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Í. Ñ. Óëÿøåâà, À. Ñ. Øóéñêèé 

Èíñòèòóò ãåîëîãèè ÔÈÖ Êîìè ÍÖ ÓðÎ ÐÀÍ, Ñûêòûâêàð
nsulasheva@geo.komisc.ru

Èçó÷åíû ðóäíûå ìèíåðàëû â ìåòàñîìàòè÷åñêè èçìåíåííûõ àìôèáîëèòàõ õàðáåéñêîãî ìåòàìîðôè÷åñêîãî êîìïëåêñà ïî 
ðó÷. Ñêàëèñòîìó: äèñëîöèðîâàííûõ êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëîâûõ ñëàíöàõ, ïðåèìóùåñòâåííî êëèíîöî-
èçèòîâûõ è îêâàðöîâàííûõ ïîðîäàõ. Ðóäíûå ìèíåðàëû ïðåäñòàâëåíû ñóëüôèäàìè è ðåäêèìè âûäåëåíèÿìè òåëëóðèäîâ, ñåëå-
íèäîâ è ñàìîðîäíûõ ìåòàëëîâ. Âûÿâëåíû íåñêîëüêî ñòàäèé ïîñëåäîâàòåëüíîãî ôîðìèðîâàíèÿ ýòèõ îáðàçîâàíèé, ñâÿçàííûõ 
ñ ãèïîãåííûìè ãèäðîòåðìàëüíûìè è ãèïåðãåííûìè ïðîöåññàìè. Íà ðàííåì ýòàïå ãèäðîòåðìàëüíî-ìåòàñîìàòè÷åñêèõ èçìå-
íåíèé ïîðîä â íèõ ñôîðìèðîâàëèñü âûñîêî- è ñðåäíåòåìïåðàòóðíûå ðóäíûå ìèíåðàëû — ïèðèò, ïåíòëàíäèò, Ni-ïèððîòèí 
è, âîçìîæíî, õàëüêîïèðèò è ìîëèáäåíèò, àññîöèèðóþùèåñÿ ñ õëîðèòîì-ðèïèäîëèòîì. Ñëåäóþùàÿ ñòàäèÿ ñâÿçàíà ñ ãèäðî-
òåðìàëüíûìè ïðîöåññàìè, â ðåçóëüòàòå êîòîðûõ â èçìåíåííûõ àìôèáîëèòàõ êðèñòàëëèçîâàëèñü âûñîêî- è ñðåäíåòåìïåðà-
òóðíûå îáðàçîâàíèÿ çîëîòîñóëüôèäíî-êâàðöåâîé ôîðìàöèè: ïèðèò, õàëüêîïèðèò, ìîëèáäåíèò, ìàòèëüòèä-ãàëåíèò, ãàëåíèò, 
ñôàëåðèò, áîðíèò, ïèððîòèí, îòíîñèòåëüíî íèçêîïðîáíîå çîëîòî è Hg-ýëåêòðóì. Â ïîðîäàõ îòìå÷àþòñÿ ñðåäíå- è íèçêîòåì-
ïåðàòóðíûå ãèäðîòåðìàëüíûå ìèíåðàëû òðåòüåé ñòàäèè, àññîöèèðóþùèå ñ ïèêíîõëîðèò-áðóíãñâèãèòîì è ðèïèäîëèò-äàô-
íèòîì: Ni- è Co- ïèðèò, êëàóñòàëèò-ãàëåíèò, ìåëîíèò, ìåðåíñêèèò, ìåðåíñêèèò-ìåëîíèò, àêàíòèò è ãåññèò. Ãèïåðãåííûå èçìå-
íåíèÿ ïîðîä ïðèâåëè ê ôîðìèðîâàíèþ â ìåòàñîìàòèòàõ ñàìîðîäíîãî ñåðåáðà, êîâåëëèíà, àêàíòèòà, ãåññèòà è ò. ä. 

Êëþ÷åâûå ñëîâà: õàðáåéñêèé êîìïëåêñ, ðóäíûå ìèíåðàëû, ìåòàñîìàòèòû, çîëîòî.

N. S. Ulyasheva, A. S. Schuyskij

Institute of Geology FRC of Komi SC UB RAS, Syktyvkar

Ore minerals were studied in metasomatically altered amphibolites of the Harbey metamorphic complex along Skalisty stream: 
dislocated clinozoisite-chlorite-muscovite-albite-amphibole schists, mainly clinozoisite and quartzy rocks. Ore minerals are represented 
by sulfides and rare deposits of tellurides, selenides and native metals. Several stages of the sequential formation of these formations 
associated with hypogenic hydrothermal and hypergenic processes were identified. At an early stage of hydrothermal-metasomatic 
changes of rocks, high- and medium- temperature ore minerals were formed in them-pyrite, pentlandite, Ni-pyrrhotite and possibly 
chalcopyrite and molybdenum, associated with chlorite — ripidolite The next stage is associated with hydrothermal processes, as 
a result of which high- and medium-temperature formations of the gold-sulfide-quartz formation were crystallized in the altered 
amphibolites: pyrite, chalcopyrite, molybdenite, matyltide-galena, galena, sphalerite, bornite, pyrrhotite, relatively low-grade gold and 
Hg-electrum. The rocks contain medium- and low-temperature hypogenic minerals of the third stage, associated with pycnochlorite-
brungsvigit and ripidolit-daphnite: Ni- and Co pyrite, claustalite-galena, melonite, merenskiite, merenskiite-melonite, hessite and 
acantite. At the final stages, under the influence of low-temperature hypergenic processes, native silver, covellite, acanthite, hessite, 
etc. formed in metasomatites.

Keywords: Harbey complex, ore minerals, metasomatites, gold.

Õàðáåéñêèé ìåòàìîðôè÷åñêèé êîìïëåêñ (ðèñ. 1) 
ðàñïîëîæåí â âîñòî÷íîé ÷àñòè çàïàäíîé òåêòîíè÷å-
ñêîé çîíû Ïîëÿðíîãî Óðàëà â ïðåäåëàõ îäíîèìåííî-
ãî áëîêà è ñëîæåí ðàçëè÷íûìè ãíåéñàìè è àìôèáîëè-
òàìè ðàííåïðîòåðîçîéñêîãî âîçðàñòà [1, 2, 8, 11]. Â çî-
íàõ ðàçëîìîâ è íàäâèãîâ, íàñûùåííûõ ðàçíîîáðàçíûì 
è ðàçíîâîçðàñòíûì (ïðîòåðîçîéñêèì, ïàëåîçîéñêèì è 
ìåçîçîéñêèì) ìàãìàòèçìîì, ïî ýòèì ïîðîäàì ðàçâèâà-

þòñÿ ìåòàñîìàòèòû — ïðîïèëèòû, áåðåçèòû, àëüáèòè-
òû, ê êîòîðûì ïðèóðî÷åíû ïóíêòû çîëîòîñóëüôèäíîé 
è çîëîòîìåäíîé ìèíåðàëèçàöèé ðåäêîçåìåëüíî-ðåä-
êîìåòàëëüíîé è çîëîòîñóëüôèäíî-êâàðöåâîé ôîðìà-
öèé. Â ðåçóëüòàòå ðàáîò ïî ãåîëîãè÷åñêîìó äîèçó÷å-
íèþ ëèñòîâ Q-42-VII, VIII íà òåððèòîðèè õàðáåéñêîãî 
êîìïëåêñà áûëè îêîíòóðåíû íåñêîëüêî ïðîãíîçèðóå-
ìûõ ó÷àñòêîâ íà çîëîòî [2, 3].

Äëÿ öèòèðîâàíèÿ: Óëÿøåâà Í. Ñ., Øóéñêèé À. Ñ. Ðóäíûå ìèíåðàëû â ìåòàñîìàòèòàõ õàðáåéñêîãî ìåòàìîðôè÷åñêîãî êîìïëåêñà 
(Ïîëÿðíûé Óðàë) // Âåñòíèê ãåîíàóê. 2020. 3(303). C. 3—13. DOI: 10.19110/geov.2020.3.1.

For citation:  Ulyasheva N. S., Schuyskij A. S. Ore minerals in metasomatites of the Harbey metamorphic complex (Polar Urals). Vestnik of 
Geosciences, 2020, 3(303), pp. 3—13. DOI: 10.19110/geov.2020.3.1.
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Íàìè èçó÷åíû â ðàçëè÷íîé ñòåïåíè èçìåíåí-
íûå àìôèáîëèòû â çàïàäíîé ÷àñòè õàðáåéñêîãî ìå-
òàìîðôè÷åñêîãî êîìïëåêñà ïî ðó÷. Ñêàëèñòîìó â íå-
ïîñðåäñòâåííîé áëèçîñòè îò êîíòàêòà ñ âåðõíåïðîòå-
ðîçîéñêèìè îáðàçîâàíèÿìè è âíå ïðîãíîçèðóåìûõ 
ó÷àñòêîâ. Ðàññìàòðèâàåìûå ïîðîäû ñèëüíî äåôîð-
ìèðîâàíû, ñìÿòû â ñêëàäêè è ïåðåñåêàþòñÿ êâàð-
öåâûìè, êàëüöèòîâûìè, õëîðèò-êàëüöèòîâûìè ïðî-
æèëêàìè è êâàðöåâûìè æèëàìè. Â íèõ íàáëþäàåòñÿ 

âêðàïëåííàÿ è ïðîæèëêîâî-âêðàïëåííàÿ ñóëüôèä-
íàÿ ìèíåðàëèçàöèÿ. Ñîñòàâû íåêîòîðûõ ðóäíûõ ìè-
íåðàëîâ èç àìôèáîëèòîâ áûëè óñòàíîâëåíû â ïðåäû-
äóùåé ðàáîòå [12]. 

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ óñòàíîâëåíèå ñî-
ñòàâà, óñëîâèé ôîðìèðîâàíèÿ è ïîñëåäîâàòåëüíîñòè 
îáðàçîâàíèÿ ðóäíûõ ìèíåðàëîâ â ðàçëè÷íûõ òèïàõ èç-
ìåíåííûõ àìôèáîëèòîâ õàðáåéñêîãî ìåòàìîðôè÷åñêî-
ãî êîìïëåêñà ïî ðó÷. Ñêàëèñòîìó. 

Ðèñ. 1. Ñõåìàòè÷åñêàÿ êàðòà õàðáåéñêîãî ìåòàìîðôè÷åñêîãî êîìïëåêñà (ïî [2]): 1 — õàðîñîèìñêàÿ ñâèòà (ãëèíû, ïåñ÷àíèêè, 
àðãèëëèòû); 2 — îðàíãñêàÿ ñâèòà (ôèëëèòîâèäíûå ñëàíöû, ïåñ÷àíèêè, èçâåñòíÿêè); 3 — íåìóðúþãàíñêàÿ ñâèòà (ïàðàñëàíöû, 
ìðàìîðû, êâàðöèòû, ìåòàýôôóçèâû); 4 — íÿðîâåéñêàÿ ñåðèÿ (ñëàíöû è ìåòàáàçàëüòû âåðõíåõàðáåéñêîé è ìèíèñåéøîðñêîé 
ñâèò);  5–7 — õàðáåéñêèé ìåòàìîðôè÷åñêèé êîìïëåêñ (5 — ïàðèêâàñüøîðñêàÿ ñâèòà (êðèñòàëëè÷åñêèå ñëàíöû, àìôèáîëèòû); 
6 — ëàïòàþãàíñêàÿ ñâèòà (ãíåéñû, ìðàìîðû, àìôèáîëèòû); 7 — õàíìåéõîéñêàÿ ñâèòà (àìôèáîëèòû, ãíåéñû)); 8 — ÿëÿÿõèíñêèé 
êîìïëåêñ ãèïàáèññàëüíûé (äîëåðèòû, ëàìïðîôèðû); 9 — ñîáñêèé êîìïëåêñ ïëóòîíè÷åñêèé (äèîðèòû, ãðàíîäèîðèòû, òîíà-
ëèòû); 10 — þíüÿãèíñêèé êîìïëåêñ ïëóòîíè÷åñêèé (ãàááðî, ãàááðî-äèîðèòû); 11 — õàðàìïåéñêî-ìàñëîâñêèé êîìïëåêñ ïëó-
òîíè÷åñêèé (ãàááðî-íîðèòû); 12 — êýðøîðñêèé êîìïëåêñ ïëóòîíè÷åñêèé (äóíèòû, ñåðïåíòèíèòû, ãàááðî); 13 — ñûóìêåóñêèé 
äóíèò-ãàðöáóðãèòîâûé ïëóòîíè÷åñêèé êîìïëåêñ (ëåðöîëèòû, ãàðöáóðãèòû, äóíèòû); 14 — ñÿäàòîÿõèíñêèé êîìïëåêñ ãðàíèòî-
âûé ïëóòîíè÷åñêèé; 15 — õàðòìàíþøîðñêèé êîìïëåêñ èçìåíåííûõ óëüòðàìàôèòîâ; 16 — âàñüêåóñêèé êîìïëåêñ ïëóòîíè÷å-
ñêèé (ìåòàãàááðî, ìåòàãàááðî-äîëåðèòû); 17 — åâúþãàíñêèé êîìïëåêñ ïëóòîíè÷åñêèé (ìèãìàòèò-ïëàãèîãðàíèòû, ãðàíèòîã-
íåéñû); 18 — ðàçðûâíûå íàðóøåíèÿ: à — ðàçëîì âòîðîñòåïåííûé; b — ðàçëîì ãëàâíûé, c — íàäâèã ãëàâíûé; 19 — ìåñòà îòáîðà 
îáðàçöîâ (à — êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëîâûé ñëàíåö, b — ìóñêîâèò-õëîðèò-êëèíîöîèçèòîâàÿ ïîðîäà,
â— îêâàðöîâàííûé èçìåíåííûé àìôèáîëèò, ã — õëîðèò-êâàðö-êëèíîöîèçèòîâàÿ ïîðîäà)  

Fig. 1. Schematic map of the Harbey metamorphic complex (according to [3]). Legend: 1 — Kharosoim formation (clay, sandstone, mud-
stones); 2 — Orang formation (phyllite schists, sandstones, limestones); 3 — non-Muryugan formation (paraslists, marbles, quartzites, 
meta-effusives); 4 — Nyarveyskaya series (shales and metabasalts of the Upperharbey and Minisheysor formation); 5–7 — the Harbey met-
amorphic complex (5 — the Parikvasshor formation (crystalline schists, amphibolites); 6 — the Laptayugan formation (gneisses, marbles, 
amphibolites); 7 — the Han meikhoy formation (amphibolites, gneisses)); 8 — the Yalyayakhinsky hypabyssal complex (dolerites, lampro-
phyres); 9 — Sobsky plutonic complex (diorites, granodiorites, tonalites); 10 — Yunyaginsky plutonic complex (gabbro, gabbrodiorite); 
11 — Kharampeysko-Maslovsky complex plutonic (gabbronorites); 12 — Kershorsky plutonic complex (dunites, serpentinites, gabbros); 
13 — Syumkeu dunite-harzburgite plutonic complex (lerzolites, harzburgites, dunites); 14 — Syadatoyakhinsky plutonic granite complex; 
15 — Hartmanyushor complex of altered ultramafites; 16 — Vaskeu plutonic complex (metagabbro, metagabbrodolerites); 17 — Evyugan 
kompleks plutonic (migmatite-plagiogranites, granitogneisses); 18 — discontinuous violations: a — minor fault; b — the main fault; c — 
the main overthrust; 19 — locations of sampling (a — clinozoisite-chlorite-muscovite-albite-amphibole schist, b — muscovite-chlorite-
clinozoisite, ñ — quartzy altered amphibolite, d — chlorite-quartz-clinozoisite)
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Ìåòîäû èññëåäîâàíèÿ

Âçàèìîîòíîøåíèÿ ïîðîäîîáðàçóþùèõ ìèíåðà-
ëîâ è ïîñëåäîâàòåëüíîñòü ôîðìèðîâàíèÿ ìèíåðàëü-
íûõ ïàðàãåíåçèñîâ íàáëþäàëèñü ïîä ïîëÿðèçàöèîí-
íûì ìèêðîñêîïîì â øëèôàõ. Àíøëèôû, èçãîòîâëåí-
íûå èç ñóëüôèäèçèðîâàííûõ îáðàçöîâ ïîðîä, à òàêæå 
îòäåëüíûå çåðíà ïèðèòà (îêîëî 200 øò) èçó÷àëèñü íà 
ñêàíèðóþùåì ýëåêòðîííîì ìèêðîñêîïå Tescan Vega 3 
LMH ñ ýíåðãîäèñïåðñèîííîé ïðèñòàâêîé Instruments 
X-Max (àíàëèòèêè À. Ñ. Øóéñêèé, Å. Ì. Òðîïíèêîâ). 
Ñîñòàâû íåêîòîðûõ ðóäíûõ ìèíåðàëîâ äèàãíîñòèðî-
âàíû ìåòîäîì ðàìàíîâñêîé ñïåêòðîñêîïèè (àíàëè-
òèê Ñ. È. Èñàåíêî). Âûøåïåðå÷èñëåííûå èññëåäîâà-
íèÿ ïðîâîäèëèñü â ÖÊÏ «Ãåîíàóêà» ÈÃ Êîìè ÍÖ ÓðÎ 
ÐÀÍ (ã. Ñûêòûâêàð).

Ïåòðîõèìè÷åñêèå îñîáåííîñòè ïîðîä

Â ïðåäåëàõ õàðáåéñêîãî ìåòàìîðôè÷åñêîãî êîì-
ïëåêñà ïî ðó÷. Ñêàëèñòîìó íà ïðîòÿæåíèè ïåðâûõ êè-
ëîìåòðîâ îò êîíòàêòà ñ íÿðîâåéñêîé ñåðèåé ïîðîäû 
ïðåäñòàâëåíû â ðàçëè÷íîé ñòåïåíè äèñëîöèðîâàííû-
ìè è èçìåíåííûìè àìôèáîëèòàìè. Ñëàáîèçìåíåííûå 
àìôèáîëèòû èìåþò ñëàíöåâàòóþ ïîðôèðîáëàñòîâóþ 
ñòðóêòóðó, ãðàíîíåìàòîáëàñòîâóþ ñòðóêòóðó è ñîñòî-
ÿò èç àìôèáîëà — áàððóàçèòà (50–70 %), àëüáèòà (äî 
20 %), êëèíîöîèçèòà (äî 10 %), õëîðèòà (äî 5 %), ãðà-
íàòà (1–3 %), ìóñêîâèòà (äî 3 %) è êâàðöà (äî 1 %). 
Àêöåññîðíûå ìèíåðàëû ïðåäñòàâëåíû öèðêîíîì, òè-
òàíèòîì è àïàòèòîì, ðóäíûå — ìàãíåòèòîì è ïèðèòîì. 
Àëüáèò îáðàçóåò ïîðôèðîáëàñòû ñ ãåëèöèòîâîé ñòðóê-
òóðîé, õëîðèò è ìóñêîâèò ôîðìèðóþò êðóïíûå ÷åøóé-
êè äî 2 ìì è îáíàðóæèâàþò ïîçäíþþ ìèíåðàëèçàöèþ 
ïî îòíîøåíèþ ê áàððóàçèòó è ãðàíàòó. 

 Èçìåíåííûå àìôèáîëèòû ïðåäñòàâëåíû äèñëî-
öèðîâàííûìè ñëàíöàìè, îêâàðöîâàííûìè ïîðîäàìè è 
ýïèäîçèòàìè. Îíè ïåðåñåêàþòñÿ êàëüöèòîâûìè, êàëü-
öèò-êàëèøïàòîâûìè, õëîðèò-êàëüöèòîâûìè, êâàðöå-
âûìè ïðîæèëêàìè è êâàðöåâûìè æèëàìè.

Ñëàíöû èìåþò ïîëîñ÷àòóþ òåêñòóðó è ãðàíîëåïè-
äîíåìàòîáëàñòîâóþ ñòðóêòóðó. Îñíîâíûìè ìèíåðàëàìè 
â íèõ âûñòóïàþò õëîðèò, ìóñêîâèò, àëüáèò, àêòèíîëèò, 
ìàãíåçèàëüíàÿ ðîãîâàÿ îáìàíêà, êâàðö, êëèíîöîèçèò, 
áàððóàçèò, ãðàíàò, êàëüöèò è êàëèåâûé ïîëåâîé øïàò, 
ñîäåðæàùèåñÿ â ðàçíûõ ïðîïîðöèÿõ. Àêöåññîðíûå ìè-
íåðàëû ïðåäñòàâëåíû òèòàíèòîì, öèðêîíîì, áàðèòîì è 
ìîíàöèòîì. Ïîëîñ÷àòîñòü ïîðîä îáóñëîâëåíà ðàñïðåäå-
ëåíèåì ìèíåðàëîâ â îòäåëüíûå ïðîñëîè. Íàèáîëåå ðàí-
íèìè ìèíåðàëàìè ÿâëÿþòñÿ áàððóàçèò è ãðàíàò, óíà-
ñëåäîâàííûå îò àìôèáîëèòîâ. 

Ïðîöåññû îêâàðöåâàíèÿ íàáëþäàþòñÿ â àìôèáî-
ëèòàõ è ñëàíöàõ. Êâàðö îáðàçóåò ïðîæèëêè è ëèíçî-
îáðàçíûå âûäåëåíèÿ, ÷àñòî ïðèóðî÷åííûå ê îñâåòëåí-
íûì ïðîñëîÿì ñëàíöåâ, ãäå îñíîâíûìè ìèíåðàëàìè ÿâ-
ëÿþòñÿ ðàííèé êâàðö, àëüáèò, êëèíîöîèçèò è õëîðèò. 

Ïðåèìóùåñòâåííî ýïèäîòîâûå ïîðîäû âñòðå÷à-
þòñÿ â âèäå áóäèí è îáîñîáëåíèé ñðåäè àìôèáîëèòîâ 
è ñëàíöåâ è èìåþò ìàññèâíóþ òåêñòóðó. Ïî ìèíåðàëü-
íîìó ñîñòàâó ìîæíî âûäåëèòü ìóñêîâèò-õëîðèò-êëè-
íîöîèçèòîâûå è õëîðèò-êâàðö-êëèíîöîèçèòîâûå ðàç-
íîâèäíîñòè. Îíè ïåðåñåêàþòñÿ ìóñêîâèòîâûìè, êâàð-
öåâûìè, õëîðèòîâûìè, êâàðö-êàëüöèò-õëîðèòîâûìè, 
êàëüöèòîâûìè è êâàðö-êàëüöèòîâûìè ïðîæèëêàìè.

Èçó÷åíèå õèìè÷åñêîãî ñîñòàâà âûøåïåðå÷èñëåí-

íûõ ïîðîä ïîêàçàëî [12], ÷òî â ñëàíöàõ ñ ïîâûøåííûì 
ñîäåðæàíèåì ìóñêîâèòà óâåëè÷èâàþòñÿ ñîäåðæàíèÿ 
ãëèíîçåìà è êàëèÿ ïî ñðàâíåíèþ ñ àìôèáîëèòàìè, à â 
ñëàíöàõ ñ âûñîêèì ñîäåðæàíèåì àëüáèòà óâåëè÷èâàåòñÿ 
êîëè÷åñòâî íàòðèÿ. Îêâàðöåâàíèå ïîðîä ñîïðîâîæäà-
åòñÿ ïîâûøåíèåì êðåìíåçåìà è ìàðãàíöà è ïîíèæåíè-
åì îêèñíîãî æåëåçà è íàòðèÿ. Ïðåèìóùåñòâåííî êëè-
íîöîèçèòîâûå ïîðîäû õàðàêòåðèçóþòñÿ ïîâûøåííûì 
êîëè÷åñòâîì êàëüöèÿ, äâóîêèñè óãëåðîäà è ïîíèæåí-
íûìè ñîäåðæàíèÿìè çàêèñíîãî æåëåçà, ìàðãàíöà, ìàã-
íèÿ, íàòðèÿ îòíîñèòåëüíî àìôèáîëèòà. Òàêèì îáðàçîì, 
ñëàíöû, îêâàðöîâàííûå ïîðîäû è ýïèäîçèòû ïðåäñòàâ-
ëÿþò ñîáîé ìåòàñîìàòè÷åñêè ïðåîáðàçîâàííûå àìôè-
áîëèòû. Ñóäÿ ïî âçàèìîîòíîøåíèÿì ïîðîä è ìèíåðà-
ëîâ, ïðîöåññû ìóñêîâèòèçàöèè, àëüáèòèçàöèè è õëîðè-
òèçàöèè (ðèïèäîëèò) ïðåäøåñòâîâàëè îêâàðöåâàíèþ.

 Â ìåòàñîìàòèòàõ ÷àñòî íàáëþäàåòñÿ âêðàïëåííàÿ 
è ïðîæèëêîâî-âêðàïëåííàÿ ñóëüôèäíàÿ ìèíåðàëèçà-
öèÿ. Îñíîâíàÿ ÷àñòü ñóëüôèäîâ îòëàãàëàñü ñîâìåñòíî ñ 
êâàðöåì, î ÷åì ñâèäåòåëüñòâóåò ñèëüíàÿ ïîëîæèòåëüíàÿ 
êîððåëÿöèÿ êðåìíåçåìà ñ ñóëüôèäíîé ñåðîé. Ñåðà îá-
ðàçóåò òàêæå ïîëîæèòåëüíóþ êîððåëÿöèþ ñ çàêèñíûì 
æåëåçîì, ìàãíèåì è íàòðèåì, è ïîýòîìó âïîëíå âåðî-
ÿòíî, ÷òî ñóëüôèäû îòëàãàëèñü òàêæå ïðè õëîðèòèçà-
öèè è àëüáèòèçàöèè ïîðîä. 

Ðóäíàÿ ìèíåðàëèçàöèÿ

Èçó÷åíû ðóäíûå ìèíåðàëû èç ìåòàñîìàòèòîâ ïî 
àìôèáîëèòàì: êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-
àìôèáîëîâûõ ñëàíöåâ, îêâàðöîâàííûõ è ýïèäîòèçèðî-
âàííûõ ïîðîä. Ïðåîáëàäàþùàÿ ÷àñòü ðóäíûõ ìèíåðà-
ëîâ ïðåäñòàâëåíà ñóëüôèäàìè. Ñîñòàâ íåêîòîðûõ ñóëü-
ôèäîâ, à òàêæå ìèíåðàëîâ çîëîòà è ñåðåáðà âûÿâëåí
â ðåçóëüòàòå ïåðåñ÷åòà ïîëó÷åííûõ äàííûõ íà íîðìà-
òèâíî-ìèíåðàëüíûé ñîñòàâ, òàê êàê èç-çà èõ ìåëêèõ 
ðàçìåðîâ íà ðåçóëüòàòû àíàëèçîâ âëèÿåò ñîñòàâ îêðó-
æàþùåé ìàòðèöû.

Â êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëî-
âûõ ñëàíöàõ ñóëüôèäû îáðàçóþò âêðàïëåííóþ ìèíåðà-
ëèçàöèþ (2–3 %) è ïðåäñòàâëåíû â îñíîâíîì ïèðèòîì 
(90 %) è õàëüêîïèðèòîì (10 %). Â ïîä÷èíåííîì êîëè-
÷åñòâå ïðèñóòñòâóåò íèêåëüñîäåðæàùèé ïèððîòèí (Ni 
äî 0.63 %). Ïèðèò âñòðå÷àåòñÿ â âèäå äâóõ ðàçíîâèäíî-
ñòåé. Ïåðâàÿ ðàçíîâèäíîñòü ïèðèòà èìååò êðóïíûå êðè-
ñòàëëû êóáè÷åñêîé ôîðìû ðàçìåðîì äî 0.5 ìì (ðèñ. 2, 
à; òàáë. 1, ¹ 1 è 2), à âòîðàÿ ðàçíîâèäíîñòü — ìåëêèå 
áåñôîðìåííûå çåðíà ðàçìåðîì äî 80 ìêì ñ ïðèìåñüþ 
íèêåëÿ, èíîãäà êàäìèÿ (ðèñ. 2, b; òàáë. 1, ¹ 3 è 4). 

Â êóáè÷åñêîì ïèðèòå íàáëþäàþòñÿ âêëþ÷åíèÿ òè-
òàíèòà, ýïèäîòà, ïåíòëàíäèòà (òàáë. 2; ¹ 1 è 2), íè-
êåëüñîäåðæàùåãî ïèððîòèíà (òàáë. 3; ¹ 1–3), õàëüêî-
ïèðèòà (òàáë. 4; ¹ 1 è 2) è ìîëèáäåíèòà (òàáë. 5; ¹ 1 è 
2). Êîáàëüòñîäåðæàùèé ïåíòëàíäèò è íèêåëüñîäåðæà-
ùèé ïèððîòèí îáðàçóþò ñðàñòàíèÿ ðàçìåðîì äî 70 ìêì 
(ðèñ. 2, c), âîçìîæíî ÿâëÿÿñü ïðîäóêòàìè ðàñïàäà òâåð-
äîãî ðàñòâîðà. 

Â íèêåëüñîäåðæàùåì ïèðèòå îòìå÷àþòñÿ âûäåëåíèÿ 
õàëüêîïèðèòà ñ íå÷åòêèìè ãðàíèöàìè, êëàóñòàëèòà-ãàëå-
íèòà (ðèñ. 2, d; òàáë. 6, ¹ 1 è 2), ìåëîíèòà (NiTe2, òàáë. 7) 
è ãåññèòà (Ag2Te, ðèñ. 2, e). Ê ïîëîñòÿì è òðåùèíêàì ïðè-
óðî÷åíû àêàíòèò (Ag2S), ñàìîðîäíîå ñåðåáðî, èíîãäà ñ 
ïðèìåñüþ çîëîòà, è ãåññèò (ðèñ. 2, f). Íèêåëüñîäåðæàùèé 
ïèðèò îáðàçóåò ñðàñòàíèÿ ñ ïèêíîõëîðèò-áðóíãñâèãèòîì 
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è àññîöèèðóåòñÿ, ñêîðåå âñåãî, ñ êàëüöèòîì. Êëàóñòàëèò-
ãàëåíèò, ìåëîíèò, ãåññèò, àêàíòèò è ñàìîðîäíîå ñåðåáðî 
èìåþò ðàçìåðû íå áîëåå 3 ìêì.

Õàëüêîïèðèò âñòðå÷àåòñÿ â âèäå ìåëêèõ âêëþ÷å-
íèé (äî 100 ìêì) â êóáè÷åñêèõ ïèðèòàõ â àññîöèàöèè 
ñ ìîëèáäåíèòîì. Ýòîò ìèíåðàë íàáëþäàåòñÿ â îñíîâ-
íîé ìàññå ïîðîäû â âèäå íåïðàâèëüíûõ óãëîâàòûõ çåðåí 
ðàçìåðîì äî 150 ìêì, èíîãäà â ñðàñòàíèè ñ íèêåëèñòûì 
ïèðèòîì, à òàêæå â âèäå âûäåëåíèé â íåì (ðèñ. 2, e). 

Â îêâàðöîâàííûõ ñëàíöàõ íàáëþäàåòñÿ âêðàïëåí-
íàÿ è ïðîæèëêîâî-âêðàïëåííàÿ ñóëüôèäíàÿ ìèíåðàëè-
çàöèÿ (äî 8–10 %). Ñóëüôèäû ïðåäñòàâëåíû â îñíîâ-
íîì çåðíàìè ïèðèòà êóáè÷åñêîé ôîðìû ðàçìåðîì äî 
1 ñì (òàáë. 1; ¹ 5, 6) è ðåäêèìè âûäåëåíèÿìè õàëüêî-
ïèðèòà, ìîëèáäåíèòà è õðîìôåððèäà (Fe1.5Cr0.2). Â âè-
äå âêëþ÷åíèé â ïèðèòå íàõîäÿòñÿ ãðàíàò, õëîðèò, àëü-
áèò, ïèððîòèí, õàëüêîïèðèò, ñôàëåðèò, ãàëåíèò, ìîëèá-
äåíèò, áàðèò, çîëîòî, àêàíòèò, àêàíòèò-ãåññèò, ãåññèò, 
íàóìàííèò-àêàíòèò-ãåññèò, ñàìîðîäíîå ñåðåáðî, ïåò-
öèò (? Ag3AuTe2), þòåíáîãààðäòèò (? Ag3AuS2), à òàê-
æå òâåðäûå ðàñòâîðû, èìåþùèå ïðîìåæóòî÷íûé ñî-
ñòàâ ìåæäó õàëüêîïèðèòîì è ïèððîòèíîì, õàëüêîïè-
ðèòîì è ñôàëåðèòîì.

Ðèñ. 2. Ðóäíûå ìèíåðàëû â êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëîâûõ ñëàíöàõ (à–f — ïîÿñíåíèå â òåêñòå)

Fig. 2. Ore minerals in clinozoisite-chlorite-muscovite-albite-amphibole schists (à–f — explanation in the text)

¹ 
ï/ï S Fe Ni Ño

Ñóììà
Sum

Ôîðìóëà
Formula

1 54.14 45.93 – – 100.07 Fe0.97S2

2 53.79 45.56 – 99.35 Fe0.97S2

3 53.58 44.61 1.18 – 99.38 (Fe0.97Ni0.02)0.97S2

4 52.68 43.71 1.29 – 98.97 (Fe0.95Ni0.03)0.98S2

5 53.08 45.84 – – 98.92 Fe0.99S2

6 51.88 45.26 – – 97.13 Fe0.99S2

7 53.74 46.01 – – 99.75 Fe0.98S2

8 53.33 38.21 – 8.48 100.02 (Fe0.82Co0.17)0.99S2

9 53.47 40.89 – 5.59 99.95 (Fe0.87Co0.11)0.98S2
10 54.20 44.20 0.37 1.83 100.60 (Fe0.93Co0.04Ni0.01)0.98S2

Òàáëèöà 1. Õèìè÷åñêèé ñîñòàâ ïèðèòà, ìàñ. %

Table 1. The chemical composition of pyrite, wt. %

Ïðèìå÷àíèå. 1–4 — èç êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëü-
áèò-àìôèáîëîâûõ ñëàíöåâ, 5, 6 — èç îêâàðöîâàííûõ ïîðîä, 
7 — èç ìóñêîâèò-õëîðèò-êëèíîöîèçèòîâûõ ïîðîä, 8–10 — èç 
õëîðèò-êâàðö-êëèíîöîèçèòîâûõ ïîðîä.

Note. 1–4 — from clinozoisite-chlorite-muscovite-albite-amphibole 
schists, 5, 6 — from quartzy rocks, 7 — their muscovite-chlorite-
clinozoisite rocks, 8–10 — from chlorite-quartz-clinozoisite rocks.

¹ ï/ï Fe Cu S Ni Co Ñóììà
Sum

Ôîðìóëà
Formula

1 27.55 – 33.72 30.34 8.1 99.71 (Fe3.74Ni3.9Co1.04)8.68S8

2 30.35 – 34.06 35.27 – 99.68 (Fe4.07Ni4.49)8.56S8

3 12.80 56.76 25.68  – – 95.24 Cu4.42Fe1.14 S4

4 14.96 57.11 28.60 – – 100.67 Cu3.9Fe1.19 S4

5 13.57 58.81 27.87 – – 100.25 Cu4.22Fe1.11 S4
6 13.20 60.00 26.61 – – 99.81 Cu4.50Fe1.13 S4

Òàáëèöà 2. Õèìè÷åñêèé ñîñòàâ ïåíòëàíäèòà è áîðíèòà, ìàñ. %

Òable 2. The chemical composition of pentlandite and bornite, wt. %

Ïðèìå÷àíèå. 1–2 — ïåíòëàíäèò èç êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëîâûõ ñëàíöåâ; 3–6 — áîðíèò èç îêâàðöî-
âàííûõ (3, 4) è ìóñêîâèò-õëîðèò-êëèíîöîèçèòîâûõ ïîðîä (5, 6).

Note. 1–2 — pentlandite from clinozoisite-chlorite-muscovite-albite-amphibole schists; 3–6 — bornite from quartzy (3, 4) and muscovite — 
chlorite — clinozoisite rocks (5, 6).
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Õðîìôåððèä (Fe 1.5Cr0.2) îáðàçóåò ïëàñòèí÷àòûå îá-
ðàçîâàíèÿ ðàçìåðîì äî 200 ìêì è ñðàñòàíèÿ ñ õëîðèòîì 
(ðèñ. 3, à; òàáë. 8). Ìèíåðàë èìååò ïðèìåñè êðåìíèÿ, 
ìàðãàíöà, íèêåëÿ è ìîëèáäåíà. Â âèäå èçîìåòðè÷íûõ 
âêëþ÷åíèé ðàçìåðîì äî 20 ìêì â íåì íàáëþäàþòñÿ ñîå-
äèíåíèÿ Fe-Cr (?), â êîòîðûõ ïî ñðàâíåíèþ ñ õðîìôåð-
ðèäîì ïîâûøàþòñÿ ñîäåðæàíèÿ õðîìà è ìîëèáäåíà, à 
òàêæå ïîÿâëÿåòñÿ ñòðîíöèé. Íà ãðàíèöå õðîìôåððèäà 
è Fe-Cr-ñîåäèíåíèé èìåþòñÿ èçîìåòðè÷íûå îáðàçî-
âàíèÿ ðàçìåðîì äî 2 ìêì îêñèäà ìîëèáäåíà. Íåñìîòðÿ 
íà åäèíè÷íóþ íàõîäêó ýòîãî ìèíåðàëà, ìû íå ñòàëè èñ-
êëþ÷àòü åãî èç ðàññìîòðåíèÿ, òàê êàê õðîìôåððèä ÷à-
ñòî âñòðå÷àåòñÿ â çîëîòîðóäíûõ ïðîÿâëåíèÿõ â àìôè-
áîëèòàõ è àññîöèèðóåòñÿ ñ çîëîòîíîñíûìè êâàðöåâû-
ìè ïðîæèëêàìè [5].

Ñôàëåðèò ïðåäñòàâëåí íåñêîëüêèìè ðàçíîâèäíî-
ñòÿìè. Ìàðãàíåöñîäåðæàùèé ñôàëåðèò íàáëþäàåòñÿ 
â âèäå èçîìåòðè÷íûõ âûäåëåíèé ðàçìåðîì äî 2 ìêì â 

ïèððîòèíå (ðèñ. 3, b; òàáë. 9, ¹ 1). Êàäìèéñîäåðæàùèå 
ðàçíîâèäíîñòè ýòîãî ìèíåðàëà — ïðøèáðàìèòû — ðàç-
ìåðîì äî 20 ìêì îáðàçóþò ñðàñòàíèÿ ñ õàëüêîïèðèòîì, 
âîçìîæíî ÿâëÿÿñü ïðîäóêòàìè ðàñïàäà òâåðäîãî ðàñòâî-
ðà (ðèñ. 3, c; òàáë. 9, ¹ 2–5). Ñàìîñòîÿòåëüíûå çåðíà 
â ïèðèòå, àññîöèèðóþùèåñÿ ñ çîëîòîì, îáðàçóþò ñôà-
ëåðèòû èçîìåòðè÷íîé è óäëèíåííîé ôîðìû ðàçìåðîì 
äî 20 ìêì áåç ïðèìåñåé êàäìèÿ è ìàðãàíöà (ðèñ. 3, d; 
òàáë. 9, ¹ 6–9). Ñîäåðæàíèå æåëåçà â ìèíåðàëå âàðüè-
ðóåò îò 2.6 äî 9.48 ìàñ. %.

Ãàëåíèò íàáëþäàåòñÿ â âèäå íåïðàâèëüíûõ âûäå-
ëåíèé â ïèðèòå ðàçìåðîì äî 3 ìêì è ïðåäñòàâëåí äâóìÿ 
ðàçíîâèäíîñòÿìè. Ïåðâàÿ, ñêîðåå âñåãî, îáðàçóåò òâåð-
äûé ðàñòâîð ñ ìàòèëüòèäîì (AgBiS2) è ñðàñòàíèÿ ñ ñàìî-
ðîäíûì âèñìóòîì (ðèñ. 3 e; òàáë. 6, ¹ 3, 4), à âòîðàÿ — 
îòäåëüíûå âûäåëåíèÿ ãàëåíèòà áåç ïðèìåñåé, èíîãäà 
ñåëåíñîäåðæàùåãî (ðèñ. 3 f; òàáë. 6, ¹ 5–7).

Áîðíèò îáðàçóåò èçîìåòðè÷íûå è óäëèíåííûå àìå-
áîîáðàçíûå âêëþ÷åíèÿ â ïèðèòå ðàçìåðîì äî 30 ìêì 
(ðèñ. 3 g; òàáë. 2, ¹ 3, 4). Ðàíåå îí íàìè îøèáî÷íî áûë 
îïðåäåëåí êàê æåëåçèñòûé ñïèîíêîïèò [12]. Èçó÷åíèå 
ýòîãî ìèíåðàëà ìåòîäîì ðàìàíîâñêîé ñïåêòðîñêîïèè 
ïîêàçàëî, ÷òî â åãî ñïåêòðå ïðèñóòñòâóþò ëèíèè (281, 
339 ñì–1), õàðàêòåðíûå äëÿ áîðíèòà, à òàêæå ïîëîñû 
(469 ñì–1), ñîîòâåòñòâóþùèå êîâåëëèíó (ðèñ. 4).

Ïèððîòèí ïðåäñòàâëåí â âèäå èçîìåòðè÷íûõ âû-
äåëåíèé â ïèðèòå äî 30 ìêì (ðèñ. 3 d; òàáë. 3, ¹ 4–6). 
Òàêæå îí îáðàçóåò òâåðäûå ðàñòâîðû ñ õàëüêîïèðèòîì 
â ðàçíûõ ïðîïîðöèÿõ.

Õàëüêîïèðèò âñòðå÷àåòñÿ â âèäå òâåðäûõ ðàñòâî-
ðîâ ñ ïèððîòèíîì è ñôàëåðèòîì, ñðàñòàíèé ñî ñôàëå-
ðèòîì è îòäåëüíûõ âûäåëåíèé ðàçìåðîì äî 150 ìêì 
(òàáë. 4; ¹ 3, 4).

Ìîëèáäåíèò îáðàçóåò ÷åøóéêè äî 40 ìêì â ïèðèòå 
è â ìåæçåðíîâîì ïðîñòðàíñòâå (òàáë. 5, ¹ 3–6).

Çîëîòî ñ ïðîáíîñòüþ 680–740 íàáëþäàåòñÿ â âè-
äå èçîìåòðè÷íûõ âûäåëåíèé ðàçìåðîì äî 6 ìêì è ÿâ-
ëÿåòñÿ îòíîñèòåëüíî íèçêîïðîáíûì [7] (ðèñ. 3, h; 
òàáë. 10).

Àêàíòèò, ãåññèò, àêàíòèò-ãåññèò, àêàíòèò-íàóìàí-
íèò-ãåññèò è ñàìîðîäíîå ñåðåáðî ñ ïðèìåñüþ çîëîòà îá-
ðàçóþò èçîìåòðè÷íûå çåðíà ðàçìåðîì äî 1 ìêì è ëîêà-
ëèçóþòñÿ â òðåùèíàõ è çîíàõ êîíòàêòîâ äâóõ ìèíåðà-
ëîâ: ïèðèòà è áîðíèòà, ïèðèòà è õàëüêîïèðèòà, ïèððî-
òèíà è ïèðèòà (ðèñ. 3, i–k).

Ïåòöèò (?) â àññîöèàöèè ñ àêàíòèòîì (?), þòåíáî-
ãààðäòèòîì (?) è ãåññèòîì (?) îáðàçóþò çåðíèñòûå àãðå-
ãàòû ðàçìåðîì ìåíüøå 5 ìêì òàêæå â çîíå êîíòàêòîâ 
ñóëüôèäîâ (ðèñ. 3, l).

¹ ï/ï S Fe Ni
Ñóììà

Sum
Ôîðìóëà
Formula

1 39.40 60.87 0.52 100.79 (Fe0.88Ni0.01) 0.89S
2 39.01 59.67 0.55 99.23 (Fe0.89Ni0.01) 0.90S
3 39.56 60.08 0.54 100.18 (Fe0.87Ni0.01) 0.88S
4 39.15 60.12 – 99.27 Fe0.88S

5 39.40 60.87 – 100.27 Fe0.88S
6 37.94 58.26 – 96.20 Fe0.88S

Òàáëèöà 3. Õèìè÷åñêèé ñîñòàâ ïèððîòèíà, ìàñ. %

Table 3. The chemical composition of pyrrhotite, wt. %

Ïðèìå÷àíèå. 1–3 — èç êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-
àìôèáîëîâûõ ñëàíöåâ, 4–6 — èç îêâàðöîâàííûõ ïîðîä.

Note. 1–3 are from clinozoisite-chlorite-muscovite-albite-amphi-
bole schists, 4–6 are from quartzy rocks.

¹ ï/ï Feå Cu S
Ñóììà

Sum
Ôîðìóëà
Formula

1 23.51 37.76 37.32 98.59 Cu1.01Fe0.72S2

2 30.39 33.34 35.42 99.15 Cu0.94Fe1.04S2

3 30.77 32.91 35.33 99.01 Cu0.93FeS2

4 30.84 33.28 35.30 99.43 Cu0.94FeS2

Òàáëèöà 4. Õèìè÷åñêèé ñîñòàâ õàëüêîïèðèòà, ìàñ. %

Table 4. The chemical composition of chalcopyrite, wt. %

Ïðèìå÷àíèå. 1, 2 — èç êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëü-
áèò-àìôèáîëîâûõ ñëàíöåâ, 3, 4 — èç îêâàðöîâàííûõ ïîðîä.

Note. 1, 2 — from clinozoisite-chlorite-muscovite-albite-amphibole 
schists, 3, 4 — from quartzy  rocks.

Fe S Ni Mo
Ñóììà

Sum
Ðàñ÷åò íîðìàòèâíî-ìèíåðàëüíîãî ñîñòàâà

Calculation of normative-mineral compositions
1 57.85 37.67 0.67 2.93 99.12 0.91(Fe0.94Ni0.01)0.95S+0.09MoS2

2 8.84 43.4 – 47.44 99.68 0.76Mo0.95S2+0.24FeS2

3 22.48 45.15 – 26.27 94.33 0.58FeS2+0.42Mo0.95S2

4 12.95 42.03 – 38.45 95.67 0.64Mo0.95S2+0.36FeS2

5 – 40.18 – 58.78 98.96 Mo0.98S2

6 9.75 43.52 – 46.79 100.06 0.72 MoS2+0.28Fe0.9S2

Òàáëèöà 5. Õèìè÷åñêèé ñîñòàâ ìîëèáäåíèòà è àññîöèèðóþùèõ ñ íèì ñóëüôèäîâ, ìàñ. %

Table 5. The chemical composition of molybdenite and its associated sulfides, wt. %

Ïðèìå÷àíèå. 1, 2 — èç êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëîâûõ ïîðîä, 3–6 — èç îêâàðöîâàííûõ ïîðîä.

Note. 1, 2 — from clinozoisite-chlorite-muscovite-albite-amphibole rocks, 3–6 — from quartzy rocks.
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Â ìóñêîâèò-õëîðèò-êëèíîöîèçèòîâûõ îáðàçîâàíè-
ÿõ, ðàçâèâàþùèõñÿ ïî àìôèáîëèòàì è ïåðåñåêàþùèõñÿ 
êâàðöåâûìè ïðîæèëêàìè, íàáëþäàåòñÿ âèäèìàÿ âêðà-
ïëåííàÿ ìèíåðàëèçàöèÿ ïèðèòà (äî 3%). Ïèðèò îáðàçó-
åò íåïðàâèëüíîé ôîðìû çåðíà èëè àãðåãàòû çåðåí ðàç-
ìåðîì äî 2 ìì (ðèñ. 5, à; òàáë. 1, ¹ 7). Êðîìå ïèðèòà â 
ïîðîäå âñòðå÷àþòñÿ ðåäêèå âûäåëåíèÿ ðòóòèñòîãî ýëåê-
òðóìà, þòåíáîãààðäòèòà (?), ñàìîðîäíîãî çîëîòà, ìîëèá-
äåíèòà è õàëüêîïèðèòà, îòíîñÿùèåñÿ ê çåðíàì ýïèäî-
òà. Â âèäå âêëþ÷åíèé â ïèðèòå ïðèñóòñòâóþò ýïèäîò, 
õàëüêîïèðèò, áîðíèò, àêàíòèò, àêàíòèò-ãåññèò, íàóìàí-
íèò-àêàíòèò, ãåññèò è ñàìîðîäíîå ñåðåáðî.

Ðòóòèñòûé ýëåêòðóì èìååò óäëèíåííûå çåð-
íà ðàçìåðîì äî 6 ìêì (ðèñ. 5, b; òàáë. 10, ¹ 2). 
Þòåíáîãààðäòèò (?) â àññîöèàöèè ñ âûñîêîïðîáíûì 
ñàìîðîäíûì çîëîòîì îáðàçóåò èçîìåòðè÷íûå âûäåëå-

íèÿ ðàçìåðîì äî 5 ìêì (ðèñ. 5, c). Õàëüêîïèðèò è áîð-
íèò âñòðå÷àþòñÿ â âèäå èçîìåòðè÷íûõ è óäëèíåííûõ 
èíäèâèäîâ ðàçìåðîì äî 15 ìêì (ðèñ. 5, a; òàáë. 2, ¹ 5, 
6). Ãåññèò, àêàíòèò-ãåññèò è àêàíòèò îáðàçóþò âûäåëå-
íèÿ ðàçìåðîì äî 2 ìêì è âñòðå÷àþòñÿ â âèäå âêëþ÷å-
íèé â ïèðèòå è íà êîíòàêòàõ çåðåí (ðèñ. 5, d). Àêàíòèò, 
íàóìàííèò-àêàíòèò, ãåññèò-àêàíòèò-íàóìàííèò è ñàìî-
ðîäíîå ñåðåáðî èìåþò ðàçìåðû äî 5 ìêì, âûïîëíÿþò 
òðåùèíû è àññîöèèðóþòñÿ ñ ãåòèòîì (5, d–f).

Â õëîðèò-êâàðö-êëèíîöîèçèòîâûõ ïîðîäàõ ñóëüôèä-
íàÿ ìèíåðàëèçàöèÿ, ïðåäñòàâëåííàÿ âèäèìûì ïèðè-
òîì, ñîñòàâëÿåò îêîëî 2 %. Ïèðèò èìååò äâå ðàçíîâèä-
íîñòè. Ïåðâàÿ èç íèõ êóáè÷åñêîé ôîðìû è ðàçìåðîì 
0.01–1.5 ìì. Âòîðàÿ èçðåäêà îáðàçóåò ñðàñòàíèÿ ñ ðè-
ïèäîëèò-äàôíèòîì (ñîãëàñíî êëàññèôèêàöèè õëîðè-
òîâ [14]) è âñòðå÷àåòñÿ â âèäå ìåëêèõ ãèïèäèîìîðôíûõ 

S Fe Cu Se Ag Te Pb Bi Co
Ñóììà

Sum

Ðàñ÷åò íîðìàòèâíî-ìèíåðàëüíîãî ñîñòàâà

Calculation of normative-mineral compositions
1 25.43 15.2 4.68 3.79 – – 43.87 – – 92.97 0.42FeS2+0.37Pb(S0.84Se0.16)+0.21Cu FeS2

2 18.13 10.41 0.43 5.65 – – 62.88 – – 97.5 0.53Pb(S0.76Se0.24) +0.44Fe1.16S2+0.03Cu FeS2

3 35.07 25.62 – – 1.54 0.67 34.35 2.17 – 99.42 0.78FeS2+0.21(Pb0.92Bi0.06Ag0.02)S +0.01Ag2Te
4 12.37 7.11 – – 2.28 0.54 48.95 29.55 – 100.8 0.55(Pb0.96Ag0.05Bi0.05)1.06S+0.29Fe0.9S+0.14Bi+0.01Ag2Te
5 15.2 6.14 – – – – 78.24 – – 99.58 0.76Pb1.07S+0.24Fe 0.9S
6 35.21 27.63 – – – – 25.57 – – 88.42 0.86FeS2+0.14Pb1.08S

7 18.42 6.03 – 1.04 – – 75.36 – – 100.85 0.70Pb0.97(S0.96Se0.04)+0.30FeS2
8 30.04 19.52 – 1.53 – – 46.79 – 1.57 99.45 0.72(Fe0.93Co0.07)S2+0.28Pb1.09(S0.91Se0.09)

Òàáëèöà 6. Õèìè÷åñêèé ñîñòàâ ãàëåíèòà è àññîöèèðóþùèõ ñ íèì ìèíåðàëîâ, ìàñ. %

Table 6. The chemical composition of galena and associated minerals, wt. %

Ïðèìå÷àíèå. 1–2 — èç  êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëîâûõ ïîðîä ( 1– ïèðèò + êëàóñòàëèò-ãàëåíèò + õàëü-
êîïèðèò, 2 — êëàóñòàëèò-ãàëåíèò + ïèðèò + õàëüêîïèðèò); 3–7 — èç îêâàðöîâàííûõ ïîðîä (3 — ïèðèò + ìàòèëüòèä-ãàëåíèò + 
ãåññèò, 4 — ìàòèëüòèä-ãàëåíèò + ïèððîòèí + ñàìîðîäíûé âèñìóò + ãåññèò, 5 — ãàëåíèò + ïèððîòèí, 6 — ïèðèò + ãàëåíèò, 7 — 
êëàóñòàëèò-ãàëåíèò + ïèðèò), 8 — èç õëîðèò-êâàðö-êëèíîöîèçèòîâûõ ïîðîä (êîáàëüòñîäåðæàùèé ïèðèò + êëàóñòàëèò-ãàëåíèò). 

Note. 1–2 — from clinozoisite-chlorite-muscovite-albite-amphibole rocks (1– pyrite + claustolite-galena + chalcopyrite, 2 — claustolite-
galena + pyrite + chalcopyrite); 3–7 — of quartzy rocks (3 — pyrite + matyltide-galenite + hessite, 4 — matilthide-galenite + pyrrhotite 
+ native bismuth + hessite, 5 — galenite + pyrrhotite, 6 — pyrite + galenite, 7 — claustolite-galenite + pyrite), 8 — from chlorite-quartz-
clinozoisite rocks (cobalt-containing pyrite + claustalite-galena).

S Fe Te Ni Pd Ñóììà
Sum

Ðàñ÷åò íîðìàòèâíî-ìèíåðàëüíîãî ñîñòàâà
Calculation of normative-mineral compositions

1 34.09 25.74 33.91 8.86 – 102.6 0.79Fe0.86S2+0.21Ni1.13Te2

2 25.95 21.14 35.19 1.60 12.88 96.76 0.75(Fe0.93Ni0.07)S2+0.25Pd0.88Te2

3 31.64 23.90 30.09 4.76 5.55 95.94 0.80(Fe0.86Ni0.03)0.89S2+0.20(Ni0.55Pd0.45)Te2

Òàáëèöà 7. Õèìè÷åñêèé ñîñòàâ ìåëîíèòà, ìåðåíñêèèòà è èõ àññîöèàöèé, ìàñ. %

Table 7. The chemical composition of melonite, merenskyite and their associations, wt. %

Ïðèìå÷àíèå. 1 — èç  êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëîâûõ ïîðîä (ïèðèò + ìåëîíèò), 2, 3 — èç õëîðèò-êâàðö-
êëèíîöîèçèòîâûõ ïîðîä (2 — ïèðèò + ìåðåíñêèèò, 3 — ïèðèò + ìåðåíñêèèò-ìåëîíèò).

Note. 1 — from clinozoisite-chlorite-muscovite-albite-amphibole rocks (pyrite + melonite), 2, 3 — from chlorite-quartz-clinozositis rocks 
(2 — pyrite + merenskite, 3 — pyrite + merenskite-melonite).

O Si Cr Mn Fe Ni Sr Mo
Ñóììà

Sum
Ôîðìóëà
Formula

1 – 0.69 10.22 0.98 85.11 0.82 – 0.82 98.64 Fe1.55 Cr0.2Si0.03Mn0.02Ni0.01Mo0.01

2 – 0.14 44.5 – 42.96 – 0.38 1.88 89.86 Cr1.12FeMo0.03Si0.01Sr0.01

3 – 0.19 41.44 0.99 43.6 – 0.56 3.84 90.62 Cr1.12FeMo0.03 Mn0.02 Si0.01Sr0.01

4 16.44 1.65 13.47 – 9.23 – 6.35 55.41 102.55 0.74Mo0.89O2+0.26 Cr1.57Fe Sr0.44Si0.36

Òàáëèöà 8. Õèìè÷åñêèé ñîñòàâ õðîìôåððèäà è åãî àññîöèàöèé, ìàñ. %

Table 8. The chemical composition of chromferride and its associations, wt. %

Ïðèìå÷àíèå. 1 — õðîìôåððèä (?); 2, 3 — Fe-Cr-ìèíåðàëüíàÿ ôàçà (?); 4 — îêñèä ìîëèáäåíà + Fe-Cr-ìèíåðàëüíàÿ ôàçà (?). 

Note. 1 — chromferride (?); 2, 3 — Fe-Cr mineral phase(?) 4 — molybdenum oxide + Fe-Cr mineral phase (?).
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è êñåíîìîðôíûõ çåðåí ðàçìåðîì äî 80 ìêì ñ ïðèìåñüþ 
êîáàëüòà äî 8.48 % (ðèñ. 6, a; òàáë. 1, ¹ 8, 9) è ñ âêëþ-
÷åíèÿìè õàëüêîïèðèòà, êëàóñòîëèò-ãàëåíèòà (òàáë. 6, 
¹ 8), ìåðåíñêèèò-ìåëîíèòà (ðèñ. 6, b; òàáë. 7, ¹ 2, 3), 
ìåðåíñêèèòà ((Pd,Pt)(Te,Bi)2) è ãåññèòà. Êëàóñòàëèò-
ãàëåíèò, ìåðåíñêèèò-ìåëîíèò è ãåññèò èìåþò èçîìå-
òðè÷íóþ è âûòÿíóòóþ ôîðìû ðàçìåðîì íå áîëåå 3 ìêì. 
Õàëüêîïèðèò îáðàçóåò íåïðàâèëüíîé ôîðìû âûäåëåíèÿ 
â ïèðèòå ñ ðàçìûòûìè, íå÷åòêèìè ãðàíèöàìè. Â ïî-
ðîäå òàêæå âñòðå÷àþòñÿ çåðíà ïèðèòà íåïðàâèëüíîé è 
èçîìåòðè÷íîé ôîðìû ðàçìåðîì äî 70 ìêì ñ ïðèìåñüþ 
íèêåëÿ, à òàêæå íèêåëÿ è êîáàëüòà (ðèñ. 6, c; òàáë. 1, 
¹ 10). Âêëþ÷åíèå çäåñü ïðåäñòàâëåíî òàêæå ãàëåíèòîì. 

Ðèñ. 3. Ðóäíûå ìèíåðàëû â îêâàðöîâàííûõ ïîðîäàõ (à–l — ïîÿñíåíèå â òåêñòå)

Fig. 3. Ore minerals in quartzy rocks (à–l — explanation in the text)

Fe Cu S Mn Cd Zn
Ñóììà

Sum
Ôîðìóëà
Formula

1 14.4 1.95 33.74 0.27 2.48 45.09 101.8 (Zn0.66Cd0.01Fe0.24Mn0.04Cu0.03)0.94S
2 3.06 – 31.4 – 2.59 58.64 95.69 (Zn0.92Fe0.06Cd0.02)S
3 2.6 – 32.7 – 2.65 59.23 97.18 (Zn0.89Fe0.05Cd0.02)0.96S
4 9.48 0.75 33.75 – 1.36 55.49 100.83 (Zn0.81Fe0.16Cd0.01Cu0.01)0.99S
5 5.16 – 33.15 – 0.94 60.15 99.4 (Zn0.89Fe0.09Cd0.01)0.99S
6 6.9 – 33.97 – – 60.01 100.88 (Zn0.87Fe0.12)0.99S
7 9.3 – 35.02 – – 56.36 100.68 (Zn0.79Fe0.15)0.94S

8 3.83 – 33.17 – – 63.03 100.03 (Zn0.94Fe0.07)1.01S
9 9.43 – 33.09 – – 62.6 105.12 (Zn0.93Fe0.16)1.09S

Òàáëèöà 9. Õèìè÷åñêèé ñîñòàâ ñôàëåðèòà, ìàñ. %

Table 9 . The chemical composition of sphalerite, wt. %

Ðèñ. 4. ÊÐ-ñïåêòðû áîðíèòà è êîâåëëèíà

Fig. 4. Raman spectra of bornite and covellite



10

Âåñòíèê ãåîíàóê, ìàðò, 2020 ã., ¹ 3

Óñëîâèÿ ôîðìèðîâàíèÿ
ðóäíûõ ìèíåðàëîâ

Â èçó÷àåìûõ ïîðîäàõ îáíàðóæèâàþòñÿ àññîöèà-
öèè ðóäíûõ ìèíåðàëîâ, ïðèíàäëåæàùèå ê ðàçíûì ãå-
íåðàöèÿì.

Â êëèíîöîèçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáî-
ëîâûõ ñëàíöàõ íàáëþäàþòñÿ êàê ìèíèìóì 3 ãåíåðàöèè 
ðóäíûõ ìèíåðàëîâ. Ïåðâàÿ ïðåäñòàâëåíà êóáè÷åñêèì 

Au Ag Hg
Ñóììà

Sum
Ôîðìóëà
Formula

1 76.92 24.88 – 101.8 Au0.68Ag0.32

2 53.34 43.73 2.9 99.97 Ag0.59Au0.39Hg0.02

3 83.65 15.88 – 99.53 Au0.74Ag0.26

4 83.52 16.57 – 100.09 Au0.73Ag0.27

5 83.32 15.89 – 99.21 Au0.74Ag0.26

6 83.91 15.91 – 99.82 Au0.74Ag0.26

Òàáëèöà 10. Õèìè÷åñêèé ñîñòàâ ýëåêòðóìà
è çîëîòà, ìàñ.%

Table 10. The chemical composition of electrum
and gold, wt.%

ïèðèòîì, íèêåëüñîäåðæàùèì ïèððîòèíîì è ïåíòëàí-
äèòîì, à òàêæå, âîçìîæíî, õàëüêîïèðèòîì è ìîëèáäå-
íèòîì, êîòîðûå ñîäåðæàòñÿ â âèäå âêëþ÷åíèé â ïèðè-
òå. Òåìïåðàòóðà ðàñïàäà òâåðäîãî ðàñòâîðà ïèððîòèíà è 
ïåíòëàíäèòà ìåíüøå 425 °Ñ [13], à ðèïèäîëèò, àññîöèè-
ðóþùèé ñ ïèðèòîì, ôîðìèðóåòñÿ, ñîãëàñíî ðàçíûì ãåî-
òåðìîìåòðàì, ïðè òåìïåðàòóðàõ 245–335 °Ñ [12], ïîýòî-
ìó ðàññìàòðèâàåìûå ðóäíûå ìèíåðàëû ìîæíî îòíåñòè 
ê âûñîêî- è ñðåäíåòåìïåðàòóðíûì îáðàçîâàíèÿì, êðè-
ñòàëëèçîâàâøèìñÿ íà ðàííèõ ýòàïàõ èçìåíåíèÿ ïîðîä. 

Âòîðàÿ ãåíåðàöèÿ ïðåäñòàâëåíà íèêåëüñîäåðæàùèì 
ïèðèòîì è âûäåëåíèÿìè â íåì õàëüêîïèðèòà, ìåëîíèòà, 
ãåññèòà è êëàóñòàëèò-ãàëåíèòà. Îíè ñôîðìèðîâàëèñü, 
ñêîðåå âñåãî, ïðè ñðåäíèõ è íèçêèõ òåìïåðàòóðàõ, òàê 
êàê ïèêíîõëîðèò-áðóíñâèãèò, îáðàçóþùèé ñðàñòàíèÿ 
ñ íèêåëüñîäåðæàùèì ïèðèòîì, ÿâëÿåòñÿ íèçêîòåìïå-
ðàòóðíûì ìèíåðàëîì (135–235° Ñ [12]).

Ê òðåòüåé ãåíåðàöèè ìèíåðàëîâ îòíîñÿòñÿ íèçêî-
òåìïåðàòóðíûå ãåññèò, àêàíòèò è ñàìîðîäíîå ñåðåáðî, 
êîòîðûå êðèñòàëëèçóþòñÿ ïðè òåìïåðàòóðàõ ìåíüøå
200 °C [6, 10, 16]. Ïðèóðî÷åííîñòü èõ ê êîíòàêòîâûì çî-
íàì è òðåùèíàì óêàçûâàåò íà èõ ïîçäíþþ êðèñòàëëè-
çàöèþ â ãèïîãåííûõ èëè ãèïåðãåííûõ óñëîâèÿõ.

Ðèñ. 5. Ðóäíûå ìèíåðàëû â îêâàðöîâàííûõ ìóñêîâèò-õëîðèò-êëèíîöîèçèòîâûõ îáðàçîâàíèÿõ (à–f — ïîÿñíåíèå â òåêñòå)

Fig. 5. Ore minerals in quartzy muscovite-chlorite-clinocoisite formations (à–f — explanation in the text)

Ðèñ. 6. Ðóäíûå ìèíåðàëû â õëîðèò-êâàðö-êëèíîöîèçèòîâûõ ïîðîäàõ

Fig. 6. Ore minerals in chlorite-quartz-clinozoistic rocks
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Â îêâàðöîâàííûõ ïîðîäàõ íàìå÷àþòñÿ äâå ãåíåðàöèè 
ðóäíûõ ìèíåðàëîâ. Îäíà èç íèõ õàðàêòåðèçóåòñÿ êðè-
ñòàëëèçàöèåé ïèðèòà, ãàëåíèòà, ñôàëåðèòà, ïèððîòèíà, 
áîðíèòà, õðîìôåððèäà, çîëîòà è òâåðäûõ ðàñòâîðîâ: ìà-
òèëüòèä-ãàëåíèòà, õàëüêîïèðèò-ñôàëåðèòà — è, ñóäÿ ïî 
âñåìó, ñîïðÿæåíà íåïîñðåäñòâåííî ñ ïðîöåññàìè îêâàð-
öåâàíèÿ. Òâåðäûå ðàñòâîðû, âñòðå÷àþùèåñÿ â ïèðèòàõ, 
îáðàçóþòñÿ ïðè ñðåäíèõ è âûñîêèõ òåìïåðàòóðàõ: ìà-
òèëüòèä-ãàëåíèò — >220 °Ñ [17], > 350 °Ñ [9], õàëüêîïè-
ðèò-ñôàëåðèò — >400 °Ñ [13]. Ñîäåðæàíèå ìîëåêóëÿð-
íîãî âåùåñòâà FeS â ñôàëåðèòå, íàõîäÿùåìñÿ â ðàâíî-
âåñèè ñ ïèððîòèíîì, òàêæå ìîæíî èñïîëüçîâàòü â êà-
÷åñòâå ãåîòåðìîìåòðà [4]. Â ðàâíîâåñíîì ñîñòîÿíèè ñ 
ïèððîòèíîì ïðèñóòñòâóþò, ñêîðåå âñåãî, áåñêàäìèå-
âûå ñôàëåðèòû. Â ýòèõ ñôàëåðèòàõ æåëåçèñòîñòü (XFeS) 
ñîñòàâëÿåò îò 7 äî 16 %, ÷òî ñîîòâåòñòâóåò òåìïåðàòóðàì 
ôîðìèðîâàíèÿ 220–440 °Ñ. Òàêèì îáðàçîì, êðèñòàëëèçà-
öèÿ ðàññìàòðèâàåìûõ ðóäíûõ ìèíåðàëîâ äàííîé ãåíåðà-
öèè ïðîèñõîäèëà ïðè âûñîêèõ è ñðåäíèõ òåìïåðàòóðàõ.

Àêàíòèò, ãåññèò, ïåòöèò (?) è þòåíáîãààðäòèò (?), 
ïðèóðî÷åííûå ê êîíòàêòîâûì çîíàì, ìîãëè îáðàçîâàòüñÿ 
ïðè íèçêîòåìïåðàòóðíûõ ãèäðîòåðìàëüíûõ ïðîöåññàõ. 

Àêàíòèò, ãåññèò, àêàíòèò-ãåññèò, àêàíòèò-íàóìàí-
íèò-ãåññèò è ñàìîðîäíîå ñåðåáðî, àññîöèèðóþùèåñÿ ñ 
ãèäðîêñèäàìè æåëåçà, ñôîðìèðîâàëèñü, ñêîðåå âñåãî, 
ïðè ãèïåðãåííûõ èçìåíåíèÿõ. Êîâåëëèí, çàìåùàþ-
ùèé áîðíèò, òàêæå ÿâëÿåòñÿ ãèïåðãåííûì ìèíåðàëîì.

 Â ìóñêîâèò-õëîðèò-êëèíîöîèçèòîâûõ ïîðîäàõ íà-
áëþäàþòñÿ ïðåäïîëîæèòåëüíî 3 ãåíåðàöèè ðóäíûõ 
ìèíåðàëîâ. Ê ïåðâîé, ïðåäïîëîæèòåëüíî ñðåäíåòåì-
ïåðàòóðíîé, îòíîñÿòñÿ ïèðèò, õàëüêîïèðèò, áîðíèò, 
ðòóòèñòûé ýëåêòðóì è, âîçìîæíî, ñàìîðîäíîå çîëîòî. 
Íèçêîòåìïåðàòóðíûå àêàíòèò, àêàíòèò-ãåññèò è þòåí-
áîãààðäòèò, ïðèóðî÷åííûå ê êîíòàêòàì ìèíåðàëîâ, ìî-
ãóò áûòü íèçêîòåìïåðàòóðíûìè ãèäðîòåðìàëüíûìè îá-
ðàçîâàíèÿìè, à íàóìàíèò-àêàíòèò, ãåññèò-àêàíòèò-íà-
óìàííèò è ñàìîðîäíîå ñåðåáðî, àññîöèèðóþùèå ñ ãå-
òèòîì, — ãèïåðãåííûìè. 

Ðóäíûå ìèíåðàëû
Ore minerals

Ñòàäèè ôîðìèðîâàíèÿ ìèíåðàëîâ
Mineral formations stages

Ãèïîãåííàÿ
Hypogenic

Ãèïåðãåííàÿ
Hypergenic

I
(Ò 245–425 °C)

II
(Ò 220–440 °C)

III
(Ò 135–281°C )

IV
(Ò< 200 °C )

Ïèðèò / Pyrite ---------------- ----------------

Ni-ïèðèò / Ni-pyrite ----------------

Co-ïèðèò / Co-pyrite ----------------

Ni-ïèððîòèí / Ni-pyrrhotine ----------------

Ïèððîòèí / Pyrrhotine ----------------

Ïåíòëàíäèò / Pentlandite ----------------

Õàëüêîïèðèò / Chalcopyrite ---------------- ---------------- ----------------

Ìîëèáäåíèò / Molybdenite ---------------- ----------------

Ìàòèëüòèä-ãàëåíèò / Matiltide-Galenite ----------------

Ãàëåíèò / Galena ----------------

Êëàóñòàëèò-ãàëåíèò / Clausthalite-galena ----------------

Áîðíèò / Bornite ----------------

Mn-ñôàëåðèò / Mn-sphalerite ----------------

Cd-ñôàëåðèò / Cd-sphalerite ----------------

Ñôàëåðèò / Sphalerite ----------------

Ìåëîíèò / Melonite ----------------

Ìåðåíñêèèò-ìåëîíèò / Merinskyite-melonite ----------------

Çîëîòî / Gold ----------------

Hg-ýëåêòðóì / Hg-electrum ----------------

Àêàíòèò / Acanthite ---------------- ----------------

Àêàíòèò-ãåññèò / Acanthite-hessite ----------------

Íàóìàííèò-àêàíòèò / Naumannite-acanthite ----------------

Ãåññèò / Hessite ---------------- ----------------

Ãåññèò-àêàíòèò-íàóìàííèò / Hessit-acanthite-naumanite ----------------

Ñàìîðîäíîå ñåðåáðî / Native silver ----------------

Êîâåëëèí / Covelline ----------------

Þòåíáîãààðäòèò (?) / Yutenbogaardtite (?) ----------------

Ïåòöèò (?) / Petcite (?) ----------------

Òàáëèöà 11. Ñòàäèè ôîðìèðîâàíèÿ ðóäíûõ ìèíåðàëîâ â èçìåíåííûõ àìôèáîëèòàõ õàðáåéñêîãî êîìïëåêñà
ïî ðó÷. Ñêàëèñòîìó

Table 11. Stages of the formation of ore minerals in altered amphibolites of the Harbey complex along Skalisty stream
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Â õëîðèò-êâàðö-êëèíîöîèçèòîâûõ ïîðîäàõ âûÿâëåíû 
äâå ãåíåðàöèè ðóäíûõ ìèíåðàëîâ. Ïåðâàÿ ïðåäñòàâëåíà 
êóáè÷åñêèì ïèðèòîì, âòîðàÿ — êîáàëüò- è íèêåëüñî-
äåðæàùèì ïèðèòîì, êëàóñòàëèò-ãàëåíèòîì, õàëüêîïè-
ðèòîì, ìåëîíèò-ìåðåíñêèèòîì è ãåññèòîì. Ðèïèäîëèò-
äàôíèò, îáðàçóþùèé ñðàñòàíèÿ ñ íèêåëüñîäåðæàùèì 
ïèðèòîì, ñîãëàñíî ðàçíûì ãåîòåðìîìåòðàì [15, 18, 19], 
ôîðìèðóåòñÿ ïðè òåìïåðàòóðàõ 208–281 °Ñ, à ìåëîíèò 
è ìåðåíñêèèò ÿâëÿþòñÿ ñðåäíå- è íèçêîòåìïåðàòóð-
íûìè îáðàçîâàíèÿìè, ñëåäîâàòåëüíî, âòîðàÿ ãåíåðà-
öèÿ ðóäíûõ ìèíåðàëîâ â ðàññìàòðèâàåìîé ïîðîäå ÿâ-
ëÿåòñÿ ñðåäíå- è íèçêîòåìïåðàòóðíîé. 

Íà äàííîì ýòàïå èññëåäîâàíèÿ, íà îñíîâàíèè ðàñ-
ïðåäåëåíèÿ ðóäíûõ ìèíåðàëîâ â ðàçëè÷íîé ñòåïåíè 
èçìåíåííûõ àìôèáîëèòàõ õàðáåéñêîãî êîìïëåêñà, à 
òàêæå òåìïåðàòóðû èõ ôîðìèðîâàíèÿ ìîæíî âûäåëèòü 
íåñêîëüêî ñòàäèé ïîñëåäîâàòåëüíîãî ðóäíîãî ìèíå-
ðàëîîáðàçîâàíèÿ (òàáë. 11). Íàáëþäàåìàÿ â êëèíîöî-
èçèò-õëîðèò-ìóñêîâèò-àëüáèò-àìôèáîëîâûõ ñëàíöàõ 
âûñîêî- è ñðåäíåòåìïåðàòóðíàÿ àññîöèàöèÿ ìèíåðà-
ëîâ (I ñòàäèÿ): ïèðèòà, ïåíòëàíäèòà, íèêåëüñîäåðæàùå-
ãî ïèððîòèíà, õàëüêîïèðèòà è ìîëèáäåíèòà — õàðàêòå-
ðèçóþò, ñêîðåå âñåãî, ðàííèé ýòàï ãèäðîòåðìàëüíî-ìå-
òàñîìàòè÷åñêèõ èçìåíåíèé â àìôèáîëèòàõ. 

×åòêî ôèêñèðóþòñÿ ðóäíûå ìèíåðàëû, ñôîðìè-
ðîâàâøèåñÿ ñîïðÿæåííî ñ êâàðöåâûìè ïðîæèëêàìè è 
æèëàìè ïîä âîçäåéñòâèåì ãèäðîòåðìàëüíûõ ðàñòâîðîâ 
(II ñòàäèÿ). Îíè îáðàçîâàëèñü ïðè âûñîêèõ è ñðåäíèõ 
òåìïåðàòóðàõ è ïðåäñòàâëåíû ïèðèòîì, ìàòèëüòèä-ãà-
ëåíèòîì, ñôàëåðèò-õàëüêîïèðèòîì, ãàëåíèòîì, ñôàëå-
ðèòîì, ìîëèáäåíèòîì, õàëüêîïèðèòîì, áîðíèòîì, ïèð-
ðîòèíîì, õðîìôåððèäîì è çîëîòîì. Âîçìîæíî, íà ýòîé 
æå ñòàäèè ñôîðìèðîâàëèñü ñðåäíåòåìïåðàòóðíûå ìèíå-
ðàëû — ïèðèò, ðòóòèñòûé ýëåêòðóì, ñàìîðîäíîå çîëîòî, 
ìîëèáäåíèò, áîðíèò è õàëüêîïèðèò — â îêâàðöîâàííûõ 
ìóñêîâèò-õëîðèò-ýïèäîòîâûõ ïîðîäàõ. Àññîöèàöèÿ çî-
ëîòà è ýëåêòðóìà ñ ñóëüôèäàìè è êâàðöåì ïîçâîëÿåò îò-
íåñòè ðóäíûå ìèíåðàëû ýòîé ñòàäèè ê çîëîòîñóëüôèä-
íî-êâàðöåâîé ôîðìàöèè.

Íèêåëüñîäåðæàùèé ïèðèò, ãàëåíèò, õàëüêîïèðèò, 
ìåëîíèò è êëàóñòîëèò-ãàëåíèò â ñëàíöàõ, à òàêæå êî-
áàëüò- è íèêåëüñîäåðæàùèé ïèðèò, êëàóñòàëèò-ãàëå-
íèò, õàëüêîïèðèò, ãåññèò, ìåðåíñêèèò è ìåðåíñêèèò-
ìåëîíèò â õëîðèò-êâàðö-êëèíîöîèçèòîâûõ ïîðîäàõ îò-
íîñÿòñÿ, ñêîðåå âñåãî, ê îäíîé ïîçäíåé ñðåäíå- è íèç-
êîòåìïåðàòóðíîé ñòàäèè (III), ñâÿçàííîé, âîçìîæíî, ñ 
ðàçâèòèåì â ïîðîäàõ êàëüöèòà, ïèêíîõëîðèò-áðóíãñâè-
ãèòà è ðèïèäîëèò-äàôíèòà. Âîçìîæíî, äàííàÿ ñòàäèÿ 
çàâåðøàåòñÿ ôîðìèðîâàíèåì àêàíòèòà, ãåññèòà, þòåí-
áîãààðäòèòà è ïåòöèòà, ÷àñòî âñòðå÷àþùèõñÿ íà êîí-
òàêòàõ ñóëüôèäîâ.

Âî âñåõ ðàññìàòðèâàåìûõ ïîðîäàõ âûÿâëåíû íèç-
êîòåìïåðàòóðíûå ãèïåðãåííûå ìèíåðàëû IV ñòàäèè: 
àêàíòèò, ãåññèò, íàóìàííèò-àêàíòèò, àêàíòèò-ãåññèò, 
ñàìîðîäíîå ñåðåáðî è ò. ä. 

Âûâîäû

Èçó÷åíû ðóäíûå ìèíåðàëû â ðàçëè÷íîé ñòåïåíè 
ìåòàñîìàòè÷åñêè èçìåíåííûõ àìôèáîëèòàõ õàðáåéñêî-
ãî êîìïëåêñà (ðó÷. Ñêàëèñòûé): êëèíîöîèçèò-õëîðèò-
ìóñêîâèò-àëüáèò-àìôèáîëîâûõ îáðàçîâàíèÿõ, îêâàðöî-
âàííûõ è ýïèäîòèçèðîâàííûõ ïîðîäàõ. Ïðîöåññû õëî-
ðèòèçàöèè (ðèïèäîëèò) è àëüáèòèçàöèè, ïî-âèäèìîìó, 

ïðåäøåñòâîâàëè ôîðìèðîâàíèÿì êâàðöåâûõ æèë è ïðî-
æèëêîâ. Ñóëüôèäèçàöèÿ íàèáîëåå øèðîêî ïðîÿâëåíà 
â îêâàðöîâàííûõ ïîðîäàõ. 

Ðóäíûå ìèíåðàëû îòëàãàëèñü â íåñêîëüêî ñòàäèé 
(ìèíèìóì 4). Ðàííÿÿ ãåíåðàöèÿ ðóäíûõ ìèíåðàëîâ íà-
áëþäàåòñÿ â ñëàíöàõ, àññîöèèðóåòñÿ ñ ðèïèäîëèòîì è 
ïðåäñòàâëåíà âûñîêî- è ñðåäíåòåìïåðàòóðíûìè ïèðè-
òîì, ïåíòëàíäèòîì, íèêåëüñîäåðæàùèì ïèððîòèíîì, 
õàëüêîïèðèòîì è ìîëèáäåíèòîì, ñôîðìèðîâàâøèìè-
ñÿ íà ðàííåì ýòàïå ãèäðîòåðìàëüíî-ìåòàñîìàòè÷åñêî-
ãî ïðåîáðàçîâàíèÿ àìôèáîëèòîâ. 

Ñëåäóþùàÿ âûñîêî- è ñðåäíåòåìïåðàòóðíàÿ ñòàäèÿ 
ôîðìèðîâàíèÿ ðóäíûõ ìèíåðàëîâ ñîïðÿæåíà ñ ãèäðî-
òåðìàëüíûìè ïðîöåññàìè è ðàçâèòèåì êâàðöåâûõ æèë 
è ïðîæèëêîâ. Â ýòî âðåìÿ îáðàçîâàëèñü ïèðèò, ìàòèëü-
òèä-ãàëåíèò, ãàëåíèò, ñôàëåðèò, ìîëèáäåíèò, õàëüêîïè-
ðèò, áîðíèò, ïèððîòèí, õðîìôåððèä, ðòóòèñòûé ýëåê-
òðóì è îòíîñèòåëüíî íèçêîïðîáíîå çîëîòî.

Íà ñðåäíå- è íèçêîòåìïåðàòóðíîé ãèäðîòåðìàëü-
íîé ñòàäèè ôîðìèðîâàíèÿ ðóäíûõ ìèíåðàëîâ â ïîðî-
äàõ êðèñòàëëèçîâàëèñü íèêåëü- è êîáàëüòñîäåðæàùèé 
ïèðèò, õàëüêîïèðèò, ãàëåíèò, êëàóñòàëèò-ãàëåíèò, ãåñ-
ñèò, ìåëîíèò, ìåðåíñêèèò è ìåðåíñêèèò-ìåëîíèò, àñ-
ñîöèèðóþùèå ñ ïèêíîõëîðèò-áðóíñâèãèòîì è ðèïè-
äîëèò-äàôíèòîì. Çàêëþ÷èòåëüíûå íèçêîòåìïåðàòóð-
íûå ãèäðîòåðìàëüíûå ïðîöåññû ïðèâåëè ê ôîðìèðî-
âàíèþ â ïîðîäàõ àêàíòèòà, ãåññèòà è þòåíáîãààðäòèòà.

 Ãèïåðãåííûå èçìåíåíèÿ ïîðîä õàðàêòåðèçóþò-
ñÿ îáðàçîâàíèåì àêàíòèòà, ãåññèòà, íàóìàííèò-àêàí-
òèòà, ãåññèò-àêàíòèò-íàóìàííèòà, ñàìîðîäíîãî ñåðå-
áðà è êîâåëëèíà. 

Àâòîðû âûðàæàþò áëàãîäàðíîñòü ä. ã.-ì. í. À. Ì. Ïûñ  -
òèíó, ä. ã.-ì. í. Â. È. Ñèëàåâó, ê. ã.-ì. í. Ð. È. Øàéáåêîâó, 
ê. ã.-ì. í. Ñ. È. Èñàåíêî, Å. Ì. Òðîïíèêîâó è À. Å. Øìû-
ðî âó çà ïîìîùü è êîíñóëüòàöèè.
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Íàñòîÿùàÿ ñòàòüÿ îñíîâàíà íà ìàòåðèàëàõ, êîòîðûå 
â çíà÷èòåëüíî äîïîëíåííîì âèäå áóäóò ðàññìîòðåíû â 
ïîäãîòîâëåííîé ê ïå÷àòè ìîíîãðàôèè. Êàðáîíàòíûìè 
ñ÷èòàëèñü âñå ïîðîäû, â êîòîðûõ êîëè÷åñòâî êàðáî-
íàòíîãî âåùåñòâà ñîñòàâëÿëî íå ìåíåå 50 % ïî ìàññå. 
Ïîýòîìó â ñòàòèñòè÷åñêóþ ñîâîêóïíîñòü äëÿ ðàñ÷åòà 
êëàðêà ïîïàëè êàê íîðìàëüíûå èçâåñòíÿêè è äîëîìè-
òû, òàê è íåêîòîðûå ìåðãåëè [17]. Êðîìå òîãî, ðàññìî-
òðåíû «àíàëîãè» êàðáîíàòíûõ ïîðîä, òî åñòü íåêîíñî-
ëèäèðîâàííûå ñîâðåìåííûå îñàäêè è êàðáîíàòíûå ïà-
ðàìåòàìîðôèòû — ìðàìîðû è êàëüöèôèðû [14].

Ìåòîäèêà ðàáîòû

Äëÿ îöåíêè êëàðêîâ ôîñôîðà ìû èñïîëüçîâàëè 
ñðåäíåå ìåäèàííîå ñîäåðæàíèå (Ìå). Âû÷èñëåííûå 
ñðåäíèå ïî âûáîðêàì êàðáîíàòíûõ ïîðîä èëè èõ àíà-
ëîãîâ èñïîëüçîâàëèñü äëÿ ïîñòðîåíèÿ ÷àñòîòíûõ ãè-
ñòîãðàìì (ðèñ. 1), àíàëîãè÷íî òîìó, êàê ýòî îïèñàíî 
[16, 19, 20].

Ïîñêîëüêó áîëüøèíñòâî èñïîëüçîâàííûõ ñòàòèñòè-
÷åñêèõ ñîâîêóïíîñòåé íå ñîîòâåòñòâóþò íîðìàëüíîìó 
ðàñïðåäåëåíèþ, èñïîëüçîâàíèå âåëè÷èíû  (ñðåäíå-
ãî êâàäðàòè÷íîãî îòêëîíåíèÿ) ñòàíîâèòñÿ ñîìíèòåëü-
íûì. Ïîýòîìó äëÿ îïðåäåëåíèÿ 95 % îêîëîêëàðêîâîãî 
èíòåðâàëà âîêðóã ìåäèàíû ìû èñïîëüçîâàëè ôîðìóëó:

Ìå ± 1.57(Q3–Q1)/ N,
ãäå Ìå — ìåäèàíà, Q3 è Q1 — òðåòèé è ïåðâûé êâàðòèëè, 

N — ÷èñëåííîñòü âûáîðêè (â íàøåì ñëó÷àå — ÷èñëî 
âûáîðî÷íûõ ñðåäíèõ) [23]. Ñîäåðæàíèÿ ôîñôîðà ìåíåå 

èëè áîëåå îêîëîêëàðêîâîãî èíòåðâàëà ñ÷èòàëèñü íàìè 
ñîîòâåòñòâåííî íèæå- èëè âûøåêëàðêîâûìè.

Ïîìèìî îöåíîê ìåäèàíû äëÿ Ð2Î5 è Ð, äëÿ õàðàê-
òåðèñòèêè òðåõ âàæíåéøèõ êîððåëÿöèé ôîñôîðà (ñ òè-
òàíîì, æåëåçîì è êàëüöèåì) âû÷èñëÿëèñü ñëåäóþùèå 
4 ìîäóëÿ:
ÔÒÌ — ôîñôîð-òèòàíîâûé ìîäóëü, P2O5/TiO2
ÔÊÌ — ôîñôîð-êàëüöèåâûé ìîäóëü, P2O5/CaO
ÔÆÌ — ôîñôîð-æåëåçíûé ìîäóëü, P2O5/Fe2O3
ÔÎÆÌ — ôîñôîð-îáùåæåëåçíûé
ìîäóëü, P2O5/Fe2O3+FeO

Âñåãî ïî êàðáîíàòíûì îñàäêàì (15 âûáîðîê), êàð-
áîíàòíûì ïîðîäàì (209 âûáîðîê) è ìåòàêàðáîíàòíûì 
ïîðîäàì (66 âûáîðîê) íàìè ñòàòèñòè÷åñêè îáðàáîòàíî 
îêîëî 7000 ïîëíûõ ñèëèêàòíûõ àíàëèçîâ.

Êàðáîíàòíûå îñàäêè

Èçâåñòíî, ÷òî â îñàäêàõ ïðåîáëàäàåò áèîãåííûé 
ôîñôîð — Ðáèî, èìåþùèé äâå ãëàâíûå ôîðìû — ôîñ-
ôîð îðãàíè÷åñêîãî âåùåñòâà Ðîðã è ôîñôîð ñêåëåòíûõ 
îñòàòêîâ — Ðìèí. Â îòíîñèòåëüíî ìåëêîâîäíûõ øåëü-
ôîâûõ è ãåìèïåëàãè÷åñêèõ îñàäêàõ, íàêàïëèâàâøèõñÿ 
ñ âûñîêîé ñêîðîñòüþ, â áàëàíñå îáùåãî ôîñôîðà ïðå-
îáëàäàåò Ðîðã, à â ïåëàãè÷åñêèõ îñàäêàõ, îòëàãàâøèõñÿ 
ñ ìàëîé ñêîðîñòüþ, ïðåîáëàäàåò áèîãåííûé Ðìèí. Ïî 
ìåðå äèàãåíåçà è ðàçëîæåíèÿ ÎÂ áûëîé Ðîðã ïîêèäàåò 
îñàäîê è îò÷àñòè âîçâðàùàåòñÿ â íàääîíóþ âîäó, à îò÷à-
ñòè ôèêñèðóåòñÿ íà æåëåçíîì, êàëüöèåâîì èëè òèòàíî-
âîì áàðüåðàõ â âèäå ìèíåðàëüíîãî ôîñôîðà Ðìèí. Íî â 
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öåëîì âûíîñ ôîñôîðà â ïðîöåññå ëèòèôèêàöèè îñàäêà 
âåäåò ê òîìó, ÷òî îñàäî÷íûå ïîðîäû îêàçûâàþòñÿ áåä-
íåå ôîñôîðîì, ÷åì ïîðîäèâøèå èõ îñàäêè.

Íàèáîëåå áîãàòû ôîñôîðîì òåððèãåííûå ìîðñêèå 
è îêåàíñêèå îñàäêè, îñîáåííî ñàìûå ãëèíèñòûå. Îñàäêè 
êðåìíèñòûå â öåëîì áåäíåå òåððèãåííûõ, à íàèáîëåå 
áåäíû ôîñôîðîì ÷èñòûå êàðáîíàòíûå îñàäêè [20].

Ñàìîé õàðàêòåðíîé äëÿ öåëîãî ðÿäà îñàäêîâ ÿâ-
ëÿåòñÿ íåãàòèâíàÿ êîððåëÿöèÿ ôîñôîð-æåëåçíîãî ìî-
äóëÿ ÔÆÌ ñ ìàãíèåì, íå èìåþùàÿ ÿñíîãî èñòîëêîâà-
íèÿ. Äðóãèå êîððåëÿöèè (íàïðèìåð, ïîçèòèâíàÿ ñâÿçü 
ôîñôîðà ñ ùåëî÷àìè èëè ñ òèòàíîì ïðè îäíîâðåìåí-
íîì àíòàãîíèçìå ôîñôîðà ñ êðåìíèåì) âïîëíå ïîíÿò-
íû — îíè îáúÿñíÿþòñÿ òÿãîòåíèåì ôîñôîðà ê ãëèíè-
ñòîìó êîìïîíåíòó îñàäêîâ [20].

Å. Ñ. Ñåâàñòüÿíîâà è Â. Í. Ñâàëüíîâ èçó÷èëè ðàñ-
ïðåäåëåíèå ôîñôîðà â ãëóáîêîâîäíûõ îñàäêàõ âîñòî÷-
íîé ÷àñòè Èíäèéñêîãî îêåàíà. Êàðáîíàòíûå îñàäêè 
îêàçàëèñü íàèáîëåå áåäíû ôîñôîðîì: ôîðàìèíèôåðî-
âûå — 0.25 (0.017–0.033) % Ð è êîêêîëèòîâûå — 0.046 
(0.034–0.058) % Ð [13, ñ. 1045].

×åðíîå ìîðå îñîáî ïðèâëåêàëî èññëåäîâàòåëåé ãåî-
õèìèè ôîñôîðà — êàê âîçìîæíàÿ àêòóàëèñòè÷åñêàÿ 
ìîäåëü ôîðìèðîâàíèÿ ôîñôîðèòîâ. Ïî ñòàðûì äàí-
íûì Í. Ì. Ñòðàõîâà (1947 ã.), ñðåäíåå ñîäåðæàíèå Ð 
(ïåðåñ÷èòàííîå Ý. À. Îñòðîóìîâûì è È. È. Âîëêîâûì 
íà Ð2Î5) â îñàäêàõ ×åðíîãî ìîðÿ ñîñòàâëÿåò (%): ìè-
äèåâûå èëû — 0.23, ôàçåîëèíîâûå èëû — 0.23, ãëóáî-
êîâîäíûå ñåðûå ãëèíû — 0.25, ãëóáîêîâîäíûå ãëèíè-
ñòûå ïåñêè — 0.23, ïåðåõîäíûé èë — 0.23, èçâåñòêîâûé 
èë — 0.16. Èòàê, òîëüêî â èçâåñòêîâûõ îñàäêàõ ñîäåðæà-
íèå ôîñôîðà ÿâñòâåííî ïîíèæåííîå, â ïðî÷èõ îñàäêàõ 
îíî ïðèìåðíî îäèíàêîâî. Â äàëüíåéøåì (1957 ã.) Ý. À. 
Îñòðî óìîâ è È. È. Âîëêîâ èçó÷èëè ðàñïðåäåëåíèå Ð2Î5 
ïî âåðòèêàëè ÷åðíîìîðñêèõ îñàäêîâ íà 12 ñòàíöèÿõ [9].

Ñîãëàñíî Ã. Í. Áàòóðèíó [3, 4], â íåêîòîðûõ øåëü-
ôîâûõ ôàöèÿõ ñîâðåìåííîãî îêåàíà ïðîèñõîäèò îáðà-
çîâàíèå ôîñôîðèòîâ. Ýòîò ïðîöåññ ïðîòåêàåò â 4 ýòàïà: 
1) ïîñòàâêà ôîñôîðà íà øåëüô àïâåëëèíãîì; 2) îñàæ-

äåíèå ôîñôîðà íà äíî â ñîñòàâå áèîãåííîãî äåòðèòà; 
3) äèàãåíåòè÷åñêîå ïåðåðàñïðåäåëåíèå ðàññåÿííîãî 
ôîñôîðà â îñàäêàõ; 4) âòîðè÷íîå îáîãàùåíèå çà ñ÷åò 
ïåðåìûâà ôîñôàòîíîñíûõ îñàäêîâ. Ïîìèìî øåëü-
ôîâîé, âòîðàÿ ëîêàëèçàöèÿ ôîñôîðèòîâ â ñîâðåìåí-
íîì îêåàíå — ýòî ìåòàñîìàòè÷åñêàÿ ôîñôàòèçàöèÿ 
êàðáîíàòíûõ ïîðîä ïîäâîäíûõ ãîð îòêðûòîãî îêåàíà.
Ïðè÷èíû òàêîé ôîñôàòèçàöèè îñòàþòñÿ íåÿñíûìè, 
íî È. Î. Ìóðäìàà îòäàåò ïðåäïî÷òåíèå ãëóáèííîìó 
àïâåëëèíãó [8, ñ. 277–278].

Êîððåëÿöèè ôîñôîðà èçó÷àëèñü íàìè â ãðóïïå ñó-
ùåñòâåííî êàðáîíàòíûõ ïåëàãè÷åñêèõ è òåððèãåííî-
êàðáîíàòíûõ ìîðñêèõ îñàäêîâ. Ýòà ãðóïïà âêëþ÷àåò 
îñàäêè Ãàëàïàãîññêîé ðèôòîâîé çîíû è îêðàèííûõ ìî-
ðåé âîñòîêà Àçèè, â òîì ÷èñëå ßïîíñêîãî ìîðÿ. Â ãàëà-
ïàãîññêèõ îñàäêàõ [25], ñîäåðæàùèõ 0.11 % Ð2Î5 (n = 
12), îòìå÷àåòñÿ íåãàòèâíàÿ êîððåëÿöèÿ ìàãíèÿ ñ ôîñ-
ôîð-æåëåçíûì ìîäóëåì ÔÆÌ (ðèñ. 1). Òàêàÿ æå çàâè-
ñèìîñòü íàáëþäàåòñÿ ïî ñðåäíèì äàííûì â êàðáîíàò-
ñîäåðæàùèõ îñàäêàõ ñóáòðîïè÷åñêîé è òðîïè÷åñêîé çîí 
(ÑàÎ = 18.59 %) îêðàèííûõ ìîðåé âîñòîêà Àçèè, ñîäåð-
æàùèõ 0.14 % Ð2Î5 (n = 5 è N = 31) [2, 6]. Ýòà êîððå-
ëÿöèÿ ïîäòâåðæäàåòñÿ àíòàãîíèçìîì ôîñôîðà è êðåì-
íèÿ, ïîêàçûâàþùèì, ÷òî íîñèòåëåì ôîñôîðà ÿâëÿåòñÿ 
çäåñü êàðáîíàòíîå âåùåñòâî. 

Êàðáîíàòíûå ïîðîäû 

Íàèáîëåå âàæíîé ðàáîòîé ïî êëàðêîâîé ãåîõèìèè 
ôîñôîðà â êàðáîíàòíûõ ïîðîäàõ íàäî ñ÷èòàòü ñòàòüþ 
À. Á. Ðîíîâà è Ã. À. Êîðçèíîé [11]. Íà îñíîâå àíàëè-
çà 289 ñðåäíèõ ïðîá êàðáîíàòíûõ ïîðîä, ñîñòàâëåí-
íûõ èç 10339 îáðàçöîâ, îíè íàøëè, ÷òî ñîäåðæàíèå 
Ð2Î5 â íèõ ñîñòàâëÿåò îò 0.025 (àðèäíûå, ïåëàãè÷å-
ñêèå) äî 0.129 % (ãóìèäíûå, ïðèáðåæíî-ìîðñêèå). 
Ôîñôîð ñ÷èòàþò áèîãåííûì, ïîñêîëüêó â ðàñïðåäå-
ëåíèè ïî ñòðàòèãðàôè÷åñêîé øêàëå ôîñôîð, ðàññåÿí-
íûé â êàðáîíàòíûõ ïîðîäàõ, ñëåäóåò çà îðãàíè÷åñêèì 
óãëåðîäîì [11, ñ. 683].

Ñðåäíåìåäèàííûå çíà÷åíèÿ äëÿ ñîâîêóïíîñòè âñåõ 
êàðáîíàòîâ, ïîëó÷åííûå íàìè íà îñíîâàíèè 209 âûáî-
ðîê (ðèñ. 2), ñîñòàâëÿþò äëÿ Ð2O5, ÔÒÌ, ÔÊÌ, ÔÆÌ 
è ÔÎÆÌ ñîîòâåòñòâåííî (0.050 ± 0.008) % (èëè 0.022 ± 
0.003 äëÿ ýëåìåíòàðíîãî P), 0.438 ± 0.057, 0.0014 ± 
0.0003, 0.067 ± 0.008 è 0.034 ± 0.004. Òàêîâû íàøè îöåí-
êè êëàðêîâ äëÿ êàðáîíàòíûõ ïîðîä, êîòîðûå îêàçàëèñü 
âäâîå áîëåå íèçêèìè ïî ñðàâíåíèþ ñ êëàðêàìè ïðåäøå-
ñòâåííèêîâ. Åñòåñòâåííî, ÷òî âñëåäñòâèå ìàêñèìàëüíîãî 
ñîäåðæàíèÿ ÑàÎ ôîñôîð-êàëüöèåâûé ìîäóëü ÔÊÌ — 
ñàìûé íèçêèé ñðåäè îñàäî÷íûõ ïîðîä, à ôîñôîð-òèòà-
íîâûé ÔÒÌ — î÷åíü âûñîêèé âñëåäñòâèå óáîãîé òèòà-
íèñòîñòè áîëüøèíñòâà êàðáîíàòîâ.

Â îáùåì, áîëüøèíñòâî êàðáîíàòíûõ ïîðîä áåäíî 
ôîñôîðîì; â ÷àñòíîñòè, êëàðê ôîñôîðà â êàðáîíàòàõ 
âòðîå íèæå, ÷åì â ïåëèòàõ (Ð2Î5 — 0.05 ïðîòèâ 0.14 %). 
Ýòî çíà÷èò, ÷òî, íåñìîòðÿ íà ýêñïåðèìåíòàëüíî äîêà-
çàííóþ ñïîñîáíîñòü ñâåæåîñàæäåííûõ êàðáîíàòîâ ê 
ñîðáöèè ôîñôàòà, ýòîò ïðîöåññ íà êëàðêîâîì óðîâíå 
ëèìèòèðîâàëñÿ ìàëûì êîëè÷åñòâîì äîñòóïíîãî ôîñ-
ôàòà â íàääîííûõ èëè ïîðîâûõ âîäàõ.

Â îáëàñòè íèæåêëàðêîâûõ ñîäåðæàíèé ôîñôîðà 
çàñëóæèâàþò âíèìàíèÿ ñðåäíåîðäîâèêñêèå êàðáîíà-
òû î-âà Âàéãà÷. Çäåñü â îáùåé ñîâîêóïíîñòè (n = 80, 
P2O5 = 0.02 %) ãëèíèñòûõ êàðáîíàòíûõ ïîðîä [21, ñ. 161] 

Ðèñ. 1. Íåãàòèâíàÿ êîððåëÿöèÿ ôîñôîð-æåëåçíîãî ìîäóëÿ 
ÔÆÌ ñ ìàãíèåì â ñóùåñòâåííî êàðáîíàòíûõ îñàäêàõ 
Ãàëàïàãîññêîé ðèôòîâîé çîíû. Ïîñòðîåíî ïî äàííûì À. À. Ìèãäè-
ñîâà è äð., 1983 ã. [25]
Fig. 1. Negative correlation of the phosphorus-iron module 
FGM with magnesium in significantly carbonate sediments of the 
Galapagos rift zone. Ñomposed according to A. A. Migdisov et al., 
1983 [25]
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íàáëþäàåòñÿ ïîçèòèâíàÿ êîððåëÿöèÿ ôîñôîðà ñ àëþ-
ìèíèåì (ðèñ. 3, à), à â ÷àñòíîé âûáîðêå ñóùåñòâåííî 
èçâåñòêîâûõ ïîðîä (n = 54, P2O5 = 0.03 %) — íåãàòèâ-
íàÿ êîððåëÿöèÿ ñ êàðáîíàòíîñòüþ (ðèñ. 3, á). Îáå ñâÿ-
çè îçíà÷àþò îäíî è òî æå: ïðèðîñò ôîñôàòíîñòè ïî ìå-
ðå óâåëè÷åíèÿ ãëèíèñòîñòè êàðáîíàòíûõ ïîðîä. Ýòà æå 
çàêîíîìåðíîñòü âûðàæàåòñÿ â ÷àñòíîé âûáîðêå ãëèíè-
ñòûõ äîëîìèòîâûõ èçâåñòíÿêîâ (n = 21, P2O5 = 0.03 %), 
ãäå ôîñôîð êîððåëèðóåò ñ òèòàíîì. 

Â îáùåé ñîâîêóïíîñòè (n = 60, P2O5 = 0.02 %) âåðõ-
íåîðäîâèêñêèõ êàðáîíàòîâ íà î-âå Âàéãà÷ [21, ñ. 164] 
íàáëþäàåòñÿ ïîçèòèâíàÿ êîððåëÿöèÿ ôîñôîðà ñ ùåëî-
÷àìè, à â ÷àñòíîé âûáîðêå ãëèíèñòûõ äîëîìèòîâûõ èç-
âåñòíÿêîâ (n = 14, P2O5 = 0.02 %) — ïîçèòèâíàÿ êîððå-
ëÿöèÿ ôîñôîð-æåëåçíîãî ìîäóëÿ ÔÆÌ ñ ìîäóëåì íîð-
ìèðîâàííîé ùåëî÷íîñòè ÍÊÌ. Îáå êîððåëÿöèè, ïî-
âèäèìîìó, îòðàæàþò ïðèðîñò ôîñôîðà ïî ìåðå ðîñòà 
òåððèãåííîé ïðèìåñè â ÷èñòûõ êàðáîíàòàõ. Ýòî ïîä-

òâåðæäàåòñÿ è çíà÷èìîé (õîòÿ è ñèëüíî ðàçìûòîé) ñâÿ-
çüþ ôîñôîðà ñ òèòàíîì â ÷àñòíîé âûáîðêå ñóùåñòâåí-
íî èçâåñòêîâûõ ïîðîä (n = 50, P2O5 = 0.02 %).

Â ÷èñëå äðóãèõ âûáîðîê ñî çíà÷èìûìè êîððåëÿ-
öèÿìè íèæåêëàðêîâîãî ôîñôîðà — ñèëóðèéñêèå êàð-
áîíàòû Êîæèìñêîé ïëîùàäè íà Ïðèïîëÿðíîì Óðàëå 
[21, ñ. 166], íèæíåñèëóðèéñêèå, ëóäëîâñêèå è âåðõíå-
äåâîíñêèå — íà òîì æå î-âå Âàéãà÷ [21, ñ. 169, 170, 206]. 
Â ýòèõ âûáîðêàõ ïðîÿâëÿþòñÿ ïîçèòèâíûå êîððåëÿöèè 
ôîñôîðà ñ íåêàðáîíàòíûìè êîìïîíåíòàìè ïîðîä —
ñ àëþìèíèåì èëè òèòàíîì, èíîãäà è ñ íàòðèåì. 

Â îáëàñòè îêîëîêëàðêîâûõ ñîäåðæàíèé ôîñôîðà çà-
ñëóæèâàþò âíèìàíèÿ ðèôåéñêèå êàðáîíàòíûå ïîðîäû 
Áàøêèðñêîãî ìåãàíòèêëèíîðèÿ [1, ñ. 106–112]. Â îá-
ùåé ñîâîêóïíîñòè ãëèíèñòûõ èçâåñòíÿêîâ è äîëîìèòîâ
(n = 37, P2O5 = 0.05 %) íàáëþäàåòñÿ ñèëüíî ðàçìûòàÿ 
íåãàòèâíàÿ êîððåëÿöèÿ ôîñôîðà ñ ÑàÎ, ò. å. íàêîïëåíèå 
ôîñôîðà ïî ìåðå óáûâàíèÿ êàðáîíàòíîñòè ïîðîä (èëè, 

Ðèñ. 2. ×àñòîòíîå ðàñïðåäåëåíèå ïîêàçàòåëåé ôîñôîðèñòî-
ñòè ïî 209 âûáîðêàì êàðáîíàòíûõ ïîðîä

Fig. 2. Frequency distribution of phosphoricity indicators for 209 
samples of carbonate rocks
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÷òî òî æå ñàìîå, ïðèðàñòàíèÿ ãëèíèñòîñòè). Â ÷àñòíîé 
âûáîðêå ãëèíèñòûõ äîëîìèòîâ (n = 7, P2O5 = 0.06 %) 
îòìå÷àåòñÿ ïîçèòèâíàÿ êîððåëÿöèÿ ôîñôîð-æåëåçíîãî 
ìîäóëÿ ÔÆÌ ñ ÑàÎ, îçíà÷àþùàÿ ïðèðîñò ãèäðîêñèä-
íî-ñîðáèðîâàííîãî ôîñôîðà ïî ìåðå íàðàñòàíèÿ êàð-
áîíàòíîñòè (èëè óáûâàíèÿ ãëèíèñòîñòè).

Â ñîâîêóïíîñòè ñðåäíèõ ñîñòàâîâ (m = 11, nm = 
1305, P2O5 = 0.04 %) íèæíåðèôåéñêèõ ìàãíåçèòîíîñ-
íûõ äîëîìèòîâ Þæíîãî Óðàëà [15, ñ. 104–105] ôîñôîð 
ïîçèòèâíî êîððåëèðóåò ñ îêèñíûì æåëåçîì (ðèñ. 4) è 
íåãàòèâíî, õîòÿ è ñëàáî, — ñ ìàãíèåì1. Âèäèìî, ïðè-
ñóòñòâèå â äîëîìèòàõ ïðèìåñè ìàãíåçèòà (ïîêàçàòåëü 
MgO/CaO íåðåäêî ïðåâîñõîäèò äîëîìèòîâóþ íîðìó 
0.72) íå ñïîñîáñòâóåò íàêîïëåíèþ ãèäðîêñèäíîãî íî-
ñèòåëÿ ôîñôîðà.

Èç ÷èñëà äðóãèõ âûáîðîê ñî çíà÷èìûìè êîððåëÿ-
öèÿìè îêîëîêëàðêîâîãî ôîñôîðà [20, ñ. 221–325] íà-
çîâåì ïðèìåðû â íàøåì ðåãèîíå Ïðèïîëÿðíîãî Óðàëà: 
îðäîâèêñêèå êàðáîíàòû íà È÷åò-Ëÿãå, ïðèòîêå Èëû÷à, 
è äåâîíñêèå êàðáîíàòû íà Êîæèìñêîé ïëîùàäè. Â íèõ 
ìîæíî âèäåòü ïðèìåðíî òàêèå æå ýìïèðè÷åñêèå çàêî-
íîìåðíîñòè, ÷òî è îòìå÷åííûå âûøå.

Â îáëàñòè âûøåêëàðêîâûõ ñîäåðæàíèé ôîñôîðà çà-
ñëóæèâàåò âíèìàíèÿ ìàëàÿ ñîâîêóïíîñòü (n = 5, P2O5 
= 0.59 %) áîãàòûõ ôîñôîðîì ñðåäíåîðäîâèêñêèõ äîëî-
ìèòèñòî-èçâåñòêîâûõ ìåðãåëåé Ïå÷îðñêîãî Óðàëà, ñî-
äåðæàùèõ áåðòüåðèíîâûå («øàìîçèòîâûå») îîëèòû [22, 
ñ. 29]. Çäåñü ôîñôîð ïîêàçûâàåò ñèëüíóþ íåãàòèâíóþ 
êîððåëÿöèþ ñ ìàãíèåì (ðèñ. 5) è áîëåå ñëàáóþ ïîçèòèâ-
íóþ êîððåëÿöèþ ñ îêèñíûì æåëåçîì. Ïîñëåäíåå âïîë-
íå îæèäàåìî, òàê êàê î÷åâèäíî, ÷òî íîñèòåëåì ôîñôîðà 
çäåñü ÿâëÿþòñÿ èìåííî æåëåçèñòûå îîëèòû. Ïîñêîëüêó 
áåðòüåðèíîâûå îîëèòû — ýòî ïðîäóêò ðàçìûâà ãóìèä-
íîé êîðû âûâåòðèâàíèÿ íà áëèçëåæàùåé ñóøå [22], òî 
ïðèõîäèòñÿ çàêëþ÷èòü, ÷òî ñîðáöèè ôîñôîðà íà âûíå-

Ðèñ. 3. Êîððåëÿöèè ôîñôîðà â ñðåäíåîðäîâèêñêèõ ãëèíèñòûõ êàðáîíàòàõ î-âà Âàéãà÷: ñ àëþìèíèåì â îáùåé ñîâîêóïíîñòè (à), 
ñ êàðáîíàòíîñòüþ â ñóùåñòâåííî èçâåñòêîâûõ ïîðîäàõ (á). Ïîñòðîåíî ïî äàííûì Ì. Á. Ïòèöûíà è äð., 1983 ã. [21, ñ. 161]

Fig. 3. Correlations of phosphorus in the middle Ordovician clay carbonates of the Vaigach Island: with aluminum in the general popula-
tion (a), with carbonate in substantially calcareous rocks (b). Ñomposed according to M. B. Ptitsyn et al., 1983, [21, p. 161]

Ðèñ. 4. Ïîçèòèâíàÿ êîððåëÿöèÿ ôîñôîðà ñ îêèñíûì æåëå-
çîì â íèæíåðèôåéñêèõ ìàãíåçèòîíîñíûõ äîëîìèòàõ Þæíîãî 
Óðàëà. Ñðåäíèå äàííûå. Ïîñòðîåíî ïî äàííûì Ë. Ï. Óðàñèíîé
è äð., 1993 ã. [15, ñ. 104–105]

Fig. 4. Positive correlation of phosphorus with iron oxide in the 
lower Riphean magnesite-bearing dolomites of the South. Urals's. 
Average data. Ñomposed according to L. P. Urasina et al., 1993 [15, 
p. 104–105]

Ðèñ. 5. Íåãàòèâíàÿ êîððåëÿöèÿ ôîñôîðà ñ ìàãíèåì â ñîäåð-
æàùèõ áåðòüåðèíîâûå îîëèòû ñðåäíåîðäîâèêñêèõ ìåðãåëÿõ 
íà ð. Èëû÷. Íàøè äàííûå, 1981 ã. [22, ñ. 29]

Fig. 5. The negative correlation of phosphorus with magnesium in 
the berthierine-bearing oolites in the middle Ordovician marls on 
the Ilych river. Our data, 1981 [22, p. 29]

1Ïðè ïîñòðîåíèè ãðàôèêîâ áûëè èñêëþ÷åíû äâà ñðåäíèõ 
ñîñòàâà ñ ñîäåðæàíèåì Fe2O3 >1 %.
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ñåííûõ ïðè ðàçìûâå ýòîé êîðû ãèäðîêñèäàõ æåëåçà íå 
áëàãîïðèÿòñòâîâàë íåáîëüøîé ïðèðîñò ìàãíåçèàëüíî-
ñòè èçâåñòíÿêîâ (ñðåäíåå ñîäåðæàíèå MgO ñîñòàâëÿåò 
âñåãî ëèøü 1.82 %). 

Â ÷èñëå äðóãèõ âûáîðîê ñî çíà÷èìûìè êîððåëÿöè-
ÿìè âûøåêëàðêîâîãî ôîñôîðà èëè ôîñôîðíûõ ìîäóëåé 
ìîæíî íàçâàòü [20, ñ. 221–325]: ãëèíèñòûå êàðáîíàòû è 
ìåðãåëè íèæíåêåìáðèéñêîé îðîãåííîé ìîëàññû (ìåð-
êóøåâñêàÿ ñâèòà) íà Õàíêàéñêîì ìàññèâå Ïðèìîðüÿ; 
ñëàáîãëèíèñòûå è ãëèíèñòûå èçâåñòíÿêè è äîëîìèòû, 
à òàêæå ìåðãåëè òðåõ ñâèò áûñòðèíñêîé ñåðèè âåðõíå-
ãî ðèôåÿ íà Òèìàíå; ôàíåðîçîéñêèå êàðáîíàòû Þæ.
Âåðõîÿíüÿ; áîêñèòîíîñíûå êàðáîíàòíûå òîëùè íà Cð. 
Òèìàíå; ôàìåíñêèå ìàðãàíöåíîñíûå êðåìíèñòûå êàð-
áîíàòû Ïàé-Õîÿ; ïîòåíöèàëüíî àëìàçîíîñíûå ïåðì-
ñêèå ìåðãåëè Þ.Ç. Ïðèòèìàíüÿ. Â ýòèõ ïðèìåðàõ íà-
áëþäàåìûå êîððåëÿöèè îáû÷íî òðåáóþò äîïóñêàòü êàê 
ìèíèìóì äâà íîñèòåëÿ ôîñôîðà: ãëèíèñòûé è ãèäðîê-
ñèäíûé, ïðè÷åì âòîðîé ìîæåò áûòü (êàê íà Ïàé-Õîå) 
è ãèäðîòåðìàëüíûì.

Ìåòàìîðôè÷åñêèå êàðáîíàòû

Ñðåäíåìåäèàííûå çíà÷åíèÿ ôîñôîðèñòîñòè äëÿ 
ñîâîêóïíîñòè äðåâíèõ ìåòàêàðáîíàòíûõ ïîðîä áûëè 
ïîëó÷åíû íà îñíîâàíèè 66 âûáîðîê, îõâàòûâàþùèõ 
áîëåå 300 àíàëèçîâ, è äëÿ Ð2O5, ÔÒÌ, ÔÊÌ, ÔÆÌ 
è ÔÎÆÌ ñîîòâåòñòâåííî (0.065 ± 0.017) (èëè 0.029 ± 
0.008 % äëÿ ýëåìåíòàðíîãî P), (0.435 ± 0.122), (0.002 ± 
0.001), (0.099±0.026) è (0.036 ± 0.008)%.

Ñðåäè ìåòàêàðáîíàòîâ ñ îêîëîêëàðêîâûìè ñîäåðæà-
íèÿìè ôîñôîðà íàçîâåì äðåâíèå êàëüöèòîâûå ìðàìî-
ðû ñ äèîïñèäîì, ïëàãèîêëàçîì, òðåìîëèòîì è ôëîãî-
ïèòîì, îïèñàííûå íà ÓÊÙ ïî ð. Òåòåðåâ [10], ãäå â îá-
ùåé ñîâîêóïíîñòè ïðè íîðìàëüíîé ôîñôàòíîñòè (Ð2Î5 
= 0.06 %, n = 14) óñòàíàâëèâàåòñÿ íåãàòèâíàÿ ñâÿçü ôîñ-
ôîðà ñ êàðáîíàòíîñòüþ (ðèñ. 6, à) è, ñîîòâåòñòâåííî,
ïîçèòèâíàÿ ñ áîëüøèíñòâîì îñòàëüíûõ íåêàðáîíàò-
íûõ êîìïîíåíòîâ, â ÷àñòíîñòè ñî ùåëî÷àìè (ðèñ. 6, á). 
Íàéäåííûå êîððåëÿöèè îçíà÷àþò îäíî è òî æå — íî-
ñèòåëåì ôîñôîðà ÿâëÿåòñÿ ñèëèêàòíîå (à íå êàðáîíàò-
íîå) âåùåñòâî ýòèõ ìðàìîðîâ.

Èç ÷èñëà âûáîðîê ìåòàêàðáîíàòîâ ñ âûøåêëàðêî-
âûìè ñîäåðæàíèÿìè ôîñôîðà îòìåòèì ïåñ÷àíèñòûå 
ìåòàêàðáîíàòû ðàííåïðîòåðîçîéñêèõ ñâèò ñîâàÿðâè è 
õèðâèíàâîëîê â Ñåâ. Êàðåëèè [10]. Çäåñü ïðè çàìåòíîé 
ôîñôàòíîñòè (Ð2Î5 = 0.10 %, n = 15) âûÿâëÿåòñÿ êîððå-
ëÿöèÿ ôîñôîð-êàëüöèåâîãî ìîäóëÿ ÔÊÌ (òî åñòü ôàê-
òè÷åñêè — àïàòèòîâîãî ôîñôîðà) ñ ùåëî÷àìè.

Îáñóæäåíèå äàííûõ

Ïîñêîëüêó ãëàâíûì èñòî÷íèêîì êëàðêîâîãî ôîñ-
ôîðà êàðáîíàòíûõ ïîðîä áûë áèîãåííûé ôîñôîð Ðáèî 
îñòàòî÷íîãî îðãàíè÷åñêîãî âåùåñòâà, òî ïðè÷èíîé 
äåôèöèòà ðàñòâîðåííîãî ôîñôàòà ïðè êàðáîíàòíîé 
ñåäèìåíòàöèè áûë äåôèöèò ÎÂ â êàðáîíàòíîì îñàä-
êå, èáî áîëüøàÿ ÷àñòü èñõîäíîãî ÎÂ êàðáîíàòíûõ 
ôîññèëèé ðàçëàãàëàñü, åùå íå äîñòèãàÿ äíà áàññåé-
íà. Â èòîãå ÷èñòûå êàðáîíàòíûå îñàäêè îêàçûâàëèñü 
ïî÷òè ñòåðèëüíûìè ïî ôîñôîðó. Ëèøü â àíîêñè÷å-
ñêèõ îáñòàíîâêàõ, â êîòîðûõ ôîðìèðîâàëèñü êàð-
áîíàòíûå îñàäêè ñ ïîâûøåííûì ñîäåðæàíèåì Ñîðã 
(áóäóùèå ÷åðíûå ñëàíöû) ôîñôîð ìîã êîíöåíòðèðî-

âàòüñÿ â âûøåêëàðêîâûõ êîëè÷åñòâàõ — äàæå â ÷è-
ñòûõ êàðáîíàòíûõ ïîðîäàõ.

Îäíàêî â áîëüøèíñòâå ñëó÷àåâ ïîâûøåíèå ñîäåð-
æàíèé ôîñôîðà íàáëþäàåòñÿ íå â ÷èñòûõ, à â ñìåøàí-
íûõ êàðáîíàòíî-ñèëèêàòíûõ ïîðîäàõ, â ÷àñòíîñòè â 
ìåðãåëÿõ. Ýòà çàêîíîìåðíîñòü áûëà îòìå÷åíà åùå â 
ñâîäêå Ô. Êëàðêà 1924 ã. [24]. Â ñðåäíåì ñîñòàâå ÷è-
ñòûõ èçâåñòíÿêîâ (n = 345), ñîäåðæàâøèõ 5.10 % SiO2 
è 0.81 % Al2O3, èì áûëî íàéäåíî 0.04 % Ð2Î5, à â áîëåå 
ãëèíèñòûõ «ñòðîèòåëüíûõ èçâåñòíÿêàõ» (n = 498), ñî-
äåðæàâøèõ 14.09 % SiO2 è 1.75 % Al2O3 — íà ïîðÿäîê 
áîëüøå, 0.42 % Ð2Î5. Ïîäòâåðæäàÿ ýòè äàííûå, ó÷åíèêè 
ß. Â. Ñàìîéëîâà2 — Â. À. Çèëüáåðìèíö è Â. Ï. Ìàñëîâ â 
1928 ã. íàøëè äëÿ ÷èñòûõ èçâåñòíÿêîâ êàðáîíà Äîíáàññà 
(n = 543) ñ âûõîäîì íåðàñòâîðèìîãî îñòàòêà 4.10 % (â 
ñðåäíåì 0.05 %) Ð2Î5, à äëÿ 32 ïðîá èçâåñòíÿêîâ áîëåå 
ãëèíèñòûõ, ñ âûõîäîì í.î. 17.2 % — â÷åòâåðî áîëüøå, 
0.22 % Ð2Î5 [7, ñ. 110–112].

Èññëåäîâàíèå êîððåëÿöèé ôîñôîðà ÷àñòî âûÿâëÿ-
åò ïîçèòèâíóþ êîððåëÿöèþ Ð2Î5 ñ Al2O3 è TiO2, à íåãà-

2Äëÿ òîãî, ÷òîáû óñòðîèòüñÿ ê Âåðíàäñêîìó â Ìîñêîâñêèé óíè-
âåðñèòåò, ßêîâó Ôèøåëåâè÷ó Øìóëþ ïðèøëîñü êðåñòèòüñÿ, 
è Âåðíàäñêèé ñòàë åãî êðåñòíûì îòöîì. Òàê â 1895 ã.
ó Âåðíàäñêîãî ïîÿâèëñÿ ñîòðóäíèê, èçâåñòíûé íàì êàê ßêîâ 
Âëàäèìèðîâè÷ Ñàìîéëîâ.

Ðèñ. 6. Êîððåëÿöèè ôîñôîðà â ìðàìîðàõ ÓÊÙ: ñ êàðáîíàòíî-
ñòüþ (à) è ùåëî÷àìè (á). Ïîñòðîåíî ïî äàííûì Í. È. Ïîëîâêî 
è äð., 1975 ã. [10, ñ. 38–39]

Fig. 6. Correlation of phosphorus in the marbles of the Ukraine 
Shield: with carbonate content (a) and alkalies (b). Ñomposed 
according to N. I. Polovko et al., 1975 [10, p. 38–39]
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òèâíóþ — ñ ÑàÎ è îñîáåííî ñ MgO. Ýòî óêàçûâàåò íà 
êîíöåíòðàöèþ ôîñôîðà â íåêàðáîíàòíûõ êîìïîíåí-
òàõ ïîðîä — îáû÷íî ãëèíèñòûõ, ðåæå àëåâðèòîâûõ, ïðè 
ðàçáàâëÿþùåé ðîëè êàðáîíàòíîé ìàòðèöû. Ëèøü â óñ-
ëîâèÿõ ëàâèííîé ñåäèìåíòàöèè (êàê â îðîãåííûõ ìî-
ëàññàõ) ÎÂ êàðáîíàòíûõ îñàäêîâ ìîãëî ïðåäîõðàíÿòü-
ñÿ ãëèíèñòûìè ïîêðûøêàìè îò áûñòðîãî îêèñëåíèÿ, 
÷òî îáåñïå÷èâàëî ëó÷øóþ ñîõðàííîñòü Ðáèî â êàðáî-
íàòíîì îñàäêå.

Òàêèì îáðàçîì, íàøå èññëåäîâàíèå ïîçâîëÿåò äî-
ïîëíèòü âûâîä À. Á. Ðîíîâà [11]: ãëàâíûìè íîñèòåëÿ-
ìè êëàðêîâîãî ôîñôîðà â êàðáîíàòíûõ ïîðîäàõ ÿâëÿ-
åòñÿ íå òîëüêî îñòàòî÷íîå ÎÂ, íî, ïî-âèäèìîìó, òàê-
æå è ñèëèêàòíî-ñîðáèðîâàííûé ôîñôîð â ãëèíèñòîì 
âåùåñòâå. Ðåæå ìîæíî äîïóñêàòü ó÷àñòèå è ãèäðîêñèä-
íî-ñîðáèðîâàííîãî ôîñôîðà, õîòÿ äîëÿ òàêîãî ôîñôîðà 
îáû÷íî òàêæå ïîçèòèâíî êîððåëèðóåòñÿ ñ êîëè÷åñòâîì 
ñèëèêàòíîé ïðèìåñè â êàðáîíàòíîé ïîðîäå. Èíîãäà, 
âïðî÷åì, íàáëþäàëàñü è îáðàòíàÿ êàðòèíà — ïîçèòèâ-
íàÿ êîððåëÿöèÿ ìîäóëÿ ÔÆÌ ñ êàðáîíàòíîñòüþ.

Íàêîïëåíèå ôîñôîðà â êàðáîíàòíûõ ïîðîäàõ ìî-
æåò áûòü îáóñëîâëåíî ñîðáöèåé ôîñôàòà íà âåùåñòâå 
êàðáîíàòíûõ îñàäêîâ. Ýòîò ïðîöåññ ýêñïåðèìåíòàëüíî 
èçó÷àëñÿ À. Â. Ñàâåíêî [12]. Îíà îñàæäàëà ôîñôàò, ðàñ-
òâîðåííûé â èñêóññòâåííîé ìîðñêîé âîäå (íà÷àëüíûå 
êîíöåíòðàöèè ôîñôàòà ñîñòàâëÿëè 3, 6 è 9 ìêìîëü/ë) 
íà ïîëó÷àåìîé ïóòåì äîáàâîê áèêàðáîíàòà íàòðèÿ âçâå-
ñè ÑàÑÎ3. Ýòè ýêñïåðèìåíòû ìîäåëèðîâàëè ïðîöåññ 
çàõâàòà ôîñôàòà èç ïîðîâûõ âîä â äèàãåíåçå êàðáîíàò-
íîãî îñàäêà. Â ñîãëàñèè ñ ðàíåå èìåâøèìèñÿ äàííû-
ìè âûÿñíèëîñü, ÷òî ñâåæåîñàæäåííûé êàðáîíàò çàõâà-
òûâàåò ôîñôàò òåì ñèëüíåå, ÷åì âûøå èñõîäíàÿ êîí-
öåíòðàöèÿ ôîñôàòà è ÷åì íèæå êàðáîíàòíàÿ ùåëî÷-
íîñòü. Íàïðèìåð, ïðè èñõîäíîé êîíöåíòðàöèè ôîñôàòà 
3.02 ìêìîëü/ë è ïðè ùåëî÷íîñòè 9.0 ìã-ýêâ/ë îñàäîê 
ÑàÑÎ3 ñîäåðæàë âñåãî 0.057 % Ð, à ïðè ñîîòâåòñòâóþ-
ùèõ öèôðàõ 9.01 ìêìîëü/ë è 6.0 ìã-ýêâ/ë — íà ïîðÿ-
äîê áîëüøå, 0.71 % Ð. Ïîýòîìó ïðîâåäåííûå ýêñïåðè-
ìåíòû ïîçâîëèëè çàêëþ÷èòü [12, ñ. 743]:

«Êîíöåíòðàöèÿ ôîñôîðà â äèàãåíåòè÷åñêîì ÑàÑÎ3 
ìîæåò äîñòèãàòü 0.5–0.7 ìàñ. %, è ïðîöåññû ñîîñàæ-
äåíèÿ ôîñôîðà ñ ÑàÑÎ3, ïî-âèäèìîìó, ÿâëÿþòñÿ âàæíûì 
ôàêòîðîì, êîíòðîëèðóþùèì êîíöåíòðàöèþ ôîñôîðà â 
ïîðîâûõ ðàñòâîðàõ îñàäêîâ ìîðåé è îêåàíîâ, èñïûòàâ-
øèõ èíòåíñèâíûé äèàãåíåç».

Ðàññåÿííûé ôîñôîð, çàõâà÷åííûé êàðáîíàòíûì 
âåùåñòâîì, â äèàãåíåçå ìîæåò ñêîíöåíòðèðîâàòüñÿ â 
âèäå ôîñôàòíûõ êîíêðåöèé èëè èíûõ êîíêðåöèåïî-
äîáíûõ îáîñîáëåíèé — êàê â ñóùåñòâåííî êàðáîíàò-
íûõ ïîðîäàõ, òàê è â ñóùåñòâåííî òåððèãåííûõ. Ê ýòî-
ìó íàäî äîáàâèòü äàâíî èçâåñòíóþ ñóùåñòâåííóþ ðàç-
íèöó ìåæäó ñïîñîáíîñòüþ ê ïðî÷íîé ñîðáöèè ôîñôàòà 
ìåæäó êàëüöèòîì è äîëîìèòîì. Äåëî â òîì, ÷òî ñîðáè-
ðîâàííûé êàðáîíàòîì ôîñôàò ñî âðåìåíåì ïðåâðàùà-
åòñÿ âî ôðàíêîëèò ñ îáùåé ôîðìóëîé Ca5[PO4]3[CO3]
(F, Cl, OH), ðàñòâîðèìîñòü êîòîðîãî íåñêîëüêî íèæå 
ðàñòâîðèìîñòè ÷èñòîãî ÑàÑÎ3, ÷òî è îáóñëîâëèâàåò ñî-
õðàíåíèå ñîðáèðîâàííîãî ôîñôàòà â êàðáîíàòíîì îñàä-
êå (à çàòåì â ëèòèôèöèðîâàííîé êàðáîíàòíîé ïîðîäå). 
Îäíàêî ïðèñóòñòâèå â ñðåäå ìåëêèõ èîíîâ Mg2+ àìîð-
ôèçóåò êðèñòàëëè÷åñêóþ ñòðóêòóðó êàðáîíàòà êàëüöèÿ, 
÷òî ïðîâîöèðóåò äåñîðáöèþ, ïîñêîëüêó ñèëüíî ïîâû-
øàåò ðàñòâîðèìîñòü ìàãíèéñîäåðæàùåãî êàëüöèåâîãî 
ôîñôàòà [18, ñ. 198].

Ñóùåñòâóåò òàêæå ýêñïåðèìåíòàëüíî äîêàçàííàÿ 
ðàçíèöà â ñîðáöèîííîì ïîâåäåíèè ïîëèìîðôîâ êàð-
áîíàòà êàëüöèÿ — êàëüöèòà è àðàãîíèòà [18, ñ. 185]. 
Îñîáåííîñòè ýòèõ ïðîöåññîâ òàêîâû, ÷òî â çàêðûòîé 
ñèñòåìå (îãðàíè÷åííûé ðåñóðñ ôîñôàòà) â ïåðâóþ î÷å-
ðåäü áóäåò ôîñôàòèçèðîâàòüñÿ àðàãîíèòîâûé ìàòåðè-
àë (è ôîñôàò ïîëó÷èòñÿ ñòðîíöèåíîñíûì), à â îòêðû-
òîé (ñâîáîäíûé îáìåí ñ íàääîííîé âîäîé) áîëåå âàæ-
íûì îñàäèòåëåì ôîñôîðà ïîñòåïåííî ñòàíåò êàëüöèò 
(åñëè, êîíå÷íî, â îñàäêå ïðèñóòñòâóþò îáà êàðáîíà-
òà). Ïîýòîìó, êàê îòìå÷àþò Â. 3. Áëèñêîâñêèé è Ä. À. 
Ìèíååâ [5], «èç ôîñôîðèòîâ íàèáîëåå áîãàòû ñòðîíöèåì 
îðãàíîãåííûå îáðàçîâàíèÿ», ò. å. ðàêóøå÷íûå ôîñôîðèòû. 

Ýêñïåðèìåíòàëüíûå äàííûå íàõîäÿòñÿ â ñîãëàñèè 
ñ íàòóðíûìè íàáëþäåíèÿìè. Â ÷àñòíîñòè, êàê ïîä÷åð-
êíóë È. È. Âîëêîâ (1973 ã.), ñîäåðæàíèå Ð â êîêêîëèòî-
âûõ ÷åðíîìîðñêèõ èëàõ (0.08 %) ÿâíî àíîìàëüíî âûñî-
êî, òîãäà êàê ñîäåðæàíèå ôîñôàòà â ïîðîâûõ âîäàõ àíî-
ìàëüíî íèçêî. Ïðè ýòîì ýêñïåðèìåíòàìè Ê. Ãëåííà è 
Ì. Àðòóðà (1985 ã.) áûëà óñòàíîâëåíà òåñíàÿ êîððåëÿöèÿ 
ìåæäó ñêîðîñòÿìè íàêîïëåíèÿ ÑàÑÎ3 è ìèíåðàëüíî-
ãî ôîñôîðà Ðìèí. Â ñîâîêóïíîñòè îáå çàêîíîìåðíîñòè 
äîêàçûâàþò ñîðáöèþ ôîñôàòà íà êàðáîíàòíûõ îñòàò-
êàõ íàíîïëàíêòîíà [18, ñ. 184].

Ìåòàêàðáîíàòû îêàçàëèñü íåñêîëüêî áîãà÷å 
ôîñôîðîì, ÷åì íåìåòàìîðôèçîâàííûå êàðáîíàòû. 
Ïðè÷èíó, ïî-âèäèìîìó, íàäî èñêàòü íå â ìåòàìîðôèç-
ìå, ïîñêîëüêó ïðàêòè÷åñêè âñå ìðàìîðû è êàëüöèôè-
ðû — îáðàçîâàíèÿ äîêåìáðèéñêèå, äàæå àðõåéñêèå. 
Âïîëíå âîçìîæíî, ÷òî ïåðâè÷íûå êàðáîíàòíûå îñàä-
êè ýòîãî âîçðàñòà ôîðìèðîâàëèñü â áàññåéíàõ, âîäû 
êîòîðûõ áûëè áîãà÷å ôîñôîðîì, íåæåëè â ôàíåðîçîå. 

Çàêëþ÷åíèå

Ðàññìîòðåííûå ìàòåðèàëû ïîçâîëÿþò ñäåëàòü íå-
ñêîëüêî âûâîäîâ.

1. Ñðåäíåìåäèàííûå çíà÷åíèÿ äëÿ ñîâîêóïíîñòè 
êàðáîíàòíûõ ïîðîä, ïîëó÷åííûå íà îñíîâàíèè 209 
âûáîðîê, ñîñòàâëÿþò äëÿ Ð2O5, ÔÒÌ, ÔÊÌ, ÔÆÌ è 
ÔÎÆÌ ñîîòâåòñòâåííî (0.050 ± 0.008) % (èëè 0.022 ± 
0.003 äëÿ ýëåìåíòàðíîãî P), 0.438 ± 0.057, 0.0014 ± 
0.0003, 0.067 ± 0.008 è 0.034 ± 0.004. Ýòè öèôðû ìîæ-
íî ñ÷èòàòü íàøèìè îöåíêàìè êëàðêîâ äëÿ êàðáîíàò-
íûõ ïîðîä, êîòîðûå îêàçàëèñü âäâîå áîëåå íèçêèìè ïî 
ñðàâíåíèþ ñ êëàðêàìè ïðåäøåñòâåííèêîâ. Åñòåñòâåííî, 
÷òî âñëåäñòâèå ìàêñèìàëüíîãî ñîäåðæàíèÿ ÑàÎ ôîñ-
ôîð-êàëüöèåâûé ìîäóëü ÔÊÌ — ñàìûé íèçêèé ñðåäè 
îñàäî÷íûõ ïîðîä, à ôîñôîð-òèòàíîâûé ÔÒÌ — î÷åíü 
âûñîêèé âñëåäñòâèå óáîãîé òèòàíèñòîñòè áîëüøèí-
ñòâà êàðáîíàòîâ.

2. Â îáùåì, áîëüøèíñòâî êàðáîíàòíûõ ïîðîä áåä-
íî ôîñôîðîì. Ýòî çíà÷èò, ÷òî, íåñìîòðÿ íà ýêñïåðè-
ìåíòàëüíî äîêàçàííóþ ñïîñîáíîñòü ñâåæåîñàæäåííûõ 
êàðáîíàòîâ ê ñîðáöèè ôîñôàòà, ýòîò ïðîöåññ íà êëàð-
êîâîì óðîâíå ëèìèòèðîâàëñÿ ìàëûì êîëè÷åñòâîì äî-
ñòóïíîãî ôîñôàòà â íàääîííûõ èëè ïîðîâûõ âîäàõ.

3. Ïîñêîëüêó, êàê áûëî ïîêàçàíî â îñíîâîïîëàãà-
þùåé ðàáîòå À. Á. Ðîíîâà è Ã. À. Êîðçèíîé [11], ãëàâ-
íûì èñòî÷íèêîì êëàðêîâîãî ôîñôîðà êàðáîíàòíûõ ïî-
ðîä áûë áèîãåííûé ôîñôîð Ðáèî îñòàòî÷íîãî îðãàíè÷å-
ñêîãî âåùåñòâà, òî ïðè÷èíîé äåôèöèòà ðàñòâîðåííîãî 
ôîñôàòà ïðè êàðáîíàòíîé ñåäèìåíòàöèè áûë äåôèöèò 
ÎÂ â êàðáîíàòíîì îñàäêå. Ëèøü â àíîêñè÷åñêèõ îáñòà-
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íîâêàõ, â êîòîðûõ ôîðìèðîâàëèñü êàðáîíàòíûå îñàä-
êè ñ ïîâûøåííûì ñîäåðæàíèåì Ñîðã (áóäóùèå ÷åðíûå 
ñëàíöû), ôîñôîð ìîã êîíöåíòðèðîâàòüñÿ â âûøåêëàðêî-
âûõ êîëè÷åñòâàõ — äàæå â ÷èñòûõ êàðáîíàòíûõ ïîðîäàõ.

4. Îäíàêî â áîëüøèíñòâå ñëó÷àåâ ïîâûøåíèå ñî-
äåðæàíèé ôîñôîðà íàáëþäàåòñÿ íå â ÷èñòûõ, à â ñìå-
øàííûõ êàðáîíàòíî-ñèëèêàòíûõ ïîðîäàõ, ÷òî áûëî îò-
ìå÷åíî åùå Ô. Êëàðêîì â 1924 ã. è Â. À. Çèëüáåðìèíöåì 
è Â. Ï. Ìàñëîâûì â 1928 ã. 

5. Èññëåäîâàíèå êîððåëÿöèé ôîñôîðà ÷àñòî âû-
ÿâëÿåò ïîçèòèâíóþ êîððåëÿöèþ Ð2Î5 ñ Al2O3 è TiO2, à 
íåãàòèâíóþ — ñ ÑàÎ è îñîáåííî ñ MgO. Ýòî óêàçûâà-
åò íà êîíöåíòðàöèþ ôîñôîðà â íåêàðáîíàòíûõ êîìïî-
íåíòàõ ïîðîä — îáû÷íî ãëèíèñòûõ, ðåæå àëåâðèòîâûõ, 
ïðè ðàçáàâëÿþùåé ðîëè êàðáîíàòíîé ìàòðèöû. Ëèøü 
â óñëîâèÿõ ëàâèííîé ñåäèìåíòàöèè (êàê â îðîãåííûõ 
ìîëàññàõ) ÎÂ êàðáîíàòíûõ îñàäêîâ ìîãëî ïðåäîõðà-
íÿòüñÿ ãëèíèñòûìè ïîêðûøêàìè îò áûñòðîãî îêèñëå-
íèÿ, ÷òî îáåñïå÷èâàëî ëó÷øóþ ñîõðàííîñòü ïåðâè÷íî-
áèîãåííîãî Ðáèî â êàðáîíàòíîì îñàäêå.

6. Òàêèì îáðàçîì, íàøå èññëåäîâàíèå ïîçâîëÿåò 
äîïîëíèòü âûâîä À. Á. Ðîíîâà: ãëàâíûìè íîñèòåëÿìè 
êëàðêîâîãî ôîñôîðà â êàðáîíàòíûõ ïîðîäàõ ÿâëÿåòñÿ 
íå òîëüêî îñòàòî÷íîå ÎÂ, íî, ïî-âèäèìîìó, òàêæå è ñè-
ëèêàòíî-ñîðáèðîâàííûé ôîñôîð â ãëèíèñòîì âåùåñòâå. 
Ðåæå ìîæíî äîïóñêàòü ó÷àñòèå è ãèäðîêñèäíî-ñîðáè-
ðîâàííîãî ôîñôîðà, õîòÿ äîëÿ òàêîãî ôîñôîðà îáû÷íî 
òàêæå ïîçèòèâíî êîððåëèðóåòñÿ ñ êîëè÷åñòâîì ñèëè-
êàòíîé ïðèìåñè â êàðáîíàòíîé ïîðîäå. Èíîãäà, âïðî-
÷åì, íàáëþäàëàñü è îáðàòíàÿ êàðòèíà — ïîçèòèâíàÿ 
êîððåëÿöèÿ ìîäóëÿ ÔÆÌ ñ êàðáîíàòíîñòüþ.

7. Ìåòàêàðáîíàòû íåñêîëüêî áîãà÷å ôîñôîðîì íå-
ìåòàìîðôèçîâàííûõ êàðáîíàòîâ — âîçìîæíî, âñëåä-
ñòâèå ïîâûøåííîãî ñîäåðæàíèÿ ôîñôîðà â ìîðÿõ äî-
êåìáðèÿ.
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We have chosen borogypsum for our study, which contains gypsum and silicon dioxide used in various industries. Present methods 
of borogypsum processing were considered. A new flotation reagent was proposed to separate the silicon concentrate from boric acid 
production waste. With the help of methods of mathematical planning, a multifactor experiment was carried out to reveal the optimal 
mode of flotation. We chose the following factors: temperature, pH, concentration of the main flotation reagent, agitation time, and 
also the time of flotation. The results of an experimental study of the raw material and obtained samples were presented with the help 
of modern physicochemical methods (spectrophotometry, IR spectroscopy, scanning electron microscopy, X-ray phase analysis), 
which allowed studying the chemical and mineral compositions and the structure of the samples. The new flotation concentration 
technology from boric acid wastes was developed.
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À. Í. Õàòüêîâà, Ë. Ã. Íèêèòèíà, Ñ. À. Ïàòåþê, Â. Ã. ×åðêàñîâ 

Çàáàéêàëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, ×èòà

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ âûáðàí áîðîãèïñ, ñîäåðæàùèé â ñâîåì ñîñòàâå ãèïñ è äèîêñèä êðåìíèÿ, êîòîðûå ìî-
ãóò áûòü èñïîëüçîâàíû â ðàçëè÷íûõ îòðàñëÿõ ïðîìûøëåííîñòè. Ðàññìîòðåíû ñóùåñòâóþùèå ñïîñîáû ïåðåðàáîòêè áîðîãèï-
ñà. Ïðåäëîæåí íîâûé ôëîòàöèîííûé ðåàãåíò, äëÿ âûäåëåíèÿ êðåìíèåâîãî êîíöåíòðàòà èç îòõîäîâ ïðîèçâîäñòâà áîðíîé êèñ-
ëîòû. Ñ ïîìîùüþ ìåòîäîâ ìàòåìàòè÷åñêîãî ïëàíèðîâàíèÿ ïðîâåäåí ìíîãîôàêòîðíûé ýêñïåðèìåíò, êîòîðûé ïîçâîëèë âûÿ-
âèòü îïòèìàëüíûé ðåæèì ïðîâåäåíèÿ ôëîòàöèè. Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ èñõîäíîãî ñû-
ðüÿ, à òàêæå ïîëó÷åííûõ îáðàçöîâ, ñ ïîìîùüþ ñîâðåìåííûõ àíàëèòè÷åñêèõ ìåòîäîâ (ñïåêòðîôîòîìåòðèÿ, ÈÊ-ñïåêòðîñêîïèÿ, 
ðàñòðîâàÿ ýëåêòðîííàÿ ìèêðîñêîïèÿ, ðåíòãåíîãðàôè÷åñêèé ôàçîâûé àíàëèç). Ðàçðàáîòàíà íîâàÿ òåõíîëîãèÿ ôëîòàöèîííî-
ãî îáîãàùåíèÿ îòõîäîâ ïðîèçâîäñòâà áîðíîé êèñëîòû.

Êëþ÷åâûå ñëîâà: îòõîäû, âòîðè÷íîå ñûðüå, áîðîãèïñ, äèîêñèä êðåìíèÿ, ãèïñ, ïåðëàñòàí ON-60, ôëîòàöèÿ, ôëîòàöè-
îííûé ðåàãåíò, ìíîãîôàêòîðíûé ýêñïåðèìåíò.

cessing complex already has all the necessary equipment for 
flotation. Some flotation machines are not used and may be 
involved in other processes. Gypsum, released into a foam 
product, is used for production of gypsum binder, and the 
silicon concentrate, remaining in the chamber, is used for 
the production of «white soot». Thus, flotation seems to be 
the most suitable method of gypsum processing.

To subsequently convert silicon concentrate into 
«white soot», which meets the technical specifications 
GOST 18307-78 [11], it is necessary to provide silicon di-
oxide content from 50 to 65 %, with output 15 % and high-
er, using flotation. In this case, gypsum concentrate, as a 
dump product, must comply with the technical conditions 
GOST 4013-82 [12].

The aim of this work is to identify the material compo-
sition of borogypsum and to develop a new technology of en-
richment of waste products of boric acid production, provid-
ing valuable commodity concentrates (gypsum and silicon).

 Objects and research methods 

A sample of wastes from the production of boric acid —
borogypsum — from Dalnegorsky mining and processing 
complex was chosen as the object of study.

Introduction

In many countries, most of the industrial wastes are 
not processed, but simply stored in certain areas [5, 8]. The 
weakness of the Russian industry is a high resource inten-
sity [17]. The rates of wastes generation are significant-
ly ahead of their processing and natural deactivation [2, 6, 
15]. Therefore, the wastes dumping and processing should 
be approached very carefully to minimize contamination of 
the environment [2, 7, 9, 10]. It is necessary to introduce new 
effective methods of waste disposal, which will entail mea-
surable economic and environmental consequences [3, 16].

The Russian Far East possesses high reserves of unique 
mineral raw materials, but present processing technologies 
do not allow using them efficiently. Over the years of opera-
tion of mining and chemical industries in the Far East, mil-
lions of tons of technogenic wastes have been accumulat-
ed, which are not being processed at present. Thus, the to-
tal amount of boric acid waste products — borogypsum —
in the Far East region is more than 25 million tons. Raw re-
cycling is an alternative method of production of gypsum 
and silica-containing products.

Borogypsum includes a well-floated component — gyp-
sum [1, 4]. The processing plant of Dalnegorsky mining-pro-

For citation: Khat’kova A. N., Nikitina L. G., Pateyuk S. A., Cherkasov V. G. Borogypsum: mineral composition, processing technology. Vestnik 
of Geosciences, 2020, 3(303), pp. 22—27. DOI: 10.19110/geov.2020.3.3.

Äëÿ öèòèðîâàíèÿ: Õàòüêîâà À. Í., Íèêèòèíà Ë. Ã., Ïàòåþê Ñ. À., ×åðêàñîâ Â. Ã. Áîðîãèïñ: ìèíåðàëüíûé ñîñòàâ, òåõíîëîãèè ïåðåðàáîòêè
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For flotation separation of silicon concentrate from 
borogypsum, we proposed perlastan ON 60 flotation reagent, 
which was proven during flotation of nonmetallic fluorite 
ores [13, 20].

Perlastan — a trade name for anion-active surface sub-
stances of N-acyl-sarcosine group [18]. Perlastan ON 60 is 
one of several modifications available. Its chemical com-
position — sodium oleylsarcosinate C17H33CON(CH3)
CH2COONa. At room temperature it looks like a yellow 
viscous liquid.

Perlastans are chemically and by reactivity similar 
to fatty acid flotation reagents. Acid perlastans dissolve 
in most organic solvents, for example, alcohols, glycols, 
ethers. Perlastan ON-60 is soluble in water. Perlastans 
are not sensitive to electrolyte solutions and hard water, 
their good foaming and wetting properties are their im-
portant features. Perlastans are resistant to oxidation by 
such strong oxidizing agents as hypochlorite, hydrogen 
peroxide and benzoyl peroxide. Perlastan salts have inter-
esting properties due to the hydrophobic tail of the mol-
ecule. In water perlastans are many times less toxic than 
other anionic surfactants. A mild physiological effect and 
non-toxicity result in the widespread application of per-
lastans in such areas as cosmetics, perfumes and house-
hold chemicals.

The samples were studied by the photometric method 
using KFK-3-1 ZOMZ instrument for the content of sili-
con dioxide.

IR spectra were recorded by SHIMADZU FTIR-8400S 
infrared Fourier spectrometer in the region of 4000–400 cm–1

on KBr tablets.
The morphology and chemical composition of the 

samples were examined by scanning electron microscope 
(SEM) JSM-6510LV JEOL (Japan), with microanalysis sys-
tem — energy disperse X-ray spectrometer INCA Energy 
350, Oxford Instruments (United Kingdom) at 500X and 
1000X. The samples were prepared by applying a powdered 
sample on a double-sided electrically conductive carbon with 
subsequent spraying a platinum film on the base.

The X-ray phase analysis was used to determine the 
mineral composition. The samples were grinded in agate 
pounder with alcohol and studied by powder diffraction 
method using X-ray diffractometer DRON-3.0, radiation — 
ÑuÊ, Ni — filter, V=25 kV, I=20 mA, in the range 5-65°2, 
scan step — 0.05°. Diffraction patterns were deciphered by 
the phase search software (DiffracPlus, PDF-2, 2007).

To determine optimal conditions of flotation, we used 
the method of rational planning of multifactor experiment 
[14] based on the non-linear multiple correlation and also 
the well-known formula by M. M. Protodyakonov proposed 
to process statistics. A new form of the equation with limi-
tations by the theoretical maximum, shows its applicability 
for the description of kinetic dependences. Statistical crite-
ria are used, which allow evaluating partial and master de-
pendencies. The method recommended accelerated meth-
ods of algebraic description of partial dependencies.

Factor / Ôàêòîð
Levels / Óðîâíè

1 2 3 4 5
Õ1 — Flotation temperature, °Ñ / Õ1 — Òåìïåðàòóðà ôëîòàöèè, °Ñ 10 15 20 25 30

Õ2 —Flotation pH / Õ2 — pH ôëîòàöèè 5.5 6.5 7.5 8.5 9.0
Õ3 — Perlastan consumption ON-60, g/t / Õ3 — Ðàñõîä ïåðëàñòàíà ON-60, ã/ò 200 250 300 350 400

Õ4 — Agitation time, s / Õ4 — Âðåìÿ àãèòàöèè, ñ 60 90 120 150 180
Õ5 — Flotation time, min / Õ5 — Âðåìÿ ôëîòàöèè, ìèí 4.0 4.5 5.0 5.5 6.0

Table 1. Levels of the studied factors

Òàáëèöà 1. Óðîâíè èçó÷àåìûõ ôàêòîðîâ

Flotation Mode / Ðåæèì ôëîòàöèè Results / Ðåçóëüòàòû

Parameter / Ïàðàìåòð Value
Çíà÷åíèå

Parameter / Ïàðàìåòð Value
Çíà÷åíèå

Temperature, ° Ñ / Òåìïåðàòóðà, °Ñ 30 SiO2 yield in chamber product,%
Âûõîä SiO2 â êàìåðíûé ïðîäóêò, %

36.77
pH 7.91

C bas. flotation, g/t / Ñ îñí. ôëîòàöèè, ã/ò 400
SiO2 content in chamber product,%

Ñîäåðæàíèå SiO2 â êàìåðíîì ïðîäóêòå, %
46.27C control flotation, g/t / Ñ êîíòð. ôëîòàöèè, ã/ò 200

Agitation time, s / Âðåìÿ àãèòàöèè, ñ 180

Time of main flotation, min / Âðåìÿ îñí. ôëîòàöèè, ìèí 4.5 SiO2 extraction in chamber product,%
Èçâëå÷åíèå SiO2 â êàìåðíûé ïðîäóêò, %

65.15
Time of control flotation, min / Âðåìÿ êîíòð. ôëîòàöèè, ìèí 4.5

Table 2. Results of reverse flotation of amorphous silica under optimal conditions of a multifactor experiment

Òàáëèöà 2. Ðåçóëüòàòû îáðàòíîé ôëîòàöèè àìîðôíîãî êðåìíåçåìà â îïòèìàëüíûõ óñëîâèÿõ
ìíîãîôàêòîðíîãî ýêñïåðèìåíòà

Product / Продукт Si, % S, % Ca, % O, % Other elements, % / Другие элементы, %
Original / Исходный 12.72 9.63 13.53 61.23 2.89

Foamy No. 1 / Пенный № 1 9.13 13.55 19.26 56.25 1.81
Foamy No. 2 / Пенный № 2 4.61 13.18 22.04 58.49 1.68

Chamber / Камерный 18.12 7.78 11.90 56.80 5.40

Table 3. SEM results of the obtained products

Òàáëèöà 3. Ðåçóëüòàòû ÐÝÌ ïîëó÷åííûõ ïðîäóêòîâ
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 Results and discussion
During the multifactor experiment (Table 1) we deter-

mined an optimal flotation mode. Table 2 presents results of 
reverse flotation of amorphous silica in optimal conditions 
of the multifactor experiment.

IR spectroscopy. In the IR spectra (Fig. 1), stretching 
vibrations of Si-O-Si groups (regions 1094 cm–1, 466 cm–1)
refer to the content of silicon dioxide, and vibrations of SO4 
groups (regions 1153 cm–1 , 665 cm–1 , 600 cm–1 ) — to the 
content of gypsum and anhydride in the samples. The change 
in the relative intensity of the absorption bands belonging 
to stretching vibrations of silicon dioxide and gypsum was 
measured with respect to the intensity of the absorption band 
belonging to stretching vibrations of Si-O-Si groups in the 
region 1094 cm–1 [19]. The relative intensity of the absorp-
tion bands of the stretching vibrations of SO4 groups increas-

Fig. 3. Flotation scheme of borogypsum

Ðèñ. 3. Ñõåìà ôëîòàöèè áîðîãèïñà

Fig. 1. IR spectra of studied samples

Ðèñ. 1. ÈÊ-ñïåêòðû èññëåäóåìûõ îáðàçöîâ

Fig. 2. Minimum and maximum diameter of the enzyme of 
particle aggregates in SEM micrographs

Ðèñ. 2. Ìèíèìàëüíûé è ìàêñèìàëüíûé äèàìåòð Ôåðåòà 
àãðåãàòîâ ÷àñòèö íà ìèêðîôîòîãðàôèÿõ ÐÝÌ
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Characteristic
Ïîêàçàòåëü

Scheme proposed by Dalnegorsky 
Processing plant

Ñõåìà ÎÎÎ «Äàëüíåãîðñêèé ÃÎÊ»

Our scheme
Ðàçðàáîòàííàÿ íàìè ñõåìà

Flotation reagent
Ôëîòàöèîííûé ðåàãåíò

Liquid soap
Æèäêîå ìûëî

Perlastan
Ïåðëàñòàí ON-60

Reagent consumption g/t of borogypsum sludge
Ðàñõîä ðåàãåíòà, ã/ò  øëàìîâ áîðîãèïñà 1500 1000

Medium regulator
Ðåãóëÿòîð ñðåäû

Soda
Ñîäà

Not required
Íå òðåáóåòñÿ

Consumption of a medium regulator, kg/t
of borogypsum sludge 

Ðàñõîä ðåãóëÿòîðà ñðåäû, êã/ò  øëàìîâ áîðîãèïñà
7–10 –

Temperature, °Ñ
Òåìïåðàòóðà, °Ñ 40 30

pH 8.5–9.0 7.5
Time of main flotation, min

Âðåìÿ îñíîâíîé ôëîòàöèè, ìèí 9 8

Control flotation time
Âðåìÿ êîíòðîëüíîé ôëîòàöèè 5 íåò

Extraction of SiO2, %
Èçâëå÷åíèå SiO2, % 33.57 64.02

Output of SiO2, %
Âûõîä SiO2, % 15.11 32.50

SiO2 yield,%
Ñîäåðæàíèå SiO2, % 60.24 53.56

Table 6. Comparative characteristics

Òàáëèöà 6. Ñðàâíèòåëüíàÿ õàðàêòåðèñòèêà

Mineral / Ìèíåðàë
Theoretical formula

Òåîðåòè÷åñêàÿ ôîðìóëà

Mass fraction,% / Ìàññîâàÿ äîëÿ, %
Product / Ïðîäóêò

Original
Èñõîäíûé

Chamber
Êàìåðíûé

Foamy No. 1
Ïåííûé ¹ 1

Foamy No. 2
Ïåííûé ¹ 2

Gypsum / Ãèïñ CaSO42H2O 48 28 63 50
Anhydrite / Àíãèäðèò CaSO4 16 8.5 17 24

Quartz / Êâàðö SiO2 2 4 1 1
Hedenbergite / Ãåäåíáåðãèò CaFeSi2O6 1 6 – –
Wollastonite / Âîëëàñòîíèò CaSiO3 4 6 – –

Garnet / Ãðàíàò Ca3Al2(SiO4)2(OH)4 3 4 1 3

Sum of the crystalline phases / Ñóììà êðèñòàëëè÷åñêèõ ôàç 74 56.5 82 78
Amorphous silica dioxide / Àìîðôíûé äèîêñèä êðåìíèÿ 22.12 41.27 10.90 14.69
Undecomposed minerals / Àìîðôíûé äèîêñèä êðåìíèÿ 3.88 2.23 7.1 7.31

Table 5. Mineralogical composition of the samples

Òàáëèöà 5. Ìèíåðàëüíûé  ñîñòàâ èññëåäóåìûõ îáðàçöîâ

Indicator / Ïîêàçàòåëü
Designation

Îáîçíà÷åíèå

Content wt. % / Ñîäåðæàíèå, ìàññ. äîëÿ, %
Product / Ïðîäóêò

Original
Èñõîäíûé

Chamber
Êàìåðíûé

Foamy No. 1
Ïåííûé ¹ 1

Foamy No. 2
Ïåííûé ¹ 2

Silicon (oxide) / Êðåìíèé (îêñèä) SiO2 23.12 45.27 11.90 15.69
Calcium (oxide) / Êàëüöèé (îêñèä) CaO 25.20 19.57 31.76 31.70

Sulfur (oxide) / Ñåðà (îêñèä) SO3 îáù. 31.53 18.59 45.71 41.14
Boron (oxide) / Áîð (îêñèä) B2O3 1.06 1.46 0.67 0.88

Iron (oxide) / Æåëåçî (îêñèä) Fe2O3 îáù. 3.08 5.21 1.83 3.49
Aluminum (oxide) / Àëþìèíèé (îêñèä) Al2O3 0.65 1.07 0.31 0.56

Magnesium (oxide) / Ìàãíèé (îêñèä) MgO 0.28 0.60 0.14 0.17
Manganese (oxide) / Ìàðãàíåö (îêñèä) MnO 0.25 0.49 0.12 0.18

Sodium (oxide) / Íàòðèé (îêñèä) Na2O 0.23 0.33 0.19 0.18
Potassium (oxide) / Êàëèé (îêñèä) K2O 0.090 0.15 0.040 0.060
Titanium (oxide) / Òèòàí (îêñèä) TiO2 0.040 0.080 0.020 0.030

Hygroscopic water / Âîäà ãèãðîñêîïè÷åñêàÿ H2O+ 13.79 6.16 6.62 5.48

Table 4. The chemical composition of the studied products

Òàáëèöà 4. Õèìè÷åñêèé ñîñòàâ èññëåäóåìûõ ïðîäóêòîâ
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es as a result of flotation, which indicates the transition of 
gypsum into foam products. In turn, the increase in the rel-
ative intensity of the absorption bands of Si-O-Si groups in 
the chamber product indicates the increase in the concen-
tration of silicon dioxide.

Scanning electron microscopy. The samples have a com-
plicated microsurface relief; fine material is formed by crys-
tals and aggregates. Minimum and maximum Feret diame-
ter is presented in Fig. 2. The chemical composition of the 
samples is given in Table 3. The greater part of Ca and S after 
flotation passed into foam products, taking a minor amount 
of Si. This allows significantly increasing Si content in the 
chamber product.

Based on SEM images, it can be noted that the cham-
ber product has a more finely dispersed structure (Fig. 2). 
The flotation results in aggregation of particles as evidenced 
by increasing maximum Feret diameter of the particles in 
foam product No. 2, in comparison with the original sample.

Comparative studies of chemical and mineral compo-
sition of initial product and the samples obtained are shown 
in Table 4 and Table 5 respectively. We determined that the 

content of silicon dioxide after flotation significantly in-
creases in the chamber product and decreases in the foam 
product, and the content of sulfur and calcium increases on 
the contrary.

Experiments showed that the fractional reagent feed is 
not effective, it is necessary to increase Perlastan flow only 
in primary flotation. We determined the most efficient flo-
tation mode of borogypsum with collecting reagent ON-60.

Analyzing the obtained data, the authors proposed 
the most effective mode of flotation of borogypsum with 
collecting reagent perlastan ON-60 according to the 
scheme in Fig. 3, with the following flotation parameters: 
temperature — 30° C; pH 7.5; perlastan ON-60 consumption — 
1000 g/t; agitation time — 180 s; main flotation time, min — 8. 
This technological scheme allows obtaining a high-quality 
product with a silicon dioxide content 53.56 %, at a high silicon 
dioxide recovery 64.02 %. Comparing the scheme offered at 
Dalnegorsky processing plant, with the scheme developed by 
the authors, the latter has a number of advantages (Table 6). 

Table 7 presents the feasibility study [20] of the work 
performed. The proposed scheme of boric acid production 

Indicators
Ïîêàçàòåëè

Unit 
Åä.èçì.

Scheme by Dalnegorsky 
processing plant

Ñõåìà ÎÎÎ 
«Äàëüíåãîðñêèé ÃÎÊ»

Proposed scheme with 
perlastan ON-60

Ïðåäëàãàåìàÿ ñõåìà
ñ ïåðëàñòàíîì ON-60

Scheme with liquid soap
Cõåìà ñ æèäêèì ìûëîì

Raw production capacity 
Ïðîèçâîäñòâåííàÿ ìîùíîñòü 

ïî ñûðüþ

t/year
ò/ãîä 388729.44 388729.44

Products: Boric Acid /  Ïðîäóêöèÿ: áîðíàÿ êèñëîòà

Production program
Ïðîäóêöèÿ: áîðíàÿ êèñëîòà

t/year
ò/ãîä 32746.48 32746.48 32746.48

Unit price rub.
Öåíà åäèíèöû ïðîäóêöèè

rub.
ðóá.

40000 40000 40000

Cost of production units rub.
Ñåáåñòîèìîñòü åäèíèöû 

ïðîäóêöèè

rub.
ðóá.

33199 33199 33199

Products: Silicon Concentrate / Ïðîäóêöèÿ: êðåìíèåâûé êîíöåíòðàò

Production program
Ïðîèçâîäñòâåííàÿ ïðîãðàììà

t/year
ò/ãîä – 19836.81 9131.23

Unit price rub.
Öåíà åäèíèöû ïðîäóêöèè

rub.
ðóá.

– 10000 10000

Cost of production units rub.
Ñåáåñòîèìîñòü åäèíèöû 

ïðîäóêöèè

rub.
ðóá.

– 8300 8109

Products: Gypsum Concentrate / Ïðîäóêöèÿ: ãèïñîâûé êîíöåíòðàò
Production program

Ïðîèçâîäñòâåííàÿ ïðîãðàììà
t/year
ò/ãîä

–
41247.97 51953.55

Unit price rub.
Öåíà åäèíèöû ïðîäóêöèè

rub.
ðóá. – 3500 3500

Cost of production units rub.
Ñåáåñòîèìîñòü åäèíèöû 

ïðîäóêöèè

rub.
ðóá.

– 2905 2838

Number of personnel
×èñëåííîñòü ÏÏÏ

people
÷åë.

175 183 198

Total cost
Ïîëíàÿ ñåáåñòîèìîñòü

mln. rub.
ìëí ðóá. 1042.15 1315.68 1310.37

Commodity production
Òîâàðíàÿ ïðîäóêöèÿ

mln. rub.
ìëí ðóá.

1309.86 1652.60 1583.01

Net profit
Ïðèáûëü ÷èñòàÿ

mln. rub.
ìëí ðóá.

214.17 269.53 218.11

Table 7. Technical and economic indicators

Òàáëèöà 7. Òåõíèêî-ýêîíîìè÷åñêèå ïîêàçàòåëè
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recycling increases net profit of enterprises to 55.36 mln 
rub. This is resulted from addition of two commodity 
concentrates — silicon and gypsum. Despite increasing 
costs of fixed and current assets, the income from the 
production of additional concentrates exceeds these costs. The 
proposed scheme for the processing of wastes using Perlastan
ON-60 collecting reagent is more efficient than the liquid 
soap scheme, since the latter entails additional costs for 
equipment, personnel and consumables. The environmental 
effect of the introduction of this technology into production 
is also important. Because of the wastes processing, not only 
the cost of waste storage is reduced by 1.77 million rubles, but 
also the environmental situation in the region is significantly 
improved, both due to a significant reduction in the intensity of 
waste accumulation and the release of land from stored wastes.

Conclusions

The work has solved an urgent scientific and technical 
problem of increasing technical and economic indicators of 
flotation of waste products of boric acid production based 
on the development of new reagent modes using perlastan 
ON-60 collecting reagent, which is selective for minerals 
of borogypsum.

On the basis of the studies we made the following 
conclusions:

1. Technological features of the datolithic ores waste 
processing parameters are determined by the content of 
main minerals (gypsum, anhydrite, amorphous silica), which 
predetermine use of flotation methods for the enrichment 
of industrial raw.

2. It was confirmed that perlastan ON-60 collecting 
reagent is an effective reagent for separation of borogypsum 
minerals. Extraction of silicon dioxide, when it is applied, 
increases by 30.45 % compared with the known mode.

3. We developed a new technology for redistribution 
of waste products of boric acid production, which allowed 
producing two types of commercial concentrates (gypsum 
and silicon), as well as reducing rate of waste formation, 
which could result in a significant improvement of the 
ecological situation in the areas of waste burial.
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Ââåäåíèå
Â 2019 ã. èñïîëíèëîñü 110 ëåò ýêñïåäèöèè, îðãàíè-

çîâàííîé ìîñêîâñêèìè êóïöàìè áðàòüÿìè Í. Ã. è Ã. Ã. 
Êóçíåöîâûìè íà Ïîëÿðíûé Óðàë. Ñäåëàâøèå ñîñòîÿíèå 
íà òîðãîâëå ÷àåì è æèâøèå áîëüøåé ÷àñòüþ â Ïàðèæå, 
âî âðåìÿ îäíîãî èç ïðèåçäîâ â Ñàíêò-Ïåòåðáóðã îíè 
ïðåäëîæèëè äèðåêòîðó Ãåîëîãè÷åñêîãî êîìèòåòà àêàäå-
ìèêó Ô. Í. ×åðíûøåâó ñðåäñòâà íà ïîëåçíîå äëÿ íàóêè 
äåëî. Àêàäåìèÿ íàóê, Ãåîëîãè÷åñêèé êîìèòåò è Ðóññêîå 
ãåîãðàôè÷åñêîå îáùåñòâî ïîñòàíîâèëè îðãàíèçîâàòü 
ýêñïåäèöèþ íà Ïîëÿðíûé Óðàë è â Êàðñêóþ òóíäðó. 
Íà÷àëüíèêîì ýêñïåäèöèè áûë ðåêîìåíäîâàí ïåòðîãðàô 
Ãåîëîãè÷åñêîãî ìóçåÿ Àêàäåìèè íàóê Î. Î. Áàêëóíä 
(1878–1958), åùå ñòóäåíòîì Ñàíêò-Ïåòåðáóðãñêîãî óíè-
âåðñèòåòà ðàáîòàâøèé íà Øïèöáåðãåíå ïîä ðóêîâîä-
ñòâîì Ô. Í. ×åðíûøåâà (1899–1901), à ïîñëå åãî îêîí-
÷àíèÿ — â Õàòàíãñêîé ýêñïåäèöèè ïîä ðóêîâîäñòâîì 
È. Ï. Òîëìà÷åâà (1904–1905). Áðàòüÿ Êóçíåöîâû äîøëè 
â ñîñòàâå ýêñïåäèöèè äî ã. Ìàíèñåé íà ñåâåðíîé îêî-
íå÷íîñòè Óðàëüñêîãî õðåáòà è âåðíóëèñü â Îáäîðñê (íû-
íå Ñàëåõàðä). À ýêñïåäèöèÿ ïîñëåäîâàëà äàëåå è â öå-

ëîì ðåøèëà ïîñòàâëåííûå çàäà÷è. Îòäàäèì äîëæíîå è 
ìåöåíàòàì: ïðîôèíàíñèðîâàâ ïîäãîòîâêó ýêñïåäèöèè, 
îíè çàòåì ïîçàáîòèëèñü î ñóäüáå êîëëåêöèé è èçäàíèè 
îò÷åòà [1], ñîõðàíèâøåãîñÿ â áèáëèîòåêå Ðîññèéñêîãî 
ìèíåðàëîãè÷åñêîãî îáùåñòâà (ðèñ. 1). Íåäàâíî îí èç-
äàí â ðåïðèíòíîì âàðèàíòå [2] è äîñòóïåí â èíòåðíåòå. 
È âñå æå ïîòðåïàííûå, ïîæåëòåâøèå ñòðàíèöû, çàëî-
ìû óãîëêîâ è ïîìåòêè íà ïîëÿõ ëó÷øå ïåðåäàþò êîëî-
ðèò ýêñïåäèöèè. Íàñ áîëåå âñåãî èíòåðåñóþò åå ãåîëî-
ãè÷åñêèå ðåçóëüòàòû.

Î. Î. Áàêëóíä âïîñëåäñòâèè îõàðàêòåðèçîâàë èõ äî-
âîëüíî ñêðîìíî. «Ìàòåðèàë, ïðèâåçåííûé èç ïîñåùåí-
íûõ ýêñïåäèöèåé ìåñò, íå äàåò ïîëíîé êàðòèíû ñòðîå-
íèÿ êðàÿ, ò. ê. ïðîèçâåäåííûå ãåîëîãè÷åñêèå íàáëþäå-
íèÿ äàëåêî íå ïîëíû. Íî ÿ âñå æå ðåøàþñü îïóáëèêî-
âàòü ãëàâíûé ìàòåðèàë, ïðåäîñòàâëÿÿ ñòðîãîé êðèòèêå 
íå ñàìûé ìàòåðèàë, èáî îí ñàì ïî ñåáå íå ïîëíûé, íî 
ñïîñîáû è ìåòîäû åãî îáðàáîòêè è âûâåäåííûå èç íà-
áëþäåíèé è ìàòåðèàëà çàêëþ÷åíèÿ»* [1, ñ. 1]. Êðîìå 
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òîãî, ÷òî «ðàáîòû â ïîëå çíà÷èòåëüíî ïîñòðàäàëè îò 
îñîáîãî ñòå÷åíèÿ îáñòîÿòåëüñòâ â íà÷àëå ïóòè ýêñïå-
äèöèè», ïîìåõîé ñîáñòâåííî ãåîëîãè÷åñêèì èññëåäî-
âàíèÿì áûë åå êîìïëåêñíûé õàðàêòåð. «Êîìó ïðèõîäè-
ëîñü ïðèíèìàòü ó÷àñòèå â ýêñïåäèöèè, ïðåñëåäóþùåé 
îáùååñòåñòâåííî-èñòîðè÷åñêèå öåëè è, ñëåäîâàòåëü-
íî, ñîñòîÿùåé èç öåëîãî øòàòà íàòóðàëèñòîâ ïî ðàç-
ëè÷íûì ñïåöèàëüíîñòÿì [ãåîëîã, òîïîãðàô, çîîëîã, áî-
òàíèê, àãðîíîì, ýòíîãðàô, àñòðîíîì], òîò, ìîæåò áûòü, 
èìååò ïðåäñòàâëåíèå, íà êàêèå êîìïðîìèññû äîëæíû 
ñîãëàøàòüñÿ îòäåëüíûå ñïåöèàëèñòû, ÷òîáû íå ñòðàäà-
ëî îáùåå äåëî ýêñïåäèöèè. Îñîáåííî æå òÿæåëî ïîëî-
æåíèå íà÷àëüíèêà ýêñïåäèöèè, êîãäà îí ñàì ÿâëÿåòñÿ 
òàêæå ñïåöèàëèñòîì <…> è ïîýòîìó ÷àùå âñåãî êîì-
ïðîìèññ èäåò â óùåðá åãî ñïåöèàëüíîé ðàáîòû. Êîãäà 
æå ýêñïåäèöèÿ, ïî óñëîâèÿì ìåñòíîñòè è ïåðåäâèæå-
íèÿ, íå èìååò âîçìîæíîñòè ðàçäåëÿòüñÿ íà îòäåëüíûå 
ïàðòèè, òî ýòîò êîìïðîìèññ ÿâëÿåòñÿ åæåäíåâíûì çà-
íÿòèåì» [1, ñ. 1]. È âñå æå ýòà ýêñïåäèöèÿ çàñëóæèâàåò 
áûòü óïîìÿíóòîé íà ñòðàíèöàõ «Âåñòíèêà ãåîíàóê» â ïà-
ìÿòü î ïðåäòå÷àõ, óïîðíî îñâàèâàâøèõ Ïîëÿðíûé Óðàë.

Ìåòîäû

Çà ïðîøåäøåå ñòîëåòèå ìåòîäû ëàáîðàòîðíîãî èç-
ó÷åíèÿ ìèíåðàëîâ è ãîðíûõ ïîðîä ñèëüíî èçìåíèëèñü. 
Ïîÿâèëèñü íåðàçðóøàþùèå ðåíòãåíîñòðóêòóðíûå ìå-
òîäû è ìåòîäû àáñîëþòíîé ãåîõðîíîëîãèè, ñóùåñòâåí-
íî óêðåïèâøèå ìåòîäîëîãèþ ïîëåâîãî êàðòèðîâàíèÿ. 
Î. Î. Áàê ëóíä ïîäðîáíî îáñóæäàåò âî «Ââåäåíèè» îñ-
íîâíûå íà òîò ìîìåíò ìåòîäû — îïòè÷åñêèé è õèìè-
÷åñêèé — ñ èõ íþàíñàìè. «Îïòè÷åñêèå îïðåäåëåíèÿ 
ïîëåâûõ øïàòîâ ïðîèçâîäèëèñü ïî ñïîñîáàì, ïðåäëî-
æåííûì Becke (1906). Ïðè ñðàâíåíèè èõ ïîêàçàòåëåé 
ïðåëîìëåíèÿ ñ òàêîâûìè êàíàäñêîãî áàëüçàìà <…> 
îïðåäåëåíèÿ ýòè ïðîèçâåäåíû íà ðåôðàêòîìåòðå Abbe-
Pulfrich è ìàëî îòëè÷àþòñÿ îò ïîëó÷åííûõ Schaller’îì 

<…> Ïðè èçìåðåíèè óãëîâûõ ðàññòîÿíèé ñëåäîâ îï-
òè÷åñêèõ îñåé â äâîéíèêàõ, ïîëåâîøïàòîâûõ è äðóãèõ 
<…> ïðèìåíåíà ïî÷òè èñêëþ÷èòåëüíî ðèñîâàëüíàÿ êà-
ìåðà Abbe ñ âðàùàþùèìñÿ ñòîëèêîì Becke; äëÿ ýòàëî-
íèðîâêè ïðèáîðà ïîñëóæèëè ïðåïàðàòû ìèíåðàëîâ ñ èç-
âåñòíûìè è èçìåðåííûìè íà ïðèáîðå Wülfing’à óãëàìè 
îïòè÷åñêèõ îñåé. <…> Äëÿ äðóãèõ ìèíåðàëîâ <…> èç 
òàáëèö Rosenbusch’à (1905) áûëè âçÿòû ñîîòâåòñòâóþ-
ùèå ïîêàçàòåëè <…> ïîïðàâêà íà íåöåíòðàëüíîå ïî-
ëîæåíèå áèññåêòðèñû áûëà ââåäåíà ïî òàáëèöå Becke 
(1904). Â òåõ ñðàâíèòåëüíî íåìíîãèõ ñëó÷àÿõ, êîãäà áû-
ëî èçìåðåíî äâîéíîå ïðåëîìëåíèå ïðè ïîìîùè êîì-
ïåíñàòîðà Babinet, áûëè ñòðîãî ïðèìåíåíû ïðåäïè-
ñàíèÿ Becke <…> Ïðè âñåõ ïðèâåäåííûõ íèæå â îïè-
ñàíèè âåëè÷èíàõ äâóïðåëîìëåíèÿ ïðèâåäåíû òàêæå 
ðåçóëüòàòû èçìåðåíèÿ òîëùèíû <…> èçìåðÿåìîãî ñå-
÷åíèÿ, ÷òîáû ïîêàçàòü, íàñêîëüêî íåíàäåæíû îïðåäå-
ëåíèÿ äâóïðåëîìëåíèÿ ïî îêðàñêå, ïðè èçâåñòíîé òîë-
ùèíå, ïî òàáëèöå Michel-Levy è Lacroix (1888). <…> 
Äëÿ ÷àñòè ïîðîä áûë ïðèìåíåí ìåòîä ïðèáëèçèòåëü-
íîé îöåíêè êîëè÷åñòâåííûõ îòíîøåíèé ìèíåðàëü-
íûõ êîìïîíåíòîâ ïðè ïîìîùè îêóëÿðíîãî ìèêðîìå-
òðà. Ýòîìó äàâíî èçâåñòíîìó ìåòîäó ïîñâÿùåíà ÷àñòü 
íåäàâíî âûøåäøåé ðàáîòû ×èðâèíñêîãî (1910)» [1, c. 
5–6] è ò. ä. è ò. ï. Àíàëîãè÷íî äëÿ ìåòîäîâ õèìè÷åñêî-
ãî àíàëèçà. Ìíîãèå ôîðìóëèðîâêè óæå ìàëî ÷òî ãîâî-
ðÿò ñîâðåìåííîìó ñïåöèàëèñòó — íàóêà øàãíóëà äà-
ëåêî âïåðåä. Íî îòäàäèì äîëæíîå òùàòåëüíî ïðîäó-
ìàííîé ìåòîäèêå èññëåäîâàíèÿ, ÷òî âàæíî âî âñå âðå-
ìåíà. Çàìåòèì, êðîìå òîãî, ÷òî íà ìîìåíò íàïèñàíèÿ 
îò÷åòà (1910–1911) Î. Î. Áàêëóíä ññûëàåòñÿ â îñíîâ-
íîì íà ñâåæèå íàó÷íûå ïóáëèêàöèè ñîâðåìåííèêîâ, 
íûíå áîëüøåé ÷àñòüþ êëàññèêîâ. 

Íî åùå ðàíüøå ìåòîäîâ àíàëèçà âåùåñòâà Î. Î. Áàê-
ëóíä îáñóæäàåò… âîïðîñû òåðìèíîëîãèè, ïðîÿâëÿþ-
ùèå ïðîáëåìû ìåòîäîëîãèè, ïîäîáíî òîìó, êàê íà ïî-
âåðõíîñòè ðåêè ïðîÿâëÿþòñÿ åå ãëóáèííûå òå÷åíèÿ è 
çàâèõðåíèÿ. Ýòî íóæíî ïîä÷åðêíóòü, òàê êàê ñåãîäíÿ 
èíòåðåñ ê ìåòîäîëîãèè óïàë, è âîâñå íå ïîòîìó, ÷òî îñ-
íîâíûå ïðîáëåìû ðåøåíû. «Ìàòåðèàë, ñîáðàííûé ýêñ-
ïåäèöèåé, ïî÷òè öåëèêîì ñîñòîèò èç èçìåíåííûõ ïî-
ñëåäóþùèìè ïðîöåññàìè ìåòàìîðôèçàöèè èçâåðæåí-
íûõ è îñàäî÷íûõ ïîðîä. <…> Áîëüøàÿ ÷àñòü, ñëåäîâà-
òåëüíî, ïðåäñòàâëÿåò ñîáîé "êðèñòàëëè÷åñêèå ñëàíöû" 
â ñìûñëå Grubenmann’a (1910); íî òàê êàê ÷àñòü ïîðîä 
ìàêðîñêîïè÷åñêè, äàæå ìåñòàìè ìèêðîñêîïè÷åñêè, 
íå îáëàäàåò ïðèçíàêàìè, âûðàæåííûìè ñëîâîì "ñëàí-
öû", òî â ïîñëåäóþùåì èçëîæåíèè ýòîò òåðìèí èçáå-
ãàåòñÿ, è âìåñòî íåãî óïîòðåáëÿåòñÿ òåðìèí "ìåòàìîð-
ôè÷åñêèå ïîðîäû" íåçàâèñèìî îò òîãî, ïðîèçîøëè ëè 
îíè ïóòåì èçìåíåíèÿ îñàäêîâ èëè èçâåðæåííûõ ïîðîä. 
Íî â òî æå âðåìÿ ìåòàìîðôè÷åñêèå ïîðîäû èëè ìåòà-
ìîðôèçì íå ñëåäóåò ïîíèìàòü â øèðîêîì ñìûñëå van 
Hise’a (1904); ìíîãîå èç òîãî, ÷òî ðàçáèðàåòñÿ è îïèñû-
âàåòñÿ èì, îáû÷íî ïðèíÿòî íàçûâàòü âûâåòðèâàíèåì è 
äðóãèìè ïðîöåññàìè. <…>

Åùå íåäàâíî Schwarz (1911) îáðàòèë âíèìàíèå íà 
òî, ÷òî "ìåòàìîðôè÷åñêèå ïîðîäû" íóæäàþòñÿ â òî÷íîì 
îïðåäåëåíèè. <…> Ïîä ìåòàìîðôè÷åñêèìè ïîðîäàìè íè-
æå ñëåäóåò ïîíèìàòü ïîðîäû, êîòîðûå âûâåäåíû èç ïåð-
âè÷íûõ óñëîâèé ôèçèêî-õèìè÷åñêîãî ðàâíîâåñèÿ (ìåñòà çà-
ëåãàíèÿ è îáðàçîâàíèÿ èõ) è êîòîðûå ñ íîâûìè óñëîâèÿìè 
âñòóïèëè â íîâîå ðàâíîâåñèå (êóðñèâ Î. Î. Áàêëó íäà. — 
Þ. Â.). Ýòî ðàâíîâåñèå âûðàæàåòñÿ ïåðåãðóïïèðîâêîé 

Ðèñ. 1. Òèòóëüíûé ëèñò îò÷åòà 

Fig. 1. Cover page of the report
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è íîâîé àññîöèàöèåé ìèíåðàëîâ, ðàñïàäåíèåì ñòàðûõ è 
îáðàçîâàíèåì âíîâü áîëåå ñòîéêèõ ìèíåðàëüíûõ âèäîâ 
è ãðóïïèðîâîê. Íàñêîëüêî ïðîèçîøëî õèìè÷åñêîå èç-
ìåíåíèå ïîðîäû â êîëè÷åñòâåííîì îòíîøåíèè — ó÷åñòü 
òðóäíî. <…> Ïîä ýòî îïðåäåëåíèå íå ïîäõîäèò âûâåòðè-
âàíèå, òàê êàê îíî ÿâëÿåòñÿ ïðîöåññîì íå óñòàíîâèâøå-
ãîñÿ ðàâíîâåñèÿ; êîìïîíåíòû ôàç óíîñÿòñÿ áåñïðåñòàí-
íî, ôàçû ïîñòîÿííî ìåíÿþòñÿ, è ðàâíîâåñèå íàñòóïèòü 
íå ìîæåò. Â òî æå âðåìÿ ïîä ýòî îïðåäåëåíèå ïîäõîäÿò 
ðåãèîíàëüíûé ìåòàìîðôèçì, ïî îïðåäåëåíèþ Milch’a 
(1894), òåìïåðàòóðíûå çîíû Becke (1909), äèíàìè÷åñêèå 
çîíû Grubenmann’a (1910), êîíòàêòîâûé ìåòàìîðôèçì 
Weinschenk’a (1900) è äð. Èññëåäîâàíèÿìè â ïîëå â êàæ-
äîì îòäåëüíîì ñëó÷àå îñòàåòñÿ ðåøèòü, êàêàÿ èìåííî 
ôîðìà ìåòàìîðôèçìà, êàê äåéñòâóþùåå íà÷àëî, èìåëà 
ìåñòî èëè æå ïðåîáëàäàëà» [1, c. 3–5].

«Â ïîñëåäóþùåì èçëîæåíèè ïîðîäû, äëÿ îáëåã÷å-
íèÿ èõ îáçîðà è ðàçáîðà, ðàçáèòû íà íåñêîëüêî áîëüøåþ 
÷àñòüþ åñòåñòâåííûõ ãðóïï. Ïðèíöèïîì äåëåíèÿ ïîðîä 
íà ãðóïïû íå ñëóæèò êàêàÿ-ëèáî îáùàÿ òî÷êà çðåíèÿ. 
Â îáùåì äåëåíèå ýòî ïðîèçâåäåíî íà îñíîâàíèè îá-
ùèõ ïåòðîãðàôè÷åñêèõ ïðèçíàêîâ, íî â òî æå âðåìÿ ýòè 
ãðóïïû ñîîòâåòñòâóþò ãåîãðàôè÷åñêèì îáëàñòÿì. <…> 
Õîòÿ êëàññèôèêàöèÿ ìåòàìîðôè÷åñêèõ ïîðîä, ïðåäëî-
æåííàÿ Grubenmann’îì (1910), âî ìíîãèõ îòíîøåíè-
ÿõ ÿâëÿåòñÿ èñêóññòâåííîé, èáî íå óäåëÿåò äîñòàòî÷íî 
âíèìàíèÿ ãåíåçèñó ïîðîä, íî â òî æå âðåìÿ îíà ÿâëÿåòñÿ 
ñàìîé óäîáíîé è ðàöèîíàëüíîé, òàê êàê îíà áîëåå èëè 
ìåíåå ðàâíîìåðíî ïðèäåðæèâàåòñÿ õèìèêî-ìèíåðàëî-
ãè÷åñêîé òî÷êè çðåíèÿ. Ïî îòíîøåíèþ ïîðîä, âåäóùèõ 
ñâîå ïðîèñõîæäåíèå îò ìîíîìèíåðàëüíûõ, êàê îñàäî÷-
íûõ, òàê è èçâåðæåííûõ, îíà ÿâëÿåòñÿ áîëåå èëè ìåíåå 
ãåíåòè÷åñêîé. Ïî îòíîøåíèþ æå ïîðîä, ïðîèñõîäÿùèõ 
èç ïîëèìèíåðàëüíûõ, òî åñòü èç îáû÷íûõ èçâåðæåííûõ 
ïîðîä è ñìåøàííûõ îñàäêîâ, ñ÷èòàÿ â ÷èñëå ïîñëåäíèõ 
áîëüøèíñòâî ãëèíèñòûõ îòëîæåíèé, çàäà÷à êëàññèôè-
êàöèè ÿâëÿåòñÿ ãîðàçäî áîëåå ñëîæíîé. <…>

×òî ìåòàìîðôè÷åñêèå ïîðîäû óïðàâëÿþòñÿ äðó-
ãèìè çàêîíàìè, ÷åì ïîðîäû îãíåííîæèäêîãî (äàâíî 
èçâåñòíûé ýìïèðèçì) è îò÷àñòè íîðìàëüíîãî êîí-
òàêòìåòàìîðôè÷åñêîãî (â óçêîì ñìûñëå ñëîâà) ïðî-
èñõîæäåíèÿ, âèäíî èç òîãî, ÷òî â ïîðîäàõ ìåòàìîð-
ôè÷åñêèõ âñòðå÷àþòñÿ ìèíåðàëüíûå êîìáèíàöèè, 
êîòîðûå íåìûñëèìû â ïîðîäàõ èçâåðæåííûõ è, ïî-
âèäèìîìó, ñóäÿ ïî ïîäðîáíîìó òåîðåòè÷åñêîìó ðàç-
áîðó Goldschmidt’a (1911), íå ñîâñåì îáû÷íû èëè òðå-
áóþò îñîáûõ óñëîâèé îáðàçîâàíèÿ â êîíòàêò-ìåòà-
ìîðôíûõ. Áîëüøèíñòâî æå íàìå÷åííûõ óñëîâèé äëÿ 
êëàññèôèêàöèè ìåòàìîðôè÷åñêèõ ïîðîä íåèçâåñòíî 
èëè ìàëî èçâåñòíî; ïîýòîìó â ïîñëåäóþùåì èçëîæå-
íèè ÿ ïîëüçîâàëñÿ êëàññèôèêàöèåé Grubenmann’à 
êàê áîëåå äåòàëüíîé» [1, c. 11–12].

Îáðàùàåò âíèìàíèå äâîéñòâåííîñòü â ïðèíöèïàõ 
êëàññèôèêàöèè ãîðíûõ ïîðîä, ñîõðàíèâøàÿñÿ äî ñåãî 
äíÿ. Ñ îäíîé ñòîðîíû, êëàññèôèêàöèÿ óäîáíà è ðàöè-
îíàëüíà, åñëè îíà «ïðèäåðæèâàåòñÿ õèìèêî-ìèíåðà-
ëîãè÷åñêîé òî÷êè çðåíèÿ». Ñ äðóãîé ñòîðîíû, îíà èñ-
êóññòâåííà, åñëè «íå óäåëÿåò äîñòàòî÷íî âíèìàíèÿ ãå-
íåçèñó ïîðîä». Ëèøü äëÿ ãîðíûõ ïîðîä, «âåäóùèõ ñâîå 
ïðîèñõîæäåíèå îò ìîíîìèíåðàëüíûõ, êàê îñàäî÷íûõ, 
òàê è èçâåðæåííûõ», óäîáíûé è ðàöèîíàëüíûé õèìè-
êî-ìèíåðàëîãè÷åñêèé ïîäõîä îäíîâðåìåííî ÿâëÿåòñÿ 
«áîëåå èëè ìåíåå ãåíåòè÷åñêèì» è, ñòàëî áûòü, åñòå-
ñòâåííûì. Óìåñòíî íàïîìíèòü, ÷òî ïî ýòîìó ïîâîäó â 

òî æå âðåìÿ ñêàçàë À. Õàðêåð. «Ïåòðîëîãèÿ äî ñèõ ïîð 
íå âûðàáîòàëà íèêàêîé ôèëîñîôñêîé êëàññèôèêàöèè 
ãîðíûõ ïîðîä. (Ýòî ïåðåêëèêàåòñÿ ñ ïðèâåäåííîé âûøå 
ôðàçîé Î. Î. Áàêëóíäà: «Ïðèíöèïîì äåëåíèÿ ïîðîä íà 
ãðóïïû íå ñëóæèò êàêàÿ-ëèáî îáùàÿ òî÷êà çðåíèÿ». — 
Þ. Â.) <…> Íà ñåãîäíÿ, ñëåäîâàòåëüíî, íàèëó÷øåé ñè-
ñòåìàòèêîé ÿâëÿåòñÿ òà, êîòîðàÿ îáúåäèíÿåò, íàñêîëü-
êî ýòî âîçìîæíî ðàäè óäîáñòâà îïèñàíèÿ, ãîðíûå ïî-
ðîäû ñ îáùèìè ñâîéñòâàìè, â ïåðâóþ î÷åðåäü èìåÿ â 
âèäó òå ñâîéñòâà, êîòîðûå íàèáîëåå ïðÿìî çàâèñÿò îò 
âàæíûõ ãåíåòè÷åñêèõ óñëîâèé. Èñïîëüçîâàííàÿ íèæå 
ãðóïïèðîâêà äîëæíà ðàññìàòðèâàòüñÿ ñêîðåå êàê îäíî 
èç ñîãëàøåíèé, ÷åì êàê ïðèíöèï» (ïåð. ñ àíãë. — Þ. Â.) 
[6, c. 20]. Ïðè ýòîì «íèæå èñïîëüçîâàíà» è íûíå ïðè-
íÿòàÿ ïåòðîãðàôè÷åñêàÿ êëàññèôèêàöèÿ. Äèñêóññèÿ î 
ïðèíöèïàõ ðàöèîíàëüíîé êëàññèôèêàöèè è ÷åðåç ñòî 
ëåò îñòàåòñÿ íà òîì æå ìåñòå.

×òî êàñàåòñÿ ìåòîäîâ ìàðøðóòíîãî ãåîëîãè÷åñêîãî 
êàðòèðîâàíèÿ, îíè ó Î. Î. Áàêëóíäà âïîëíå ñîâðåìåí-
íû: îòáîð îáðàçöîâ âñåõ (ëó÷øå áîëüøå, ÷åì ìåíüøå) 
ìàêðî- è òåì áîëåå ìèêðîñêîïè÷åñêè ðàçëè÷èìûõ (ïî 
ìîäàëüíîìó ñîñòàâó, ñòðóêòóðå è òåêñòóðå) ãîðíûõ ïî-
ðîä, ïðîñëåæèâàíèå ãåîëîãè÷åñêèõ ãðàíèö ïî ïðîñòè-
ðàíèþ è âêðåñò*, îêîíòóðèâàíèå ãåîëîãè÷åñêèõ òåë…
Î ìàðøðóòíûõ ãåîôèçè÷åñêèõ ìåòîäàõ ðå÷è åùå íå øëî. 
Íî îòìåòèì ìåòîä, ê ñîæàëåíèþ, ïîñòåïåííî óõîäÿùèé 
èç ïîëåâîé ãåîëîãè÷åñêîé ïðàêòèêè, — òùàòåëüíûå êîí-
öåïòóàëüíûå çàðèñîâêè öåëûõ ëàíäøàôòîâ è îòäåëüíûõ 
îáíàæåíèé, êîòîðûå íå çàìåíÿò äàæå âûñîêîðàçðåøàþ-
ùèå ôîòîãðàôèè ñàìè ïî ñåáå, áåç ïðîðèñîâêè âàæíûõ 
ãåîëîãè÷åñêèõ äåòàëåé (ðèñ. 2, 3).

Ðåçóëüòàòû

Ïîëåâûå äíåâíèêè (òîæå óõîäÿùàÿ òðàäèöèÿ) è íà-
ïèñàííûå íà èõ îñíîâå îò÷åòû ãåîëîãîâ (âïðî÷åì êàê è 
ãåîãðàôîâ, áèîëîãîâ è ïðî÷èõ ïóòåøåñòâåííèêîâ) òîé 
ïîðû ìîæíî ÷èòàòü êàê ïîâåñòè, ñëåäÿ çà ïðîôåññèî-
íàëüíîé èíòðèãîé è íàñëàæäàÿñü áîãàòûì ÿçûêîì. «Óæå 
â 8 âåðñòàõ îò áåðåãà Îáè, ñðåäè òóíäðû, áûëè âñòðå÷å-
íû êîðåííûå îáíàæåíèÿ, ñíà÷àëà â âèäå ðîññûïåé in 
situ, ïîõîæèõ íà "stone rivers", çàòåì â âèäå íàñòîÿùèõ 
îáíàæåíèé äèîðèòîâîé ïîðîäû. Ïåðâûå òÿíóòñÿ ïðè-
áëèçèòåëüíî ñ ñåâåðà íà þã â âèäå ïëîñêèõ, åäâà çàìåò-
íûõ ãðåáíåé… <…> Â îáùåì, ãðåáíè êàê áû çàòîíóëè 
â òóíäðå. <…> Òåìíî-ñåðàÿ ïëîòíàÿ êâàðöåâàÿ ïîðîäà, 
ðàçáèòàÿ òðåùèíàìè ïî âñåâîçìîæíûì íàïðàâëåíèÿì 
è ïîýòîìó ðàñïàäàþùàÿñÿ ïðè óäàðå ìîëîòêîì íà íå-
ïðàâèëüíûå îñòðîóãîëüíûå êóñêè, ñ íåñâåæèì, ïîêðû-
òûì íàëåòîì êàëüöèòà, èçëîìîì, îáðàçóåò êàê áû ãëàâ-
íóþ ïîðîäó, êîòîðóþ â âèäå æèë ðàçëè÷íîé ìîùíîñòè 
ïðîñåêàåò ðÿä èçâåðæåííûõ ïîðîä; íà÷èíàÿ ñ âîñòîêà, 
íàáëþäàþòñÿ: æèëà íåáîëüøîé ìîùíîñòè àïëèòîâîãî 
ãðàíîäèîðèòà; ñåðàÿ êâàðöåâàÿ ïîðîäà, ìåñòàìè ñ çà-
ìåòíîé ïîëîñàòîñòüþ, äàþùåé åé ñõîäñòâî ñ ïîðîäîé, 
âñòðå÷åííîé íà 9-é âåðñòå; àïëèòîâûé ãðàíîäèîðèò; ñå-
ðàÿ êâàðöåâàÿ ïîðîäà; ëóãîâîå ïðîñòðàíñòâî â 50 ì îòäå-
ëÿåò ýòî îáíàæåíèå îò ñëåäóþùåãî, â êîòîðîì èñêëþ÷è-
òåëüíî, â âèäå íåâûñîêèõ áàøåí, ãîñïîäñòâóåò çåëåíàÿ 
ïîðîäà àìôèáîëîâîãî õàðàêòåðà, íî ñîõðàíèâøàÿ åùå 
ÿñíûå ñëåäû æèëüíîãî ïðîèñõîæäåíèÿ, êàê ýòî âèäíî 
íà ñëåäóþùåì îáíàæåíèè ê þãî-âîñòîêó (íà áåðåãó ðó-

*â êðåñò ïðîñòèðàíèÿ
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ìèíåðàëîãè÷åñêèé ñîñòàâ, ïîðîäà ñ Òèëàé-êàìíÿ îòëè-
÷àåòñÿ áîëåå âûñîêèì ñîäåðæàíèåì CaO, MgO è áîëåå 
íèçêèì ñîäåðæàíèåì Al2O3. Åñëè ñåáå ïðåäñòàâèòü, ÷òî 
ïîðîäà Òèëàé-êàìíÿ ïðîéäåò ïðîöåññ óðàëèòèçàöèè, 
íàìå÷åííûé àíàëèçàìè Duparc è Hornung (1904), òî â 
ðåçóëüòàòå äîëæíà ïîëó÷èòüñÿ ïîðîäà, áëèçêàÿ ê ðàñ-
ñìàòðèâàåìîé. <…> Íå âõîäÿ â äåòàëüíûé ðàçáîð òåî-
ðèè óðàëèòèçàöèè Duparc è Hornung (A. Wilmore, Geol. 
Mag. 1910. Vol. 8. P. 357-367. — Þ. Â.), óêàæó ëèøü, ÷òî: 
1) Teall óæå â 1888 ã. óêàçàë, ÷òî ýòî ïðåâðàùåíèå íå 
åñòü ïðîñòî ïàðàìîðôè÷åñêàÿ ïåðåãðóïïèðîâêà ÷àñòèö;
2) óðàëèòèçàöèÿ îáûêíîâåííî ñîïðîâîæäàåòñÿ çàìåò-
íûì äëÿ ïðîñòîãî ãëàçà óâåëè÷åíèåì ìåëàíîêðàòíî-
ñòè ïîðîäû; 3) êàê èñõîäíûé, òàê è êîíå÷íûé ïðîäóê-
òû ìîãóò áûòü ðàçëè÷íû» [1, ñ. 26–27].

Â öåëîì Î. Î. Áàêëóíäîì äàíû îïèñàíèÿ ñëåäóþ-
ùèõ ãîðíûõ ïîðîä. Äëÿ Îáñêîé òóíäðû: äèîðèò, ãåëëåô-
ëèíò (äèîðèòîâûé ìèëîíèò), ãðàíîäèîðèò, êâàðöåâîå 
ãàááðî, ãðàíîäèîðèòîâûé àïëèò, ñïåññàðòèò (ðîãîâîîá-
ìàíêîâàÿ ïîðîäà), áåðáàõèò (ýïèäîò-õëîðèò-àìôèáî-
ëèò), àâãèòîâûé êâàðö-ïîðôèðèò. Äëÿ ã. Íàðÿâåò-Êåó: 
ãàðöáóðãèò, ëåðöîëèò, àíîðòîçèò (òðîêòîëèòîâûé). Äëÿ 
Îáäîðñêèõ ãîð: ãíåéñû (êâàðöèòîâûé, ãðàíàòîâûé, ðî-
ãîâîîáìàíêîâî-ãðàíàòîâûé, äâóñëþäÿíîé àëüáèòîâûé, 

Ðèñ. 2. Îáíàæåíèå àíîðòîçèòà [1, ðèñ. 2]

Fig. 2. Anorthosite outcrop [1, fig. 2]

÷üÿ): îíà ïðåðûâàåò ðîçîâàòî-ñåðûé êðàï÷àòûé ãðàíî-
äèîðèò; è çäåñü îí âñòðå÷àåòñÿ â êîíòàêòå ñ êâàðöåâîé 
ïëîòíîé ïîðîäîé, áîëåå ñâåòëîé, ÿøìîâèäíîé, ñ ðîçî-
âàòûìè íåîïðåäåëåííîé ôîðìû ïÿòíàìè — îñòàòêàìè 
ïîëåâûõ øïàòîâ. Äàëüøå ê þãó ãðàíîäèîðèò ñìåíÿåò-
ñÿ ñåðîé ïÿòíèñòîé ïîðîäîé, áëèçêîé óæå ê êâàðöåâî-
ìó ãàááðî» [1, ñ. 13–14]. Ïåðå÷èòûâàþ è íå ìîãó èçáà-
âèòüñÿ îò îùóùåíèÿ, ÷òî íàõîæóñü â ìóçåå, à ýêñêóð-
ñîâîä íåñïåøíî ðàññêàçûâàåò î êàðòèíå Ìàëåâè÷à èëè 
Êàíäèíñêîãî. Â òàêîì ñòèëå íàïèñàí âåñü îò÷åò.

Îïèñàíèå ãåîëîãè÷åñêîé ñèòóàöèè ñìåíÿåòñÿ áî-
ëåå äåòàëüíîé (ñ õèìè÷åñêèì è ìèíåðàëîãè÷åñêèì ìî-
äàëüíûì ñîñòàâîì) õàðàêòåðèñòèêîé ãîðíûõ ïîðîä è (ñ 
õèìè÷åñêèì ñîñòàâîì è îïòè÷åñêèìè ïàðàìåòðàìè) ìè-
íåðàëîâ. Âñå ýòî òùàòåëüíî îáñóæäàåòñÿ è àêêóìóëèðó-
åòñÿ â íàçâàíèè ãîðíîé ïîðîäû è âûâîäå î åå ãåíåçè-
ñå. «Îò òèïè÷íîãî ñïåññàðòèòà, â ñìûñëå Rosenbusch’à, 
ðàññìàòðèâàåìàÿ ïîðîäà îòëè÷àåòñÿ ïîëíûì îòñóòñòâè-
åì ïèðîêñåíà è îòñòóïëåíèåì ïëàãèîêëàçà íà âòîðîé 
ïëàí, è ýòèì êàê áû ïðèáëèæàåòñÿ ê îäèíèòó, êîòîðûé, 
îäíàêî, ñóäÿ ïî ïðèâåäåííîìó àíàëèçó ó Rosenbusch’à 
(1905), îòëè÷àåòñÿ îò íåãî õèìè÷åñêè. Ñ Òèëàé-êàìíÿ 
Duparc’îì (1905) áûëà îïèñàíà ïîðîäà, íàçâàííàÿ èì 
áåðáàõèòîì; îò áåðáàõèòà Chelius, èìåÿ ñ íèì îáùèé 

Ðèñ. 3. Îáíàæåíèå àíîðòîçèòà [1, ðèñ. 3] 

Fig. 3. Anorthosite outcrop [1, fig. 3]
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õëîðèò-àëüáèòîâûé, ýïèäîò-àëüáèòîâûé), àìôèáîëèòû 
(àëüáèòîâûé, ãðàíàòîâûé, ýïèäîòîâûé, àëüáèò-ãðàíà-
òîâûé, ýïèäîò-àëüáèòîâûé, õëîðèò-àëüáèòîâûé (ãîâàð-
äèò è ðîãîâîîáìàíêîâûé ïðàçèíèò), ýïèäîò-ãîðíáëåí-
äèòîâûé). Ïî-âèäèìîìó, çíà÷èòåëüíàÿ èõ ÷àñòü äîëæíà 
ñ÷èòàòüñÿ ýòàëîííîé äëÿ Ïîëÿðíîãî Óðàëà.

Çàêëþ÷åíèå

Ýêñïåäèöèÿ Èìïåðàòîðñêîé àêàäåìèè íàóê, 
Ãåîëîãè÷åñêîãî êîìèòåòà è Ðóññêîãî ãåîãðàôè÷åñêî-
ãî îáùåñòâà 1909 ã. âíåñëà áîëüøîé âêëàä â èçó÷åíèå 
Ïîëÿðíîãî Óðàëà âîîáùå è åãî ãåîëîãèè â ÷àñòíîñòè. 
Ýòî íàçâàíèå äëÿ òåððèòîðèè ê ñåâåðó îò 66° ñ. ø. îêîí-
÷àòåëüíî çàêðåïèëîñü â íàóêå èìåííî ïîñëå ýêñïåäè-
öèè áðàòüåâ Êóçíåöîâûõ. Äëÿ Î. Î. Áàêëóíäà îíà îçíà-
÷àëà øêîëó ñàìîñòîÿòåëüíîãî ðóêîâîäñòâà êîìïëåêñ-
íîé ýêñïåäèöèåé è îêóíóëà â ïåòðîëîãè÷åñêèå ïðîáëå-
ìû. Åãî íàó÷íîå êðåäî î ìåòàñîìàòè÷åñêîì ãåíåçèñå 
ãðàíèòîâ, îêðóæåííûõ ïîëÿìè ãíåéñîâ è ìèãìàòèòîâ, 
íà÷àëî ôîðìèðîâàòüñÿ èìåííî íà Ïîëÿðíîì Óðàëå [4]. 
Óñïåõ ýêñïåäèöèè áûë îòìå÷åí Ìàëîé çîëîòîé ìåäà-
ëüþ Ðóññêîãî ãåîãðàôè÷åñêîãî îáùåñòâà.

Â 1918 ã. Î. Î. Áàêëóíä íå âåðíóëñÿ èç êîìàíäèðîâ-
êè â Ôèíëÿíäèþ è Øâåöèþ, íå ïðèíÿâ ðàäèêàëüíûõ 
ñîöèàëüíûõ ïðåîáðàçîâàíèé â Ðîññèè è ðåøèâ îñòàòüñÿ 
íà ðîäèíå ïðåäêîâ. Ðàáîòàë â óíèâåðñèòåòàõ Àáî (Òóðêó) 
è Óïñàëû, çíà÷èòåëüíî ïîâûñèâ â íèõ óðîâåíü ïðåïîäà-
âàíèÿ è íàó÷íûõ èññëåäîâàíèé â ïåòðîãðàôèè è ïåòðî-
ëîãèè. Áûë èçáðàí äåéñòâèòåëüíûì ÷ëåíîì øâåäñêîé è 
ôèíëÿíäñêîé àêàäåìèè íàóê, ÷ëåíîì-êîððåñïîíäåíòîì 
15 äðóãèõ àêàäåìèé è íàó÷íûõ îáùåñòâ. Â 1937 ã. áûë 
â Ìîñêâå íà XVII Ìåæäóíàðîäíîì ãåîëîãè÷åñêîì êîí-
ãðåññå. Ó÷àñòâîâàë â Ñåâåðíîé ýêñïåäèöèè â Õèáèíû, 
ãäå îñòàâèë âîñòîðæåííûé îòçûâ â êíèãå ãîñòåé, õðà-
íÿùåéñÿ â Êèðîâñêîì îòäåëåíèè Ãîñóäàðñòâåííîãî àð-
õèâà Ìóðìàíñêîé îáëàñòè: «Óäèâèòåëüíîå ìåñòîðîæäå-
íèå è èñêóñíàÿ âî âñåõ îòíîøåíèÿõ ðàáîòà. Î. Áàêëóíä. 
Óíèâåðñèòåò Óïñàëà, Øâåöèÿ» [3, ñ. 54].

Â çàêëþ÷åíèå ñîîáùèì çàáàâíûé èñòîðè÷å-
ñêèé ýïèçîä. Â 1910 ã. â Ñòîêãîëüìå ñîñòîÿëñÿ XI 
Ìåæäóíàðîäíûé ãåîëîãè÷åñêèé êîíãðåññ. Â íåì ó÷àñòâî-

âàëè 625 äåëåãàòîâ èç 31 ñòðàíû, â òîì ÷èñëå 35 èç Ðîññèè. 
Íà çàêëþ÷èòåëüíîì áàíêåòå ñóïðóãà Ï. Í. ×èðâèí  -
ñêîãî ïðåäëîæèëà âñåì ðàñïèñàòüñÿ íà îáîðîòå ðåñòî-
ðàííîãî ìåíþ, ÷òî è ñäåëàëè 25 ÷åëîâåê (ðèñ. 4), ñðå-
äè íèõ — ãåðîè íàøåãî ðàññêàçà È. Ï. Òîëìà÷åâ (1-é,
ëåâàÿ êîëîíêà), Ô. Í. ×åðíûøåâ (2-é, ïðàâàÿ êîëîí-
êà), Î. Î. Áàêëóíä (5-é, òàì æå) è ðÿä äðóãèõ âûäàþ-
ùèõñÿ ðîññèéñêèõ ãåîëîãîâ [5]. Ãäå åùå âû íàéäåòå ñðà-
çó ñòîëüêî èñòîðè÷åñêèõ ôàêñèìèëå? Ê ñëîâó, 24 àâãó-
ñòà 1910 ã. â ðåñòîðàíå Skansen (ðàáîòàåò äî ñèõ ïîð) ãî-
ñòÿì ïðåäëàãàëè «øâåäñêèå çàêóñêè, æàðåíûõ ðÿá÷èêîâ 
â ñìåòàíå, ÿáëî÷íûé òîðò ñ âàíèëüíûì ñîóñîì è êîôå» 
(ïåð. ñ ôð. — Þ. Â.).
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Fig. 4. Restaurant menu with signatures of the participants
of the 11th IGC
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Íàñòîÿùåå åñòü ñëåäñòâèå ïðîøåäøåãî, à ïîòîìó 
íåïîñðåäñòâåííî îáðàùàé âçîð ñâîé íà çàäû,

÷åì ñáåðåæåøü ñåáÿ îò çíàòíûõ îøèáîê.
Êîçüìà Ïðóòêîâ1

Êèðèëë Ïàñêàëüåâè÷ ßíóëîâ (1920–2004) ðîäèëñÿ 
â ãîðîäå Áîðîâè÷è Íîâãîðîäñêîé îáëàñòè. Ýòîò ãîðî-
äîê è ñåé÷àñ î÷åíü ìàëåíüêèé (ïî÷òè â 5 ðàç ìåíüøå 
Ñûêòûâêàðà), à â òå ãîäû è âîâñå áûë ìèêðîñêîïè÷å-
ñêèì, íî ñ áîãàòîé èñòîðèåé — Ñìóòíîå âðåìÿ, Ðóññêî-
øâåäñêàÿ âîéíà 1610–1617 ãã., ññûëêà â îêðåñòíîñòè ãî-
ðîäà â 1797–1798 ãã. ãåíåðàë-ôåëüäìàðøàëà è áóäóùå-
ãî ãåíåðàëèññèìóñà Ðîññèéñêîé èìïåðèè Àëåêñàíäðà 
Âàñèëüåâè÷à Ñóâîðîâà. Òàêèì îáðàçîì, Ê. Ï. ßíóëîâ — 
èç êîðåííûõ ñåâåðíûõ ðóññêèõ, ÷òî âñåãäà ÷óâñòâîâà-
ëîñü ïî åãî «íîðäè÷åñêîìó» õàðàêòåðó. Ïîñëåäíåå âî-
âñå íå ñëó÷àéíîñòü. Êàê ñîîáùàåò ñîâðåìåííàÿ ÄÍÊ-
ãåíåàëîãèÿ, ó ñåâåðíûõ ðóññêèõ äîïîëíèòåëüíî ê îáùåé 
äëÿ âîñòî÷íûõ ñëàâÿí ãàïëîãðóïïå R1a1 â çíà÷èòåëü-
íîé êîíöåíòðàöèè ïðèìåøàíà âîñòî÷íî-ñêàíäèíàâ-
ñêàÿ ãàïëîãðóïïà N1C1. Âîò è ïîëó÷èëèñü òàêèå ñëà-
âÿíîâèêèíãè. 

Ïåðåä Âåëèêîé Îòå÷åñòâåííîé âîéíîé Êèðèëë 
ßíóëîâ ïîñòóïèë â Ëåíèíãðàäñêèé ãîñóäàðñòâåííûé 
óíèâåðñèòåò íà ãåîëîãî-ïî÷âåííîå îòäåëåíèå ãåîëî-
ãî-ïî÷âåííî-ãåîãðàôè÷åñêîãî ôàêóëüòåòà. Èìåííî 
ýòîò ôàêóëüòåò âïîñëåäñòâèè è ïðåâðàòèëñÿ â çíàìå-
íèòûé òåïåðü ãåîëîãè÷åñêèé ôàêóëüòåò ËÃÓ (ÑÏáÃÓ). 

Â 1943–1944 ãã. íà ôðîíòå áûë êîìàíäèðîì ïóëåìåò-
íîãî âçâîäà, ïîòîì êîìàíäèðîì ïóëåì¸òíîé ðîòû, çà-
òåì çàìåñòèòåëåì êîìàíäèðà ïåõîòíî-îãíåâîãî áàòà-
ëüîíà. Îðäåíîíîñåö, äåìîáèëèçîâàí ïîñëå òÿæåëîãî 
ðàíåíèÿ â êîíöå 1944 ã. 

Â 1945 ã. âåðíóëñÿ íà ó÷åáó â óíèâåðñèòåò, ãäå âñòðå-
òèë ñâîþ ïåðâóþ æåíó — Ìàðèíó Êîíñòàíòèíîâíó, ñòó-
äåíòêó ñî ñòàðøåãî êóðñà, ñïåöèàëèçèðîâàâøóþñÿ â 
ìèíåðàëîãèè. Âìåñòå ìîëîäîæåíû ïðîæèëè íåäîëãî. 
Ìàðèíà ïîñëå îêîí÷àíèÿ ËÃÓ óæå â 1945 ã. ïîëó÷èëà íà-
ïðàâëåíèå â Ñòàëèíàáàä (ñ 1961 ã. Äóøàíáå), â Èíñòèòóò 
ãåîëîãèè Òàäæèêñêîé ÑÑÐ, íà äîëæíîñòü ìëàäøåãî íà-
ó÷íîãî ñîòðóäíèêà (ðèñ. 1). Åå ìóæó Êèðèëëó ïðåäñòî-
ÿëî ó÷èòüñÿ åùå ãîä. Çàêîí÷èâ óíèâåðñèòåò, îí òàêæå 
ðàñïðåäåëèëñÿ â òàäæèêñêèé Èíñòèòóò ãåîëîãèè, ãäå 
ñðàçó çàíÿëñÿ îðãàíèçàöèåé ðåíòãåíîâñêîé ëàáîðàòî-
ðèè. Â òî âðåìÿ ýòî áûëî î÷åíü àêòóàëüíûì — â ãåî-
ëîãèè íà÷àëàñü ïîñëåâîåííàÿ íàó÷íî-òåõíè÷åñêàÿ ðå-
âîëþöèÿ. Ïðàâäà, çàíèìàòüñÿ ýòèì íåëåãêèì äåëîì 
Êèðèëëó Ïàñêàëüåâè÷ó ïðèøëîñü ñðàâíèòåëüíî íå-
äîëãî: åãî îòîçâàëè â Ëåíèíãðàä äëÿ ïîñòóïëåíèÿ â î÷-
íóþ àñïèðàíòóðó. 

Íàó÷íûì ðóêîâîäèòåëåì è ó÷èòåëåì Ê. Ï. ßíóëîâà 
ñòàë âûäàþùèéñÿ ëåíèíãðàäñêèé êðèñòàëëîãðàô Îñèï 
Ìàðêîâè÷ Àíøåëåñ (1885–1957), êîòîðûé, â ñâîþ î÷å-
ðåäü, áûë ó÷åíèêîì Å. Ñ. Ô¸äîðîâà (ðèñ. 2). Ê ìíîãî-
÷èñëåííûì îáëàñòÿì èññëåäîâàíèé Î. Ì. Àíøåëåñà îò-
íîñèëèñü êðèñòàëëîîïòèêà, èììåðñèîííûé ìåòîä, âû-
ðàùèâàíèå êðèñòàëëîâ, âû÷èñëèòåëüíûå è ãðàôè÷åñêèå 
ìåòîäû êðèñòàëëîãðàôèè. Â 1960-å ãîäû îí ñòàë èçâå-
ñòåí ñâîåé îðèãèíàëüíîé ãèïîòåçîé îáðàçîâàíèÿ îêðó-
ãëîé ôîðìû ó ìàíòèéíûõ àëìàçîâ. Â îòëè÷èå, íàïðè-
ìåð, îò À. À. Êóõàðåíêî è Þ. Ë. Îðëîâà, Îñèï Ìàðêîâè÷ 
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è îäèí èç ïåðâûõ èññëåäîâàòåëåé âîñòî÷íî-ñèáèðñêèõ 
àëìàçîâ Ì. À. Ãíåâóøåâ ñ÷èòàëè òàêèå ôîðìû ðåçóëü-
òàòîì íå ðàñòâîðåíèÿ, à ðîñòà, îáúÿñíÿÿ ýòî ïîñëåäîâà-
òåëüíûì ñîêðàùåíèåì ïëîùàäè íàðàñòàþùèõ ïî íîð-
ìàëè ñëîåâ ñ òåíäåíöèåé ê ïîñòåïåííîìó âûêëèíèâà-
íèþ. Â 1960-å ãîäû íà ýòó òåìó øëà íåøóòî÷íàÿ äèñêóñ-
ñèÿ, â êîòîðîé ïîáåäó îäåðæàëè ñòîðîííèêè ãèïîòåçû 
ðàñòâîðåíèÿ, íî êîå-÷òî ïåðåïàëî è èõ ïðîòèâíèêàì. 

Òåìîé äèññåðòàöèîííîé ðàáîòû Ê. Ï. ßíóëîâà ñòà-
ëà êðèñòàëëîãðàôèÿ ýïèòàêñè÷åñêèõ ñðàñòàíèé ìèíå-
ðàëîâ, î ÷åì êîíêðåòíî ðå÷ü ïîéäåò íèæå. Â òå ãîäû ñå-
ðüåçíûå èññëåäîâàíèÿ íà ýòîì âàæíåéøåì äëÿ ñïåöèà-
ëèñòîâ ïî âûðàùèâàíèþ êðèñòàëëîâ íàïðàâëåíèè òîëü-
êî íà÷èíàëèñü. Â 1948 ã. áûëà çàùèùåíà ïåðâàÿ ïî ýòîé 
òåìå â ÑÑÑÐ äèññåðòàöèÿ Â. À. Ôðàíêà-Êàìåíåöêîãî, 
òîæå âûïóñêíèêà Ëåíèíãðàäñêîãî óíèâåðñèòåòà, ôðîí-
òîâèêà è îðäåíîíîñöà — îá ýïèòàêñèàëüíî-îðèåíòè-
ðîâàííûõ ñðàñòàíèÿõ êñåíîìèíåðàëüíûõ âêëþ÷åíèé 
â áàðèòå. Êèðèëë Ïàñêàëüåâè÷ ñâîþ äèññåðòàöèþ çà-
ùèòèë â 1951 ã. [16], ñòàâ îäíèì èç ïåðâûõ ñïåöèàëè-
ñòîâ â äàííîé îáëàñòè.

Â 1959 ã. ñëó÷èëîñü ïåðâîå ïðèøåñòâèå Ê. Ï. ßíó-
ëîâà â íàø èíñòèòóò, íî íåíàäîëãî — ÷åðåç äâà ãîäà îí 
âåðíóëñÿ â Òàäæèêèñòàí, ãäå ðàçâåëñÿ ñ ïåðâîé æåíîé. 
Âïîñëåäñòâèè Ìàðèíà Êîíñòàíòèíîâíà äîëãîå âðåìÿ 
ðàáîòàëà â Êàçàõñòàíå, çàùèòèëà â 1962 ã. êàíäèäàò-
ñêóþ äèññåðòàöèþ íà òåìó «Ìèíåðàëîãèÿ ñêàðíîâî-
áàðèòî-ïîëèìåòàëëè÷åñêîãî ìåñòîðîæäåíèÿ Êàéãàðëû 
(Öåíòðàëüíûé Êàçàõñòàí)», ñòàëà òàì âèäíûì ìèíå-
ðàëîãîì-ðóäíèêîì. Êèðèëë Ïàñêàëüåâè÷ òîæå ïóòå-
øåñòâîâàë, ñíà÷àëà â Êîëüñêèé ÔÀÍ ÑÑÑÐ, ïîòîì â 
Êèøèíåâñêèé ãîñóíèâåðñèòåò. Âåçäå ñîçäàâàë ðåíòãå-
íîâñêèå ëàáîðàòîðèè è âîñïèòûâàë ïðîôèëüíûõ ñïå-
öèàëèñòîâ. Â Êèøèíåâå îí äàæå äîñëóæèëñÿ äî çàâåäó-
þùåãî êàôåäðîé êðèñòàëëîãðàôèè è ìèíåðàëîãèè. Íî 

Ðèñ. 1. Ñòóäåíòû-ìîëîäîæåíû — Êèðèëë è Ìàðèíà ßíóëîâû 
íà ôîíå àëüìà-ìàòåð — Ëåíèíãðàäñêîãî ãîñóäàðñòâåííîãî 
óíèâåðñèòåòà (ôîòî 1950-õ ãîäîâ) è ïåðâîãî ìåñòà ðàáîòû — 
Èíñòèòóòà ãåîëîãèè ÀÍ ÒàäæÑÑÐ, òåïåðü ýòî Èíñòèòóò ãåî-
ëîãèè, ñåéñìîñòîéêîãî ñòðîèòåëüñòâà è ñåéñìîëîãèè ÀÍ 
Ðåñïóáëèêè Òàäæèêèñòàí

Fig. 1. Just married students — Kirill and Marina Yanulov against 
their alma mater — Leningrad State University (1950s photo) 
and first place of work — Institute of Geology of the Academy 
of Sciences of the Tajik SSR, now it is the Institute of Geology, 
Antiseismic Engineering and Seismology of the Academy of 
Sciences of the Republic of Tajikistan

Ðèñ. 2. Êðèñòàëëîãðàô Îñèï Ìàðêîâè÷ Àíøåëåñ è íåêî-
òîðûå åãî òðóäû. Îñíîâàòåëü êàôåäðû êðèñòàëëîãðàôèè 
Ëåíèíãðàäñêîãî óíèâåðñèòåòà. Â áëîêàäíîì Ëåíèíãðàäå è 
çàòåì â ýâàêóàöèè îáåñïå÷èë ñîâìåñòíî ñ Â. Á. Òàòàðñêèì è 
À. À. Øòåðíáåðãîì âûïîëíåíèå îáîðîííîãî çàêàçà ïî âûðà-
ùèâàíèþ êðèñòàëëîâ ñåãíåòîâîé ñîëè íà îñíîâå ðàçðàáîòàí-
íîãî èìè ñêîðîñòíîãî ìåòîäà

Fig. 2. Crystallographer Osip Markovich Ansheles and some of 
his works. Founder of the Department of Crystallography at the 
Leningrad University. In the besieged Leningrad and then in the 
evacuation, he ensured, together with V. B. Tatarsky and A. A. 
Sternberg, the implementation of the defense order for growing 
Rochelle salt crystals based on the speed method developed by them
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íåíàäîëãî, âñêîðå ãåîëîãè÷åñêèé ôàêóëüòåò çàêðûëè, 
è îí âåðíóëñÿ â Òàäæèêèñòàí.

Âåñíîé 1970 ã. Êèðèëë Ïàñêàëüåâè÷ ïî ïðèãëàøå-
íèþ è óæå ñî âòîðîé æåíîé — Ëþäìèëîé Àëåêñååâíîé 
Õîðîøèëîâîé — îïÿòü îêàçàëñÿ â Ñûêòûâêàðå, íà ýòîò 
ðàç ñ ïðÿìûì çàäàíèåì: ñîçäàòü â íàøåì Èíñòèòóòå ïîë-
íîöåííóþ ëàáîðàòîðèþ ôèçè÷åñêèõ ìåòîäîâ èññëåäî-
âàíèé — â îñíîâíîì ìåòîäîâ ðåíòãåíî-ñòðóêòóðíî-
ãî, ðåíòãåíîôàçîâîãî àíàëèçà è òåðìîãðàôèè. Âòîðàÿ 
åãî æåíà òîæå áûëà íåçàóðÿäíîé ëè÷íîñòüþ, òàê óæ îí 
óìåë âûáèðàòü ñâîèõ æåíùèí. Ëþñÿ ðîäèëàñü â òÿæåëîì 
1942 ãîäó â ñåëå Âëàäèìèðîâêà Áåëãîðîäñêîé îáëàñòè 
â ñåìüå ïîòîìñòâåííûõ êðåñòüÿí. Äåâî÷êà áûëà î÷åíü 
óìíîé, â 18 ëåò ïîñòóïèëà íà ôèçèêî-ìàòåìàòè÷åñêèé 
ôàêóëüòåò è, êàê íè ñòðàííî, èìåííî Òàäæèêñêîãî ãî-
ñóäàðñòâåííîãî óíèâåðñèòåòà (ðèñ. 3). Â 1965 ã. ïîëó-
÷èëà ñïåöèàëüíîñòü «ôèçèê»2 è â 1966 ã. ïðèøëà ðà-
áîòàòü â Èíñòèòóò ãåîëîãèè ÀÍ Òàäæèêñêîé ÑÑÑÐ, â 
ëàáîðàòîðèþ ðåíòãåíîñòðóêòóðíîãî è ðåíòãåíîôàçî-
âîãî àíàëèçà, ò. å. ïðàêòè÷åñêè ê ñâîåìó áóäóùåìó ìó-
æó. Â 1970 ã. îíè ïîæåíèëèñü, ïåðååõàëè â Ñûêòûâêàð 
è ñ òåõ ïîð íå ðàññòàâàëèñü äî íåîæèäàííîé êîí÷èíû 
Ëþäìèëû Àëåêñååâíû. 

Çàäà÷à, ïîñòàâëåííàÿ ïåðåä Êèðèëëîì Ïàñêàëü-
åâè÷åì, áûëà î÷åíü íåïðîñòîé — ëàáîðàòîðèþ íàäî 
áûëî ñîçäàâàòü ïðàêòè÷åñêè ñ íóëÿ. Â Èíñòèòóòå ãåî-
ëîãèè Êîìè ÔÀÍ ÑÑÑÐ òîãäà áûëà òîëüêî äîïîòîïíàÿ 
òåðìè÷åñêàÿ óñòàíîâêà ÒÓ-1Ì, íà êîòîðîé ìîã òàèí-
ñòâåííî êîëäîâàòü òîëüêî Âëàäèìèð Âàñèëüåâè÷ Áåëÿåâ. 
Ðåíòãåíîâñêîå îáîðóäîâàíèå òîãî âðåìåíè áûëî åùå 
äðåâíåå. Íî ÷åòà ßíóëîâûõ î÷åíü áûñòðî âêëþ÷èëàñü â 
ðàáîòó, è óæå ê 1971 ã. ñèòóàöèÿ ñòàëà ìåíÿòüñÿ. Ñíà÷àëà 
ïîÿâèëàñü ïîðîøêîâàÿ ðåíòãåíîäèôðàêöèîííàÿ êàìå-
ðà ïîä ìåòîä Äåáàÿ–Øåðåðà, ïîòîì ïîÿâèëàñü îòå÷å-
ñòâåííàÿ àâòîìàòè÷åñêàÿ òåðìè÷åñêàÿ óñòàíîâêà, çà-

òåì âåíãåðñêèé äåðèâàòîãðàô è àâòîìàòè÷åñêèé ðåíò-
ãåíîâñêèé äèôðàêòîìåòð «Äðîí» (ðèñ. 4). Ðàáîòà çàêè-
ïåëà. Â èòîãå èìåííî áëàãîäàðÿ Êèðèëëó Ïàñêàëüåâè÷ó 
è Ëèäèè Àëåêñååâíå ßíóëîâûì â íàøåì èíñòèòóòå íà-
ó÷èëèñü äîñòîâåðíî îïðåäåëÿòü ìèíåðàëüíî-ôàçîâûé 
ñîñòàâ ãîðíûõ ïîðîä è ðóä, îòêðûâàòü íîâûå äëÿ ñåâå-
ðà Óðàëà è Ïàéõîéñêî-Íîâîçåìåëüñêîé ïðîâèíöèè ìè-
íåðàëû è ìèíåðàëüíûå ìåñòîðîæäåíèÿ, èçîáðåòàòü íå-
ñëûõàííûå ðàíåå íàó÷íûå íàïðàâëåíèÿ, íàïðèìåð ãå-
íåòèêî-èíôîðìàöèîííóþ ìèíåðàëîãèþ è òîïîìèíå-
ðàëîãèþ. È åñëè â íàñòîÿùåå âðåìÿ â íàøåì èíñòèòóòå 
ïîÿâèëîñü óíèêàëüíîå íàïðàâëåíèå ýêñïåðèìåíòàëü-
íîãî èçó÷åíèÿ àðõåîëîãè÷åñêèõ è ïàëåîíòîëîãè÷åñêèõ 
îáúåêòîâ êàê ðåçóëüòàò ìåæäèñöèïëèíàðíîãî ñîòðóä-
íè÷åñòâà ñî ñïåöèàëèñòàìè ÈßËÈ Êîìè ÍÖ ÓðÎ ÐÀÍ, 
ÈÃÃ ÓðÎ ÐÀÍ, ÈÝÐèÆ ÓðÎ ÐÀÍ, ÈÏÎÑ ÑÎ ÐÀÍ, 
ÂÑÅÃÅÈ è äð., òî â ýòîì åñòü íåìàëûé âêëàä Êèðèëëà 
Ïàñêàëüåâè÷à, à òàêæå åãî çàìå÷àòåëüíûõ ñîòðóäíèêîâ 
è, êîíå÷íî, ïðååìíèêîâ, ñîõðàíèâøèõ è ïðåóìíîæèâ-
øèõ âîçìîæíîñòè ðåíòãåíîâñêîãî è òåðìîãðàôè÷åñêîãî 
èññëåäîâàíèÿ ìèíåðàëîâ, ãîðíûõ ïîðîä è ðóä (ðèñ. 5).

Ïîíÿòíî, ÷òî Êèðèëë Ïàñêàëüåâè÷ ïî ðîäó ñâîèõ 
çàíÿòèé áûë òèïè÷íûì «êàáèíåòíûì ó÷åíûì». Òåì íå 
ìåíåå îí íåîäíîêðàòíî âûåçæàë íà ïîëåâûå ðàáîòû â 
ñîñòàâå îòðÿäîâ Í. Ï. Þøêèíà, è, íàäî ïðèçíàòü, ñ 
íåìàëîé ïîëüçîé. Ôèøêîé êàáèíåòíîãî «áîòàíèêà», 
êàê âûðàæàåòñÿ ñîâðåìåííàÿ ìîëîäåæü, áûëî èìåí-
íî òî, ÷òî ßíóëîâ î÷åíü õîðîøî íà ãëàç îïðåäåëÿë ìè-
íåðàëû è êàê íèêòî ìîã îòáèðàòü îáðàçöû äëÿ ñàìûõ 
ðàçíûõ àíàëèçîâ. Äåëàë îí ýòî ñêðóïóëåçíî, ìîë÷à-
ëèâî, íå âñòóïàÿ íè â êàêèå òðåïäèñêóññèè. À ïîòîì, 
óæå â èíñòèòóòå, íà ðåçóëüòàòàõ äèàãíîñòèê è àíàëè-
çîâ îáúÿñíÿë ãëóïîâàòûì «ýêñïåäèöèîíýðàì», çà÷åì 
èìåííî îíè âûåçæàëè â ïîëå è òðàòèëè ãîñóäàðñòâåí-
íûå äåíüãè. 

Ëè÷íî ìíå áîëüøå âñåãî çàïîìíèëîñü åãî ó÷àñòèå â 
ïîëåâûõ ðàáîòàõ 1971 ã. íà Ïàé-Õîå, êîãäà ïåðåñåêëèñü 
ïóòè ìîåãî ñîáñòâåííîãî ìàëåíüêîãî îòðÿäà ñ ìîòîðèçî-
âàííîé îðäîé Í. Ï. Þøêèíà, çà êîòîðîé êàê ðàç è ïðè-
ãëÿäûâàë Ê. Ï. ßíóëîâ (ðèñ. 6). Óïîìÿíóòûå «îðäûíöû» 
òîãäà íà÷àëè ðàáîòàòü ñ Þãî-Âîñòî÷íîé Ïàéõîéñêîé ïå-
ðèêëèíàëè, ãäå âäðóã âûÿâèëè ñóëüôèäíî-ãåðìàíèåâóþ 
ìèíåðàëèçàöèþ. Ïîòîì äîåõàëè ê íàì íà Öåíòðàëüíûé 

2 Удивительное было время — эпоха великой советской цивили-
зации, когда талантливая русская девочка из Белгородской области 
могла получить полноценное физико-математическое образование 
на самом краю империи. Нынче даже страшно подумать, каких 
специалистов готовят в бывшем Таджикском университете имени 
В. И. Ленина! Хотя, быть может, и не так все печально — таджики 
все-таки потомки просвещенных хорезмийцев и персов — 
создателей одной из первых супердержав в истории человечества.

Ðèñ. 3. Ìîëîäîé ñïåöèàëèñò-ôèçèê Ëþäìèëà Àëåêñååâíà Õîðîøèëîâà è åå àëüìà-ìàòåð — ãîñóäàðñòâåííûé óíèâåðñèòåò 
èì. Â. È. Ëåíèíà Òàäæèêñêîé ÑÑÐ

Fig. 3. Young physicist Lyudmila Alekseevna Khoroshilova and her alma mater — Lenin State University of the Tajik SSR
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Ïàé-Õîé, çàáðàâ ó ìåíÿ Âèòàëèÿ Ïåòðîâñêîãî, íî îñòàâèâ 
âçàìåí Ïåòðà Þõòàíîâà, â òó ïîðó åùå ñòóäåíòà. Ïîñëå 
ýòîãî îòïðàâèëèñü íà ñåâåðî-çàïàä ê Àìäåðìèíñêîìó 
ôëþîðèòîâîìó ìåñòîðîæäåíèþ, ãäå è îòêðûëè çíàìå-
íèòîå òåïåðü ïðîÿâëåíèå òàê íàçûâàåìîãî àðêòè÷åñêî-
ãî ÿíòàðÿ. Âîò òàêèì áëàãîòâîðíûì îêàçàëîñü ñîòðóä-
íè÷åñòâî áóäóùåãî àêàäåìèêà ñ «êàáèíåòíûì ó÷åíûì» 
Êèðèëëîì Ïàñêàëüåâè÷åì ßíóëîâûì. 

Êàê ó÷åíûé, Êèðèëë Ïàñêàëüåâè÷ ßíóëîâ áûë ïðå-
èìóùåñòâåííî êðèñòàëëîãðàôîì, íî î÷åíü ãëóáîêèì — 
íå òîëüêî ýêñïåðèìåíòàòîðîì, íî è òåîðåòèêîì êëàññè-
÷åñêîãî îáðàçöà. Ïðè ýòîì åãî êðèñòàëëîãðàôèÿ âñåã-
äà ïåðåñåêàëàñü ñ ìèíåðàëîãèåé, ÷åì îíà íàì òåïåðü è 
îñîáåííî èíòåðåñíà. 

Ýïèòàêñèàëüíûå ñðàñòàíèÿ
êðèñòàëëîâ

Êàê áûëî îòìå÷åíî âûøå, ýïèòàêñèÿ áûëà òåìîé 
êàíäèäàòñêîé äèññåðòàöèè Ê. Ï. ßíóëîâà. Ñóòü ýòî-
ãî ôåíîìåíà ñîñòîèò â òîì, ÷òî â îïðåäåëåííûõ óñëî-
âèÿõ èíäèâèäû îäíîãî è òîãî æå èëè ðàçíûõ ìèíåðà-
ëîâ ìîãóò ñðàñòàòüñÿ òàêèì îáðàçîì, ÷òî õîòÿ áû îäíî 
èç êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèé â èíäèâèäàõ 
ñîâïàäåò. Â ïðèðîäå òàêèå ñðàñòàíèÿ âñòðå÷àþòñÿ äî-
âîëüíî ÷àñòî, íåêîòîðûå èç íèõ èçâåñòíû ñ äàâíèõ ïîð 
êàê îñîáåííûå ãîðíûå ïîðîäû, íàïðèìåð òàê íàçûâàå-
ìûå ïèñüìåííûå ãðàíèòû (ãðàíèò-ïåãìàòèòû, «åâðåé-
ñêèé øïàò») — àãðåãàò ýïèòàêñèàëüíî ñðîñøèõñÿ ïî-
ëåâûõ øïàòîâ è êâàðöà (ðèñ. 7). Îäíàêî òàêèå ñðàñòà-
íèÿ íå ñðàçó ñòàëè âîñïðèíèìàòüñÿ êàê èñòî÷íèê êîí-
êðåòíîé ãåíåòè÷åñêîé èíôîðìàöèè. Ëèøü ñ ðàçâèòèåì 
ñèíòåçà ñòàëî ïîíÿòíî, ÷òî ýïèòàêñèÿ ìîæåò ïîçâîëèòü 
ïîëó÷àòü êðèñòàëëîñûðüå ñ îñîáûìè ñâîéñòâàìè, èíî-
ãäà íåïîâòîðèìîå íèêàêèì èíûì ñïîñîáîì. Âîò òîãäà 
è âîçíèê íàñòîÿùèé èíòåðåñ ê ýïèòàêñèàëüíûì (èëè 
ýïèòàêñè÷åñêèì) ñðàñòàíèÿì. 

Â 1950-õ ãã. âûÿñíèëîñü, ÷òî ýïèòàêñè÷åñêèå ñðà-
ñòàíèÿ ïîçâîëÿþò ðåêîíñòðóèðîâàòü óñëîâèÿ ìèíåðà-

Ðèñ. 4. Êîå-÷òî èç ïîÿâèâøåãîñÿ ïðè Ê. Ï. ßíóëîâå íàó÷íîãî îáîðóäîâàíèÿ

Fig. 4. Some of the scientific equipment that appeared under K. P. Yanulov

Ðèñ. 5. Ó÷åíèêè, ñîòðóäíèêè è ïðååìíèêè Ê. Ï. ßíóëîâà 
(ñëåâà íàïðàâî): Â. Â. Õëûáîâ, Ë. À. Õîðîøèëîâà, Ã. Í. Ìîäÿ-
íîâà, Ã. Í. Ëûñþê (Þøêèíà), Á. À. Ìàêååâ, Þ. Ñ. Ñèìàêîâà

Fig. 5. K. P. Yanulov’s disciples, co-workers and successors (left 
to right): V. V. Khlybov, L. A. Khoroshilova, G. N. Modyanova,
G. N. Lysyuk (Yushkina), B. A. Makeev, J. S. Simakova
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ëîîáðàçîâàíèÿ è â ìàíòèéíûõ ñðåäàõ. Ïèîíåðîì â ýòîé 
îáëàñòè ñòàëà ëåãåíäàðíàÿ Ñ. È. Ôóòåðãåíäëåð [10], çà-
íèìàâøàÿñÿ â Ëåíèíãðàäå ðåíòãåíîâñêîé êðèñòàëëîãðà-
ôèåé ïðèðîäíûõ àëìàçîâ è ðàçðàáîòàâøàÿ ñâîé ìåòîä 
íà îñíîâå ýêñïåðèìåíòîâ Â. À. Ôðàíê-Êàìåíåöêîãî è 
Ê. Ï. ßíóëîâà. Ïîëó÷åííûå óæå Ôóòåðãåíäëåð äàííûå 
[11] ïîêàçàëè, ÷òî ïîäàâëÿþùåå áîëüøèíñòâî ìèíåðà-
ëîâ-âêëþ÷åíèé íàõîäèòñÿ â àëìàçàõ èìåííî â ñîñòîÿ-

íèè ýïèòàêñè÷åñêèõ ñðàñòàíèé, ÷òî ñâèäåòåëüñòâóåò, âî-
ïåðâûõ, î ñèíãåíåòè÷íîñòè ìèíåðàëîâ-óçíèêîâ è àëìà-
çà-õîçÿèíà, à âî-âòîðûõ, î ñîðàçìåðíîñòè ïàðàìåòðîâ 
ýëåìåíòàðíûõ ÿ÷ååê àëìàçà è ìèíåðàëîâ-âêëþ÷åíèé 
â ìîìåíò èõ êðèñòàëëèçàöèè â ìàíòèè, ò. å. â ÍÐÍÒ-
îáñòàíîâêå. Ïîñëå ýêñãóìàöèè àëìàçîâ ýòà ñîðàçìåð-
íîñòü íàðóøàåòñÿ èç-çà ðàçëè÷èé â êîýôôèöèåíòàõ òåð-
ìè÷åñêîãî ñæàòèÿ ñðîñøèõñÿ ìèíåðàëîâ, ÷òî íåèçáåæ-

Ðèñ. 6. Ïîëåâûå ñòðàíñòâèÿ 1971–1972 ãã.: à, b — Þãî-Âîñòî÷íûé Ïàé-Õîé, ßíóëîâ ó÷èò óìó-ðàçóìó ëåãåíäàðíîãî Ë¸íþ 
Ðîìàíöîâà — «÷åëîâåêà è âåçäåõîäà» è ïðèãëÿäûâàåò çà áðàòàíèåì ñòóäåíòà Þõòàíîâà ñ îëåíåíêîì; c — Ñåâåðî-Çàïàäíûé 
Ïàé-Õîé, ïðîñëåæèâàíèå îáíàðóæåííîé Â. À. Ïåòðîâñêèì ÿíòàðíîé ïàëåîðîññûïè â áîðòó ðåêè Ïåñ÷àíîé (1 — Í. Ï. Þøêèí,
2 — Â. À. Ïåòðîâñêèé, 3 — Ê. Ï. ßíóëîâ); d — â ìàðøðóòå ïî Âàéãà÷ó, Ëþäìèëà Àëåêñååâíà ßíóëîâà äåëèòñÿ ñ Íèêîé ïîñëåä-
íèì áóòåðáðîäîì

Fig. 6. Field wanderings in 1971–1972: a, b — Southeastern Pay-Khoy, Yanulov is lecturing legendary Lenya Romantsov — an off-road 
man and controlling student Yukhtanov’s fraternity with a fawn; c — Northwestern Pay-Khoy, tracking the amber paleoplacer discovered 
by V. A. Petrovsky at the flange of the Peschanaya river (1 — N. P. Yushkin, 2 — V. A. Petrovsky, 3 — K. P. Yanulov); d — on the route 
along Vaigach, Lyudmila Alekseevna Yanulova shares her last sandwich with Nika

Ðèñ. 7. Ïðèìåðû âñòðå÷àþùèõñÿ â ïðèðîäå ýïèòàêñèàëüíûõ ñðàñòàíèé ìèíåðàëîâ

Fig. 7. Samples of naturally occurring epitaxial intergrowths of minerals
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íî âåäåò ê âîçíèêíîâåíèþ óïðóãèõ äåôîðìàöèé, êîòî-
ðûå ìîæíî íàáëþäàòü, àíàëèçèðîâàòü è èñïîëüçîâàòü 
äëÿ ðàñ÷åòà âåëè÷èí ïåðâîíà÷àëüíûõ òåìïåðàòóð è äàâ-
ëåíèé ìàíòèéíîãî àëìàçîîáðàçîâàíèÿ [1, 2, 5–7, 18]. 

Ìîëåêóëû Ðåíå Ãàþè, øàðû Óèëüÿìà 
Âîëëàñòîíà, ðåøåòêè Îãþñòà Áðàâå,
ïàðàëëåëîèäû Åâãðàôà Ô¸äîðîâà
è Ãåîðãèÿ Âîðîíîãî, ìíîãîãðàííèêè 
Áîðèñà Äåëîíå è ñîðòà ðåø¸òîê Áðàâå
îò Êèðèëëà ßíóëîâà

Îñíîâíûì íàó÷íûì èíòåðåñîì Ê. Ï. ßíóëîâà âñþ 
æèçíü áûëà òåîðèÿ êðèñòàëëè÷åñêîãî ñòðîåíèÿ, îñîáåí-
íî ôåíîìåí ðåøåòîê Áðàâå. Èìåííî ýòèì ðåøåòêàì áû-
ëà ïîñâÿùåíà ïîñëåäíÿÿ åãî íàó÷íàÿ ïóáëèêàöèÿ. Êàê 
èçâåñòíî, òåîðèÿ ñòðîåíèÿ êðèñòàëëîâ íà÷àëàñü ñ èäåè 
èõ ïîñòðîåíèÿ èç ïëîòíî çàïîëíÿþùèõ ïðîñòðàíñòâî 
ìíîãîãðàííûõ «èíòåãðàëüíûõ ìîëåêóë» — êîðïóñêóë 
Ðåíå Ãàþè. Îäíàêî òàêàÿ ãèïîòåçà íå ñìîãëà îáúÿñíèòü 
ñóùåñòâîâàíèå êðèñòàëëîâ òîëüêî ñ îêòàýäðè÷åñêîé 
ñïàéíîñòüþ. Îáíàðóæèâøååñÿ ïðîòèâîðå÷èå ïðåîäî-
ëåë Óèëüÿì Âîëëàñòîí3, çàìåíèâøèé «ìîëåêóëû» Ãàþè 
òî÷êàìè â öåíòðå øàðîâ, êîòîðûå âûñòðàèâàëèñü â ðå-
øåòêó. Òàê îáúÿâèëñÿ ïðèíöèï ðåøåòî÷íîãî ñòðîåíèÿ 
êðèñòàëëîâ, îòêðûâøèé ïóòü ïîñòðîåíèÿ ìàòåìàòè÷å-
ñêèõ òåîðèé êðèñòàëëè÷åñêèõ ñòðóêòóð. Â ñóùíîñòè, ýòî 
áûëà ïîèñòèíå âåëèêàÿ íàó÷íàÿ ðåâîëþöèÿ, è ïåðâûì 
åå ìàðøàëîì ñòàë Îãþñò Áðàâå, êîòîðûé â ñðåäèíå XIX 
âåêà âû÷èñëèë 14 òèïîâ ÿ÷ååê, îïèñûâàþùèõ, êàê îí 
ñ÷èòàë, ëþáóþ ñèñòåìó òî÷åê-óçîðîâ êðèñòàëëè÷åñêîé 
ñòðóêòóðû. Èìåííî ê òàêîé ñèñòåìå ñòàëî âîçìîæíûì 
ïðèìåíèòü ïðèíöèï ñèììåòðèè, ÷òî ñâÿçàëî ìàòåìà-

òè÷åñêóþ òåîðèþ ðåøåòîê ñ ìèðîì íàòóðàëüíûõ êðè-
ñòàëëîâ è ñäåëàëî âîçìîæíûì ïîäðàçäåëèòü ïîñëåäíèå 
íà ñåìü êëàññîâ-ñèíãîíèé (â ïîñëåäîâàòåëüíîñòè ñíè-
æåíèÿ ñèììåòðè÷íîñòè): êóáè÷åñêóþ, ãåêñàãîíàëüíóþ, 
òðèãîíàëüíóþ, òåòðàãîíàëüíóþ, ðîìáè÷åñêóþ, ìîíî-
êëèííóþ, òðèêëèííóþ. 

Ïîñëå ýòîãî è íàñòóïèëà ýïîõà òåîðèé çàïîëíå-
íèÿ ïðîñòðàíñòâà âûïóêëûìè, ðàâíûìè ïî ðàçìåðó 
è ñìåæíûìè ïî ïëîñêîñòÿì ìíîãîãðàííèêàìè, íà-
çâàííûìè Åâãðàôîì Ôåäîðîâûì ïàðàëëåëîýäðàìè. 
Îêàçàëîñü, ÷òî òàêèõ ôèãóð ìîæåò áûòü òîëüêî ÷åòû-
ðå — êóá, ãåêñàãîíàëüíàÿ ïðèçìà ñ ïèíàêîèäîì, ðîìäî-
äåêàýäð è ôåäîðîâñêèé êóáîîêòàýäð ñ 36 ðàâíûìè ðå-
áðàìè. Âûÿñíèëîñü, ÷òî âñå îñòàëüíûå ïàðàëëåëîýäðû, 
îïèñûâàþùèå ðåàëüíûå êðèñòàëëû, ìîãóò áûòü ìàòåìà-
òè÷åñêè âûâåäåííûìè èç ýòèõ ôåäîðîâñêèõ ôèãóð ïó-
òåì îäíîðîäíûõ äåôîðìàöèé. Âîò òàê Å. Ñ. Ôåäîðîâ è 
ïîëó÷èë âñå òèïû ðåøåòîê Áðàâå, êîòîðûå îí ñàì ðàñ-
ñìàòðèâàë ëèøü êàê àáñòðàêòíûå ãåîìåòðè÷åñêèå ìî-
äåëè, â ÷åì îêàçàëñÿ íå ñîâñåì ïðàâ4.

Â íà÷àëå ÕÕ âåêà ðîññèéñêèé ìàòåìàòèê è ãåîìåòð 
Ãåîðãèé Âîðîíîé çàìåíèë ïàðàëëåëîýäðû Ôåäîðîâà ñîá-
ñòâåííûìè «ïðèìèòèâíûìè ïàðàëëåëîýäðàìè» èëè îá-
ëàñòÿìè òðåõìåðíîé ðåøåòêè, ñîñðåäîòî÷åííûìè âî-
êðóã îòäåëüíûõ òî÷åê-óçëîâ. Ýòî, êàê ïîêàçàë äðóãîé ðîñ-
ñèéñêèé êðèñòàëëîãðàô, Þðèé Âóëüô, îòêðûëî ïóòü ê 
ïðàêòè÷åñêè áåñêîíå÷íîìó ñáëèæåíèþ ìàòåìàòè÷åñêèõ 
òåîðèé êðèñòàëëè÷åñêîé ñòðóêòóðû ñî ñòðîåíèåì ðåàëü-
íûõ êðèñòàëëîâ, ÷òî ôàêòè÷åñêè è ñòàëî ïðåäâîçâåñò-
íèêîì ðåíòãåíîñòðóêòóðíîãî àíàëèçà. Óæå â 1930-å ãã. 

3 В его честь назван минерал волластонит.

4 Например, И. И. Шафрановский успешно трактовал облики 
алмаза, кварца, циркона именно с позиций решеток Браве, 
учитывая при этом симметрию пространственной группы 
соответствующего кристаллического вещества.

Ðèñ. 8. Ðåøåòêè Îãþñòà Áðàâå 

Fig. 8. Auguste Bravais lattices
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åùå îäèí ðîññèéñêèé ìàòåìàòèê, Áîðèñ Äåëîíå, ðåøèë 
ïðîáëåìó îäíîçíà÷íîé óñòàíîâêè êðèñòàëëîâ ñ ó÷åòîì 
ãåîìåòðè÷åñêèõ îñîáåííîñòåé ðåøåòîê Áðàâå, ÷åì îáå-
ñïå÷èë ðåíòãåíîâñêèé àíàëèç ñèñòåìîé óãëîâûõ è ëè-
íåéíûõ êîîðäèíàò, ïîçâîëÿþùèõ êîëè÷åñòâåííî îïðå-
äåëÿòü ïàðàìåòðû êðèñòàëëè÷åñêèõ ðåøåòîê. Â èòîãå 
Á. Í. Äåëîíå îñóùåñòâèë ïîëíûé âûâîä âñåõ âîçìîæ-
íûõ ïàðàëëåëîýäðîâ è íà ýòîé îñíîâå óñòàíîâèë ôàêò 
ñóùåñòâîâàíèÿ â ïðèðîäå òîëüêî 24 ñîðòîâ ðåøåòîê 
Áðàâå è 33 ïîäñîðòîâ ïàðàëëåëåïèïåäàëüíûõ ñèñòåì. 
Ýòî è åñòü êëàññè÷åñêàÿ áàçà ñîâðåìåííîé ôèçè÷åñêîé 
êðèñòàëëîãðàôèè.

Îäíàêî äëÿ ìèíåðàëîâ òàêîé áàçû îêàçàëîñü íå-
äîñòàòî÷íî, ïîñêîëüêó ìèíåðàëû õàðàêòåðèçóþòñÿ íå-
ïðåäñêàçóåìî áîëüøèì ðàçíîîáðàçèåì ðåàëüíûõ ôîðì, 
îáóñëîâëåííûì î÷åíü øèðîêèìè âàðèàöèÿìè óñëîâèé 
êðèñòàëëèçàöèè. Èìåííî ïîýòîìó ðàáîòà ñ ðåøåòêàìè 

Áðàâå ïðîäîëæàåòñÿ. Âêëàä ñàìîãî Ê. Ï. ßíóëîâà â ýòî 
çàìå÷àòåëüíîå äåëî ñîñòîèò â ñëåäóþùåì. Îí ïóòåì äî-
âîëüíî íåïðîñòûõ âû÷èñëåíèé ïîëó÷èë ñîáñòâåííûå òà-
áëèöû 24 ñîðòîâ ðåøåòîê Áðàâå, ñíàáäèâ èõ ñèìâîëà-
ìè Äåëîíå (ðèñ. 9). Â ýòèõ òàáëèöàõ åñòü âåñüìà öåííàÿ 
äëÿ ìèíåðàëîãîâ íîâàöèÿ. Êèðèëë Ïàñêàëüåâè÷ êðè-
ñòàëëîãðàôè÷åñêè îáîñíîâàííî ïîìåíÿë ïîëîæåíèÿ 
òðèãîíàëüíîé è òåòðàãîíàëüíîé ñèíãîíèé, ÷òî ñáëè-
çèëî ðîìáîýäðè÷åñêèå ðåøåòêè ñ êóáè÷åñêèìè, à òå-
òðàãîíàëüíûå ñ ðîìáè÷åñêèìè. Ýòî, ìåæäó ïðî÷èì, 
î÷åíü ëîãè÷íî âûãëÿäèò ñ ïîçèöèé ôåäîðîâñêèõ îä-
íîðîäíûõ äåôîðìàöèé. Â ðåçóëüòàòå ÿíóëîâñêîé íî-
âàöèè ãåêñàãîíàëüíûå ðåøåòêè îáúåäèíèëèñü ñ òðè-
ãîíàëüíûìè, ñ êîòîðûìè ó íèõ ìíîãî îáùåãî — îäíè 
è òå æå ïðîñòûå ôîðìû, áëèçêàÿ ÷åòûðåõêîîðäèíàò-
íàÿ óñòàíîâêà êðèñòàëëîâ, íàëè÷èå â ðÿäå ðîìáîýäðè-
÷åñêèõ ïðîñòðàíñòâåííûõ ãðóïï ãåêñàãîíàëüíîé ïîä-

Ðèñ. 9. Îñíîâíàÿ ðàñøèðåííàÿ (à) è âñïîìîãàòåëüíàÿ (b) òàáëèöû 24 ñîðòîâ ðåøåòîê Áðàâå îò Ê. Ï. ßíóëîâà

Fig. 9. Main expanded (a) and auxiliary (b) tables of 24 varieties of Bravais lattices according to K. P. Yanulov
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ãðóïïû ïåðåíîñîâ. Èìåííî ïîýòîìó ðîìáîýäðè÷åñêóþ 
ðåøåòêó ìîæíî ðàññìàòðèâàòü êàê äâàæäû çàñåëåííóþ 
ãåêñàãîíàëüíóþ, à ïðèìèòèâíóþ ãåêñàãîíàëüíóþ ÿ÷åé-
êó ìîæíî ïðåäñòàâèòü â âèäå äâàæäû çàñåëåííîé ðîì-
áîýäðè÷åñêîé.

Ëåéêîêñåí

Ïåðâûé ðàç ïîÿâèâøèñü â èíñòèòóòå (1959–
1961 ãã.), Êèðèëë Ïàñêàëüåâè÷ çàíÿëñÿ ïðîáëåìîé ôà-
çîâîãî ñîñòàâà òàê íàçûâàåìîãî ëåéêîêñåíà — î÷åíü 
ìèêðîçåðíèñòîãî, íî ïðè ýòîì ïîëèìèíåðàëüíîãî ïðî-
äóêòà ïðåîáðàçîâàíèÿ òèòàíîâûõ ìèíåðàëîâ ïðåèìóùå-
ñòâåííî â ýêçîãåííûõ óñëîâèÿõ. Â òî âðåìÿ åùå íå áû-
ëî ðåíòãåíîñïåêòðàëüíûõ ìèêðîçîíäîâûõ òåõíîëîãèé, 
ïîýòîìó åäèíñòâåííûì ìåòîäîì îïðåäåëåíèÿ ìèêðî-
ôàçîâîãî ñîñòàâà òàêîãî ðîäà îáðàçîâàíèé áûë ðåíòãå-
íîâñêèé àíàëèç. Íî äëÿ òàêîãî ñëîæíîãî îáúåêòà òðå-
áîâàëñÿ è îñîáûé ñïåöèàëèñò, òàêîé êàê Ê. Ï. ßíóëîâ. 
Åãî ïîìîùíèöåé â ýòîì äåëå ñòàëà ìîëîäàÿ ìèíåðà-
ëîãèíÿ Èðèíà ×óëêîâà, èçâåñòíàÿ òåïåðü êàê Èðèíà 
Âëàäèìèðîâíà Øâåöîâà. Â ðåçóëüòàòå äîâîëüíî êðîïîò-
ëèâûõ ðàáîò, ïðàêòè÷åñêè âïåðâûå, ïî êðàéíåé ìåðå â 
ÑÑÑÐ, íàøè ãåðîè óñòàíîâèëè, ÷òî ïðåñëîâóòûé ëåé-
êîêñåí â äåâîíñêèõ ïåñ÷àíèêàõ Þæíîãî Òèìàíà âåñüìà 
øèðîêî âàðüèðóåòñÿ ïî ìèêðîôàçîâîìó ñîñòàâó äàæå â 
÷àñòè òèòàíîâûõ ìèíåðàëîâ. Ñðåäè ïîñëåäíèõ áûëè íà-
äåæíî äèàãíîñòèðîâàíû ðóòèë è àíàòàç (òåòðàãîíàëü-
íûå ôàçû TiO2), áðóêèò (ðîìáè÷åñêèé TiO2), ïñåâäîðó-
òèë Fe2Ti3O9, ðåëèêòîâûé èëüìåíèò. Â êà÷åñòâå ïðèìå-
ñåé ê òèòàíîâûì ìèíåðàëàì â ëåéêîêñåíå áûëè âûÿâ-
ëåíû êâàðö è îêñèãèäðîêñèäû æåëåçà. Èññëåäîâàòåëè 
ïðèøëè ê âûâîäó, ÷òî îáðàçîâàíèå ëåéêîêñåíà ïðîè-
çîøëî çà ñ÷åò èëüìåíèòà â ðåçóëüòàòå âûíîñà æåëåçà ñ 
îáðàçîâàíèåì ïîñëåäîâàòåëüíîñòè íîâîîáðàçîâàííûõ 
ìèíåðàëîâ: èëüìåíèò  ïñåâäîðóòèë  ðóòèë, àíàòàç, 
áðóêèò. Íà îñíîâàíèè ðåíòãåíîãðàôè÷åñêèõ äàííûõ 
áûëî óñòàíîâëåíî, ÷òî íîâîîáðàçîâàííûå ìèíåðàëû 
ðàñïðåäåëÿþòñÿ â ëåéêîêñåíàõ íåðàâíîìåðíî ñ îáðà-
çîâàíèåì ðóòèëîâîé, àíàòàçîâîé è ðåäêîé áðóêèòîâîé 
ðàçíîâèäíîñòåé [14, 17]. Âïîñëåäñòâèè èññëåäîâàíèÿ 
òèìàíñêîãî ëåéêîêñåíà, ïîëó÷èâ ñèëüíûé èìïóëüñ îò 
Ê. Ï. ßíóëîâà, íèêîãäà íå çàòóõàëè íè ó íàñ â èíñòèòó-
òå, íè çà åãî ïðåäåëàìè, ïîëó÷èâ îñîáîå ðàçâèòèå â íà-

ïðàâëåíèè óñîâåðøåíñòâîâàíèÿ òåõíîëîãèè îáîãàùå-
íèÿ, ïåðåðàáîòêè è êîìïëåêñíîãî èñïîëüçîâàíèÿ ïðè-
ðîäíîãî ëåéêîêñåíîâîãî ñûðüÿ [3, 4, 8, 9].

Ãåðìàíèò è äðóãèå ãåðìàíèåâûå
ñóëüôèäû

Êàê îòìå÷àëîñü âûøå, â ïîëåâîì ñåçîíå 1971 ã. 
íà Þãî-Âîñòî÷íîì Ïàé-Õîå ïðè ó÷àñòèè Ê. Ï. ßíó-
ëîâà áûëî îòêðûòî ïåðâîå â åâðîïåéñêîì ñåêòî-
ðå Ðîññèéñêîé Ñóáàðêòèêè ïðîÿâëåíèå ãåðìàíèòà. 
Ãåðìàíèåâàÿ ìèíåðàëèçàöèÿ îáíàðóæèëàñü â ñðåäíåì 
òå÷åíèè ð. Ñèëîâàÿõà, â àëüïèéñêèõ êâàðö-êàðáîíàòíûõ 
æèëàõ, çàëåãàþùèõ â èíòåíñèâíî äèñëîöèðîâàííûõ èç-
âåñòíÿêàõ è óãëåðîäèñòî-êðåìíèñòî-ãëèíèñòûõ ñëàí-
öàõ íèæíåãî êàðáîíà. Ãåðìàíèò çäåñü êîíöåíòðèðóåòñÿ 
â çàëüáàíä-îòîðî÷êàõ æèë, áóäó÷è ïðåäñòàâëåííûì êðè-
ñòàëëîãðàôè÷íûìè èíäèâèäàìè ðàçìåðîì 100–500 ìêì. 
Ïî ãàáèòóñó èíäèâèäû ïîäðàçäåëÿþòñÿ íà ïðåîáëàäà-
þùèå òðèãîíòðèòåòðàýäðè÷åñêèå è òåòðàýäðè÷åñêèå 
(ðèñ. 10). Â àññîöèàöèè ñ ãåðìàíèòîì áûëè óñòàíîâëå-
íû ñóëüâàíèò ìåäèñòûé ñ ïðèìåñüþ ãåðìàíèÿ è ìàð-
ãàíöîâèñòûé ñôàëåðèò, âþðöèò. 

Â äàëüíåéøåì íà Ïàé-Õîå áûëè âûÿâëåíû è äðó-
ãèå ìèíåðàëû ãðóïïû êîëóñèòà, ñèñòåìàòè÷åñêèå èñ-
ñëåäîâàíèÿ êîòîðûõ îñóùåñòâèëà Ëþäìèëà Àëåêñååâíà 
Õîðîøèëîâà, çàùèòèâ â êîíöå 1980-õ ãã. êàíäèäàòñêóþ 
äèññåðòàöèþ [12, 13]. Â íàñòîÿùåå âðåìÿ â ýòó ãðóïïó 
âõîäÿò ïÿòü ìèíåðàëîâ: êîëóñèò Cu12V(Sb,As,Sn)3S16; 
ãåðìàíîêîëóñèò C u 13V (Ge ,As) 3S 16;  ãåðìàíèò 
Cu13Fe2Ge2S16; âàíàäèåâî-ìûøüÿêîâûé ãåðìàíèò
Cu12–14 (As,V,Ge,Sn)4S32; ñóëüâàíèò Cu12V(Sb,As,Sn)3S16 
è àðñåíîñóëüâàíèò Cu12(As,V)4S16.

Ñèììåòðèÿ ìèíåðàëüíîãî ìèðà Çåìëè
è íåêîòîðûõ êîñìè÷åñêèõ îáúåêòîâ

Âåðøèíîé òâîð÷åñòâà êðèñòàëëîãðàôà Ê. Ï. 
ßíóëîâà ìîæíî ñ÷èòàòü åãî àêòèâíîå ó÷àñòèå â ðàç-
ðàáîòêå çàêîíîâ ñèììåòðèè ìèíåðàëüíîãî ìèðà [15]. 
Ïîíÿòíî, ÷òî îñíîâíóþ ðîëü â ýòîì ïðîåêòå ñûãðàë àêà-
äåìèê Í. Ï. Þøêèí, íî èìåííî Êèðèëëó Ïàñêàëüåâè÷ó 
ïðèíàäëåæèò êîíå÷íîå ôîðìóëèðîâàíèå íåêîòîðûõ 
âàæíåéøèõ çàêîíîìåðíîñòåé êðèñòàëëîñèììåòðèé-

Ðèñ. 10. Ïàéõîéñêèé ãåðìàíèò: âíåøíèé âèä (à) è ãàáèòóñ èíäèâèäîâ (b)

Fig. 10. Pay-Khoy germanite: appearance (a) and habitus of individuals (b)
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íîé ñåëåêöèè ìèíåðàëîâ íà óðîâíå ïðîñòðàíñòâåííûõ 
ãðóïï è âèäîâ ñèììåòðèè. Ýòà ñåëåêöèÿ âûðàæàåòñÿ â 
ðåçêîé íåðàâíîìåðíîñòè, ñ îäíîé ñòîðîíû, ðàñïðåäå-
ëåíèÿ ìèíåðàëîâ ïî ïðîñòðàíñòâåííûì ãðóïïàì è âè-
äàì ñèììåòðèè, à ñ äðóãîé — âñòðå÷àåìîñòè ïðîñòðàí-
ñòâåííûõ ãðóïï è âèäîâ ñèììåòðèè â ñâîäíîì êîíòèíó-
óìå ìèíåðàëîâ. Òàê, ïðîâåäåííûìè ðàñ÷åòàìè Êèðèëë 
Ïàñêàëüåâè÷ ïîêàçàë, ÷òî áîëåå 50 % èçâåñòíûõ íàì ìè-
íåðàëüíûõ âèäîâ îòíîñÿòñÿ òîëüêî ê 10–12 (4–5 %) ïðî-
ñòðàíñòâåííûì ãðóïïàì, à èìåííî P21/b, Pmna,P m1,
R m, P4/nmm, P63/mmc, Pa3, Ia3, F 3m, I 3m, Fm3m, 
Fd3m. Â êîíêðåòíîì âèäå íà ïðèìåðå ñóëüôèäîâ ýòî 
ìîæíî ïîêàçàòü ñëåäóþùèì îáðàçîì. Â êóáè÷åñêîé 
ñèíãîíèè ïî ÷èñëó ìèíåðàëüíûõ âèäîâ ðåçêî ïðåîá-
ëàäàåò ïðîñòðàíñòâåííàÿ ãðóïïà Fm3m, â ãåêñàãîíàëü-
íîé — P63/mmc, â òðèãîíàëüíîé — P m1, â ðîìáè÷å-
ñêîé — Pmna, â ìîíîêëèííîé — P21/b. Êàðòèíà ðàñ-
ïðåäåëåíèÿ ìèíåðàëîâ ïî âèäàì ñèììåòðèè òîæå î÷åíü 
âïå÷àòëÿåò. Äëÿ ñóëüôèäîâ, íàïðèìåð, â êà÷åñòâå âè-
äîâ-êîíöåíòðàòîðîâ âûñòóïàþò òîëüêî 5 (16 %) âèäîâ: 
ãåêñàòåòðàýäðè÷åñêèé, äèãåêñàýäðè÷åñêèé, äèïèðàìè-
äàëüíûé è ïðèçìàòè÷åñêèé. 

Êîíêðåòíûå ïðè÷èíû òàêîé ñåëåêöèè â ìèíåðàëü-
íîì ìèðå ïîêà íå èçâåñòíû, õîòÿ ïî÷òè íàâåðíÿêà îíè 
â êîíå÷íîì ñ÷åòå ïðîèñòåêàþò èç óñëîâèé ïðèðîäíî-
ãî ìèíåðàëîîáðàçîâàíèÿ. Ðàñêðûòèå ýòîé ôóíäàìåí-
òàëüíîé çàãàäêè áóäåò îçíà÷àòü áîëüøîé ñêà÷îê â çíà-
íèÿõ êðèñòàëëîñèììåòðèéíûõ çàêîíîâ ýâîëþöèè ìè-
íåðàëüíîãî ìèðà. Òàê ÷òî ó ïîñëåäîâàòåëåé Êèðèëëà 
Ïàñêàëüåâè÷à ßíóëîâà åñòü âåëèêîëåïíûé øàíñ!
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Íåæèâàÿ ïðèðîäà óäèâèòåëüíà ñâîèìè íåîáû÷àéíî 
êðàñèâûìè ìèíåðàëüíûìè îáðàçîâàíèÿìè. Ñ XX â. íà-
÷èíàåòñÿ èçó÷åíèå ôîðì êðèñòàëëîâ, îíòîãåíèè ìèíå-
ðàëîâ (ðàáîòû À. Å. Ôåðñìàíà, È. È. Øàôðàíîâñêîãî, 
Ä. Ï. Ãðèãîðüåâà, À. Ã. Æàáèíà è äð.). Ïðè ýòîì ÷ðåç-
âû÷àéíî ðàñïðîñòðàí¸ííîå ÿâëåíèå îáðàçîâàíèÿ «êà-
ìåííûõ öâåòîâ» îñòàåòñÿ åù¸ íå äî êîíöà èçó÷åííûì. 

Ðàñùåïëåíèå êðèñòàëëîâ òåñíî ñâÿçàíî ñ ìîçàè÷-
íûì, áëîêîâûì ñòðîåíèåì è ÿâëÿåòñÿ åãî ðàçíîâèä-
íîñòüþ. Êðèñòàëë íà÷èíàåò ðàñùåïëÿòüñÿ ñ ïðîòèâî-
ïîëîæíûõ êîíöîâ, ïðèîáðåòàÿ ñíà÷àëà ôîðìó âÿçêè, 
çàòåì ñíîïà è, íàêîíåö, ñôåðîëèòà. Öåëûé ðÿä ìèíå-

ðàëîâ ñîçäàþò çà ñ÷åò ðàñùåïëåííîãî ðîñòà ñïåöèôè÷å-
ñêèå àãðåãàòû — «ðîçû» èëè «êàìåííûå öâåòû». Ó êðè-
ñòàëëè÷åñêèõ «ðîç» âûäåëÿþò ëåïåñòêè (ñóáèíäèâèäû).  
«Ðîçà ïóñòûíè» (èëè «ðîçà ïåñêîâ») – ðàçãîâîðíîå íà-
çâàíèå ñðîñòêîâ êðèñòàëëîâ ãèïñà, âûðîñøèõ â ïóñòû-
íÿõ â ðåçóëüòàòå ïðîíèêíîâåíèÿ ïèòàþùèõ ðàñòâîðîâ 
âî âìåùàþùóþ ïîðîäó (ôîòî 1). Åù¸ äâà ñòîëåòèÿ íà-
çàä øâåéöàðñêèå ñòàðàòåëè îòêðûëè «æåëåçíóþ ðîçó», 
êîòîðóþ îáðàçóþò ãåìàòèò, êîðóíä, áàðèò (ôîòî 2).

Minerals often take amazing shapes such as «roses» or 
«stone flowers». They are resulted from the mosaic, block 
structure of crystals. «Iron Rose» with highlighted petals 
is formed by hematite, corundum, barite. «Desert Rose» 
is the term for gypsum crystals. And spherically radiant 
units are called «mineral suns».

Фото 2. Гематитовая роза. Приполярный Урал. 666/451

Pic. 2. Hematite rose. Subpolar Urals. 666/451

Фото 3. Сферолиты морденита. Тиман. 629/244

Pic. 3. Spherulites of mordenite. Timan. 629/244

Фото 4. Турмалиновые солнца. Приполярный Урал. 666/745

Pic. 4. Tourmaline suns. Subpolar Urals. 666/745

Ôîðìû ñôåðîëèòîâ ìîãóò îáðàçîâûâàòüñÿ ïðè ðî-
ñòå ñ áëèçêîé ñêîðîñòüþ áîëüøîãî êîëè÷åñòâà óïëîùåí-
íûõ èãîëü÷àòûõ êðèñòàëëîâ èç îäíîãî öåíòðà â ðàçíûå 
ñòîðîíû (ôîòî 3). Òàêèå ôîðìû âûäåëåíèÿ îòíîñÿòñÿ 
ê ðàäèàëüíî-ëó÷èñòûì àãðåãàòàì. Òèïè÷íûì ïðèìå-
ðîì òàêèõ îáðàçîâàíèé ìîãóò ñëóæèòü òàê íàçûâàåìûå 
ìèíåðàëüíûå ñîëíöà. Êîëëåêöèîíåðû ìèíåðàëîâ îñî-
áåííî öåíÿò «òóðìàëèíîâûå ñîëíöà» – êðàñèâûå ðîçåò-
êè èç ÷åðíûõ, ñèíå-çåëåíûõ, ãîëóáûõ è ðîçîâûõ êðè-
ñòàëëîâ (ôîòî 4).

Ê. ã.-ì. í. È. Àñòàõîâà

Фото 1. Гипсовая роза. Казахстан. 777/762

Pic. 1. Gypsum rose. Kazakhstan. 777/762
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