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Â èññëåäîâàíèè ðàññìàòðèâàþòñÿ ñïîñîáû ïðèìåíåíèÿ ôèçèêîõèìè÷åñêèõ òåõíîëîãèé äîáû÷è ìèíå
ðàëüíîãî ñûðüÿ.

Îáúåêò èññëåäîâàíèé – ðóäíèêè óðàíîäîáûâàþùåãî ïðåäïðèÿòèÿ.
Ïðåäìåò èññëåäîâàíèé ‒ òåõíîëîãè÷åñêèå îïåðàöèè ïðè ðóäîïîäãîòîâêå ìèíåðàëüíîãî ñûðüÿ ê áëî÷

íîìó ïîäçåìíîìó è êó÷íîìó âûùåëà÷èâàíèþ è ïðè âûùåëà÷èâàíèè óðàíîâûõ ðóä.
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ îïðåäåëåíèå ñïîñîáîâ ïîâûøåíèÿ ýôôåêòèâíîñòè ïðîöåññîâ ïîäãî

òîâêè óðàíîâûõ ðóä ìåñòîðîæäåíèé Ñòðåëüöîâñêîãî ðóäíîãî ïîëÿ äëÿ áëî÷íîãî ïîäçåìíîãî è êó÷íîãî 
âûùåëà÷èâàíèÿ.

Çàäà÷à èññëåäîâàíèÿ – âûÿâèòü ôèçèêîìåõàíè÷åñêèå, ãåîëîãè÷åñêèå è òåõíîëîãè÷åñêèå îñîáåííî
ñòè óðàíîâûõ ðóä, âëèÿþùèõ íà ýôôåêòèâíîñòü èõ îòðàáîòêè ôèçèêîõèìè÷åñêèìè ìåòîäàìè.

Â ðàáîòå ïðèìåíÿëèñü ôèçè÷åñêèå ìåòîäû àíàëèçà ìèíåðàëüíîãî âåùåñòâà, âêëþ÷àþùèå áëîê àíà
ëèòè÷åñêèõ ëàáîðàòîðíûõ ìåòîäîâ äèàãíîñòèêè, îïðåäåëåíèÿ (êà÷åñòâåííîãî è êîëè÷åñòâåííîãî ñîñòà
âà è ñòðóêòóðû ïîðîä è ðóä) íà îñíîâå èçó÷åíèÿ ôèçè÷åñêèõ ñâîéñòâ è íåïîñðåäñòâåííîãî èçìåðåíèÿ 
ôèçè÷åñêèõ ïàðàìåòðîâ ìèíåðàëüíîãî âåùåñòâà; àíàëèç ðåçóëüòàòîâ èññëåäîâàíèé; óñòàíîâëåíèå çàâè
ñèìîñòåé ìåæäó ÔÌÑ è ìèíåðàëîãîïåòðîãðàôè÷åñêèì ñîñòàâîì ïîðîä. Èññëåäîâàíèÿ ôèçèêîìåõà
íè÷åñêèõ ñâîéñòâ ãîðíûõ ïîðîä ïîçâîëèëè âûÿâèòü êîëè÷åñòâåííûå ïàðàìåòðû ôèçè÷åñêîãî ñîñòîÿíèÿ 
ñðåäû, â êîòîðîé ïðîèñõîäÿò ïðîöåññû ðóäîîáðàçîâàíèÿ. èññëåäîâàíèå ôèçèêîìåõàíè÷åñêèõ ñâîéñòâ 
(ÔÌÑ) ðóä è âìåùàþùèõ ïîðîä.

Óñïåøíîñòü ïðèìåíåíèÿ ôèçèêîõèìè÷åñêèõ òåõíîëîãèé ïðè ðàçðàáîòêå ðóäíûõ ìåñòîðîæäåíèé, òà
êèõ êàê ïîäçåìíîå è êó÷íîå âûùåëà÷èâàíèå, çàâèñèò îò ïåòðîãðàôè÷åñêîãî è ìèíåðàëüíîãî ñîñòàâà ðóä 
è âìåùàþùèõ ïîðîä, òèïà âûùåëà÷èâàþùèõ, ïîëåçíîãî êîìïîíåíòà ðåàãåíòîâ, òåõíîëîãèè ðóäîïîäãî
òîâêè è ðåæèìîâ îðîøåíèÿ êóñêîâàòûõ ðóä. Ýôôåêòèâíîñòü âûùåëà÷èâàíèÿ óðàíîâîðóäíûõ ìèíåðàëîâ 
îïðåäåëÿåòñÿ ôèçèêîõèìè÷åñêèìè çàêîíîìåðíîñòÿìè âçàèìîäåéñòâèÿ ðåàãåíòîâ ñ ðóäíûì ìàòåðèà
ëîì. Â ïðîöåññå èññëåäîâàíèé óñòàíîâëåíà âçàèìîñâÿçü ñîäåðæàíèÿ êðåìíåçåìà âî âìåùàþùèõ îðó
äåíåíèå ïîðîäàõ è èõ ôèçèêîìåõàíè÷åñêèõ ñâîéñòâ. Ýòî ïîçâîëÿåò, ïðè çíàíèè òèïà ïîðîä, ïðîãíîçèðî
âàòü óñëîâèÿ ðóäîïîäãîòîâêè áóðîâçðûâíûì ñïîñîáîì ñ ïîëó÷åíèåì îïòèìàëüíîãî äëÿ âûùåëà÷èâàíèÿ 
ðàçìåðà êóñêà. Ýêñïåðèìåíòàëüíûì ñïîñîáîì äîêàçàíî âëèÿíèå òåêñòóðû ðóä íà ýôôåêòèâíîñòü âû
ùåëà÷èâàíèÿ. Ïðåäûäóùèìè èññëåäîâàòåëÿìè óñòàíîâëåíî, ÷òî ñêîðîñòü ïåðåâîäà óðàíà â ïîäâèæíîå 
ñîñòîÿíèå ïðè âûùåëà÷èâàíèè çàâèñèò îò ñêîðîñòè ïðîíèêíîâåíèÿ âûùåëà÷èâàþùåãî ðåàãåíòà âíóòðü 
êóñêà, îòîáðàæàåìîé ýôôåêòèâíûì êîýôôèöèåíòîì äèôôóçèè (Ê

ýô
). Ïðîâåä¸ííûé àíàëèç ãîðíîãåîëî

ãè÷åñêîé èíôîðìàöèè ïîçâîëèë óñòàíîâèòü âçàèìîñâÿçü Ê
ýô

 ñ òèïîì âìåùàþùèõ ïîðîä ÷åðåç ñîäåðæà
íèå SiO2 è òèïîì óðàíîâûõ ìèíåðàëîâ ÷åðåç ñîäåðæàíèå â íèõ óðàíà. Ïîëó÷åííûå çíàíèÿ äàþò âîçìîæ
íîñòü ïðîãíîçèðîâàòü áëàãîïðèÿòíûå óñëîâèÿ äëÿ ïðèìåíåíèÿ ôèçèêîõèìè÷åñêîé ãåîòåõíîëîãèè ïðè 
îòðàáîòêå ñêàëüíûõ áåäíûõ óðàíîâûõ ìåñòîðîæäåíèé

Êëþ÷åâûå ñëîâà: óðàíîâûå ìèíåðàëû; ïîðîäîîáðàçóþùèå ìèíåðàëû; ðàñòâîðîïðîíèöàåìîñòü; ïîäçåìíîå è êó÷
íîå âûùåëà÷èâàíèå; ðàäèîàêòèâíîñòü; äèôôóçèîííûé ïðîöåññ; ãåòåðî ãåííûé ïðîöåññ; ðàçìåð êóñêà ðóäû; ýôôåê
òèâíûé êîýôôèöèåíò äèôôóçèè; ñîäåðæàíèå óðàíà; ñîäåðæàíèå êðåìíåçåìà
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The success of the physicochemical technologies’ application in the development of ore deposits, such as 
underground and heap leaching, depends on the petrographic and mineral composition of the ores and their 
host rocks, type of reagents leaching the useful component, technology of ore preparation and irrigation modes 
of lumpy ores. The efficiency of leaching of uraniumore minerals is determined by the physicochemical laws of 
the interaction of reagents with the ore material. In the course of the research, the relationship between the silica 
content in the rocks containing mineralization and their physical and mechanical properties was established. This 
makes it possible, knowing the type of rocks, to predict the conditions of ore preparation by drilling and blasting 
to obtain the optimal piece size for leaching. In addition, the influence of the ore texture on the leaching efficiency 
was proved experimentally. Previous researchers found that the rate of conversion of uranium to the mobile state 
during leaching depends on the rate of penetration of the leaching reagent into the piece, displayed by the effec
tive diffusion coefficient (K

ef
). The analysis of mining and geological information made it possible to establish the 

relationship between the Kef and the type of host rocks through the SiO2 content and the type of uranium minerals 
through the uranium content. The obtained knowledge makes it possible to predict favorable conditions for the 
use of physicochemical geotechnologies in the development of rockpoor uranium deposits

Key words: uranium minerals; rockforming minerals; rock permeability; underground and heap leaching; radioactivity; diffu
sion process; heterogeneous process; ore lump size; effective diffusion coefficient; uranium content; silica content

Àêòóàëüíîñòü. Çà ïåðèîä 1970‒2020 ãã. 
áîãàòûå ðóäû óðàíîâûõ ìåñòîðîæäåíèé 

Ñòðåëüöîâñêîãî ðóäíîãî ïîëÿ â çíà÷èòåëü
íîé ñòåïåíè îòðàáîòàíû, îñòàâøèåñÿ çàïàñû 
ðóä ïðåäñòàâëåíû áåäíûì îðóäåíåíèåì, îò
ðàáîòêà êîòîðîãî òðàäèöèîííûìè ìåòîäàìè 
ñòàëà íåðåíòàáåëüíîé â ñîâðåìåííûõ ýêî
íîìè÷åñêèõ óñëîâèÿõ. Øèðîêîå ïðèìåíåíèå 
ôèçèêîõèìè÷åñêèõ ãåîòåõíîëîãèé, îäíîé èç 
êîòîðûõ ÿâëÿåòñÿ áëî÷íîå ïîäçåìíîå è êó÷
íîå âûùåëà÷èâàíèå, ìîãëî áû ñòàòü ðåøåíè
åì âîçíèêøåé ïðîáëåìû äîðàáîòêè îñòàâ
øèõñÿ çàïàñîâ. 

Îáúåêò èññëåäîâàíèé – ðóäíèêè óðàíî
äîáûâàþùåãî ïðåäïðèÿòèÿ.

Ïðåäìåò èññëåäîâàíèé ‒ òåõíîëîãè÷å
ñêèå îïåðàöèè ïðè ðóäîïîäãîòîâêå ìèíå
ðàëüíîãî ñûðüÿ ê áëî÷íîìó ïîäçåìíîìó è 
êó÷íîìó âûùåëà÷èâàíèþ è ïðè âûùåëà÷èâà
íèè óðàíîâûõ ðóä.

Öåëüþ ðàáîòû ÿâëÿåòñÿ âûÿâëåíèåïðî
öåññîâ ïîâûøåíèÿ ýôôåêòèâíîñòè ïðîöåñ
ñîâ ïîäãîòîâêè óðàíîâûõ ðóä ìåñòîðîæäåíèé 
Ñòðåëüöîâñêîãî ðóäíîãî ïîëÿ äëÿ áëî÷íîãî 
ïîäçåìíîãî è êó÷íîãî âûùåëà÷èâàíèÿ.

Çàäà÷à èññëåäîâàíèÿ ‒ óñòàíîâèòü ôè
çèêîìåõàíè÷åñêèå, ãåîëîãè÷åñêèå è òåõ
íîëîãè÷åñêèå îñîáåííîñòè óðàíîâûõ ðóä, 
âëèÿþùèõ íà ýôôåêòèâíîñòü èõ îòðàáîòêè 
ôèçèêîõèìè÷åñêèìè ìåòîäàìè

Ìåòîäû èññëåäîâàíèÿ: ôèçè÷åñêèé  
àíàëèç ìèíåðàëüíîãî âåùåñòâà, âêëþ÷àþ
ùèé áëîê àíàëèòè÷åñêèõ ëàáîðàòîðíûõ ìå
òîäîâ äèàãíîñòèêè, îïðåäåëåíèÿ (êà÷åñòâåí
íîãî, êîëè÷åñòâåííîãî ñîñòàâà; ñòðóêòóðû 
ïîðîä è ðóä) íà îñíîâå èçó÷åíèÿ ôèçè÷å

ñêèõ ñâîéñòâ è íåïîñðåäñòâåííîãî èçìåðå
íèÿ ôèçè÷åñêèõ ïàðàìåòðîâ ìèíåðàëüíîãî 
âåùåñòâà; àíàëèç ðåçóëüòàòîâ èññëåäîâàíèé; 
óñòàíîâëåíèå çàâèñèìîñòåé ìåæäó ÔÌÑ è 
ìèíåðàëîãîïåòðîãðàôè÷åñêèì ñîñòàâîì 
ïîðîä. Èññëåäîâàíèÿ ôèçèêîìåõàíè÷å
ñêèõ ñâîéñòâ ãîðíûõ ïîðîä, äàþùèõ êîëè÷å
ñòâåííûå ïàðàìåòðû ôèçè÷åñêîãî ñîñòîÿíèÿ 
ñðåäû, â êîòîðîé ïðîèñõîäÿò ïðîöåññû ðó
äîîáðàçîâàíèÿ. èññëåäîâàíèå ôèçèêîìå
õàíè÷åñêèõ ñâîéñòâ (ÔÌÑ) ðóä è âìåùàþùèõ 
ïîðîä; èññëåäîâàíèå ôèçèêîìåõàíè÷åñêèõ 
ñâîéñòâ (ÔÌÑ) ðóä è âìåùàþùèõ ïîðîä; 
àíàëèç ðåçóëüòàòîâ èññëåäîâàíèé, óñòàíîâ
ëåíèå çàâèñèìîñòåé ìåæäó ÔÌÑ è ìèíåðà
ëîãîïåòðîãðàôè÷åñêèì ñîñòàâîì ïîðîä; 
âûÿâëåíèå çàâèñèìîñòåé ìåæäó ãåîëîãè÷å
ñêèìè, òåõíîëîãè÷åñêèìè ïîêàçàòåëÿìè ðóä 
è ýôôåêòèâíîñòüþ ïðèìåíåíèÿ ôèçèêîõè
ìè÷åñêèõ ìåòîäîâ äîáû÷è óðàíîâîãî ñûðüÿ; 
êîìïüþòåðíîå ìîäåëèðîâàíèå òåõíîëîãè
÷åñêèõ ñõåì ïîäãîòîâêè ðóäíûõ òåë ê ÁÏÂ è 
ïðîöåññîâ âûùåëà÷èâàíèÿ ìàãàçèíèðîâàí
íîé ðóäû.

Øèðîêî èñïîëüçîâàí ìåòîä àíàëèòè÷å
ñêèõ èññëåäîâàíèé. Ïðîâåðêà ðåçóëüòàòîâ 
àíàëèòè÷åñêèõ èññëåäîâàíèé îñóùåñòâëÿ
ëàñü ïóò¸ì ñîïîñòàâëåíèÿ ðàñ÷¸òíûõ äàííûõ 
ñ ýêñïåðèìåíòàëüíûìè è ôàêòè÷åñêèìè. 

Ðàçðàáîòàííîñòü òåìû, ðåçóëüòàòû èñ
ñëåäîâàíèÿ. Ãîðíîãåîëîãè÷åñêèå ïîêàçàòå
ëè, îïðåäåëÿþùèå óñïåøíîñòü ïðèìåíåíèÿ 
ÁÏÂ è ÊÂ

Èñïîëüçîâàíèå ôèçèêîõèìè÷åñêèõ ãåî
òåõíîëîãèé (ÔÕÒ) ïðè äîáû÷å ìèíåðàëüíîãî 
ñûðüÿ îñíîâàíî íà ðàçðóøåíèè ñòðóêòóðû 
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ðóäíûõ ìèíåðàëîâ õèìè÷åñêèìè ðåàãåíòàìè. 
Ïðè âçàèìîäåéñòâèè ýòèõ àãåíòîâ ïðîèñõî
äèò ðàçðûâ õèìè÷åñêèõ ñâÿçåé ìèíåðàëà, 
è ïîëåçíûé êîìïîíåíò ïåðåõîäèò â âîäíûé 
ðàñòâîð. Óñïåøíîñòü ýòîãî ïðîöåññà çàâèñèò 
îò ìíîãèõ ïðèðîäíûõ ôàêòîðîâ.

Âûùåëà÷èâàþùèé ðåàãåíò âçàèìîäåé
ñòâóåò íå òîëüêî ñ ðóäíûìè, íî è ñ ïîðîäî
îáðàçóþùèìè ìèíåðàëàìè, ÿâëÿþùèìèñÿ 
îñíîâîé ïîðîä, âìåùàþùèõ îðóäåíåíèå. 
Ïðè ýòîì â ðàñòâîð ïåðåõîäèò áîëüøîå êîëè
÷åñòâî õèìè÷åñêèõ ýëåìåíòîâ. Íà ýòè õèìè
÷åñêèå ïðîöåññû òðàòèòñÿ áîëüøîå êîëè÷å
ñòâî âûùåëà÷èâàþùåãî ðåàãåíòà.

Òàêèì îáðàçîì, âàæíûì ôàêòîðîì 
óñïåøíîãî âûùåëà÷èâàíèÿ ÿâëÿåòñÿ ïåòðî
ãðàôè÷åñêèé ñîñòàâ âìåùàþùèõ ïîðîä è 
ìèíåðàëüíûé ñîñòàâ ðóä. Ðóäíûå óðàíîâûå 
ìèíåðàëû íà ìåñòîðîæäåíèÿõ Ñòðåëüöîâ
ñêîãî ðóäíîãî ïîëÿ ïðåäñòàâëåíû íàñòóðà
íîì, óðàíèíèòîì, áðàííåðèòîì, êîôôèíè

òîì, â ìåíüøåé ñòåïåíè – ãèäðîíàñòóðàíîì 
è óðàíîâûìè ÷åðíÿìè [5], ëåã÷å ðàçðóøàåòñÿ 
ñòðóêòóðà ãèäðîíàñòóðàíà è óðàíîâûõ ÷åð
íåé, òðóäíåå – áðàííåðèòà è êîôôèíèòà. 

Èç íåðóäíûõ ìèíåðàëîâ ëåãêî ïîäâåð
ãàþòñÿ ðàçðóøåíèþ ãèäðîñëþäû, õëîðèòû è 
êàðáîíàòû, êîòîðûå è ÿâëÿþòñÿ èñòî÷íèêîì 
íàñûùåíèÿ ïðîäóêòèâíûõ ðàñòâîðîâ, ìå
øàþùèì ïåðåâîäó â ïîäâèæíîå ñîñòîÿíèå 
óðàíà. Ïðàêòè÷åñêè íå ïîäâåðãàþòñÿ ðàçðó
øåíèþ ïîëåâûå øïàòû è êâàðö. Óñòàíîâëåíî: 
÷åì êèñëåå ïîðîäû, òåì îíè áîëåå áëàãîïðè
ÿòíû äëÿ ïðèìåíåíèÿ ôèçèêîõèìè÷åñêèõ 
òåõíîëîãèé äîáû÷è ìèíåðàëüíîãî ñûðüÿ, ò. 
å. ñîäåðæàíèå SiO2 â ðóäå ÿâëÿåòñÿ îäíèì èç 
èíäèêàòîðîâ å¸ ïðèãîäíîñòè ê ÁÏÂ è ÊÂ. Îä
íèì èç ðåøàþùèõ ïîêàçàòåëåé ïðèãîäíîñòè 
ðóä ê âûùåëà÷èâàíèþ ÿâëÿåòñÿ èõ òåêñòóðà. 
Áîëåå óñïåøíî âûùåëà÷èâàþòñÿ ïðîæèëêî
âûå ðóäû, ìåíåå – âêðàïë¸ííûå (ðèñ. 1). 

Ðèñ. 1. Àíøëèô îáðàçöà óðàíîâîé ðóäû ïðîæèëêîâîâêðàïëåííîé òåêñòóðû: 
1 – ïðîæèëêîâàÿ ìèíåðàëèçàöèÿ; 2 – âêðàïë¸ííàÿ ìèíåðàëèçàöèÿ / 

Fig. 1 Anschlift of a veinedinterspersed uranium ore sample: 
1veined mineralization; 2 – interspersed mineralization

Âàæíûìè ïîêàçàòåëÿìè, îïðåäåëÿþùè
ìè óñïåøíîñòü ïðèìåíåíèÿ ÔÕÒ, ÿâëÿþòñÿ 
êðåïîñòü ðóä è ïîðîä è èõ òðåùèíîâàòîñòü. 
Äëÿ ïîëó÷åíèÿ îïòèìàëüíîãî ðàçìåðà êó
ñêà âûùåëà÷èâàåìîé ðóäû ïðèìåíÿåòñÿ áó
ðîâçðûâíîé ìåòîä ðóäîïîäãîòîâêè [10]. 

×åì âûøå êîýôôèöèåíò êðåïîñòè f è 
÷åì áîëåå òðåùèíîâàòû ðóäû, òåì ìåíüøå 
çàòðàòû äëÿ ïîäãîòîâêè å¸ ê âûùåëà÷èâà
íèþ. Óñòàíîâëåíî: ÷åì áîëüøå ñîäåðæàíèå 
êðåìíåçåìà â ðóäàõ, òåì âûøå å¸ êðåïîñòü 

(ðèñ. 2) è õðóïêîñòü [3; 6]. Íå òðåùèíîâàòûå 
ìîíîëèòíûå ïîðîäû ïðàêòè÷åñêè íå ïîäâåð
ãàþòñÿ âîçäåéñòâèþ âûùåëà÷èâàþùèõ ðåà
ãåíòîâ.

Çàâèñèìîñòü îïèñûâàåòñÿ ôîðìóëîé 

 (1)

ãäå Ñ
SiO2 

– ñîäåðæàíèå êðåìíåçåìà âî âìåùà
þùèõ îðóäåíåíèå ïîðîäàõ, %. 
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Ðèñ. 2. Çàâèñèìîñòü ïðåäåëà ïðî÷íîñòè ïðè îäíîîñíîì ðàñòÿæåíèè 
îò ñîäåðæàíèÿ SiO

2
/ Fig. 2. Dependence of the uniaxial tensile strength

on the SiO2 content

Ôèçèêîõèìè÷åñêèå ïîêàçàòåëè, îïðå
äåëÿþùèå óñïåøíîñòü ïðèìåíåíèÿ ÔÕÒ

Âûùåëà÷èâàíèå óðàíà èç äðîáë¸íîé ðó
äû – ýòî ïðîöåññ, ïðîòåêàþùèé íà ïîâåðõ
íîñòè ãðàíèöû ðàçäåëà ôàç: òâ¸ðäàÿ, æèäêàÿ 
è ãàçîâàÿ. Ñêîðîñòü ïðîòåêàíèÿ ïðîöåññà 
çàâèñèò îò êîíöåíòðàöèè âûùåëà÷èâàþùåãî 
ðåàãåíòà, íàñûùåííîñòè êèñëîðîäîì è ïëî
ùàäè ñîïðèêîñíîâåíèÿ ðóäíîãî ìèíåðàëà ñ 
ðåàãåíòîì. Ñêîðîñòü ïðîíèêíîâåíèå âûùå
ëà÷èâàþùåãî ðåàãåíòà âíóòðü êóñêà çàâèñèò 
îò åãî òðåùèíîâàòîñòè è ïîðèñòîñòè, ò. å. 
ïðîèñõîäèò äèôôóçèÿ ðåàãåíòà âíóòðü êóñêà, 
à ïîñëå ðàçðóøåíèÿ ðóäíîãî ìèíåðàëà ‒ äèô
ôóçèÿ óðàíà çà åãî ïðåäåëû. Èñõîäÿ èç ýòîãî 
ïîëîæåíèÿ, ïðîöåññ âûùåëà÷èâàíèÿ ìîæ
íî îïèñàòü óðàâíåíèåì äèôôóçèè, ïðè ýòîì 
ñêîðîñòü ïðîòåêàíèÿ äèôôóçèîííîãî ïðî
öåññà ñëåäóåò âûðàçèòü â âèäå ýôôåêòèâíî
ãî êîýôôèöèåíòà äèôôóçèè (K

ýô
) [1; 4], êîòî

ðûé çàâèñèò îò ïðèðîäíûõ è òåõíîëîãè÷åñêèõ 
îñîáåííîñòåé ðóä è îïðå äåëÿåòñÿ ýêñïåðè
ìåíòàëüíî.

 Äëÿ ãîðíîé ìàññû ñêàëüíûõ ãðóíòîâ â 
øòàáåëÿõ Ï. Ô. Äîëãèõ ïðåäëîæåí ðàñ÷¸ò ïî 
ðåçóëüòàòàì ýêñïåðèìåíòàëüíî âûÿâëåííîé 
çàâèñèìîñòè èçìå íåíèÿ èçâëå÷åíèÿ óðàíà îò 
âðåìåíè [4], â îñíîâå êîòîðîãî ñëîæèâøèåñÿ 

ìîäåëè îïèñàíèÿ êó÷íîãî âûùåëà÷èâàíèÿ è 
èñïîëüçîâàíèå óðàâíåíèé äèôôóçèè.

óðàâíåíèåì äèôôó
çèè âåùåñòâà:

(2)

ãäå Ñ
0
 ‒ ñðåäíÿÿ êîíöåíòðàöèÿ ìåòàëëà â êó

ñêå ðóäû, ã/ñì2; 
C

(x,t)
 ‒ ñîäåðæàíèå ìåòàëëà â êóñêå ðóäû 

íà ãëóáèíå õ, ã/ñì2; 
t ‒ âðåìÿ, ñóò; 
õ ‒ ãëóáèíà ïðîíèêíîâåíèÿ ðàñòâîðèòå

ëÿ, ñì; 
h – ñðåäíèé ðàçìåð êóñêà, ñì; 
j ‒ ïîòîê äèôôóíäèðóþùåãî âåùåñòâà ÷å

ðåç 1 ñì2 ïîâåðõíîñòè, ã/ñì2.
Ñðåäíÿÿ êîíöåíòðà öèÿ îñòàâøåãîñÿ ïî

ëåçíîãî êîìïîíåíòà (Ñ
Ñð)

 îïðåäåëÿåòñÿ èç 
âûðàæåíèÿ [4; 9] 

Содержание кремнезема во вмещающих породах, %
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 (3)

ãäå Ê
ýô

 ‒ êîýôôèöèåíò äèôôóçèè (ýôôåêòèâ
íûé), ñì2/ñóò.

Ïðåîáðàçóÿ ôîðìóëó (2), ìîæíî ïîëó
÷àòü Ê

ýô 
äëÿ ãîðíîðóäíûõ ìàòåðèàëîâ ðàç

ëè÷íûõ ìåñòîðîæäåíèé. 

 (4)

Êàê ïîêàçàëè îïûòíûå ðàáîòû, ôîðìóëà 
êîððåêòíà ïðè èçâëå÷åíèè ìåòàëëà â ïðåäå
ëàõ 40…70 %. Ñõîäèìîñòü ýêñïåðèìåíòàëü

íûõ è ðàñ÷åòíûõ äàííûõ â ýòîì äèàïàçîíå 
ñîñòàâëÿåò 95…98 %. 

Íà ýòîì îñíîâàíà ìåòîäèêà îïðîáîâà
íèÿ ãîðíîé ìàññû äëÿ âûùåëà÷èâàíèÿ óðà
íà [2; 5; 7; 8]. Ñíà÷àëà ïîäáèðàþòñÿ óñëîâèÿ 
âûùåëà÷èâàíèÿ, à çàòåì âåä¸òñÿ îïðåäåëå
íèå Êýô ïî íåñêîëüêèì ïðîáàì äëÿ ïîëó÷åíèÿ 
ñðåäíåé âåëè÷èíû, ïðåäñòàâèòåëüíîé äëÿ 
äàííîãî ðóäíîãî òåëà. Îïðåäåëåíèå êîýôôè
öèåíòîâ äèôôóçèè ïî ïðåäëîæåííîé ìåòî
äèêå îáúåêòèâíî îòðàæàåò êîìïëåêñ ïðèðîä
íûõ è ãîðíîòåõíè÷åñêèõ ñâîéñòâ ðóäû.

Çíà÷åíèå Ê
ýô

 äëÿ ðóä ðàçëè÷íîãî ñîñòàâà è ñòðóêòóðû / 
The value of the K

ef
 for ores of different composition and structure

Âìåùàþùèå 
ïîðîäû / 

Host Rocks

Ñîäåðæà
íèå 

SiO
2
, % / 

Content 
SiO

2
, %

Ãëàâíûå 
ðóäíûå 

ìèíåðàëû / 
Main ore 
minerals

Äîëÿ óðàíà 
â ìèíå

ðàëå, % / 
Share of 
uranium 

in the 
mineral, %

Ñòðóêòóðû/ 
Structure

Íàèìåíîâà
íèå ìåñòî
ðîæäåíèé / 

Name of 
deposits

Âåëè÷èíà Ê
ýô

, 
ñì2/ñóò. / Value 
of the K

ef
, cm2 

/ day

Ãèãìàòîèäíûå 
ãðàíèòû / 

Gigmatoid granites
79

Óðàíèíèò, 
áðàííåðèò / 

Uraninite, 
Brannerite

60
Ïÿòíèñòàÿ / 

spotted 
Þæíîå / Ugnoe 1,48*103

Îêâàðöîâàííûå è 
àëüáèòèçèðîâàí

íûå ñëàíöû / 
Quartz and 

albitized shales

75

Íàñòóðàí, 
àðøèíîâèò / 

Nasturan, 
arshinovite

40

Ïðîæèëêî
âîâêðàïë¸í
íàÿ /Veined
interspersed

Ìàíûáàé / 
Manybai

2,2*103

Òî æå / The same 75

Íàñòóðàí, 
áðàííåðèò /

Nasturan, 
brannerite

56
Òî æå / The 

same
Ãðà÷¸âñêîå / 
Grachevskoe

2,2*103

Ñëàíöû è àðãèë
ëèòû / Shale and 

mudstone
45 

Íàñòóðàí, 
êîôôåíèò / 
Nasturan, 
coffenite

67
Âêðàïë¸ííàÿ / 
Interspersed

Çâ¸çäíîå / 
Zvezdnoe

4.7*103
5,3*103

Ãðàíèòîèäû / 
Granitoids

81

Óðàíîâûå ÷åð
íè, êîôôåíèò / 
Uranium cherni, 

coffenite

48
Ïðîæèëêîâàÿ / 

veined

Îðëîâñêîå, 
×åðêàñàð / 
Orlovskoe, 
Cherkasar

8,4*103
1.48*102

Ôåëüçèòû, 
Êîíãëîìåðà
òû / Felsites, 

Conglomerates 

75

Íàñòóðàí, 
êîôôåíèò / 
Nasturan, 
coffenite

67

Ïðîæèëêî
âîâêðàïë¸í
íàÿ / Veined
interspersed

Íîâîãîäíåå /
Movogodnóe

4.5*103

Òðàõèäàöèòû /
Trachydacites

65

Íàñòóðàí, 
êîôôåíèò, 
áðàííåðèò / 

Nasturan, cof
fenite, 

brannerite

59

Ïðîæèëêî
âîâêðàïë¸í
íûå / Veined
interspersed

Ñòðåëüöîâñêîå / 
Streltsovskoe

1,5*103

Êîíãëîìåðàòû / 
Conglomerates

50

Íàñòóðàí, 
êîôôåíèò / 

Nasturan, cof
fenite

67

Ïðîæèëêî
âîâêðàïë¸í
íûå /Veined
interspersed

Ëó÷èñòîå /
Luchistoe

3,8*103
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Àíàëèç äàííûõ òàáëèöû ïîêàçûâàåò, ÷òî 
ñóùåñòâóåò îïðåäåë¸ííàÿ çàâèñèìîñòü ýô
ôåêòèâíîãî êîýôôèöèåíòà äèôôóçèè ïðè 
âûùåëà÷èâàíèè óðàíîâûõ ðóä îò òèïà âìåùà
þùèõ îðóäåíåíèå ïîðîä ÷åðåç ñîäåðæàíèå 
êðåìíåç¸ìà (SiO

2
) è äîëè óðàíà â ðóäíîì ìè

íåðàëå. Çàâèñèìîñòè ïðèâåäåíû íà ðèñ. 3, 4.

Çàâèñèìîñòü èìååò âèä ãèïåðáîëîâèä
íîé êðèâîé è îïèñûâàåòñÿ ôîðìóëîé 

(5) 

ãäå Ñ
SiO2

 – ñîäåðæàíèå êðåìíåçåìà âî âìå
ùàþùèõ îðóäåíåíèå ïîðîäàõ, %. 

Ðèñ. 4. Çàâèñèìîñòü Ê
ô

 (n*103) îò äîëè óðàíà â ðóäíûõ ìèíåðàëàõ, % /  Fig. 4. Dependence of K
f
 (n*103) 

on the proportion of uranium in ore minerals, %,

Ðèñ. 3. Çàâèñèìîñòü Ê
ô

 (n*103) îò ñîäåðæàíèÿ SiO
2
 âî âìåùàþùèõ îðóäåíåíèå ïîðîäàõ, % / 

Fig. 3. Dependence of Kf (n*103) on the SiO2 content in the rocks containing mineralization, %

Содержание кремнезема во вмещающих породах, %
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Çàâèñèìîñòü èìååò âèä ëîãíîðìàëüíîé 
êðèâîé è îïèñûâàåòñÿ ôîðìóëîé 

,                                          (6)

ãäå Ñ
u
 – äîëÿ óðàíà â ðóäíûõ ìèíåðàëàõ , %. 

Âûâîäû. 1. Óñòàíîâëåíî: ÷åì êèñëåå ïî
ðîäû, òåì îíè áîëåå áëàãîïðèÿòíû äëÿ ïðè
ìåíåíèÿ ôèçèêîõèìè÷åñêèõ òåõíîëîãèé äî

áû÷è ìèíåðàëüíîãî ñûðüÿ, ò. å. ñîäåðæàíèå 
SiO

2
 â ðóäå ÿâëÿåòñÿ îäíèì èç èíäèêàòîðîâ 

å¸ ïðèãîäíîñòè ê ÁÏÂ è ÊÂ. 
2. Ïðåäëàãàåìàÿ ìåòîäèêà ðàñ÷¸òíîãî 

îïðåäåëåíèÿ ýôôåêòèâíîãî êîýôôèöèåíòà 
äèôôóçèè ïîçâîëÿåò ïðîãíîçèðîâàòü ãåî
òåõíîëîãè÷åñêèå ñâîéñòâà ðóäû ïðè ïðåäâà
ðèòåëüíîé îöåíêå íîâûõ ðóäíûõ çàëåæåé íà 
ïðåäìåò ýôôåêòèâíîñòè èñïîëüçîâàíèÿ ïîä
çåìíîãî èëè êó÷íîãî âûùåëà÷èâàíèÿ.
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