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YURIY BORSHCHEVSKY* 

OXYGEN ISOTOPES IN SOLUTION OF THEORETICAL PROBLEMS 
AND APPLIED TASKS OF ORE GEOLOGY 

(Figs. 5) 

A b s t r a c t : The resul ts of the or iginal invest igat ions of appl icat ion 
of the oxygen- isotope method for the solution of t he theore t ica l p r o b ­
lems and prac t ica l tasks of the ore geology are considered in th is paper . 
For the first t ime the isotope-oxygen invest igat ion of a w ide scope of ore 
mine ra l s from h y d r o t h e r m a l deposits of Sn, W. B, Be, U, Ta, Fe, Nb, 
Mo, Hg, Au, etc. from different regions of t he USSR as wel l as of o ther 
countr ies has been car r ied out. The isotope-oxygen proofs t h a t ca rbona te 
and b ica rbona te complexes are t he m a i n chemical form of t he t ransfer 
of m a n y ore e lements a re obtained. Prospects of the usage of oxygen- iso-
topic cr i ter ia for solving a n u m b e r of prognosis -evalua t ion and geological 
prospect ing tasks a re shown for the first t ime. 

Pe3K)Me: B CTaTte paccMaTpHBatoTcsi pe3yjibTaTbi opHTHHanbHbix HccneflOBaHHft 
aBTopa no Hcnonb30BaHHK> rooTonHO-KHCJiopoflHoro MeToaa ana peuieimH TeopeTH-
necKHX npoÔJieM H npHKJia^Hbix 3anan pyflHoti reojiornn. Bnepsbie npoBefleno 
H30TonHO-KncjiopoAHoe HccrceflOBamie nmpoKoro Kpyra pyflHbix MHHepajiOB H3 
rHflpoTepMajibHbix MecTopoAfleHHft Sn, W, B, Be, U, Ta, Fe, Nb, Mo, Hg, Au 
n flp. H3 pa3JiH4Hbix perHOHOB CCCP H paaa 3apy6eacHbix cTpair. nojiyneHbi rooTon-
HO-KHcnopoflHbie AOKa3aTejibCTBa Toro, HTO Kap6onaTHbie H 6iiKap6oHaTHbie KOM-
nneKCbi HBJIÍHOTCH OCHOBHOH XHMHiecKoít (JiopMOH nepeHoca MHorux pyflHbix 3Jie-
MeHTOB. BnepBbie noKa3aHbi nepcneKTHBbi HcnoJib30BaHHa H30TonHO-KHCJiopoflHbix 
KpHTepHeB ana perném™ uenoro pana nporH03no-oueHOHiibix H reojioro-pa3BeaoH-
Hbix3aflan. 

A s is . k n o w n , s t a b l e i s o t o p e s , a n d p r i m a r i l y o x y g e n i s o t o p e s , b r o u g h t i n t o 
g e o l o g y n o t o n l y a p o w e r f u l m e a n s of s c i en t i f i c i n v e s t i g a t i o n s , b u t a l so n e w 
i d e a s a n d n o t i o n s , m a d e i t p o s s i b l e t o so lve i m p o r t a n t t h e o r e t i c a l a n d a p p l i e d 
t a s k s of o r e g e o l o g y on t h e r a d i c a l l y n e w i s o t o p i c b a s i s . 

I t is p r e c i s e l y o x y g e n - i s o t o p i c m e t h o d t h a t , t o a l a r g e e x t e n t , d e t e r m i i n e d t h e 
p r o g r e s s a c h i e v e d i n s t u d y i n g p r i n c i p a l r e l a t i o n s h i p s of h y d r o t h e r m a l o r e f o r ­
m a t i o n . 

A g a l a x y of s u c h s c i e n t i s t s as H . C r a i g , H . T a y l o r , S. E p s t e i n , 
I. F r i e d m a n , J . O' N e i 1, S. S h e p p a r d, R. R y e a n d o t h e r s , m a d e 
a g r e a t c o n t r i b u t i o n t o ' d e v e l o p m e n t of t h e p r e s e n t m o d e l of h y d r o t h e r m a l o r e 
d e p o s i t s f o r m a t i o n . T h e m o d e l is b a s e d u p o n t h e f u n d a m e n t a l n o t i o n i m p l y i n g 
t h a t p a l e o h y d r o t h e r m a l o r e - f o r m i n g s y s t e m s a r e l o n g - l i v e d c o n v e c t i o n - c i r c u -
i a t i o n h y d r o d y n a m i c a l l y s e m i - c l o s e d s y s t e m s w h i c h a r e se t to m o t i o n b y t h e 
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tatively assessed for the first t ime. It was found that "water/rock" rat io of 
h y d r o t h e r m a l i t e varies from 0.1 to 10.0 and even more. This means t h a t hun­
dreds and thousands cubic ki lometres of water, mostly exogenic In nature, are 
involved in ore-forming system to give rise to ore deposits a n d wallrock a l tera­
tions of host rocks (B o p m, e B C K H ň, 1980). 

Results of oxygen-isotopic studies of uranium-bear ing alkal ine metasoma-
tites from regional fault zones of a P r e c a m b r i a n shield (B o p m e B C K H ň n ap.. 
1976), as well as generalization of world evidence on the evolution of isotopic 
composition of oxygen from regionally metamorphosed rocks, enabled us, to­
gether with Academician A. V. S i d o r e n k o, to m a k e a well-grounded 
conclusion t h a t even deep zones of regional metamorphism, regional alkaline 
metasomatosis a n d granitizatioin, m a i n t a i n a geologically active relat ion with 
the main planetary water reservoir, i. e. world ocean, thereby providing ma­
ter ia l circulation of m a t t e r and energy between hydrosphere and l i thosphere 
(C n Ä o p e H K o — B o p m e B C K H ň. 1975). 

Therefore, it would be justified to conclude t h a t not only formation of 
h y d r o t h e r m a l ore deposits but also metamorphogenic and magmatogenic ore 
formation, in t h e end, are determined by water-fluid regime of the Earth 
crust which is, as it now becomes obvious, an open system for hydrosphere 
waters. 

So, oxygen isotopy m a d e a great contr ibut ion to the modern theory of hy­
drothermal ore formation. 

There is a new, very promising t rend in isotopic studies of ore deposits: 
oxygen-isotopic study of ore minerals proper. Isotopic characteristics yield 
valuable information necessary for solving important genetic problems of hy­
drothermal ore formation, such as the n a t u r e of ore-bearing fluids, t h e che­
mical form of ore element t ransportat ion, the ore formation t e m p e r a t u r e , etc. 

Invest igat ion carried out by us in 1973—1983 were the first experience in 
studies of a wide scope of such ore minerals as cassiterite, wolframite, scheelite, 
magneti te, borate and borosilicate, 'beryl, t i tano-niobo-tantal i te, etc. from hy­
drothermal ore deposits of practically all major industr ia l regions of the Soviet 
Union as well as of other countries (B o p m a B C K H ii n ap., 1977; B o p m e B-
c K n ii — B o p H c o B a n ap., 1978; B o p m e B C K n ů — ľl o K a a o B, 1978; B o p-
LU, e B c K H ň — B o p n c o B a — Jl H c n n bi n ;i ap.. 1978; B o p u i e B C K H ii — M e-
A B e A o B c K a n n AP-, 1978; B o p m, e B C K H ÍI — ľl o A o Ji b c K II ii n AP-, 1978; 
B o p m c B c K n ň - - A n e A b u. n n n ;ip., 1979; B o p m e B C K II ii — flo.iow a-
II o B a n AP-, 1979; B o p m c B C K H ii, 1980; B o p m e B c K II ii — A ii e A b u, n n n 
ap., 1980; B o p m e B c K H ii — ľ H H 3 6 y p r u ap., 1980; B o p iu, e B c K H ii — B o-
p n c o B a n AP-, 1982; B o p m e B c K H ii — Jl y r o B H ap., 1982). 

Fig. 1 shows oxygen-isotopic histograms for a large group of oxygen ore 
minerals. In addition, however, it was necessary to determine constants of 
oxygen isotope fractionation in ' 'ore minera l-water " systems so as to i n t e r p r e t 
valuable genetic information incorporated in oxygen isotopic composition of 
these ore minerals . For this purpose, using the original theoretical model, ij-
factors for water, quartz, cassiterite, scheelite, uranin i te and other ore minerals 
were computed. The obtained values were employed for plott ing oxygen-isotope 
fractionation t e m p e r a t u r e dependence curves (OIF) in systems: quartz — water, 
scheelite — water, cassiterite — water, etc. (Fig. 2). 
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We can see that oxygen l sO heavy isotope under isotopic equilibrium is pre­
dominantly concentrated in water rather than in pre minerals. S [HO ore mineral 
values as well as computed ^-factors were used to solve some important 
theoretical and applied problems. 

First, taking as an example hydrothermal deposits of tin, tungsten, iron, 
manganese, boron, beryllium, niobium etc., the important role of isotopically 
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Fig. 1. Oxygen isotopic composit ion of ore m i n e r a l s from h y d r o t h e r m a l deposits of 
the Soviet Union and some other countr ies . 
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Light, formational and meteoric water s in endogenic h y d r o t h e r m a l ore forma­
tion was confirmed (B o p m c B C K H ň, 1980). 

Second, appropr ia te oxygen-isotopic t geothermometers were designed for mi­
neral paragenet ic assemblages: quartz-cassiterite, quartz-scheelite, quartz-wol­
framite, quartz-beryl, quartz-datoldte (B o p m c B C K H ň — B o p n c o B a H ap., 
1978; B o p ui e BC KH ň — M e a s e a o B c K a H H ap., 1978; B o p m e B C K H ň -
X n T a p o B H ap., 1978; B o p m, c B C K H H — A n e JI b u H H H ap., 1979; B o p -
m e B c K H fi — JX OJÍ o M a n o B a n ap., 1979; B o p m e B C K H Í i , 1980; B o p-
ni e B c K n ň — A n e JI b u n H H ap., 1980; B o p iu, e B c K H V. — B o p H c o B a n ap-, 

ig. 2. Curves showing oxygen isotope equilibrium fractionation (OIF) in "mineral 
— water" system. 
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1932). The tempera tures obtained for the formation of ore assembleges from 
a number of hydro thermal tin, tungsten, beryll ium, boron deposits, well agreed 
wi th thermobar-geochemical evidence (Fig. 3). 

Third, S 1 80 values for ore minerals combined wi th /3-faotor values clearly 
point to carbonated water composition of ore-bearing fluids, thus indepen­
dently confirming the impor tant role of CO^ in hydro thermal ore formation, 

Fig. 3. Oxygen isotopic geothermometers for paragenetic associations "quartz - ore 
mineral". 
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which is well k n o w n from results of n u m e r o u s investigations of fluid inclusions 
in minerals . 

Moreover, we obtained oxygen-isotopic evidence of part icipat ion of carbonate 
complexes in tin, tungsten, i ron and other mineral element t ransporta t ion 
(B o p m e B c K H ii. 1980). 

The systematic increase of oxygen-isotopic concentrat ion that is found by 
us for wolframite, cassiterite, scheelite, magnet i te and tantalo-niobate (Fig. 4) 
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Fig. 4. Oxygen isotopic composition of ore minerals and equilibrated water. 

indicates t h a t most i m p o r t a n t in the formation of the above-mentioned minerals 
were carbonate, and probably, b icarbonate complexes which are the only con­
centrators of l s O isotope in ore-bearing fluid a n d which determine, in the end. 
isotopic composition of these ore minerals . Therefore, we can speak for exam­
ple wi th certainty of t h e possible existence of hydrocarbonate-oxi tungsten 
anion complex compounds in h y d r o t h e r m a l ore-forming solutions. 
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As is shown in Pig. 5, when these complex compounds are decayed and 
wolframile-ian is transformed into wolframate-ion, two-oxygen atoms are bound 
to be borrowed from heavy isotopic bicarbonate-ion, which means that ferbe-
rite will be enriched in heavy isotope lsO even in the process of its formation. 
At the same time, tungsten-bicarbonate complexes contribute to the transport of 
bivalent ions of iron, manganese and calcium that can migrate either together 
with tungsten in the form of dissolved bicarbonates, or together with bicarbo­
nate-tungsten anion complex. 

Fe[W0?(HC0§).]B°!lLr 

FeW0202+4C02
+2H20 

Fig. 5. Mechanism of ferberite formation with participating carbonate complexes. 

So, carbonate and bicarbonate anions play a specific chemical role in the 
transportation of ore elements, while bar regime of COj in ore-bearing solu­
tions is one of the most important factors not only for transportation of ore 
elements but also for ore emplacement. 

We believe that the modern model of hydrothermal ore-bearing system en­
sures a well-grounded approach to the problem of ore elements source. 

As prolonged convection circulation of huge masses of carbonated water 
solutions brings about powerful hydrothermal rock alteration and thereby in­
tense mobilization of ore elements disseminated in ore-forming minerals, there 
are all grounds to assume that not only intrusive massifs but also sedimentary 
and metamorphic rocks serve as sources for ore elements. 

Hydrothermal rock alteration and mobilization of ore elements, in turn, are 
commonly accompanied by oxygen-isotopic rock alteration, the value of which 
can be taken, in the first approximation, as a measure of mobilization of ore 
element out of rocks and its concentration at geochemical barriers. 

It should be emphasized that the proposed model of hydrothermal ore for­
mation furnishes great possibilities for application of the concept of geochemi­
cal barriers as it determines with enough accuracy the integral mass of ore-
-bearing water solutions which passed through some geochemical barriers. 

In our opinion, this model of ore process brings together conflicting notions of 
"productive" horizons of sediments, on the one hand, and "source" granitoids, 
on the other. For example, if within some large hydrothermal convective system 
there is a "productive" horizon of sedimentary rocks, it will inevitably produce 
a real genetic link between mineralization and host rocks, and mineralization 
and intrusive rocks, because fluid moves from host rocks through igneous rocks 
to an ore deposit, thereby genetically the whole geological triad: host rocks 
— igneous rocks — ore deposit. 

The oxygen-isotopic studies of hydrothermal ore deposits of various genetic 
types brought out interesting patterns of relations that depend both on geoche­
mistry of oxygen isotopes, and distinguished features of hydrothermal ore-bea­
ring systems. 
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These pa t te rns of relations enabled us, tak ing boron, t in molybdenum and 
rare metal h y d r o t h e r m a l deposits as an example, to show prospects >f . ^e 
usage of oxygen-isotopic criteria for solving a n u m b e r of prognosis-evaluc —.,1 
and geological prospecting tasks, including: 
— evalution of t h e size of boric mineralization and outlining promising economic 
ore occurrences (B o p m c B c K H H — B o p H c o B a — Jl H c n u bi H H ap., 1978; 
B o p m c B c K H ň — A n e JI b u H H H ap., 1980); 
— reconstruct ion of paleorelief of t in ore district by erosional level and esta­
bl ishment of the depth of t in deposits (B o p m e B C K H H — n o a o .i b c K U ii 
H ap., 1978; B o p m, e B c K H ii — /J, o JI o M a n o B a H ap., 1979); 
— establ i shment of association of t in deposits wi th different ore formation 
epochs (B o p m e B C K H H — B o p n c o B a H ap-, 1978); 
— br ing ing out productive stages of ore mineral izat ion at molybdenum depo­
sits ( B o p m e B C K H Ô — n o K a JI o B, 1978); 
— p r o g n o s t i c a t i o n of m i n e r a l i z a t i o n a t d e p t h , u s i n g as t h e b a s i s o x y g e n - i s o t o p i c 
v e r t i c a l z o n i n g of r a r e m e t a l d e p o s i t s (B o p m e B c K H ii n a p . , 1983). 

[n c o n c l u s i o n i t s h o u l d b e n o t e d t h a t a s f a r b a c k a s 1964 A c a d e m i c i a n A. V. 
S i d o r e n k o i n h i s b o o k " G e o l o g y is t h e s c i e n c e of t h e f u t u r e " p o i n t e d 
o u t t h a t m o d e r n g e o l o g y a c u t e l y n e e d s i s o t o p i c , i. e. r e a l g e n e t i c c l a s s i f i c a t i o n 
of r o c k s a n d o r e s (C H Ä o p e H K o, 1964). I n t h i s c o n t e x t t h e o x y g e n - i s o t o p i c 
s y s t e m a t i c s of t i n o r e d e p o s i t s of t h e S o v i e t N o r t h - E a s t , b a s e d o n o x y g e n - i s o t o ­
p i c p r o p e r t i e s of c a s s i t e r i t e s a n d g e o l o g o - t e c t o n i c s e t t i n g of o r e d e p o s i t s , w a s t h e 
f i r s t a t t e m p t t h a t t u r n e d o u t t o b e s u c c e s s f u l (B o p m e B C K II ň — Jl y r o B U a p . , 
1982). 

T h e r e a r e a l l g r o u n d s t o b e l i e v e t h a t f u r t h e r m o d i f i c a t i o n of i s o t o p i c g e o l o g y 
w i l l h e l p u s t o c r e a t e i s o t o p i c c l a s s i f i c a t i o n of h y d r o t h e r m a l o r e d e p o s i t s i n 
t h e n e a r e s t f u t u r e . 
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