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Ìåòîäîì òåðìîãðàâèìåòðè÷åñêîãî àíàëèçà óñòàíîâëåíî âîçäåéñòâèå âíåäðåíèÿ ïîëóìåòàëëîâ â îáðàçöû 
ðóäû äâóõ âàæíûõ â ïðîìûøëåííîì îòíîøåíèè ìåñòîðîæäåíèé Çàáàéêàëüñêîãî êðàÿ: Ëþáàâèíñêîå 
(ñðåäíåãëóáèííîå çîëîòîêâàðöåâîå) è óíèêàëüíîå ïî çàïàñàì è ñîäåðæàíèþ çîëîòà Áàëåéñêî­Òàñååâñêîå 
(ìàëîãëóáèííîå çîëîòî­ñåðåáðÿíî­êâàðöåâîå).  Âûÿâëåíû ÷åòêèå ðàçëè÷èÿ ðåçóëüòàòîâ òåðìè÷åñêèõ èññëå­
äîâàíèé ðóäû äî è ïîñëå âíåäðåíèÿ ñóðüìû è âèñìóòà. 

Äëÿ îñóùåñòâëåíèÿ òåðìîãðàâèìåòðè÷åñêîãî àíàëèçà íàãðåâàíèå èññëåäóåìûõ êîíòðîëüíûõ îáðàçöîâ 
ðóäû è îáðàçöîâ êîìïîçèöèé ðóäû ñ ïîëóìåòàëëàìè ïðîâîäèëè äî 700…1200° Ñ â ïîòîêå àðãîíà èëè 
âîçäóõà (ìàêñèìàëüíî âûñîêàÿ òåìïåðàòóðà çàâèñèò îò äîñòèæåíèÿ ñïåêàåìîñòè îáðàçöà). Ïîòåðÿ ìàññû 
êîíòðîëüíûõ îáðàçöîâ ðóäû èä¸ò ñ îäèíàêîâîé ñêîðîñòüþ, ïðèñóòñòâóþò ñõîæèå òåðìè÷åñêèå ýôôåêòû, 
õîòÿ èõ èíòåíñèâíîñòü ðàçëè÷íà. Òàêæå îòìå÷àåì, ÷òî ïîòåðÿ ìàññû ïðîèñõîäèò ñòóïåí÷àòî: ïðè íàãðåâàíèè 
îáðàçöîâ ðóäû Òàñååâñêîãî ìåñòîðîæäåíèÿ ïðîèñõîäèò â òðè ñòóïåíè, ðóäû Ëþáàâèíñêîãî ìåñòîðîæäåíèÿ 
–  â ÷åòûðå ñòóïåíè. Ïðè òåìïåðàòóðå 573,9…574 °Ñ ïðîèñõîäèò ìîùíûé ýíäîýôôåêò, õàðàêòåðèçóþùèé 
α-β ïåðåõîä ôàçîâîãî ñîñòîÿíèÿ êâàðöà. Òåîðåòè÷åñêèå äàííûå α-β ïåðåõîäà êâàðöà 573,2 °Ñ, íî èç­çà ðàç­
íîãî ðàçìåðà ÷àñòèö êâàðöà â íàâåñêå (ìåëêèå ÷àñòèöû è êðóïíûå èçìåíÿþò ôàçîâîå ñîñòîÿíèå â ðàçíîå 
âðåìÿ) ýíäîýôôåêò íåçíà÷èòåëüíî ñäâèãàåòñÿ, êàê ïðîèñõîäèò â íàøåì ñëó÷àå. Â ñðåäíåì îñòàòî÷íàÿ ìàññà 
îáðàçöîâ ïî äîñòèæåíèè 1000 °Ñ ñîñòàâèëà 96,7%.

Íàáëþäàåìûå ïðè íàãðåâàíèè êîíòðîëüíûõ îáðàçöîâ ðóäû  èíòåíñèâíûå òåðìè÷åñêèå ýôôåêòû ðàçëî­
æåíèÿ ãëèíèñòûõ, êàðáîíàòíûõ, ñóëüôèäíûõ ñîñòàâëÿþùèõ ïîëèìèíåðàëüíûõ ðóä, ÷¸òêèé ïèê ôàçîâîãî 
α-β ïåðåõîäà êâàðöà, ñòóïåí÷àòàÿ ïîòåðÿ ìàññû ïðè íàãðåâàíèè îáðàçöîâ êîìïîçèöèé ðóäû ñ âíåäð¸ííûìè 
ïîëóìåòàëëàìè íå ïðîÿâëÿþòñÿ. 
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Ïðè òåðìè÷åñêîì èññëåäîâàíèè êîìïîçèöèè ñîñòàâà ðóäà + ïîëóìåòàëë íàáëþäàåì çàìåòíîå «ñãëàæèâà­
íèå» êðèâîé ÄÑÊ, ïîòåðÿ ìàññû ïðîõîäèò ðàâíîìåðíî, áåç ðåçêèõ ñòóïåíåé, ÷òî íàâîäèò íà ðàçìûøëåíèÿ 
îá îáðàçîâàíèè â ýòèõ ñëó÷àÿõ óñòîé÷èâûõ ê âíåøíèì òåðìè÷åñêèì âîçäåéñòâèÿì ñòðóêòóð êîìïîçèöèé

Êëþ÷åâûå ñëîâà: òåðìîãðàâèìåòðèÿ; ïîëóìåòàëëû; ìîëåêóëÿðíûå ñòðóêòóðû; ðóäà; ñðåäíåãëóáèííûå è 
ìàëîãëóáèííûå çîëîòîêâàðöåâûå ðóäíûå ôîðìàöèè;Ëþáàâèíñêîå ìåñòîðîæäåíèå;Òàñååâñêîå ìåñòîðîæäåíèå; 
êâàðö; âíåäðåíèå; ìèíåðàëüíûé ñîñòàâ 

The method of the thermogravimetric analysis has established an impact of semi­metals introduction into the 
samples of ore of two industrially important deposits of the Transbaikal region: Lyubavinskoye (medium­deep 
gold­quartz) and unique on stocks and content of gold Baley­Taseevskoye (low­deep gold­silver­quartz). Accu­
rate distinctions of the results of thermal researches of ore before and after introduction of antimony and bismuth 
are revealed. 

For implementation of the thermogravimetric analysis the heating of the studied control samples of ore and 
samples of ore compositions with semi­metals were carried out to 700…1200 °C in a stream of argon or air (the 
highest temperature depends on the state of sample’s caking). The loss of mass of ore control samples goes with 
an identical speed; there are similar thermal effects though their intensity is various. Also we note that the loss of 
weight happens in stages: when heating the ore samples of the Taseevsky deposit occurs in three stages, whereas 
the heating of the ore samples of the Lyubavinsky deposit in four stages. At the temperature of 573,9…574 °C 
there is a powerful end­effect, characterizing α-β transition of a phase condition of quartz. Theoretical data of α-β 
transition of quartz are at 573,2 °C, but because of the different size of quartz particles in a hinge plate (small 
particles and large change a phase state at different times) the end­effect not considerably moves as it occurs in 
our case. The residual mass of samples on reaching 1000 °C has averaged 96,7 %.

The observed intensive thermal effects of decomposition of clay, carbonate, sulphidic components of polymin­
eral ores, accurate peak phase of α-β quartz transition, stage loss of weight when heating samples of ore composi­
tions with the introduced semi­metals during the heating process of ore control samples aren’t shown. 

At a thermal research of composition of the structure ore + semimetal we observe noticeable “smoothing” of 
curve DSK, loss of weight takes place evenly, without sharp stages that underlines the idea about formation of 
composite structures resistant to external thermal influences in such cases.

Key words: thermogravimetry, semimetals, molecular structures, ore, medium­deep and low gold­quartz ore formations, 
Lubavinsky deposit, Taseevskoye deposit, quartz, introduction, mineral composition

Ââåäåíèå. Íåäîñòàòî÷íîñòü èìåþùåéñÿ 
èíôîðìàöèè î çàêîíîìåðíîñòÿõ îáðà­

çîâàíèÿ, èçìåíåíèè ôèçèêî­õèìè÷åñêèõ 
ñâîéñòâ ïðè âíåäðåíèè âèñìóòà è ñóðüìû â 
ïðèðîäíûå ìèíåðàëüíûå îáúåêòû, à èìåí­
íî âëèÿíèå ïîëóìåòàëëîâ íà òåðìè÷åñêèå 
ñâîéñòâà ðóäû, äåëàåò àêòóàëüíîé ðàçðà­
áîòêó íîâûõ ïîäõîäîâ ê ïîëó÷åíèþ òàêèõ 
ñîåäèíåíèé, èçó÷åíèþ èõ ñâîéñòâ, ñòðóê­
òóðû. 

Îáúåêòàìè èññëåäîâàíèÿ ÿâëÿþòñÿ çî­
ëîòîñîäåðæàùèå ðóäû Òàñååâñêîãî è Ëþáà­
âèíñêîãî ìåñòîðîæäåíèé Çàáàéêàëüñêîãî 
êðàÿ. Ãëèíèñòûå ñîñòàâëÿþùèå ýòèõ ðóä 
ÿâëÿþòñÿ îáúåêòàìè ñóïðàìîëåêóëÿðíûõ 
ñòðóêòóð. Âñå îïûòû, ìàíèïóëÿöèè ïðî­
âîäÿòñÿ â ðåàëüíûõ óñëîâèÿõ íà âîçäóõå. 

Õàðàêòåðíûå ñâîéñòâà ïîëóìåòàëëîâ îòðà­
æàþò ñïåöèôèêó ìåæàòîìíûõ ñèë ñâÿçè 
â êðèñòàëëàõ âåùåñòâ ýòîãî òèïà. Ýíåðãèÿ 
ñâÿçè äëÿ êðèñòàëëîâ òèïè÷íûõ ïîëóìåòàë­
ëîâ îêàçûâàåòñÿ íåçíà÷èòåëüíîé, ÷òî ïðè­
âîäèò ê ñèëüíîìó ýíãàðìîíèçìó êîëåáàíèé 
ðåøåòêè, âûñîêîé ñæèìàåìîñòè, äåëàåò 
ïîëóìåòàëëû âåñüìà ÷óâñòâèòåëüíûìè ê 
âíåøíèì âîçäåéñòâèÿì (âñåñòîðîííåå ñæà­
òèå, îäíîîñíàÿ äåôîðìàöèÿ è äð.) [2;1]. Â 
ðåçóëüòàòå èññëåäîâàíèÿ âíåäðåíèÿ âèñìó­
òà è ñóðüìû â çîëîòîñîäåðæàùóþ ðóäó óñòà­
íîâëåíî, ÷òî îíî îêàçûâàåò ñóùåñòâåííîå 
âëèÿíèå íà õàðàêòåð òåðìè÷åñêèõ ñâîéñòâ 
èññëåäóåìûõ îáðàçöîâ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü. Ìèíå­
ðàëüíûé ñîñòàâ îáúåêòîâ èññëåäîâàíèÿ 
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èçâåñòåí: ðóäà Òàñååâñêîãî ìåñòîðîæäå­
íèÿ ñîñòîèò èç êâàðöà (SiO

2
), ñëîèñòûõ 

ñèëèêàòîâ ñ ïðèìåñüþ ñóëüôîñîëåé, ïè­
ðèòà (FeS

2
), ñôàëåðèòà (ZnS), îëèãîíèòà 

((Fe,Mn)CO
3
), â ðóäå Ëþáàâèíñêîãî ìåñòî­

ðîæäåíèÿ ïðèñóòñòâóåò êâàðö, ãèäðîñëþäà, 
àðñåíîïèðèò (FeAsS), ïèðèò (FeS

2
), äîëî­

ìèò (CaCO
3
•MgCO

3
).

Ìèíåðàëüíûé è õèìè÷åñêèé ñîñòàâ èñ­
ïîëüçîâàííîãî äëÿ ýêñïåðèìåíòîâ ðóäíîãî 
ìàòåðèàëà èçó÷åí â àíøëèôàõ ìèíåðàãðà­
ôè÷åñêèì, ýëåêòðîííî­çîíäîâûì è õèìè­
÷åñêèìè ìåòîäàìè ñ ïîìîùüþ îïòè÷åñêîãî 
ïîëÿðèçàöèîííîãî ìèêðîñêîïà AXIO Scope 
A1., ðàñòðîâîãî ýëåêòðîííîãî ìèêðîñêî­
ïà LEO 1430 VP (àíàëèòèê Å.À. Õðîìîâà, 
ÃÈÍ ÑÎ ÐÀÍ, ã. Óëàí­Óäý, ðóêîâîäèòåëü 
ëàáîðàòîðèè Ñ.Â. Êàíàêèí). Õèìè÷åñêèå 
àíàëèçû âûïîëíåíû ìåòîäîì ISP MS â ëà­
áîðàòîðèè ÎÀÎ «Âîñòîê ëèìèòåä», ðóêîâî­
äèòåëü Ò.Ë. Ïîïîâà.  

Òåðìîãðàâèìåòðè÷åñêèé àíàëèç îñó­
ùåñòâëÿëñÿ â Èíñòèòóòå ïðèðîäíûõ ðå­
ñóðñîâ, ýêîëîãèè è êðèîëîãèè ÑÎ ÐÀÍ 
(ÈÏÐÝÊ ÑÎ ÐÀÍ), â ëàáîðàòîðèè ãåî­
õèìèè è ðóäîãåíåçà  íà ïðèáîðå Netzsch 
STA 449F1. Óñëîâèÿ âûïîëíåíèÿ: ñêîðîñòü 
10 °Ñ â ìèí, íàãðåâàíèå  äî 1000…1200 °Ñ 
â ïîòîêå àðãîíà èëè âîçäóõà. Çàãðóçêà îá­
ðàçöà ñîñòàâëÿëà 10…20 ìã, èñïîëüçîâàëñÿ 
ïëàòèíîâûé èëè êîðóíäîâûé òèãåëü. 

Äëÿ òåðìè÷åñêîãî èññëåäîâàíèÿ èñ­
ïîëüçîâàíû: îáðàçåö èçìåëü÷¸ííîé ðóäû 
ìåñòîðîæäåíèÿ çîëîòà è ñåðåáðà Òàñååâ­
ñêîå, îáðàçåö èçìåëü÷¸ííîé ðóäû ìåñòî­
ðîæäåíèÿçîëîòà Ëþáàâèíñêîå, ðóäà Òàñå­
åâñêîãî ìåñòîðîæäåíèÿ  ñ âèñìóòîì,à òàêæå 

ñ ñóðüìîé, ðóäà Ëþáàâèíñêîãî ìåñòîðîæäå­
íèÿ ñ âèñìóòîì,à òàêæå ñ ñóðüìîé. 

Îáðàçöû ïîëóìåòàëëîâ äëÿ èññëåäîâà­
íèÿ: âèñìóò ìåòàëëè÷åñêèé ÃÎÑÒ 10 928­90, 
ñóðüìà ìåòàëëè÷åñêàÿ ÃÎÑÒ 1089­82. Îá­
ðàçöû ðóäû èçìåëü÷åíû íà ìåëüíèöå äëÿ 
ãîðíûõ ïîðîä äî ÷àñòèö ðàçìåðîì »1ìì. 
Âíåäðåíèå ïîëóìåòàëëîâ ïðîèçâîäèëè ïó­
ò¸ì èñòèðàíèÿ â àãàòîâîé ñòóïêå â òå÷åíèå 
15 ìèí. Ñîîòíîøåíèå êîìïîíåíòà è ðóäû 
1:100. Îáúåêòû èññëåäîâàíèÿ î÷åíü ïî­
äàòëèâû ìåõàíè÷åñêîìó âîçäåéñòâèþ. Ïðè 
èñòèðàíèè ðóäû ñ âèñìóòîì íàáëþäàëîñü 
îò÷¸òëèâîå èçìåíåíèå öâåòà: èçíà÷àëüíî 
ñâåòëî­ñåðûé öâåò èñõîäíîãî îáðàçöà ðóäû 
ïðè âçàèìîäåéñòâèè ñ ñóðüìîé ìåíÿëñÿ 
íà ò¸ìíî­ñåðûé è ïðèìåðíî ÷åðåç 7 ìèí 
èñòèðàíèÿ óñòàíîâèëñÿ èíòåíñèâíî ò¸ì­
íî­ñåðûé öâåò îáðàçöà. Ïðè òâåðäîôàçíîì 
âçàèìîäåéñòâèè ðóäû ñ ìåòàëëè÷åñêîé ñó­
ðüìîé öâåò ãîòîâîãî îáðàçöà ñåðûé – íå­
çíà÷èòåëüíî ïîòåìíåë. Òàêæå â ïðîöåññå 
èñòèðàíèÿ ðàññûï÷àòûå ñóõèå îáðàçöû ïî 
âíåøíåìó âèäó ñòàíîâÿòñÿ âëàæíûìè, ìàñ­
ëÿíèñòûìè, àìîðôíûìè è ðàñïðåäåëÿþòñÿ 
ïî ñòåíêàì ñòóïêè. Áîëåå îò÷¸òëèâîå èçìå­
íåíèå àãðåãàòíîãî ñîñòîÿíèÿ íàáëþäàëîñü 
ïðè èñòèðàíèè ðóäû ñ âèñìóòîì. Ïðåäïîëî­
æèòåëüíî ýòî ñâÿçàíî ñ óâåëè÷åíèåì àäñî­
ðáöèîííîé ñïîñîáíîñòè èñò¸ðòûõ êîìïîçè­
öèîííûõ îáðàçöîâ.

Îáñóæäåíèå ðåçóëüòàòîâ. Äàííûå 
õèìè÷åñêîãî àíàëèçà ðóäíûõ ìèíåðàëîâ 
Òàñååâñêîãî ìåñòîðîæäåíèÿ ïðèâåäåíû 
â òàáë. 1, õèìè÷åñêèé ñîñòàâ ðóäíûõ ìè­
íåðàëîâ Ëþáàâèíñêîãî ìåñòîðîæäåíèÿ â 
òàáë. 2.

Òàáëèöà 1/Table 1

Ñîñòàâ ðóäíûõ ìèíåðàëîâ Òàñååâñêîãî ìåñòîðîæäåíèÿ/

Composition of ore minerals of the Taseevsky deposit

Ìèíåð àë/Mineral Ýëåìåíò è åãî ñîäåðæàíèå, ìàññ./Element and its content, masses., %

Au Ag Pb Zn Cu Hg As Sb Fe S

Çîëîòî/Gold 60,66 39,34

63,08 35,29 1,62

59,39 40,61

66,91 33,09
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Ìèàðãèðèò/Miargyrites
AgSbS2

25,37 25,58 49,95

Òåòðàýäðèò/Tetrahedrite
3Cu2S·Sb2S3

11,26 2,83 22,79 14,42 4,60 44,11

Àðãåíòîòåííàíòèò/
Argentotennantite
Ag6Cu4(Fe,Zn)2·As4S13

10,45 1,94 24,95 4,95 8,87 5,41 43,38

10,34 24,55 5,17 8,18 4,88 44,61

11,55 23,82 1,08 13,11 3,82 43, 03

Àíäîðèò/Andorite
AgPbSb3S6

  9,38 9,25 0,78 28,14 52,45

Ñôàëåðèò/Sphalerite 
ZnS

50,20 49,80

50,06 49,94

Òàáëèöà 2/Table 2

 Ñîñòàâ ðóäíûõ ìèíåðàëîâ Ëþáàâèíñêîãî ìåñòîðîæäåíèÿ/
Composition of ore minerals of the Lubavinsky deposit

Ìèíåðàë/
Mineral

Ýëåìåíò è åãî ñîäåðæàíèå, ìàññ./Element and its content, masses., %

Si O Fe As S Pb Au Ag Al Mg

Êâàðö/
Quartz
SiO2

48,34 51,66

48,80 51,22

48,34 51,66

48,57 51,43

Àðñåíî­
ïèðèò/
Arsenopyrite
FeAsS

37,27 40,19 22,54

37,05 40,82 22,13

37,06 39,11 23,83

36.99 40,07 22,93

36,68 40,07 22,70

36,65 40,73 22,62

37,58 39,43 22,99

35,80 41,00 23,20

Ãàëåíèò/
Galena
PbS

46,51 53,49

49,50 50,50

12,10 87,90

12,86 87,14

17,16 82,84

Îêîí÷àíèå òàáë. 1
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Ìèíåðàë/
Mineral

Ýëåìåíò è åãî ñîäåðæàíèå, ìàññ./Element and its content, masses., %

Si O Fe As S Pb Au Ag Al Mg

16,00 84,00

12,75 87,25

12,68 87,32

Ïèðèò/Pyrite
FeS

2

47,04 52,96

46,69 53,31

46,64 53,36

Çîëîòî/Gold
(Au ,Ag)

85,72 12,55

Õëîðèò/
Chlorite¹

13,73 36,55

12,24 32,89 28,06 8,31 4,02

¹Ïðèìå÷àíèå. (Mg, Fe)
3
[AI, Si)

4
Î

10
 (OH)

2
]•3(Mg, Fe)(OH)

2

Ðåçóëüòàòû òåðìîãðàâèìåòðè÷åñêèõ 
èññëåäîâàíèé èñõîäíûõ îáðàçöîâ ðóäû Òà­
ñååâñêîãî è Ëþáàâèíñêîãî ìåñòîðîæäåíèé 
ïðåäñòàâëåíû íà ðèñ. 1.

Èçìåíåíèå ìàññû îòðàæåíî íà êðèâîé 
ÒÃ è âûðàæåíî â ïðîöåíòàõ ïîòåðè ñ íà­
ðàñòàíèåì òåìïåðàòóðû. 

Ðèñ. 1. Äàííûå òåðìè÷åñêîãî àíàëèçà êîíòðîëüíûõ îáðàçöîâ ðóä Òàñååâñêîãî 
(çåë¸íûå êðèâûå ÄÑÊ è ÒÃ) è Ëþáàâèíñêîãî (ñèíèå êðèâûå ÄÑÊ è ÒÃ) ìåñòîðîæäåíèé

Fig. 1. Thermal analysis data of control samples of Taseevsky (green DSK and TG curves) and Lubavinsky 
(blue DSK and TG curves) deposits

Ïîòåðÿ ìàññû ðóäûÒàñååâñêîãî ìåñòî­
ðîæäåíèÿ(ðèñ.1) ïðè íàãðåâàíèè èä¸ò â 
òðè ñòàäèè: 

– ïåðâàÿ ñòàäèÿ ïîòåðè  ìàññû â èíòåð­
âàëå òåìïåðàòóð îò êîìíàòíîé – äî 235  °Ñ  
ñîñòàâëÿåò 0,58 % ýòîò ýôôåêò ÷àñòè÷íî 
ñâÿçàí ñ îñâîáîæäåíèåì âîäû èç êàïèëëÿ­

ðîâ. Ïåðâàÿ ñòàäèÿ ïîòåðè ìàññû õàðàêòå­
ðèçóåòñÿ ýíäî­ïèêîì ïðè òåìïåðàòóðå ïðè­
ìåðíî 120 °Ñ, ýòîò ïèê îäíîçíà÷íî ñâÿçàí ñ 
ïîòåðåé âîäû (ñâûøå 110°Ñ);

– âòîðàÿ ñòàäèÿ ïîòåðè ìàññû ïðîèñ­
õîäèò â äèàïàçîíå òåìïåðàòóð 275…565 °Ñ 
è ñîñòàâëÿåò 2 % îò âñåé ìàññû íàâåñêè, ñî­

Îêîí÷àíèå òàáë. 2
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ïðîâîæäàåòñÿ ýíäî­ýôôåêòîì ïðè 512,4 °Ñ, 
÷òî ñâÿçàíî ñ äåãèäðàòàöèåé Ñà(ÎÍ)

2
;

– òðåòüÿ ñòàäèÿ ïîòåðè ìàññû ïðîõî­
äèò â äèàïàçîíå òåìïåðàòóð 565…710 °Ñ. 
Ïðè òåìïåðàòóðå 573,9 °Ñ ïðîèñõîäèò ôà­
çîâûé α-β ïåðåõîä êâàðöà. Òåîðåòè÷åñêèå 
äàííûå α-β ïåðåõîäà êâàðöà 573,2 °Ñ, íî 
èç­çà ðàçìåðíîñòè ÷àñòèö êâàðöà èëè ìàñ­
ñû íàâåñêè (î÷åíü ìåëêèå ÷àñòèöû è áîëåå 
êðóïíûå èçìåíÿþò ôàçîâîå ñîñòîÿíèå â 
ðàçíîå âðåìÿ) ýíäîïèê èëè âûãëÿäèò ðàç­
ìûòûì, èëè íå çíà÷èòåëüíî ñäâèãàåòñÿ, êàê 
ïðîèñõîäèò â íàøåì ñëó÷àå. Òàêæå ïîòå­
ðþ ìàññû ìîæíî îòíåñòè ê äåãèäðàòàöèè 
âûñîêîîñíîâíûõ ãèäðîñèëèêàòîâ êàëüöèÿ 
ïðè 600…620 °Ñ, åãî ïëîùàäü íåçíà÷èòåëü­
íàÿ. Ïðè òåìïåðàòóðå 740…760 °Ñ ïðîèñ­
õîäèò äåêàðáîíèçàöèÿ ÑàÑÎ

3
. Ýêçîïèê ïðè 

òåìïåðàòóðå 1002,5 °Ñ ñâèäåòåëüñòâóåò îá 
àìîðôèçàöèè ãëèíèñòûõ ñîñòàâëÿþùèõ è 
ðàçðóøåíèè ñòðóêòóðû ïîëèìèíåðàëüíîãî 
îáðàçöà. Îñòàòî÷íàÿ ìàññà îáðàçöà ïî äî­
ñòèæåíèè 1000 °Ñ ñîñòàâèëà 96,2 %. 

Ïîòåðÿ ìàññû ðóäû Ëþáàâèíñêîãî 
ìåñòîðîæäåíèÿ(ðèñ. 1) ïðè íàãðåâàíèè 
èä¸ò â ÷åòûðå ñòóïåíè:

– ïåðâàÿ ñòóïåíü ïîòåðè ìàññû ñîñòàâ­
ëÿåò 0,72 %, ïðè íàðàñòàíèè òåìïåðàòóðû 
äî 580 °Ñ. Õàðàêòåðèçóåòñÿ äâóìÿ ýíäîïè­
êàìè 100…150 °Ñ, ÷òî ñâÿçàíî ñ ïîòåðåé 
âîäû. Â äèàïàçîíå òåìïåðàòóð 360…465 °Ñ 
ýôôåêò ñâÿçàí ñ äåãèäðàòàöèåé Mg(OH)

2
. 

Ìîùíûé ýíäîýôôåêò ñ ìèíèìóìîì 574 °Ñ 
îò÷¸òëèâî õàðàêòåðèçóåò α-β ïåðåõîä ôàçî­
âîãî ñîñòîÿíèÿ êâàðöà; 

– âòîðàÿ ñòóïåíü ïîòåðè ìàññû ñîñòàâ­
ëÿåò ïî÷òè 1 % îò èçíà÷àëüíîãî îáú¸ìà íà­
âåñêè è îòìå÷àåòñÿ â äèàïàçîíå òåìïåðàòóð 
580…645 °Ñ, ýòîò ýôôåêò ìîæíî îòíåñòè ê 
ñãîðàíèþ ñóëüôèäîâ. Åãî ïëîùàäü íåçíà÷è­
òåëüíàÿ.

– òðåòüÿ ñòóïåíü â äèàïàçîíå òåìïåðà­
òóð 645…720 °Ñ è ïîòåðÿ ìàññû ñîñòàâëÿåò 
1,4 % îò èçíà÷àëüíîé, ñâÿçàííàÿ ñ âûõîäîì 
OH­ãðóïï èç ñëîèñòûõ ñèëèêàòîâ;

– ÷åòâ¸ðòàÿ ñòóïåíü â äèàïàçîíå òåì­
ïåðàòóð 720…850 °Ñ õàðàêòåðíà ïîòåðåé 
ìàññû íà 2,34% è îòìå÷åíà ýíäîýôôåêòîì 
ïðè òåìïåðàòóðå 757,7 °Ñ, ÷òî ñâèäåòåëü­
ñòâóåò î ðàçëîæåíèè êàðáîíàòîâ.

Â òåìïåðàòóðíîì äèàïàçîíå 
850…1000 °Ñ ëîêàëèçîâàííûõ òåïëîâûõ 
ýôôåêòîâ íå íàáëþäàåòñÿ è, âåðîÿòíî, ïðî­
èñõîäÿò ñòðóêòóðíûå èçìåíåíèÿ. Îñòàòî÷­
íàÿ ìàññà îáðàçöà ïî äîñòèæåíèè 1000 °Ñ 
ñîñòàâèëà 97,29 %.

Òåðìè÷åñêèé àíàëèç ðóä Òàñååâñêîãî è 
Ëþáàâèíñêîãî ìåñòîðîæäåíèé îïðåäåëèë, 
÷òî ïîòåðÿ ìàññû èä¸ò ïðàêòè÷åñêè ñ îäè­
íàêîâîé ñêîðîñòüþ. Åñòü ñõîæèå òåðìè­
÷åñêèå ýôôåêòû, õîòÿ èõ èíòåíñèâíîñòü 
ðàçíàÿ.

Òåðìîãðàììû ìåòàëëîâ ñíÿòû íà êî­
ðóíäîâîì òèãëå. Ïåðåä çàïóñêîì òåìïå­
ðàòóðíîé ïðîãðàììû ïðèáîðà áûëî ïðî­
èçâåäåíî âàêóóìèðîâàíèå è ïîñëåäóþùàÿ 
çàêà÷êà àðãîíà â ïå÷ü. Íà ðèñ. 2, 3 ïðåä­
ñòàâëåíû òåðìîãðàììû âèñìóòà è ñóðü­
ìû. Òåìïåðàòóðà ïëàâëåíèÿ âèñìóòà – 
271,4 °C, ñóðüìû – 630,5 °C.

Ïðèãîòîâëåííûå êîìïîçèöèîííûå 
îáðàçöû ðóä ñ ìåòàëëàìè òàêæå èññëåäîâàëè 
ìåòîäîì òåðìè÷åñêîãî àíàëèçà. Ïåðåä òåì 
êàê íà÷àòü íàãðåâ (ïåðåä çàïóñêîì òåì­
ïåðàòóðíîé ïðîãðàììû), ïðîèçâåäåíî 
âàêóóìèðîâàíèå è ïîñëåäóþùåå çàïîëíåíèå 
àòìîñôåðû â ïå÷è ñóõèì àðãîíîì, ÷òî äàëî 
ýôôåêò â âèäå óäàëåíèÿ àäñîðáèðîâàííîé 
âîäû èç íàâåñêè îáðàçöà, â ïðîöåññå 
ïðîáîïîäãîòîâêè è õðàíåíèÿ.

Íàãðåâàíèå ïðîâîäèëè äî 700 °Ñ. Ñ 
âíåäðåíèåì âèñìóòà íà òåðìîãðàììàõ 
ìû íàáëþäàåì (ðèñ. 4) ñóùåñòâåííûå 
îòëè÷èÿ îò êîíòðîëüíîé òåðìîãðàììû 
ðóäû (ðèñ. 1). Íàáëþäàåìûå èçíà÷àëüíî 
èíòåíñèâíûå òåðìè÷åñêèå ýôôåêòû ðàç­
ëîæåíèÿ ãëèíèñòûõ, êàðáîíàòíûõ, ñóëü­
ôàòíûõ è ò.ä. ñîñòàâëÿþùèõ ïîëèìèíå­
ðàëüíîé ðóäû ïðè âíåäðåíèè âèñìóòà íå 
ïðîÿâëÿþòñÿ. Íå ïðîÿâëÿåòñÿ α-β ïåðåõîä 
êâàðöà, õîòÿ åñòü äâà áëèçëåæàùèõ ïèêà 
– 543 è 570,9 °Ñ. Ïîñëåäíèé ìîæíî îòíå­
ñòè ê ïåðåõîäó ôàçîâîãî ñîñòîÿíèÿ êâàð­
öà, õîòÿ ïèê ñäâèíóò îò òåîðåòè÷åñêîãî. 
Ïîòåðÿ ìàññû ñ óâåëè÷åíèåì òåìïåðàòóðû 
íå îòìå÷àåòñÿ ðåçêèìè ñòóïåíÿìè. Ìîæíî 
îòìåòèòü ëèøü îäíó ñòóïåíü óâåëè÷åíèÿ 
ñêîðîñòè ïîòåðè ìàññû â äèàïàçîíå òåìïå­
ðàòóð 450…600 °Ñ, íà ýòó ñòóïåíü ïðèõî­
äèòñÿ äâà ðàíåå óêàçàííûõ ïèêà. Íà êðè­
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Ðèñ. 2. Äàííûå òåðìè÷åñêîãî àíàëèçà êîíòðîëüíîãî îáðàçöà âèñìóòà

Fig. 2. Thermal analysis data of a control sample of bismuth

âîé ÄÑÊ ïðîÿâëÿåòñÿ íåáîëüøîé ýíäîïèê 
ïðè 269,9 °Ñ, âåðîÿòíî, ýòî òåðìè÷åñêèé 

ýôôåêò ïëàâëåíèÿ âèñìóòà (òåìïåðàòóðà 
ïëàâëåíèÿ âèñìóòà 271 °Ñ). 

Ðèñ. 3. Äàííûå òåðìè÷åñêîãî àíàëèçà êîíòðîëüíîãî îáðàçöà ìåòàëëè÷åñêîé ñóðüìû

Fig. 3. Thermal analysis data of a control sample of metallic antimony

Ñ âíåäðåíèåì ñóðüìû íà òåðìîãðàììàõ 
ìû íàáëþäàåì àíàëîãè÷íûå, êàê è 
ïðè èñòèðàíèè ñ âèñìóòîì îòëè÷èÿ îò 
êîíòðîëüíîé òåðìîãðàììû ðóäû (ðèñ. 5). 
Èíòåíñèâíûå òåðìè÷åñêèå ýôôåêòû ðàç­

ëîæåíèÿ ñîñòàâëÿþùèõ ïîëèìèíåðàëüíîé 
ðóäû ïðè âíåäðåíèè ñóðüìû íå ïðîÿâëÿþò­
ñÿ. Íà ÄÑÊ îòñóòñòâóåò òåðìè÷åñêèé ýô­
ôåêò α-β ôàçîâîãî ïåðåõîäà êâàðöà. 
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Ðèñ. 4. Òåðìîãðàììà êîìïîçèöèè Òàñååâñêîé ðóäû èñò¸ðòîé ñ âèñìóòîì

Fig. 4. Thermogram of the composition of Taseevskaya ore crushed with bismuth

Ðèñ. 5. Òåðìîãðàììà êîìïîçèöèè Òàñååâñêîé ðóäû èñò¸ðòîé ñ ñóðüìîé

Fig. 5. Thermogram of the composition of Taseevskaya ore crushed with antimony

Ïðè òåðìè÷åñêîì èññëåäîâàíèè 
êîìïîçèöèè ñîñòàâà «ðóäû Ëþáàâèíñêîãî 
ìåñòîðîæäåíèÿ ñ âèñìóòîì» íàáëþäàåì 
çàìåòíîå «ñãëàæèâàíèå» êðèâîé ÄÑÊ 
(ðèñ. 6), ÷òî íàâîäèò íà ðàçìûøëåíèÿ îá 
îáðàçîâàíèè â ýòèõ ñëó÷àÿõ óñòîé÷èâûõ ê 
âíåøíèì òåðìè÷åñêèì âîçäåéñòâèÿì ñòðóê­
òóð êîìïîçèöèé. Ïîòåðÿ ìàññû ïðîõîäèò 
ðàâíîìåðíî, áåç ðåçêèõ ñòóïåíåé. Êðèâàÿ 
ÄÑÊ ïðèìå÷àòåëüíà äâóìÿ ýíäî ýôôåêòà­
ìè: ïðè òåìïåðàòóðå 270 °Ñ, êàê ìû ïðåä­
ïîëàãàåì òî÷êà ïëàâëåíèÿ âèñìóòà. Ïðè 
òåìïåðàòóðå 572,9 °Ñ – α-β ïåðåõîä êâàðöà.

Íàãðåâàíèå êîìïîçèöèè «ðóäû 
ëþáàâèíñêîé ñ ñóðüìîé» ïðîâîäèëîñü äî 
700 °Ñ. Àíàëîãè÷íî ïðåäûäóùèì îáðàçöàì, 
êðèâàÿ ÄÑÊ íå îòìå÷àåòñÿ èíòåíñèâíûìè 
ïèêàìè ïðèñóùèìè ñîñòàâëÿþùèì 
ïîëèìèíåðàëüíîé ðóäû (ðèñ. 7). Õîòÿ ïî 
ñðàâíåíèþ ñ êîìïîçèöèÿìè ìåòàëëîâ ñ 
ðóäîé Òàñååâñêîé, êîìïîçèöèè íà îñíî­
âå Ëþáàâèíñêîé ðóäû ñîõðàíÿþò ÷¸òêèé 
òåðìè÷åñêèé ýôôåêò ôàçîâîãî ïåðåõîäà 
êâàðöà. Òàêèå ðàçëè÷èÿ ñòðóêòóðû êâàðöà 
ïðè èññëåäîâàíèè ÈÊ ÌÍÏÂÎ óêàçàííûõ 
ðóä íàìè óæå áûëè îáíàðóæåíû [4].
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Ðèñ. 7. Òåðìîãðàììà êîìïîçèöèè ðóäû Ëþáàâèíñêîé èñò¸ðòîé ñ ñóðüìîé

Fig. 7. Thermogram of the composition of Lubavinskaya ore crushed with antimony

Ðèñ. 6. Òåðìîãðàììà êîìïîçèöèè Ëþáàâèíñêîé ðóäû èñò¸ðòîé ñ âèñìóòîì

Fig. 6. Thermogram of the composition of the Lubavin ore crushed with bismuth

Âûâîäû. Âûÿâëåíî âëèÿíèå ïîëóìåòàë­
ëîâ âèñìóòà è ñóðüìû íà òåðìè÷åñêèå ñâîé­
ñòâà ðóä ìåñòîðîæäåíèé Çàáàéêàëüñêîãî 
êðàÿ (Ëþáàâèíñêîå è Áàëåéñêî­Òàñååâ­
ñêîå), à èìåííî: íàáëþäàåìûå ïðè òåðìî­
ãðàâèìåòðè÷åñêèõ èññëåäîâàíèÿõ îáðàçöîâ 
ðóäû èíòåíñèâíûå òåðìè÷åñêèå ýôôåê­
òû ðàçëîæåíèÿ ãëèíèñòûõ, êàðáîíàòíûõ, 
ñóëüôèäíûõ ñîñòàâëÿþùèõ ïîëèìèíåðàëü­
íûõ ðóä, ÷¸òêèé ïèê ôàçîâîãî α-β ïåðåõî­

äà êâàðöà, ñòóïåí÷àòàÿ ïîòåðÿ ìàññû, ïðè 
àíàëîãè÷íîì èññëåäîâàíèè îáðàçöîâ êîì­
ïîçèöèé ðóäû ñ âíåäð¸ííûìè ïîëóìåòàëëà­
ìè íå ïðîÿâëÿþòñÿ.  

Äàëüíåéøèå èññëåäîâàíèÿ ïîäîáíûõ 
ñòàáèëèçèðóþùèõ ýôôåêòîâ îêàçûâàåìûõ 
âîçäåéñòâèåì ïîëóìåòàëëîâ íà ðóäó ìîãóò 
ïîçâîëèòü ïîëó÷èòü ñâåäåíèÿ î ñòðîåíèè 
íîâûõ êîìïîçèöèîííûõ ñòðóêòóð.
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