèòü â îñíîâó íîìåíêëàòóðû.

Ãîìîëîãè÷åñêèå ñåðèè
â êëàññàõ –5–3m è 532

В статье [3, с. 15, табл. 1] предложено деление икоса-

эдрических капсидов на три класса. Первый (верхняя стро-

ка табл. 1) порождается простейшим капсидом (1, 0) — 

икосаэдром, в вершинах которого расположены белковые 

глобулы. Остальные капсиды класса, все с т. г. с. –5–3m, 

получаются увеличением грани икосаэдра с помощью ко-

эффициентов подобия f = 2, 3, 4… при той же ориенти-

Ðèñ. 1. Ñòðîåíèå èêîñàýäðè÷åñêèõ âèðóñîâ [2]

Fig. 1. The structure of icosahedral viruses [2]

Òàáëèöà 1. Òðèàíãóëÿöèîííûå ÷èñëà T

Table 1. Triangulation numbers T

k\h 1 2 3 4 5 6 7 8 9 10

0 1 4 9 16 25 36 49 64 81 100

1 3 7 13 21 31 43 57 73 91 111

2 12 19 28 39 52 67 84 103 124

3 27 37 49 63 79 97 117 139

4 48 61 76 93 112 133 156

5 75 91 109 129 151 175

6 108 127 148 171 196

7 147 169 193 219

8 192 217 244

9 243 271

10 300

*Икосаэдрические т. г. с. не являются кристаллографическими в 

строгом смысле. Международный союз кристаллографов не уста-

новил их обозначений, обязательных к употреблению. В отече-

ственной и зарубежной литературе встречаются разные варианты. 

Важно, чтобы в одном из символов фигурировала m (плоскость 

симметрии, –5–3m), в другом — лишь поворотные оси (532).
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ровке относительно плотнейшей упаковки глобул (рис. 2). 

Этот класс логично обозначить (f, 0). Судя по имеющимся 

публикациям (к сожалению, публикуются не первичные 

снимки высокого разрешения, а раскрашенные модели), 

короновирус SARS-CoV-2 (табл. 2, врезка) имеет капсид 

(2, 0), Т = 4, аналогичный вирусу полиомы. Это второй кап-

сид в классе Т = f2, начинающемся с (1, 0) — бактериофага

jX174. За SARS-CoV-2 следуют: (3, 0) — реовирус, (4, 0) — 

вирус герпеса и ветряной оспы, (5, 0) — аденовирус и вирус 

собачьего гепатита, … (9, 0) — радужный вирус. 

Âòîðîé êëàññ (äèàãîíàëü òàáë. 1) ïîðîæäàåòñÿ 
àíàëîãè÷íûì ïðåîáðàçîâàíèåì ïîäîáèÿ èç êàïñèäà 
(1, 1) — äîäåêàýäðà, íàä ãðàíÿìè êîòîðîãî íàäñòðîå-
íû ïåíòàãîíàëüíûå ïèðàìèäû. Åãî ìîæíî îáîçíà÷èòü 
(f, f). Êàïñèäû ýòîãî êëàññà òîæå èìåþò ò. ã. ñ. –5–3m. 
Îñòàëüíûå êàïñèäû (âíóòðè òðåóãîëüíèêà â òàáë. 1) 
èìåþò òîëüêî ïîâîðîòíûå îñè, òî åñòü ò. ã. ñ. 532. Ñóäÿ 
ïî òîìó, ÷òî îíè íàçâàíû â ñòàòüå [3] skew classes (ñêî-
øåííûå, àñèììåòðè÷íûå êëàññû), êàæäûé ñèìâîë (h, k) 
îçíà÷àåò îòäåëüíûé êëàññ, â êàæäîì — îäèí êàïñèä. 
Ýòî íå ëîãè÷íî, òàê êàê ïðåîáðàçîâàíèåì ïîäîáèÿ ëþ-
áîé êàïñèä ïîðîæäàåò áåñêîíå÷íóþ ñåðèþ îäèíàêîâî 

óñòðîåííûõ êàïñèäîâ: (h, k) ® (fh, fk)… Òàáë. 1 âñÿ ñî-
ñòîèò èç òàêèõ ñåðèé, íà÷èíàþùèõñÿ ñ (h, k), ó êîòî-
ðûõ h è k íå èìåþò îáùèõ äåëèòåëåé.

Òàáë. 1 ñîäåðæèò è áîëåå èíòåðåñíûå ñâÿçè. Êàïñèä 
(1, 1) ïîëó÷àåòñÿ èç (1, 0) êàê óñå÷¸ííûé èêîñàýäð èç 
äîäåêàýäðà — äóàëüíûì ïåðåõîäîì è îòñå÷åíèåì âñåõ 
âåðøèí. Êàê ýòî âûðàçèòü àëãåáðàè÷åñêè? Íà öåëî÷èñ-
ëåííîé ðåø¸òêå (ðèñ. 2) ð¸áðà (h1, k1) è (h2, k2) äâóõ êàï-
ñèäîâ âûðàæàþòñÿ äðóã ÷åðåç äðóãà ëèíåéíî. Ïóñòü èñ-
êîìîå ïðåîáðàçîâàíèå èìååò âèä: (h1, k1) ® (h2, k2) = 
(ah1+bk1, ch1+dk1). Â ñòàòüå [6] ïîêàçàíî, ÷òî îíî óòðà-
èâàåò òðèàíãóëÿöèîííîå ÷èñëî. Èç óñëîâèÿ Ò2 = 3Ò1 
íàõîäèì, ÷òî äëÿ ëþáîãî (h1, k1) îíî ðàçðåøèìî ëèøü 
â ñëó÷àå: (h1, k1) ® (h1+2k1, h1–k1). Ïîäñòàíîâêîé ëåã-
êî óáåäèòüñÿ â ïåðåõîäàõ (f, 0) ® (f, f) ® (3f, 0) ® (3f, 
3f)… Òåì ñàìûì äâå ñåðèè (f, 0) è (f, f) îáúåäèíÿþòñÿ 
â êëàññ –5–3m (ðèñ. 3, ñîåäèíåíèÿ 16–48– …, 25–75– 
… è äð. ïîäðàçóìåâàþòñÿ). Àíàëîãè÷íî îáúåäèíÿþò-
ñÿ â êëàññû 532 ïàðû (ãîìîëîãè÷åñêèå ïî îòíîøåíèþ 
äðóã ê äðóãó) ñåðèé, îáðàçîâàííûõ skew-êàïñèäàìè (h, 
k) è (h + 2k, h – k). ×èòàòåëü ëåãêî ñäåëàåò ýòî ñàìî-
ñòîÿòåëüíî ñ ïîìîùüþ òàáë. 1. Ïðè ýòîì êàïñèäû (h, 
k), íå ñâîäèìûå ê áîëåå ïðîñòûì, íàçâàíû íàìè ãåíå-
ðàòîðàìè. Èõ êðèòåðèé: h è k âçàèìíî ïðîñòû, h – k íå 
äåëèòñÿ íà 3 (òàáë. 2). Çàìåòèì, ÷òî èçîìåðû ñóùåñòâó-
þò è ñðåäè ãåíåðàòîðîâ.

Îáùåå ïðåîáðàçîâàíèå êàïñèäà

Íåëüçÿ ëè íàéòè ïðåîáðàçîâàíèå êàïñèäà â ëþ-
áîé äðóãîé: (h1, k1) ® (h2, k2) — êàê ýòî ñäåëàíî äëÿ 
ôóëëåðåíîâ, ìîäåëèðóþùèõ ìèêðîýâîëþöèè ñêåëå-
òîâ ðàäèîëÿðèé [7]? Ïî ñóòè, çàäà÷à ñîñòîèò â ïîâî-
ðîòå âåêòîðà (h1, k1), îáðàçóþùåãî óãîë a1 ñ îñüþ h, 
äî âåêòîðà (h2, k2), îáðàçóþùåãî óãîë a2 ñ îñüþ h, è 
äîïîëíèòåëüíîì ðàñòÿæåíèè/ñæàòèè (ðèñ. 4). Â îð-
òîãîíàëüíîé äåêàðòîâîé ñèñòåìå êîîðäèíàò ïðåîá-
ðàçîâàíèå èìååò âèä:

Ðèñ. 2. Ïîëîæåíèå ãðàíè êàïñèäà (ðàâíîñòîðîííèé òðåóãîëü-

íèê) îòíîñèòåëüíî ëèíèè ãëîáóë (ãîðèçîíòàëüíàÿ îñü h)

Fig. 2. The position of the capsid facet (equilateral triangle) relative 

to the line of globules (horizontal axis h)

Ðèñ. 3. Ñâÿçü äâóõ ãîìîëîãè÷åñêèõ ñåðèé –5–3m

Fig. 3. The relationship of two homologous series –5–3m
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ãäå a = a2 – a1, êîýôôèöèåíò ðàñòÿæåíèÿ t = (T2/T1)1/2.
Ôîðìóëû ïåðåõîäà ê êîñîóãîëüíîé (60°) ñèñòåìå 

êîîðäèíàò: x1 = T1
1/2 cosa1, y1 = T1

1/2 sina1, x2 = T2
1/2 

cosa2, y2 = T2
1/2 sina2. Âûðàæàåì òðèãîíîìåòðè÷åñêèå 

ôóíêöèè ÷åðåç ñòîðîíû òðåóãîëüíèêîâ (ðèñ. 4) è ïîñëå 
ïðåîáðàçîâàíèé ïîëó÷àåì:

Çàäàâ (h1, k1) è (h2, k2), íàõîäèì êîýôôèöèåíò ðàñ-
òÿæåíèÿ (T2/T1)1/2 è óãîë 0 £ a £ 60°. 

Ðàññìîòðåííûå âûøå ÷àñòíûå ñëó÷àè ñëåäóþò èç 
ïîëó÷åííîãî óðàâíåíèÿ. Äëÿ ïðåîáðàçîâàíèé ïîäîáèÿ 
(h1, k1) ® (h2, k2) = (f h1, f k1) ïîäñòàíîâêîé ïîëó÷èì, 
÷òî ìàòðèöà ïîâîðîòà åäèíè÷íàÿ: cos a = 1, sin a = 0, 
òî åñòü a = 0. Äåéñòâèòåëüíî, óêàçàííûå ñåðèè îáúåäè-
íÿþò êàïñèäû ñ ãðàíÿìè, îäèíàêîâî îðèåíòèðîâàííû-
ìè â ñèñòåìå êîîðäèíàò (ðèñ. 2). Äëÿ ïåðåõîäîâ ìåæäó 
ãîìîëîãè÷íûìè ñåðèÿìè (h1, k1) ® (h2, k2) = (h1+2k1, 
h1–k1) íàõîäèì îáùåå ðåøåíèå: a = arc sin [½ — 3k1 
(h1+k1) / 2T1]. Ïðè k1 = 0, a = 30°, ïðè k1 = h1, a = –30°; 
â îáîèõ ñëó÷àÿõ êîýôôèöèåíò ðàñòÿæåíèÿ ðàâåí Ö3. 

Ðèñ. 4. Ê îïèñàíèþ îáùèõ ïðåîáðàçîâàíèé èêîñàýäðè÷å-

ñêîãî êàïñèäà

Fig. 4. To the description of general transformations of an 

icosahedral capsid

Äåéñòâèòåëüíî, â äóàëüíûõ ïðåîáðàçîâàíèÿõ ïîñëåäî-
âàòåëüíûå ïåðåõîäû îòëè÷àþòñÿ ëèøü çíàêîì ïîâîðîòà.

Âûâîäû

Èêîñàýäðè÷åñêèå âèðóñû — âåñüìà ñîäåðæàòåëü-
íûé îáúåêò êðèñòàëëîãðàôè÷åñêîãî, êîìáèíàòîðíî-ãåî-
ìåòðè÷åñêîãî è àëãåáðàè÷åñêîãî èññëåäîâàíèÿ. Ñåãîäíÿ 
íåÿñíî, êàêèå èç âèðóñîâ, òåîðåòè÷åñêè óïîðÿäî÷åííûõ 
â òàáë. 1 è 2, ðåàëüíî äåéñòâóþò â ïðèðîäå. Èõ ìíîãî-
îáðàçèå äîëæíî îãðàíè÷èâàòüñÿ ðàçìåðíûì ôàêòîðîì. 
Íî óæå î÷åâèäíà âàæíàÿ ðîëü êàïñèäîâ (1, 0), (2, 1) è 
(3, 1), ñòîÿùèõ â íà÷àëå òàáëèöû, íå ñâîäèìûõ ê áîëåå 
ïðîñòûì, à íàîáîðîò, ïðîäóöèðóþùèõ (â ìîðôîëîãè-
÷åñêîì ñìûñëå) äâóìÿ óêàçàííûìè ñïîñîáàìè (ïðåîá-
ðàçîâàíèåì ïîäîáèÿ è äóàëüíûì ïåðåõîäîì ê ãîìîëî-
ãè÷åñêîé ñåðèè) ïîäàâëÿþùóþ ÷àñòü èçâåñòíîãî ìíî-
ãîîáðàçèÿ. Â ïîèñêàõ ñïîñîáîâ ðàçðóøåíèÿ êàïñèäîâ 
ñëåäóåò îáðàòèòü íà íèõ îñîáîå âíèìàíèå.

Îïèñûâàåò ëè íàéäåííîå âûøå îáùåå ïðåîáðàçîâà-
íèå êàïñèäîâ ðåàëüíûé ïðîöåññ? Íàì ýòî íåèçâåñòíî. Íî 
ìîæíî çàäàòü âèðóñîëîãàì ñâÿçàííûé âîïðîñ: ñîïðîâî-
æäàþòñÿ ëè ìóòàöèè êîðîíàâèðóñîâ èçìåíåíèåì äëèíû 
ñâåðíóòîé â êàïñèäå ÄÍÊ/ÐÍÊ? Åñëè äà, òî èç ñîîáðà-
æåíèé öåëåñîîáðàçíîñòè, ñ î÷åâèäíîñòüþ, âîïëîùåííîé 
ïðèðîäîé â ñòðóêòóðå êàïñèäà, ñëåäóåò îæèäàòü, ÷òî âè-
ðóñ ïîäãîíÿåò åãî ïîä íåîáõîäèìûé îáúåì ñîäåðæèìî-
ãî. Âîçìîæíî, çäåñü êðîåòñÿ ëàçåéêà äëÿ ðàçðóøàþùåãî 
ôèçè÷åñêîãî/õèìè÷åñêîãî âîçäåéñòâèÿ íà ìåõàíèçì ïî-
ñòðîåíèÿ êàïñèäà ìóòèðóþùåãî âèðóñà. Èç âûïîëíåí-
íîãî èññëåäîâàíèÿ ìîæíî ñäåëàòü âûâîäû.

• Íîìåíêëàòóðó èêîñàýäðè÷åñêîãî êàïñèäà ñëåäó-
åò ñòðîèòü íà ñèìâîëå (h, k) åãî èêîñàýäðè÷åñêîé ãðà-
íè, îäíîçíà÷íî ôèêñèðóþùåì å¸ îðèåíòàöèþ îòíîñè-
òåëüíî ïëîòíåéøåé óïàêîâêè áåëêîâûõ ãëîáóë.

• Êëàññèôèêàöèÿ êàïñèäîâ ïî ò. ã. ñ. –5–3m (ñ ïëî-
ñêîñòÿìè) è 532 (áåç íèõ) ëîãè÷íà. Íî êëàññ –5–3m ñî-
ñòîèò èç äâóõ ãîìîëîãè÷åñêèõ ñåðèé (f, 0) è (f, f), ãäå 
f = 1, 2, 3…, ñâÿçàííûõ äóàëüíûì ïåðåõîäîì (h1, k1) ®
(h1 + 2k1, h1 — k1).

• Êëàññ 532 òîæå ñîñòîèò èç ñåðèé (f h, f k), ïîðîæ-
äàåìûõ ãåíåðàòîðàìè (h, k), óçíàâàåìûìè ïî êðèòåðèþ: 
h è k âçàèìíî ïðîñòû, h – k íå äåëèòñÿ íà 3. Ó êàæäîé 
ñåðèè â êëàññå åñòü ãîìîëîãè÷íàÿ, ñâÿçàííàÿ äóàëüíûì 
ïåðåõîäîì (h1, k1) ® (h1 + 2k1, h1 — k1).

• Ïðåäïîëîæèòåëüíî, êîðîíàâèðóñ SARS-CoV-2 
èìååò êàïñèä (2, 0), ò. ã. ñ. –5–3m, Ò = 4, àíàëîãè÷íûé 

Òàáëèöà 2. Òðèàíãóëÿöèîííûå ÷èñëà T äëÿ êàïñèäîâ-ãåíåðàòîðîâ

Table 2. Triangulation numbers T for capside generators

k\h 1 2 3 4 5 6 7 8 9 10

0 1

1 7 13 31 43 73 91

2 19 67 103

3 37 49 79 97 139

4 61 133

5 91 109 151

6 127

7 169 193

8 217

9 271

10

,

.
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âèðóñó ïîëèîìû, âòîðîé â ñåðèè ãîìîëîãîâ Ò = f2, ïî-
ðîæäàåìîé ãåíåðàòîðîì (1, 0) — áàêòåðèîôàãîì jX174. 
Åãî ýôôåêòèâíîñòü îïðåäåëåíà íå ñïåöèôè÷åñêîé ìîð-
ôîëîãèåé, à ôóíêöèîíàëüíûìè îñîáåííîñòÿìè.

• Получено общее преобразование, описывающее 

переходы (h1, k1) ® (h2, k2). Икосаэдрические капсиды — 

редкий случай биологической организации, когда удалось 

получить столь общий результат, даже если он имеет лишь 

теоретическое значение.

• Ïðåäñòàâëÿåò èíòåðåñ ñëåäóþùàÿ çàäà÷à: ÷àñòîòà 
âñòðå÷àåìîñòè èêîñàýäðè÷åñêèõ âèðóñîâ êëàññîâ –5–3m 
è 532, â ÷àñòíîñòè ðàçëè÷íûõ âèäîâ (h, k), åù¸ äåòàëü-
íåå — âèðóñîâ-èçîìåðîâ.
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Õðîíèêà, ñîáûòèÿ, ôàêòû • Chronicle, events, facts

Ãëóáîêîóâàæàåìûå êîëëåãè! 

Â ñâÿçè ñî ñëîæíîé ýïèäåìèîëîãè÷åñêîé îáñòà-
íîâêîé îðãêîìèòåò Ðîññèéñêîé êîíôåðåíöèè ñ ìåæ-
äóíàðîäíûì ó÷àñòèåì «Ñîâðåìåííûå ïðîáëåìû òåî-
ðåòè÷åñêîé, ýêñïåðèìåíòàëüíîé è ïðèêëàäíîé ìèíå-
ðàëîãèè» (Þøêèíñêèå ÷òåíèÿ – 2020) è ñàòåëëèòíîãî 
XIII Ðîññèé ñêîãî ñåìèíàðà ïî òåõíîëîãè÷åñêîé ìèíå-
ðàëîãèè «Ìèíåðàëîãî-òåõíîëîãè÷åñêàÿ îöåíêà òâåð-
äûõ ïîëåçíûõ èñêîïàåìûõ, ïðîáëåìû ðóäîïîäãîòîâêè 
è îáîãàùåíèÿ ìèíåðàëüíîãî ñûðüÿ» èíôîðìèðóåò î ïå-
ðåíîñå ñðîêîâ ïðîâåäåíèÿ ìåðîïðèÿòèÿ ñ 19–22 ìàÿ íà 
7–10 äåêàáðÿ  2020 ã. Æåëàåì âñåì êðåïêîãî çäîðîâüÿ!

Ïðåäñåäàòåëü îðãàíèçàöèîííîãî êîìèòåòà
êîíôåðåíöèè, àêàäåìèê À. Àñõàáîâ 

Dear Colleagues!

Due to a difficult epidemiological situation, the 
Organizing Committee of the Russian Conference with in-
ternational participation «Modern Problems of Theoretical, 
Experimental and Applied Mineralogy» (Yushkin Readings 
– 2020) and the 13th Russian Seminar on Technological 
Mineralogy «Mineralogical and Technological Assessment 
of Solid Minerals, Problems of Ore Processing and 
Mineral Raw Processing» informs about the postpone-
ment of the event from May 19–22 to December 7–10, 
2020.We wish you good health!

Chairman of the Organizing Committee
of the Conference, Academician A. Askhabov

Ãëóáîêîóâàæàåìûå êîëëåãè! 

Â ñâÿçè ñî ñëîæíîé ýïèäåìèîëîãè÷åñêîé îáñòàíîâ-

êîé è äåéñòâóþùèìè îãðàíè÷åíèÿìè ïåðåäâèæåíèÿ ñî-

òðóäíèêîâ íàó÷íûõ è ïðîèçâîäñòâåííûõ îðãàíèçàöèé 

ïî òåððèòîðèè Ðîññèè îðãêîìèòåò Âñåðîññèéñêîãî ëè-

òîëîãè÷åñêîãî ñîâåùàíèÿ «Ãåîëîãèÿ ðèôîâ» èíôîðìè-

ðóåò î íåâîçìîæíîñòè ïðîâåäåíèÿ íàøåãî ìåðîïðèÿ-

òèÿ â îáû÷íîì ôîðìàòå â óñòàíîâëåííûå ðàíåå ñðîêè. 

Îðãêîìèòåòîì áûëî ïðèíÿòî ðåøåíèå î ïðîâåäå-

íèè ñîâåùàíèÿ â òðè ýòàïà.

Ïåðâûé ýòàï: 23—25 èþíÿ 2020 ã. — ñîâåùàíèå â 

ôîðìàòå âèäåîêîíôåðåíöèè íà áàçå ñåðâåðà âèäåîêîí-

ôåðåíöèé ÈÃ ÔÈÖ Êîìè ÍÖ ÓðÎ ÐÀÍ (èíôîðìà-

öèþ î ðåãëàìåíòå è ñïåöèôèêå ó÷àñòèÿ äëÿ äîêëàä÷è-

êîâ óñòíûõ ñîîáùåíèé è ñëóøàòåëåé ìîæíî áóäåò íàé-

òè íà îôèöèàëüíîì ñàéòå ñîâåùàíèÿ: http://conf.uran.

ru/Default?cid=reefs). Ìîëîäåæíàÿ øêîëà áóäåò ïðîâî-

äèòüñÿ â ðàìêàõ ñîâåùàíèÿ, êàê ïëàíèðîâàëîñü.

Âòîðîé ýòàï: àïðåëü-ìàé 2021 ã. — ïðàêòè÷åñêèé 

ñåìèíàð «Ðàçíîîáðàçèå ãåíåòè÷åñêèõ òèïîâ ïîðîä îð-

ãàíîãåííûõ ñîîðóæåíèé» ñ ïðîñìîòðîì êîëëåêöèé 

øëèôîâ è îáðàçöîâ (ðóêîâîäèòåëè — Í. À. Ìàòâååâà, 

Ë. À. Øìå ë¸âà, ÷èñëî ó÷àñòíèêîâ — äî 10 ÷åë.).

Òðåòèé ýòàï: èþëü 2021 ã. — ãåîëîãè÷åñêàÿ ýêñêóð-

ñèÿ — ïîëåâîé ñåìèíàð íà òåìó «Ïàëåîçîéñêèå îðãàíî-

ãåííûå ñîîðóæåíèÿ áàññåéíà ð. Èëû÷, Ñåâåðíûé Óðàë» 

(ðóêîâîäèòåëü — Å. Ñ. Ïîíîìàðåíêî, ÷èñëî ó÷àñòíè-

êîâ – 9 ÷åë.).

Æåëàåì âñåì êðåïêîãî çäîðîâüÿ!

Îðãêîìèòåò ñîâåùàíèÿ

Dear colleagues!

Due to a hard epidemiological situation and restrictions 

for movement of employees of scientific and industrial 

organizations throughout Russia, the organizing committee 

of the All-Russian lithological meeting «Reef Geology» 

informs about impossibility of holding our event in a usual 

format at established dates.

The organizing committee decided to hold a meeting 

in three stages.

The first stage: June 23–25, 2020 – Video conference 

based on the server of Institute of geology FRC Komi SC 

UB RAS (please see policy and specifics of participation 

for reporters and listeners on the official website of the 

conference: http://conf.uran.ru/Default?cid=reefs). The 

youth school will be held as part of the conference as 

planned.

The second stage: April–May 2021 – Workshop "Variety 

of genetic types of rocks of organogenic buildups" with a 

review of collections of thin sections and samples (leaders 

N. A. Matveeva, L. A. Shmeleva, up to 10 participants).

The third stage: July 2021 – Geological field trip – 

field seminar on the theme "Paleozoic organogenic buildups 

at the Ilych river basin, Northern Urals” (leader E. S. 

Ponomarenko, 9 participants).

We wish you good health!

The organizing committee of the conference

ÈÍÔÎÐÌÀÖÈß ÄËß Ó×ÀÑÒÍÈÊÎÂ ÊÎÍÔÅÐÅÍÖÈÈ
«ÑÎÂÐÅÌÅÍÍÛÅ ÏÐÎÁËÅÌÛ ÒÅÎÐÅÒÈ×ÅÑÊÎÉ, ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÎÉ

È ÏÐÈÊËÀÄÍÎÉ ÌÈÍÅÐÀËÎÃÈÈ»

INFORMATION FOR PARTICIPANTS OF THE CONFERENCE «MODERN PROBLEMS
OF THEORETICAL, EXPERIMENTAL AND APPLIED MINERALOGY»

ÈÍÔÎÐÌÀÖÈß ÄËß Ó×ÀÑÒÍÈÊÎÂ ÊÎÍÔÅÐÅÍÖÈÈ «ÃÅÎËÎÃÈß ÐÈÔÎÂ»

INFORMATION FOR PARTICIPANTS OF THE CONFERENCE «REEF GEOLOGY»
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Äîðîãèå äðóçüÿ è êîëëåãè! Áîëåå ïîëóâåêà â íà÷à-
ëå àïðåëÿ ìû îòìå÷àåì íàø ïðîôåññèîíàëüíûé ïðàçä-
íèê – Äåíü ãåîëîãà. Â ýòîì ãîäó ýòî ïðîèñõîäèò â ýêñ-
òðåìàëüíûõ óñëîâèÿõ îãðàíè÷èòåëüíûõ ìåð è ñàìîè-
çîëÿöèè, ÷òî ñâÿçàíî ñ ïàíäåìèåé íîâîé êîðîíàâèðóñ-
íîé èíôåêöèè. Íî, íåñìîòðÿ íè íà ÷òî, ìû ðàäóåìñÿ 
íàøåìó ïðàçäíèêó, âñòðå÷àåì åãî ñ ÷óâñòâîì ïðîôåñ-
ñèîíàëüíîé ãîðäîñòè çà íàøó ðàáîòó, çà ðàáîòó íàøèõ 
ïðåäøåñòâåííèêîâ – ñîâåòñêèõ ãåîëîãîâ. Áëàãîäàðÿ èõ 
âåëèêîìó òðóäó ñòðàíà â çíà÷èòåëüíîé ñòåïåíè êîíêó-
ðåíòîñïîñîáíà â ñîâðåìåííîì ìèðå. Â ýòîì ãîäó ñ îñî-
áîé òåïëîòîé è áëàãîäàðíîñòüþ ìû âñïîìèíàåì âêëàä 
ãåîëîãîâ â îáåñïå÷åíèå Âåëèêîé ïîáåäû. Ðàáîòà ãåî-
ëîãîâ â ãîäû âîéíû áûëà ïðèðàâíåíà ðàòíîìó òðóäó.

Ãåîëîãèÿ — óíèêàëüíàÿ îáëàñòü íàóêè è óíèêàëü-
íàÿ ïðîôåññèÿ. Ýòî õîðîøî ïîíèìàþò ëþäè, ïîñâÿ-

Ñ ÄÍÅÌ ÃÅÎËÎÃÀ!

òèâøèå ñâîþ æèçíü ãåîëîãèè, îíè ñ ãîðäîñòüþ íîñÿò 
ýòî âûñîêîå çâàíèå — ãåîëîã. Ïðàâèëüíî ãîâîðÿò, ÷òî 
ãåîëîã — ýòî íå òîëüêî ïðîôåññèÿ, íî è ïðèçâàíèå.

Ñ ãåîëîãèåé ñâÿçàíà æèçíü è ðàáîòà ìíîãèõ ëþ-
äåé, è íå òîëüêî ïðîôåññèîíàëüíûõ ãåîëîãîâ. Ýòî è 
ôèçèêè, è õèìèêè, è áèîëîãè, è ò. ä. Îíè óâëå÷åííî 
ðàáîòàþò â ïîëå è â ëàáîðàòîðèÿõ. Ìû öåíèì èõ âêëàä 
â ðàçâèòèå ãåîëîãè÷åñêîé íàóêè, ìèíåðàëüíî-ñûðüå-
âîé áàçû ñòðàíû.

ß èñêðåííå ïîçäðàâëÿþ âñåõ ñ ïðàçäíèêîì! Æåëàþ 
íîâûõ îòêðûòèé è õîðîøèõ ïóáëèêàöèé â íàøåì  æóð-
íàëå, çàìå÷àòåëüíûõ ïîëåâûõ ñåçîíîâ è óäà÷íûõ ìàðø-
ðóòîâ, ñêîðåéøåãî è áëàãîïîëó÷íîãî âûõîäà èç ðåæè-
ìà ñàìîèçîëÿöèè!

Ãëàâíûé ðåäàêòîð, àêàäåìèê À. Àñõàáîâ
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Dear friends and colleagues! For more than half a cen-
tury, in early April, we have been celebrating our profession-
al holiday — Geologist Day. This year, this happens in ex-
treme conditions of restrictive measures and self-isolation 
connected with the pandemic of a new coronavirus infec-
tion. But in spite of everything we rejoice at our Holiday, we 
celebrate it with a sense of professional pride for our work 
and for the work of our predecessors — Soviet geologists. 
Thanks to their great work, our country is largely competi-
tive in the modern world. This year, with special warmth and 
gratitude, we recall the contribution of geologists to the great 
Victory. The work of geologists during the war was given the 
status of military service.

Geology — a unique field of science and a unique pro-
fession. This is well understood by people who dedicate their 

lives to geology; they proudly bear this high title «geolo-
gist». It is true that a geologist is not only a profession, but 
also a vocation.

The life and work of many people and not only pro-
fessional geologists are associated with geology. These are 
physicists, chemists and biologists, etc. They enthusiasti-
cally work both in field and in laboratories. We value their 
contribution to the development of geological science, the 
mineral resource base of our country.

I sincerely congratulate everyone on the Holiday! I wish 
you new discoveries and good publications in our journal, 
wonderful field seasons and successful routes, a fast and safe 
exit from the regime of self-isolation.

Chief Editor, Academician A. Askhabov

HAPPY GEOLOGIST DAY!
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Ðåäàêòîðû èçäàòåëüñòâà:

Î. Â. Ãàáîâà, Ê. Â. Îðäèí (àíãëèéñêèé)

Êîìïüþòåðíàÿ âåðñòêà:

Ð. À. Øóêòîìîâ

Ñâèä. î ðåã. ñðåäñòâà ìàññîâîé èíôîðìàöèè ÏÈ ¹ ÔÑ77-75435 îò 19.04.2019, âûäàííîå Ðîñêîìíàäçîðîì.Îòïå÷àòàíî: 28.05.2020. Ôîðìàò 

áóìàãè 60´84 1/8. Ïå÷àòü RISO. Óñë. ï. ë. 6. Òèðàæ 140. Çàêàç 1134. Ó÷ðåäèòåëü: Ôåäåðàëüíîå ãîñóäàðñòâåííîå áþäæåòíîå ó÷ðåæäåíèå íàóêè 

Ôåäåðàëüíûé èññëåäîâàòåëüñêèé öåíòð «Êîìè íàó÷íûé öåíòð Óðàëüñêîãî îòäåëåíèÿ Ðîññèéñêîé àêàäåìèè íàóê» (ÔÈÖ Êîìè ÍÖ ÓðÎ 

ÐÀÍ). Ðåäàêöèÿ, èçäàòåëüñòâî, òèïîãðàôèÿ: èçäàòåëüñêî-èíôîðìàöèîííûé îòäåë Èíñòèòóòà ãåîëîãèè èìåíè àêàäåìèêà Í. Ï. Þøêèíà

Êîìè íàó÷íîãî öåíòðà Óðàëüñêîãî îòäåëåíèÿ Ðîññèéñêîé àêàäåìèè íàóê Ôåäåðàëüíîãî ãîñóäàðñòâåííîãî áþäæåòíîãî ó÷ðåæäåíèÿ íàóêè 

Ôåäåðàëüíîãî èññëåäîâàòåëüñêîãî öåíòðà «Êîìè íàó÷íûé öåíòð Óðàëüñêîãî îòäåëåíèÿ Ðîññèéñêîé àêàäåìèè íàóê» (ÈÃ ÔÈÖ Êîìè 

ÍÖ ÓðÎ ÐÀÍ). Àäðåñ: 167982, Ðåñïóáëèêà Êîìè, Ñûêòûâêàð, Ïåðâîìàéñêàÿ, 54. Òåë .: (8212) 24-51-60. Ýë. ïî÷òà: vestnik@geo.komisc.ru

Íà îáëîæêå èñïîëüçîâàíû ôîòî È. Àñòàõîâîé, À. Ïåðåòÿãèíà, Ï. Áåçíîñîâà, Å. Êóøìàíîâîé

24—26 íîÿáðÿ 2020 ã. Èíñòèòóò ãåîëîãèè èì. àêà-
äåìèêà Í. Ï. Þøêèíà ïðîâîäèò 29-þ íàó÷íóþ êîí-
ôåðåíöèþ «Ñòðóêòóðà, âåùåñòâî, èñòîðèÿ ëèòîñôåðû 
Òèìàíî-Ñåâåðîóðàëüñêîãî ñåãìåíòà». Êîíôåðåíöèÿ 
ïðîâîäèòñÿ åæåãîäíî â òå÷åíèå 28 ëåò è ÿâëÿåòñÿ âîñ-
òðåáîâàííîé ïëîùàäêîé, ãäå ïðåçåíòóþò ðåçóëüòàòû 
èññëåäîâàíèé ìîëîäûå ó÷åíûå èç ìíîæåñòâà íàó÷íî-
èññëåäîâàòåëüñêèõ, ó÷åáíûõ è ïðîèçâîäñòâåííûõ ó÷-
ðåæäåíèé ðàçëè÷íûõ ðåãèîíîâ êàê íàøåé ñòðàíû, òàê 
è ñòðàí áëèæíåãî çàðóáåæüÿ.

Íàó÷íàÿ ïðîãðàììà

Íà êîíôåðåíöèè «Ñòðóêòóðà, âåùåñòâî, èñòîðèÿ 
ëèòîñôåðû Òèìàíî-Ñåâåðîóðàëüñêîãî ñåãìåíòà» åæå-
ãîäíî ïðîâîäèòñÿ îáñóæäåíèå âîïðîñîâ ïî ðÿäó ãåî-
ëîãè÷åñêèõ íàïðàâëåíèé. Òðàäèöèîííî îáñóæäàþòñÿ 
âîïðîñû ÷åòâåðòè÷íîé ãåîëîãèè, èçîòîïíîé ãåîõðîíî-
ëîãèè, èíæåíåðíîé ãåîëîãèè, ëèòîëîãèè è ñåäèìåíòî-
ëîãèè, ïåòðîãðàôèè, ñòðàòèãðàôèè, ãåîëîãèè íåôòè è 
ãàçà, ãåîõèìèè, ãåîôèçèêè, ïàëåîíòîëîãèè, ìèíåðàëî-
ãèè, ðåãèîíàëüíîé ãåîëîãèè è äðóãèå. Â êîíôåðåíöèè 
íàðÿäó ñ ìîëîäûìè ó÷åíûìè ó÷àñòâóþò èõ áîëåå îïûò-
íûå êîëëåãè ñ ïëåíàðíûìè ëåêöèÿìè (â êà÷åñòâå ýëå-
ìåíòîâ íàó÷íîé øêîëû). 

Êîíòðîëüíûå ñðîêè 

Ïðåäñòàâëåíèå çàÿâîê è òåçèñîâ
äîêëàäîâ: äî 15 îêò ÿ áðÿ

Ðàññûëêà ïðîãðàììû: 15 íîÿáðÿ

Çàåçä è ðåãèñòðàöèÿ ó÷àñòíèêîâ: 23 íîÿáðÿ

Îòêðûòèå êîíôåðåíöèè: 24 íîÿáðÿ

Êîíòàêòû 

ÈÃ ÔÈÖ Êîìè ÍÖ ÓðÎ ÐÀÍ, óë. Ïåðâîìàéñêàÿ, 
ä. 54, Ñûêòûâêàð, 167982 

(8212) 24-53-53 — ïðèåìíàÿ äèðåêòîðà 
(8212) 44-71-51 — Êîçûðåâà Èðèíà Âëàäèìèðîâíà  

(ó÷åíûé ñåêðåòàðü Èíñòèòóòà ãåîëîãèè).
Ôàêñ: (8212) 24-09-70; 24-53-46 
Ýë. ïî÷òà: juventus-geo@yandex.ru
Øìàêîâà Àëåêñàíäðà Ìèõàéëîâíà (ñåêðåòàðü îð-

ãàíèçàöèîííîãî êîìèòåòà êîíôåðåíöèè)

November 24–26, 2019, the N.P. Yushkin Institute of 
Geology will hold the 29th scientific conference «Structure, 
substance, and history of the Timan-Northern Urals segment 
of the lithosphere». The conference is held annually for 28 
years and is a popular venue, where young scientists from a 
variety of research, educational and industrial institutions 
from various regions of both our country, and neighboring 
countries present their research results.

Scientific program

At the 29th scientific conference «Structure, substance, 
and history of the Timan-Northern Urals segment of the 
lithosphere» annually a discussion of issues in a number of 
geological areas is held. 

Quaternary geology, isotope geochronology, engineering 
geology, lithology and sedimentology, petrography, 
stratigraphy, oil and gas geology, geochemistry, geophysics, 
paleontology, mineralogy, regional geology and others are 
traditionally discussed. Both young scientists and more 
experienced colleagues with plenary lecture (as elements of 
a scientific school) participate in reports.

Deadlines

Application submission: October 15

Program mailing: November 15

Arrival and registration of participants: November 23

Conference opening: November 24

Contacts

Institute of Geology Komi SC UB RAS, 54, Pervomay-
skaya st., Syktyvkar, 167982 

+7 (8212) 24-53-53 — Director Office, 
+7 (8212) 44-71-51 — Kozyreva Irina Vladimirovna 

(Scientific Secretary of N. P. Yushkin Institute of Geology) 

Fax: +7 (8212) 24-09-70; 24-53-46 

Å-mail: juventus-geo@yandex.ru
Shmakova Alexandra Mikhailovna (Conference Orga-

nizing Committee Secretary)

XXIX ÍÀÓ×ÍÀß ÊÎÍÔÅÐÅÍÖÈß «ÑÒÐÓÊÒÓÐÀ, ÂÅÙÅÑÒÂÎ, ÈÑÒÎÐÈß ËÈÒÎÑÔÅÐÛ 
ÒÈÌÀÍÎ-ÑÅÂÅÐÎÓÐÀËÜÑÊÎÃÎ ÑÅÃÌÅÍÒÀ»

29th SCIENTIFIC CONFERENCE «STRUCTURE, SUBSTANCE, AND HISTORY
OF THE TIMAN-NORTHERN URALS SEGMENT OF THE LITHOSPHERE»


