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Ââåäåíèå. Ïåùåðà Øóëüãàí-Òàø (Êàïî-
âà) ðàñïîëîæåíà â Áóðçÿíñêîì ðàéîíå Ðåñïóá-
ëèêè Áàøêîðòîñòàí, íà òåððèòîðèè ãîñóäàðñòâåí-
íîãî ïðèðîäíîãî çàïîâåäíèêà «Øóëüãàí-Òàø», â
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Ïîñêîëüêó îòëîæåíèå ñóëüôàòîâ ÿâëÿåòñÿ ÷àñòîé ïðè÷èíîé äåãðàäàöèè êàðáîíàòíûõ ìàòåðèàëîâ íà
îáúåêòàõ èñòîðèêî-êóëüòóðíîãî íàñëåäèÿ, ýòîò ôàêòîð ìîæåò ïðåäñòàâëÿòü ïîòåíöèàëüíóþ óãðîçó è äëÿ ïà-
ëåîëèòè÷åñêîé æèâîïèñè ïåùåðû Øóëüãàí-Òàø. Îáñóæäàþòñÿ âòîðè÷íûå ãèïñîâûå îòëîæåíèÿ íà ñòåíàõ
çàëîâ âòîðîãî ýòàæà  ïåùåðû.

Ïðè èçó÷åíèè ìîðôîëîãèè ãèïñîâûõ êîð áûëî ïîêàçàíî, ÷òî â íàñòîÿùåå âðåìÿ îíè àêòèâíî ðàçðóøà-
þòñÿ çà ñ÷åò ÷åðåäîâàíèÿ ïðîöåññîâ êîíäåíñàöèè è èñïàðåíèÿ âîäÿíîãî ïàðà ïåùåðíîé àòìîñôåðû. Âìåñòå
ñ ãèïñîì âñòðå÷åíû ïðîÿâëåíèÿ âòîðè÷íîãî êðåìíåçåìà.

Èçîòîïíûé ñîñòàâ ñåðû ãèïñà íàõîäèòñÿ â äèàïàçîíå îò +3.93 äî +5.49 ‰ CDT, ÷òî èñêëþ÷àåò ôîðìèðî-
âàíèå ãèïñà çà ñ÷åò ìîðñêèõ ñóëüôàòîâ è óêàçûâàåò íà åãî ïðîèñõîæäåíèå çà ñ÷åò ðåàêöèè ñåðíîé êèñëîòû ñ
êàðáîíàòîì êàëüöèÿ èçâåñòíÿêîâ. Èçîòîïíûå ñîñòàâû ñåðû â ãèïñå ïîïàäàþò â ïîëå çíà÷åíèé, õàðàêòåðíûõ äëÿ
îñàäî÷íûõ ñóëüôèäîâ. Ïîñêîëüêó â èçâåñòíÿêàõ ìàññèâà ïåùåðû èçâåñòíû ñëåäû îêèñëåíèÿ ñóëüôèäíîé
ìèíåðàëèçàöèè, ìû ïðåäïîëàãàåì, ÷òî ïðîèñõîæäåíèå ãèïñà ïðîèñõîäèëî ïðè ó÷àñòèè ýòîãî ïðîöåññà.

Íà îñíîâàíèè àíàëèçà èçîòîïíîãî ñîñòàâà êðèñòàëëèçàöèîííîé âîäû ãèïñà áûë ðàññ÷èòàí èçîòîïíûé
ñîñòàâ èñõîäíîãî ìèíåðàëîîáðàçóþùåãî ðàñòâîðà. Åãî çíà÷åíèå ñìåùåíî âïðàâî îòíîñèòåëüíî ãëîáàëüíîé
ëèíèè ìåòåîðíûõ âîä (GMWL), à òàêæå îòíîñèòåëüíî êàðñòîâûõ âîä è àòìîñôåðíûõ îñàäêîâ ðàéîíà ïåùå-
ðû. Òàêîå ñìåùåíèå îáû÷íî ÿâëÿåòñÿ ðåçóëüòàòîì èñïàðåíèÿ, ïðè êîòîðîì âåëè÷èíà ôðàêöèîíèðîâàíèÿ èçî-
òîïîâ êèñëîðîäà âûøå, ÷åì äåéòåðèÿ è óêàçûâàåò íà ðîñò ãèïñà çà ñ÷åò èñïàðåíèÿ ðàñòâîðîâ. Ïðè ýòîì
èçíà÷àëüíàÿ âîäà (äî èñïàðåíèÿ) áûëà çíà÷èòåëüíî îáëåã÷åíà â îòíîøåíèè èçîòîïîâ 18O è 2H, ïî ñðàâíåíèþ
ñ ñîâðåìåííîé. Ïðèâåäåííûå îöåíî÷íûå ðàñ÷åòû ñâèäåòåëüñòâóþò îá îáðàçîâàíèè ãèïñà â ïåùåðå â óñëî-
âèÿõ êëèìàòà, êîòîðûé áûë áîëåå õîëîäíûì è ñóõèì, ÷åì ñîâðåìåííûé.

Â íàñòîÿùåå âðåìÿ îòíîñèòåëüíàÿ âëàæíîñòü âîçäóõà â çàëàõ âòîðîãî ýòàæà ïåùåðû ñîñòàâëÿåò
98–100%, ÷òî íå ñïîñîáñòâóåò âîçíèêíîâåíèþ èñïàðèòåëüíûõ óñëîâèé. Â ñîâðåìåííûõ óñëîâèÿõ âîçîá-
íîâëåíèå êðèñòàëëèçàöèè ãèïñà íà ñòåíêàõ ïåùåðû ïðåäñòàâëÿåòñÿ ìàëîâåðîÿòíûì.
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165 ì è îáúåìîì 180 510 ì3, ðàñïîëîæåííûõ íà
òðåõ ýòàæàõ [1].

Äîñòîïðèìå÷àòåëüíîñòüþ ïåùåðû ÿâëÿåòñÿ
íàñòåííàÿ æèâîïèñü âåðõíåïàëåîëèòè÷åñêîãî âîç-
ðàñòà â çàëàõ Ðèñóíêîâ, Êóïîëüíîì, Çíàêîâ è Õà-
îñà. Èìååòñÿ ïðîáëåìà ñîõðàíåíèÿ ïåùåðíîé
æèâîïèñè ââèäó íåáëàãîïðèÿòíûõ ìèêðîêëèìàòè-
÷åñêèõ óñëîâèé ïåùåðû è âîçðàñòàþùåé àíòðî-
ïîãåííîé íàãðóçêè. Â êà÷åñòâå ïðîöåññîâ, ïðèâî-
äÿùèõ ê äåãðàäàöèè æèâîïèñè â ïåùåðå, áûëè
âûÿâëåíû: áûñòðîå îòëîæåíèå êàëüöèòà â âèäå
«íåðàâíîâåñíûõ» ôîðì (èãîëü÷àòî-âîëîêíèñòûõ
è ïëàñòèí÷àòûõ èíäèâèäîâ) ïðè áûñòðîé äåãàçà-
öèè ÑÎ2; óãëåêèñëîòíàÿ êîððîçèÿ êàëüöèòà ïðè
ïîâûøåíèè pÑÎ2 â çàëàõ ïåùåðû; øåëóøåíèå
íàòå÷íûõ êàëüöèòîâûõ êîð; áèîãåîõèìè÷åñêàÿ
àêòèâíîñòü ìèêðîîðãàíèçìîâ (àêòèíîáàêòåðèé,
ãðèáîâ, âîäîðîñëåé), íàñåëÿþùèõ ïîâåðõíîñòè
ñòåíîê ïåùåðû.

Ìèíåðàëîãè÷åñêèå èññëåäîâàíèÿ â ïåùåðå
Øóëüãàí-Òàø íà÷àòû íàøåé ãðóïïîé â 2010 ã. Íà
ðàñïðîñòðàíåíèå ãèïñîâîé ìèíåðàëèçàöèè íà ñòå-
íàõ âòîðîãî ýòàæà ïåùåðû, ïðåäñòàâëÿþùåé ñî-
áîé âûâåòðåëûå êðèñòàëëè÷åñêèå êîðû, ìû îáðà-
òèëè âíèìàíèå â 2014 ã. Â íàñòîÿùåå âðåìÿ îòëî-
æåíèå ãèïñà â ïåùåðå Øóëüãàí-Òàø íå ïðîèñõî-
äèò, íî â ñëó÷àå åãî âîçîáíîâëåíèÿ ìîæåò âîçíèê-
íóòü óãðîçà ðàçðóøåíèÿ óíèêàëüíûõ ðèñóíêîâ.

Ðàíåå íàìè áûëà ïîêàçàíà âîçìîæíîñòü ïðè-
ìåíåíèÿ èçîòîïíî-ãåîõèìè÷åñêèõ ìåòîäîâ èññëå-
äîâàíèé äëÿ ðåøåíèÿ ïðîáëåì ãåíåçèñà ñóëüôàò-
íûõ îòëîæåíèé íà ïðèìåðå Êóíãóðñêîé è Êèíäåð-
ëèíñêîé ïåùåð íà Óðàëå [2].

Íàìè áûëè èçó÷åíû ðàñïðîñòðàíåíèå è ìîð-
ôîëîãèÿ ãèïñîâûõ îòëîæåíèé ïåùåðû Øóëüãàí-
Òàø, à òàêæå ïðåäïðèíÿòà ïîïûòêà óñòàíîâëåíèÿ
èõ ãåíåçèñà ñ èñïîëüçîâàíèåì èçîòîïíî-ãåîõèìè-
÷åñêèõ ìåòîäîâ èññëåäîâàíèé.

Àíàëèòè÷åñêèå ìåòîäû. Èññëåäîâàíèå
ìîðôîëîãèè è ýëåìåíòíîãî ñîñòàâà îáðàçöîâ ïðî-
âîäèëîñü íà ñêàíèðóþùåì ýëåêòðîííîì ìèêðî-
ñêîïå TESCAN Vega 3 SBH ñ ýíåðãîäèñïåðñèîí-
íûì ñïåêòðîìåòðîì Õ-ACT (Oxford Instruments)
â Èíñòèòóòå ïðîáëåì ñâåðõïëàñòè÷íîñòè ìåòàë-
ëîâ ÐÀÍ, ã. Óôà (àíàëèòèê È.È. Ìóñàáèðîâ). Èçî-
òîïíûé ñîñòàâ ñåðû èññëåäîâàëñÿ íà ìàññ-ñïåê-
òðîìåòðå DeltaPlus Advantage ïðîèçâîäñòâà ôèð-
ìû Thermo Finnigan, ñîïðÿæåííûì èíòåðôåéñîì

ConFlo III ñ ýëåìåíòíûì àíàëèçàòîðîì EA
Flash1112 â Èíñòèòóòå ìèíåðàëîãèè ÓðÎ ÐÀÍ,
ã. Ìèàññ (àíàëèòèê Ñ.À. Ñàäûêîâ). Ïðè èçìåðå-
íèÿõ èñïîëüçîâàëñÿ ñòàíäàðò NBS-123. Àíàëèç
èçîòîïíîãî ñîñòàâà êðèñòàëëèçàöèîííîé âîäû ãèï-
ñà (δD, δ18O) ïðîâîäèëñÿ íà îñíîâå òåõíîëîãèè
«cavity enhanced absorption technique» (àíàëèçàòîð
èçîòîïîâ æèäêîé âîäû IWA-45 ôèðìû Los Gatos
Research) â Èíñòèòóòå ãåîõèìèè, ã. Áóäàïåøò,

Ðèñ. 1. Ìåñòà íàõîäîê ãèïñîâûõ êîð è òî÷êè îòáîðà
îáðàçöîâ



60

ÍÀÓÊÈ  Î  ÇÅÌËÅ

Âåíãðèÿ (àíàëèòèê À. Äåìåíè). Ñîñòàâ èñõîäíî-
ãî ìèíåðàëîîáðàçóþùåãî ðàñòâîðà áûë ðàññ÷è-
òàí ñ èñïîëüçîâàíèåì êîýôôèöèåíòîâ ôðàêöèîíè-
ðîâàíèÿ äëÿ êðèñòàëëèçàöèè ãèïñà [3]. Äëÿ ñðàâ-
íåíèÿ áûëè èñïîëüçîâàíû äàííûå èçîòîïíîãî ìî-
íèòîðèíãà îñàäêîâ è êàðñòîâûõ âîä ðàéîíà ïåùå-
ðû Øóëüãàí-Òàø çà 2014–2015 ãã. (íåîïóáëèêî-
âàííûå äàííûå). Èçìåðåíèÿ èçîòîïíîãî ñîcòàâà
âîäû âûïîëíåíû íà àíàëèçàòîðå L2130-i ôèðìû
Picarro â Èíñáðóêñêîì óíèâåðñèòåòå, Àâñòðèÿ
(àíàëèòèê Þ.Â. Äóáëÿíñêèé).

Ðåçóëüòàòû. Ìåñòà íàõîäîê ãèïñîâûõ êî-
ðîê â ïåùåðå Øóëüãàí-Òàø ïîêàçàíû íà ðèñ. 1.
Îíè âñòðå÷àþòñÿ òîëüêî â îòíîñèòåëüíî ñóõèõ
(RH = < 100%) ïîëîñòÿõ âòîðîãî ýòàæà ïåùåðû,
íà ó÷àñòêàõ, íå ïîäâåðæåííûõ èíôèëüòðàöèîííî-
ìó è êîíäåíñàöèîííîìó óâëàæíåíèþ. Ìàêðî- è
ìèêðîìîðôîëîãèÿ ãèïñîâûõ êîð íà ïðèìåðå äâóõ
íàèáîëåå êðóïíûõ ïðîÿâëåíèé â çàëàõ Âåñòèáþëü
è Ðèñóíêîâ ïîêàçàíà íà ðèñ. 2 è 3.

Â çàëå Âåñòèáþëü êîðî÷êè ãèïñà íàõîäÿòñÿ
â äåãðàäèðîâàííîì ñîñòîÿíèè, ÷àñòî èìåþò «ðàç-
ðûâû» ñ âûãíóòûìè íàðóæó êðàÿìè (ñì. ðèñ. 2,
à, á). Èíîãäà âñòðå÷àþòñÿ âîëîêíèñòûå àãðåãà-
òû («ãèïñîâûå öâåòû», èëè àíòîëèòû), ñâèäåòåëü-
ñòâóþùèå îá ýêññóäàòèâíîì õàðàêòåðå ïèòàíèÿ
÷åðåç ïîðû èçâåñòíÿêà. Â çàëå Ðèñóíêîâ âñòðå-
÷àþòñÿ ñëîèñòûå êîðû (ñì. ðèñ. 2, ã), ÷òî óêàçû-
âàåò íà òî, ÷òî ïðîöåññ èõ ôîðìèðîâàíèÿ ïðåêðà-
ùàëñÿ è âíîâü âîçîáíîâëÿëñÿ. Âíåøíÿÿ ïîâåðõ-

íîñòü êîðîê ñëîæåíà ïëàñòèí÷àòûìè êðèñòàëëàìè,
ñîáðàííûìè â ðàäèàëüíî-ëó÷èñòûå (ñì. ðèñ. 2, ä)
è ðîçåòêîâèäíûå àãðåãàòû íàïîäîáèå «ãèïñîâûõ
ðîç» (ñì. ðèñ. 2, å).

Â ìèêðîìîðôîëîãè÷åñêîì îòíîøåíèè ãèï-
ñîâûå êîðû èç çàëà Âåñòèáþëü èìåþò ïðåèìó-
ùåñòâåííî ãèïèäèîìîðôíóþ ñòðóêòóðó ñ èíäóê-
öèîííûìè ïîâåðõíîñòÿìè ñîâìåñòíîãî ðîñòà
ñìåæíûõ êðèñòàëëîâ (ñì. ðèñ. 3, à–â). Êðèñòàë-
ëû â îáðàçöå èç çàëà Âåñòèáþëü ïðåèìóùå-
ñòâåííî èçîìåòðè÷íûå, à äëÿ îáðàçöà èç çàëà
Ðèñóíêîâ õàðàêòåðåí ïëàñòèí÷àòûé ãàáèòóñ
(ñì. ðèñ. 3, ã). Ãðàíè êðèñòàëëîâ ãèïñà íåñóò ñëå-
äû ðàñòâîðåíèÿ, èñêàæàþùèå ïåðâè÷íûå ðîñ-
òîâûå ôîðìû, ÷òî äåëàåò ñëîæíûì èõ ìîðôî-
ëîãè÷åñêîå îïèñàíèå. Ðàñòâîðåíèå, âèäèìî, ñâÿ-
çàíî ñ ÷åðåäîâàíèåì ïðîöåññîâ êîíäåíñàöèè
(ëåòîì) è èñïàðåíèÿ (çèìîé) âîäÿíîãî ïàðà ïå-
ùåðíîé àòìîñôåðû.

Íà ïîâåðõíîñòè ãèïñîâûõ êîð çàëà Ðèñóíêîâ
âñòðå÷àþòñÿ ñôåðîëèòû ðàçìåðîì äî 70–100 ìêì,
ñëîæåííûå äèîêñèäîì êðåìíèÿ (ñì. ðèñ. 3, å).
Ïðîÿâëåíèå âìåñòå ñ ãèïñîì âòîðè÷íûõ ñôåðî-
ëèòîâ, ñëîæåííûõ äèîêñèäîì êðåìíèÿ, ìîæíî
îáúÿñíèòü ãèäðîëèçîì àëþìîñèëèêàòîâ çà ïðå-
äåëàìè çîíû îêèñëåíèÿ ñóëüôèäîâ è îñàæäåíèåì
êðåìíåçåìà íà êèñëîì áàðüåðå.

Èçîòîïíûé ñîñòàâ ñåðû â 5 îáðàçöàõ ãèïñî-
âûõ êîð ïðåäñòàâëåí â òàáë. 1, èçîòîïíûé ñîñòàâ
êðèñòàëëèçàöèîííîé âîäû – â òàáë. 2.

Ðèñ. 2. Ìîðôîëîãèÿ ãèïñîâûõ êîð â çàëå Âåñòèáþëü (à, á, â) è â çàëå Ðèñóíêîâ (ã, ä, å).
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Îáñóæäåíèå. Èçîòîïíûé ñîñòàâ ñåðû â ãèï-
ñå ïåùåðû Øóëüãàí-Òàø ñðàâíèâàåòñÿ ñ èçîòîï-
íûì ñîñòàâîì ñóëüôàòíûõ è ñóëüôèäíûõ ìèíåðà-
ëîâ ðàçëè÷íûõ ãåîëîãè÷åñêèõ îáúåêòîâ íà ðèñ. 4.
Îí íàõîäèòñÿ â äèàïàçîíå îò +3.93 äî +5.49 ‰
CDT, ÷òî èñêëþ÷àåò ôîðìèðîâàíèå ãèïñà çà ñ÷åò
ìîðñêèõ ñóëüôàòîâ, èìåþùèõ áîëåå òÿæåëûé èçî-
òîïíûé ñîñòàâ, è óêàçûâàåò íà åãî ïðîèñõîæäåíèå
çà ñ÷åò ðåàêöèè ñåðíîé êèñëîòû ñ êàðáîíàòîì

êàëüöèÿ èçâåñòíÿêîâ. Ñîãëàñíî ëèòåðàòóðíûì äàí-
íûì (ñì. ðèñ. 4), ñåðà âòîðè÷íûõ ñóëüôàòîâ ïå-
ùåð (â íàñòîÿùåé ðàáîòå ðàññìàòðèâàþòñÿ òîëü-
êî ñóëüôàòû, èìåþùèå ýïèãåííîå ïðîèñõîæäåíèå,
ñâÿçàííûå ñ «îáû÷íûì» êàðñòîì ñ äîìèíèðó-
þùåé ðîëüþ óãîëüíîé êèñëîòû1) èìåþò çíà÷èòåëü-
íûé ðàçáðîñ δ34S – îò –33 äî +13‰ CDT. Ýòî ñâÿ-
çàíî ñ ðàçëè÷íûìè èñòî÷íèêàìè ñåðû è ñ ðàçëè-
÷íûì âêëàäîì áèîãåííîé ñóëüôàò-ðåäóêöèè,

Ðèñ. 3. Ìîðôîëîãèÿ ãèïñîâûõ êîð â çàëå Âåñòèáþëü (à, á, â) è â çàëå Ðèñóíêîâ (ã, ä, å).
ÑÝÌ-ôîòî.

Ò à á ë è ö à  1

Èçîòîïíûé ñîñòàâ ñåðû ãèïñà èç ïåùåðû Øóëüãàí-Òàø

№ 
ïðîáû  Пðèâÿçêà  Îïèñàíèå, 

ìèíåðàëüíûé ñîñòàâ 
Èçîòîïíûé 

ñîñòàâ ñåðû, 
δ34S ‰, CDT 

ØÒ-01/2016  Зàë Âåñòèáþëü,  
ñåâåðî-âîñòî÷íàÿ ñòåíà òîíêèå ñåðûå êîðêè ãèïñà  +4.04 

ØÒ-02/2016 
Юãî-çàïàäíàÿ ñòåíà çàëà 
Пåðåêðåñòîê íà ñîïðÿæå-
íèè ñ Пåðâîé ãàëåðååé 

ñïàéíûå çåðíà ãèïñà  +5.49 

ØÒ-03/2016  Зàë Ðèñóíêîâ 

ñåðûå êîðêè 
ãèïñà, ñëîæåííûå àãðåãàòàìè 
ïëàñòèí÷àòûõ êðèñòàëëîâ 
(ãèïñîâûå ðîçû) 

+5.36 

ØÒ-04/2016  Зàë Аêóñòè÷åñêèé  òîíêèå ñåðûå êîðêè ãèïñà  +3.93 

ØÒ-05/2016  Ñïóñê ê çàëó  
Бðèëëèàíòîâûé 

ñâåòëî-ñåðûå  
êðèñòàëëè÷åñêèå êîðêè +5.47 

1 Ñóëüôàòû ïåùåð, îáðàçîâàííûõ ïðè âåäóùåé ðîëè ñåðíîêèñëîòíîãî ðàñòâîðåíèÿ êàðáîíàòíûõ ïîðîä
(òàêèõ êàê Êàðëñáàäñêàÿ â ÑØÀ èëè Ôðàçàññè â Èòàëèè), â íàñòîÿùåé ðàáîòå íå ðàññìàòðèâàþòñÿ.
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ÿâëÿþùåéñÿ íàèáîëåå âåñîìûì ôàêòîðîì èçîòîï-
íîãî ôðàêöèîíèðîâàíèÿ (ïðèâîäÿùåãî ê ñóùåñòâåí-
íîìó «îáëåã÷åíèþ» èçîòîïíîãî ñîñòàâà ñåðû).

Îòíîñèòåëüíî ãåíåçèñà ñåðû ñóëüôàòîâ ìîæ-
íî ðàññìîòðåòü äâå ãèïîòåçû.

Ïîëó÷åííûå èçîòîïíûå ñîñòàâû äëÿ ñåðû
ãèïñà ïåùåðû Øóëüãàí-Òàø ñîîòâåòñòâóþò èí-
òåðâàëó ñóëüôàòîâ ñîâðåìåííûõ ïðåñíûõ âîä [4].
Íî äëÿ ñîâðåìåííûõ êàðñòîâûõ âîä ãèäðîñèñòå-
ìû ðåêè Øóëüãàí õàðàêòåðíû î÷åíü íèçêèå ñîäåð-
æàíèÿ ñóëüôàòîâ, êàê ïðàâèëî, ìåíüøå 10 ìã/ë [1],
à â íàñûùåííîì ãèïñîì ðàñòâîðå ñîäåðæàíèå
ñóëüôàòîâ ñîñòàâëÿåò ïðèáëèçèòåëüíî 1300 ìã/ë.

Ðèñ. 4. Èçîòîïíûé ñîñòàâ ñåðû ãèïñîâûõ êîð ïåùåðû Øóëüãàí-Òàø â ñðàâíåíèè ñ ñîäåðæàíèåì èçîòîïîâ
ñåðû â ñóëüôàòíûõ è ñóëüôèäíûõ ìèíåðàëàõ ðàçëè÷íûõ ãåîëîãè÷åñêèõ îáúåêòîâ, ïî [2, 4–9]

Òåì íå ìåíåå íà ïðîøëûõ ýòàïàõ ðàçâèòèÿ êàð-
ñòîâîé ñèñòåìû ñîäåðæàíèå ñóëüôàòîâ â âîäå
ìîãëî áûòü áîëåå âûñîêèì. Îäíàêî îñòàåòñÿ íå-
ïîíÿòíûì, ïî÷åìó ãèïñîâûå êîðû íàõîäÿòñÿ
íåïîñðåäñòâåííî íà âìåùàþùåì èçâåñòíÿêå, õîòÿ
ïî ìåõàíèçìó èñïàðèòåëüíîé êîíöåíòðàöèè ðà-
ñòâîðîâ ñëåäîâàëî áû îæèäàòü, ÷òî ñíà÷àëà êðè-
ñòàëëèçóþòñÿ ìåíåå ðàñòâîðèìûå êàðáîíàòû.

Òàêæå ìîæíî ðàññìîòðåòü ãèïîòåçó îá îá-
ðàçîâàíèè ñóëüôàòîâ çà ñ÷åò îêèñëåíèÿ ñóëüôè-
äîâ. Ïî äàííûì Þ.Ñ. Ëÿõíèöêîãî [1], â èçâåñò-
íÿêàõ ìàññèâà ïåùåðû Øóëüãàí-Òàø îòìå÷àþò-
ñÿ ñëåäû îêèñëåíèÿ ðàññåÿííîé ñóëüôèäíîé ìè-

Ò à á ë è ö à  2

Èçîòîïíûé ñîñòàâ ãèäðàòàöèîííîé âîäû ãèïñà èç çàëà Âåñòèáþëü è ìèíåðàëîîáðàçóþùåãî ðàñòâîðà

          Ï ð è ì å ÷ à í è å: Èçîòîïíûé ñîñòàâ ìèíåðàëîîáðàçóþùåãî ðàñòâîðà ðàññ÷èòàí ïî [3].

¹ 
ïðîáû Ïàðàìåòð  δD ‰,  

V-SMOW 
δ18O ‰,  

V-SMOW 

YO-GY-08 ãèäðàòàöèîííàÿ âîäà –117.2 –7.1 
ìèíåðàëîîáðàçóþùèé ðàñòâîð  –110.0 –10.6
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íåðàëèçàöèè (ñôåðè÷åñêèå êîíêðåöèè áóðûõ æå-
ëåçíÿêîâ).

Ïîñêîëüêó äëÿ îñàäî÷íûõ ñóëüôèäîâ õàðàê-
òåðåí î÷åíü øèðîêèé äèàïàçîí èçîòîïíûõ ñîñòà-
âîâ ñåðû (ñì. ðèñ. 4), òî ïîëó÷åííûå äàííûå íå
ïðîòèâîðå÷àò ýòîìó ïðåäïîëîæåíèþ è íàñûùå-
íèå ðàñòâîðà ñóëüôàòàìè ìîãëî ïðîèñõîäèòü çà
ñ÷åò ëîêàëüíîãî îêèñëåíèÿ ñóëüôèäîâ. Ïðèâåäåí-
íûå äëÿ ñðàâíåíèÿ äàííûå ïî èçîòîïèè ñóëüôè-
äîâ íåêîòîðûõ ñòðàòèôîðìíûõ ðóäîïðîÿâëåíèé
çàïàäíîãî ñêëîíà Þæíîãî Óðàëà [6, 9] òàêæå ïî-
êàçûâàþò øèðîêèé ðàçáðîñ ñ ïðåîáëàäàíèåì ïî-
ëîæèòåëüíûõ çíà÷åíèé, ÷òî õàðàêòåðíî äëÿ ïî-
çäíåãî äèàãåíåçà ñ îãðàíè÷åííûì êîëè÷åñòâîì
âîññòàíàâëèâàåìîãî ñóëüôàòà.

Èçîòîïíûé ñîñòàâ êðèñòàëëèçàöèîííîé âîäû â
ãèïñå çàâèñèò îò äâóõ ïåðåìåííûõ – îò ñîñòàâà èñ-
õîäíîãî ðàñòâîðà è îò èçîòîïíîãî ôðàêöèîíèðîâàíèÿ
â ðåçóëüòàòå ôàçîâûõ ïåðåõîäîâ. Èñïîëüçóÿ ýêñïå-
ðèìåíòàëüíî îïðåäåëåííûå êîýôôèöèåíòû ôðàêöèî-
íèðîâàíèÿ, ìîæíî ðàññ÷èòàòü èçîòîïíûé ñîñòàâ èñ-
õîäíîãî ìèíåðàëîîáðàçóþùåãî ðàñòâîðà [3].

Èçîòîïíûé ñîñòàâ àòìîñôåðíûõ îñàäêîâ â
ðàéîíå ïåùåðû èçìåíÿåòñÿ ñåçîííî ñ áîëüøîé
àìïëèòóäîé (â ïðåäåëàõ îò –19 äî –7‰ VSMOW

äëÿ δ18O è îò –150 äî –50‰ VSMOW – äëÿ δD)
(ðèñ. 5). Ïðè ýòîì èçîòîïíûé ñîñòàâ êàïåëè â ïå-
ùåðå âåñüìà ñòàáèëåí (δ18O = –13.5±0.3 ‰ è
δD = –98.1±2.7 ‰; äàííûå îïðîáîâàíèÿ 4 òî÷åê
êàïåëè â òå÷åíèå 10 ìåñÿöåâ). Ýòî ñâèäåòåëü-
ñòâóåò î õîðîøåé ãîìîãåíèçàöèè èíôèëüòðàöè-
îííîé âîäû â ïðåäåëàõ ýïèêàðñòîâîé çîíû ìàñ-
ñèâà íàä ïåùåðîé.

Èç ðèñ. 5 âèäíî, ÷òî èçîòîïíûé ñîñòàâ ìè-
íåðàëîîáðàçóþùåãî ðàñòâîðà ãèïñà ñìåùåí âïðà-
âî îòíîñèòåëüíî ãëîáàëüíîé ëèíèè ìåòåîðíûõ âîä
(GMWL), à òàêæå îòíîñèòåëüíî õàðàêòåðíûõ çíà-
÷åíèé êàðñòîâûõ âîä è àòìîñôåðíûõ îñàäêîâ ðàé-
îíà ïåùåðû. Òàêîå ñìåùåíèå îáû÷íî ÿâëÿåòñÿ
ðåçóëüòàòîì èñïàðåíèÿ, ïðè êîòîðîì âåëè÷èíà
ôðàêöèîíèðîâàíèÿ èçîòîïîâ êèñëîðîäà âûøå, ÷åì
äåéòåðèÿ. Èçîòîïíûé ñîñòàâ âîäû, ïîäâåðãøåé-
ñÿ èñïàðåíèþ, ëåæèò íà ëîêàëüíîé ëèíèè èñïà-
ðåíèÿ, óãîë íàêëîíà êîòîðîé â êîîðäèíàòàõ
δ18O-δD çàâèñèò îò îòíîñèòåëüíîé âëàæíîñòè RH
è âîçðàñòàåò ñ âîçðàñòàíèåì RH îò 3.9 ïðè
RH=0%, äî 6.8 ïðè RH=95% [10]. Äëÿ îáðàçîâà-
íèÿ ãèïñà ïåùåðû Øóëüãàí-Òàø ïî ìåõàíèçìó
èñïàðåíèÿ íà÷àëüíàÿ âîäà äîëæíà áûëà áûòü çíà-
÷èòåëüíî îáëåã÷åíà â îòíîøåíèè èçîòîïîâ 18O

Ðèñ. 5. Èçîòîïíûé ñîñòàâ ìèíåðàëîîáðàçóþùåãî ðàñòâîðà, èç êîòîðîãî êðèñòàëëèçîâàëñÿ ãèïñ ïåùåðû
Øóëüãàí-Òàø (ñì. òàáë. 2), â ñðàâíåíèè ñ ñîâðåìåííûìè àòìîñôåðíûìè îñàäêàìè è êàðñòîâûìè âîäàìè
ðàéîíà ïåùåðû



64

ÍÀÓÊÈ  Î  ÇÅÌËÅ

è 2H ïî ñðàâíåíèþ ñ ñîâðåìåííîé âîäîé. Äëÿ èí-
òåðâàëà çíà÷åíèé îòíîñèòåëüíîé âëàæíîñòè
50–75% ñîñòàâ èñõîäíîé âîäû äîëæåí ëåæàòü â
ïðåäåëàõ îò δ18O = –17.3 ‰, δD = –128 ‰ äî
δ18O = –19.9 ‰, δD = – 149,2 ‰. Ýòè îöåíî÷íûå
ðàñ÷åòû ñâèäåòåëüñòâóþò îá îáðàçîâàíèè ãèïñà
â ïåùåðå â óñëîâèÿõ êëèìàòà, êîòîðûé áûë áîëåå
õîëîäíûì è ñóõèì, ÷åì ñîâðåìåííûé.

Çàêëþ÷åíèå. Ïîëó÷åííûå äàííûå ïî èçîòîï-
íîìó ñîñòàâó ñåðû ïîçâîëÿþò âûñêàçàòü äâå ãèïî-
òåçû îòíîñèòåëüíî åå èñòî÷íèêà â ãèïñîâûõ îòëî-
æåíèÿõ íà ñòåíàõ ïåùåðû Øóëüãàí-Òàø: ëèáî èñ-
ïàðèòåëüíîå íàñûùåíèå ïðèðîäíûõ êàðñòîâûõ âîä,
ëèáî òî÷å÷íàÿ ñåðíîêèñëîòíàÿ êîððîçèÿ ïðè ëîêàëü-
íîì îêèñëåíèè ñóëüôèäíûõ ìèíåðàëîâ, âñòðå÷à-
þùèõñÿ âî âìåùàþùèõ èçâåñòíÿêàõ [1]. Ìîðôîëî-
ãèÿ ãèïñîâûõ êîð è èçîòîïíûé ñîñòàâ êðèñòàëëèçà-
öèîííîé âîäû óêàçûâàþò íà òî, ÷òî îòëîæåíèå ãèï-
ñà ïðîèñõîäèëî íà èñïàðèòåëüíîì áàðüåðå, ïðè ïî-
ñòóïëåíèè êàïèëëÿðíûõ ðàñòâîðîâ íà ñòåíêè ïåùå-
ðû. Èçîòîïíûé ñîñòàâ êðèñòàëëèçàöèîííîé âîäû
óêàçûâàåò íà òî, ÷òî ãèïñ îáðàçîâûâàëñÿ â óñëîâè-
ÿõ áîëåå õîëîäíîãî è ñóõîãî êëèìàòà.

Â íàñòîÿùåå âðåìÿ îòíîñèòåëüíàÿ âëàæ-
íîñòü âîçäóõà â çàëàõ âòîðîãî ýòàæà ïåùåðû ñî-
ñòàâëÿåò 98–100%, ÷òî íå ñïîñîáñòâóåò âîçíèê-
íîâåíèþ èñïàðèòåëüíûõ óñëîâèé. Â ñîâðåìåííûõ
óñëîâèÿõ âîçîáíîâëåíèå êðèñòàëëèçàöèè ãèïñà íà
ñòåíêàõ ïåùåðû ïðåäñòàâëÿåòñÿ ìàëîâåðîÿòíûì.
Òåì íå ìåíåå ïîñêîëüêó ýòîò ïðîöåññ ïîòåíöè-
àëüíî îïàñåí ñ òî÷êè çðåíèÿ ñîõðàííîñòè äðåâ-
íåé æèâîïèñè ïåùåðû, ìû ïîëàãàåì, ÷òî ðåæèì
âëàæíîñòè ïåùåðû òðåáóåò ìîíèòîðèíãà.

Àâòîðû áëàãîäàðíû âåäóùåìó íàó÷íîìó
ñîòðóäíèêó Èíñòèòóòà ìèíåðàëîãèè ÓðÎ ÐÀÍ
Ê.À. Íîâîñåëîâó çà ïîäáîðêó ëèòåðàòóðû ïî
èçîòîïèè ñåðû ñóëüôèäîâ ñòðàòèôîðìíûõ ìå-
ñòîðîæäåíèé çàïàäíîãî ñêëîíà Þæíîãî Óðà-
ëà è âåäóùåìó íàó÷íîìó ñîòðóäíèêó Âñåðîñ-
ñèéñêîãî íàó÷íî-èññëåäîâàòåëüñêîãî ãåîëîãè-
÷åñêîãî èíñòèòóòà èì. À.Ï. Êàðïèíñêîãî
Þ.Ñ. Ëÿõíèöêîìó çà êîíñóëüòàöèè, à òàêæå
àíîíèìíîìó ðåöåíçåíòó çà êîíñòðóêòèâíûå
êðèòè÷åñêèå çàìå÷àíèÿ.

Ðàáîòà âûïîëíåíà ïî ãîñóäàðñòâåííîé
áþäæåòíîé òåìå Èíñòèòóòà ìèíåðàëîãèè
ÓðÎ ÐÀÍ «Ìèíåðàëîãèÿ è ãåîõèìèÿ ðóäíûõ

è ðóäîíîñíûõ ôàöèé êàê îòðàæåíèå ãåîëîãè-
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ON THE GENESIS OF SUBAERIAL GYPSUM SEDIMENTS
IN SHULGAN-TASH CAVE
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Since sulphate deposition is a frequent cause for degradation of carbonate materials at the sites of historical
and cultural heritage, this factor may pose a potential threat to the Paleolithic paintings of Shulgan-Tash Cave. The
article discusses secondary gypsum deposits on the walls of the second-floor halls of the cave.

When studying the morphology of gypsum crusts, it has been shown that now they are actively destroyed by
alternating processes of condensation and evaporation of water vapour in the cave atmosphere. The occurrence of
secondary silica was also observed together with gypsum.

The isotopic composition of sulphur-containing gypsum is in the range from +3.93 to +5.49 ‰ CDT, which
excludes its formation due to marine sulphates and indicates its origin due to the reaction between sulphuric acid
and calcium carbonate of limestones. The sulphur isotopic compositions in gypsum fall into the range of values
characteristic of sedimentary sulphides. Since the limestones of the cave massif display traces of oxidation of
sulphide mineralization, we assume that the genesis of gypsum took place alongside this process.

The isotopic composition of the initial mineral-forming solution was calculated based on the analysis of the
isotopic composition of gypsum crystallization water. The value of gypsum content is shifted to the right relative
to the global meteoric water line (GMWL), as well as relative to karst waters and atmospheric precipitation of the
cave area. Such displacement is usually the result of evaporation, in which the fractionation of oxygen isotopes is
higher than that of deuterium and indicates the growth of gypsum due to the evaporation of solutions. At the same
time, the original water (before evaporation) was considerably lightened regarding the isotopes 18O and 2H as
compared to that of our days. Calculated estimates attest to the formation of gypsum in the cave under colder and
drier climatic conditions than now.

At present, the relative humidity in the second-floor halls of the cave is 98-100%, which does not contribute
to the onset of evaporation conditions. Under present-day conditions, the resumption of gypsum crystallization on
the cave walls seems unlikely.

Key words: Shulgan-Tash Cave, cave mineralogy, sulphates, sulphur isotopic composition, water isotopic
composition.
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