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ÁÎÍÀÒÒÈÒ ØÅÐËÎÂÎÃÎÐÑÊÎÃÎ ÎËÎÂÎ­ÏÎËÈÌÅÒÀËËÈ×ÅÑÊÎÃÎ ÌÅÑÒÎÐÎÆÄÅÍÈß 
(ÇÀÁÀÉÊÀËÜÑÊÈÉ ÊÐÀÉ)

BONATTITE OF THE SHERLOVOGORSK TIN­POLYMETALLIC DEPOSIT (TRANSBAIKAL REGION)

Ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ ðåäêîãî ýôåìåðíîãî â ïðèðîäíûõ óñëîâèÿõ ìèíåðàëà áîíàòòèòà – 
ñóëüôàòà ìåäè ñ òðåìÿ ìîëåêóëàìè êðèñòàëëîãèäðàòíîé âîäû, íàéäåííîãî â ïðîäóêòàõ îêèñëåíèÿ îëî­
âî­ïîëèìåòàëëè÷åñêèõ ðóä ìåñòîðîæäåíèÿ Ñîïêà Áîëüøàÿ â Øåðëîâîãîðñêîì ðóäíîì ðàéîíå (Çàáàé­
êàëüñêèé êðàé, Ðîññèÿ). 

Áîíàòòèò íàõîäèòñÿ â àññîöèàöèè ñ õàëüêàíòèòîì, áîéëåèòîì, ñòàðêåèòîì, ãèïñîì. Îíè îáðàçó­
þò êîðêè è ïî÷êîâèäíûå àãðåãàòû íà õàëüêîïèðèò­ñôàëåðèòîâîé ðóäå â êàðüåðå. Öâåò áîíàòòèòà ãî­
ëóáîé. Ïîêàçàòåëè ïðåëîìëåíèÿ: Ng 1,616 ± 0,001 – 1,617 ± 0,003, Nm 1,574 ± 0,001 – 1,578 ± 0,001, 
Np 1,551 ± 0,003 – 1,556 ± 0,002. Ïàðàìåòðû ýëåìåíòàðíîé ÿ÷åéêè: a = 5,59(1) Å; b = 13,04(1) Å; c = 7,36(1) Å; 
β = 97,2(2) º; V = 352 Å3. Õèìè÷åñêèé ñîñòàâ íåïîñòîÿííûé è çàâèñèò îò ïðèìåñåé öèíêà, ìàãíèÿ, æåëåçà. 
Êðèñòàëëîõèìè÷åñêèå ôîðìóëû (Cu0,961Zn0,041Mg0,006)1,008(SO4)0,997·3H2O è (Cu0,865Zn0,117Mg0,011)0,993(SO4)1,029· 3H 2O. 
×åòêî îáîçíà÷àþòñÿ äåôèöèò ìåäè è ìàãíèé­öèíêîâàÿ ñïåöèàëèçàöèÿ. Ñîäåðæàíèå ìîëåêóëÿðíîé âîäû 
îïðåäåëåíî òåðìîãðàâèìåòðè÷åñêèì ìåòîäîì â êîëè÷åñòâå 27,31…27,33 %. Îíà âûõîäèò èç áîíàòòèòà 
ïðè òåìïåðàòóðàõ 99,6…121,4 °Ñ è â èíòåðâàëå 230…263,6 °Ñ. Ïîëîñû ïîãëîùåíèÿ íà ÈÊ­ñïåêòðå (ñm­1) 
3340,82; 2428,48; 2102,48; 1680,05; 1656,91; 1107,18; 993,37; 871,85; 628,81; 572,88; 507,30

Êëþ÷åâûå ñëîâà: áîíàòòèò; õàëüêàíòèò; áîéëåèò; îëîâî­ïîëèìåòàëëè÷åñêîå ìåñòîðîæäåíå; Ñîïêà Áîëüøàÿ; Øåðëî­
âîãîðñêèé ðóäíûé ðàéîí; Çàáàéêàëüñêèé êðàé; ñóëüôàò ìåäè; ìîëåêóëû êðèñòàëëîãèäðàòíîé âîäû; ìàãíèé­öèíêîâàÿ 
ñïåöèàëèçàöèÿ

The results of the study of the rare ephemeral natural mineral bonattite, copper sulfate with three molecules of 
crystalline hydrated water found in the oxidation products of tin­polymetallic ores of the Sopka Bolshaya deposit 
in the Sherlovogorsk ore district (Transbaikal region, Russia), are given. 

Bonattite is contained in association with chalcanthite, boleite, starkeite, gypsum. They form crusts and re­
niform aggregates in chalcopyrite­sphalerite ore in the quarry. Bonattite has blue colour. Refractive indices: Ng 
1,616 ± 0,001 – 1,617 ± 0,003, Nm 1,574 ± 0,001 – 1,578 ± 0,001, Np 1,551 ± 0,003 – 1,556 ± 0,002. Unit cell 
parameters are the following: a = 5,59(1) Å; b = 13,04(1) Å; c = 7,36(1) Å; β = 97,2(2)º; V = 352 Å3. The chemi­
cal composition is unstable and depends on impurities of zinc, magnesium, iron. Crystal formulas (Cu0,961Zn0,041
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specialization are clearly identified. The content of molecular water was determined by the gravimetric method 
in the amount of 27,31…27,33 %. It emerges from bonattite at temperatures of 99,6; 121,4 ° Ñ and in the range 
230…263.6 °Ñ. Absorption bands on the IR spectrum (cm­1) 3340,82; 2428,48; 2102,48; 1680,05; 1656,91; 
1107,18; 993,37; 871,85; 628,81; 572,88; 507,30 

Key words: bonattite, chalcanthite, boleite, tin­polymetallic deposit, Sopka Bolshaya, Sherlovogorsk ore district, Transbaikal 
region; copper sulfate; crystal hydrate water molecules; magnesium­zinc specialization
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Ââåäåíèå. Â 2004 ã. áîíàòòèò îáíàðóæåí â 
Çàáàéêàëücêîì êðàå îäíèì èç àâòîðîâ [6] 

â êàðüåðå áûâøåé îòðàáîòêè îëîâî­ïîëèìå­
òàëëè÷åñêîãî ìåñòîðîæäåíèÿ Ñîïêà Áîëüøàÿ 
â ïðåäåëàõ Øåðëîâîãîðñêîãî ðóäíîãî ðàéî­
íà â ïðîäóêòàõ âûâåòðèâàíèÿ îëîâî­ïîëèìå­
òàëëè÷åñêèõ ðóä, ñîäåðæàùèõ õàëüêîïèðèò â 
àññîöèàöèè ñ õàëüêàíòèòîì. Ýòî îïðåäåëèëî 
èíòåðåñ ê ìèíåðàëó, âïåðâûå îáíàðóæåííîìó 
â Çàáàéêàëüå.

Ïåðâàÿ íàõîäêà áîíàòòèòà îïèñàíà â 
1957 ã. Ê. Ë. Ãàðàâåëëè  â çîíå ãèïåðãåíåçà æå­
ëåçîðóäíîãî ìåñòîðîæäåíèÿ Êàïî Êàëàìèòà 
(Capo Calamita) íà îñòðîâå Ýëüáà â ãåäåí­
áåðãèòîâîì ñêàðíå â âèäå ìàòîâûõ êîðî÷åê 
ñâåòëî­ëàçóðíîãî öâåòà äî íåñêîëüêèõ ñàí­
òèìåòðîâ òîëùèíîé [8]. Âòîðîé ðàç áîíàòòèò 
â âèäå ãîëóáûõ ÷åðâåîáðàçíûõ àãðåãàòîâ äî 
2 ìì â äëèíó îïèñàí ß. Ë. ßìáîðîì [9] â æåë­
âàêå ðàçìåðîì ñ êóëàê, âçÿòîì ñ ó÷àñòêà Àâî­
êà ð. Áîíàïàðò â ðàéîíå Ëèëëóýò Áðèòàíñêîé 
Êîëóìáèè (Avocaclaim, Bonaparte river, Lillooet 
District, British Columbia). 

Â Ðîññèè áîíàòòèò âïåðâûå îïðåäåëåí 
Â. Í. Àâäîíèíûì [1] â ñîñòàâå ïðîäóêòîâ äå­
ãèäðàòàöèè õàëüêàíòèòà íà îòâàëàõ Ãàéñêîãî 
ìåäíîãî ìåñòîðîæäåíèÿ íà Þæíîì Óðàëå è 

â ïðîäóêòàõ èçìåíåíèÿ ìåäíûõ ïðåäìåòîâ 
èç ãîðåëûõ îòâàëîâ ×åëÿáèíñêîãî óãîëüíîãî 
áàññåéíà. Å. Â. Áåëîãóá îïèñàëà ïñåâäîìîð­
ôîçû áîíàòòèòà ïî õàëüêàíòèòó, îáðàçîâàâ­
øåìóñÿ ïðè äëèòåëüíîì õðàíåíèè íà ñóõîì 
îòêðûòîì âîçäóõå â ìóçåéíûõ è ëàáîðàòîð­
íûõ óñëîâèÿõ [2]. 

Â çîíå ñîâðåìåííîãî ãèïåðãåííîãî ìè­
íåðàëîîáðàçîâàíèÿ â êàðüåðå îëîâî­ïî­
ëèìåòàëëè÷åñêîãî ìåñòîðîæäåíèÿ Ñîïêà 
Áîëüøàÿ â òå÷åíèå 2010–2017 ãã. áîíàòòèò 
íàáëþäàëñÿ íåñêîëüêî ðàç â àññîöèàöèè ñ 
õàëüêàíòèòîì, â îñíîâíîì, â âèäå ïóçûð÷à­
òûõ êîðî÷åê è îñûïàâøåãîñÿ ñ ãëûá ïîðîøêî­
âàòîãî ìàòåðèàëà.

Øåðëîâîãîðñêèé ðóäíûé ðàéîí è ëîêà­
ëèçîâàííîå â åãî âîñòî÷íîé ÷àñòè îëîâî­ïî­
ëèìåòàëëè÷åñêîå ìåñòîðîæäåíèå Ñîïêà 
Áîëüøàÿ íàõîäèòñÿ â Þãî­Âîñòî÷íîé ÷àñòè 
Çàáàéêàëüñêîãî êðàÿ, íåäàëåêî îò ïãò Øåð­
ëîâàÿ Ãîðà (ðèñ. 1).

Îëîâî­ïîëèìåòàëëè÷åñêîå ìåñòîðîæäå­
íèå Ñîïêà Áîëüøàÿ ëîêàëèçîâàíî â êâàðöå­
âûõ ïîðôèðàõ è ýêñïëîçèâíûõ áðåê÷èÿõ. Ñðå­
äè îáëîìêîâ êâàðöåâûõ ïîðôèðîâ â áðåê÷èÿõ 
îòìå÷àþòñÿ îñàäî÷íûå ïîðîäû ôóíäàìåíòà, 
äèîðèòîâûå ïîðôèðèòû è ãðàíèòû [13]. 

Ðèñ. 1. Ìåñòîïîëîæåíèå Øåðëîâîãîðñêîãî ðóäíîãî ðàéîíà / Fig. 1. Location of the Sherlovogorsk ore district

Ìàòåðèàë è ìåòîäû èññëåäîâàíèÿ. Äëÿ 
èçó÷åíèÿ èñïîëüçîâàíû àãðåãàòû ñâåòëî­ãî­
ëóáîãî ìèíåðàëà, ðàçâèâøåãîñÿ íà êîðêàõ 
è ïî÷êîâèäíûõ àãðåãàòàõ õàëüêàíòèòà, à òàê­
æå íåïîñðåäñòâåííî íà êðèñòàëëàõ ãèïñà è 
áëåäíî­çåëåíûõ êîðî÷êàõ ìåëàíòåðèòà è ñè­

äåðîòèëà. Îáùåå ÷èñëî íàõîäîê ïîäîáíûõ 
îáðàçîâàíèé äîñòèãàåò ïåðâîãî äåñÿòêà. 
Ýòè àãðåãàòû âèçóàëüíî è ïîä áèíîêóëÿðîì 
ðàçäåëåíû ïî öâåòó íà õàëüêàíòèò, áîíàòòèò, 
à òàêæå èãîëü÷àòûå è ñïóòàíî­âîëîêíèñòûå 
àãðåãàòû ãèïñà, ñóëüôàòîâ öèíêà (ãàííèíãèò, 
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áèàíêèò) è ìàãíèÿ (ñòàðêåèò, êèçåðèò, ãåêñà­
ãèäðèò). 

Èäåíòèôèêàöèÿ ìèíåðàëüíûõ ôàç ïðî­
âåäåíà îäíèì èç àâòîðîâ íà îñíîâå îïòè­
÷åñêèõ ñâîéñòâ, ïîäòâåðæäåííûõ ðåíòãå­
íîñòðóêòóðíûì àíàëèçîì, âûïîëíåííûì â 
Èíñòèòóòå çåìíîé êîðû ÑÎ ÐÀÍ íà äèôðàêòî­
ìåòðå ÄÐÎÍ­3 íà ÑuKα­èçëó÷åíèè ìåòîäîì 
ïîðîøêà, ïðîáû èñòåðòû â ýòèëîâîì ñïèðòå äî 
ñîñòîÿíèÿ ïóäðû (àíàëèòèê Ç. Ô. Óùàïîâñêàÿ). 
Âûïîëíåíî äâà ïîëíûõ õèìè÷åñêèõ àíàëèçà â 
õèìè÷åñêîé ëàáîðàòîðèè ÀÎ ËÈÖÈÌÑ (ã. ×è­
òà) ñ èñïîëüçîâàíèåì àòîìíî­àáñîðáöèîí­
íîãî, ôîòîìåòðè÷åñêîãî, ãðàâèìåòðè÷åñêîãî 
è òèòðèìåòðè÷åñêèõ ìåòîäèê (ðóêîâîäèòåëü 
ëàáîðàòîðèè Ò. À. Êàíäûáèíà). 

Ñèíõðîííûé òåðìè÷åñêèé àíàëèç âû­
ïîëíåí îäíèì èç àâòîðîâ â ëàáîðàòîðèè ãå­
îõèìèè è ðóäîãåíåçà ÈÏÐÝÊ ÑÎ ÐÀÍ íà ïðè­
áîðå STA 449 F1 Jupiter ôèðìû «NETZSCH» 
(ÔÐÃ) â ïëàòèíîâûõ òèãëÿõ, ñêîðîñòü íàãðåâà 
ñîñòàâëÿëà 10 °Ñ/ìèí, àòìîñôåðà – àðãîí, 

íàâåñêà ïðîáû – 10 ìã. ÈÊ­ñïåêòðû ñíÿòû íà 
ïðèáîðå «Shimadzu FTIR 8400S» â îáëàñòè 
400…4000 cm–1 â ëàáîðàòîðèè êàôåäðû õè­
ìèè ÇàáÃÓ (àíàëèòèê Ä. Â. Ïóçûíèí).

Ðåçóëüòàòû èññëåäîâàíèÿ. Èçó÷åíû 
îáðàçöû, ñîáðàííûå â 2007 è â 2010 ãã. â 
êàðüåðå îëîâî­ïîëèìåòàëëè÷åñêîãî ìå­
ñòîðîæäåíèÿ Ñîïêà Áîëüøàÿ Øåðëîâîãîð­
ñêîãî ðóäíîãî ðàéîíà. Îáíàðóæåíû íà ãëûáàõ 
õàëüêîïèðèò­ñôàëåðèòîâûõ ðóä â âèäå ãîëó­
áûõ ðàçëè÷íûõ îòòåíêîâ êîðîê ñ ïî÷êîâèä­
íîé (ñóáñôåðè÷åñêîé) ïîâåðõíîñòüþ (ðèñ. 2). 
×àñòü èç íèõ â âèäå ìàòîâûõ êîðî÷åê ãîëóáîãî 
öâåòà àññîöèèðóþò ñ íàòå÷íûìè àãðåãàòàìè 
õàëüêàíòèòà ñèíåãî öâåòà, íàðàñòàÿ íà íèõ. 
Ïîäîáíûå êîðêè ïîëó÷åíû â ýêñïåðèìåíòå ïî 
âûðàùèâàíèþ õàëüêàíòèòà (ðèñ. 3). Îäíàêî îíè 
íàðàñòàëè íà ãðàíè åãî êðèñòàëëà è íå ÿâëÿ­
ëèñü ðåçóëüòàòîì äåãèäðàòàöèè, êàê â ýêñïå­
ðèìåíòå Â. Í. Àâäîíèíà [1]. Áîíàòòèò â 2007 ã. 
íàáëþäàëè â àññîöèàöèè ñ õàëüêàíòèòîì, ñè­
äåðîòèëîì, ñòàðêåèòîì (îáð. ØÃ­07­256­2). 

Ðèñ. 2. Ïî÷êîâèäíûå êîðêè áîíàòòèòà ñ ïîçäíèì 
ãèäðîöèàíèòîì íà ãëûáå îêèñëåííîé 

õàëüêîïèðèò­ñôàëåðèòîâîé ðóäû. 10 × 10 ñì. Êàðüåð / 
Fig. 2. Reniform crusts of bonattite with late hydrocyanite 

on a block of oxidized chalcopyrite­sphalerite ore. 
10 × 10 cm. Quarry 

Ðèñ. 3. Êîðî÷êè áîíàòòèòà íà âûðàùåííîì êðèñòàëëå 
õàëüêàíòèòà / Fig. 3. Bonattite crusts on a grown 

chalcanthite crystal

Îáîñîáëåííûõ õîðîøî îáðàçîâàííûõ 
êðèñòàëëîâ â ãîëóáûõ àãðåãàòàõ íå îáíà­
ðóæåíî. Îòäåëüíûå îáðàçöû äî 1…1,5 ìì 
ïðåäñòàâëÿþò ïðåñåêàþùèåñÿ èëè ñóáïà­
ðàëëåëüíûå ïî÷òè áåñöâåòíûå â èììåðñè­
îííîì ïðåïàðàòå àãðåãàòû. Â èììåðñèîííûõ 
ïðåïàðàòàõ ïî âûñîêîìó äâóïðåëîìëåíèþ 
è n

m
 > 1,55, îäíîçíà÷íî îïðåäåëåíî, ÷òî ýòî 

íå õàëüêàíòèò. Â ðåçóëüòàòå äåòàëüíîãî èçó­
÷åíèÿ ýòèõ àãðåãàòîâ îïðåäåëåíû ïîêàçàòå­
ëè ïðåëîìëåíèÿ, ñîâïàäàþùèå ñ äàííûìè 
Ê. Ë. Ãàðàâåëëè [8] (òàáë. 1).

Ðåíòãåíîìåòðè÷åñêèå äàííûå îäíîçíà÷­
íî ïîäòâåðäèëè ïðèíàäëåæíîñòü àãðåãàòîâ 
ãîëóáîãî öâåòà ê áîíàòòèòó (òàáë. 2). Íåêî­
òîðûå èç ðåôëåêñîâ ñ ìàëîé èíòåíñèâíî­
ñòüþ â ðåíòãåíîãðàììàõ ðàçëè÷íûõ àâòîðîâ 
îòñóòñòâóþò. Ýòî ñâÿçàíî, âåðîÿòíî, ñ îñî­
áåííîñòÿìè ñúåìêè è ïðèñóòñòâèåì âåñüìà 
íåçíà÷èòåëüíîãî êîëè÷åñòâà ôàç õàëüêàíòè­
òà, ñèäåðîòèëà, ñòàðêåèòà, áîéëåèòà, óñòà­
íîâëåííûõ àíàëèçîì äèôðàêòîãðàìì íàøèõ 
îáðàçöîâ. 
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Òàáëèöà 1 / Table 1
Îïòè÷åñêèå ñâîéñòâà îáðàçöîâ áîíàòòèòà / Optical Properties of Bonattite Samples

Íîìåð îáðàçöà / Sample 
number

Ïîêàçàòåëè ïðåëîìëåíèÿ / Refractive indices
Ng – Np Ïðèìå÷àíèå / 

NoteNg Nm Np

ØÃ­10­140­2
ShG­10­140­2 1,617 ± 0,003 1,576 ± 0,002 1,556 ± 0,002 0,061

ØÃ­13­ÑÌÎ­7
ShG­13­SMO­7 1,614 ± 0,001 1,574 ± 0,001 1,551 ± 0,003 0,063

ØÃ­13­ÑÌÎ­25
ShG­13­SMO­25 1,617 ± 0,002 1,578 ± 0,002 1,555 ± 0,001 0,062

Áîíàòòèò / Bonattitå 1,618 1,577 1,554 0,064 [5]

Òàáëèöà 2 / Table 2

Ñðàâíåíèå ðåíòãåíîìåòðè÷åñêèõ äàííûõ áîíàòòèòà Øåðëîâîé Ãîðû ñ îïóáëèêîâàííûìè äàííûìè [1; 8; 9] /
Comparison of X­ray diffraction data of Sherlova Gora bonattite with published data [1; 8; 9]

Ê. Ë. Ãàðàâåëëè [8] / 
C. L. Garavelli [8]

Äæ. Ë. ßìáîð [9] / 
J. L. Jambor [9]

Â. Í. Àâäîíèí [1] / 
V. N. Avdonin [1]

Øåðëîâàÿ Ãîðà, 
íàøè äàííûå / 

Sherlovaya Gora, 
our data

d (Å) I hkl d (Å) I hkl d (Å) I d (Å) I
5,09 65 110 5,11 70 110 5,1 63 5,14 66
4,83 35 021 4,86 30 021 4,85 53 4,86 39
4,69 19 ­101 ­ ­ ­ 4,72 17 3,67 18
4,4 100 ­111 4,42 100 ­111 4,40 100 4,44 100
3,96 30 111 3,97 30 111 3,975 35 3,97 32

­ ­ ­ ­ ­ ­ 3,770 10 ­ ­
3,69 9 031 3,69 19 3,71 22
3,65 55 002 3,65 60 002 3,640 52 3,65 60
3,42 50 ­130 3,42 50 ­130 3,41, 50 3,42 49
3,28 9 040 3,25 60 040 ­ ­ 3,26 64
3,24 65 ­102 ­ ­ ­ 3,25 70 3,24 62
3,18 35 022 ­ ­ ­ 3,19 35 3,13 29
3,0 40 131 3,01 60 131 3,01 42 3,01 49
2,97 20 041 2,97 20 041 2,97 19 2,97 20

2,814 25 112 2,82 40 112 2,814 50 2,82 39
2,743 25 ­210 ­ ­ ­ 2,75 20 2,748 18
2,66 7 ­211 ­ ­ ­ 2,66 6 2,66 12
2,55 7 220 2,55 5 220 2,545 6 2,550 10

­ ­ ­ 2,498 50 ­221 ­ ­ 2,499 35
2,494 40 201 ­ ­ ­ 2,494 55 ­ ­

­ ­ ­ 2,428 5 042 2,425 12 2,430 9
2,420 9 003 ­ ­ ­ ­ ­ ­ ­
2,349 11 ­202 2,354 10 ­202 2,350 16 2,361 12
2,275 35 023 ­ ­ ­ 2,274 37 2,280 36

­ ­ ­ 2,278 40 ­151 ­ ­ ­ ­
2,211 9 ­222 ­ ­ ­ ­ ­ 2,217 12

­ ­ ­ 2,208 10 151 2,207 12
­ ­ ­ ­ ­ ­ ­ ­ ­ ­

2,103 11 113 2,106 20 113 2,102 20 2,104 11
2,079 11 061 2,081 20 061 2,073 21 2,083 20

­ ­ ­ 1,95 10 043 1,946 12 1,946 15
1,938 11 152 ­ ­ ­ ­ ­ ­ ­

­ ­ ­ 1,908 10 ­242 ­ ­ ­ ­
1,9 9 250 ­ ­ ­ 1,902 9 1,903 10
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­ ­ ­ 1,867 10 ­223 1,868 6
­ ­ ­ 1,827 10 ­311 1,828 13 1,829 14

1,824 9 004 ­ ­ ­ ­ ­ ­ ­
1,762 11 170 1,762 10 170 1,76 11 1,766 9
1,722 11 ­312 1,724 10 ­312 ­ ­ 1,7180 12

Ïðèìå÷àíèÿ: 1.Ñúåìêà îáðàçöà áîíàòòèòà Øåðëîâîé Ãîðû ïðîâåäåíà äî 52°2θ è ïîýòîìó çíà÷åíèÿ d/n òàáëè÷­
íûõ äàííûõ [8] è [9] íà áîëüøèõ óãëàõ íå ïðèâåäåíû. 2. Ïðî÷åðêàìè îáîçíà÷åíû îòñóòñòâóþùèå äàííûå íà ðåíòãåíî­
ãðàììàõ /

Note: 1. A survey of the Sherlova Gora bonattite sample was carried out up to 52 ° 2θ and therefore the d / n values of the 
tabular data [8] and [9] at large angles are not given. 2. Dashes indicate missing data on radiographs

Ïàðàìåòðû ýëåìåíòàðíîé ÿ÷åéêè áîíàò­
òèòà ñîîòâåòñòâóþò èçâåñòíûì – a = 5,59(1) Å; 
b = 13,04(1) Å; c = 7.36(1) Å; β = 97,2(2)º; 
V = 352 Å3.

Õèìè÷åñêèé ñîñòàâ ìîíîôðàêöèé èíäè­
âèäîâ è èõ ñðîñòêîâ èç äâóõ àãðåãàòîâ áîíàò­
òèòà ïîêàçàë, ÷òî â áîíàòòèòå êðîìå ìåäè è 
öèíêà ñîäåðæàòñÿ æåëåçî, êàëüöèé, ìàðãà­

íåö, íèêåëü, êîáàëüò, ìàãíèé è àëþìèíèé. 
Êîëè÷åñòâî êðèñòàëëîãèäðàòíîé âîäû îïðå­
äåëåíî ìåòîäîì òåðìîãðàâèìåòðèè. Îäíà èç 
òåðìîãðàìì ïðåäñòàâëåíà íà ðèñ. 4. Íà òåð­
ìîãðàììå ïðåäñòàâëåíû êðèâûå íàãðåâàíèÿ 
áîíàòòèòà è ïóàòâåíèòà, êîòîðûé îáðàçîâàë­
ñÿ íà áîíàòòèòå. 

Ðèñ. 4. ÒÃ è ÄÑÊ îáðàçöîâ ØÃ­13­ÑÌÎ­07­1 (ïóàòâåíèò) è ØÃ­13­ÑÌÎ­07 (áîíàòòèò) / Fig. 4. TG and DSC samples 
ShG­13­SMO­07­1 (putwenit) and ShG­13­SMO­07 (bonattite)

Íà òåðìîãðàììàõ ÷åòêî âûäåëÿåòñÿ òðè 
ñòàäèè ïîòåðè âîäû [3]. Èç áîíàòòèòà ïðè 
òåìïåðàòóðå 99,6 è 121,4 °Ñ âûäåëÿåòñÿ ñî­
îòâåòñòâåííî 14,25 è 5,40 % âîäû, îñòàâøàÿ­
ñÿ òðåòüÿ ìîëåêóëà âûäåëÿåòñÿ ñòóïåí÷àòî â 
äèàïàçîíå 230…263,6 °Ñ. Î ñòóïåí÷àòîñòè åå 
âûäåëåíèÿ ñâèäåòåëüñòâóåò ñëàáî ðàçäâîåí­
íûé ïðè 242,6 °Ñ ïèê. Â äèàïàçîíå òåìïåðà­
òóð 230…242,9 °Ñ âûäåëÿåòñÿ 4,17 % âîäû, 
â èíòåðâàëå 242,9…263,6 °Ñ – îñòàâøèåñÿ 
3,51 %. Ñóììàðíûé âûõîä âîäû ñîñòàâèë 

27,33 %, ÷òî äàåò èäåàëüíîå ñîâïàäåíèå ñ 
äàííûìè Ê. Ë. Ãàðàâåëëè [8]. 

 Â òåìïåðàòóðíîì äèàïàçîíå 600…770 °Ñ 
â äâà ýòàïà ñ ìàêñèìóìàìè ýíäîýôôåêòîâ 
ïðè 716,4 è 766,7 °Ñ ïðîèñõîäèò ðàçëîæå­
íèå áåçâîäíîãî ñóëüôàòà. Ïðè òåìïåðàòóðàõ 
915…933 °Ñ èäåò ïðîöåññ âîññòàíîâëåíèÿ 
îêñèäà ìåäè CuO äî Cu

2
O.

Íà äèôôåðåíöèàëüíîé êðèâîé íàãðåâà­
íèÿ ïóàòâåíèòà ÷åòêî ïðîÿâëåí ýíäîòåðìè÷å­
ñêèé ïèê ïðè 77,9 °Ñ. Åìó ñîîòâåòñòâóåò âû­

Îêîí÷àíèå òàáë. 2
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õîä âîäû 6,73 %. Ïîñêîëüêó íà îäíó ìîëåêóëó 
âîäû â CuSO

4
·3Í

2
Î ïðèõîäèòñÿ 9,11 % è, ïî 

äàííûì ðàáîòû «Òåðìè÷åñêèé àíàëèç ìèíå­
ðàëîâ è ãîðíûõ ïîðîä» [3], ïåðâàÿ ìîëåêóëà 
âîäû èç õàëüêàíòèòà âûõîäèò ïðè 90…100 °Ñ, 
ñëåäóåò ïðèíÿòü, ÷òî çàôèêñèðîâàí âûõîä 
íå êðèñòàëëèçàöèîííîé, à ãèãðîñêîïè÷åñêîé 
âîäû. Âòîðîé ýíäîýôôåêò íà òåðìîãðàììå 
ïóàòâåíèòà ñ ìàêñèìóìîì ïðè 288,6 °Ñ ñîîò­
âåòñòâóåò âûõîäó åäèíñòâåííîé êðèñòàëëî­
ãèäðàòíîé ìîëåêóëû, ìàññîâàÿ äîëÿ êîòîðîé 
ñîñòàâëÿåò 9,22 %, ÷òî ïî÷òè òî÷íî ñîâïàäàåò 
ñ ìàññîâîé äîëåé âûõîäà îäíîé ìîëåêóëû â 
áîíàòòèòå. 

Ðàñ÷åò ýìïèðè÷åñêîé ôîðìóëû ïðîâî­
äèëñÿ íà ÷åòûðå àòîìà êèñëîðîäà, òðè ìîëå­
êóëû Í

2
Î. Ðàññ÷èòàííûå ôîðìóëû îáðàçöîâ 

áîíàòòèòà âûãëÿäÿò ñëåäóþùèì îáðàçîì: 

ØÃ­10­140­2 (Cu
0,961

Zn
0,041

Mg
0,006

)
1,008

(SO
4
)

0,997
·3H

2
O;

ØÃ­13­ÑÌÎ­7 (Cu
0,865

Zn
0,037

Mg
0,011

)
0,913

(SO
4
)

1,029
·3H

2
O.

Êàê âèäíî èç ïðèâåäåííûõ ôîðìóë, áî­
íàòòèò èìååò öèíêîâî­ìàãíèåâóþ ñïåöèôè­
êó. Íà ÈÊ­ñïåêòðå (ðèñ. 5) áîíàòòèòà (îáð. 
ØÃ­07­164) âàëåíòíûå êîëåáàíèÿ ÎÍ­ãðóïï 
ìîëåêóëÿðíîé âîäû õàðàêòåðèçóþòñÿ îò­
íîñèòåëüíî øèðîêîé ïîëîñîé ïîãëîùåíèÿ 
ïðè 3340,82 ñì­1 ñ íåçíà÷èòåëüíûì åå ðàñ­
ùåïëåíèåì, äåôîðìàöèîííûå êîëåáàíèÿ 
ìîëåêóëÿðíîé âîäû îòîáðàæåíû ïîëîñàìè 
ïîãëîùåíèÿ 1680,05 è 1656,91 ñì­1. Êîëå­
áàíèÿ ñóëüôàò­àíèîíà îòîáðàæåíû ïîëî­
ñàìè ïîãëîùåíèÿ 1107,18, 628,81, 572,88 è 
507,30 ñì­1. Ïîëîñà ïîãëîùåíèÿ 993,37 ñì­1 

ñîîòâåòñòâóåò êîëåáàíèÿì S – O, à 871,85 ñì­1  – 
äåôîðìàöèîííûì êîëåáàíèÿì Ñu – OH.

Ðèñ. 5. ÈÊ­ñïåêòð áîíàòòèòà. Îáðàçåö ØÃ­07/164 (I) / Fig. 5. IR spectrum of bonattite. Sample ShG­07/164 (I)

Çàêëþ÷åíèå. Áîíàòòèò, êàê ñëåäóåò èç 
äàííûõ ðàçëè÷íûõ èñòî÷íèêîâ, îáû÷íî íàõî­
äèòñÿ â àññîöèàöèè ñ õàëüêàíòèòîì, ÷òî âûÿâ­
ëåíî è íà Øåðëîâîãîðñêîì ìåñòîðîæäåíèè. 
Îäíàêî â îòëè÷èå îò Ãàéñêîãî ìåñòîðîæäå­
íèÿ ìåäè, ãäå ïî äàííûì Â. Í. Àâäîíèíà [1], 
áîíàòòèò ÿâëÿåòñÿ ïðîäóêòîì äåãèäðàòàöèè 

õàëüêàíòèòà, â êàðüåðå ðàçðàáîòêè ìåñòî­
ðîæäåíèÿ Ñîïêà Áîëüøàÿ â óñëîâèÿõ ñóõîãî 
æàðêîãî ëåòà îí îáðàçóåòñÿ íà èñïàðèòåëü­
íîì ãåîõèìè÷åñêîì áàðüåðå âñëåä çà íèì. 
Êðîìå òîãî, îäíîâðåìåííî ñ áîíàòòèòîì 
çäåñü îáðàçóþòñÿ ñóëüôàòû öèíêà (áîéëåèò) 
è ìàãíèÿ (ñòàðêåèò). 
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Îñîáåííîñòè ãåîõèìè÷åñêîé ñïåöèà­
ëèçàöèè äðåíèðóåìûõ âîäíûìè ðàñòâîðàìè 
ïåðâè÷íûõ îëîâî­ïîëèìåòàëëè÷åñêèõ ðóä 

(æåëåçî, ìàãíèé, öèíê) îòðàæàþòñÿ â êàòèîí­
íîì ñîñòàâå áîíàòòèòà, çàìåùàÿ ìåäü. 
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