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Strakhov (1947) was first to show that the iron ore
formation was intermittent in time. During the Precam-
brian and Phanerozoic, one can distinctly recognize
two types of epochs: (1) epochs characterized by the
formation of numerous and often different-type iron ore
deposits and (2) epochs characterized by the attenua-
tion, reduction or even termination of the iron ore
process.

In terms of mineralogy, iron ore deposits represent
concentrations of carbonates, silicates, sulfides, and
iron hydroxides. Sometimes, these deposits are
monomineral, but usually they include ore bodies com-
posed of variable mineral assemblages.

Carbonate minerals in iron ores are mainly present
as siderite 

 

FeCO

 

3

 

 represented by different varieties
(Mn-bearing oligonites and Mg-bearing sideroplesites)
and ankerite Ca

 

(Mg, Fe
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, Mn)(CO

 

3

 

)

 

2

 

.
Siderite is most widespread in sedimentary iron

ores. Moreover, there are grounds to believe that pre-
cisely siderite is the primary mineral, the formation of
which governed the ore-forming process. Therefore,
our conception of the iron ore process turns out to be far
from being complete without the reconstruction of sid-
erite formation conditions.

The important feature of siderite is its extreme insta-
bility. Under the influence of oxygen, it is easily oxi-
dized in accordance with the reaction 
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. The product includes amorphous
phase, goethite, hydrogoethite, hematite, and other iron
hydroxides.

According to experimental data (Kissin and Pakho-
mov, 1967, 1969), heating of siderite with water at

 

75°C

 

 results in the formation of unstable hydroxide

 

Fe(OH)

 

2

 

 and carbon oxide. The bivalent Fe is easily
dissolved in water in this process.

As was shown in (Schmidt, 1963; French, 1968;
Morey; 1972; Klein, 1975), metamorphism of siderite
within a wide temperature range can produce second-

 

ary silicate minerals, such as minnesotaite
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 in line with the fol-
lowing schemes:

siderite + quartz + H
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O = minnesotaite + CO
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;

minnesotaite = grunerite + quartz + H
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O;

siderite + quartz +H
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O = grunerite + CO
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;

minnesotaite + magnetite = 
grunerite + quartz + H

 

2

 

O + CO

 

2

 

; and

stilpnomelane = grunerite + Fe-hornblende + 
quartz + H

 

2

 

O (+ K

 

2

 

O).

It is clear that all secondary transformations of sid-
erite deposits, including the hypergene weathering and
oxidation of ores by atmospheric oxygen, the subsid-
ence to elision systems and hydrolysis, or more intense
metamorphic alterations at high temperatures and pres-
sures, equally result in the destruction of siderite depos-
its and the replacement of siderites by other minerals.

Because of the ephemeral character of siderite
deposits, regularities in their spatial distribution require
special reconstructions and will remain vague for a
long time.

The purpose of this work is to summarize all the
available data on the genesis and temporal distribution of
siderite deposits and adequately interpret their patterns.

PRECAMBRIAN IRON FORMATIONS 
AND SIDERITE FACIES

Iron formations mainly developed in the Precam-
brian represent iron ores composed of alternating layers
of quartz or jasper material and ore minerals (magne-
tite, martite, hematite, iron silicates and carbonates,
pyrite, manganese minerals) from 0.1 to 20 mm thick.
Locally, the layers are grouped into cycles. The largest
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—It is shown that siderite is unstable during sedimentation, diagenesis, and metamorphism of sedi-
mentary and volcanosedimentary rocks. Regularities in the distribution of siderite in Precambrian jaspilites
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iron ore deposits are associated with iron formations
(Strakhov, 1947; James, 1983; Kholodov and Butu-
zova, 1999, 2001).

Following Gross (1965, 1980), most of researchers
distinguish nowadays two (Algoma and Lake Superior)
types of iron formations. Their comparison is given in
Table 1.

Based on the mineralogical–paleogeographic stud-
ies, James (1954, 1983) defined four facies groups
among iron formations: oxide group (magnetite, mar-
tite, and hematite), carbonate (siderite and ankerite),
silicate (greenalite, stilpnomelane, and minnesotaite),
and sulfide (pyrite and less common pyrrhotite). They
are observed in iron formations of both the Algoma and
Lake Superior types, although the sulfide and carbonate
facies usually prevail in iron formations of the first
type, while the oxide, carbonate, and, to a lesser extent,
silicate facies dominate in deposits of the second type
(Table 1).

The study of iron formation (Algoma type) in the
Michipicoten area of the Ontario Province, Canada
allowed Goodwin (1973) to demonstrate that the oxide
facies are successively replaced in deeper zones by the
carbonate and sulfide facies (Fig. 1a). Menard (1981)
summarized the data reported by D.A. White,
V.M. French, R.W. Mersden, and G.B. Morey who
studied the Lake Superior-type Biwabik–Gunflint iron
formation in Minnesota (the United States) and estab-
lished that the shallow-water facies of granular quartz-
ites are separated from the deeper banded facies by sev-
eral transitional mineralogical–geochemical associa-
tions ranging from the hematite–magnetite variety to
the silicate (minnesotaite, grunerite, and stilp-
nomelane) and carbonate (siderite and ankerite) variet-

ies. This succession corresponds to the transition from
the shallow- to deep-water settings (Fig. 1b).

Because of difficulties in defining the prevalent
indicative minerals in the intricately alternating lami-
nated polymineral rocks, the recognition of mineralog-
ical–geochemical facies in iron formations is an ardu-
ous task.

Therefore, some researchers (Plaksenko, 1959,
1966; Strakhov, 1960, 1963; Plaksenko 

 

et al.

 

, 1972)
described a somewhat different (reversed, according to
Strakhov) type of the mineralogical–geochemical zon-
ing in the Kursk Magnetic Anomaly (KMA) iron ore
basin in Russia (Fig. 2a).

Tracing transitions of the iron formation into coastal
facies, Plaksenko (1959, 1966) established that its ana-
logues in the shallow-water zone are represented by ter-
rigenous sediments (sands, siltstones, and clays altered
to quartzites and schists). He identified the following
facies succession within the iron formation along the
profile between Yastrebovka in the southeast to Tim in
the northwest: silicate–carbonate facies, magnetite
facies, and hematite facies that mark the transition to
the deepest-water settings.

The indicator-minerals behave in accordance with
the increase of oxidizing potential in deep-water sedi-
ments of the paleobasin and make up the following suc-
cession: pyrite–siderite–magnetite–hematite (Fig. 2b).

It is still unclear which of the two defined mineralog-
ical–geochemical zonings is typical of the Precambrian
iron formations. This debatable issue needs special min-
eralogical–geochemical studies of iron formations.

Nevertheless, it is evident that the siderite facies is a
universal and widespread constituent of the facies suc-
cession in the Precambrian iron formations.

 

Comparative characteristics of Precambrian iron formations and associated iron ore deposits

Specific features of
defined iron formations

Type of iron formations

Algoma type Lake Superior type

Stratigraphic
distribution

Prevalent in the Archean but distributed in a wide 
stratigraphic interval from the Archean (Michipi-
coten, Ontario in Canada) to Cambrian (Dzhetym-
tau, Kyrgyz Republic), Ordovician (Bathurst, En-
gland), and Carboniferous (Tynagh, England)

Form almost coeval large basins in the strati-
graphic interval of 2.0 to 2.5 Ga at the 
Archean–Proterozoic boundary (Lake Superi-
or, Canada; Minas Gerais, Brazil; Transvaal, 
South Africa; Krivoi Rog, Ukraine; KMA, 
Russia; and Hamersley, Australia)

Structural position Greenstone belts of cratons and riftogenic
depressions

Pericratonic basins and synclinoria compli-
cated by longitudinal faults

Relationships with
volcanics

Iron formations are replaced by various volcanic
sequences along the strike

Usually subsynchronous volcanics are absent, 
although they occur in adjacent stratigraphic 
intervals

Facies–mineralogical
features

Major sulfide (pyrite and pyrrhotite) and carbonate 
(siderite and ankerite) facies; subordinate iron ox-
ides (magnetite, martite, and hematite) and silicates

Major oxides (magnetite, martite, and hematite), 
carbonates (siderite and ankerite), and silicates; 
sulfide facies is reduced or even absent

Geochemical
characteristics

Ores of iron formations are very similar in the contents of main components and accessory ele-
ments. In Eu/Sm ratio and Nd isotope composition, iron formations (2.3–3.8 Ga) are similar, but 
differ from their younger counterparts
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Fig. 1.

 

 Normal mineralogical–geochemical zoning in Precambrian deposits. (a) Distribution of iron formations in the Michipicoten
Basin (Goodwin, 1973). (1) Granites; (2) deepwater sediments (left part): conglomerates, graywackes, and shales; (3) iron forma-
tion; (4) felsite volcanics; (5) mafic volcanics; (6) geological boundaries; (7) faults; (8) gradual or approximate boundaries of iron
formations. (I) idealized section across the Michipicoten Basin demonstrating relationships between facies with the depth increase;
(II) the structural cross section. (b) Stratigraphic column of the Biwabik iron formation in Minnesota, the United States. Compiled
by Menard (1981) using data of W.A. White, V.M. French, R.W. Mersden, and G.W. Morey.

 

It should be emphasized that, despite the close spa-
tial relation between the paleogeographic setting in the
paleobasin and the composition of ore minerals in var-
ious facies of iron formations, the formation of ore min-
eral associations is presumably an intricate and multi-
stage phenomenon including sedimentation, diagene-

sis, superimposed processes of catagenesis and
regional metamorphism, and hypergene weathering.

Using the iron formations of the Chara–Tokkin
deposit in the Aldan region and some other deposits of
Siberia and Khingan as example, Timofeeva (1987)
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demonstrated that metamorphic alterations completely
inherit sedimentation and diagenesis settings.

The succession of mineral formation in the Precam-
brian iron formations was studied by many works of
Yu.A. Aleksandrov, Ya.N. Belevtsev, G.L. La Berge,
I.I. Chauvel, E. Dimroth, V.S. Fedorchenko, B.M. French,
Yu.G. Gershoig, F.F. Grond, G.W. Gruner, C.R. van Hise,
A.A. Illarionov, H.L. James, P.P. Kanibolotskii, C. Klein,
F. Lepp, R.V. Mersden, G. Persival, B.I. Pirogov,
V.V. Pirogova, E. Spenser, N.I. Svital’skii, V.P. Trosh-
chenko, D. F. White, and others.

Best studied are the Lower Proterozoic iron forma-
tions of the Lake Superior area (Mesabi, Gunflint,
Guyuna, and Biwabik formations (Minnesota, the
United States) and approximately coeval iron forma-
tions of the KMA and Krivoi Rog areas (Russia and
Ukraine).

Most of the researchers believe that iron formations
of the Lake Superior area are typical chemogenic and
biochemogenic sediments. Textural relationships
between different ore components suggest that siderite,
“primary silicate,” and amorphous silica with iron
hydroxides were the primary minerals formed in sedi-

ments of the paleobasin (Gruner, 1946; James, 1954;
White, 1954). Many researchers assume that magnetite
and, probably, greenalite are also primary minerals.
However, La Berge (1964) and French (1968) con-
cluded that magnetite is a secondary mineral in the
Biwabik iron formation.

The comparison of more and less metamorphosed
areas in the Biwabik iron formation (the Gunflint and
Kuyuna zones) reveals that Fe-silicates (greenalite,
minnesotaite, and stilpnomelane) are more abundant in
the more metamorphosed variety (Morey, 1972). Previ-
ously, White (1954) had showed that they are confined
to certain stratigraphic intervals. On the whole, most of
the Canadian and American researchers consider min-
nesotaite and stilpnomelane as typical metamorphic
minerals.

In addition to minnesotaite and stilpnomelane, rie-
beckite (crocidolite) is widespread in the Kuruman iron
formation of the Witwatersrand Group in South Africa
(Fockema, 1967; Bukes, 1973) and in the approxi-
mately coeval iron formations of the Mount Bruce
Supergroup in Western Australia (Trendall and
Block-ley, 1970; Trendall, 1975). This amphibole
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Fig. 2.

 

 Reverse mineralogical–geochemical zoning in Precambrian deposits. (a) Schematic mineralogical–geochemical zoning in
the iron formation (Strakhov, 1960). (1, 2) Barren facies: (1) sandstones and siltstones, (2) shales; (3–6) ore facies: (3) silicate and
siderite hornfels with pyrite, (4) magnetite hornfels, (5) hematite hornfels, (6) clarke Fe contents. (b) Authigenic mineralogical zon-
ing along the facies profile of the ferruginous–siliceous–shaly formation (Plaksenko 

 

et al.

 

, 1972). Rock types of the KMA iron for-
mation: (1) low-ore and barren quartzites, (2–4) quartzites: cummingtonite–magnetite (2), magnetite (3), and hematite–magnetite
(4); (5–9) indicator-minerals: (5) pyrite, (6) siderite–pistomesite, (7) iron silicate (cummingtonite), (8) magnetite, (9) hematite.
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) associated with mag-
netite and siliceous material forms extended beds and
probably is of metamorphic origin.

Similar data were obtained by the Russian and
Ukrainian scientists during the study of the mineral
composition in iron formations of the Krivoi Rog and
KMA areas.

Semenenko (1955) and Gershoig (1937, 1940,
1956) emphasized the primary character of iron car-
bonates in the Krivoi Rog iron formations. Gershoig
substantiated the following stages of mineralization in
iron formations of the Ingulets and Saksagan areas:

(1) Sedimentation and diagenesis: iron carbonate
(siderite), iron hydroxides, opal matter, clayey material,
Fe-chlorites;

(2) Metamorphism: magnetite, hematite, siderite,
dolomite, riebeckite, sericite, muscovite, sulfides; and

(3) Weathering: magnetite, hematite, limonite,
hydrogoethite, opal matter.

This author emphasized that the primary mineral
composition was probably completely changed by the
subsequent metamorphism. Only relicts of primary sid-
erite indicate a substantial role of iron carbonates in
sedimentation and diagenesis. In addition, Gershoig
(1956) affirmed that metamorphogenic magnetite
formed after the primary siderite.

Fedorchenko (1956) also studied the Krivoi Rog
iron formations and concluded that siderite is the main
and most widespread mineral in ore-bearing rocks. He
believed that magnetite autonomously formed at the
diagenesis stage and did not replace siderite. On the
whole, Fedorchenko showed that the Krivoi Rog iron
formations can be divided into numerous siderite
facies.

Tochilin (1952, 1956) and Tugarinov 

 

et al.

 

 (1972)
contended that the wide distribution of siderite, stadial
relationships of this mineral with magnetite, and rela-
tive depletion of iron formations of the KMA and
Krivoi Rog areas in accessory elements unambiguously
indicate the primary carbonate nature of iron forma-
tions.

We do not share such extreme conclusions. How-
ever, we should emphasize that the role of siderite
facies in the Precambrian ore formations was undoubt-
edly significant. Moreover, it was evidently substantial
in deposits of both Lake Superior and Algoma types.

In all likelihood, the primary role of siderite facies
in the composition of iron formations reflects two spe-
cific features of the Precambrian Earth: 1) the steady
existence of CO

 

2

 

-rich atmosphere until 2.2 Ga ago and
subsequent transition to the oxygen atmosphere; (2) the
paramount influence of the volcanogenic-hydrothermal
Fe influx, which was comparable with the quantity of
terrigenous material.

The issue of the atmosphere evolution in the Earth’s
history was considered in works by A. B. Burkner,
M.I. Budyko, P. Cloud, E.M. Galimov, H.D. Holland,

Fe3
+2Fe2

+3

 

L. Marshall, A.B. Ronov, A.V. Sochava, N.M. Strakhov,
V.I. Vernadsky, A.P. Vinogradov, V.I. Vinogradov,
A.L. Yanshin, and many other scientists. At present,
one can outline three groups of factors that served as the
basis for concepts of oxygen atmosphere development.

(1) The wide distribution of reductive facies in Pre-
cambrian (Archean) sequences and the appearance of
typical redbeds in the younger (Proterozoic) sections
(Anatol’eva, 1978; Holland, 1989; Sinitsyn, 1990).

(2) The finds of rounded uraninite (and pyrite)
grains in gold-bearing conglomerates underlying iron
formations of the Lake Superior type. According to
recent data, they are older than the conglomerates
(Shidlowski, 1968; Rundle and Shelling, 1977; Med-
daugh, 1983).

(3) The sulfur isotopic composition. Study of the
sulfur isotopic composition in sections spanning the
time interval of 3.7–1.0 Ga (Shidlowski, 1981; Vino-
gradov 

 

et al.

 

, 1976; Hattori 

 

et al.

 

, 1985) revealed that
the oxygen atmosphere, which was compositionally
close to the present-day one, formed during the period
corresponding to deposition of iron formations of the
Lake Superior type. As is evident from Fig. 3, the 
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data scattering increases in the post-Archean time, par-
ticularly in the Michipicoten and Woman River iron
formations and the Sudbury Province. At the same time,
precisely the transition from stable 

 

δ

 

34
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 values to their
variations indicates the involvement of processes of the
oxidation of sulfide sulfur to sulfate sulfur, the subse-
quent selective extraction of light sulfur isotopes by
microorganisms in semiclosed systems, and the forma-
tion of new sulfides.

In one of our previous works, we considered the
issue of matter source in the formation of Precambrian
iron ores (Kholodov and Butuzova, 2001) and made the
following conclusions:

(1) Ores of the Algoma type (undoubtedly related to
volcanogenic processes) and ores of the Lake Superior
type (related to unclear genesis) are similar in the
geochemical composition (Gole and Klein, 1981).

(2) All Precambrian ores older than 2.3 Ga are char-
acterized by the positive Eu anomaly (Danielson 

 

et al.

 

,
1992; Bau and Moller, 1993). The Eu anomaly is typi-
cal of modern oceanic iron formations linked to the
hydrothermal process (Michard, 1989; and others);

(3) The mass balance of Nd isotopes suggests that
the influx of material from the hydrothermal source in
the Hamersley iron formation (2.35–2.65 Ga) was as
high as 50% (Albert and McCulloch, 1993).

It should also be noted that huge quantities of Fe
accumulated in iron formations can be explained only
by the combined contribution of the sedimentary and
hydrothermal sources. Indeed, according to calcula-
tions by Holland (1989), iron formations of the world
formed during the period of 2.5–2.0 Ga enclose approx-
imately 
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 × 
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14

 

 t of iron.
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The 

 

present-day

 

 annual Fe influx to the World
Ocean is considered insignificant (

 

9.47

 

 × 

 

10

 

8

 

 t), includ-
ing 

 

9.45

 

 × 

 

10

 

8

 

 t contributed in the silicate and organom-
ineral form and only 

 

0.02

 

 × 

 

10

 

8

 

 t in the form of solu-
tions (Gordeev, 1983). Thus, it becomes clear that the
modern conditions are not suitable for explaining the
Precambrian ore-forming processes.

When reconstructing pre-Proterozoic continental
settings, one should take into consideration that drain-
age basins of that time enclosed a huge quantity of Fe.
Its main sources were komatiites, iron formations, and
basic volcanics of Archean greenstone belts, spacious
Fe-rich basic and ultrabasic plutons formed during the

post-Archean tectonomagmatic cycle (Stillwater and
Laramie, the United States; Glavnyi Ridge pluton of the
Kola Peninsula, Kolar, and Dhugdzhur, Russia; Fiska-
nisset, Greenland; the Great Dike, Zimbabwe; and
many others), as well as paragneisses and crystalline
schists, which are widespread throughout Archean con-
tinents, with the average Fe content ranging from 4.4 to
7.91% (Ronov, 1980). Even Precambrian granitoids
contain approximately 13674 g/t of magnetite, which is
an order of magnitude higher than its average content in
Phanerozoic granitoids (Lyakhovich and Sidorenko,
1986).

The oxygen deficiency in the atmosphere and car-
bonic acid weathering provided the almost complete
release of bivalent Fe from the parental substrate and its
active transfer to terminal drainage basins. However, it
should be emphasized that, like the present-day basins,
Early Proterozoic basins undoubtedly received Fe in
both dissolved and suspended forms (silicate and car-
bonate phases).

The submarine hydrothermal activity in the Early
Proterozoic probably differed from the modern one.
Because of the relatively thin crust, the hydrothermal
Fe flux was governed by the mantle rather than the
water circulation in basalts. According to calculations
reported in (Ringwood, 1969), the average Fe content
in the mantle is 6.5%, almost 95% of which are repre-
sented by the hydrothermal mobile form. The influx of
hydrothermal Fe to sedimentation basins was also stim-
ulated by the sharp intensification of magmatic differ-
entiation in the upper mantle during the period of 3.5–
2.5 Ga and the probable prevalence of the vertical dif-
ferentiation over the horizontal one (Ringwood, 1969).

Favorable conditions for the Early Proterozoic iron
ore epoch were mainly created by 

 

planetary

 

 factors.
Therefore, the formation mechanism of separate iron
ore deposits or basins should also be controlled by glo-
bal processes, although it can vary depending on partic-
ular settings.

Unfortunately, the insufficient knowledge of iron
formations hampers the elaboration of adequate models
of their formation. For instance, one can hardly agree
with the ore genesis model proposed by Borchert
(1952, 1960), Holland (1973, 1978), and Drever
(1974). According to this model, the World Ocean is the
main source of Fe and upwellings delivering Fe from
the reducing and deep zones of the ocean to the shal-
low-water oxidation zone is the major ore-forming
mechanism. This model is undoubtedly inconsistent
with the reverse geochemical zoning revealed by Stra-
khov and Plaksenko, abundance of carbonate facies in
iron formations of the Lake Superior type, shallow
depths of platformal seas with occasional deposition of
ferruginous–siliceous sediments (Hamersley, Austra-
lia), and Fe and SiO

 

2

 

 contents in the present-day coastal
upwelling zones.

In our opinion, the elaboration of adequate models
for explaining iron ore formation should lean upon a
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Fig. 3.
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34S variations in sedimentary sulfides in the
3.7−1.0 Ga interval (Schidlowski, 1979). (1) Sedimentary
sulfates; (2) sedimentary sulfides; (3) sedimentary sulfides
associated with iron formations.
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wider range of empirical data that fully characterize
separate deposits. They should take into consideration
specific features of iron formations in riftogenic and
epicontinental paleobasins, initial distribution of
organic matter, intensity of the microbiological activity
in bottom sediments, probable microbiological precip-
itation of various Fe forms, and many other factors
responsible for the concentration of ore components.

PHANEROZOIC SIDERITE FORMATION
Siderite Deposits of the Bakal Type

The Bakal group of deposits (more than 100 km2 in
area) is located in the western part of the southern
Urals. It has been described in works of L.V. Anfimov,
G.A. Braun, V.A. Filippov, A.M. Kalinskaya, M.T. Kru-
penin, O.P. Sergeev, M.L. Skobnikov, G.A. Sokolov,
Z.M. Starostina, V.A. Timeskov, A.A. Yanitskii,
A.N. Zavaritskii, and others.

In the Bakal deposit area, folded and eroded
Archean rocks of the Tartash metamorphic complex are
overlain by the Riphean (Burzyanian) sequence com-
posed of the Ai, Satka, and Bakal formations.

The Ai Formation (1500–2000 m) consists of the
lower conglomerate–sandstone–volcanogenic (Navysh)
and upper sandy–shaly subformations.

The Satka Formation (2300–2500 m) is largely
composed of dolomites and limestones alternating with
marls and carbonaceous phyllite schists. The formation
is subdivided into several subformations and character-
ized by significant lateral facies changes. Its lower part
encloses ore-bearing carbonate rocks of the Akhten sid-
erite deposit, while the upper part incorporates magne-
site-bearing carbonates of the Satka deposit group. 

The Bakal Formation (1200 to 1400 m) is the main
ore-bearing sequence of the region. It is composed of
alternating stromatolite limestones and dolomites with
phyllite-type sericite–quartz–clay schists. In the Bakal
deposits area, the formation is divided into two subfor-
mations and seven lithologically different (Makarov,
Berezov, Irkuskan, lower Bakal, middle Bakal, upper
Bakal, and Bulandikha) horizons. The lower and upper
Bakal carbonate units enclose the Novyi Bakal, OGPU,
Bulandikha, Shikhany, Ob’edinennoe, Vostochnoe,
Rudnichnoe, Irkuskan, and other siderite deposits. The
carbonate rocks also enclose magnesite (Shikhany,
Ivanov, Bakal, Zolotaya Yama, and others), barite (Pet-
lya), and polymetal (Pb, Zn, and Cu sulfides) deposits.
The Lower Riphean rocks, the absolute age of which is
estimated at 1650–1400 Ma (Unifitsirovannye…,
1980), are overlain with hiatus and angular unconfor-
mity by the Yurmatinian Zigal’ga (or Mashak) Formation
composed of terrigenous rocks and basic volcanics.

In terms of tectonics, the area is referred to the Bash-
kir Anticlinorium, a large zone of nappes thrust over
each other from the east to west (Kamaletdinov, 1986).

The deposits are confined to the Verkhnii Bakal Syn-
clinorium in the central part of the first-order structure.

The synclinorium, in turn, is complicated by faults and
numerous third-order folds, axes of which coincide
with the Shuida, Bulandikha, and Irkuskan ridges
(Fig. 4a) and extend to northeast.

The siderite ore bodies occur among carbonate
rocks and make up stratiform lodes, nests, lenses, and
stocks from several tens to 2500 m long and from 2–4
to 80–100 m thick. Above the groundwater level, sider-
ite ores grade into brown iron ores and turjaites that
form gossans.

The siderite ores are composed of siderite, sid-
eroplesite (Mg 5–30%), and pistomesite (Mg 30–50%).
The Fe content varies from 27 to 45%. Reserves of pure
(S- and P-free) siderite ores in the Bakal deposits are
estimated at more than 1 Gt (Anfimov, 1997).

According to (Anfimov, 1978, 1982, 1997), siderite
mineralization in the Bakal area is characterized by the
following features: (1) ore bodies have intricate forms
that are often inconsistent with the bedding in host
rocks; (2) ore bodies cross facies and layer boundaries;
(3) siderite lodes contain relicts of stromatolites and
magnesites; (4) ores show signs of the metasomatic
replacement of ore-hosting rocks (dolomites, lime-
stones, and magnesites) by siderite; and (5) genetic
relationships between the siderite content in formations
and the abundance of intrusions are absent.

All these specific features allow siderite mineraliza-
tion to be considered a typical epigenetic process super-
imposed on the sedimentary process during the Riph-
ean, but they cast doubts on the concept of direct rela-
tions between ore formation and magmatism.

Using the geochronological method, Krupenin
(1999, 2001, 2003) obtained results that are consistent
with data reported in (Anfimov, 1997) and demon-
strated that magnesites formed only a few tens of mil-
lion years after the deposition of carbonate (host) sedi-
ments. The siderites accumulated 1100 Ma ago (Rb and
Th–Pb isotope methods), i.e., 300–550 Ma after the
deposition of carbonate sediments, whereas the barite
and polymetal mineralizations are later phenomena
related to the mantle sources. It should be emphasized,
however, that the issue of Fe source for the Bakal
deposits is less clear.

Anfimov convincingly demonstrated that phyllite
schists of ore-bearing sequences are slightly depleted in
Fe relative to their counterparts in ore-barren
sequences. Reverse relationships are observed only in
dolomites, which are relatively enriched in Fe and Mg
in ore-bearing deposits. Siderite deposits are usually
associated with zones of strong catagenetic rock trans-
formation. Therefore, Anfimov concluded that Fe is
mainly derived from clayey sequences altered in elision
systems. A similar formation model was previously
proposed for Jurassic iron ore deposits in the Greater
Caucasus (Kholodov and Kiknadze, 1989).

In contrast to Anfimov (1997), Krupenin (2001,
2003) considers siderite mineralization a constituent of
the Riphean metallogeny and emphasizes the signifi-
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Fig. 4. Typical geological sections of the Bakal-type siderite deposits. (a) Schematic geological section of the Bakal ore field.
(1) Quaternary sediments (talus, clayey–quartzose); (2–12) Proterozoic rocks: (2) Zigal’ga Formation (quartzites and quartz sand-
stones), (3–12) Bakal Formation: (3) shales and phyllites of the Bulandikha Horizon, (4) carbonate–clayey rocks and phyllites of
the lower subhorizon, (5) Middle Bakal Horizon (undivided), (6) shales and dolomites of the lower subhorizon, (7) dolomites of the
Lower Bakal Horizon, (8) shales and phyllites of the Irkuskan Horizon, (9) diabases and their destruction products, (10) siderite
ores, (11) oxidized and semioxidized ores, (12) siderite–shaly and siliceous–shaly breccias. (b) Geological section of the Lubich
deposit (Noth, 1952). (1) Paleozoic shales and sandstones; (2) metamorphosed shales; (3) Paleozoic limestones; (4) metamorphosed
limestones; (5) siderites; (6) limestones. (c) Geological section of the Erzberg deposit (Zitzman and Neumann-Redling, 1977).
(1) Exposed shales; (2) siderites; (3) ankerites; (4) deformed shales; (5) ore-bearing limestones; (6) porphyroids (quartzose kerato-
phyres); (7) mines; (8) mines in 1959; (9) mines after 1959.
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cance of mantle-derived components in the formation of
the latest barite–polymetallic ore manifestations. Krupe-
nin also affirms the major role of elision and exfiltration
(hydrothermal) mechanisms in the formation of iron
ores. According to this researcher, hydrothermal solu-
tions could not only redeposit Fe within the ore-bearing
formation (siderite–ankerite veins), but also deliver ore
components from the crust and underlying rocks during
the intensification of tectonic activity.

The concept of the Fe flux from the underlying
metamorphosed Archean sequences is consistent with
the abundance of ferruginous quartzites (jaspilites) in
old rocks of the Tartash Complex in the Bashkir Anti-
clinorium. The Proterozoic complex of this region
encloses two different-age ore-bearing sequences (Che-
botarev and Naumova, 1971). According to Aleksan-
drov (1975), the lower ore-bearing unit characterizes
the iron ore epoch of the Russian Platform and repre-
sents, in fact, the eastern continuation of the KMA and
Krivoi Rog deposits.

Keeping in mind the significant role of siderite
facies in the formation of Proterozoic iron formations
and extreme instability of siderite during catagenetic
metamorphic transformations, we can assume that
ancient iron-ore sequences could actively affect the
composition of Bakal hydrothermal solutions.

One cannot also rule out the Fe and CO2 flux from
deeper levels of the mantle. In modern hydrothermal
systems of rift zones in the World Ocean, the Fe content
ranges from 42 to 1046 mg/kg, which is several orders
of magnitude higher than its concentration in seawater
(Von Damm and Bischoff, 1987), and the CO2 concen-
tration amounts to 252–484 mg/kg (Mottle, 1983; Mer-
livat et al., 1987). According to isotope data, the main
share of CO2 in hydrothermal solutions is of juvenile
origin (Galimov, 1968).

Siderite deposits of the Bakal type are sufficiently
widespread in Paleozoic–Mesozoic sequences of the
world. All of them are localized in carbonate facies and
bear signs of siderite or ankerite metasomatism.

The Bakal group includes the Abail deposit (Kaza-
khstan) confined to Cambrian–Ordovician sequences;
the Erzberg, Polster, Tulljak, and Konnerslam (Aus-
tria), and Ziegerland (Germany) deposits connected
with Devonian limestones; the Erzberg (Germany) and
Lubich (former Yugoslavia) deposits localized in Car-
boniferous–Permian carbonate sequences; the
Rudobanja deposit (Hungary) within Triassic carbonate
rocks; and the Uenza (Algeria) and Bilbao (Spain)
deposits occurring among Cretaceous carbonate rocks
(Zavaritskii, 1939; Yanitskii and Sergeev, 1962).

Figures 4b, 4c demonstrates schematic geological
sections of the Bakal, Lubich, and Erzberg deposits.
They display striking similarity in occurrence condi-
tions and forms of ore bodies. In addition, relationship
between the siderite–ankerite mineralization and tec-
tonic fractures is better manifested in the Lubich and
Erzberg deposits than in the Bakal area. Moreover,

siderite–ankerite bodies in the Lubich deposit are con-
trolled by faults.

Continental–boggy Siderites Associated 
with Coaliferous Sequences

Nodular stratiform ore bodies associated with
coaliferous sequences sharply differ from all previous
types of siderite deposits. They are described in works
by P. Kukuk, R. Matsumoto, A.V. Makedonov,
Chr. Neumann-Redling, T.H. Phillips, L.V. Pustovalov,
I.W. Schopf, P.I. Stepanov, N.M. Strakhov, Z.V. Timo-
feeva, V. I. Yavorskii, M. D. Zalesskii, P.V. Zaritskii,
Yu.A. Zhemchuzhnikov, A. Zitzman, and many others
researchers. The siderite accumulations closely associ-
ate with coal seams and are usually localized in both
paralic and limnetic sequences.

Significant siderite concentrations are established in
the Upper Carboniferous paralic coaliferous sequences
of Appalachians (the United States), central England,
the Ruhr coal basin (Germany) and Donbas (Russia).
Huge dimensions of these basins imply the significant
role of siderite lodes in iron ore formation.

The Great Appalachian Basin (Fig. 5a), located in
the territory of Pennsylvania, Virginia, Ohio, Kentucky,
Tennessee, Alabama, and Georgia, occupies an area of
180000 km2 and contains more than 400 Gt of anthra-
cite coals. The Lower–Upper Carboniferous (Pennsyl-
vanian–Mississippian) coaliferous sequences ranging
from 700–800 to 1500 m in thickness are deformed into
gentle synclinal folds. They contain 28–30 coal seams
1 to 3 m thick. The section is composed of alternating
coal seams, sandstones, shales, and limestones. Siderite
concretions, lenses, and beds are widespread in rocks
underlying and overlying the coal seams.

In the 1980s, total coal reserves of England were
estimated at 45 Gt. The coaliferous sequences of this
country are confined to the Westphalian (Middle Car-
boniferous) Stage and localized in basins of the north-
ern, central, and southern groups.

The northern group includes the Durham–Northum-
berland, Cumberland, and Scotland coal basins. They
comprise 8–10% of coal reserves of the Great Britain.
In addition, potential reserves of siderite ores with the
Fe content of 28–44% are estimated at 590 Mt in the
Northumberland and Cumberland basins.

The central group consists of the Yorkshire (York-
shire–Derbyshire–Nottingham), Leicestershire, War-
wickshire, Lancashire, Northern and Southern Stafford-
shire, and Northern Wales coal basins. The Yorkshire
Basin hosts approximately 30% of the total coal reserves
in the Great Britain. The potential reserve of siderite ores
with the Fe content of 29–39% in the Yorkshire and
Staffordshire basins, where they were intensely mined at
the beginning of the last century, amounts to 2 Gt. More-
over, the deposits in the Staffordshire Basin were consid-
ered ore-bearing rather than coaliferous structures (Zitz-
man and Neumann-Redling, 1977).
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The southern group comprises the South Wales, For-
rest-of-Dean, and Bristol–Somerset basins. The South
Wales Basin has the highest significance. It is located
north of the Bristol Bay and occupies an area of
2600 km2, 400 km2 of which is below the sea level. The
Middle Carboniferous (Staffordian and Westphalian)
coaliferous sequence (700–2800 m) is composed of coals,
sandstones, and shales (Fig. 6a). The sequence forms a
large sublatitudinal syncline complicated by numerous
faults and second-order structures (Figs. 6b, 6c).

The coaliferous sequence encloses 80 coal seams.
Generally, they include 12–25 productive seams with a
thickness of 0.3–3.3 m. The coal density is 22.3 Mt/km2

down to a depth of 1200 m. The South Wales Basin pro-
vides high-quality coals and ranks first in terms of
anthracite production in England.

The Fe content in siderites at the base and top of coal
seams ranges from 34 to 38% and their reserves is esti-
mated at 2 Gt.

The Ruhr coal basin is the most important source of
energy in Germany. Reserves in the basin account for
approximately 25% of the total coal reserves of the
country. The coal seams are confined the Middle Car-
boniferous sequences. The total area occupied by the
basin is as large as 6200 km2. The Ruhr Basin is located
on the northern limb of a large sublatitudinal tectonic
structure strongly complicated by second-order folding
and faults. The basin is unconformably overlain by Per-
mian, Cretaceous, and Cenozoic flat rock sequences.

The coaliferous part of the section includes 80 coal
seams with an average thickness of 1 m. The reserves of
medium- and high-volatile coals (down to a depth of
1200 m) are estimated at 38.4 Gt (Zitzman and Neu-
mann-Redling, 1977). The reserves of lenticular siderite
interlayers within the coals are approximately 20 Mt.

The old (prospected) part of Donbas (Russia) occu-
pies an area of 23000 km2. Boundaries of the Greater
Donbas have not been outlined, but this coaliferous
structure is undoubtedly comparable with the Great
Appalachian Basin in terms of dimensions.

In Donbas, the Lower Carboniferous limestones are
overlain by a tremendously thick (>20 km) Carbonifer-
ous–Permian sequence composed of alternating sand-
stones, shales, and limestones with more than 200 coal
seams. The main part of coals (125 seams ranging from
3 to 6–7 m in thickness) is confined to the Middle Car-
boniferous sediments. According to Stepanov and
Mironov (1937), the total coal reserves of the Donbas
area are 71 Gt.

Specific features of the structure and occurrence of
siderite ores in coaliferous sequences of Donbas are
discussed in works by Kukuk (1938, 1939), Strakhov
(1947), Makedonov (1965), and Zaritskii (1970, 1971).
They have established that siderite concretions usually
occur at the top and base of coal seams forming the so-
called “coaly kidneys” (siderite concretions) with well-
preserved fragments of stigmaria, wood, coalified frag-
ments of stems, leaves, and other plant remains. Sider-

ites also occur beyond coal seams as chains of bun-
shaped concretions within host rocks that locally merge
into a single plate. The abundance of dispersed plant
remains imparts black color to this plate. Therefore,
such plate is called black band in coal basins of
England. Figures 7a and 7b demonstrate spatial rela-
tionships of siderite concretions and lenses with coal
seams. Kukuk noted the frequent coexistence of sider-
ites and freshwater mollusks remains in the Ruhr coals
and coaliferous sequences.

As is known, freshwater lowmoor peat bogs, where
paralic coals form, are characterized by intense decom-
position of Fe-bearing silicate minerals (Strakhov,
1947; Kovalev, 1985). In addition, the concentration of
plant biomass in peat results in the development of
redox potential sufficient for the transfer of trivalent Fe
into highly mobile bivalent phase. The hydrogen con-
tent is high (pH = 3–6.5) in the acid gleyey medium
(Perel’man, 1979).Therefore, waters of peat bogs usu-
ally contain 100–250 mg/l of dissolved Fe and, in fact,
represent ferruginous ore-bearing solutions (Kaurichev,
1957; Kovalev and Generalova, 1969; Korotkov and
Khodina, 1981; Kovalev, 1985).

Plant biomass in peat bogs undergoes digenetic
transformations (decay, humification, and bituminiza-
tion) under the influence of thermophile bacteria. The
main trend of the decay is expressed by the formula

The released carbon dioxide actively influences car-
bonate equilibrium in freshwater sulfate-free waters of
peats and eventually promotes the formation of siderite
concretions.

The study of Permian sequences in the Pechora coal
basin (Makedonov, 1957) and Carboniferous sequences
in the Donbas (Zaritskii, 1985) showed that the specific
coal and concretion indexes, which reflect the accumu-
lation and transformation rates of organic matter, show
positive correlation with the rate of siderite concretion
formation (Fig. 8c). This indicates that coal accumula-
tion and siderite formation are genetically interrelated.

It is noteworthy that coal accumulation in paralic
basins is characterized by the cyclic pattern. In fresh-
water bogs, peat accumulation is usually interrupted by
transgressions and one can see the following facies suc-
cession: coal-free lagoonal facies, coastal-marine
facies of bay barriers and bars, and typical marine
brackish-water facies marked by the development of
shallow-water limestones.

The subsequent regressive phase results in the for-
mation of the reverse facies succession up to the point
of peat accumulation in freshwater bogs.

Makedonov (1957) examined the distribution of sid-
erite lodes through the entire cycle of coaliferous sedi-
ments in the Vorkuta Formation of the Pechora Basin
(Fig. 8a). His results were confirmed by the statistical
studies of coaliferous sequences in the Donets,

C6H12O6 O2+ 6CO2 6H2O heat  (kcal).+ +=
diss. mass gas l 
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Karaganda, Tungus, Moscow region, Kizelov, and
other coal basins of the former USSR (Zaritskii et al.,
1971) (Fig. 8b).

Figure 9 demonstrates that siderite beds among
coaliferous facies are distinctly confined to freshwater–
boggy and semimarine facies, while sediments of the
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normal marine facies are characterized by insignificant
contents of iron carbonates. Works by Newhouse (1927),
Baas-Becking and Moore (1961), Zavaritskii (1970),
Kizel’shtein (1974), and Kovalev (1985) suggest that
precisely this part of the section may enclose diagenetic
sulfide concretions, the formation of which is consider-
ably governed by the sulfate content in seawater and the
presence of organic matter that is responsible for the
intense sulfate reduction in bottom sediments.

Carboniferous siderite deposits and occurrences
associated with coal are widespread in the world. In
North America, they are recorded in the Pennsylvanian
anthracite basin (Foster and Feicht, 1946) and Inner
coaliferous province (Mamay and Vochelson, 1962) of
the United States and in coal basins of Canada (Baxter,
1960). In Eurasia, they occur in ore occurrences of the
Donbas (Butova, 1954), the Karaganda coal basin
(Koperina, 1956) and the Ekibastuz coal deposit. The
Kuznetsk coal basin is of significant interest in terms of
the spherosiderite distribution. The Carboniferous, Per-
mian, and Jurassic coaliferous sequences in this basin

include siderite concretions and lenses (Yavorskii and
Butov, 1927; Kolotukhina, 1949). The Carboniferous–
Permian coaliferous sequences and siderite lodes are
also present also in the Minusa coal basin (Labunskii
et al., 1977). There are grounds to believe that coal-
bearing sequences with siderite accumulations mined
in India (Ranigani Group) (Fermor, 1935) and northern
China (Shansi, Shensi, and Ordos provinces) (Vil’ner,
1959) are also Carboniferous–Permian deposits. They
are also known in South Africa (Orlova, 1950).

The second epoch coal–siderite deposit formation
corresponds to the Jurassic–Cretaceous. The Jurassic
coal and iron carbonate deposits are well known in
England and Germany. In Russia, they are developed in
the Urals (Bogoslov deposit) (Timoshenko, 1953), Cau-
casus (Tkvarcheli deposit) (Kuprov, 1953), Siberia
(Timofeev, 1970; Volkova, 1977; Semerikov, 1977), and
Central Asia (Ishina and Sal’nikova, 1977). The Juras-
sic–Cretaceous deposits are mined in southern provinces
of China and the Zyryansk Basin of the Verkhoyansk
Ridge (Stepanov and Mironov, 1937; Strakhov, 1947).
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Continental–Marine Oolitic 
Goethite–Chlorite–Siderite Ores

The entire Phanerozoic was marked by the abun-
dance of oolite–goethite–chlorite–siderite deposits
described in works by L. Berg, K.I. Bogdanovich,
R.C. Dunham, V. Emmons, R.L. Folk, L.N. Formo-
zova, A.V. Glebov. A. Hallem, A.F. Hallimond,
E. Harder. B.P. Krotov, V. Lindgren, G. Menard,
V.A. Obruchev, D. P. Serdyuchenko, R. P. Sheldon,
E.F. Shnyukov, N.M. Strakhov, J.N. Taylor, and others.

This type of iron ore deposits is well exemplified by
the Kerch iron ore basin (Ukraine, Russia) associated
with Pliocene (Cimmerian) beds. The Kerch Basin is
described in many works (Arkhangel’skii et al., 1930;
Konstantov et al., 1933; Malakhovskii, 1956; Shnyukov
and Naumenko, 1961; Kholodov, 1968, 1973; Gol-
ubovskaya, 1993, 1999, 2001; and others).

The Cimmerian ore-bearing marine sediments are
spread over the vast territory extending from the Arabat
and Feodosiya bays of the Kerch Peninsula to the mid-
dle part of the West Kuban Depression in the Ciscauca-
sus, but ore beds are usually localized in synsedimen-
tary synclinal basins (Fig. 9a).

The largest iron ore deposits in this region were
mined in the El’tigen–Ortel and Kamysh–Burun
depressions, where the iron ore bed varies from 6 to
12 m in thickness. Mineralization is represented by
three lithogeochemical types identified in the Russian
geological literature as the tobacco (pelitic), brown
(transitional), and roe (reddish granular) ores. Figure 9b
demonstrates variations in their proportions over the
Kamysh–Burun Syncline.

Goethite–chamosite–siderite oolites with multiple
alternations of goethite and chlorite laminae are the
main textural element of the iron ores. Siderite usually
replaces external spheres and rock cement; i.e., this
mineral shows obvious signs of late formation (Fig. 9c).
Oolite cores include detrital material, fragments of the
same (but deformed) oolites, and less common miner-
alized shell fragments.

The tobacco ores occasionally contain large siderite
concretions. Their relationships with ores unambigu-
ously indicate that siderite is the latest mineral, which
terminates the diagenetic ore transformation, in the
goethite–chlorite–siderite association.

In addition to abundant remains of brackish-water
mollusks (mainly, Dreissenidae and Cardidae), accu-

mulations of zoo- and phytomorphs are common in ore-
bearing beds of the Kerch Basin. These structures have
been scrutinized by Chukhrov (1937, 1940) and
Litvinenko (1956). They showed that bones of animals
(seals, whales, rhinoceros, hypparions) and wood
remains, up to 0.20 m across and 1.7 m long, are
replaced by barite, Fe-phosphates, siderite, chlorite,
and hydrogoethite. Figures 9d and 9e demonstrate
microtextures related to the replacement of wood by
siderite.

Similar oolitic goethite–chamosite–siderite deposits
are widespread in Russia (eastern slope of the Urals,
Turgai Depression, and southern part of the West Sibe-
ria Lowland) and Kazakhstan (northern Aral region).
Jurassic and Paleogene iron ore deposits of this region
include two facies types of oolitic iron ore. The first
type is localized in ancient river valleys (Lisakov,
Ayatsk, Shiely, Kirov, Kutan-Bulak, and other depos-
its), while the second type associates with typical
marine facies (Kok-Bulak, Kolpashev, Bakchar, and
other deposits of the West Siberian Basin). They have
been scrutinized in several works (Formozova, 1959,
1962; Yanitskii, 1960; Kazarinov, 1958; Nagorskii,
1958; Serdyuchenko and Glebov, 1964).

As shown in (Formozova, 1959), Paleogene ores of
the northern Aral region contain abundant phytomorphs
developed after wood fragments 1.0–1.5 m long and
10–15 cm across. Wood is generally replaced by phos-
phates and less commonly by siderites and siliceous
minerals. Most of wood fragments are allochthonous
materials. They are widespread in alluvial ores and rel-
atively rare in marine facies.

The Cretaceous and, less commonly, Paleogene iron
ore occurrences of the northern Aral region contain
autochthonous phytomorphs (tubular relicts of wood
stems and stumps (remains of bog cypresses) replaced
by iron and silicon minerals (Shul’ts, 1967, 1972;
Kholodov and Reimov, 1996; Reimov, 1996). The auto-
morphs were altered by erosion in the arch zones of
anticlinal folds and transformed to large tubular bodies.

These data are consistent with materials of Lavrov
(1955, 1961) who identified the Middle Oligocene car-
bonaceous–leptochlorite formation in the Aral–Sibe-
rian plains. The formation includes abundant interbeds
and lenses of brown coals that locally make up carbon-
aceous–sulfide lodes. Lavrov described a great variety
of plant remains and fruit remains and revealed their
synchronism with goethite–chlorite–siderite oolitic

Fig. 8. Facies–paleogeographic relationships between siderite bodies and coal seams. (a) distribution and compositional changes of
concretions in a typical cyclothem of the Rudnitskaya Subformation in the Pechora Basin (Makedonov, 1957). (1–3) Concretions:
(1) limestone–ankerite and limestone–dolomite–ankerite, (2) ankerite, ankerite–dolomite, and limestone–siderite–ankerite,
(3) ankerite–siderite and siderite; (4) anthracosid and other freshwater fauna; (5) plant sludge; (6) plant remains; (7) Equisetales,
pteridophytes, and cordaites; (8) obscure bedding; (8) distinct bedding; (10) cryptic bedding; (11) lumpy structure; (12) indices of
cycle elements; (13) coal seam. (b) Compositional variations of carbonate components in concretions depending on the facies affin-
ity of host sediments (Zaritskii, 1985). (c) Specific coal (dash line) and concretion (sold line) indices in the Carboniferous section
of Donbas (Zaritskii, 1985).
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ores of the Lisakov (Turgai), Loshchinov (Irtysh
region), and Kutan-Bulak (Aral region) deposits.

Paleogeographic studies carried out by E.F. Bub-
noff, L. Cayeux, H.F. Hallimond, E.C. Harder,
A.O. Hayes, and others to reconstruct facies condi-
tions of Jurassic oolitic iron ores in England, France,
Germany and their Ordovician and Silurian counter-
parts in the United States and Canada yielded interest-
ing results. Strakhov (1947, p. 135) summarized these
data and concluded that all of them “…formed in
extremely shallow-water and coastal parts of sea and
represent sediments of bays, bights, lagoons, and the
uppermost part of the shelf; of course, they are associ-
ated with different coastal landscapes in various envi-
ronments.”

In fact, this inference was convincingly confirmed
by Meynard (1983) who analyzed the goethite–chlo-
rite–siderite ore formation models proposed by Hallem
(1967, 1975), Hunter (1970) and Ranger (1979)
(Fig. 10). It is remarkable that oolitic goethite–chlo-
rite–siderite deposits in all these models usually associ-
ate with coal formation on land, where significant
quantities of organic matter accumulate in lowmoor
peat bogs. In the Ordovician (Fig. 10a), when terrestrial
vegetation in Newfoundland was still insufficiently
developed, boggy settings probably resulted from the
concentration of cyanobacterial communities and prim-
itive algae that formed underwater meadows (Kanygin,
2001). It can be suggested that first lycopsids, the exist-
ence of which in the pre-Silurian time is debatable
(Meyen, 2001), appeared precisely in such paralic envi-
ronments.

In the Silurian (Fig. 10b), the formation of Clinton
marine oolitic goethite–chlorite–siderite ores in Appa-
lachia (the United States) could form in the boggy delta
of a large paleoriver. According to Folk (1962), the for-
mation of iron ores in this region was always accompa-
nied by the notable shoaling of the basin.

In the Jurassic (Fig. 10c), iron ores of England
formed in areas of the terrigenous facies formation in
the immediate vicinity swampy forests (Hallem, 1975).

As is evident from Fig. 10c, coal-producing peat
bogs located in forests were frequently coeval with the
marine oolitic goethite–chlorite–siderite ores.

In summary, it should be emphasized that the suc-
cession of mineralization in the Kerch iron ore deposits
is probably also typical of all oolitic iron ore accumula-
tions. As shown in (Lindgren, 1933; Novokhatskii,
1949, 1958; Litvinenko and Kucherenko, 1957; Formo-
zova, 1959), goethite and chlorite are confined to the
central parts of goethite–chlorite–siderite oolites and
accumulated at the initial stage of ore formation, while
siderite appears slightly later. Thus, these two mineral
phases display sedimentary-diagenetic and diagenetic
relationships.

CONCLUSIONS

(1) Siderite facies were widespread during the dep-
osition of Precambrian iron formations. Siderite
formed at the initial stage of ore formation. This was
stimulated by oxygen deficiency and excess of carbon
dioxide in the Precambrian atmosphere, mass influx of
Fe to the terminal drainage basins from provenances
composed of basic and ultrabasic igneous rocks, and
intense volcanic and hydrothermal activities that regu-
lated the additional flux of Fe and Si to Archean and
Proterozoic basins.

(1) The Riphean and Early Paleozoic were marked
by the intense formation of elision-hydrothermal and
hydrothermal siderite deposits, where this mineral
replaced carbonate sequences to form stratiform bod-
ies, lenses, and stocks. The appearance of hydrothermal
siderite-forming solutions of the Bakal type was related
to elision-catagenetic and metamorphic transforma-
tions of Precambrian iron formations and other under-
lying rocks.

(3) Siderite and ankerite concretions, lenses, and
beds spatially and genetically associated with coals are
widespread in Upper Paleozoic, Mesozoic, and Ceno-
zoic coaliferous sequences. They formed during the
diagenetic and catagenetic transformations of plant
organic matter and contained huge reserves of iron.

(4) The Phanerozoic marine and continental
sequences often contain oolitic goethite–chlorite–sid-
erite ores. They usually associate with boggy facies and
contain abundant plant remains and phytomorphs. Sid-
erite in these ores is the latest mineral that replaces
goethite–chlorite spheres in oolites. It serves as cement
and forms nodules.
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