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INTRODUCTION

Banded iron formations (BIF) are an important con-
stituent of all known Precambrian shields and the main
indicator of the drastic change in the oxygen regime in
the Earth’s hydrosphere and atmosphere at the bound-
ary between the Early and Late Proterozoic. Because of
this, BIF were not found in complexes younger than
1.9 Ga. These unique Precambrian formations were
studies by several researchers over many years. The
main research avenues were the reconstruction of the
sedimentation environments of the Fe-bearing rocks,
analysis of their facies and formations, sources of the
material, etc. At the same time, the evolution of BIF at
the Kursk magnetic anomaly (KMA) was studied rela-
tively poorly, mostly because of the following reasons:

* there is still no scheme of the facies and subfacies
of Fe- and Si-rich rocks (contrary to, for example,
metapelites);

* metamorphic zoning in rocks with such rare min-
eral assemblages was mapped very rarely (if at all);

* efforts to interpret the physicochemical metamor-
phic conditions of BIF were made based on very scarce
experimental materials, particularly in the low- and
medium-temperature regions, and these rocks contain
no mineral assemblages that are conventionally utilized
as geothermobarometers.

According to the chemical and mineralogic compo-
sition, BIF rocks are conventionally classed with one of

the following four types of Fe–Si formations (James,
1954; Klein, 1973): (1) quartz–magnetite (hematite)
type (which is also sometimes referred to as itabirite),
containing the 
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, and 
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assemblages; (2) quartz–carbonate, in which carbon-
ates of the fero-dolomite–ankerite and siderite–picto-
mesite series are abundant; (3) quartz–silicate, which is
dominated by quartz, Fe-rich phyllosilicates, such as
greenalite, minnesotaite, chlorites (chamosite, cli-
nochlore, ripidolite), micas (biotite, stilpnomelane, fer-
riannite), and, at higher metamorphic grades, grunerite,
orthopyroxene, and fayalite; (4) Mn-rich BIF. Another
type of widespread Early Proterozoic BIF at KMA are
high-Fe riebeckite and aegirine-bearing rocks.

Thus, every type of high-Fe rocks is characterized
by different mineral assemblages and, hence, their dif-
ferent evolutionary successions in the course of pro-
grade metamorphism. Moreover, the stability of the
mineral assemblages is strongly dependent on the oxy-
gen fugacity, because of which a significant part in BIF
metamorphism is played by redox reactions, which are
particularly typical of low- and medium-temperature
conditions. High-temperature metamorphism (to the
high-temperature amphibolite and, particularly, granu-
lite facies) of all of the aforementioned BIF types
(except those high in Mn) results in magnetite–quartz–
fayalite–orthopyroxene rocks, sometimes referred to as
eulysites.
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Abstract

 

—The Early Proterozoic banded iron formation (BIF) of the Mikhailovskoe iron deposit differs from
other known Precambrian BIF by the low Al# and high 
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 ratios. The elevated oxygen fugacity
during the metamorphic event and the Al-poor composition of the rocks were responsible for the origin of min-
erals high in Fe

 

3+

 

 and the absolute absence of Al-bearing phases. The BIF contains widespread celadonite,
tetraferribiotite, Al-free chlorite, riebeckite, and aegirine instead of grunerite, stilpnomelane, minnesotaite, and
greenalite, which are minerals usual in BIF elsewhere. Data on the phase equilibria provide information on the
origin order of mineral assemblages and the physicochemical conditions of metamorphism. Its early stages
were marked by the stability of quartz, carbonates, iron oxides, and potassic micas of specific composition. As
the temperature increased, tetraferribiotite, celadonite, and riebeckite crystallized. Depending on the oxygen
fugacity (above or below the hematite–magnetite buffer) in discrete layers, the 

 

Aeg

 

 + 

 

Hem

 

 and 

 

Rbk

 

 + 

 

Mag

 

assemblages were formed. The metamorphic temperature was estimated at 
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] = 5.5–6.0, and oxygen fugacity above the hematite–magnetite buffer
in layers with the 
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BIF rocks at the Mikhailovskoe iron deposit of
KMA differ from other Precambrian BIF by low 

 

Al

 

2

 

O

 

3

 

concentrations, even as compared with the generally
low Al

 

2

 

O

 

3

 

 concentrations in all BIF rocks. This feature
causes the complete absence of Al-bearing minerals.
The phyllosilicates are K-bearing and virtually Al-free
micas: celadonite and tetraferribiotite in place of stilp-
nomelane, minnesotaite, and greenalite, typical of BIF
of low metamorphic grades. The wide occurrence of
celadonite in association with tetraferribiotite, quartz,
magnetite, and hematite at low metamorphic grades
makes the Mikhailovskoe BIF different from other
well-known Precambrian BIF at shields. The rocks also
contain siderite, ankerite, Al-free chlorite, riebeckite,
and aegirine.

This paper is centered on the succession of phase
transitions in and the physicochemical metamorphic
conditions of the tetraferribiotite–celadonite–riebeckite
BIF at the Mikhailovskoe iron deposit, one of the larg-
est in the world.

GEOLOGY

BIF were found in the KMA Precambrian at three
stratigraphic levels: Early Archean, Late Archean, and
Early Proterozoic. Archean BIF rocks occur locally,
within small positive ellipsoidal, crescent-shaped, or
stripe anomalies (Ushakovskoe, Kuvshinovskoe,
Budanovskoe, Besedinskoe, and others) and consist of
eulysites metamorphosed to the granulite facies. Their
metamorphic parameters were assayed (Savko, 1999)
at 

 

T

 

 = 850°ë, 

 

P

 

 = 5 kbar, and  from –14 to –15.

The Late Archean BIF rocks occur in greenstone
belts in close association with amphibolites (Shchego-
lev, 1985). They compose elongated bodies up to 10 km
long and relatively thin (no more than 100 m) and con-
sist of quartz–magnetite–garnet–grunerite rocks. Their
metamorphic parameters were determined at the
Zapadnyi Kodentsovskii prospect as 

 

T

 

 = 650 

 

±

 

 30°ë,

 

P

 

 = 5 kbar, and  from –17 to –20 (Savko, 1994).

The most widely spread BIF at KMA are of Early
Proterozoic age (Kurskaya Group). The rocks compose
two stripes (Shchigrovsko–Oskol’skaya and
Mikhailovsko–Belomorskaya) trending roughly west-
ward for more than 550 km (Fig. 1). All currently
mined iron ores of KMA affiliate with the Early Prot-
erozoic BIF.

We examined BIF rocks of the Mikhailovskoe ore
field, whose central portion includes one of the worlds
greatest Mikhailovskoe deposit (Fig. 2).

The deposit is hosted by Lower Proterozoic meta-
morphosed terrigenous–sedimentary rocks of the Kur-
skaya Group (Fig. 2). The group is subdivided into the
sandy–shaly Stolenskaya and the BIF Korobkovskaya
Formation. The Stoilenskaya Formation consists of a
lower and upper subformations. In our study area, the
rocks of the former are quartz conglomerates and

f O2
log

f O2
log

 

quartz metasandstones with beds of almandine–chlori-
toid aluminous schists. The upper subformation con-
sists of carbonaceous shales and barren quartzites. The
Korobkovskaya Formation is subdivided into four sub-
formations: lower iron-bearing, intermediate shaly,
upper iron-bearing, and upper shaly. The lower iron-
bearing subformation can be subdivided into four mem-
bers: (1) magnetite quartzite, (2) magnetite–hematite
quartzite, (3) hematite quartzite, and (4) intercalating
magnetite and hematite quartzites.

BIF PETROGRAPHY AND CHEMISTRY

The rocks of the Korobkovskaya Formation at the
Mikhailovskii mining district are dark gray and green-
ish gray fine-grained BIF, whose banding is accentu-
ated by alternating mineralized (magnetite and hema-
tite) and barren (quartz and silicate) layers (Fig. 3). The
layers can have the following compositions: (a) quartz
with magnetite, carbonate, and, sometimes, hematite
(Borehole 3195); (b) hematite with quartz and, some-
times, magnetite, celadonite, and carbonates (sample
MK-18); (c) silicate (riebeckite and celadonite) in asso-
ciation with hematite or magnetite (Boreholes 3830,
3829, 3291); and (d) magnetite with hematite, quartz,
carbonates, and silicates (aegirine, riebeckite, and cela-
donite; Boreholes 3829, 3830, 3291). At the
Mikhailovskoe Mine, BIF (which are sometimes pli-
cated and crenulated) contain interbeds of variable
composition: aegirine (up to 4 cm thick); aegirine–cela-
donite (up to 1.5–2 cm), riebeckite (0.5–1 cm), quartz–
carbonate–celadonite (0.5–1 cm), magnetite (0.5–
1 cm), and quartz–magnetite (1–2 cm) (Fig. 3).
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Fig. 1. 

 

Schematic map showing the distribution of the Early
Proterozoic KMA BIF (after Shchegolev, 1985).
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) Study area.
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The mineralogy of BIF at the Mikhailovskoe iron
deposit is controlled by the major-element chemistry
and physicochemical metamorphic parameters. The
chemistry of individual samples depends on the propor-
tions of minerals composing the rocks. Chemical anal-
yses of the Mikhailovskoe BIF are listed in Table 1 and
generally correspond to the average composition of BIF
from known iron-ore basins (Gole and Klein, 1981),
except only for the FeO and 

 

Fe
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3

 

 concentrations. The
Mikhailovskoe BIF are noted for the strong predomi-

nance of Fe
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O

 

3

 

 over FeO, with the 
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 + Fe
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ratios ranging from 0.70 to 0.87 (averaging 0.76) at ele-
vated total Fe concentrations (

 

Σ

 

Fe

 

 = 37.1–40.47 wt %
at an average of 38.7 wt %). In a review of the chemical
compositions of rocks from five Proterozoic BIF (Gole
and Klein, 1981), the average value of the 

 

Fe
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/(Fe
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 +
Fe

 

2+

 

)

 

 ratio does not exceed 0.5, ranging from 0.31 in the
Marra Mamba Iron Formation in western Australia to
0.45–0.46 in formations of the Labrador Trough, Can-
ada, and Biwabik in Minnesota, at total iron concentra-
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Fig. 2.

 

 Schematic geological map of the Mikhailovskoe iron deposit.
(

 

1

 

) Kurbakinskaya Formation: volcanomictic sandstone, shale, conglomerate, and quartz porphyry. Korobkovskaya Formation:
(

 

2

 

) upper shale subformation (black carbonaceous quartz–chlorite–sericite shale), (

 

3

 

) upper iron ore subformation (magnetite, lean,
red-banded hematite quartzite), (

 

4

 

) lower shale subformation (black carbonaceous quartz–chlorite–sericite shale and fine-grained sand-
stone), (

 

5

 

) lower iron ore subformation (magnetite and magnetite–hematite quartzite, red-banded hematite quartzite), (

 

6

 

) lower iron ore
subformation, third unit (hematite–magnetite quartzite), (

 

7

 

) lower iron ore subformation, second unit (magnetite–hematite quartzite),
(

 

8

 

) lower iron ore subformation, first unit (carbonate–magnetite, hematite–magnetite, and lean quartzite); (

 

9

 

) faults; (

 

10

 

) boreholes and
their numbers; (

 

11

 

) sampling sites in the Mikhailovskii opencut mine; (

 

12

 

) contour of the Mikhailovskii opencut mine.
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tions of 30–32 wt %. Hence, the Mikhailovskoe BIF are
characterized by a high average oxidation state of iron
and its elevated overall concentrations compared with
BIF elsewhere. The average 

 

ä

 

2

 

é

 

 and 

 

Na

 

2

 

é

 

 concentra-
tions in the rocks are closely similar to those in BIF in
western Australia (Hamersley Basin, Marra Mamba)
and are slightly higher than in BIF in North America.

We obtained microprobe analyses of minerals in the
Early Proterozoic BIF from the Mikhailovskoe iron
deposit. The mineral assemblages of these rocks are listed
in Table 2, and the sampling sites are shown in Fig. 2.

METHODS

The more than 120 BIF samples are fragments of
borehole core and specimens taken in the walls of the
Mikhailovskoe opencut mine, which were described in
much detail in field. The petrographic thin sections pre-
pared from these samples were examined optically and
analyzed at a Camebax SX-50 microprobe at the Mos-
cow State University. The operating conditions were
15 kV accelerating voltage, 1–2 nA beam current, and
1–2 

 

µ

 

m beam diameter. The analytical accuracy was
systematically controlled by the analyses of natural and
synthetic standards. The BSE images of thin sections
were taken on a CamScan electron microscope with a
Link EDS analytical set at the Moscow State Univer-
sity. The crystal chemical formulas of minerals were
normalized to 6 oxygen atoms for aegirine, 23 for rie-
beckite, 11 for micas, 14 for chlorites, 8 for potassium
feldspar, and 4 for magnetite.

MINERALOGY

 

Magnetite

 

 is the main ore- and rock-forming min-
eral and occurs as individual grains of various size and
octahedral habit, which are commonly concentrated
within thin layers and lamina up to a few millimeters
thick. This mineral is present in virtually all rock types,
and its amount attains 50 modal %. The composition
corresponds to pure magnetite, with the MgO, MnO,

 

SiO

 

2

 

,

 

 and 

 

Al

 

2

 

O

 

3

 

 admixtures amounting to no more than
a few tenths of a percent (Table 3).

 

Hematite

 

 is always quantitatively subordinate to mag-
netite and occurs as platelets and flakes ranging from frac-
tions of a millimeter to a few millimeters. Small hematite
flakes are usually grouped within thin lamina up to a few
millimeters thick, which are parallel to the rock bedding.

 

Fig. 3.

 

 BIF at the sampling site MK-18 in the Mikhailovskii
iron ore opencut mine.
Dark layers are magnetite–celadonite–riebeckite and mag-
netite–hematite–celadonite–aegirine BIF varieties.

 

Table 1. 

 

 Chemical composition of BIF from the Mikhailovskoe deposit

Component 712 714 715 716/1 716/2 717/1 717/2 718/1 718/2 719 720 801

SiO

 

2

 

38.76 38.30 40.74 39.76 39.10 39.06 42.34 40.38 39.62 38.72 38.16 38.06

TiO

 

2

 

0.49 0.23 0.25 0.25 0.30 0.35 0.30 0.25 0.27 0.47 0.46 0.47

Al

 

2

 

O

 

3

 

0.01 0.56 0.57 0.53 0.49 0.53 0.65 0.49 0.47 0.01 0.13 0.01

Fe

 

2

 

O

 

3

 

50.26 43.18 39.44 39.40 45.40 38.91 35.90 38.26 42.77 43.90 44.91 41.88

FeO 6.85 11.42 12.50 13.41 10.34 13.69 13.65 14.21 11.05 11.58 11.49 14.06

MnO 0.01 0.03 0.05 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.03 0.02

MgO 0.35 1.08 1.04 1.18 0.61 1.24 1.24 1.25 1.08 1.07 0.11 1.42

CaO 1.59 0.78 0.91 0.98 0.77 1.26 1.24 1.21 0.98 1.13 1.08 1.19

Na

 

2

 

O 0.04 0.30 0.38 0.85 0.20 0.55 0.40 0.55 0.37 0.48 0.35 0.61

K

 

2

 

O 0.30 0.93 1.10 1.08 0.80 1.20 1.22 0.85 0.83 1.05 0.80 0.97

Total 98.66 96.81 96.98 97.46 98.03 96.82 96.97 97.48 97.46 98.43 98.52 98.69

 

Σ

 

Fe 40.47 39.08 37.31 37.98 39.79 37.85 35.72 37.81 38.50 39.71 40.43 40.22

Fe

 

3+

 

/(Fe

 

3+

 

 + 
Fe

 

2+

 

)
0.87 0.77 0.74 0.73 0.80 0.72 0.70 0.71 0.78 0.77 0.78 0.73

 

Note: Analyses were conducted at the chemical laboratory of NPO Tsentrgeologiya.
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In addition to quartz and magnetite, hematite is usually
accompanied by aegirine and phyllosilicates. Most sam-
ples show evidence of magnetite martitization, i.e., its
replacement by pseudomorphs of secondary hematite.

Micas. The Mikhailovskoe BIF contain Fe-rich
micas, which are either the only or the predominant sil-
icates of most BIF varieties. We identified tetraferribi-
otite and celadonite.

Table 2.  Mineralogic composition of BIF from the Mikhailovskoe deposit

Mineral Qtz Mag Hem Sld Bt Chl Ank-Fe-Dol Sd Aeg Rbk

MK-1 + + + + + – + + + *

MK-2 + + + + – + – – – +

MK-4 + + + + – + – – + *

MK-5 + + + + – – + + + –

MK-15 + + + + – – + + + –

MK-18 + + + + – – – – + –

3195/15 + + – + – – + + + +

3213/8 + + + + + + + + + *

3291/479 + + + + + – – – – –

3829/2 + + + + s.g. + + + + s.g.

3829/4 + + + * + – – inc. + inc.

3829/6 + + + + s.g. + + + – –

3829/7 + + + + – – – + + inc., *

3830/14 + + + + – – + + + –

3830/16 + + + + – – + + + –

3830/21 + + – + + – – – – +

3830/23 + + + + + s.g. + + – +

3830/28 + + + + – – – – – +

3830/29 + + + + inc. – + + + *

3830/30 + + + + + – + + + –

3830/31 + + + – + + – – – +

3830/32 + + + + + – + + – +

3830/39 + + + + + + + + + –

3830/40 + + + + inc. inc. – – + *

3830/47 + + + + inc. + + + + inc.

3830/49 + + + + – + + + + –

3830/58 + + – + – – + + – +

3830/59 + + + – – – + + + –

460p/86 + + + + – – + + + –

466p/32 + + + + – + – – – +

466p/100 + + – + – + + + – +

466p/130 + + + + – + + + – +

466p/131 + + + + inc. inc. + + + –

467p/195 + + + – – + + + – +

467p/205 + + + – – + + + + –

467p/214 + + – + – – – – – +

467p/217 + + + – – + + + – +

469p/254 + + + + – – – – – –

Note: Abbreviations: s.g—single grain, inc.—inclusion in aegirine; *secondary.
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Tetraferribiotite is a fairly rare Al-free mica, which
has the formula K(Mg, Fe2+, Fe3+)3[Fe3+ Si3O10](OH)2
and was discovered in 1955 during an unsuccessful
experimental effort to synthesize K–OH amphibole
(Veres et al., 1955). One member of the tetraferribiotite
group, ferriannite, was obtained in the experiments of
Wones (1963) within the temperature range of 400–
850°ë, pressures of 1035–2070 bar, and an oxygen
fugacity between the hematite–magnetite and iron–
wuestite buffers. Wones explored the hypothesis that
mica of ferriannite composition should occur in mag-
matic Fe-rich rocks. Later ferriannite was described in
riebeckite-bearing rocks in iron formations in western
Australia (Miyano and Miyano, 1982; Miyano, 1982)
and South Africa (Miyano and Beukes, 1997). Micas of
the tetraferriannite–tetraferriphlogopite isomorphous
series were described in the iron formation of the Kursk
Magnetic Anomaly as early as the 1950–1960s (Sudo-
vikova, 1956; Illarionov, 1965).

Tetraferribiotite occurs in the iron formation of the
Mikhailovskoe mining district in the form of small
brownish flakes 0.2–1.0 mm across (Fig. 4b) approxi-
mately in every fourth sample, in which it is accompa-

nied by magnetite, hematite, riebeckite, aegirine, cela-
donite, and carbonate. The mineral occurs in subordi-
nate amounts compared with celadonite and is
preferably localized in magnetite–hematite layers as
disseminated flakes, although can occasionally also
compose nearly monomineralic thin layers with merely
minor amounts of celadonite and iron oxides. Tetrafer-
ribiotite sometimes forms inclusions in aegirine
(Figs. 5a, 5d, 6a), although these rocks may contain no
this mineral in the groundmass. When in magnetite–
hematite layers, tetraferribiotite is commonly replaced
by celadonite (Fig. 4b).

Tetraferribiotite in the KMA iron formation is less
aluminous (Table 4; Al2O3 = 0.68–0.76 wt %) and more
magnesian (MgO = 10.13–14.09 wt %) than natural fer-
riannite (Miyano and Miyano, 1982; Miyano and Beu-
kes, 1997), whose Al2O3 content is always higher than
1.3 wt %, usually about 4–5 wt %, and the MgO con-
centration varies from 3.5 to 12.5 wt % (Fig. 7). The
Si/Al ratio of the tetraferribiotite is always one order of
magnitude higher: 3.0. The least aluminous tetraferribi-
otite was detected as inclusions in aegirine. Hence, the
compositions of the KMA tetraferribiotite are most

Table 3.  Chemical composition of carbonates and magnetite in BIF from the Mikhailovskoe deposit

Compo-
nent

3830/58 3830/14 MK-18 3195/15 3291/479 460p/86.0 466p/131.0

Mag-7 Dol-8* Sd-10 Ank-51 Mag-49 Sd-24 Dol-29 Mag-26 Dol-71 Mag-9 Sd-8 Dol-15 Dol-13 Sd-21

SiO2 0.07 0.24 0.14 0.28 1.32 0.17 0.43 1.08 0.41 0.11 0.26 0.24 0.31 0.09

TiO2 – 0.04 – – – – 0.14 – – – – – – –

Al2O3 0.09 0.26 0.2 0.11 – – – 0.18 – – 0.13 – 0.02 –

FeO 99.74 19.46 64.99 37.05 97.29 66.64 22.61 98.15 21.22 99.57 73.34 23.98 24.65 76.60

MnO 0.02 0.6 1.39 0.5 – 0.24 0.03 – 0.72 0.09 2.03 0.90 1.08 1.24

MgO – 26.78 32.9 14.28 0.34 32.04 25.74 0.09 25.92 0.02 23.11 24.04 23.61 21.40

CaO 0.02 52.55 0.36 47.38 0.06 0.68 50.52 – 51.68 – 0.46 50.14 50.20 0.28

Na2O – – – – – 0.23 0.24 0.05 0.05 – 0.61 0.37 0.08 0.35

K2O – 0.07 0.01 0.01 – – 0.07 0.15 – – 0.03 0.30 – –

Total 99.94 100.00 100.00 100.00 99.01 100.00 99.99 99.70 100.00 99.98 99.97 99.97 99.95 99.96

Si 0.03 – – – 0.05 – – 0.04 – – – – – –

Al 0.04 – – – – – – 0.01 – – – – – –

Ti – – – – – – – – – – – – – –

Fe3+ 1.90 – – – 1.90 – – 1.95 – 1.01 – – – –

Fe2+ 1.03 0.14 0.51 0.29 1.03 0.53 0.17 0.97 0.16 0.97 0.62 0.18 0.19 0.66

Mn – – 0.01 – – – – – 0.01 – 0.02 0.01 0.01 0.01

Mg – 0.35 0.46 0.20 0.02 0.46 0.34 0.01 0.34 – 0.35 0.32 0.32 0.32

Ca – 0.49 – 0.49 – 0.01 0.48 – 0.49 – 0.01 0.48 0.48 –

Na – – – – – – – 0.02 – 0.22 0.01 0.01 0.01 –

K – – – – – – – 0.01 – – – – – –

XFe 0.29 0.53 0.59 0.54 0.33 0.32 0.64 0.36 0.37 0.67
* All analyses are normalized to 100%. Here and in Tables 4–7, dashes mean concentration below the analytical determination limit, n.a.—not

analyzed; XFe = Fe2+/(Fe2+ + Mg); oxides are given in wt %.
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Fig. 4. Micrographs of reaction textures in BIF from the Mikhailovskoe iron deposit.
(a) Acicular riebeckite crystals develop in a quartz–magnetite matrix, sample 467r/214; (b) tetraferribiotite (light gray) is replaced
by celadonite (dark gray) in the margins in a magnetite layer, sample 3830/21; (c) celadonite and riebeckite replace siderite, sample
3830/28; (d) celadonite is replaced by riebeckite, sample 3830/28. All micrographs were taken with one polarizer.
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Fig. 5. Micrographs of reaction textures in BIF from the Mikhailovskoe iron deposit.
(a) Large aegirine grain with tetraferribiotite, chlorite, and magnetite inclusions; aegirine is replaced by retrograde riebeckite in the
margins, sample 3830/29. (b) Siderite is replaced by aegirine, the latter contains celadonite inclusions and is replaced by retrograde
riebeckite along cracks, sample 3830/40. (c) Two populations of celadonite, sample 3830/49. (d) Large aegirine crystals grow in
carbonate domains, the aegirine contains tetraferribiotite and chlorite inclusions, sample 3829/7 (one polarizer). (e) Riebeckite
develops in celadonite layers, sample 466r/100.
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close to that of the end member of the annite–ferrian-
nite series and shift toward tetraferriphlogopite in the
tetraferriannite–tetraferriphlogopite series (Fig. 7). The
KMA tetraferribiotite is also noted for an elevated MnO
concentration (up to 0.66 wt %) as compared with those
in ferriannite from other iron formations (which con-
tains no more than 0.1 wt %).

The iron formations at the Mikhailovskii prospect of
KMA usually contain another green mica, whose com-
position corresponds to celadonite, having the formula
KFe3+ (Mg, Fe2+)�[Si4O10](OH)2 (Rieder et al., 1999).

Dioctahedral micas were first studied in the KMA
BIF in the 1950–1960s (Sudovikova, 1956; Illarionov,
1965; Foster, 1959). E.N. Sudovikova described a
green mica in the KMA BIF in 1956. The mica was in
assemblage with aegirine and alkaline amphibole.
Mega- and microscopic research led her to ascribe this
mica to the phlogopite–lepidomelane series. Later
M. Foster (1959) arrived at the conclusion that the
green mica from the KMA BIF is not trioctahedral,
because its crystal chemical formula appeared to be
close to that of dioctahedral potassic mica celadonite.

Celadonite is present in most of our samples, occur-
ring as flakes of emerald green color, ranging from a few
tenths of a millimeter to 1.5–2 mm, whose amount some-
times attains 30–40 modal % (Figs. 4d, 5e, 6b–6d).

Celadonite occurs in interlaced aggregates with rie-
beckite (Fig. 5e), and their crystals (platelets and tables;
Fig. 6d, 6e) in magnetite layers are larger than in quartz

layers. Aggregates of celadonite and riebeckite can
develop as rims around large carbonate grains and sep-
arate them from the granoblastic quartz aggregate. Rie-
beckite sometimes pseudomorphs celadonite (Fig. 4d),
or tiny riebeckite needles (“nuclei”) occur between
magnetite and celadonite grains. Celadonite flakes
often develop after carbonate (Fig. 4c). Carbonate
domains and the quartz matrix are separated by magne-
tite–celadonite intergrowths.

The celadonite is very low in Al, has a relatively
high XFe (equal to 0.27–0.41; Table 5), and approaches
ferroceladonite of the celadonite–ferroceladonite series
(Fig. 8).

The celadonite can be subdivided into two textural
groups (Fig. 5c). Celadonite in association with aegir-
ine is usually anhedral, cloud-shaped, while this min-
eral in the absence of aegirine is mostly platy. Anhedral
celadonite develops in cleavage fractures of the platy
celadonite. Optically, the platy and anhedral celado-
nites are also different: when platy, this minerals is ple-
ochroic from dark green to pale yellow or greenish yel-
low, while the anhedral celadonite, composing irregu-
larly shaped aggregates without visible cleavage, is
pleochroic from emerald green to green. The two types
of celadonite have practically identical compositions.

Chlorite develops as small (no more than 0.5 mm)
reddish brown crystals, which were found exclusively
in hematite–magnetite layers free of carbonates or as
inclusions, together with magnetite, in aegirine. In the
latter situation, chlorite inclusions are restricted to the
marginal portions of aegirine crystals, whereas chlorite
is absent at aegirine contacts with hematite and from
the groundmass (Figs. 5a, 5d, 6a).

Chlorite in the Mikhailovskoe BIF is usually practi-
cally free of Al2O3 (<0.5 wt %) and is high in Fe3+

(Table 4), with XFe = 0.54–0.67. Hence, the chlorite
composition corresponds to ferrichamosite, a hypothet-
ical end member of the chamosite–ferrichamosite
series and a member of the ferriclinochlore–ferricha-
mosite series (Burt, 1989).

Riebeckite occurs in two morphological types.
Type I composes elongated prismatic crystals up to 2–
5 mm long, of bluish green color with noticeable pleo-
chroism from greenish gray to bluish green and bluish
yellow, composing layers of bright blue color up to
1 cm thick (Fig. 6c). The other morphological type of
riebeckite comprises acicular aggregates and sheaves of
bluish crystals or chains of dark blue crystals 0.5–1 mm
long (Fig. 4a) pleochroic from colorless to dark blue.

Riebeckite develops as pseudomorphs after celado-
nite and tetraferribiotite (Figs. 4d, 5e) and is usually
restricted to magnetite layers or carbonate domains. It
is also common as inclusions in aegirine and, in these
rocks, is absent from their groundmass. Finely acicular
riebeckite can replace aegirine along cleavage planes
(Figs. 5a, 5b).

Riebeckite in the Mikhailovskoe BIF is fairly mag-
nesian (XFe = 0.36–0.66, Table 6) and, except for three
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Fig. 6. BSE images of thin sections of BIF from the Mikhailovskoe iron deposit.
(a) Large aegirine grain with tetraferribiotite and chlorite inclusions, sample 3213/8. (b) Intergrowths of celadonite with aegirine,
sample 3830/14. (c) Large riebeckite crystal with siderite inclusions, sample 3830/58. (d) Celadonite grows in a quartz–magnetite
matrix, sample 460r/86. (e) Celadonite layer in BIF; celadonite develops at the sacrifice of quartz and magnetite.
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analyses, corresponds to magnesioriebeckite in the
classification of Leake et al. (1997) (Fig. 9). The MgO
concentration ranges within 4.46–9.03 wt %, which is
higher than that of riebeckite from other iron forma-
tions. For example, according to Robinson et al.
(1982), this mineral from iron formations contains
1.37–7.71 wt %, although magnesioriebeckite was
found in the iron formation of southwestern Labrador
(MgO = 17.0 wt %; Klein, 1966).

Aegirine in the iron formation of the Mikhailovskii
district forms prismatic crystals 3–4 mm long, which
compose layers of grass green color 1–2 cm thick (up
to 4 cm in swells) in BIF (Figs. 3, 5a). Aegirine crystals
sometimes develop as masses of sheaf-shaped aggre-
gates (Fig. 6b).

Aegirine crystallizes in magnetite and carbonate
layers (Fig. 6a). This mineral is rarely accompanied by

riebeckite, and, in this situation, riebeckite usually
replaces aegirine in the margins and along cracks
(Figs. 5a, 5b). The aegirine contains inclusions of chlo-
rite, celadonite, riebeckite, and tetraferribiotite
(Figs. 5a, 5b, 5d, 6a). Most samples with aegirine from
metalliferous layers contain hematite.

The aegirine is low in Al2O3 (0.02–0.12 wt %), TiO2
(no more than 0.10 wt %), CaO (0.02–0.31 wt %), MgO
(no more than 0.17 wt %), and MnO (no more than
0.21 wt %) (Table 7) and corresponds to the end mem-
ber of the aegirine–augite series.

Carbonates of the iron formation at the
Mikhailovskoe deposit composes layers up to 1–2 cm
thick and lenses and domains of nearly oval shape. The
carbonates develop as equant or elongated grains 0.2–
0.7 mm and belong to the ankerite–ferrodolomite series
or are dolomite (Table 3). Carbonates of the ferrodolo-

Table 4.  Chemical composition of tetraferribiotite, chlorite, and microcline in BIF from the Mikhailovskoe deposit

Compo-
nent

3213/8 3291/479.0 3213/8

incl. in Aeg matrix incl. in 
Aeg matrix

Chl-32 Chl-34 Chl-42 Bt-1 Bt-2 Bt-3 Bt-8 Kfs-5 Kfs-7 Bt-20 Bt-21 Bt-23 Bt-25

SiO2 25.18 24.73 24.39 38.48 37.52 38.26 37.61 63.99 64.09 37.46 37.65 36.92 38.66

TiO2 0.02 0.02 – 0.37 0.43 0.35 0.40 – 0.03 0.01 – – 0.04

Al2O3 0.24 0.20 0.42 0.71 0.68 0.68 0.76 16.02 16.46 0.53 0.88 1.12 2.60

FeO 51.47 49.45 47.31 31.61 31.49 30.13 32.18 3.01 2.74 37.13 38.43 43.70 29.60

MnO 0.05 – 0.07 0.66 0.51 0.50 0.66 – 0.05 0.23 0.15 0.01 0.12

MgO 9.02 9.61 12.53 14.09 12.69 13.69 12.53 – – 10.86 10.13 4.45 12.43

CaO 0.18 0.12 0.11 0.02 – 0.11 – 0.03 0.01 0.50 0.20 0.02 0.25

Na2O 0.03 0.01 0.03 0.02 0.01 0.05 0.03 0.09 – 0.06 0.15 – 0.04

K2O 0.11 0.12 0.12 9.35 8.98 8.68 9.26 16.84 16.58 7.59 8.11 7.35 8.90

F n.a. n.a. n.a. 0.24 0.03 0.10 0.23 n.a. n.a. n.a. n.a. n.a. n.a.

Cl n.a. n.a. n.a. 0.03 0.03 0.05 0.01 n.a. n.a. n.a. n.a. n.a. n.a.

Total 86.30 84.26 84.98 95.48 92.37 92.60 93.67 99.99 99.95 94.37 95.70 93.57 92.64

14O 11O 8O 11O

Si 3.06 3.06 2.93 3.09 3.14 3.17 3.11 2.99 2.99 3.13 3.11 3.25 3.20

Ti – – – 0.02 0.03 0.02 0.02 – – – – – –

Al(IV) 0.04 0.03 0.06 0.07 0.07 0.07 0.07 0.88 0.91 0.05 0.09 0.12 0.25

Fe3+ 1.87 1.88 2.12 0.84 0.79 0.76 0.82 0.12 0.11 0.82 0.80 0.63 0.55

Fe2+ 3.35 3.23 2.62 1.45 1.63 1.61 1.58 – – 1.82 1.85 2.59 1.49

Mn 0.01 – 0.01 0.04 0.04 0.04 0.05 – – 0.02 0.01 – 0.01

Mg 1.63 1.77 2.24 1.69 1.58 1.69 1.54 – – 1.35 1.25 0.58 1.53

Ca 0.03 0.02 0.02 – – 0.01 – – – 0.04 0.02 – 0.02

Na 0.01 – 0.01 – – 0.01 – 0.01 – 0.01 0.02 – 0.01

K 0.02 0.02 0.02 0.96 0.96 0.92 0.98 1.00 0.99 0.81 0.85 0.83 0.94

F – – – 0.06 0.01 0.03 0.06 – – – – – –

Cl – – – – – 0.01 – – – – – – –

XFe 0.67 0.65 0.54 0.46 0.51 0.49 0.51 0.57 0.60 0.81 0.49
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mite–ankerite series have Fe/(Fe + Mg) = 0.29–0.59,
with most of the values ranging from 0.32 to 0.37. The
siderite is more ferrous: Fe/(Fe + Mg) = 0.53–0.67.
Siderite is common in oxidized varieties of BIF, and
ankerite and dolomite are usually accompanied by
magnetite, celadonite, riebeckite, and aegirine

(Figs. 4c, 4d, 5b). Siderite inclusions are sometimes
contained in large riebeckite crystals (Fig. 6c). The sid-
erite and ankerite contain minor MgO admixtures, up
to 1.24 wt % (Table 3).

Potassic feldspar (microcline) is a very rare min-
eral and was found only in four samples in association

KMg3[AlSi3O10](OH)2
Phlogopite Annite

KFe3[AlSi3O10](OH)2

“Ferriphlogopite” Ferriannite
KFe3[Fe3+Si3O10](OH)2KMg3[Fe3+Si3O10](OH)2

1
2
3

Fig. 7. Compositions of tetraferribiotite shown in a classifi-
cation plot.
Rocks containing tetraferribiotite: (1) BIF from the
Mikhailovskoe deposit; (2) Penge iron formation, South
Africa; (3) Dales George, West Australia.

Table 5.  Chemical composition of celadonite in BIF from the Mikhailovskoe deposit

Component
466p/131.0 469p/254.0 460p/86 MK-1

2 3 1 3 1 2 3 1 2

SiO2 50.49 50.85 51.58 51.15 50.79 50.97 50.72 51.09 51.72

TiO2 0.01 0.01 – – 0.01 – 0.01 0.01 –

Al2O3 0.49 0.35 0.49 0.12 0.54 0.84 1.35 0.12 0.49

FeO 26.15 26.07 25.80 26.01 25.67 26.73 26.32 26.67 25.68

MnO – – – 0.01 0.02 0.01 – 0.02 0.01

MgO 4.80 4.90 4.68 4.59 5.02 4.54 4.34 4.62 4.58

CaO 0.05 0.01 – – 0.01 0.02 0.01 0.01 0.02

Na2O 0.05 0.04 – 0.06 – 0.02 0.02 – 0.02

K2O 10.66 10.35 10.64 10.24 10.54 10.90 10.82 10.80 10.84

Total 92.70 92.58 93.19 92.18 92.60 94.03 93.59 93.34 93.36

11O

Si 3.77 3.80 3.83 3.85 3.79 3.76 3.75 3.80 3.83

Ti – – – – – – – – –

Al(VI) 0.04 0.03 0.04 0.01 0.05 0.07 0.12 0.01 0.04

Fe3+ 1.44 1.36 1.30 1.28 1.37 1.44 1.40 1.42 1.32

Fe2+ 0.19 0.27 0.30 0.35 0.22 0.20 0.23 0.24 0.27

Mn – – – – – – – – –

Mg 0.53 0.55 0.52 0.51 0.56 0.50 0.48 0.51 0.51

Ca – – – – – – – – –

Na 0.01 0.01 – 0.01 – – – – –

K 1.01 0.99 1.01 0.98 1.00 1.02 1.02 1.02 1.02

XFe 0.27 0.33 0.37 0.41 0.29 0.29 0.32 0.32 0.35

Celadonite
K(Fe3+ Mg)▫[Si4O10](OH)2

Ferroceladonite
K(Fe3+ Fe2+)▫[Si4O10](OH)2

K(Mg Al)▫[Si4O10](OH)2

“Leucophyllite”
K(Fe2+ Al)▫[Si4O10](OH)2

“Ferroleucophyllite”

Fig. 8. Compositions of celadonite shown in a classification
plot.
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with tetraferribiotite and celadonite. It is greenish
(owing to the presence of Fe3+ in amounts of 2.74–
3.01 wt %), which substitutes Al3+ at the T site
(Table 4). This composition of the microcline was
caused by the chemistry of the rock, namely, its rich-
ness in Fe3+ and a low alumina content.

Some rocks contain accessory apatite.

METAMORPHIC P–T PARAMETERS

The rocks of the iron formation contain no minerals
traditionally used as geothermometers and geobarome-
ters. Moreover, there are no consistent thermodynamic
data on many minerals of these rocks. Because of this,
most researchers utilize thermobarometric estimates
for the rocks hosting BIF, most often, metapelites. Ear-
lier, in studying mineral equilibria in the chloritoid
schists underlying BIF of the Stoilenskaya Formation,
Kurskaya Group in the Mikhailovskii district, the fol-
lowing mineral assemblages were described: Qtz +
Cld + Chl, Qtz + Cld + Chl + Ms, Qtz + Cld + Chl +
Ms + And, and Qtz + Cld + Grt + Chl + Ms + Bt in the
almandine–chlorite–chloritoid zone and Qtz + St +
Cld + Chl + Ms, Qtz + St + And + Cld + Chl + Bt in the
chloritoid–staurolite zone (Poskryakova, 2001). The
appearance of staurolite in association with chloritoid
in metapelites testifies for the transition from the
almandine–chlorite–chloritoid zone of the greenschist
facies to the staurolite–chlorite–chloritoid zone of the
staurolite facies (Korikovsky, 1979). The St + Cld + Bt
assemblage is stable over the temperature interval of
450–520°ë at pressures of 2–3 kbar, according to the
petrogenetic grid in (Spear and Cheney, 1989). Stauro-

Table 6.  Chemical composition of riebeckite in BIF from the Mikhailovskoe deposit

Compo-
nent

MK-2 3830/58 3195/15

incl. in Aeg matrix profile across a large riebeckite crystal matrix matrix

41 43 45 48 margin core margin 9 61 63 67 69

SiO2 52.70 52.24 52.49 52.71 54.31 53.17 54.26 54.15 53.79 53.85 53.90 53.56 54.26 53.66 54.20
TiO2 – – 0.01 0.01 0.01 – 0.05 – 0.06 – – 0.36 0.03 0.05
Al2O3 0.01 0.04 0.02 – 0.53 0.09 0.16 0.68 0.61 0.53 0.51 – 0.71 0.06 0.17
FeO 31.02 30.85 33.65 31.28 28.02 27.06 26.19 27.53 28.08 28.23 27.58 27.93 26.61 28.82 26.94
MnO 0.01 0.01 – 0.05 – – – – – – 0.11 0.09 – – 0.04
MgO 6.32 6.61 4.46 6.06 7.91 8.72 9.03 8.17 7.66 7.85 7.99 8.01 8.67 7.29 8.76
CaO 0.12 0.03 0.02 0.09 0.04 0.09 0.12 0.17 0.14 0.04 0.15 0.01 0.07 0.05 0.13
Na2O 6.79 6.90 6.93 7.02 6.97 7.65 7.60 7.30 7.56 7.3 7.69 7.41 7.29 7.53 7.33
K2O 0.23 0.40 0.13 0.18 – 0.22 0.60 – – – 0.09 0.03 0.09 0.26 0.39

Total 97.20 97.08 97.71 97.40 97.79 97.00 98.01 98.00 97.90 97.80 98.02 97.49 97.70 97.70 98.01

23O

Si 7.78 7.73 7.82 7.80 7.83 7.78 7.85 7.81 7.82 7.80 7.83 7.81 7.82 7.87 7.83
Ti – – – – – – 0.01 – 0.01 – – 0.04 – – 0.01
Al – 0.01 – – 0.09 0.02 0.03 0.12 0.10 0.09 0.09 – 0.12 0.01 0.03
Fe3+ 2.41 2.48 2.32 2.33 2.28 2.19 1.97 2.17 2.07 2.25 2.03 2.17 2.17 2.05 2.14
Fe2+ 1.41 1.33 1.86 1.53 1.10 1.12 1.19 1.15 1.34 1.17 1.31 1.23 1.03 1.48 1.11
Mn – – – 0.01 – – – – – – 0.01 0.01 – – –
Mg 1.39 1.46 0.99 1.34 1.70 1.90 1.95 1.76 1.66 1.69 1.73 1.74 1.86 1.59 1.88
Ca 0.02 – – 0.01 0.01 0.01 0.02 0.03 0.02 0.01 0.02 0.02 0.01 0.01 0.02
Na 1.94 1.98 2.00 2.01 1.95 2.17 2.13 2.04 2.13 2.05 2.16 2.09 2.03 2.14 2.05
K 0.04 – 0.02 0.03 – 0.04 0.11 – – – 0.02 0.01 0.02 0.05 0.07
XFe 0.51 0.48 0.66 0.54 0.39 0.37 0.38 0.40 0.45 0.41 0.43 0.41 0.36 0.48 0.37

0.5

7.5 7.0

1.0

0
8.0

Mg/(Mg + Fe2+)

Si, f.u.

Magnesioriebeckite

Riebeckite

Fig. 9. Compositions of riebeckite from the Mikhailovskoe
BIF shown in a classification plot.
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lite-free assemblages with chloritoid, chlorite, and
muscovite are stable at 370–470°C within the
andalusite stability field. It follows that the prograde
ê−í metamorphic path, inferred from the phase equi-
libria and mineralogical thermometric data, can be esti-
mated at 370–520°ë at 2–3 kbar.

PETROGENESIS

The wide occurrence of K- and Na-bearing minerals
in rocks of the iron formation in the Mikhailovskii dis-
trict suggests that the protoliths of these rocks were the
products of sedimentation and diagenesis of iron–sili-
cate gels rich in Na and K (French, 1973; Klein, 1974).
When this material starts to crystallize during diagene-
sis, the diffusion of cations is activated, and Na and K
can be accommodated in the structures of mica and rie-
beckite. Eugster (1969) suggested, by analogy with
Pleistocene siliceous lacustrine deposits, that magadiite
NaSi7O13 · 3H2O was the first to crystallize in the iron-
formation deposits. As a consequence of reaction with
Fe-bearing mixed-layer silicates, Na was released and
gave rise to riebeckite (Miyano, 1982). The very low-
temperature metamorphism produced disordered

K-micas almost devoid of Al, and their decomposition
resulted in celadonite and tetraferribiotite.

Conceivably, part of the riebeckite, celadonite, and
tetraferribiotite could crystallize from alkali-bearing
solutions that entered the rocks during their deforma-
tions. In the Early Proterozoic iron formation of KMA,
limited alkaline metasomatism proceeded within zones
permeable to fluid (such as zones of fracturing and
intense tectonization). This is confirmed by the obser-
vations of Trendall and Blockley (1970) that riebeckite
develops in the iron formations of western Australia in
close relation with deformations. Glagolev (1966)
noted that the activity of alkaline metasomatism in the
KMA iron formation was generally not high. The BIF
with aegirine and riebeckite fully preserved their char-
acteristic structures (thin banding and crenulation) and
bear no metasomatic bodies with massive or impreg-
nated structures. The aegirine and riebeckite coexist
with quartz, magnetite, hematite, micas, and carbon-
ates, i.e., there are absolutely no monomineralic and
bimineralic associations. Because of this, Glagolev
(1966) referred to the limited alkaline metasomatism in
BIF as alkaline metamorphism.

The stability of hematite and magnetite in the BIF
mineral assemblages testifies to high values of oxygen

Table 7.  Chemical composition of aegirine in BIF from the Mikhailovskoe deposit

Compo-
nent

3213/8 MK-18 3830/14 3195/15

29 21 22 23 28 31 47 48 50 60 62 64 66 70

margin margin core margin core margin margin core margin margin margin margin core margin

SiO2 53.21 52.89 52.79 53.09 53.29 53.05 52.77 52.75 53.37 53.09 53.02 53.58 52.92 53.34

TiO2 – 0.10 – – – – 0.10 – 0.02 0.03 0.02 0.12 0.04 0.02

Al2O3 0.02 0.23 0.06 0.11 0.11 0.09 0.14 0.21 0.15 0.09 0.17 0.10 0.21 0.05

FeO 32.57 32.90 31.82 32.11 32.52 32.95 31.47 32.23 32.67 31.69 32.13 32.20 32.72 32.97

MnO – 0.21 0.04 – 0.02 – 0.15 – 0.13 – 0.14 – – –

MgO 0.02 0.14 0.04 0.02 0.05 – 0.03 – – – 0.07 0.17 0.04 –

CaO 0.14 0.15 0.18 0.08 0.05 0.19 0.19 0.31 0.02 0.23 0.19 0.23 0.31 0.19

Na2O 13.21 13.34 15.01 14.42 13.95 13.65 15.00 14.37 13.62 14.80 14.26 13.55 13.63 13.37

K2O – – 0.05 – – 0.03 0.01 0.07 0.01 0.05 0.03 – 0.01 0.03

Total 99.17 99.96 99.99 99.83 99.99 100.00 99.86 99.94 99.99 99.98 100.03 99.95 99.98 99.97

Si 2.00 1.98 1.94 1.96 1.98 1.98 1.94 1.95 1.99 1.95 1.96 1.99 1.97 1.99

Ti – – – – – – – – – – – – – –

Al – 0.01 – – – – 0.01 0.01 0.01 – 0.01 – 0.01 –

Fe3+ 0.95 1.00 1.19 1.10 1.04 1.03 1.18 1.12 1.00 1.14 1.09 0.97 1.03 0.98

Fe2+ 0.07 0.03 – – – – – – 0.02 – – 0.03 – 0.05

Mn – 0.01 – – – – – – – – – – – –

Mg – 0.01 – – – – – – – – – 0.01 – –

Ca 0.01 0.01 0.01 – – 0.01 0.01 0.01 – 0.01 0.01 0.01 0.01 0.01

Na 0.96 0.97 1.07 1.03 1.00 0.99 1.07 1.03 0.98 1.06 1.02 0.98 0.98 0.97

K – – – – – – – – – – – – – –
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fugacity, close to the magnetite–hematite buffer. This is
corroborated by the elevated XMg of the tetraferribiotite,
celadonite, chlorite, and riebeckite, because, in the gen-
eral case, the XFe of Fe–Mg silicates decreases with
increasing oxygen fugacity. An elevated oxygen fugac-
ity during the metamorphism and the low Al2O3 con-
centration in the rocks account for the fact that the
Mikhailovskoe BIF contain minerals high in Fe3+. For
example, these rocks ubiquitously bear celadonite and
tetraferribiotite, which seem to have been stable
throughout the whole greenschist facies. Low-tempera-
ture iron formations elsewhere commonly contain stilp-
nomelane (Klein and Gole, 1981; Haase, 1982; Floran
and Papike, 1978; and others). Although the metamor-
phic parameters of the Mikhailovskoe BIF are above
the stability field of this mineral (approximately 470°C
at 2–3 kbar; Miyano and Klein, 1989), the latter was
likely not stable even at lower temperatures because of
the low alumina concentrations in the rocks and their
high Fe2O3/FeO ratios. This is confirmed by the abso-
lute absence of grunerite, which is, along with other
minerals, an inevitable product of stilpnomelane
decomposition at low pressures (Miyano and Klein,
1989). In place of stilpnomelane, the rocks contain
widespread tetraferribiotite and celadonite, which sug-
gests an elevated ä+ activity in the fluid.

Instead of greenalite Fe6Si4O10(OH)8, a mineral
common in BIF of low metamorphic grades, the
Mikhailovskoe rocks contain its “oxidized” analogue
ferrichamosite (Fe2+

5 Fe3+[Fe3+Si3O10](OH)8. Chlorites
are generally rare in iron formations because of the low
Al2O3 contents of the rocks (Laird, 1989) and are com-
monly represented by chamosite (Gole, 1980) and,
more rarely, clinochlore and ripidolite (Klein, 1983;
Miyano and Beukes, 1997), which crystallize at the
lowest metamorphic grades and, perhaps, catagenesis.

MINERAL FACIES

The reaction texture, described above, of alkali-rich
BIF at the Mikhailovskoe deposit can be interpreted
with the aid of chemical reactions in the system
Na2é−K2é–FeO–Fe2O3–SiO2–CO2–H2é.

The replacement textures of tetraferribiotite by cela-
donite suggest the oxidation of the former according to
the reaction

(1)

(2)

Bt Qtz 1/2O2 Sld Hem+ + +

K Fe2+ Fe3+,( )3 Fe3+Si3O10[ ] OH( )2 SiO2+

+ 1/2O2 KFe3+Fe2+ Si4O10[ ] OH( )2 Fe2O3+

or

Bt Qtz 1/3O2 Sld 2/3Mag+ + +

K Fe2+ Fe3+,( )3 Fe3+Si3O10[ ] OH( )2 SiO2+

+ 1/3O2 KFe3+Fe2+ Si4O10[ ] OH( )2 2/3Fe3O4,+

and, depending on the oxygen fugacity in discrete lay-
ers, hematite [at higher , reaction (1)] or magnetite

[at lower , reaction (2)] are formed in the right-hand
sides of the reactions.

Aegirine and riebeckite were never found in equilib-
rium relations and generally occur simultaneously very
rarely. They usually compose discrete layers, which,
however, can be not far from one another. Even if the
two minerals occur in the same layer, riebeckite retro-
gressively replaces aegirine grains in margins and along
cracks or is contained as inclusions in aegirine. Hema-
tite in most rocks coexists with riebeckite in aegirine-
free layers but can also be absent from them. Hence, the
stability of aegirine or riebeckite in the iron formations
is more probably controlled by the oxygen fugacity
rather than the temperature of metamorphism

(3)

REGIME OF OXYGEN AND ALKALIS 
DURING METAMORPHISM

Riebeckite presence in iron formations is controlled
by , , and temperature (Miyano and Klein,

1983). Furthermore, if riebeckite occurs in assemblage
with ankerite and/or siderite, its stability field expands
with the increasing ëé2 activity in the fluid. The stabil-
ity of riebeckite in iron formations cannot serve as an
clear-cut indicator of the metamorphic temperature
interval if other factors are not accounted for. Riebeck-
ite (more specifically, its asbestiform variety crocidol-
ite) can develop at the sacrifice of iron oxides, carbon-
ates, and quartz at very low temperature metamorphism
or even diagenesis, starting from 130°ë, at the active
interaction of Fe-rich rocks with Na+-bearing solutions
(Miyano and Klein, 1983).

Since aegirine and riebeckite rarely occur together
in our rocks and compose different layers at the
Mikhailovskoe deposit, it is reasonable to conclude that
no reaction of high-temperature riebeckite decomposi-
tion with the origin of aegirine Rbk + Hem = Aeg +
Mag + Qtz + H2O took place. This makes it possible to
constrain the upper temperature boundary of metamor-
phism. The position of reaction lines in the diagram was
constrained experimentally (Ernst, 1962) and calcu-
lated (Miyano and Beukes, 1997). According to these
data, high-temperature riebeckite decomposition with
the origin of aegirine proceeds at 510–520°ë, 2.5 kbar,
and  = 1.0 and is independent of oxygen fugacity
and sodium activity in the fluid.

Our BIF never contain grunerite, but reaction rela-
tionships between grunerite and riebeckite were
described in the Penge iron formation, South Africa,

f O2

f O2

4Rbk 3O2 8Aeg 6Hem 16Qtz H2O+ + + +

4Na2 Fe3+Fe2+( )5 Si8O22[ ] OH( )2 3O2+

8NaFe3+ Si2O6[ ] 6Fe2
3+

O3 16SiO2 4H2O.+ + +

f O2
a

Na+

aH2O
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(Miyano and Beukes, 1997) and the Prioskol’skoe iron
deposit of KMA (Savko and Kal’mutskaya, 2002).
Miyano and Beukes (1997) calculated the position of
the reaction Gru + Mag + Qtz + H2O = Rbk in a

(Na+)/a(H+)] vs. T as a function of the Na activity
in the fluid. According to the data of these researchers,
riebeckite is stable instead of grunerite at a high Na
activity, [ (Na+)/a(H+) > 5.0–5.5 over the temper-
ature interval of 400–500°ë (Fig. 10). At a higher Na
activity, riebeckite should decompose and produce
aegirine by the reaction Rbk + Hem + Na+ = Aeg +
Mag + H+, which proceeds at (Na+)/a(H+) = 6.5
at 400°ë. No such reaction took place in our rocks,
because they contain aegirine, but not riebeckite, in
association with hematite. Hence, metamorphic trans-
formations of the Mikhailovskoe iron formations

[alog

[alog

[alog

occurred at a high Na activity in the fluid at
(Na+)/a(H+)] = 5.0–6.5 (Fig. 10).

According to Miyano and Beukes (1997), aegirine
forms at the expense of riebeckite by the following
reactions at different metamorphic regimes:

Rbk + 3Hem = 2Aeg + 3Mag + 4Qtz + H2O if the
temperature increases;

2Rbk + O2 = 4Aeg + 2Mag + 8Qtz + 2H2O if the
oxygen fugacity increases;

Na+ – Rbk + 4Hem + 23Na+ = 4Aeg + 3Mag + 2H+

if the sodium activity increases.
The latter reaction producing magnetite and aegirine

occurs in the high-temperature region, at temperatures
above 510°ë (Miyano and Beukes, 1997). It follows
that the only plausible mechanism forming aegirine
from riebeckite in our BIF is reaction (3): 4Rbk +
3O2  8Aeg + 6Hem + 16Qtz + 4H2O, which is

[alog

–30

450

–20

–10

500 550 600400
T, °C

5

6

7

log[a(Na+)/a(H+)]

log fO2

2

2.5 kbar

2.5 kbar

a(H2O) = 1.0

4Aeg + 3Mag + 2H+
Rbk + 4Hem + 23Na+

2Aeg + 2H+

Hem + 4Qtz + H2O + 2Na+

Rbk + 2Hem + 2H+

3Mag + 8Qtz + 2H2O + 2Na+

Rbk + Qtz + H2O
7Rbk + 14H+

2Gru + 7Mag + 4Qtz + 12H2O + 14Na+

R
bk +

 3H
em

2A
eg +

 3M
ag +

 4Q
tz +

 H
2 O

Rbk + 4Aeg + 6H+

Gru + Qtz + H2O

(a)

a(H2O) = 1.0

Gru + Qtz + H2O

10Gru + 32Qtz + 18H2O + 7O2 + 28Na+

14Rbk + 28H+

2Rbk + O2 = 4Aeg + 2Mag + 8Qtz + 2H2O
R

bk +
 3H

em

Hem
Mag

Mag

4Rbk + 3O2 = 8Aeg + 6Hem + 16Qtz + 4H2O

(b)

3Mag + 16Qtz + 4H2O + 6Na+

Hem

2A
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ag +

 4Q
tz +

 H
2 O

1

Fig. 10. Stability of riebeckite shown in (a) [ (Na+)/a(H+)] vs. T and (b)  vs. T diagrams. Shaded fields correspond

to: (1) stability of the Rbk + Mag assemblage and (2) stability of the Aeg + Hem assemblage, calculated for a pressure of 2.5 kbar
and a(H2O) = 1.0 (according to Miyano and Beukes, 1997).

[alog f O2
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controlled by the redox conditions of metamorphism.
The position of this reaction in a  – T °ë space

calculated for 2.5 kbar and  = 1 nearly coincides
with the hematite–magnetite buffer over the tempera-
ture interval of 400–500°ë (Miyano and Beukes,
1997). Hence, the occurrence of aegirine or riebeckite
in the alkali-rich BIF at KMA is a sensitive indicator of
oxygen fugacity during metamorphism (Fig. 10).

In most Precambrian iron formations, oxygen
behaves as a locally dependent (inert) component
(Frost, 1982; Fonarev, 1987; Savko, 1994). Many
researchers admit that oxygen fugacity in metamorphic
iron formations depends on its original concentration in
them (Korzhinskii, 1940; Marakushev, 1965) and can
only little vary during metamorphism because of the
inert behavior of this element. In every area or even an
individual layer, oxygen fugacity is controlled by the
conditions of sedimentation and diagenesis and by
buffer reactions. Because of this, oxygen fugacity may
vary from layer to layer even within a single iron for-
mation but is thought to remain constant within the lay-
ers. This is usually manifested in variations in the XFe of
silicates from layer to layer in the iron formations, for
example, these parameters of grunerite and orthopyrox-
ene in the presence of hematite or magnetite. In the
alkali-rich iron formations of KMA, the variations in
the oxygen fugacity between individual layers are
reflected in the stability of the Aeg + Hem and Rbk +
Mag assemblages.

CONCLUSIONS

The early Proterozoic iron formations of the
Mikhailovskoe deposit at KMA contain widespread
K-bearing, Al-free micas (tetraferribiotite and celado-
nite), carbonates (ankerite and siderite), riebeckite, and
aegirine. Studying the mineral equilibria in the rocks
enables reproducing the genetic successions of mineral
assemblages and the physicochemical parameters of
metamorphism. Early in the course of metamorphic
processes, the rocks contained quartz, carbonates, iron
oxides, specific K-bearing and Al-free micas, and Fe-
rich and Al-free chlorite. Later, depending on the oxy-
gen fugacity in individual layers (above or below the
hematite–magnetite buffer), the Aeg + Hem or Rbk +
Mag assemblages developed. The metamorphic tem-
perature is estimated at 370–520°ë at pressures of 2–
3 kbar, (Na+)/a(H+)] = 5.5–6.0, and an oxygen
fugacity above the hematite–magnetite buffer in layers
containing the Aeg + Hem assemblage and below this
buffer in layers with the Rbk + Mag assemblage.
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INTRODUCTION

Banded iron formations (BIF) are an important con-
stituent of all known Precambrian shields and the main
indicator of the drastic change in the oxygen regime in
the Earth’s hydrosphere and atmosphere at the bound-
ary between the Early and Late Proterozoic. Because of
this, BIF were not found in complexes younger than
1.9 Ga. These unique Precambrian formations were
studies by several researchers over many years. The
main research avenues were the reconstruction of the
sedimentation environments of the Fe-bearing rocks,
analysis of their facies and formations, sources of the
material, etc. At the same time, the evolution of BIF at
the Kursk magnetic anomaly (KMA) was studied rela-
tively poorly, mostly because of the following reasons:

* there is still no scheme of the facies and subfacies
of Fe- and Si-rich rocks (contrary to, for example,
metapelites);

* metamorphic zoning in rocks with such rare min-
eral assemblages was mapped very rarely (if at all);

* efforts to interpret the physicochemical metamor-
phic conditions of BIF were made based on very scarce
experimental materials, particularly in the low- and
medium-temperature regions, and these rocks contain
no mineral assemblages that are conventionally utilized
as geothermobarometers.

According to the chemical and mineralogic compo-
sition, BIF rocks are conventionally classed with one of

the following four types of Fe–Si formations (James,
1954; Klein, 1973): (1) quartz–magnetite (hematite)
type (which is also sometimes referred to as itabirite),
containing the 

 

Qtz

 

–

 

Mag

 

, 

 

Qtz

 

–

 

Hem

 

, and 

 

Qtz

 

–

 

Hem

 

–

 

Mag

 

assemblages; (2) quartz–carbonate, in which carbon-
ates of the fero-dolomite–ankerite and siderite–picto-
mesite series are abundant; (3) quartz–silicate, which is
dominated by quartz, Fe-rich phyllosilicates, such as
greenalite, minnesotaite, chlorites (chamosite, cli-
nochlore, ripidolite), micas (biotite, stilpnomelane, fer-
riannite), and, at higher metamorphic grades, grunerite,
orthopyroxene, and fayalite; (4) Mn-rich BIF. Another
type of widespread Early Proterozoic BIF at KMA are
high-Fe riebeckite and aegirine-bearing rocks.

Thus, every type of high-Fe rocks is characterized
by different mineral assemblages and, hence, their dif-
ferent evolutionary successions in the course of pro-
grade metamorphism. Moreover, the stability of the
mineral assemblages is strongly dependent on the oxy-
gen fugacity, because of which a significant part in BIF
metamorphism is played by redox reactions, which are
particularly typical of low- and medium-temperature
conditions. High-temperature metamorphism (to the
high-temperature amphibolite and, particularly, granu-
lite facies) of all of the aforementioned BIF types
(except those high in Mn) results in magnetite–quartz–
fayalite–orthopyroxene rocks, sometimes referred to as
eulysites.
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Abstract

 

—The Early Proterozoic banded iron formation (BIF) of the Mikhailovskoe iron deposit differs from
other known Precambrian BIF by the low Al# and high 

 

Fe

 

3+

 

/(Fe

 

3+

 

 + Fe

 

2+

 

)

 

 ratios. The elevated oxygen fugacity
during the metamorphic event and the Al-poor composition of the rocks were responsible for the origin of min-
erals high in Fe

 

3+

 

 and the absolute absence of Al-bearing phases. The BIF contains widespread celadonite,
tetraferribiotite, Al-free chlorite, riebeckite, and aegirine instead of grunerite, stilpnomelane, minnesotaite, and
greenalite, which are minerals usual in BIF elsewhere. Data on the phase equilibria provide information on the
origin order of mineral assemblages and the physicochemical conditions of metamorphism. Its early stages
were marked by the stability of quartz, carbonates, iron oxides, and potassic micas of specific composition. As
the temperature increased, tetraferribiotite, celadonite, and riebeckite crystallized. Depending on the oxygen
fugacity (above or below the hematite–magnetite buffer) in discrete layers, the 

 

Aeg

 

 + 

 

Hem

 

 and 

 

Rbk

 

 + 

 

Mag

 

assemblages were formed. The metamorphic temperature was estimated at 

 

370–520°ë

 

 at a pressure of
2

 

−

 

3 kbar, Na activity [

 

(Na

 

+

 

)/

 

a

 

(H

 

+

 

)

 

] = 5.5–6.0, and oxygen fugacity above the hematite–magnetite buffer
in layers with the 

 

Aeg

 

 + 

 

Hem

 

 assemblage and below this buffer in layers with 

 

Rbk

 

 + 

 

Mag

 

.
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BIF rocks at the Mikhailovskoe iron deposit of
KMA differ from other Precambrian BIF by low 

 

Al

 

2

 

O

 

3

 

concentrations, even as compared with the generally
low Al

 

2

 

O

 

3

 

 concentrations in all BIF rocks. This feature
causes the complete absence of Al-bearing minerals.
The phyllosilicates are K-bearing and virtually Al-free
micas: celadonite and tetraferribiotite in place of stilp-
nomelane, minnesotaite, and greenalite, typical of BIF
of low metamorphic grades. The wide occurrence of
celadonite in association with tetraferribiotite, quartz,
magnetite, and hematite at low metamorphic grades
makes the Mikhailovskoe BIF different from other
well-known Precambrian BIF at shields. The rocks also
contain siderite, ankerite, Al-free chlorite, riebeckite,
and aegirine.

This paper is centered on the succession of phase
transitions in and the physicochemical metamorphic
conditions of the tetraferribiotite–celadonite–riebeckite
BIF at the Mikhailovskoe iron deposit, one of the larg-
est in the world.

GEOLOGY

BIF were found in the KMA Precambrian at three
stratigraphic levels: Early Archean, Late Archean, and
Early Proterozoic. Archean BIF rocks occur locally,
within small positive ellipsoidal, crescent-shaped, or
stripe anomalies (Ushakovskoe, Kuvshinovskoe,
Budanovskoe, Besedinskoe, and others) and consist of
eulysites metamorphosed to the granulite facies. Their
metamorphic parameters were assayed (Savko, 1999)
at 

 

T

 

 = 850°ë, 

 

P

 

 = 5 kbar, and  from –14 to –15.

The Late Archean BIF rocks occur in greenstone
belts in close association with amphibolites (Shchego-
lev, 1985). They compose elongated bodies up to 10 km
long and relatively thin (no more than 100 m) and con-
sist of quartz–magnetite–garnet–grunerite rocks. Their
metamorphic parameters were determined at the
Zapadnyi Kodentsovskii prospect as 

 

T

 

 = 650 

 

±

 

 30°ë,

 

P

 

 = 5 kbar, and  from –17 to –20 (Savko, 1994).

The most widely spread BIF at KMA are of Early
Proterozoic age (Kurskaya Group). The rocks compose
two stripes (Shchigrovsko–Oskol’skaya and
Mikhailovsko–Belomorskaya) trending roughly west-
ward for more than 550 km (Fig. 1). All currently
mined iron ores of KMA affiliate with the Early Prot-
erozoic BIF.

We examined BIF rocks of the Mikhailovskoe ore
field, whose central portion includes one of the worlds
greatest Mikhailovskoe deposit (Fig. 2).

The deposit is hosted by Lower Proterozoic meta-
morphosed terrigenous–sedimentary rocks of the Kur-
skaya Group (Fig. 2). The group is subdivided into the
sandy–shaly Stolenskaya and the BIF Korobkovskaya
Formation. The Stoilenskaya Formation consists of a
lower and upper subformations. In our study area, the
rocks of the former are quartz conglomerates and

f O2
log

f O2
log

 

quartz metasandstones with beds of almandine–chlori-
toid aluminous schists. The upper subformation con-
sists of carbonaceous shales and barren quartzites. The
Korobkovskaya Formation is subdivided into four sub-
formations: lower iron-bearing, intermediate shaly,
upper iron-bearing, and upper shaly. The lower iron-
bearing subformation can be subdivided into four mem-
bers: (1) magnetite quartzite, (2) magnetite–hematite
quartzite, (3) hematite quartzite, and (4) intercalating
magnetite and hematite quartzites.

BIF PETROGRAPHY AND CHEMISTRY

The rocks of the Korobkovskaya Formation at the
Mikhailovskii mining district are dark gray and green-
ish gray fine-grained BIF, whose banding is accentu-
ated by alternating mineralized (magnetite and hema-
tite) and barren (quartz and silicate) layers (Fig. 3). The
layers can have the following compositions: (a) quartz
with magnetite, carbonate, and, sometimes, hematite
(Borehole 3195); (b) hematite with quartz and, some-
times, magnetite, celadonite, and carbonates (sample
MK-18); (c) silicate (riebeckite and celadonite) in asso-
ciation with hematite or magnetite (Boreholes 3830,
3829, 3291); and (d) magnetite with hematite, quartz,
carbonates, and silicates (aegirine, riebeckite, and cela-
donite; Boreholes 3829, 3830, 3291). At the
Mikhailovskoe Mine, BIF (which are sometimes pli-
cated and crenulated) contain interbeds of variable
composition: aegirine (up to 4 cm thick); aegirine–cela-
donite (up to 1.5–2 cm), riebeckite (0.5–1 cm), quartz–
carbonate–celadonite (0.5–1 cm), magnetite (0.5–
1 cm), and quartz–magnetite (1–2 cm) (Fig. 3).
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Fig. 1. 

 

Schematic map showing the distribution of the Early
Proterozoic KMA BIF (after Shchegolev, 1985).
(
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) Study area.
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The mineralogy of BIF at the Mikhailovskoe iron
deposit is controlled by the major-element chemistry
and physicochemical metamorphic parameters. The
chemistry of individual samples depends on the propor-
tions of minerals composing the rocks. Chemical anal-
yses of the Mikhailovskoe BIF are listed in Table 1 and
generally correspond to the average composition of BIF
from known iron-ore basins (Gole and Klein, 1981),
except only for the FeO and 

 

Fe

 

2

 

O

 

3

 

 concentrations. The
Mikhailovskoe BIF are noted for the strong predomi-

nance of Fe

 

2

 

O

 

3

 

 over FeO, with the 

 

Fe

 

3+

 

/(Fe

 

3+

 

 + Fe

 

2+

 

)

 

ratios ranging from 0.70 to 0.87 (averaging 0.76) at ele-
vated total Fe concentrations (

 

Σ

 

Fe

 

 = 37.1–40.47 wt %
at an average of 38.7 wt %). In a review of the chemical
compositions of rocks from five Proterozoic BIF (Gole
and Klein, 1981), the average value of the 

 

Fe

 

3+

 

/(Fe

 

3+

 

 +
Fe

 

2+

 

)

 

 ratio does not exceed 0.5, ranging from 0.31 in the
Marra Mamba Iron Formation in western Australia to
0.45–0.46 in formations of the Labrador Trough, Can-
ada, and Biwabik in Minnesota, at total iron concentra-
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Fig. 2.

 

 Schematic geological map of the Mikhailovskoe iron deposit.
(

 

1

 

) Kurbakinskaya Formation: volcanomictic sandstone, shale, conglomerate, and quartz porphyry. Korobkovskaya Formation:
(

 

2

 

) upper shale subformation (black carbonaceous quartz–chlorite–sericite shale), (

 

3

 

) upper iron ore subformation (magnetite, lean,
red-banded hematite quartzite), (

 

4

 

) lower shale subformation (black carbonaceous quartz–chlorite–sericite shale and fine-grained sand-
stone), (

 

5

 

) lower iron ore subformation (magnetite and magnetite–hematite quartzite, red-banded hematite quartzite), (

 

6

 

) lower iron ore
subformation, third unit (hematite–magnetite quartzite), (

 

7

 

) lower iron ore subformation, second unit (magnetite–hematite quartzite),
(

 

8

 

) lower iron ore subformation, first unit (carbonate–magnetite, hematite–magnetite, and lean quartzite); (

 

9

 

) faults; (

 

10

 

) boreholes and
their numbers; (

 

11

 

) sampling sites in the Mikhailovskii opencut mine; (

 

12

 

) contour of the Mikhailovskii opencut mine.
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tions of 30–32 wt %. Hence, the Mikhailovskoe BIF are
characterized by a high average oxidation state of iron
and its elevated overall concentrations compared with
BIF elsewhere. The average 

 

ä

 

2

 

é

 

 and 

 

Na

 

2

 

é

 

 concentra-
tions in the rocks are closely similar to those in BIF in
western Australia (Hamersley Basin, Marra Mamba)
and are slightly higher than in BIF in North America.

We obtained microprobe analyses of minerals in the
Early Proterozoic BIF from the Mikhailovskoe iron
deposit. The mineral assemblages of these rocks are listed
in Table 2, and the sampling sites are shown in Fig. 2.

METHODS

The more than 120 BIF samples are fragments of
borehole core and specimens taken in the walls of the
Mikhailovskoe opencut mine, which were described in
much detail in field. The petrographic thin sections pre-
pared from these samples were examined optically and
analyzed at a Camebax SX-50 microprobe at the Mos-
cow State University. The operating conditions were
15 kV accelerating voltage, 1–2 nA beam current, and
1–2 

 

µ

 

m beam diameter. The analytical accuracy was
systematically controlled by the analyses of natural and
synthetic standards. The BSE images of thin sections
were taken on a CamScan electron microscope with a
Link EDS analytical set at the Moscow State Univer-
sity. The crystal chemical formulas of minerals were
normalized to 6 oxygen atoms for aegirine, 23 for rie-
beckite, 11 for micas, 14 for chlorites, 8 for potassium
feldspar, and 4 for magnetite.

MINERALOGY

 

Magnetite

 

 is the main ore- and rock-forming min-
eral and occurs as individual grains of various size and
octahedral habit, which are commonly concentrated
within thin layers and lamina up to a few millimeters
thick. This mineral is present in virtually all rock types,
and its amount attains 50 modal %. The composition
corresponds to pure magnetite, with the MgO, MnO,

 

SiO

 

2

 

,

 

 and 

 

Al

 

2

 

O

 

3

 

 admixtures amounting to no more than
a few tenths of a percent (Table 3).

 

Hematite

 

 is always quantitatively subordinate to mag-
netite and occurs as platelets and flakes ranging from frac-
tions of a millimeter to a few millimeters. Small hematite
flakes are usually grouped within thin lamina up to a few
millimeters thick, which are parallel to the rock bedding.

 

Fig. 3.

 

 BIF at the sampling site MK-18 in the Mikhailovskii
iron ore opencut mine.
Dark layers are magnetite–celadonite–riebeckite and mag-
netite–hematite–celadonite–aegirine BIF varieties.

 

Table 1. 

 

 Chemical composition of BIF from the Mikhailovskoe deposit

Component 712 714 715 716/1 716/2 717/1 717/2 718/1 718/2 719 720 801

SiO

 

2

 

38.76 38.30 40.74 39.76 39.10 39.06 42.34 40.38 39.62 38.72 38.16 38.06

TiO

 

2

 

0.49 0.23 0.25 0.25 0.30 0.35 0.30 0.25 0.27 0.47 0.46 0.47

Al

 

2

 

O

 

3

 

0.01 0.56 0.57 0.53 0.49 0.53 0.65 0.49 0.47 0.01 0.13 0.01

Fe

 

2

 

O

 

3

 

50.26 43.18 39.44 39.40 45.40 38.91 35.90 38.26 42.77 43.90 44.91 41.88

FeO 6.85 11.42 12.50 13.41 10.34 13.69 13.65 14.21 11.05 11.58 11.49 14.06

MnO 0.01 0.03 0.05 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.03 0.02

MgO 0.35 1.08 1.04 1.18 0.61 1.24 1.24 1.25 1.08 1.07 0.11 1.42

CaO 1.59 0.78 0.91 0.98 0.77 1.26 1.24 1.21 0.98 1.13 1.08 1.19

Na

 

2

 

O 0.04 0.30 0.38 0.85 0.20 0.55 0.40 0.55 0.37 0.48 0.35 0.61

K

 

2

 

O 0.30 0.93 1.10 1.08 0.80 1.20 1.22 0.85 0.83 1.05 0.80 0.97

Total 98.66 96.81 96.98 97.46 98.03 96.82 96.97 97.48 97.46 98.43 98.52 98.69

 

Σ

 

Fe 40.47 39.08 37.31 37.98 39.79 37.85 35.72 37.81 38.50 39.71 40.43 40.22

Fe

 

3+

 

/(Fe

 

3+

 

 + 
Fe

 

2+

 

)
0.87 0.77 0.74 0.73 0.80 0.72 0.70 0.71 0.78 0.77 0.78 0.73

 

Note: Analyses were conducted at the chemical laboratory of NPO Tsentrgeologiya.
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In addition to quartz and magnetite, hematite is usually
accompanied by aegirine and phyllosilicates. Most sam-
ples show evidence of magnetite martitization, i.e., its
replacement by pseudomorphs of secondary hematite.

Micas. The Mikhailovskoe BIF contain Fe-rich
micas, which are either the only or the predominant sil-
icates of most BIF varieties. We identified tetraferribi-
otite and celadonite.

Table 2.  Mineralogic composition of BIF from the Mikhailovskoe deposit

Mineral Qtz Mag Hem Sld Bt Chl Ank-Fe-Dol Sd Aeg Rbk

MK-1 + + + + + – + + + *

MK-2 + + + + – + – – – +

MK-4 + + + + – + – – + *

MK-5 + + + + – – + + + –

MK-15 + + + + – – + + + –

MK-18 + + + + – – – – + –

3195/15 + + – + – – + + + +

3213/8 + + + + + + + + + *

3291/479 + + + + + – – – – –

3829/2 + + + + s.g. + + + + s.g.

3829/4 + + + * + – – inc. + inc.

3829/6 + + + + s.g. + + + – –

3829/7 + + + + – – – + + inc., *

3830/14 + + + + – – + + + –

3830/16 + + + + – – + + + –

3830/21 + + – + + – – – – +

3830/23 + + + + + s.g. + + – +

3830/28 + + + + – – – – – +

3830/29 + + + + inc. – + + + *

3830/30 + + + + + – + + + –

3830/31 + + + – + + – – – +

3830/32 + + + + + – + + – +

3830/39 + + + + + + + + + –

3830/40 + + + + inc. inc. – – + *

3830/47 + + + + inc. + + + + inc.

3830/49 + + + + – + + + + –

3830/58 + + – + – – + + – +

3830/59 + + + – – – + + + –

460p/86 + + + + – – + + + –

466p/32 + + + + – + – – – +

466p/100 + + – + – + + + – +

466p/130 + + + + – + + + – +

466p/131 + + + + inc. inc. + + + –

467p/195 + + + – – + + + – +

467p/205 + + + – – + + + + –

467p/214 + + – + – – – – – +

467p/217 + + + – – + + + – +

469p/254 + + + + – – – – – –

Note: Abbreviations: s.g—single grain, inc.—inclusion in aegirine; *secondary.



PETROLOGY      Vol. 11      No. 5      2003

RIEBECKITE–AEGIRINE–CELADONITE BIF AT THE MIKHAILOVSKOE IRON DEPOSIT 431

Tetraferribiotite is a fairly rare Al-free mica, which
has the formula K(Mg, Fe2+, Fe3+)3[Fe3+ Si3O10](OH)2
and was discovered in 1955 during an unsuccessful
experimental effort to synthesize K–OH amphibole
(Veres et al., 1955). One member of the tetraferribiotite
group, ferriannite, was obtained in the experiments of
Wones (1963) within the temperature range of 400–
850°ë, pressures of 1035–2070 bar, and an oxygen
fugacity between the hematite–magnetite and iron–
wuestite buffers. Wones explored the hypothesis that
mica of ferriannite composition should occur in mag-
matic Fe-rich rocks. Later ferriannite was described in
riebeckite-bearing rocks in iron formations in western
Australia (Miyano and Miyano, 1982; Miyano, 1982)
and South Africa (Miyano and Beukes, 1997). Micas of
the tetraferriannite–tetraferriphlogopite isomorphous
series were described in the iron formation of the Kursk
Magnetic Anomaly as early as the 1950–1960s (Sudo-
vikova, 1956; Illarionov, 1965).

Tetraferribiotite occurs in the iron formation of the
Mikhailovskoe mining district in the form of small
brownish flakes 0.2–1.0 mm across (Fig. 4b) approxi-
mately in every fourth sample, in which it is accompa-

nied by magnetite, hematite, riebeckite, aegirine, cela-
donite, and carbonate. The mineral occurs in subordi-
nate amounts compared with celadonite and is
preferably localized in magnetite–hematite layers as
disseminated flakes, although can occasionally also
compose nearly monomineralic thin layers with merely
minor amounts of celadonite and iron oxides. Tetrafer-
ribiotite sometimes forms inclusions in aegirine
(Figs. 5a, 5d, 6a), although these rocks may contain no
this mineral in the groundmass. When in magnetite–
hematite layers, tetraferribiotite is commonly replaced
by celadonite (Fig. 4b).

Tetraferribiotite in the KMA iron formation is less
aluminous (Table 4; Al2O3 = 0.68–0.76 wt %) and more
magnesian (MgO = 10.13–14.09 wt %) than natural fer-
riannite (Miyano and Miyano, 1982; Miyano and Beu-
kes, 1997), whose Al2O3 content is always higher than
1.3 wt %, usually about 4–5 wt %, and the MgO con-
centration varies from 3.5 to 12.5 wt % (Fig. 7). The
Si/Al ratio of the tetraferribiotite is always one order of
magnitude higher: 3.0. The least aluminous tetraferribi-
otite was detected as inclusions in aegirine. Hence, the
compositions of the KMA tetraferribiotite are most

Table 3.  Chemical composition of carbonates and magnetite in BIF from the Mikhailovskoe deposit

Compo-
nent

3830/58 3830/14 MK-18 3195/15 3291/479 460p/86.0 466p/131.0

Mag-7 Dol-8* Sd-10 Ank-51 Mag-49 Sd-24 Dol-29 Mag-26 Dol-71 Mag-9 Sd-8 Dol-15 Dol-13 Sd-21

SiO2 0.07 0.24 0.14 0.28 1.32 0.17 0.43 1.08 0.41 0.11 0.26 0.24 0.31 0.09

TiO2 – 0.04 – – – – 0.14 – – – – – – –

Al2O3 0.09 0.26 0.2 0.11 – – – 0.18 – – 0.13 – 0.02 –

FeO 99.74 19.46 64.99 37.05 97.29 66.64 22.61 98.15 21.22 99.57 73.34 23.98 24.65 76.60

MnO 0.02 0.6 1.39 0.5 – 0.24 0.03 – 0.72 0.09 2.03 0.90 1.08 1.24

MgO – 26.78 32.9 14.28 0.34 32.04 25.74 0.09 25.92 0.02 23.11 24.04 23.61 21.40

CaO 0.02 52.55 0.36 47.38 0.06 0.68 50.52 – 51.68 – 0.46 50.14 50.20 0.28

Na2O – – – – – 0.23 0.24 0.05 0.05 – 0.61 0.37 0.08 0.35

K2O – 0.07 0.01 0.01 – – 0.07 0.15 – – 0.03 0.30 – –

Total 99.94 100.00 100.00 100.00 99.01 100.00 99.99 99.70 100.00 99.98 99.97 99.97 99.95 99.96

Si 0.03 – – – 0.05 – – 0.04 – – – – – –

Al 0.04 – – – – – – 0.01 – – – – – –

Ti – – – – – – – – – – – – – –

Fe3+ 1.90 – – – 1.90 – – 1.95 – 1.01 – – – –

Fe2+ 1.03 0.14 0.51 0.29 1.03 0.53 0.17 0.97 0.16 0.97 0.62 0.18 0.19 0.66

Mn – – 0.01 – – – – – 0.01 – 0.02 0.01 0.01 0.01

Mg – 0.35 0.46 0.20 0.02 0.46 0.34 0.01 0.34 – 0.35 0.32 0.32 0.32

Ca – 0.49 – 0.49 – 0.01 0.48 – 0.49 – 0.01 0.48 0.48 –

Na – – – – – – – 0.02 – 0.22 0.01 0.01 0.01 –

K – – – – – – – 0.01 – – – – – –

XFe 0.29 0.53 0.59 0.54 0.33 0.32 0.64 0.36 0.37 0.67
* All analyses are normalized to 100%. Here and in Tables 4–7, dashes mean concentration below the analytical determination limit, n.a.—not

analyzed; XFe = Fe2+/(Fe2+ + Mg); oxides are given in wt %.
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Fig. 4. Micrographs of reaction textures in BIF from the Mikhailovskoe iron deposit.
(a) Acicular riebeckite crystals develop in a quartz–magnetite matrix, sample 467r/214; (b) tetraferribiotite (light gray) is replaced
by celadonite (dark gray) in the margins in a magnetite layer, sample 3830/21; (c) celadonite and riebeckite replace siderite, sample
3830/28; (d) celadonite is replaced by riebeckite, sample 3830/28. All micrographs were taken with one polarizer.
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Fig. 5. Micrographs of reaction textures in BIF from the Mikhailovskoe iron deposit.
(a) Large aegirine grain with tetraferribiotite, chlorite, and magnetite inclusions; aegirine is replaced by retrograde riebeckite in the
margins, sample 3830/29. (b) Siderite is replaced by aegirine, the latter contains celadonite inclusions and is replaced by retrograde
riebeckite along cracks, sample 3830/40. (c) Two populations of celadonite, sample 3830/49. (d) Large aegirine crystals grow in
carbonate domains, the aegirine contains tetraferribiotite and chlorite inclusions, sample 3829/7 (one polarizer). (e) Riebeckite
develops in celadonite layers, sample 466r/100.
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close to that of the end member of the annite–ferrian-
nite series and shift toward tetraferriphlogopite in the
tetraferriannite–tetraferriphlogopite series (Fig. 7). The
KMA tetraferribiotite is also noted for an elevated MnO
concentration (up to 0.66 wt %) as compared with those
in ferriannite from other iron formations (which con-
tains no more than 0.1 wt %).

The iron formations at the Mikhailovskii prospect of
KMA usually contain another green mica, whose com-
position corresponds to celadonite, having the formula
KFe3+ (Mg, Fe2+)�[Si4O10](OH)2 (Rieder et al., 1999).

Dioctahedral micas were first studied in the KMA
BIF in the 1950–1960s (Sudovikova, 1956; Illarionov,
1965; Foster, 1959). E.N. Sudovikova described a
green mica in the KMA BIF in 1956. The mica was in
assemblage with aegirine and alkaline amphibole.
Mega- and microscopic research led her to ascribe this
mica to the phlogopite–lepidomelane series. Later
M. Foster (1959) arrived at the conclusion that the
green mica from the KMA BIF is not trioctahedral,
because its crystal chemical formula appeared to be
close to that of dioctahedral potassic mica celadonite.

Celadonite is present in most of our samples, occur-
ring as flakes of emerald green color, ranging from a few
tenths of a millimeter to 1.5–2 mm, whose amount some-
times attains 30–40 modal % (Figs. 4d, 5e, 6b–6d).

Celadonite occurs in interlaced aggregates with rie-
beckite (Fig. 5e), and their crystals (platelets and tables;
Fig. 6d, 6e) in magnetite layers are larger than in quartz

layers. Aggregates of celadonite and riebeckite can
develop as rims around large carbonate grains and sep-
arate them from the granoblastic quartz aggregate. Rie-
beckite sometimes pseudomorphs celadonite (Fig. 4d),
or tiny riebeckite needles (“nuclei”) occur between
magnetite and celadonite grains. Celadonite flakes
often develop after carbonate (Fig. 4c). Carbonate
domains and the quartz matrix are separated by magne-
tite–celadonite intergrowths.

The celadonite is very low in Al, has a relatively
high XFe (equal to 0.27–0.41; Table 5), and approaches
ferroceladonite of the celadonite–ferroceladonite series
(Fig. 8).

The celadonite can be subdivided into two textural
groups (Fig. 5c). Celadonite in association with aegir-
ine is usually anhedral, cloud-shaped, while this min-
eral in the absence of aegirine is mostly platy. Anhedral
celadonite develops in cleavage fractures of the platy
celadonite. Optically, the platy and anhedral celado-
nites are also different: when platy, this minerals is ple-
ochroic from dark green to pale yellow or greenish yel-
low, while the anhedral celadonite, composing irregu-
larly shaped aggregates without visible cleavage, is
pleochroic from emerald green to green. The two types
of celadonite have practically identical compositions.

Chlorite develops as small (no more than 0.5 mm)
reddish brown crystals, which were found exclusively
in hematite–magnetite layers free of carbonates or as
inclusions, together with magnetite, in aegirine. In the
latter situation, chlorite inclusions are restricted to the
marginal portions of aegirine crystals, whereas chlorite
is absent at aegirine contacts with hematite and from
the groundmass (Figs. 5a, 5d, 6a).

Chlorite in the Mikhailovskoe BIF is usually practi-
cally free of Al2O3 (<0.5 wt %) and is high in Fe3+

(Table 4), with XFe = 0.54–0.67. Hence, the chlorite
composition corresponds to ferrichamosite, a hypothet-
ical end member of the chamosite–ferrichamosite
series and a member of the ferriclinochlore–ferricha-
mosite series (Burt, 1989).

Riebeckite occurs in two morphological types.
Type I composes elongated prismatic crystals up to 2–
5 mm long, of bluish green color with noticeable pleo-
chroism from greenish gray to bluish green and bluish
yellow, composing layers of bright blue color up to
1 cm thick (Fig. 6c). The other morphological type of
riebeckite comprises acicular aggregates and sheaves of
bluish crystals or chains of dark blue crystals 0.5–1 mm
long (Fig. 4a) pleochroic from colorless to dark blue.

Riebeckite develops as pseudomorphs after celado-
nite and tetraferribiotite (Figs. 4d, 5e) and is usually
restricted to magnetite layers or carbonate domains. It
is also common as inclusions in aegirine and, in these
rocks, is absent from their groundmass. Finely acicular
riebeckite can replace aegirine along cleavage planes
(Figs. 5a, 5b).

Riebeckite in the Mikhailovskoe BIF is fairly mag-
nesian (XFe = 0.36–0.66, Table 6) and, except for three
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Fig. 6. BSE images of thin sections of BIF from the Mikhailovskoe iron deposit.
(a) Large aegirine grain with tetraferribiotite and chlorite inclusions, sample 3213/8. (b) Intergrowths of celadonite with aegirine,
sample 3830/14. (c) Large riebeckite crystal with siderite inclusions, sample 3830/58. (d) Celadonite grows in a quartz–magnetite
matrix, sample 460r/86. (e) Celadonite layer in BIF; celadonite develops at the sacrifice of quartz and magnetite.
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analyses, corresponds to magnesioriebeckite in the
classification of Leake et al. (1997) (Fig. 9). The MgO
concentration ranges within 4.46–9.03 wt %, which is
higher than that of riebeckite from other iron forma-
tions. For example, according to Robinson et al.
(1982), this mineral from iron formations contains
1.37–7.71 wt %, although magnesioriebeckite was
found in the iron formation of southwestern Labrador
(MgO = 17.0 wt %; Klein, 1966).

Aegirine in the iron formation of the Mikhailovskii
district forms prismatic crystals 3–4 mm long, which
compose layers of grass green color 1–2 cm thick (up
to 4 cm in swells) in BIF (Figs. 3, 5a). Aegirine crystals
sometimes develop as masses of sheaf-shaped aggre-
gates (Fig. 6b).

Aegirine crystallizes in magnetite and carbonate
layers (Fig. 6a). This mineral is rarely accompanied by

riebeckite, and, in this situation, riebeckite usually
replaces aegirine in the margins and along cracks
(Figs. 5a, 5b). The aegirine contains inclusions of chlo-
rite, celadonite, riebeckite, and tetraferribiotite
(Figs. 5a, 5b, 5d, 6a). Most samples with aegirine from
metalliferous layers contain hematite.

The aegirine is low in Al2O3 (0.02–0.12 wt %), TiO2
(no more than 0.10 wt %), CaO (0.02–0.31 wt %), MgO
(no more than 0.17 wt %), and MnO (no more than
0.21 wt %) (Table 7) and corresponds to the end mem-
ber of the aegirine–augite series.

Carbonates of the iron formation at the
Mikhailovskoe deposit composes layers up to 1–2 cm
thick and lenses and domains of nearly oval shape. The
carbonates develop as equant or elongated grains 0.2–
0.7 mm and belong to the ankerite–ferrodolomite series
or are dolomite (Table 3). Carbonates of the ferrodolo-

Table 4.  Chemical composition of tetraferribiotite, chlorite, and microcline in BIF from the Mikhailovskoe deposit

Compo-
nent

3213/8 3291/479.0 3213/8

incl. in Aeg matrix incl. in 
Aeg matrix

Chl-32 Chl-34 Chl-42 Bt-1 Bt-2 Bt-3 Bt-8 Kfs-5 Kfs-7 Bt-20 Bt-21 Bt-23 Bt-25

SiO2 25.18 24.73 24.39 38.48 37.52 38.26 37.61 63.99 64.09 37.46 37.65 36.92 38.66

TiO2 0.02 0.02 – 0.37 0.43 0.35 0.40 – 0.03 0.01 – – 0.04

Al2O3 0.24 0.20 0.42 0.71 0.68 0.68 0.76 16.02 16.46 0.53 0.88 1.12 2.60

FeO 51.47 49.45 47.31 31.61 31.49 30.13 32.18 3.01 2.74 37.13 38.43 43.70 29.60

MnO 0.05 – 0.07 0.66 0.51 0.50 0.66 – 0.05 0.23 0.15 0.01 0.12

MgO 9.02 9.61 12.53 14.09 12.69 13.69 12.53 – – 10.86 10.13 4.45 12.43

CaO 0.18 0.12 0.11 0.02 – 0.11 – 0.03 0.01 0.50 0.20 0.02 0.25

Na2O 0.03 0.01 0.03 0.02 0.01 0.05 0.03 0.09 – 0.06 0.15 – 0.04

K2O 0.11 0.12 0.12 9.35 8.98 8.68 9.26 16.84 16.58 7.59 8.11 7.35 8.90

F n.a. n.a. n.a. 0.24 0.03 0.10 0.23 n.a. n.a. n.a. n.a. n.a. n.a.

Cl n.a. n.a. n.a. 0.03 0.03 0.05 0.01 n.a. n.a. n.a. n.a. n.a. n.a.

Total 86.30 84.26 84.98 95.48 92.37 92.60 93.67 99.99 99.95 94.37 95.70 93.57 92.64

14O 11O 8O 11O

Si 3.06 3.06 2.93 3.09 3.14 3.17 3.11 2.99 2.99 3.13 3.11 3.25 3.20

Ti – – – 0.02 0.03 0.02 0.02 – – – – – –

Al(IV) 0.04 0.03 0.06 0.07 0.07 0.07 0.07 0.88 0.91 0.05 0.09 0.12 0.25

Fe3+ 1.87 1.88 2.12 0.84 0.79 0.76 0.82 0.12 0.11 0.82 0.80 0.63 0.55

Fe2+ 3.35 3.23 2.62 1.45 1.63 1.61 1.58 – – 1.82 1.85 2.59 1.49

Mn 0.01 – 0.01 0.04 0.04 0.04 0.05 – – 0.02 0.01 – 0.01

Mg 1.63 1.77 2.24 1.69 1.58 1.69 1.54 – – 1.35 1.25 0.58 1.53

Ca 0.03 0.02 0.02 – – 0.01 – – – 0.04 0.02 – 0.02

Na 0.01 – 0.01 – – 0.01 – 0.01 – 0.01 0.02 – 0.01

K 0.02 0.02 0.02 0.96 0.96 0.92 0.98 1.00 0.99 0.81 0.85 0.83 0.94

F – – – 0.06 0.01 0.03 0.06 – – – – – –

Cl – – – – – 0.01 – – – – – – –

XFe 0.67 0.65 0.54 0.46 0.51 0.49 0.51 0.57 0.60 0.81 0.49
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mite–ankerite series have Fe/(Fe + Mg) = 0.29–0.59,
with most of the values ranging from 0.32 to 0.37. The
siderite is more ferrous: Fe/(Fe + Mg) = 0.53–0.67.
Siderite is common in oxidized varieties of BIF, and
ankerite and dolomite are usually accompanied by
magnetite, celadonite, riebeckite, and aegirine

(Figs. 4c, 4d, 5b). Siderite inclusions are sometimes
contained in large riebeckite crystals (Fig. 6c). The sid-
erite and ankerite contain minor MgO admixtures, up
to 1.24 wt % (Table 3).

Potassic feldspar (microcline) is a very rare min-
eral and was found only in four samples in association

KMg3[AlSi3O10](OH)2
Phlogopite Annite

KFe3[AlSi3O10](OH)2

“Ferriphlogopite” Ferriannite
KFe3[Fe3+Si3O10](OH)2KMg3[Fe3+Si3O10](OH)2

1
2
3

Fig. 7. Compositions of tetraferribiotite shown in a classifi-
cation plot.
Rocks containing tetraferribiotite: (1) BIF from the
Mikhailovskoe deposit; (2) Penge iron formation, South
Africa; (3) Dales George, West Australia.

Table 5.  Chemical composition of celadonite in BIF from the Mikhailovskoe deposit

Component
466p/131.0 469p/254.0 460p/86 MK-1

2 3 1 3 1 2 3 1 2

SiO2 50.49 50.85 51.58 51.15 50.79 50.97 50.72 51.09 51.72

TiO2 0.01 0.01 – – 0.01 – 0.01 0.01 –

Al2O3 0.49 0.35 0.49 0.12 0.54 0.84 1.35 0.12 0.49

FeO 26.15 26.07 25.80 26.01 25.67 26.73 26.32 26.67 25.68

MnO – – – 0.01 0.02 0.01 – 0.02 0.01

MgO 4.80 4.90 4.68 4.59 5.02 4.54 4.34 4.62 4.58

CaO 0.05 0.01 – – 0.01 0.02 0.01 0.01 0.02

Na2O 0.05 0.04 – 0.06 – 0.02 0.02 – 0.02

K2O 10.66 10.35 10.64 10.24 10.54 10.90 10.82 10.80 10.84

Total 92.70 92.58 93.19 92.18 92.60 94.03 93.59 93.34 93.36

11O

Si 3.77 3.80 3.83 3.85 3.79 3.76 3.75 3.80 3.83

Ti – – – – – – – – –

Al(VI) 0.04 0.03 0.04 0.01 0.05 0.07 0.12 0.01 0.04

Fe3+ 1.44 1.36 1.30 1.28 1.37 1.44 1.40 1.42 1.32

Fe2+ 0.19 0.27 0.30 0.35 0.22 0.20 0.23 0.24 0.27

Mn – – – – – – – – –

Mg 0.53 0.55 0.52 0.51 0.56 0.50 0.48 0.51 0.51

Ca – – – – – – – – –

Na 0.01 0.01 – 0.01 – – – – –

K 1.01 0.99 1.01 0.98 1.00 1.02 1.02 1.02 1.02

XFe 0.27 0.33 0.37 0.41 0.29 0.29 0.32 0.32 0.35

Celadonite
K(Fe3+ Mg)▫[Si4O10](OH)2

Ferroceladonite
K(Fe3+ Fe2+)▫[Si4O10](OH)2

K(Mg Al)▫[Si4O10](OH)2

“Leucophyllite”
K(Fe2+ Al)▫[Si4O10](OH)2

“Ferroleucophyllite”

Fig. 8. Compositions of celadonite shown in a classification
plot.
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with tetraferribiotite and celadonite. It is greenish
(owing to the presence of Fe3+ in amounts of 2.74–
3.01 wt %), which substitutes Al3+ at the T site
(Table 4). This composition of the microcline was
caused by the chemistry of the rock, namely, its rich-
ness in Fe3+ and a low alumina content.

Some rocks contain accessory apatite.

METAMORPHIC P–T PARAMETERS

The rocks of the iron formation contain no minerals
traditionally used as geothermometers and geobarome-
ters. Moreover, there are no consistent thermodynamic
data on many minerals of these rocks. Because of this,
most researchers utilize thermobarometric estimates
for the rocks hosting BIF, most often, metapelites. Ear-
lier, in studying mineral equilibria in the chloritoid
schists underlying BIF of the Stoilenskaya Formation,
Kurskaya Group in the Mikhailovskii district, the fol-
lowing mineral assemblages were described: Qtz +
Cld + Chl, Qtz + Cld + Chl + Ms, Qtz + Cld + Chl +
Ms + And, and Qtz + Cld + Grt + Chl + Ms + Bt in the
almandine–chlorite–chloritoid zone and Qtz + St +
Cld + Chl + Ms, Qtz + St + And + Cld + Chl + Bt in the
chloritoid–staurolite zone (Poskryakova, 2001). The
appearance of staurolite in association with chloritoid
in metapelites testifies for the transition from the
almandine–chlorite–chloritoid zone of the greenschist
facies to the staurolite–chlorite–chloritoid zone of the
staurolite facies (Korikovsky, 1979). The St + Cld + Bt
assemblage is stable over the temperature interval of
450–520°ë at pressures of 2–3 kbar, according to the
petrogenetic grid in (Spear and Cheney, 1989). Stauro-

Table 6.  Chemical composition of riebeckite in BIF from the Mikhailovskoe deposit

Compo-
nent

MK-2 3830/58 3195/15

incl. in Aeg matrix profile across a large riebeckite crystal matrix matrix

41 43 45 48 margin core margin 9 61 63 67 69

SiO2 52.70 52.24 52.49 52.71 54.31 53.17 54.26 54.15 53.79 53.85 53.90 53.56 54.26 53.66 54.20
TiO2 – – 0.01 0.01 0.01 – 0.05 – 0.06 – – 0.36 0.03 0.05
Al2O3 0.01 0.04 0.02 – 0.53 0.09 0.16 0.68 0.61 0.53 0.51 – 0.71 0.06 0.17
FeO 31.02 30.85 33.65 31.28 28.02 27.06 26.19 27.53 28.08 28.23 27.58 27.93 26.61 28.82 26.94
MnO 0.01 0.01 – 0.05 – – – – – – 0.11 0.09 – – 0.04
MgO 6.32 6.61 4.46 6.06 7.91 8.72 9.03 8.17 7.66 7.85 7.99 8.01 8.67 7.29 8.76
CaO 0.12 0.03 0.02 0.09 0.04 0.09 0.12 0.17 0.14 0.04 0.15 0.01 0.07 0.05 0.13
Na2O 6.79 6.90 6.93 7.02 6.97 7.65 7.60 7.30 7.56 7.3 7.69 7.41 7.29 7.53 7.33
K2O 0.23 0.40 0.13 0.18 – 0.22 0.60 – – – 0.09 0.03 0.09 0.26 0.39

Total 97.20 97.08 97.71 97.40 97.79 97.00 98.01 98.00 97.90 97.80 98.02 97.49 97.70 97.70 98.01

23O

Si 7.78 7.73 7.82 7.80 7.83 7.78 7.85 7.81 7.82 7.80 7.83 7.81 7.82 7.87 7.83
Ti – – – – – – 0.01 – 0.01 – – 0.04 – – 0.01
Al – 0.01 – – 0.09 0.02 0.03 0.12 0.10 0.09 0.09 – 0.12 0.01 0.03
Fe3+ 2.41 2.48 2.32 2.33 2.28 2.19 1.97 2.17 2.07 2.25 2.03 2.17 2.17 2.05 2.14
Fe2+ 1.41 1.33 1.86 1.53 1.10 1.12 1.19 1.15 1.34 1.17 1.31 1.23 1.03 1.48 1.11
Mn – – – 0.01 – – – – – – 0.01 0.01 – – –
Mg 1.39 1.46 0.99 1.34 1.70 1.90 1.95 1.76 1.66 1.69 1.73 1.74 1.86 1.59 1.88
Ca 0.02 – – 0.01 0.01 0.01 0.02 0.03 0.02 0.01 0.02 0.02 0.01 0.01 0.02
Na 1.94 1.98 2.00 2.01 1.95 2.17 2.13 2.04 2.13 2.05 2.16 2.09 2.03 2.14 2.05
K 0.04 – 0.02 0.03 – 0.04 0.11 – – – 0.02 0.01 0.02 0.05 0.07
XFe 0.51 0.48 0.66 0.54 0.39 0.37 0.38 0.40 0.45 0.41 0.43 0.41 0.36 0.48 0.37

0.5

7.5 7.0

1.0

0
8.0

Mg/(Mg + Fe2+)

Si, f.u.

Magnesioriebeckite

Riebeckite

Fig. 9. Compositions of riebeckite from the Mikhailovskoe
BIF shown in a classification plot.
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lite-free assemblages with chloritoid, chlorite, and
muscovite are stable at 370–470°C within the
andalusite stability field. It follows that the prograde
ê−í metamorphic path, inferred from the phase equi-
libria and mineralogical thermometric data, can be esti-
mated at 370–520°ë at 2–3 kbar.

PETROGENESIS

The wide occurrence of K- and Na-bearing minerals
in rocks of the iron formation in the Mikhailovskii dis-
trict suggests that the protoliths of these rocks were the
products of sedimentation and diagenesis of iron–sili-
cate gels rich in Na and K (French, 1973; Klein, 1974).
When this material starts to crystallize during diagene-
sis, the diffusion of cations is activated, and Na and K
can be accommodated in the structures of mica and rie-
beckite. Eugster (1969) suggested, by analogy with
Pleistocene siliceous lacustrine deposits, that magadiite
NaSi7O13 · 3H2O was the first to crystallize in the iron-
formation deposits. As a consequence of reaction with
Fe-bearing mixed-layer silicates, Na was released and
gave rise to riebeckite (Miyano, 1982). The very low-
temperature metamorphism produced disordered

K-micas almost devoid of Al, and their decomposition
resulted in celadonite and tetraferribiotite.

Conceivably, part of the riebeckite, celadonite, and
tetraferribiotite could crystallize from alkali-bearing
solutions that entered the rocks during their deforma-
tions. In the Early Proterozoic iron formation of KMA,
limited alkaline metasomatism proceeded within zones
permeable to fluid (such as zones of fracturing and
intense tectonization). This is confirmed by the obser-
vations of Trendall and Blockley (1970) that riebeckite
develops in the iron formations of western Australia in
close relation with deformations. Glagolev (1966)
noted that the activity of alkaline metasomatism in the
KMA iron formation was generally not high. The BIF
with aegirine and riebeckite fully preserved their char-
acteristic structures (thin banding and crenulation) and
bear no metasomatic bodies with massive or impreg-
nated structures. The aegirine and riebeckite coexist
with quartz, magnetite, hematite, micas, and carbon-
ates, i.e., there are absolutely no monomineralic and
bimineralic associations. Because of this, Glagolev
(1966) referred to the limited alkaline metasomatism in
BIF as alkaline metamorphism.

The stability of hematite and magnetite in the BIF
mineral assemblages testifies to high values of oxygen

Table 7.  Chemical composition of aegirine in BIF from the Mikhailovskoe deposit

Compo-
nent

3213/8 MK-18 3830/14 3195/15

29 21 22 23 28 31 47 48 50 60 62 64 66 70

margin margin core margin core margin margin core margin margin margin margin core margin

SiO2 53.21 52.89 52.79 53.09 53.29 53.05 52.77 52.75 53.37 53.09 53.02 53.58 52.92 53.34

TiO2 – 0.10 – – – – 0.10 – 0.02 0.03 0.02 0.12 0.04 0.02

Al2O3 0.02 0.23 0.06 0.11 0.11 0.09 0.14 0.21 0.15 0.09 0.17 0.10 0.21 0.05

FeO 32.57 32.90 31.82 32.11 32.52 32.95 31.47 32.23 32.67 31.69 32.13 32.20 32.72 32.97

MnO – 0.21 0.04 – 0.02 – 0.15 – 0.13 – 0.14 – – –

MgO 0.02 0.14 0.04 0.02 0.05 – 0.03 – – – 0.07 0.17 0.04 –

CaO 0.14 0.15 0.18 0.08 0.05 0.19 0.19 0.31 0.02 0.23 0.19 0.23 0.31 0.19

Na2O 13.21 13.34 15.01 14.42 13.95 13.65 15.00 14.37 13.62 14.80 14.26 13.55 13.63 13.37

K2O – – 0.05 – – 0.03 0.01 0.07 0.01 0.05 0.03 – 0.01 0.03

Total 99.17 99.96 99.99 99.83 99.99 100.00 99.86 99.94 99.99 99.98 100.03 99.95 99.98 99.97

Si 2.00 1.98 1.94 1.96 1.98 1.98 1.94 1.95 1.99 1.95 1.96 1.99 1.97 1.99

Ti – – – – – – – – – – – – – –

Al – 0.01 – – – – 0.01 0.01 0.01 – 0.01 – 0.01 –

Fe3+ 0.95 1.00 1.19 1.10 1.04 1.03 1.18 1.12 1.00 1.14 1.09 0.97 1.03 0.98

Fe2+ 0.07 0.03 – – – – – – 0.02 – – 0.03 – 0.05

Mn – 0.01 – – – – – – – – – – – –

Mg – 0.01 – – – – – – – – – 0.01 – –

Ca 0.01 0.01 0.01 – – 0.01 0.01 0.01 – 0.01 0.01 0.01 0.01 0.01

Na 0.96 0.97 1.07 1.03 1.00 0.99 1.07 1.03 0.98 1.06 1.02 0.98 0.98 0.97

K – – – – – – – – – – – – – –
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fugacity, close to the magnetite–hematite buffer. This is
corroborated by the elevated XMg of the tetraferribiotite,
celadonite, chlorite, and riebeckite, because, in the gen-
eral case, the XFe of Fe–Mg silicates decreases with
increasing oxygen fugacity. An elevated oxygen fugac-
ity during the metamorphism and the low Al2O3 con-
centration in the rocks account for the fact that the
Mikhailovskoe BIF contain minerals high in Fe3+. For
example, these rocks ubiquitously bear celadonite and
tetraferribiotite, which seem to have been stable
throughout the whole greenschist facies. Low-tempera-
ture iron formations elsewhere commonly contain stilp-
nomelane (Klein and Gole, 1981; Haase, 1982; Floran
and Papike, 1978; and others). Although the metamor-
phic parameters of the Mikhailovskoe BIF are above
the stability field of this mineral (approximately 470°C
at 2–3 kbar; Miyano and Klein, 1989), the latter was
likely not stable even at lower temperatures because of
the low alumina concentrations in the rocks and their
high Fe2O3/FeO ratios. This is confirmed by the abso-
lute absence of grunerite, which is, along with other
minerals, an inevitable product of stilpnomelane
decomposition at low pressures (Miyano and Klein,
1989). In place of stilpnomelane, the rocks contain
widespread tetraferribiotite and celadonite, which sug-
gests an elevated ä+ activity in the fluid.

Instead of greenalite Fe6Si4O10(OH)8, a mineral
common in BIF of low metamorphic grades, the
Mikhailovskoe rocks contain its “oxidized” analogue
ferrichamosite (Fe2+

5 Fe3+[Fe3+Si3O10](OH)8. Chlorites
are generally rare in iron formations because of the low
Al2O3 contents of the rocks (Laird, 1989) and are com-
monly represented by chamosite (Gole, 1980) and,
more rarely, clinochlore and ripidolite (Klein, 1983;
Miyano and Beukes, 1997), which crystallize at the
lowest metamorphic grades and, perhaps, catagenesis.

MINERAL FACIES

The reaction texture, described above, of alkali-rich
BIF at the Mikhailovskoe deposit can be interpreted
with the aid of chemical reactions in the system
Na2é−K2é–FeO–Fe2O3–SiO2–CO2–H2é.

The replacement textures of tetraferribiotite by cela-
donite suggest the oxidation of the former according to
the reaction

(1)

(2)

Bt Qtz 1/2O2 Sld Hem+ + +

K Fe2+ Fe3+,( )3 Fe3+Si3O10[ ] OH( )2 SiO2+

+ 1/2O2 KFe3+Fe2+ Si4O10[ ] OH( )2 Fe2O3+

or

Bt Qtz 1/3O2 Sld 2/3Mag+ + +

K Fe2+ Fe3+,( )3 Fe3+Si3O10[ ] OH( )2 SiO2+

+ 1/3O2 KFe3+Fe2+ Si4O10[ ] OH( )2 2/3Fe3O4,+

and, depending on the oxygen fugacity in discrete lay-
ers, hematite [at higher , reaction (1)] or magnetite

[at lower , reaction (2)] are formed in the right-hand
sides of the reactions.

Aegirine and riebeckite were never found in equilib-
rium relations and generally occur simultaneously very
rarely. They usually compose discrete layers, which,
however, can be not far from one another. Even if the
two minerals occur in the same layer, riebeckite retro-
gressively replaces aegirine grains in margins and along
cracks or is contained as inclusions in aegirine. Hema-
tite in most rocks coexists with riebeckite in aegirine-
free layers but can also be absent from them. Hence, the
stability of aegirine or riebeckite in the iron formations
is more probably controlled by the oxygen fugacity
rather than the temperature of metamorphism

(3)

REGIME OF OXYGEN AND ALKALIS 
DURING METAMORPHISM

Riebeckite presence in iron formations is controlled
by , , and temperature (Miyano and Klein,

1983). Furthermore, if riebeckite occurs in assemblage
with ankerite and/or siderite, its stability field expands
with the increasing ëé2 activity in the fluid. The stabil-
ity of riebeckite in iron formations cannot serve as an
clear-cut indicator of the metamorphic temperature
interval if other factors are not accounted for. Riebeck-
ite (more specifically, its asbestiform variety crocidol-
ite) can develop at the sacrifice of iron oxides, carbon-
ates, and quartz at very low temperature metamorphism
or even diagenesis, starting from 130°ë, at the active
interaction of Fe-rich rocks with Na+-bearing solutions
(Miyano and Klein, 1983).

Since aegirine and riebeckite rarely occur together
in our rocks and compose different layers at the
Mikhailovskoe deposit, it is reasonable to conclude that
no reaction of high-temperature riebeckite decomposi-
tion with the origin of aegirine Rbk + Hem = Aeg +
Mag + Qtz + H2O took place. This makes it possible to
constrain the upper temperature boundary of metamor-
phism. The position of reaction lines in the diagram was
constrained experimentally (Ernst, 1962) and calcu-
lated (Miyano and Beukes, 1997). According to these
data, high-temperature riebeckite decomposition with
the origin of aegirine proceeds at 510–520°ë, 2.5 kbar,
and  = 1.0 and is independent of oxygen fugacity
and sodium activity in the fluid.

Our BIF never contain grunerite, but reaction rela-
tionships between grunerite and riebeckite were
described in the Penge iron formation, South Africa,

f O2

f O2

4Rbk 3O2 8Aeg 6Hem 16Qtz H2O+ + + +

4Na2 Fe3+Fe2+( )5 Si8O22[ ] OH( )2 3O2+

8NaFe3+ Si2O6[ ] 6Fe2
3+

O3 16SiO2 4H2O.+ + +

f O2
a

Na+

aH2O
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(Miyano and Beukes, 1997) and the Prioskol’skoe iron
deposit of KMA (Savko and Kal’mutskaya, 2002).
Miyano and Beukes (1997) calculated the position of
the reaction Gru + Mag + Qtz + H2O = Rbk in a

(Na+)/a(H+)] vs. T as a function of the Na activity
in the fluid. According to the data of these researchers,
riebeckite is stable instead of grunerite at a high Na
activity, [ (Na+)/a(H+) > 5.0–5.5 over the temper-
ature interval of 400–500°ë (Fig. 10). At a higher Na
activity, riebeckite should decompose and produce
aegirine by the reaction Rbk + Hem + Na+ = Aeg +
Mag + H+, which proceeds at (Na+)/a(H+) = 6.5
at 400°ë. No such reaction took place in our rocks,
because they contain aegirine, but not riebeckite, in
association with hematite. Hence, metamorphic trans-
formations of the Mikhailovskoe iron formations

[alog

[alog

[alog

occurred at a high Na activity in the fluid at
(Na+)/a(H+)] = 5.0–6.5 (Fig. 10).

According to Miyano and Beukes (1997), aegirine
forms at the expense of riebeckite by the following
reactions at different metamorphic regimes:

Rbk + 3Hem = 2Aeg + 3Mag + 4Qtz + H2O if the
temperature increases;

2Rbk + O2 = 4Aeg + 2Mag + 8Qtz + 2H2O if the
oxygen fugacity increases;

Na+ – Rbk + 4Hem + 23Na+ = 4Aeg + 3Mag + 2H+

if the sodium activity increases.
The latter reaction producing magnetite and aegirine

occurs in the high-temperature region, at temperatures
above 510°ë (Miyano and Beukes, 1997). It follows
that the only plausible mechanism forming aegirine
from riebeckite in our BIF is reaction (3): 4Rbk +
3O2  8Aeg + 6Hem + 16Qtz + 4H2O, which is

[alog

–30
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Fig. 10. Stability of riebeckite shown in (a) [ (Na+)/a(H+)] vs. T and (b)  vs. T diagrams. Shaded fields correspond

to: (1) stability of the Rbk + Mag assemblage and (2) stability of the Aeg + Hem assemblage, calculated for a pressure of 2.5 kbar
and a(H2O) = 1.0 (according to Miyano and Beukes, 1997).

[alog f O2
[ ]log
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controlled by the redox conditions of metamorphism.
The position of this reaction in a  – T °ë space

calculated for 2.5 kbar and  = 1 nearly coincides
with the hematite–magnetite buffer over the tempera-
ture interval of 400–500°ë (Miyano and Beukes,
1997). Hence, the occurrence of aegirine or riebeckite
in the alkali-rich BIF at KMA is a sensitive indicator of
oxygen fugacity during metamorphism (Fig. 10).

In most Precambrian iron formations, oxygen
behaves as a locally dependent (inert) component
(Frost, 1982; Fonarev, 1987; Savko, 1994). Many
researchers admit that oxygen fugacity in metamorphic
iron formations depends on its original concentration in
them (Korzhinskii, 1940; Marakushev, 1965) and can
only little vary during metamorphism because of the
inert behavior of this element. In every area or even an
individual layer, oxygen fugacity is controlled by the
conditions of sedimentation and diagenesis and by
buffer reactions. Because of this, oxygen fugacity may
vary from layer to layer even within a single iron for-
mation but is thought to remain constant within the lay-
ers. This is usually manifested in variations in the XFe of
silicates from layer to layer in the iron formations, for
example, these parameters of grunerite and orthopyrox-
ene in the presence of hematite or magnetite. In the
alkali-rich iron formations of KMA, the variations in
the oxygen fugacity between individual layers are
reflected in the stability of the Aeg + Hem and Rbk +
Mag assemblages.

CONCLUSIONS

The early Proterozoic iron formations of the
Mikhailovskoe deposit at KMA contain widespread
K-bearing, Al-free micas (tetraferribiotite and celado-
nite), carbonates (ankerite and siderite), riebeckite, and
aegirine. Studying the mineral equilibria in the rocks
enables reproducing the genetic successions of mineral
assemblages and the physicochemical parameters of
metamorphism. Early in the course of metamorphic
processes, the rocks contained quartz, carbonates, iron
oxides, specific K-bearing and Al-free micas, and Fe-
rich and Al-free chlorite. Later, depending on the oxy-
gen fugacity in individual layers (above or below the
hematite–magnetite buffer), the Aeg + Hem or Rbk +
Mag assemblages developed. The metamorphic tem-
perature is estimated at 370–520°ë at pressures of 2–
3 kbar, (Na+)/a(H+)] = 5.5–6.0, and an oxygen
fugacity above the hematite–magnetite buffer in layers
containing the Aeg + Hem assemblage and below this
buffer in layers with the Rbk + Mag assemblage.
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