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Investigation of hydrothermal precious opals has shown that they differ significantly by their nanostructure
and the regimen of formation from exogenous precious opals. The hydrothermal opals are composed of smaller
globules and they haven’t any structuring of nanoparticles by the tight packing laws, which is quite characteristic
for exogenous noble opals. It has been found that the hydrothermal precious opals survived pneumatolytic annea-
ling — the effect of high-temperature vapor under the elevated pressure, in the process of their formation. At the
same time, this thermal effect has caused the appearance of 2D photonic zone in the chaotic opal matrix. These
photonic zones are created by the grids, which cells were formed as a result of thermal effect, according to prin-
ciple of the «Benard convection cells». Just these structured blocks and thin films lead to the spectral splitting of
light and appearance of the iridescence.

ÂÂÅÄÅÍÈÅ

Êàê èçâåñòíî, áëàãîðîäíûé îïàë ÿâëÿåòñÿ þâåëèðíîé ðàçíîâèäíîñòüþ îáøèðíîãî
ñåìåéñòâà àìîðôíûõ è ñëàáî ðàñêðèñòàëëèçîâàííûõ ìèíåðàëîâ âîäíîãî êðåìíåçåìà.
Îí îáëàäàåò õàðàêòåðíîé èãðîé öâåòà â ðàçëè÷íûõ ÷àñòÿõ âèäèìîé îáëàñòè ñïåêòðà,
ïîëó÷èâøåé íàçâàíèå îïàëåñöåíöèÿ. Ñîâðåìåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ýêçî-
ãåííûé áëàãîðîäíûé îïàë ïðåäñòàâëÿåò ñîáîé êëàññè÷åñêèé òðåõìåðíûé ôîòîííûé
êðèñòàëë, çàïðåùåííàÿ ôîòîííàÿ çîíà êîòîðîãî íàõîäèòñÿ â âèäèìîì äèàïàçîíå ýëåê-
òðîìàãíèòíîãî èçëó÷åíèÿ (Áàðûøåâ è äð., 2004; Êàâòðåâà è äð., 2007; Ðîìàíîâ, 2007).
Íà ïðèìåðå ýêçîãåííûõ áëàãîðîäíûõ îïàëîâ óñòàíîâëåíî, ÷òî îïàëåñöåíöèÿ (ôîòîí-
íàÿ çîííàÿ ñòðóêòóðà) âîçíèêàåò â ðåçóëüòàòå äèôðàêöèè ýëåêòðîìàãíèòíûõ âîëí íà
îáúåìíîé ïðîñòðàíñòâåííîé ðåøåòêå, îáðàçîâàííîé ÷àñòèöàìè êðåìíåçåìà ñôåðè÷å-
ñêîé èëè èêñîýäðè÷åñêîé ôîðìû. Ýòè ÷àñòèöû îäíîðîäíû ïî ðàçìåðó, óïîðÿäî÷åíû
ïî çàêîíó ãðàíåöåíòðèðîâàííîé êóáè÷åñêîé èëè ãåêñàãîíàëüíîé óïàêîâêè è ñîçäàþò
ñâîåîáðàçíóþ, õîðîøî óçíàâàåìóþ íàíîñòðóêòóðó áëàãîðîäíîãî îïàëà (Sanders,
1964; Äåíèñêèíà è äð., 1987).

Íåñìîòðÿ íà òî ÷òî îêîëî 95 % îáúåìà íàòóðàëüíîãî áëàãîðîäíîãî îïàëà äîáûâà-
åòñÿ èç äðåâíèõ êîð âûâåòðèâàíèÿ (ýêçîãåííûå ìåñòîðîæäåíèÿ), âî ìíîãèõ ðàéîíàõ
ìèðà èçâåñòíû è ãèäðîòåðìàëüíûå åãî ìåñòîðîæäåíèÿ, ñâÿçàííûå ñ âóëêàíèòàìè. Îíè
íå èìåþò áîëüøîãî ïðàêòè÷åñêîãî çíà÷åíèÿ, îäíàêî âûçûâàþò èíòåðåñ â ãåíåòè÷å-
ñêîì îòíîøåíèè. Òåì íå ìåíåå ãèäðîòåðìàëüíûå îïàëû èññëåäîâàíû ÿâíî íåäîñòà-
òî÷íî, à ðÿä èõ îñîáåííîñòåé íå èçó÷åí äî ñèõ ïîð. Â ÷àñòíîñòè, ýòî îòíîñèòñÿ ê íàíî-
ñòðóêòóðå è èñòèííûì ïàðàìåòðàì ñðåäû îáðàçîâàíèÿ íåêîòîðûõ ðàçíîâèäíîñòåé
áëàãîðîäíûõ îïàëîâ.

Â 80-õ ãîäàõ ïðîøëîãî ñòîëåòèÿ íà ñåâåðå Ïðèìîðüÿ â èçìåíåííûõ ïîçäíåìåëî-
âûõ àíäåçèòàõ ñåâåðÿíñêîé ñâèòû áûëî îáíàðóæåíî ïðîÿâëåíèå áëàãîðîäíîãî îïàëà.
Íåêîòîðûå èññëåäîâàòåëè ñ÷èòàþò åãî àíàëîãîì ýêçîãåííûõ áëàãîðîäíûõ îïàëîâ Àâ-

62



ñòðàëèè (Òèøêèíà è äð., 2003; Tishkina, Lapina, 2004). Îäíàêî óæå ïåðâûå ïðåäâàðèòå-
ëüíûå íàøè èññëåäîâàíèÿ ïîêàçàëè, ÷òî ýòî íå òàê (Âûñîöêèé è äð., 2008). Â äàííîé
ñòàòüå ïðèâîäÿòñÿ ðåçóëüòàòû èçó÷åíèÿ ãèäðîòåðìàëüíûõ îïàëîâ Ïðèìîðüÿ è äëÿ
ñðàâíåíèÿ èðèçèðóþùèõ îïàëîâ èç êàéíîçîéñêèõ àíäåçèòîâ Ýôèîïèè.

ÌÅÒÎÄÈÊÀ ÈÑÑËÅÄÎÂÀÍÈß

Áûëè ïðîâåäåíû èññëåäîâàíèÿ íàíîóðîâíåâîé (10–6—10–°9 ì) ñòðóêòóðû áëàãî-
ðîäíîãî îïàëà íà àòîìíî-ñèëîâûõ ñêàíèðóþùèõ ìèêðîñêîïàõ (ÀÑÌ) Solver è
NTEGRA Aura ôèðìû NT-MDT (ã. Çåëåíîãðàä). Ïðè èçó÷åíèè íàíîñòðóêòóðû èñ-
ïîëüçîâàëèñü êàíòèëèâåðû ìàðêè NSG10 ñ ðàäèóñîì çàêðóãëåíèÿ îñòðèÿ 10 íì è ðåçî-
íàíñíîé ÷àñòîòîé 190—325 kH. Êàëèáðîâêà ïðèáîðà è îòðàáîòêà ìåòîäèêè ñúåìêè
ïðîâîäèëèñü íà äèôðàêöèîííîé ðåøåòêå ñ ïåðèîäîì 3 ìêì è ìàòðèöå ñèíòåòè÷åñêîãî
îïàëà, äëÿ ñðàâíåíèÿ èñïîëüçîâàëèñü îáðàçöû ïðèðîäíîãî àâñòðàëèéñêîãî áëàãîðîä-
íîãî îïàëà. Ìèêðîñòðóêòóðà èññëåäîâàëàñü íà ýëåêòðîííûõ ñêàíèðóþùèõ (ðàñòðî-
âûõ) ìèêðîñêîïàõ (ÝÑÌ) JEOL/EO JSM-6490 è EVO 50 XVP Zeiss, íà îáðàçöàõ, íàïû-
ëåííûõ çîëîòîì.

Èññëåäîâàíèÿ ñòðóêòóðû îïàëîâ íà àòîìíî-ìîëåêóëÿðíîì óðîâíå (10–10 ì) áûëè
ïðîâåäåíû íà ðåíòãåíîâñêèõ äèôðàêòîìåòðàõ ÄÐÎÍ-3 è D8 DISCOVER ( -ìîíîõðî-
ìàòèçèðîâàííîå èçëó÷åíèå).

Èçó÷àëèñü êàê ñâåæèå, íå ïîäâåðãàâøèåñÿ íèêàêîé ïðåäâàðèòåëüíîé îáðàáîòêå
ñêîëû, òàê è ïîëèðîâàííûå ïîâåðõíîñòè, ïðåäâàðèòåëüíî ïðîòðàâëåííûå ðàçáàâëåí-
íîé ïëàâèêîâîé êèñëîòîé. Â âûáîðêå ïðèñóòñòâîâàëè ðàçíûå ïî ñâîèì âíåøíèì ïðè-
çíàêàì áëàãîðîäíûå îïàëû: áåëûå ôàðôîðîâèäíûå, æåëòûå, ñâåòëî-êîðè÷íåâûå, ïðî-
ñâå÷èâàþùèå è äð. Îïàëåñöåíöèÿ â îáðàçöàõ íàáëþäàëàñü â êðàñíî-îðàíæåâûõ èëè
çåëåíî-ãîëóáûõ òîíàõ.

ÐÅÇÓËÜÒÀÒÛ ÈÑÑËÅÄÎÂÀÍÈÉ

Ñòðóêòóðà îïàëîâ íà àòîìíî-ìîëåêóëÿðíîì óðîâíå. Íà îñíîâàíèè èçó÷åíèÿ
ñòðóêòóðíûõ îñîáåííîñòåé óñòàíîâëåíî, ÷òî áîëüøèíñòâî áëàãîðîäíûõ îïàëîâ ìèðà
îòíîñèòñÿ ê ãðóïïå À (ïî: Jones, Segnit, 1971), èëè ê I ãðóïïå (ïî: Smith, Thrower,
1978). Îíè ñîñòîÿò èç îäíîðîäíûõ ïî ðàçìåðó ÷àñòèö äâóîêèñè êðåìíåçåìà øàðîîá-
ðàçíîé ôîðìû ñ äèàìåòðîì îò 150 äî 450 íì, óïîðÿäî÷åííûõ ïî çàêîíàì ãðàíåöåíòðè-
ðîâàííîé êóáè÷åñêîé èëè ãåêñàãîíàëüíîé óïàêîâêè. Ïðîñòðàíñòâî ìåæäó íèìè çà-
ïîëíåíî àìîðôíûì êðåìíåçåìîì. Íà ðåíòãåíîãðàììàõ òàêèå îïàëû äàþò øèðîêèé
ðàçìûòûé ìàêñèìóì â ðàéîíå ãëàâíîãî ýêñòðåìóìà á-êðèñòîáàëèòà (4.1 :Å), êàêîâîé è
áûë íàìè ïîëó÷åí äëÿ ñèíòåòè÷åñêîãî, à òàêæå äëÿ ýêçîãåííûõ àâñòðàëèéñêîãî è êà-
çàõñòàíñêîãî íàòóðàëüíûõ îïàëîâ (ðèñ. 1). Îäíàêî äðóãèõ ëèíèé á-êðèñòîáàëèòà (èëè
äðóãèõ ìèíåðàëîâ) íà íèõ íåò.

Ðåíòãåíîìåòðè÷åñêèé àíàëèç îïàëîâ ìåñòîðîæäåíèé Ïðèìîðüÿ è Ýôèîïèè ïîêà-
çàë, ÷òî îíè ñëîæåíû á-êðèñòîáàëèòîì, òàê êàê â ðàéîíå ãëàâíîãî ýêñòðåìóìà (4.1 :Å)
ïðèñóòñòâóþò ÿðêî âûðàæåííûå ïèêè. Íà ðåíòãåíîãðàììàõ (ðèñ. 1) ïðèñóòñòâóåò áî-
ëüøîé íàáîð ëèíèé á-êðèñòîáàëèòà, òîãäà êàê ëèíèè äðóãèõ ìèíåðàëîâ îòñóòñòâóþò.
Ñòåïåíü êðèñòàëëè÷íîñòè â ðàçíûõ îïàëàõ íåîäèíàêîâà — â îäíèõ íàðÿäó ñ á-êðèñòî-
áàëèòîì ïðèñóòñòâóåò äîâîëüíî áîëüøîå êîëè÷åñòâî àìîðôíîãî êðåìíåçåìà, â äðó-
ãèõ åãî ïðàêòè÷åñêè íåò.

Òàêèì îáðàçîì, èðèçèðóþùèå îïàëû ìåñòîðîæäåíèé Ïðèìîðüÿ è Ýôèîïèè îòíî-
ñÿòñÿ ê äðóãîìó ñòðóêòóðíîìó òèïó — Ê-îïàëû (ïî: Jones, Sefnit , 1971), èëè III òèï
(ïî: Smith, Thrower, 1978). Îíè ñëîæåíû îêòàýäðè÷åñêèìè íàíîêðèñòàëëàìè á-êðèñ-
òîáàëèòà. Ñ÷èòàåòñÿ, ÷òî èìåííî òàêèå îïàëû àññîöèèðóþò ñ ëàâîâûìè ïîòîêàìè (Äå-
íèñêèíà è äð., 1987). Èìåííî òàêîãî òèïà îïàëû áûëè îïèñàíû â ñîâðåìåííûõ ãèäðî-
òåðìàëüíûõ ñèñòåìàõ (Jones, Renaut, 2007).
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Ñðåäè ïðèìîðñêèõ îïàëîâ ïðèñóòñòâóþò è ïðåäñòàâèòåëè òðåòüåé ãðóïïû —
ÊÒ-îïàëû (ðèñ. 2). Îäíàêî ñðåäè íèõ íå îòìå÷åíû èðèçèðóþùèå ðàçíîâèäíîñòè. Äëÿ
ñðàâíåíèÿ ïðèâîäÿòñÿ ðåíòãåíîãðàììû ïåðåñëàèâàþùèõñÿ îïàëà è õàëöåäîíà, à òàê-
æå ÷èñòîãî õàëöåäîíà. Êàê âèäíî íà ðèñóíêå, îòëè÷èòåëüíîé îñîáåííîñòüþ õàëöåäî-
íà ÿâëÿåòñÿ ïðèñóòñòâèå á-êâàðöà.

Ñëåäóåò îòìåòèòü, ÷òî ïðè äåòàëüíûõ èññëåäîâàíèÿõ â ïðèìîðñêèõ áëàãîðîäíûõ
îïàëàõ îòìå÷àþòñÿ âêëþ÷åíèÿ ïîëåâûõ øïàòîâ, ãëèíèñòûõ è íåêîòîðûõ äðóãèõ ìèíå-
ðàëîâ. Îäíàêî èõ êîíöåíòðàöèÿ íàñòîëüêî ìàëà, ÷òî íà ðåíòãåíîãðàììàõ õàðàêòåðíûå
ðåôëåêñû ýòèõ ìèíåðàëîâ îòñóòñòâóþò.

Ñòðóêòóðà îïàëîâ íà íàíîóðîâíå. Ýêçîãåííûå è ãèäðîòåðìàëüíûå îïàëû îò÷åò-
ëèâî ðàçëè÷àþòñÿ íà íàíîóðîâíå. Êàê óæå íåîäíîêðàòíî ãîâîðèëîñü è ÿñíî âèäíî íà
ïðèâåäåííûõ ðèñóíêàõ (ðèñ. 3, à, á), ýêçîãåííûå îïàëû ñîñòîÿò èç ïðîèçâîëüíî îðèåí-
òèðîâàííûõ áëîêîâ, êîòîðûå ñëîæåíû ãëîáóëàìè ðàçìåðîì �200 íì, ïëîòíî óïàêî-
âàííûìè ïî ãåêñàãîíàëüíîìó èëè êóáè÷åñêîìó çàêîíàì.

Áëàãîðîäíûå æå îïàëû ãèäðîòåðìàëüíîãî ïðîèñõîæäåíèÿ èìåþò ñîâåðøåííî äðó-
ãóþ íàíîñòðóêòóðó. Ðàçìåð ãëîáóë äâóîêèñè êðåìíåçåìà çäåñü âàðüèðóåò â ïðåäåëàõ
40—60 íì. Èíîãäà îíè îáðàçóþò áîëåå êðóïíûå àãëîìåðàòû äî 200—300 íì, íî â ëþ-
áîì ñëó÷àå èõ ïðîñòðàíñòâåííîå ïîëîæåíèå íå ñîîòâåòñòâóåò çàêîíàì ïëîòíåéøèõ
óïàêîâîê (êóáè÷åñêîé èëè ãåêñàãîíàëüíîé).

Îäíàêî ôîòîííàÿ çîííàÿ ñòðóêòóðà â òàêèõ îïàëàõ ñóùåñòâóåò, î ÷åì ÿñíî ñâèäåòå-
ëüñòâóåò îïàëåñöåíöèÿ. Âåðîÿòíî, ýòî ÿâëåíèå îáóñëîâëåíî ïðèñóòñòâèåì ñëîåâ ñ ÿ÷å-
èñòûì ñòðîåíèåì (ðèñ. 4, à—â). Òàêèå ñëîè ñîçäàíû ñåòüþ, êîòîðàÿ îáëàäàåò ñòðîãîé
óïîðÿäî÷åííîñòüþ ÿ÷ååê. Ðàçìåð ÿ÷ååê â áëàãîðîäíûõ îïàëàõ âàðüèðóåò â ïðåäåëàõ
ã/2 âèäèìîãî ñâåòà (150—300 íì). Åñëè ðàçìåð ÿ÷ååê áîëüøå (íàìè áûëè âñòðå÷åíû
ñëîè ñ ðàçìåðîì ÿ÷åéêè îêîëî 500 íì), îïàëåñöåíöèÿ â îïàëå íå íàáëþäàåòñÿ.

Êàê âèäíî íà ðèñ. 5, ÿ÷åéêè ñåòè îáðàçîâàíû ìåëêèìè (40—60 íì) õàîòè÷åñêè ðàñ-
ïîëîæåííûìè ãëîáóëàìè. Â óçëàõ ÿ÷ååê ýòè ãëîáóëû ÷àñòî îáðàçóþò àãëîìåðàòîâûå
ñêîïëåíèÿ, ñðàâíèìûå ñ ðàçìåðîì ñàìîé ÿ÷åéêè, òîãäà êàê ñòåíêè ìîãóò áûòü âäâîå
òîíüøå. Â íåêîòîðûõ ñëó÷àÿõ ôèêñèðóåòñÿ ãåêñàãîíàëüíàÿ êîíôèãóðàöèÿ ÿ÷ååê, îäíà-
êî âûñîêàÿ ñòåïåíü äèàãåíåçà ãèäðîòåðìàëüíûõ îïàëîâ ÷àñòî ìàñêèðóåò èõ ïåðâîíà-
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Ðèñ. 1. Ðåíòãåíîãðàììû áëàãîðîäíûõ îïàëîâ À-òèïà (ñëåâà) è Ê-òèïà (ñïðàâà).

Îïàëû Ê-òèïà: 1 — àôðèêàíñêèå (Ýðèòðåÿ), 2 — èç ìåñòîðîæäåíèÿ Ðàäóæíîå, Ïðèìîðüå.

Fig. 1. X-ray photographs of the A-type (leftward) and K-type (rightward) noble opals. K-type opals: 1 — Afri-
can ones (Eritrea), 2 — from Raduzhnoye deposit (Primorsky Krai, Far East Russia).
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Ðèñ. 2. Ðåíòãåíîãðàììû îïàëà ÊÒ-òèïà, õàëöåäîíà è òîíêîãî îïàë-õàëöåäîíîâîãî ïåðåñëàèâàíèÿ.

Fig. 2. X-ray photographs of the KT-type opal. chalcedony and the thin opal-chalcedony interlayering.

Ðèñ. 3. Áåëûé áëàãîðîäíûé îïàë ýêçîãåííîãî ïðîèñõîæäåíèÿ (Àâñòðàëèÿ). ÀÑÌ.

à — ãðàíèöà áëîêîâ; á — ÷åðåäîâàíèå ñëîåâ ñ ãåêñàãîíàëüíîé è êóáè÷åñêîé óïàêîâêîé.

Fig. 3. White noble opal of exogenous origin (Australia) [ASM]; à — boundary of blocks, á — alternation of
layers with hexagonal and cubical packing.



÷àëüíóþ ôîðìó. Â ìåíåå ìåòàìîðôèçîâàííûõ îïàëàõ èíîãäà óäàåòñÿ îáíàðóæèòü êîí-
öåíòðè÷åñêè-çîíàëüíîå ðàñïîëîæåíèå ãëîáóë, ôèêñèðóþùèõ, âåðîÿòíî, êàíàëû
òðàíñïîðòèðîâêè ãèäðîòåðìàëüíîãî ðàñòâîðà (ðèñ. 5, â). Â äèàãåíåçèðîâàííûõ îïàëàõ
òàêèå êàíàëû îáû÷íî çàïîëíåíû ãëèíèñòûìè ìèíåðàëàìè.

Íà ðèñ. 6, à âèäíî, ÷òî ÿ÷åèñòàÿ ñòðóêòóðà íå ðàñïðîñòðàíÿåòñÿ ãëóáîêî âíóòðü
îïàëà. Ñêîðåå âñåãî, ñåòü îäíîñëîéíà è èìååò òîëùèíó, ñðàâíèìóþ ñ ðàçìåðîì ÿ÷åé-
êè. Ñíèçó è ñâåðõó (ðèñ. 6, à, á) îíà ïåðåêðûòà îïàëîâûìè ñïëîøíûìè ñëîÿìè ñ õàî-
òè÷åñêîé óïàêîâêîé ãëîáóë. Â ðåçóëüòàòå îáðàçóåòñÿ òîíêàÿ ïëåíêà äâóìåðíîãî ôîòî-
ííîãî êðèñòàëëà, îáåñïå÷èâàþùåãî ýôôåêò îïàëåñöåíöèè.

Äèàãåíåç. Íåìåòàìîðôèçîâàííûå ðàçíîâèäíîñòè è ãèäðîòåðìàëüíûõ áëàãîðîä-
íûõ îïàëîâ ñî ñôåðè÷åñêîé ôîðìîé ãëîáóë ñðåäè ïðèìîðñêèõ îáðàçöîâ âñòðå÷àþòñÿ
íå÷àñòî. Îáû÷íî ÷àñòèöû îïàëîâ ìåñòîðîæäåíèÿ Ðàäóæíîå äåôîðìèðîâàíû è èìåþò
äèñêîâèäíóþ, êîíóñîîáðàçíóþ èëè ïðÿìîóãîëüíóþ ôîðìó (Âûñîöêèé è äð., 2007).
Êàê ïðàâèëî, ñôåðè÷åñêèå íàíîèíäèâèäû òåñíî «ñïàÿíû» äðóã ñ äðóãîì. Îíè îáðàçó-
þò ãðóïïû èç äâóõ-òðåõ è áîëåå «ñðîñøèõñÿ» ÷àñòèö, ðàçîðâàòü êîòîðûå áåç íàðóøå-
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Ðèñ. 4. Áëàãîðîäíûé ãèäðîòåðìàëüíûé îïàë, Ýðèòðåÿ (Àôðèêà). ÀÑÌ.

à — ÿ÷åèñòàÿ ñåòêà â ãèäðîòåðìàëüíîì îïàëå; á — îòñóòñòâèå óïðÿäî÷åííîñòè ãëîáóë; â — ïèòàþùèé êàíàë â ãèäðî-
òåðìàëüíîì áëàãîðîäíîì îïàëå.

Fig. 4. Hydrothermal precious opal, Eritrea (Africa) [ASM]; à — cellular grid, á — chaotic packing of globu-
les. â — feeding channel.
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Ðèñ. 5. Áëàãîðîäíûé îïàë, ì-å Ðàäóæíîå (Ïðèìîðüå). ÝÑÌ.

à, á — ñåòêà â îïàëå, ïåðåêðûòàÿ ñïëîøíûì ñëîåì ñ õàîòè÷åñêîé óïàêîâêîé ãëîáóë; â — ãåêñàãîíàëüíûé ìîòèâ ÿ÷ååê
ñåòêè.

Fig. 5. Noble opal from Raduzhnoye deposit (Primorsky Krai, Russia) [ESM]; à, á — grid in the opal, overlap-
ped by the compact layer with chaotic packing of globules; â — hexagonal motive of the opal grid cells.

Ðèñ. 6. Áëàãîðîäíûé ãèäðîòåðìàëüíûé îïàë, ì-å Ðàäóæíîå (Ïðèìîðüå) . ÝÑÌ.

à — ÿ÷åèñòàÿ ñåòêà íà ïîâåðõíîñòè áëîêà ñ õàîòè÷åñêîé óïàêîâêîé ãëîáóë; á — ÿ÷åéêè ãåêñàãîíàëüíîé ôîðìû.

Fig. 6. Noble hydrothermal opal, Raduzhnoye deposit (Primorsky Krai, Russia) [ESM]; à — cellular grid on
the surface of block with chaotic packing of globules. á — hexagonal cells.



íèÿ öåëîñòíîñòè ïðàêòè÷åñêè íåâîçìîæíî. Êîãäà ýòî ïðîèñõîäèò â ðåçóëüòàòå õèìè-
÷åñêîãî òðàâëåíèÿ, ïîâåðõíîñòü ñôåð íèêîãäà íå áûâàåò ãëàäêîé. Íà íåé âñåãäà èìå-
þòñÿ âîëîñîâèäíûå, èãîëü÷àòûå èëè áóãðèñòûå îñòàòêè íåäîðàñòâîðèâøåãîñÿ
ìàòåðèàëà. Èíîãäà ôèêñèðóåòñÿ ïåðåõîä îò çåðíèñòîé òåêñòóðû ê ñòåêëîâèäíîé.

ÎÁÑÓÆÄÅÍÈÅ ÐÅÇÓËÜÒÀÒÎÂ

Ïðèâåäåííûå äàííûå îäíîçíà÷íî ñâèäåòåëüñòâóþò, ÷òî ãèäðîòåðìàëüíûå îïàëû
îòëè÷àþòñÿ ïî íàíîñòðóêòóðå è ðåæèìó îáðàçîâàíèÿ îò ýêçîãåííûõ áëàãîðîäíûõ îïà-
ëîâ. Òàì, ãäå ïðèñóòñòâóþò ñôåðû, îíè òåñíî ñðàñòàþòñÿ è ñîñòàâëÿþò åäèíîå öåëîå ñ
ìåæçåðíîâûì êðåìíåçåìîì. Ïðèñóòñòâèå äèñêîâèäíûõ ôðàãìåíòîâ, ñîñòîÿùèõ èç áî-
ëåå ìåëêèõ óïëîùåííûõ íàíîèíäèâèäîâ, óêàçûâàåò íà òî, ÷òî â íåêîòîðûõ ñëó÷àÿõ
ñôåðîèäû ïîäâåðãëèñü äåôîðìàöèè â ïðîöåññå ïðåîáðàçîâàíèÿ îïàëà. Èíîãäà ôèêñè-
ðóåòñÿ ïåðåõîä îò çåðíèñòîé òåêñòóðû ê ñòåêëîâèäíîé. Âñå ýòî íàðÿäó ñ ïðèñóòñòâèåì
êðèñòàëëè÷åñêîé ôàçû ñâèäåòåëüñòâóåò î òîì, ÷òî îïàëû ïîäâåðãàëèñü âîçäåéñòâèþ
âûñîêèõ òåìïåðàòóð. Êàê ïîêàçàëè ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ, ïîäîáíûé ðå-
çóëüòàò ìîæåò áûòü äîñòèãíóò ïðè òåðìîîáðàáîòêå îïàëà ïåðåãðåòûì âîäÿíûì ïàðîì
(Êàçàíöåâà è äð., 1978; Êàëèíèí è äð., 1981). Ïðè ýòîì ñôåðû «ñïåêàþòñÿ» äðóã ñ äðó-
ãîì, óñòàíàâëèâàÿ ïðî÷íûå ñèëîêñàíîâûå ñâÿçè. Ïîâûøåííîå äàâëåíèå ïàðà âûçûâà-
åò ïîëíóþ ðàñêðèñòàëëèçàöèþ àìîðôíîãî êðåìíåçåìà, íàðóøåíèå ñòðóêòóðèðîâàíèÿ
ñôåð â áëîêàõ è ïîòåðþ èðèçàöèè. Äàæå ÷àñòè÷íàÿ ðàñêðèñòàëëèçàöèÿ àìîðôíîãî
êðåìíåçåìà ïðèâîäèò ê îáúåìíûì èçìåíåíèÿì, ÷òî ÿâëÿåòñÿ ïðè÷èíîé îáúåìíûõ äå-
ôåêòîâ è ðàñòðåñêèâàíèÿ, òàê õàðàêòåðíûõ äëÿ îïàëîâ ìåñòîðîæäåíèÿ Ðàäóæíîå.

Îäíàêî íàèáîëåå èíòåðåñíîé ÷åðòîé ãèäðîòåðìàëüíûõ áëàãîðîäíûõ îïàëîâ ÿâëÿ-
åòñÿ íàëè÷èå äâóìåðíûõ ôîòîííûõ êðèñòàëëîâ âíóòðè õàîòè÷åñêîé îïàëîâîé ìàòðè-
öû. Îñíîâîé ýòèõ ôîòîííûõ êðèñòàëëîâ ÿâëÿåòñÿ ñåòêà, ðàçìåð ÿ÷åéêè êîòîðîé ñîïî-
ñòàâèì ñ ïîëîâèíîé äëèíû âîëíû â âèäèìîì äèàïàçîíå ñâåòà. Ãåêñàãîíàëüíàÿ êîíôè-
ãóðàöèÿ ÿ÷åéêè, ôèêñèðóåìàÿ â íåêîòîðûõ îáðàçöàõ, à òàêæå óïîðÿäî÷åííîñòü ÿ÷ååê
ïî çàêîíàì ïëîòíåéøåé óïàêîâêè ñâèäåòåëüñòâóþò î íåñëó÷àéíîì åå îáðàçîâàíèè.

Ïîäîáíûå ñòðóêòóðû îáðàçóþòñÿ â ðåçóëüòàòå òåðìàëüíîé êîíâåêöèè è èçâåñòíû
â ôèçèêå ïîä íàçâàíèåì ÿ÷ååê Áåíàðà. Åñëè æèäêîñòü ïîäîãðåâàåòñÿ ñíèçó, ïðè äîñòè-
æåíèè íåêîòîðîé êðèòè÷åñêîé òåìïåðàòóðû íà÷èíàåòñÿ åå êîíâåêöèÿ — áîëåå íàãðå-
òûå íèæíèå ñëîè æèäêîñòè ðàñøèðÿþòñÿ, ñòàíîâÿòñÿ ëåã÷å áîëåå õîëîäíûõ âåðõíèõ,
âñïëûâàþò íàâåðõ, òàì îõëàæäàþòñÿ è ñíîâà îïóñêàþòñÿ è ò. ä. Â æèäêîñòè âîçíèêà-
þò êîíâåêòèâíûå ÿ÷åéêè, àíàëîãè÷íûå ï÷åëèíûì ñîòàì, — âåðòèêàëüíî ðàñïîëîæåí-
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Ðèñ. 7. Ìîäåëü êîíâåêöèîííîé ÿ÷åéêè ïî ïðèíöèïó «ÿ÷åéêè Áåíàðà».

T1 > T2 — òåìïåðàòóðíûé ãðàäèåíò, L — ëèíåéíûé ðàçìåð ÿ÷åéêè, H — âûñîòà ÿ÷åéêè.

Fig. 7. Model of a convectional cell according to principle of the «Benard convection cell». T1 > T2 — tempera-
ture gradient; L — linear dimension of the cell; H — height of the cell.



íûå âïëîòíóþ äðóã ê äðóãó öèëèíäðû øåñòèãðàííîé ôîðìû (ÿ÷åéêè Áåíàðà). Äâèæå-
íèå æèäêîñòè ñòàáèëèçèðóåòñÿ åå âÿçêîñòüþ, òàê êàê ñèëû òðåíèÿ íàïðàâëåíû ïðîòèâ
íåãî. Æèäêîñòü ïîäíèìàåòñÿ âíóòðè ÿ÷åéêè âäîëü åå îñè, ðàñòåêàåòñÿ ïî âåðõíåìó
îñíîâàíèþ, îïóñêàåòñÿ ïî áîêîâûì ãðàíÿì è ñîáèðàåòñÿ ïî íèæíåìó îñíîâàíèþ ê åãî
ñåðåäèíå è ñíîâà ââåðõ (ðèñ. 7). Âîçíèêàåò äèíàìè÷åñêàÿ óïîðÿäî÷åííàÿ ñòðóêòóðà.
Åñëè ïðè ýòîì â ðåçóëüòàòå ïåðåïàäà òåìïåðàòóð, ïðîèñõîäèò êîàãóëÿöèÿ â æèäêîñòè,
òî âûïàäàþùèå â îñàäîê ãëîáóëû áóäóò ñêàïëèâàòüñÿ ïî ïåðèìåòðó ÿ÷ååê, îáðàçóÿ
óïîðÿäî÷åííóþ ðåøåòêó ñ îäèíàêîâûìè ïî ðàçìåðó ÿ÷åéêàìè. Ðàçìåð ÿ÷ååê, âåðîÿò-
íî, áóäåò çàâèñåòü îò PT-ïàðàìåòðîâ ãèäðîòåðìàëüíîé ñèñòåìû.

ÂÛÂÎÄÛ

Òàêèì îáðàçîì, ãèäðîòåðìàëüíûå îïàëû ìåñòîðîæäåíèÿ Ðàäóæíîå îòëè÷àþòñÿ ïî
íàíîñòðóêòóðå è ðåæèìó îáðàçîâàíèÿ îò ýêçîãåííûõ áëàãîðîäíûõ îïàëîâ. Îíè ñëîæå-
íû áîëåå ìåëêèìè ãëîáóëàìè, è â íèõ îòñóòñòâóåò ñòðóêòóðèðîâàííîñòü íàíî÷àñòèö
ïî çàêîíàì ïëîòíåéøåé óïàêîâêè, êîòîðàÿ òàê õàðàêòåðíà äëÿ ýêçîãåííûõ áëàãîðîä-
íûõ îïàëîâ. Â ïðîöåññå ôîðìèðîâàíèÿ îíè ïîäâåðãàëèñü ïíåâìîëèòîâîìó îòæèãó —
âîçäåéñòâèþ âûñîêîòåìïåðàòóðíîãî ïàðà ïðè ïîâûøåííîì äàâëåíèè.

Â òî æå âðåìÿ âëèÿíèå òåðìàëüíûõ ýôôåêòîâ ïðèâåëî ê îáðàçîâàíèþ äâóìåðíûõ
ôîòîííûõ çîí â õàîòè÷åñêîé îïàëîâîé ìàòðèöå. Ýòè ôîòîííûå çîíû ñîçäàíû ñåòêàìè,
ÿ÷åéêè êîòîðûõ îáðàçîâàëèñü â ðåçóëüòàòå òåðìàëüíûõ ýôôåêòîâ ïî ïðèíöèïó ÿ÷ååê
Áåíàðà.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ÄÂÎ, ïðîåêò ¹ 06-3-À-08-313.
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Orientation of biotite flakes was studied on two horizons of a muscovite mica deposit Lopatova Guba. Lopa-
tova Guba pegmatite field is located among the host rocks of the Achaean Chupa series. Host rocks are represen-
ted mainly by biotite gneisses. Studied fragment of the pegmatite field is not exposed (outcropped) on the surfa-
ce, It is crossed by mining works of the production mine at two horizons (depth distance between them — 50 m)
and drill holes. 49 oriented lump samples selected in mane make the initial material of the carried out investigati-
on. From each lump sample there has been cut (sawed out) three thin sections in three mutually perpendicular di-
rections. In each those thin section the orientation of 30 biotite grains (flakes) has measured: 4307 biotite crystals
in total. There has been tested several parameters in the each investigated thin section: qualitative complexity of
the pictures formed by poles of the cleavage bands on stereograms, degree of «sharpness» of the main maximum,
the Shennon entropy, the Klimantovich criterion ordering, the correlation and fractal dimensions. It is shown that
the degree of the picture complexity and the entropy of the biotite orientation aren’t homogeneous. Pictures of
the lower horizon show the greater complexity and the greater value of entropy. Biotites of studied samples are
differing by their chemical compositions into two assemblages: biotites of gneisses formed after amphibolites,
and biotites formed after other rocks. Analysis of the biotites compositions by the principal components method
has allowed revealing three significant factors. Those factors characterize, most likely. some independent geolo-
gical processes effecting the chemical composition of biotites: the first one — metamorphism, the second — for-
mation of migmatites and pegmatites. Addition of the biotite angular distribution parameters into scheme of the
principal components has shown connection between the first factor and the distribution entropy, which might be
interpreted as an organization process while the metamorphism. The second factor is connected with the degree
of «sharpness» of the main maximum, and it ought to be interpreted as the self-organization process of the mig-
matite and pegmatite formation. For biotites in gneisses formed after amphibolite, the degree of the angular dist-
ribution ordering dropped down with increasing intensity of the metamorphism. It seems that it fixes the type of
the amphibolites granitization process as the self-organization.

Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà îïðåäåëåíèþ ñèíåðãåòè÷åñêîãî òèïà ïðîöåññà
ñòðóêòóðèðîâàíèÿ ïîðîä â ðåçóëüòàòå ìíîãîêðàòíîãî ìåòàìîðôèçìà. Âîçìîæíûõ âà-
ðèàíòîâ â ýòîì ñëó÷àå äâà: ïðîöåññ îðãàíèçàöèè (èëè ñàìîäåãðàäàöèè ïî Þ. Ë. Êëè-
ìàíòîâè÷ó) èëè ïðîöåññ ñàìîîðãàíèçàöèè. Ðàçëè÷èå ýòèõ äâóõ òèïîâ ïðîöåññîâ â ðàç-
íûõ ñèñòåìàõ è åñòü ïðåäìåò ñèíåðãåòèêè. Îñíîâíîé âîïðîñ ïðè ýòîì — óâåëè÷èâàåò-
ñÿ ëè õàîòè÷íîñòü ñèñòåìû â ïðîöåññå ðàçâèòèÿ, è êàê èçìåðèòü ýòó õàîòè÷íîñòü?
Â êà÷åñòâå èíäèêàòîðà ñòðóêòóðèðîâàíèÿ ïîðîäû ìû èñïîëüçîâàëè áèîòèò. Ñîîòâåò-
ñòâåííî íåîáõîäèìî áûëî èçó÷èòü åãî îðèåíòèðîâêó (äëÿ ðàñ÷åòà ñòåïåíè õàîòè÷íî-
ñòè) è õèìè÷åñêèé ñîñòàâ — äëÿ ïîëó÷åíèÿ íåçàâèñèìîãî ìàðêåðà èíòåíñèâíîñòè
ïðîòåêàíèÿ ïðîöåññà. Àâòîðû ïîñòàðàëèñü ìàêñèìàëüíî ïîëíî ïðåäñòàâèòü ïîëó÷åí-
íóþ â ïðîöåññå èññëåäîâàíèé èíôîðìàöèþ, èìåþùóþ êàê ñàìîñòîÿòåëüíóþ öåí-
íîñòü, òàê è âûñòóïàþùóþ ñîñòàâíîé ÷àñòüþ âûïîëíåííîãî ñèíåðãåòè÷åñêîãî èññëå-
äîâàíèÿ.
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