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CONTRIBUTION OF VARIOUS SUBSTRATES TO THE FORMATION OF 
TRACE ELEMENT COMPOSITION OF THE BOTTOM SEDIMENTS

OF BACKGROUND LAKES OF WESTERN SIBERIA
Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû èçó÷åíèÿ çàêîíîìåðíîñòåé ôîðìèðîâàíèÿ 

ìèêðîýëåìåíòíîãî ñîñòàâà äîííûõ îòëîæåíèé, äîïîëíÿþùèå ñîäåðæàíèå îïóáëè-
êîâàííûõ ðàíåå ñòàòåé, êîòîðûå ïîêàçûâàþò ñîäåðæàíèå ðÿäà ìèêðîýëåìåíòîâ 
(Cr, Cu, Sr, V, Zn, Mo) â äîííûõ îòëîæåíèÿõ îçåð Çàïàäíîé Ñèáèðè, îïðåäåëåí-
íîå îòäåëüíî äëÿ êàæäîãî ñóáñòðàòà (Al2O3 è Fe2O3). Ïðèâåäåííûå â ñòàòüå 
çíà÷åíèÿ âû÷èñëåíû ïî óðàâíåíèÿì ìàòåðèàëüíîãî áàëàíñà, ïîëó÷åííûì ðàíåå 
ñ èñïîëüçîâàíèåì ðÿäà ìåòîäîâ ñòàòèñòè÷åñêîãî àíàëèçà: äèñêðèìèíàíòíûé 
àíàëèç → ôàêòîðíûé àíàëèç → ðåãðåññèîííûé àíàëèç. Òàêàÿ ïîñëåäîâàòåëüíîñòü 
ïîçâîëÿåò íàäåæíî âûÿâëÿòü ìíîãîïàðàìåòðè÷åñêèå çàâèñèìîñòè. Èñïîëüçî-
âàííûå óðàâíåíèÿ ìàòåðèàëüíîãî áàëàíñà õîðîøî îïèñûâàþò âêëàä ðàçëè÷íûõ 
ñóáñòðàòîâ â ôîðìèðîâàíèå ìèêðîýëåìåíòíîãî ñîñòàâà äîííûõ îòëîæåíèé äëÿ 
îáðàçöîâ ñ ñîäåðæàíèåì îðãàíè÷åñêîãî âåùåñòâà ìåíåå 4%. Â ñòàòüå ïîêàçàíî, 
÷òî ñ èñïîëüçîâàíèåì ýòèõ âûðàæåíèé è äàííûõ î ìèêðîýëåìåíòíîì ñîñòàâå âîä 
ñ ìîæíî ñ 15-ïðîöåíòíîé ïîãðåøíîñòüþ îöåíèòü ïî îòäåëüíîñòè ñóììàðíóþ ðîëü 
Al- è Fe-ñîäåðæàùèõ ñóáñòðàòîâ â ïðîöåññàõ íàêîïëåíèÿ è óäåðæàíèÿ ìèêðîýëå-
ìåíòîâ â äîííûõ îòëîæåíèÿõ îçåð Çàïàäíîé Ñèáèðè. Ïðåäñòàâëåííûå â ñòàòüå 
ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè îöåíêå ãåîõèìè÷åñêîãî è ýêîëîãè÷åñêîãî 
ñîñòîÿíèÿ îçåð Çàïàäíîé Ñèáèðè.

The article presents the results of the study of regularities of formation of trace 
element composition of the bottom sediments that complements the previously published 
articles. These results indicate the content of some trace elements (Cr, Cu, Sr, V, Zn, 
Mo) in the bottom sediments of lakes in Western Siberia as assessed individually for 
each of the substrates (Al2O3 and Fe2O3). The rates presented in the article are  calculated 
according to the previously developed material balance equations using a number of 
methods of statistical analysis: discriminant analysis → factor analysis → regression 
analysis. This sequence allows us to reveal reliable multi-parameter regularities. 
The material balance equations appropriately describe the contribution of different 
substrates to the formation of trace element composition of the sediments as regards 
samples with the content of organic matter of less than 4%. The article argues that 
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using these expressions and data concerning the microelement composition of the waters, 
one may evaluate the combined contribution of Al- and Fe-containing substrates to the 
processes of accumulation and retention of trace elements in sediments of Western 
Siberian lakes with an accuracy of 15%. The results can be used in evaluating the 
geochemical and ecological condition of the lakes of Western Siberian region.

ÊËÞ×ÅÂÛÅ ÑËÎÂÀ. Ìèêðîýëåìåíòû, äîííûå îòëîæåíèÿ, ñóáñòðàòû.
KEY WORDS. Trace elements, bottom sediments, substrates.

Äàííàÿ ðàáîòà ñäåëàíà â ðàìêàõ ïðîåêòà «Ôîðìèðîâàíèå êà÷åñòâà âîä 
è ýêîñèñòåì â óñëîâèÿõ àíòðîïîãåííûõ íàãðóçîê è èçìåíåíèÿ êëèìàòà â Çà-
ïàäíîé Ñèáèðè», êîòîðûé âûïîëíÿëñÿ Òþìåíñêèì ãîñóäàðñòâåííûì óíèâåðñè-
òåòîì â ðàìêàõ ãðàíòà ïî Ïîñòàíîâëåíèþ Ïðàâèòåëüñòâà ÐÔ ¹ 220. Ïðîãðàì-
ìà èññëåäîâàíèé, ìåòîäèêè îòáîðà ïðîá è õèìè÷åñêîãî àíàëèçà ïîäðîáíî 
îïèñàíû â [1-2]. Îòáîð ïðîá áûë ïðîèçâåäåí îñåíüþ 2011 ãîäà, ïîñêîëüêó îñåí-
íèå ïðîáû âîäû íàèáîëåå èíôîðìàòèâíû [3]. Àíàëèç ñîäåðæàíèÿ ìèêðîýëå-
ìåíòîâ âûïîëíåí ýìèññèîííûì ìåòîäîì ñ èíäóêòèâíî ñâÿçàííîé ïëàçìîé íà 
ìàññ-ñïåêòðîìåòðå Element (ïðîèçâîäñòâî Âåëèêîáðèòàíèÿ). Ñîäåðæàíèå îðãà-
íè÷åñêîãî âåùåñòâà îïðåäåëåíî ìåòîäîì ýëåìåíòíîãî àíàëèçà (Vario, Elementar) 
â àêêðåäèòîâàííîé ëàáîðàòîðèè ýêîëîãè÷åñêèõ èññëåäîâàíèé Òþìåíñêîãî ãîñó-
äàðñòâåííîãî óíèâåðñèòåòà. 

Íà îñíîâàíèè ïðîâåäåííûõ ðàíåå èññëåäîâàíèé [4-6], à òàêæå èìåþùèõñÿ 
ëèòåðàòóðíûõ äàííûõ [7-10] óñòàíîâëåíî, ÷òî íà îñíîâíûå ïðîöåññû íàêîïëå-
íèÿ ìèêðîýëåìåíòîâ äîííûìè îòëîæåíèÿìè âëèÿåò ñîäåðæàíèå â íèõ ìèíå-
ðàëüíûõ ñóáñòðàòîâ — ñîåäèíåíèé àëþìèíèÿ è æåëåçà, à òàêæå îðãàíè÷åñêîãî 
âåùåñòâà. Öåëü äàííîé ðàáîòû ñîñòîÿëà â ïîëó÷åíèè êîëè÷åñòâåííûõ îöåíîê 
âêëàäà ðàçëè÷íûõ ñóáñòðàòîâ â ôîðìèðîâàíèå ìèêðîýëåìåíòíîãî ñîñòàâà äîí-
íûõ îòëîæåíèé ðÿäà ôîíîâûõ (íå ïîäâåðãàþùèõñÿ àíòðîïîãåííîé íàãðóçêå) 
îçåð Çàïàäíîé Ñèáèðè. 

Ðåçóëüòàòû è èõ îáñóæäåíèå. Ðàíåå â [6], ñ èñïîëüçîâàíèåì íåñêîëüêèõ 
ìåòîäîâ ñòàòèñòè÷åñêîãî àíàëèçà (äèñêðèìèíàíòíûé àíàëèç → ôàêòîðíûé àíà-
ëèç → ðåãðåññèîííûé àíàëèç) áûëè ïîëó÷åíû óðàâíåíèÿ ìàòåðèàëüíîãî áàëàí-
ñà, óäîâëåòâîðèòåëüíî îïèñûâàþùèå âêëàä ðàçëè÷íûõ ñóáñòðàòîâ â ôîðìèðî-
âàíèå ìèêðîýëåìåíòíîãî ñîñòàâà äîííûõ îòëîæåíèé äëÿ îáðàçöîâ ñ ñîäåðæà-
íèåì îðãàíè÷åñêîãî âåùåñòâà ìåíåå 4%. Íàèáîëåå äîñòîâåðíûìè ðåçóëüòàòû 
ïîñòðîåíèÿ óðàâíåíèÿ ìàòåðèàëüíîãî áàëàíñà îêàçàëèñü äëÿ ñëåäóþùèõ ìè-
êðîýëåìåíòîâ: Cr, Cu, Sr, V, Zn, Mo. Ýòè óðàâíåíèÿ èìåþò îäèí è òîò æå îáùèé 
âèä (óð. 1):

Ñ(Mi)ÄÎ = A ⋅ C(Al2O3) + B ⋅ C(Fe2O3) + Ñ ⋅ C(Mi)ãï           (1)

ãäå Ñ — ñîäåðæàíèå ñîîòâåòñòâóþùèõ êîìïîíåíòîâ â äîííûõ îòëîæåíèÿõ, ìã/êã, 
C(Mi)ãï — ñîäåðæàíèå ìèêðîýëåìåíòà â èñõîäíîé ïîðîäå, ìã/êã, A, B è C — 
ïîñòîÿííûå êîýôôèöèåíòû. Ôèçè÷åñêèé ñìûñë êîýôôèöèåíòîâ ïåðåä ñóáñòðà-
òàìè — ãëèíèñòûìè ìèíåðàëàìè, ïåðåñ÷èòàííûìè íà îêñèä àëþìèíèÿ è ñîåäè-
íåíèÿìè æåëåçà, ïåðåñ÷èòàííûìè íà ñîäåðæàíèå îêñèäà æåëåçà(III), — ñîîò-
âåòñòâóåò ñóïåðïîçèöèè âñåõ ïðîòåêàþùèõ ïðîöåññîâ ñ ó÷àñòèåì ìèêðîýëåìåíòà 
íà äàííîì ñóáñòðàòå, ýòè êîýôôèöèåíòû òàêæå âûðàæàþò ðàâíîâåñíóþ ñîðá-
öèîííóþ åìêîñòü ñóáñòðàòà. Âûðàæåíèå «Ñ ⋅ C(Mi)ãï» îïðåäåëÿåò êîëè÷åñòâî 
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ìèêðîýëåìåíòà, íå ó÷àñòâóþùåå â ïðîöåññàõ ðàñïðåäåëåíèÿ. Êîýôôèöèåíòû 
óðàâíåíèé ïðèâåäåíû â òàáë. 1:

Òàáëèöà 1

Ïàðàìåòðû óðàâíåíèé ìàòåðèàëüíîãî áàëàíñà

Ìèêðîýëåìåíò (Ì) A · 10–5 B · 10 –4 Ñ R2 W, %

Cr –4,45 18,5 0,068 0,85 55

Cu –2,17 3,8 0,044 0,98 55

Sr 264 –3,8 0,017 0,98 65

V –7,21 28,2 0,051 0,99 60

Zn 12,4 6,3 0,052 0,83 50

Mo 0,1 0,15 0,036 0,49 45

Êà÷åñòâî àïïðîêñèìàöèè îáû÷íî ïðèíÿòî îöåíèâàòü ïî çíà÷åíèèþ êâàäðà-
òà êîýôôèöèåíòà êîððåëÿöèè (R2). Â íàøåì ñëó÷àå ýòîò ïàðàìåòð îêàçàëñÿ 
íåäîñòàòî÷íî ýôôåêòèâíûì èç-çà îñîáåííîñòåé èñïîëüçîâàííîãî ïðîãðàììíîãî 
êîìïëåêñà (êîòîðûé àíàëèçèðóåò íå âñå èìåþùèåñÿ â íàëè÷èè ïðîáû). Ïîýòî-
ìó äëÿ îöåíêè òî÷íîñòè àïïðîêñèìàöèè áûëà èñïîëüçîâàíà äîëÿ ñëó÷àåâ (W, %), 
â êîòîðûõ ïîãðåøíîñòü óðàâíåíèÿ ìàòåðèàëüíîãî áàëàíñà îêàçàëàñü ìåíåå 15%. 
Â öåëîì ñîäåðæàíèå ìèêðîýëåìåíòîâ íàäåæíî ïðåäñêàçûâàåòñÿ â 55-65% ñëó-
÷àåâ ñ óêàçàííîé ïîãðåøíîñòüþ (15%). Íèçêàÿ òî÷íîñòü ïðè îïðåäåëåíèè óðàâ-
íåíèÿ ìàññîâîãî áàëàíñà ìîëèáäåíà ñâÿçàíà ñ îòñóòñòâèåì äîñòîâåðíûõ ñïðà-
âî÷íûõ äàííûõ î åãî ñîäåðæàíèè â ãîðíûõ ïîðîäàõ. Îòðèöàòåëüíûå çíà÷åíèÿ 
êîýôôèöèåíòîâ óðàâíåíèÿ ñâèäåòåëüñòâóþò î òîì, ÷òî ñêîðîñòü ïðîöåññà äå-
ñîðáöèè ïðåâîñõîäèò ñêîðîñòü àäñîðáöèè, è â ðåçóëüòàòå èìååò ìåñòî ïîòåðÿ 
ìèêðîýëåìåíòà ñ ñóáñòðàòà.

Ðàñïîëàãàÿ çíà÷åíèåì ðàâíîâåñíîé ñîðáöèîííîé åìêîñòè ñóáñòðàòà, ïî 
óðàâíåíèÿì ìàòåðèàëüíîãî áàëàíñà ìîæíî âû÷èñëèòü êîëè÷åñòâî ìèêðîýëå-
ìåíòà, ïîãëîùåííîå åäèíèöåé ìàññû äîííîãî îòëîæåíèÿ çà ñ÷åò èìåííî ýòîãî 
ñóáñòðàòà. Ýòî ïîçâîëÿåò îöåíèòü ïî îòäåëüíîñòè âêëàä êàæäîãî ñóáñòðàòà 
â ôîðìèðîâàíèå ìèêðîýëåìåíòíîãî ñîñòàâà äîííûõ îòëîæåíèé. Äëÿ âûïîëíåíèÿ 
ðàñ÷åòîâ èñïîëüçîâàëè ïðîãðàììíûé êîìïëåêñ SPSS 17+ è MS Excel. Ðåçóëü-
òàòû âû÷èñëåíèé ïðåäñòàâëåíû â òàáë. 2 è 3.

Òàáëèöà 2

Ðàñ÷åòíûå çíà÷åíèÿ ïîãëîùåíèÿ ìèêðîýëåìåíòîâ (Cr, Cu, Sr)
ñóáñòðàòàìè äîííûõ îòëîæåíèé

Ìåñòî îòáîðà ïðîáû Cr ïîãë. 
Fe2O3, ìã/êã

Cu ïîãë. 
Fe2O3, ìã/êã

Sr ïîãë. 
Al2O3, ìã/êã

îçåðî Áîëüøîå Õîëîäíîå 9,057 1,860 –

îçåðî Àðàíòóð 25,28 5,194 45,32

îçåðî Ïîêòóð – – 36,67

îçåðî Áîëüøîå Åìüåõîâñêîå 10,01 – 44,90

îçåðî Êó÷àê – 1,171 –
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îç. Ãîëüöîâîå 29,20 6,835 172,8

îçåðî Äîëãèé Ñîð – 0,8018 –

îçåðî Öûíãèíñêèé Ñîð 11,55 – –

îçåðî áåç íàçâàíèÿ – 6,855 109,3

îçåðî Òåòåðòàëÿõòóð – – 15,51

îçåðî áåç íàçâàíèÿ 31,62 6,496 231,7

îçåðî Íîìûíãìî÷êàíëîð – – 77,16

îçåðî Ëîíòòèáåòî – 4,947 172,4

îçåðî Ïÿòóíòî 4,687 – 28,76

îçåðî Òåðåíêóëü – 2,656 121,4

îçåðî Àïëÿöêîå 21,84 – –

îçåðî Êó÷àê, ñòàíöèÿ3 – – –

îçåðî Ïëîõîâñêîå 22,26 4,572 –

îçåðî Ðàíãåòóð 1,844 0,3788 62,47

Òàáëèöà 3 

Ðàñ÷åòíûå çíà÷åíèÿ ïîãëîùåíèÿ ìèêðîýëåìåíòîâ (V, Zn)
ñóáñòðàòàìè äîííûõ îòëîæåíèé, â ïåðåñ÷åòå íà 1 êã äîííûõ îòëîæåíèé

Ìåñòî îòáîðà ïðîáû V ïîãë. Fe2O3, 
ìã/êã

Zn ïîãë. Al2O3, 
ìã/êã

Zn ïîãë. Fe2O3, 
ìã/êã

îçåðî Áîëüøîå Õîëîäíîå 13,81 2,021 3,084

îçåðî Àðàíòóð 38,54 2,128 8,611

îçåðî Ïîêòóð – – –

îçåðî Áîëüøîå Åìüåõîâñêîå – – –

îçåðî Êó÷àê 8,694 3,285 1,942

îçåðî Ãîëüöîâîå 42,91 8,119 9,588

îçåðî Äîëãèé Ñîð – 1,625 1,329

îçåðî Öûíãèíñêèé Ñîð 17,61 2,373 3,936

îçåðî áåç íàçâàíèÿ 5,137 11,36

îçåðî Òåòåðòàëÿõòóð – – –

îçåðî áåç íàçâàíèÿ 48,20 10,88 10,76

îçåðî Íîìûíãìî÷êàíëîð 9,643 – –

îç. Ëîíòòèáåòî 36,71 – –

îçåðî Ïÿòóíòî – – –

îçåðî Òåðåíêóëü 19,71 – –

îçåðî Àïëÿöêîå 33,29 5,367 7,437

îçåðî Êó÷àê, ñòàíöèÿ 3 – – –

Ïðî÷åðêè â òàáëèöàõ ñîîòâåòñòâóþò òåì ñëó÷àÿì, äëÿ êîòîðûõ ïîãðåøíîñòü 
óðàâíåíèé îêàçàëàñü âûøå 15%. Äàííûå òàáëèöû, êàê è óðàâíåíèÿ ìàòåðèàëü-
íîãî áàëàíñà, õàðàêòåðèçóþò âêëàä êîíêðåòíûõ ñóáñòðàòîâ â ôîðìèðîâàíèå 
ìèêðîýëåìåíòíîãî ñîñòàâà äîííûõ îòëîæåíèé ôîíîâûõ îçåð Çàïàäíîé Ñèáèðè.

Îêîí÷àíèå òàáë. 2
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Ïðåäñòàâëåííûå â òàáë. 2 è 3 äàííûå ìîãóò áûòü èñïîëüçîâàíû ïðè îöåíêå 
ãåîõèìè÷åñêîãî è ýêîëîãè÷åñêîãî ñîñòîÿíèÿ îçåð Çàïàäíîé Ñèáèðè, à òàêæå ïðè 
àíàëèçå çàâèñèìîñòåé ìèêðîýëåìåíòíîãî ñîñòàâà äîííûõ îòëîæåíèé îò êîí-
êðåòíûõ ãåîãðàôè÷åñêèõ è êëèìàòè÷åñêèõ óñëîâèé.
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