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Abstract—The oxygen and carbon isotopic compositions of minerals from banded iron formations (BIFs) and
high-grade ore in the region of the Kursk Magnetic Anomaly (KMA) were determined in order to estimate the
temperature of regional metamorphism and the nature of rock- and ore-forming solutions. Magnetite and hema-

tite of primary sedimentary or diagenetic origin have 8'%0 within the range from +2 to +6%o. During metamor-
phism, primary iron oxides, silicates, and carbonates were involved in thermal dissociation and other reactions

to form magnetite with 8'80 = +6 to +11%o. As follows from a low 8'%0,, = —3.5%0 of mushketovite (magnetite
pseudomorphs after hematite) in high-grade ore, this mineral was formed as a product of hematite reduction by
organic matter. The comparison of 880 of iron oxides, siderite, and quartz from BIFs formed at different stages
of the evolution of the Kursk protogeosyncline revealed specific sedimentation (diagenesis) conditions and
metamorphism of the BIFs belonging to the Kursk and Oskol groups. BIF of the Oskol Group is distinguished
by a high §'0 of magnetite compared to other Proterozoic BIFs. Martite ore differs from host BIF by a low
8180 = —0.2 to —5.9%o. This implies that oxygen from infiltration water was incorporated into the magnetite lattice
during the martite formation. Surface water penetrated to a significant depth through tectonic faults and fractures.

DOI: 10.1134/5S1075701507020031

INTRODUCTION

The unique iron-ore basin of the Kursk Magnetic
Anomaly (KMA) comprises four groups of the Precam-
brian banded iron formations (BIFs) of different gene-
sis and age (Shchegolev, 1985). Despite the great
potential of isotopic methods for studying iron forma-
tions (Mel’nik and Lugovaya, 1972; Perry et al., 1973;
Becker and Clayton, 1976; Goodwin et al., 1985; Zag-
nitko and Lugovaya, 1989; Hoefs, 1992), the oxygen
and carbon isotopic compositions of the BIFs and iron
ores in the KMA region remain poorly studied
(Lugovaya and Sokolov, 1972; Shchegolev et al., 1988).

Our investigation was aimed at determining, with
isotopic methods, the physicochemical formation con-
ditions of BIFs having different age and at providing
insights into the genesis of iron oxides and the mecha-
nism of martitization.

RESEARCH METHODS

The investigation was started with examination of
jaspilites under a microscope (thin and polished sec-
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tions). Then hand specimens or particular interlayers
were crushed to single out monomineral fractions using
the magnetic separation and heavy liquid techniques.
Oxygen was extracted from iron oxides and quartz by
fluoridization (Barthwich and Harmon, 1982), while
oxygen and carbon were extracted from carbonates
using PbCl, reagent (Borshchevsky et al., 1974). Some
samples were studied with IR spectroscopy and X-ray
diffraction.

The oxygen and carbon isotopic compositions were
determined on an MI-1201B mass spectrometer with an
accuracy of +0.2%o. The 8'80 and 8'3C values are given
in parts per thousand relative to the V-SMOW and
V-PDB standards, respectively.

GEOLOGY AND STRUCTURE OF BIFs
FROM THE KMA REGION

The region of the Kursk Magnetic Anomaly is the
world’s largest Precambrian iron-ore basin, more than
120000 km? in area. This basin is the main lithotectonic
zone of the Voronezh Crystalline Massif, a large uplift
of the basement of the East European Platform com-
posed of Archean and Paleoproterozoic rocks. The
Archean BIFs are associated with gneisses of the Pale-
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oarchean (PA) Oboyan Complex (3150 + 50 Ma) and
greenstones of the Mesoarchean (MA) Mikhailovka
Group (3150-2500 Ma). The Paleoproterozoic (PP)
BIFs are constituents of the Kursk (PP,—PP,) and Oskol
(PP5) groups (2500-2300 and 2300-1900 Ma, respec-
tively) that fill large graben-synclines. The evolution of
the Precambrian basement was completed by the proto-
activation stage (PP;—PP,, 1900-1650 Ma), marked by
formation of magmatic ores.

The Precambrian iron formations of the KMA per-
tain to all four groups listed above: the Oboyan jaspi-
lite—gneiss group (PA, ob); the Mikhailovka jaspilite—
metabasic group (MA-NA, mh); the Kursk jaspilite—
schist group (PP,—PP,, ks); and the Oskol jaspilite—
schist—carbonate group (PP,, os). High-grade iron ores
are related to the products of laterite weathering of
BIFs, as well as to strongly metasomatized apatite—mag-
netite and ilmenite—-magnetite magmatic ores. The Pre-
cambrian basement is overlain by a sedimentary cover.

The main information on the geology, stratigraphy,
composition, and ore potential of the KMA region was
taken from (Gusel’nikov, 1972; Precambrian..., 1982;
Shchegolev, 1985) and other publications. Using these
data and the results of mineralogical and petrographic
studies, a short summary of the regional geology and
the study objects is given below.

The Oboyan Group, the oldest, which occupies the
main part of the territory of the KMA region and serves
as the basement of younger groups, is composed of
gneisses and migmatites intercalated with amphibolite,
gabbro-amphibolite, and iron formations. The mineral
assemblages and the texture of the rocks attest to the
conditions of amphibolite facies metamorphism.

The Mikhailovka Group is limited in abundance, but
diverse in composition of metabasic volcanics and
metaterrigenous rocks (schists, metasandstones, and
iron formations). Thin jaspilite layers are intercalated
among orthoamphibolites, komatiites, and mafic—ultra-
mafic crystalline schists.

Practically all iron reserves and high-grade ores are
concentrated in the widespread chemogenic metasedi-
ments of the Kursk Group. The iron formation of the
Kursk Group demonstrates authigenic mineralogical
zoning expressed in a change from the shallowest water
facies to deepwater sediments from the margins to the
central parts of the basin. The rocks of the Kursk Group
underwent regional greenschist facies metamorphism.

The Oskol Group was formed late in the deposi-
tional sequence of the Kursk protogeosyncline and rests
unconformably on the older rocks with distinct evi-
dence of a break in sedimentation and extensive erosion
of the Kursk Group. The specific composition and
structure of the Oskol Group testify to its autonomous
evolution. In the Belgorod area, the group is subdivided
into the lower Yakovlevka clastic and the upper Bel-
gorod chemogenic—terrigenous formations.
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OXYGEN AND CARBON ISOTOPIC
COMPOSITIONS OF MINERALS FROM IRON
DEPOSITS IN THE KMA REGION

BIFs

Samples of rocks from different stratigraphic levels
of the Precambrian sequences that fill the Kursk iron-
ore basin were taken for the isotopic analysis. The car-
bon and oxygen isotopic compositions determined in
minerals from unmetasomatized and unoxidized BIFs
were used to calculate the temperature of metamor-
phism and 8'30 of pore fluid (Tables 1, 2). The temper-
ature was calculated from the oxygen isotopic compo-
sitions of magnetite and quartz (Table 1) taking into
account the isotopic fractionation factor A in the

quartz—magnetite system (Faure, 1986). The 8180H20

values were calculated from 830 of quartz and A in the
quartz—water system (Faure, 1986).

The Oboyan Group. The 8'30 values of magnetite
(Mgt) and quartz (Qtz) from BIF of the Kursk—Bese-
dino area (borehole 2838) are +4.5 and +11.4%eo,
respectively. We failed to separate a pyroxene monof-
raction. According to Shchegolev et al. (1988), 830 of
magnetite from BIF of this area (boreholes 2847 and
2848) varies from +1.8 to +6.5%o. It is impossible to
establish the genesis of BIF from oxygen isotopic com-
position alone because the ranges of 8'%0,,, of igneous
and metasedimentary rocks overlap (Mel’nik and
Lugovaya, 1972; Becker and Clayton, 1976; Faure,
1986). The sulfur isotopic composition of pyrites asso-
ciated with magnetite in BIF of the Kursk—Besedino
area is more informative. A range of 3**S =+0.2 to
+1.7%0 indicates that postmagmatic hydrothermal solu-
tions were a source of sulfur (Shchegolev et al., 1988).
The calculated 8'*0 of pore fluid (+6.6%o) is typical of
magmatic water. However, the temperature calculated
with the isotopic quartz—magnetite geothermometer
was 600°C, and this estimate corresponds to a meta-
morphic rather than a magmatic process. Both estimates
taken together with the data on structure, texture, miner-
alogy, and chemical composition (Precambrian...,
1982) suggest that BIFs of the Kursk—Besedino area
are volcanosedimentary rocks metamorphosed under
amphibolite facies conditions and with the participation
of deep water.

The Mikhailovka Group. BIFs of the Mikhailovka
Group differ from iron formations of the Oboyan Group
in composition and textural-structural patterns, but are
comparable in the range of 8'80O of magnetite and
quartz, calculated temperatures of mineral formation,

and & 18OHzo . According to our data, '%0 of magnetites

from schist, jaspilite, and gneiss of Yezdochnoe,
Ukolovo, and Mikhailovka areas varies from +2.7 to
5.0%o, as is typical of the iron formations of the Oboyan
Group. The range of 380 (+8.8 to +11.6%0) of quartz
from BIFs belonging to both groups is also the same.
GEOLOGY OF ORE DEPOSITS

Vol. 49 No. 2 2007



PHYSICOCHEMICAL FORMATION CONDITIONS OF BANDED IRON FORMATIONS 149
Table 1. Oxygen isotopic composition of BIFs in the KMA region
Sample locality Statieranhi 8180, %o
ratigraphic o
o l;?fﬁl};)(gre depth, m index Rock Hem | Mgt | Qtz | H,O e
1 2 3 4 5 6 7 8 9 10
Kursk—Besedino area
1 2838 207 PA, ob Interlayer of pyroxene—magnetite 42 | 11.0| 6.6 | 600
jaspilite in crystalline schist
2 2838 220 ” ” 47 | 114 | 6.7| 610
3* 2847 217 ” Jaspilite veinlet in amphibolite 5.1
4% 2847 205 ” Jaspilite 1.8
5% 2848 197 ” ” 6.5
6* 2848 238 ” i 4.0
Yezdochnoe area
7 6637 230 | MA, mh Quartz—cummingtonite—magnetite schist 2.7
8 6637 232 ” Amphibole-magnetite jaspilite 50 [ 11.6] 6.6 620
with apatite
Ukolovo area
9 | 7538 | | ” | Magnetite jaspilite | | 3.7 | 8.8 | 6.0 | 500
Mikhailovka area
10* 2934 327 | MA, mh Jaspilite 4.3
11* 2866 248 ” i 1.7
Oskol deposit
12 5290 133 | PP,—PP,, ks | Magnetite jaspilite 4.8 | 158 | 11.0| 410
13 5285 104 ” Magnetite jaspilite with carbonate 33 [13.0| 9.6| 470
veinlets
14 5285 105 ” Cummingtonite—magnetite jaspilite 3.1
Pankovo area
15 6127 413 ” Hematite—-magnetite jaspilite 4.6 | 39 | 14.1 | 10.2 | 440
16 6127 260 ” i 40 | 3.5 | 149|109 | 416
Stoilo deposit
17 842 294 ” Specularite—magnetite jaspilite 3.6 | 4.0
18 842 320 ” Cummingtonite—magnetite jaspilite 8.6
19 846 208 ” Specularite—-magnetite jaspilite 28 | 32
20 809 180 ” Cummingtonite-magnetite jaspilite 9.4
21 809 235 ” Biotite—magnetite schist with carbonate 8.8
Korobkovo deposit
22 | Gubkin Mine | ” | Specularite—magnetite jaspilite | 2.4 | 2.9 | | |
Yakovlevka deposit
23 | 4021 | 920 | PP,—PP,, ks | Silicate—carbonate—magnetite jaspilite | | 6.3 | 18.9 | 13.2 | 355
Khalan area
24 7548 317 ” Amphibole-magnetite jaspilite 48 [129]10.5| 535
25 ‘ 7551 ‘ 261 ‘ ” Magnetite jaspilite ‘ ‘ 74 154|134 | 540
Gostishchevo deposit
26 | 3077 | 681 | ” | Cummingtonite—magnetite jaspilite | | 6.4 | 19.8 | 134 | 340
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Table 1. (Contd.)
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1 2 3 4 5 6 7 8 9 10
Vislovka deposit
28 1518 926 ” Hematite—magnetite jaspilite 28 | 69158 12.9 | 490
29 1518 957 ” Magnetite jaspilite 2.7 (127 | 10.1 | 450
30 1598 | 1082 ” ” 42117.3|11.7 | 360
31 1595 | 1185 | PRy, 0s,ja | Carbonate—magnetite—silicate jaspilite 9.6 | 18.6 | 13.6 | 480
32 1595 | 1221 ” Magnetite—silicate jaspilite 7.8117.0|14.0 | 475
33 1595 1248 ” Magnetite jaspilite 5.6
34 1595 | 1302 ” i 9.5 18.9|15.7 | 470
35 1595 | 1359 ” Carbonate—magnetite jaspilite 791 17.5]| 14.3 | 460
36 2123 742 ” Magnetite—carbonate jaspilite 7.8 199 | 144 | 360
37 2123 844 ” Magnetite jaspilite 541182124 | 350
38 2123 871 ” Magnetite—silicate—carbonate jaspilite 10.4
39 1802 724 | PP;, 0s,bl; | Silicate—magnetite jaspilite 11.2
40 1802 767 ” i 10.6
41 1800 810 | os, bl; Magnetite jaspilite 8.7
42 1800 813 | os, bls Magnetite jaspilite 11.2

Note: Hem, hematite; Mgt, magnetite; Qtz, quartz. SISO(HZO) and T were calculated based on the methods considered by Faure (1986).

* Data of Shchegolev et al. (1988).

Table 2. Oxygen and carbon isotopic compositions of carbonates

Sﬁﬁgg Sample locality Boreggﬁl)fhrfl:?ber’ Rock and ore Mineral 8180, %0|813C, %o
V-1 Vislovka deposit 1595, 1359 Sideroplesite interlayer Sideroplesite +21.7 | -5.9
in jaspilite
V-2 i 2123, 743 7 ” +21.0 | 5.7
V-3 i 1595, 645 Calciphyre Dolomite +23.0 | -5.7
Km-5 Oskol deposit 5525, 581 i Calcite +373 | +1.2
KA-1 Stoilo open pit Level of + 45 m | Siderite—martite ore Siderite +17.8 | -15.1
Km-29 | Tavolzhansky area 3526, 792 Siderite-magnetite—martite ore | Sideroplesite +15.7 | -14.9
Km-31 ” 3526, 792 Limestone Calcite +253 | -0.9
Km-34 i 3514, 769 ” ” +24.3 | 2.0
KA-41 Mikhailovka open pit | Level of + 40 m 7 ” +18.6 |-16.7

Hence, the calculated SlsOHZO values and temperatures

of mineral formation coincide as well. According to
Shchegolev et al. (1988), &**S of pyrites from the
Mikhailovka Group varies from —1.1 to +1.2%e, indicat-
ing that volcanic exhalations were a source of sulfur.
The isotopic data in combination with geological facts
testify to the significant role of volcanic activity in the
formation of the jaspilite—amphibolite rock association.
Hence, the BIF of the Mikhailovka Group may be
regarded as an association of volcanosedimentary rocks.

The Kursk Group. The variable mineral composition
of BIFs of this group and temperature of metamor-

phism are reflected in variable 'O of magnetite,
hematite (Hem), and quartz. Magnetite and specular-
ite—magnetite jaspilites are most abundant at the Oskol,
Stoilo, and Korobkovo deposits. The value of 830 var-
ies in these ores from +2 to +9.4%o in magnetite, from
+2.4 to +6%o in hematite, and from +13.0 to +18%o in
quartz; the oxygen isotopic compositions of specularite
and magnetite are identical. BIFs from the Oskol
deposit were regionally metamorphosed at 410-440°C,
and 8'%0 of aqueous fluid ranged from +9.6 to +11.0%o.

Magnetite and carbonate—magnetite jaspilites are
predominant at the Yakovlevka, Gostishchevo, and Vis-
lovka deposits. Carbonate (sideroplesite) content
GEOLOGY OF ORE DEPOSITS
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amounts to 25-26% in some sections. Magnetite jaspi-
lite is characterized by 88O,y = +2.7 to +9.5%0 and
880y, = +15.8 to +19.8%e. The oxygen isotopic com-
position of magnetite from carbonate—magnetite jaspi-
lite varies in a narrower range from +6.3 to +10.4%o
depending on carbonate content, while 880 of quartz
is comparable with that of magnetite jaspilite.

The temperature calculated from the isotopic
quartz—magnetite geothermometer indicates that BIFs
at the aforementioned deposits were metamorphosed
under greenschist facies conditions of regional meta-
morphism (330-480°C) with the participation of meta-

morphic fluid (§'°Oy o = +11.7 to +17.7%c). The tem-

perature increased to 570°C in zones of contact meta-
morphism caused by the emplacement of gabbrodiorite
at the Kholan and Malinovka areas without a significant

change in SIBOHZO .

The Oskol Group. The oxygen isotopic composition
was studied in the minerals of jaspilites from the Yak-
ovlevka (ja) and Belgorod (bl) formations. In the jaspi-
lite of the Yakovlevka Formation, the oxygen isotopic
composition of magnetite depends on the mineral
assemblage, as in the jaspilite—schist rock association
(Table 1). Carbonate intercalations and separate car-
bonate grains in interstices between magnetite grains
are composed of sideroplesite with 8'*0,, = 21.9%0 and

d13C,, =—5.8%0. The 8'%0 value of quartz from jaspilite
of the Oskol Group ranges from +13.6 to +19.9%o,
while magnetite differs from that in jaspilite of the
Kursk Group by enrichment in the heavy oxygen iso-
tope (8'80 g = +5.4 to +10.4%o).

The temperatures calculated from the isotopic
quartz—magnetite geothermometer show that jaspilites
of the Yakovlevka Formation of the Oskol Group were
metamorphosed under greenschist facies conditions
(360-480°C). The 8'%0 value of the metamorphic fluid
varied from +1.36 to +15.7%o.

The jaspilites of the Belgorod Formation are wide-
banded jasper-like rocks. Thin intergrowths of quartz
with magnetite and the presence of emulsion hematite
prevented separation of a quartz monofraction. Magne-
tite has the highest 8'80, which ranges from +8.7 to
+11.2%o. Jaspilite and carbonate—mica schist often con-
tain dolomite and limestone interlayers; their isotopic

composition is shown in Table 2. The values of & 18OHZO

and 8'80,,,, were calculated from the oxygen isotopic
composition of limestone (8'%0 = +23%o) and the iso-
topic fractionation factors in the calcite—water and
magnetite—water systems at 350°C. The calculated

80y = 18.5%0 and 8'*0,,, = 11.1%o indicate that

magnetite with a high 80 content may be formed in the
course of joint metamorphism of carbonate rocks and
jaspilites.

mgt
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Quartz from chemogenic—terrigenous (Kursk
Group) and clastic—terrigenous (Oskol Group) iron for-
mations shows an insignificant difference in the oxygen
isotopic composition. It may be suggested that detrital
quartz in jaspilites of the Oskol Group was derived
from erosion of the Kursk Group.

High-Grade Iron Ores

Residual (autochthonous) and sedimentary (rede-
posited) high-grade ores have been examined in terms
of their mineralogy, petrography, and isotopic compo-
sition. The main attention was paid to martite and spec-
ularite—martite ores as the major economic types at the
iron deposits hosted in the Proterozoic sequence of the
KMA region. The oxygen isotopic compositions of
high-grade ores and oxidized BIFs are presented in
Table 3.

The Yakovlevka deposit is composed of residual ores
related to linear zones of weathering and areal weather-
ing mantles. The weathered ore in the linear zones con-
sists of specularite—martite, martite, and martite—mag-
netite assemblages. Martite (0-Fe,O;) as a product of
magnetite oxidation is the major mineral. Samples for
isotopic analysis were taken from borehole 10D. Loose
brecciated specularite—martite ore (sample Km-25)
taken from a depth of 738 m is characterized by 6'30 =
—3.1%o in martite and +16.9%o in quartz. Upsection, the
oxygen isotopic composition of martite demonstrates
enrichment in the light isotope: 8'®0 decreases to
—5.9%0 (Km-1) and correlates with depth. All the data
suggest that deep fluids participating in the ore formation
were mixed with surface water in different proportions.

Loose sedimentary (redeposited) ore (samples Km-18
and Km-19) taken from borehole 9D consists of frag-
ments of residual martite ore cemented by hydrogoet-
hite—hydrohematite; 8'80,, of martite is —1.6 %o.

The ore with a predominance of goethite or finely
dispersed hematite (Km-19, Km-2) sharply differs from
the martite ore in 8'80, which varies from +3.3 to
+6.6%0. Magnetite is a relict mineral in the martite ore,
but its content occasionally reaches 20%. The oxygen
isotopic composition of magnetite (8'%0 = +3%o) sig-
nificantly differs from that of martite, being close to
that of magnetite from unoxidized BIFs at the Oskol
and Stoilo deposits.

The oxidized jaspilites of the areal weathering man-
tle are composed of specularite—martite and martite—
limonite (goethite) varieties. In the specularite—martite
jaspilite (sample Km-23), relict magnetite has 8'*0 =
+3.0%o0, while specularite differs in significantly lower
0'80 = —0.3%0, which is similar to that of martite and
implies its epigenetic origin.

The magnetite—martite and specularite—martite ores
of the Tavolzhansky area are variably carbonated and
chloritized. They contain carbonate cement and a sig-
nificant amount of magnetite (60—-80%). Magnetite
occurs as mushketovite, pseudomorphs after platy
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Table 3. 3'30 values in oxidized BIFs and high-grade ores in the KMA region

Eﬁﬁgg Bore(lllgrl)?hr’n;rrlnber, Rock and ore Mineral 8130, %o
Yakovlevka deposit
Km-1 10D, 520.0 Martite ore Martite -59
Km-4 10D, 612.0 Specularite-martite ore Martite =5.1
Specularite -0.8
Km-23 10D, 640.6 Martite—specularite jaspilite with magnetite relicts Specularite -0.3
Magnetite +3.0
Martite -0.2
Km-24 10D, 734.8 Matrtite jaspilite Martite -0.2
Km-25 10D, 738.2 Specularite—martite ore Martite 3.1
Quartz +16.9
Km-19 9D, 550.0 Goethite-hematite—martite ore Hematite +4.9
Martite -1.5
Km-18 9D, 560.0 Martite ore Martite -1.8
Km-20 9D, 565.5 Specularite-martite ore Specularite +0.3
Martite -3.2
Km-3 7D, 559.0 Martite ore with relict magnetite Martite 32
Magnetite +3.3
Km-2 7D, 571.1 Hematite—martite ore Goethite +6.6
Tavolzhansky area
Km-33 3514, 774.5 Carbonated hematite—martite—magnetite ore Magnetite -4.1
Hematite -1.1
Km-36 3514, 793.1 Carbonated specularite—martite—magnetite ore Magnetite -3.5
Specularite +2.7
Km-35 3514, 821.0 Hematite—martite—_magnetite jaspilite Quartz +15.4
Km-32 3518,903.0 Hematite—magnetite ore Specularite -1.1
Magnetite -4.0
Km-29 3526, 792.3 Siderite—-magnetite—martite ore Martite -1.4
Magnetite +4.6
Km-28 3526, 805.2 Magnetite—martite—hematite ore Magnetite +1.5
Hematite -0.2
Oskol deposit
Km-45 5290, 78.5 Oxidized magnetite jaspilite Magnetite +1.2
Km-50 5290, 86.6 Siderite—martite ore Martite +3.5
Km-46 5290, 133.5 Oxidized magnetite jaspilite Magnetite +1.2
Quartz +15.8
Km-42 5290, 105.0 Oxidized silicate—magnetite jaspilite Magnetite +0.6
Pankovo area
Km-55 6127,177.5 Martite ore Martite 3.6
Km-59 6124, 249.7 Goethite—martite jaspilite Martite -2.1
Km-62 6115, 485.0 Martite—goethite ore Martite -1.7
Goethite +3.3
KA-41 | Mikhailovka open pit,| Carbonated martite ore with sulfides Martite -1.0
level of +45 m
KA-39 | The same, level Goethite—martite—limonite ore with sulfides Martite + goethite +1.6
of +105 m
KA-1 Stoilo open pit, Siderite—martite ore Martite +2.5
level of +75 m
Note: Hematite is finely dispersed.
GEOLOGY OF ORE DEPOSITS Vol. 499 No. 2 2007
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hematite, which differ from common magnetites by a
lower 8'80 = —4.0 to —3.5%o. Martite, dispersed hema-
tite, and specularite (Km-32) are similar in '*O, within
the range from —1.4 to —0.2%o. The carbonate cement
consists of sideroplesite with 8'*0 = +15.7 and 8'3C =
—14.9%o0 (Table 2).

At the Oskol iron deposit, oxidized jaspilites com-
pose the areal weathering mantle. As compared with
primary rocks (Table 1), relict magnetite (Table 3) is
depleted in 80 (samples Km-45 and Km-46). Micro-
granoblastic quartz in unaltered and oxidized BIFs has
nearly the same oxygen isotopic composition. The
high-grade iron ore in practically all lodes consists of
residual siderite and martite. The microscopic examina-
tion of sample Km-50 allowed identification of
maghemite (y-Fe,05), rare reticulate martite pseudomor-
phs that replace polygonal intergrowths of magnetite.
Ore minerals are cemented by siderite, which is replaced
by goethite. Because the iron oxides are difficult to sep-
arate, a bulk sample was analyzed; 6'80 = 3.5%o.

In the Pankovo area, the ore mineralization is con-
fined to deformed BIF and bears evidence of metamor-
phism and alkaline metasomatism. Magnetite from BIF
is enriched in the light oxygen isotope (8'%0 = +0.5 to
+0.7%0) in comparison with the oxidized BIF from the
above deposits. The 8'%0 value of martite (—1.7%o) in
the residual martite—hematite ore (Km-62) from the lin-
ear oxidation zone is lower than that in the coexisting
goethite (+3.3%o). As is clearly seen under a microscope,
goethite replaces siderite. Loose, weakly cemented sed-
imentary (redeposited) ore rarely occurs as a martite
sand (Km-55) with sporadic magnetite grains and
clay minerals making up a matrix. Martites from sed-
imentary and residual ores insignificantly differ in '%0O
(=3.6%o).

The Mikhailovka deposit is distinguished by a pre-
dominance of linear zones of weathering, where the
compact residual martite ore is replaced by siderite
(KA-41) and is enriched in the light oxygen isotope
(0'30 = —1.0%o) relative to the loose goethite—martite—
limonite ore (8'%0 = +1.6%o).

The residual siderite—martite ore at the Stoilo
deposit is mined from an open pit. In representative
sample KA-1 of high-grade ore, 8'*0O of martite is
+2.5%o, i.€., similar to that of siderite—martite ore (sam-
ple Km-50) from the Oskol deposit.

DISCUSSION

As has been shown by the isotopic study of BIFs of
the KMA region, the deposition conditions of iron for-
mations at different stages of the evolution of the Kursk
protogeosyncline are recorded in the oxygen isotopic
compositions of magnetite and quartz. Table 4 and
Fig. 1 demonstrate the distribution of oxygen isotopic
compositions of iron oxides from the KMA region and
Precambrian iron formations from elsewhere. BIFs of
the Oskol Group stand out by the highest 8'*O,,,,, values
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(+5.4 to +11.2%0) against the background of other Pro-
terozoic chemogenic metasediments and are compara-
ble to those of the Gdantsevo Formation of the Krivoi
Rog Group (Zagnitko and Lugovaya, 1989) and in iron
formation of Quebec (Sharma et al., 1965). BIFs of the
Kursk Group demonstrate a wide 'O, range (+2.9 to
+9.4%o0), which is typical of many iron deposits. BIFs of
the Archean Oboyan and Mikhailovka volcanosedi-
mentary groups are characterized by §'*0O,,, ranging
from +2.7 to +5.0%o. In spite of a higher metamorphic
grade, they are comparable with those of the Archean
iron-ore provinces in the Ukrainian Shield (Zagnitko
and Lugovaya, 1989). BIFs of the volcanosedimentary
sequence of the KMA region differ from those of the
chemogenic sedimentary sequence by a narrower range
of 8'%0,,,, and a low 6'*O of pore fluid.

The oxygen isotopic studies of the oldest iron for-
mations of the KMA region (the Oboyan and
Mikhailovka groups) confirm the concept of their sedi-
mentary genesis and the deposition of sediments in a
water environment (Shchegolev, 1985).

The obtained isotopic data and the results of miner-
alogical and petrographic studies provide new insights
into the origin of ore minerals and physicochemical
conditions inherent to the Proterozoic iron formations
of the KMA region.

In unaltered jaspilites from the KMA region, Krivoi
Rog Basin, and Belozersky iron-ore area, layered
hematite occurs as emulsion or fine tabular grains with
a low 80 (+1.3 to +5.5%0), typical of iron oxides
formed as products of diagenetic transformation of
amorphous hydroxides. In the iron formations of the
United States (James and Clayton, 1962) and Brazil
(Hoefs et al., 1982), comparable in the temperature of
regional metamorphism, hematite from the same min-
eral assemblage also has a low 30 (-1.4 to +5.3%o),
which indicates its primary sedimentary origin.

The associated hematite and magnetite from BIFs of
the Kursk Group in the KMA region are close to each
other in 8'30 value (+2 to +6%0). Hence, both minerals
are of primary sedimentary—diagenetic origin; they were
recrystallized under similar conditions during metamor-
phism of ferruginous—siliceous sedimentary rocks.

In the Proterozoic BIFs of the KMA region, magne-
tites with a low 8'80 are combined with magnetites that
have a high 8O (+8 to +11%o). A high 88O was noted
in silicate—-magnetite and silicate—carbonate—magnetite
jaspilites. The oxygen isotopic composition of magne-
tite from BIFs of the Kursk Group depends on the char-
acteristic mineral assemblages, as was established pre-
viously for iron deposits of the Ukrainian Shield (Zag-
nitko and Lugovaya, 1989). The value of 8'80,
increases in the following sequence: hematite—-magne-
tite, magnetite, silicate—magnetite, and carbonate—mag-
netite jaspilites. Hence, the oxygen isotopic composi-
tion of magnetite is controlled by the redox potential of
the mineral-forming medium (Fig. 2).
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Fig. 1. Variations in oxygen isotopic composition of iron oxides from Precambrian iron deposits. (1) Magnetite and hematite,

(2) martite.

The high 8'%0 of magnetite apparently indicates its
metamorphic genesis and the presence of several mag-
netite generations in the rock. Experimental data
(Lugovaya, 1973) showed that magnetite with a high
880 of +8 to +12%o could have been formed by ther-
mal dissociation of iron carbonates. A considerable part
of jaspilites make up a mixed banded silicate—carbonate
sequence. Metamorphism of this sequence might have
produced magnetite according to the reaction

10FeCO, + 8Si0, + 2H,0

1
= FC304 + 10C02 + H2 + FC7Si8022(OH)2. ( )

GEOLOGY OF ORE DEPOSITS  Vol. 49 No.2 2007

It is difficult to estimate the distribution of oxygen
isotopes by mineral phases of this multicomponent sys-
tem. Since the energy of the Fe=O bond in magnetite is
lower than in amphibole, 3'®O of metamorphic magne-
tite must be low. If organic matter was contained in the
ferruginous sediment, diagenetic or metamorphic mag-
netite might have been formed as a product of hematite
reduction. Such magnetite in the rocks of the Biwabik
iron formation has 80 = —7.5 to —2.0 %o (Perry et al.,
1973). No magnetite with similar oxygen isotopic com-
position was found in BIFs of the KMA region.
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Mineral assemblage

8180, %o magnetite +

hematite

magnetite

silicate +
magnetite +

carbonate

12

11
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o—wo!
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Fig. 2. Ranges of 830 values of iron oxides from jaspilites of different mineral composition (quartz is present in all assemblages).

(1) KMA, (2) Krivoi Rog.

Magnetite in the metasomatized BIFs is character-
ized by a wide range of 80 (+0.6 to +16.0%c). The
fractionation of oxygen isotopes in the process of meta-
somatism is poorly studied and is not considered in this
paper.

Iron carbonates, mainly sideroplesite, that form sep-
arate interlayers in KMA BIFs are comparable in §'3C,,
(=5.6%0) with iron carbonates from BIFs of the Ukrai-
nian Shield (Lugovaya and Savchenko, 1988), the
Hamersley iron formation in Australia (Becker and
Clayton, 1976), the Helen iron formation in Canada
(Goodwin et al., 1985), and other iron-ore provinces.
The carbon isotopic composition of sideroplesite
(Table 2) indicates that CO, enriched in the light carbon
isotope (a product of organic matter oxidation) was
incorporated into this mineral. The general scheme of the
formation of iron carbonates may be written as follows:

2Fe** + C + CO, — 2FeCO;. 2)

This process could have been realized during sedimen-
tation and subsequent processes. Variations in 8'3C in

iron carbonates are related to the content of produced
organic matter.

As follows from our results, the rocks of the Oboyan
and Mikhailovka groups underwent high-temperature
(50-620°C) metamorphism. This process was accom-
panied by granitization and anatexis and thus implies
the participation of a significant amount of water. The

calculated values of SIgOHZO (+6.0 to +7.9%o) indicate

that water was supplied from a deep source. In the
Mikhailovka—Belgorod ore-bearing zone, the iron for-
mations of the Kursk and Oskol groups were metamor-
phosed under greenschist facies conditions (350—
480°C) with the participation of water having 6'%0 =
+12 to +14%o, typical of metamorphic fluid (Faure, 1986).

The results of the isotopic study of high-grade iron
ores and oxidized BIFs provide insight into debatable
genetic problems of high-grade ores of different min-
eral composition, in particular, concerning the mecha-
nism of martitization and the nature of the oxidant.
According to Kornilov (1968a), the martitization was
GEOLOGY OF ORE DEPOSITS
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Table 5. Calculated §'30 of hematite (Hem) and magnetite (Mgt)

318¢, %o
Fractionation factor A
T.°C 880 4,0y =—10%o 880 ,0) = —5%o

Hem-H,0 Mgt-H,0 Hem Mgt Hem Mgt

25 +6.0 -4.2 -4.0 -14.2 +1.0 9.2
50 +3.3 5.2 —-6.7 -15.2 -1.7 -10.2
80 +1.6 -6.0 -8.2 -16.0 -3.2 -11.0
100 -0.6 -6.4 -15.8 -16.4 -5.6 -11.4

caused by removal of 1/9 of Fe?* from the magnetite lat-
tice with retention of oxygen atoms:

3Fe304 —_— 4F6203 + Fe2+ + 26. (3)

Proponents of the hypothesis of magnetite oxidation
(Yurk, 1969; Lugovaya et al., 2006) explain this pro-
cess as follows:

4Fe304 + 02 — 6F6203 (4)

or
2FCSO4 + Hzo = 3F6203 + Hz. (5)

Theoretically, CO, could also serve as an oxidant:
2Fe304 + C02 = 3F6203 + CO. (6)

However, this process is hardly realized under natural
conditions because too large an amount (15 kg) of CO,
is required to form 1 g of martite (Yaroshchuk and
Lugovaya, 1991).

The results of our study of martite ore from the
KMA region, together with literature data on the ore
from the Krivoi Rog Basin (Yaroshchuk and Lugovaya,
1991; Lugovaya et al., 2006), demonstrate a significant
depletion of martite in 8O relative to initially crystal-
lized magnetite (Fig. 1). Such an isotopic shift may be
caused only by incorporation of oxygen with a nega-
tive 880 into the magnetite lattice according to reac-
tions (4) and (5).

The oxidant source remains questionable thus far.
Supergene martitization is commonly accepted (Kor-
nilov, 1968a; Kravchenko, 1974). Based on the study of
deep-seated martite ore in the Krivoi Rog Basin, some
authors suggested that this process might be hypogenic
(Yurk, 1960; Yaroshchuk and Lugovaya, 1991). The
negative 8'%0 of the martite ore from areal and linear
zones of weathering in the KMA Basin (Table 3) indi-
cates that meteoric water (Faure, 1986) participated in
magnetite oxidation.

The oxidation of BIFs and formation of high-grade
ore occur at a low temperature of 25—-100°C (Kornilov,
1968b). The intensity of isotope exchange between
minerals of BIF and circulating aqueous solutions at
this temperature was too low to affect significantly the
oxygen isotopic composition of newly formed miner-
als. This is confirmed by the retention of the initial '*O
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of magnetite and quartz in oxidized BIFs (Tables 1, 3)
and by calculations of the isotopic fractionation of oxy-
gen in the hematite—water and magnetite—water sys-
tems using the oxygen isotopic fractionation factor
(Faure, 1986; Yapp, 1990). According to these calcula-
tions (Table 5), magnetite in isotopic equilibrium with
meteoric water at a temperature of 25-100°C must have
380 = -16 to —9%o. However, the studied oxidized
BIFs and martite ores do not contain magnetite with
such a low 8'%0. Magnetite with such an oxygen isoto-
pic composition has not been found at iron deposits
elsewhere either.

Isotope exchange reactions are crucial during crys-
tallization of dispersed hematite, specularite, and goet-
hite. The 8'80 values of dispersed hematite vary from
—1.1 to —=0.2%0 and are consistent with the calculated
oxygen isotopic composition of hematite equilibrated
with groundwater (8'80O ~ —5%o) at 25-50°C (Table 5).

The values of 8'0 of the specularite in residual ore
vary from —1.1 to +2.7%o. These values are higher than
those of the coexisting martite and thus suggest differ-
ent formation conditions. Further investigations are
required to answer this question.

In the sedimentary (redeposited) ore, goethite has a
higher 8'%0 (+3.3 to +6.6%0) than iron oxides. This
implies that formation of goethite was accompanied by
isotope exchange with carbonated aqueous solutions
enriched in the heavy oxygen isotope. In the process of
weathering, iron carbonates are decomposed to form
goethite (Kornilov, 1968b). Calculations based on iso-
topic data (Table 2) and the oxygen isotopic fraction-
ation factors in the carbonate—water (Faure, 1986) and
goethite—water (Yapp, 1990) systems show that goet-
hite may become enriched in 80 at the expense of iso-
topically heavy bicarbonate derived from the weather-
ing mantle.

The residual martite and dispersed hematite—martite
ores were affected by epigenetic processes: carbon-
ation, goethitization, silification, etc. The intense sider-
itization significantly changed the initial mineral com-
position and physicomechanical properties of the ores.
The value of 8'*C of siderite as a component of sider-
ite—martite ores from the Stoilo and Mikhailovka open
pits (Table 2) indicates the organic origin of carbon and
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specific conditions of mineral formation. According to
Bulgakova (1971), the epigenetic processes at this stage
were caused by flooding of the waterlogged KMA
region with a shallow-water sea. Under such condi-
tions, siderite could have been formed at the expense of
dissolved iron species and CO, as a product of organic
matter oxidation.

The reducing conditions in shallow-water shelf
zones saturated with organic matter facilitated deposi-
tion of magnetite with unsually low '8O. For martite—
magnetite ore of the Tavolzhansky deposit, 8'%0,,, =
—4.1 to —3.5%o. A similar oxygen isotopic composition
is characteristic of the magnetite from the Biwabik iron
formation of northern Minnesota (Perry et al., 1973).
These authors adduced forcible arguments in support of
magnetite formation by hematite reduction according
to the reaction

6 F€2O3 + C — 4FC3O4 + COQ. (7)

Magnetite differs from the initial hematite in having a
lower 8'80 because heavy oxygen is removed from the
reaction zone together with CO,.

CONCLUSIONS

(1) The physicochemical formation conditions of
the BIFs in the KMA region are recorded in the oxygen
isotopic composition of magnetite and quartz. The BIFs
of the Oboyan, Mikhailovka, and Oskol groups are dis-
tinguished from one another most distinctly in this
respect.

(2) The wide variations in 8'"%0,,, (from +2 to
+11%o) in the BIFs of the KMA region are caused by
heterogeneous composition of sedimentary sequences,
variable amounts and isotopic composition of pore flu-
ids, and different metamorphic grades. No significant
differences in oxygen isotopic composition were estab-
lished between magnetites from Archean and Protero-
zoic BIFs.

(3) Two genetic types of magnetite with different
8'80 values are recognized in the BIFs unaffected by
metasomatism and oxidation: metamorphosed sedi-
mentary magnetite (8'%0 = +2 to +6%0) and newly
formed metamorphic magnetite (880 = +8 to +11%o).

(4) The variations in 880 of quartz from +8 to
+20%o0 reflect the variable metamorphic grade of the
BIFs. The temperature of regional metamorphism cal-
culated from the isotopic quartz—magnetite geother-
mometer falls within the range 350—620°C. The lowest
grade metamorphism is typical of the rocks that belong
to the Oskol Group, while the iron formations of the
Mikhailovka Group have the highest metamorphic
grade. The wide range of calculated temperatures of

metamorphism and & 18OH2O indicates that Archean vol-

canosedimentary BIFs and Proterozoic chemogenic—
sedimentary and chemogenic—terrigenous—sedimen-
tary BIFs were transformed under different conditions.

BELYKH et al.

(5) Martitization in supergene weathering zone
occurred by incorporation of oxygen from meteoric
water into the lattice of magnetite. Indications of hypo-
genic martitization were revealed at deep levels of lin-
ear zones of weathering (the Yakovlevka deposit).

(6) Martite—magnetite and siderite—martite—magne-
tite ores of the Tavolzhansky area contain magnetite
(mushketovite) with 880 = —4%., which indicates that
this mineral was formed by replacement of hematite
as a product of reduction with the participation of
organic matter.
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