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STUDY OF IMPACT OF CLAY MINERALS 
ON ROCK PERMEABILITY 

IN VARYING FORMATION WATER SALINITY 

Â ðàáîòå ïðîâåäåíà îöåíêà âëèÿíèÿ ìèíåðàëèçàöèè ïðîêà÷èâàåìîé âîäû íà 
êîýôôèöèåíò ïðîíèöàåìîñòè ãîðíûõ ïîðîä â çàâèñèìîñòè îò ìèíåðàëüíîãî ñî-
ñòàâà ãëèíèñòûõ ÷àñòèö. Â õîäå ýêñïåðèìåíòîâ ñîçäàâàëèñü òåðìîäèíàìè÷åñêèå 
óñëîâèÿ, ýêâèâàëåíòíûå ïëàñòîâûì. ×åðåç îáðàçöû ãîðíûõ ïîðîä ïðîêà÷èâàëàñü 
âîäà ñ ðàçëè÷íîé ìèíåðàëèçàöèåé — ïëàñòîâàÿ (16-20 ã/ë) è 1 ã/ë, â êà÷åñòâå 
ðàñòâîðåííîé ñîëè èñïîëüçîâàëàñü NaCl. Ñ èñïîëüçîâàíèåì ðåçóëüòàòîâ ðåíò-
ãåíîôàçîâîãî àíàëèçà ïîñòðîåíà çàâèñèìîñòü èçìåíåíèÿ ïðîíèöàåìîñòè îò ñî-
äåðæàíèÿ ñëþä, êàîëèíèòà, õëîðèòà è îòäåëüíûõ ñìåøàíîñëîéíûõ îáðàçîâàíèé 
(ÑÑÎ). Óñòàíîâëåíî, ÷òî ñìåøàíîñëîéíûå ìèíåðàëû, áëèçêèå ïî ñâîéñòâàì ê 
ìèíåðàëàì ñìåêòèòîâîé ãðóïïû, îñíîâíûì ïðåäñòàâèòåëåì êîòîðîé ÿâëÿåòñÿ 
ìîíòìîðèëëîíèò, îêàçûâàþò íàèáîëüøåå âëèÿíèå íà óìåíüøåíèå ïðîíèöàåìîñòè 
ïðè ñìåíå ìèíåðàëèçàöèè âîäû ïëàñòîâîãî çíà÷åíèÿ (16-20 ã/ë) íà 1 ã/ë. Íàè-
áîëåå âåðîÿòíûìè ïðè÷èíàìè òàêîãî ïîâåäåíèÿ ÿâëÿþòñÿ: à) ôàêò ðàçðóøåíèÿ 
äèôôóçíûõ îáîëî÷åê ñâÿçàííîé âîäû ýëåêòðîëèòàìè âûñîêîé êîíöåíòðàöèè, â 
ðåçóëüòàòå ÷åãî ôàêòîð ñîïðîòèâëåíèÿ ïîòîêó âîäîé, ñâÿçàííîé ñ ïîâåðõíîñòüþ 
ìèíåðàëüíûõ ÷àñòèö, èñêëþ÷àåòñÿ èëè ñíèæàåòñÿ; á) íàáóõàíèå ãëèíèñòûõ ìè-
íåðàëîâ â ïðèñóòñòâèè âîäû, ÷òî õàðàêòåðíî â ïåðâóþ î÷åðåäü äëÿ ìèíåðàëîâ 
ñìåêòèòîâîé ãðóïïû.

The paper is devoted to the impact assessment of water salinity on the rock per-
meability coefficient depending on the mineral composition of clay particles. In the 
experiments the thermodynamic conditions equivalent to the formation ones were cre-
ated. Varying-salinity water — stratal water (16-20 g/l), 1 g/l was pumped through 
rock samples; NaCl was used as a dissolved salt. The dependence of the permeability 
change on the mica, kaolinite, and chlorite contents and separately on the content of 
mixed-layer minerals is built using the results of X-ray phase analysis. It is found that 
the mixed-layer minerals similar in properties to smectite group minerals, the main rep-
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resentative of which is montmorillonite, have the greatest impact on the reduction of 
permeability by changing water salinity of stratal water value (16-20 g/l) at 1 g/l. The 
most likely reasons for this behavior are: a) the fact of the destruction of the diffuse 
membranes of bound water by high concentration electrolytes, as a result of which the 
flow resistance factor by water bound to the surface of mineral particles is reduced or 
eliminated; b) the swelling of clay minerals in the presence of water, which is primarily 
typical for the minerals of smectite group.

ÊËÞ×ÅÂÛÅ ÑËÎÂÀ. Ïðîíèöàåìîñòü ãîðíûõ ïîðîä, ãëèíèñòûå ìèíåðàëû, 
ñëþäû, ñìåøàíîñëîéíûå îáðàçîâàíèÿ, êàîëèíèò, õëîðèò, ñâÿçàííàÿ âîäà.

KEY WORDS. Rock permeability, clay minerals, mica, mixed-layer minerals, kaolinite, 
chlorite, bound water.

Â ïðîöåññå ðàçðàáîòêè ìåñòîðîæäåíèé äëÿ ïîääåðæàíèÿ ïëàñòîâîãî äàâëåíèÿ 
(ÏÏÄ) èñïîëüçóåòñÿ ìåòîä çàâîäíåíèÿ ïðîäóêòèâíîãî ïëàñòà. Âñëåäñòâèå ýòîãî 
ïðîèñõîäèò èçìåíåíèå ïðîíèöàåìîñòè ïîðîäû — êîëëåêòîðà äëÿ íåôòè è âîäû. 
Âòîðîé âàæíîé îñîáåííîñòüþ ïðè çàêà÷êå âîäû ÿâëÿåòñÿ èçìåíåíèå ôèëüòðàöè-
îííûõ ñâîéñòâ ïîðîäû ïðè âçàèìîäåéñòâèè ãëèíû-öåìåíòà ñ âîäîé â ïðîöåññå 
êàòèîííîãî îáìåíà ìåæäó ýëåêòðîëèòîì è ìèíåðàëüíîé ïîâåðõíîñòüþ. Âûáîð 
âîäû ïîäõîäÿùåé ìèíåðàëèçàöèè äëÿ íàãíåòàíèÿ â ñèñòåìó ÏÏÄ äî íàñòîÿùåãî 
âðåìåíè îñòàåòñÿ ïðîáëåìîé, êîòîðîé óäåëÿåòñÿ íåäîñòàòî÷íî âíèìàíèÿ. Âîïðîñ 
âëèÿíèÿ ìèíåðàëèçàöèè ïî ïðîíèöàåìîñòü ãîðíûõ ïîðîä ðàññìîòðåí â ðàáîòàõ 
Â. Ì. Ãîëüäáåðãà [5, 6], Ï. Ä. Ãëàäêîâà [4], Ã. À. Áàáàëÿíà [1], Ý. Ä. Åðøîâà [8] 
è äð. Â. Ì. Ãîëüäáåðã óêàçûâàåò íà òî, ÷òî äëÿ ìîíòìîðèëëîíèòîâûõ ãëèí õà-
ðàêòåðíî óñèëåíèå ãèäðàòàöèè ïðè ôèëüòðàöèè âîäû ñ íèçêîé ìèíåðàëèçàöèåé 
êàòèîíîâ, ÷òî ïðèâîäèò ê óâåëè÷åíèþ êîëè÷åñòâà ñâÿçàííîé âîäû è ñíèæåíèþ 
ïîðîâîãî ïðîñòðàíñòâà, à â ðåçóëüòàòå — ê ïðîíèöàåìîñòè ïîðîäû. Íà îñíîâå 
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé Ï. Ä. Ãëàäêîâ ïîêàçàë, ÷òî äëÿ ïîëèìèêòîâûõ 
ïîðîä ñíèæåíèå ìèíåðàëèçàöèè ïðîêà÷èâàåìîé âîäû ïðèâîäèò ê ïîâûøåíèþ 
êîýôôèöèåíòà âûòåñíåíèÿ íåôòè èç îáðàçöîâ. Ýòî âûçâàíî âûðàâíèâàíèåì ôà-
çîâûõ ïðîíèöàåìîñòåé âîäî- è íåôòåíàñûùåííûõ ïîðîâûõ êàíàëîâ â ðåçóëüòàòå 
ñíèæåíèÿ ïîäâèæíîñòè âîäû â âîäîíàñûùåííûõ êàíàëàõ èç-çà ïîíèæåíèÿ èõ 
ïðîíèöàåìîñòè â ðåçóëüòàòå ãèäðàòàöèè è íàáóõàíèÿ ãëèí. 

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå âëèÿíèÿ ãëèíèñòîãî öåìåíòà 
ãîðíûõ ïîðîä, ñëîæåííîãî ñëþäàìè, êàîëèíèòîì, õëîðèòîì è ñìåøàíîñëîéíû-
ìè îáðàçîâàíèÿìè íà ôèëüòðàöèîííûå ñâîéñòâà ãîðíûõ ïîðîä ïðè ðàçëè÷íîé 
ìèíåðàëèçàöèè ïðîêà÷èâàåìîé âîäû. 

Ìåòîäèêà ïðîâåäåíèÿ ýêñïåðèìåíòîâ
Ýêñïåðèìåíòû ïðîâîäÿòñÿ ñîãëàñíî òðåáîâàíèÿì ÎÑÒ 39-235-89 [10] è ÃÎÑÒ 

26450.2-85 [7]. Â õîäå ýêñïåðèìåíòîâ îáðàçåö êåðíîâîãî ìàòåðèàëà ïîäâåðãàåòñÿ 
âîçäåéñòâèþ ïëàñòîâûõ âåëè÷èí òåìïåðàòóðû è äàâëåíèÿ ïðè ïîìîùè óñòàíîâêè 
ÒÅÕ-ÊÏÐ. Äàëåå, ÷åðåç îáðàçåö, ïðîâîäèòñÿ ôèëüòðàöèÿ âîäû ñ ðàçëè÷íîé ìè-
íåðàëèçàöèåé: ïëàñòîâîé âîäû — 16-20 ã/ë è 1 ã/ë, ñ ïîñëåäóþùèì îïðåäåëå-
íèåì ïðîíèöàåìîñòè îáðàçîâ ãîðíûõ ïîðîä. Äëÿ ñîçäàíèÿ ìîäåëüíûõ îáðàçöîâ 
âîäû ñ ðàçëè÷íîé ìèíåðàëèçàöèåé èñïîëüçóåòñÿ NaCl.

Êîýôôèöèåíò ïðîíèöàåìîñòè ðàññ÷èòûâàåòñÿ ïî ôîðìóëå Äàðñè [3, 10]:

 
 ,
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ãäå μ — âÿçêîñòü ôëþèäà (ìÏà·ñ), ΔP — ïåðåïàä äàâëåíèÿ (105 Ïà), L — äëè-
íà îáðàçöà (ñì), F — ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ îáðàçöà (ñì2), Kïð — ïðî-
íèöàåìîñòü (Ä).

Îòíîñèòåëüíîå èçìåíåíèå ïðîíèöàåìîñòè ðàâíî îòíîøåíèþ ñíèæåíèÿ ïðî-
íèöàåìîñòè è ïðèâåäåíî ê 100%:

 

%100% ,
.

)/1(.
,
 

(2)

ãäå ΔÊîòí — îòíîñèòåëüíîå èçìåíåíèå ïðîíèöàåìîñòè ïðè ñìåíå ìèíåðàëèçà-
öèè %, ÊÏÐ.ïëàñò, ÊÏÐ(1ã/ë) — êîýôôèöèåíò ïðîíèöàåìîñòè ïðè ôèëüòðàöèè âîäû ñ 
ïëàñòîâîé ìèíåðàëèçàöèåé è 1 ã/ë ñîîòâåòñòâåííî [ìÄ].

Ðåçóëüòàòû ýêñïåðèìåíòà
Äëÿ èññëåäóåìûõ îáðàçöîâ, ïðåäñòàâëåííûõ ïîðîäàìè òåððèãåííîãî òèïà 

ïëàñòîâ ãðóïï ÀÑ Ïðèîáñêîãî ìåñòîðîæäåíèÿ, ñëîæåííûõ èç ìåëêî- è òîíêî-
çåðíèñòûõ ïåñ÷àíèêîâ, ðàçíîçåðíèñòûõ àëåâðîëèòîâ ñ ãëèíèñòûì öåìåíòîì, 
áûëè îïðåäåëåíû çíà÷åíèÿ ïðîíèöàåìîñòè ïî âîäå ñ ðàçëè÷íîé ìèíåðàëèçàöè-
åé. Ìåòîäîì ðåíòãåíîôàçîâîãî àíàëèçà óñòàíîâëåí êà÷åñòâåííûé è êîëè÷åñòâåí-
íûé ñîñòàâ ãëèíèñòûõ ìèíåðàëîâ ðàçìåðîì ìåíåå 0,005 ìì: ñëþä, êàîëèíèòà, 
õëîðèòà è ñìåøàíîñëîéíûõ îáðàçîâàíèé (ÑÑÎ). 

Íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿþò ðåçóëüòàòû çàâèñèìîñòè ïðîíèöàåìîñòè 
îò ìèíåðàëèçàöèè äëÿ ìèíåðàëîâ ñ ýëåêòðè÷åñêè íåóðàâíîâåøåííîé êðèñòàëëè-
÷åñêîé ðåøåòêîé, ñ èçáûòêîì îòðèöàòåëüíûõ çàðÿäîâ. Òàêîâûìè ÿâëÿþòñÿ ñëþäû 
ñ äåôèöèòîì ìåæñëîåâûõ êàòèîíîâ (èëèò), ñìåêòèòû (ìîíòìîðèëëîíèò) è, êàê â 
íàøåì ñëó÷àå, ñìåøàíîñëîéíûå îáðàçîâàíèÿ. Íåäîñòàòîê ïîëîæèòåëüíûõ çàðÿäîâ 
â ýòèõ ìèíåðàëàõ êîìïåíñèðóåòñÿ çà ñ÷åò îáìåííûõ êàòèîíîâ (Na+, K+, Ca2+è ò. ä.) 
è ïëàñòîâîé âîäû. Îòëè÷èå â òîì, ÷òî äëÿ ñëþä ñ äåôèöèòîì ìåæñëîåâûõ êàòèî-
íîâ àêòèâíûìè äëÿ êàòèîííîãî îáìåíà ÿâëÿþòñÿ âíåøíèå ïîâåðõíîñòè áàçàëüíûõ 
ãðàíåé, â òî âðåìÿ êàê äëÿ ìîíòìîðèëëîíèòà — ýòî âíåøíèå è âíóòðåííèå ïî-
âåðõíîñòè, à òàêæå êðàåâûå ó÷àñòêè [5]. Íèæå ïðåäñòàâëåíà çàâèñèìîñòü èçìå-
íåíèÿ ïðîíèöàåìîñòè ïðè ñìåíå ìèíåðàëèçàöèè ïðîêà÷èâàåìîé âîäû îò ïëàñòî-
âûõ âåëè÷èí (16-20 ã/ë) äî 1 ã/ë äëÿ ñìåøàíîñëîéíûõ îáðàçîâàíèé.

Ãðàôèê íà ðèñ. 1 ïîêàçûâàåò, íà ñêîëüêî ïðîöåíòîâ ñíèçèëàñü ïðîíèöàåìîñòü 
ïðè óìåíüøåíèè ìèíåðàëèçàöèè äî 1 ã/ë â çàâèñèìîñòè îò ñîäåðæàíèÿ ÑÑÎ. 
×åì áîëüøå ÑÑÎ â ñîñòàâå ãëèíèñòîãî öåìåíòà, òåì ñèëüíåå èçìåíåíèå (ñíè-
æåíèå) êîýôôèöèåíòà ïðîíèöàåìîñòè. 

Äëÿ ñëþä ñ äåôèöèòîì ìåæñëîåâûõ êàòèîíîâ íàáëþäàåòñÿ ïîõîæàÿ çàâè-
ñèìîñòü, ïðåäñòàâëåííàÿ íà ðèñ. 2.

×åì áîëüøå ñîäåðæàíèå ñëþä ñ äåôèöèòîì ìåæñëîåâûõ êàòèîíîâ, òåì áîëüøå 
ñíèæåíèå ïðîíèöàåìîñòè ïðè ñíèæåíèè ìèíåðàëèçàöèè îò ïëàñòîâûõ çíà÷åíèé 
(16-20 ã/ë) äî 1 ã/ë.

Âî âòîðîé ãðóïïå ìèíåðàëîâ ïðåäñòàâëåíû êàîëèíèò è õëîðèò, êàê ïðàâèëî, 
ñ ýëåêòðè÷åñêè íåéòðàëüíûìè êðèñòàëëè÷åñêèìè ðåøåòêàìè. Äëÿ êàòèîííîãî 
îáìåíà ýòèõ ìèíåðàëîâ äîñòóïíû òîëüêî êðàåâûå ó÷àñòêè áàçàëüíûõ ãðàíåé â 
ìåñòàõ äåôåêòîâ. Ïî ýòîé ïðè÷èíå íå ñëåäóåò îæèäàòü ÷åòêî ïðîñëåæèâàþùåé-
ñÿ çàâèñèìîñòè ïðîíèöàåìîñòè îò ñîäåðæàíèÿ ìèíåðàëîâ ïðè ðàçëè÷íîé ìèíå-
ðàëèçàöèè ïðîêà÷èâàåìîé âîäû (ðèñ. 3).
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Ðèñ. 1. Âëèÿíèå ñìåøàíîñëîéíûõ îáðàçîâàíèé* íà èçìåíåíèå ïðîíèöàåìîñòè 
ïðè ñìåíå ìèíåðàëèçàöèè îò 1 ã/ë äî ïëàñòîâûõ çíà÷åíèé (16-20 ã/ë) 
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Ðèñ. 2. Âëèÿíèå ñîäåðæàíèÿ ñëþä** íà èçìåíåíèå ïðîíèöàåìîñòè 
ïðè ñìåíå ìèíåðàëèçàöèè îò 1 ã/ë äî ïëàñòîâûõ çíà÷åíèé (16-20 ã/ë)
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Ðèñ. 3. Âëèÿíèå êàîëèíèòà è õëîðèòà íà èçìåíåíèå ïðîíèöàåìîñòè 
ïðè ñìåíå ìèíåðàëèçàöèè îò 1 ã/ë äî ïëàñòîâûõ çíà÷åíèé (16-20 ã/ë)

*  Ìàññîâàÿ äîëÿ, îòíîøåíèå ìàññû ÑÑÎ ê ìàññå âñåõ ãëèíèñòûõ ìèíåðàëîâ â îáðàç-
öå, %

**  Ìàññîâàÿ äîëÿ, îòíîøåíèå ìàññû ñëþäû ê ìàññå âñåõ ãëèíèñòûõ ìèíåðàëîâ â îá-
ðàçöå, %
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Èç ðèñ. 3 âèäíî, ÷òî ÷åì âûøå äîëÿ â ñîñòàâå ãëèíèñòîãî öåìåíòà êàîëèíè-
òà è õëîðèòà, òåì ìåíåå ïîðîäà ÷óâñòâèòåëüíà ê ñìåíå ìèíåðàëèçàöèè ïëàñòî-
âîé âîäû.

Äëÿ êàîëèíèòà è õëîðèòà, âåðîÿòíåå âñåãî, îñíîâíûì ôàêòîðîì, âëèÿþùèì 
íà èçìåíåíèå ïðîíèöàåìîñòè, áóäåò ÿâëÿòüñÿ òîëüêî ðàçìåð ÷àñòèö, ñ óìåíü-
øåíèåì êîòîðûõ áóäåò óâåëè÷èâàòüñÿ ÷èñëî êðàåâûõ äåôåêòîâ, ÷òî ïðèâåäåò ê 
óâåëè÷åíèþ åìêîñòè êàòèîííîãî îáìåíà.

Êëþ÷åâûì ôàêòîðîì â èíòåðïðåòàöèè ïîëó÷åííûõ ðåçóëüòàòîâ ÿâëÿåòñÿ, 
êàê ñêàçàíî ðàíåå, êàòèîííûé îáìåí ìåæäó ïëàñòîâûì ôëþèäîì è àêòèâíîé 
ïîâåðõíîñòüþ ãëèíèñòûõ ìèíåðàëîâ. Ìåõàíèçì âûãëÿäèò ñëåäóþùèì îáðàçîì: 
ïðè ôèëüòðàöèè íèçêîìèíåðàëèçîâàííîé âîäû â ðåçóëüòàòå êàòèîííîãî îáìåíà 
óâåëè÷èâàåòñÿ ïëîùàäü àêòèâíîé ïîâåðõíîñòè äëÿ ñâÿçûâàíèÿ äèïîëåé âîäû, 
÷òî ïðèâîäèò ê çàïîëíåíèþ ïîðîâîãî ïðîñòðàíñòâà äèôôóçíûìè îáîëî÷êàìè 
ñâÿçàííîé âîäû, îòëè÷àþùåéñÿ âÿçêîñòüþ, âî ìíîãî ïðåâîñõîäÿùåé âÿçêîñòü 
ñâîáîäíîé âîäû [5, 6]. Â ñëó÷àå ôèëüòðàöèè âûñîêîìèíåðàëèçîâàííîé âîäû, â 
ðåçóëüòàòå êîìïåíñàöèè îòðèöàòåëüíîãî çàðÿäà òâåðäîé ôàçû êàòèîíàìè ôëþ-
èäà, êàòèîííûé îáìåí ñíèæàåòñÿ, è, êàê ñëåäñòâèå, ñíèæàåòñÿ èíòåíñèâíîñòü 
ñâÿçûâàíèÿ êàòèîíàìè ìîëåêóë âîäû, ÷òî ñîêðàùàåò îáúåì ñâÿçàííîé âîäû, 
óâåëè÷èâàÿ òåì ñàìûì ãèäðîïðîâîäíîñòü ïîðîäû.

Íåîáõîäèìî óïîìÿíóòü ïðî íàáóõàåìîñòü ãëèí, â ïåðâóþ î÷åðåäü ñìåêòèòîâ 
(ìîíòìîðèëëîíèòà) è â ìåíüøåé ìåðå — ñìåøàíîñëîéíûõ îáðàçîâàíèé, ñëþä 
ñ äåôèöèòîì ìåæñëîåâûõ êàòèîíîâ è êàîëèíèòà. Îñîáåííî èíòåíñèâíî íàáóõà-
íèå ìèíåðàëîâ ïðîèñõîäèò â ïðèñóòñòâèè âîäû ñ íèçêîé ìèíåðàëèçàöèåé. Ýòî 
ïðèâîäèò ê óìåíüøåíèþ ïîðîâîãî ïðîñòðàíñòâà è ñíèæåíèþ ïðîíèöàåìîñòè 
ïîðîäû. [2, 9].

Èñõîäÿ èç ñêàçàííîãî, ìîæíî ñäåëàòü âûâîä, ÷òî îïòèìàëüíîé äëÿ ïðîíè-
öàåìîñòè ïîðîäû ïî âîäå äëÿ ïåñ÷àíèêîâ è ðàçíîçåðíèñòûõ àëåâðîëèòîâ Ïðè-
îáñêîãî ìåñòîðîæäåíèÿ, ïëàñòîâ ãðóïï ÀÑ, ÿâëÿåòñÿ çàêà÷êà âûñîêîìèíåðàëè-
çîâàííîé âîäû â ñèñòåìó ÏÏÄ. Ïðè ýòîì íåîáõîäèìî ó÷èòûâàòü ìèíåðàëüíûé 
ñîñòàâ ãëèí-öåìåíòîâ è ñïîñîáíîñòü íåêîòîðûõ ãëèí ê àêòèâíîìó íàáóõàíèþ â 
âîäíîé ñðåäå.
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