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Abstract—Many massive sulfide ore occurrences and deposits in the Kola region are located within the Paleo-
proterozoic Pechenga–Imandra–Varzuga rift belt (2.5–1.7 Ga). They are hosted by volcanosedimentary
complexes of the South Pechenga (Bragino ore occurrence) and western Imandra–Varzuga structural zones
(Pirrotinovoe Ushchel’e deposit, Tahtarvumchorr ore occurrence, etc.). The age of the massive sulfide ore
was estimated at ca. 1.9 Ga. The ores and their host complexes underwent amphibolite-facies metamorphism,
which accounts for their specific mineral composition. The types of ores in the Bragino ore occurrence are
discussed, the mineral assemblages are listed, and the major ore minerals, that is, pyrrhotite, pyrite, sphaler-
ite, marcasite, etc., are characterized.
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Massive sulfide ore occurrences and deposits in the
Kola region are confined to the Pechenga–Imandra–
Varzuga (PIV) Paleoproterozoic rift belt, which devel-
oped in the interval of 2.5–1.7 Ga (Melezhik and
Sturt, 1994; Rannii dokembrii …, 2005; Reading …,
2013; Mints et al., 2015). They are hosted by the volca-
nosedimentary complexes of the South Pechenga
structural zone (SPSZ, Bragino ore occurrence) and
in the western part of the Imandra–Varzuga structural
zone (also referred to as Cis-Khibiny), at the contact
with the Khibiny alkaline massif (Pirrotinovoe Ush-
chel’e, also referred to as the Pyrrhotite Ravine;
Tahtarvumchorr, etc.).

The Bragino massive sulfide ore occurrence was
discovered in the metavolcanic rocks of the Mennel
Formation of the Porojarvi Group (Fig. 1). The com-
position of these rocks corresponds to basalts, subal-
kaline basalts, picrobasalts, and picrites (Skuf’in and
Theart, 2005; Skuf’in et al., 2009). The Mennel volca-
nics are depleted in K, Sr, Rb, Ta, Zr, Hf, Ti, and light
and heavy rare-earth elements and are enriched in Ba,
Th, and Nb. In terms of the specific features of their
composition, they are very similar to the low-alkali,
iron- and magnesium-rich mid-oceanic ridge basalts
(MORB) (Skuf’in and Theart, 2005). The estimated
ages of picrites of the Mennel Formation (1865 ± 58 Ma,
Rb–Sr method (Balashov, 1996); 1894 ± 40 Ma, Sm–
Nd method (Skuf’in et al., 2009)) are contemporane-
ous with the volcanics of the undifferentiated Tominga
Group (1870 ± 38 Ma, Rb–Sr method (Mitrofanov

et al., 1991)). The SPSZ rocks that host the massive
sulfide ores underwent amphibolite-facies metamor-
phism (Skuf’in and Theart, 2005; Skuf’in et al., 2009).
The Mennel volcanics near the Bragino ore occur-
rence are intruded by minor diorite, porphyry granite,
lamprophyre, and syenite bodies of the Bragino Suite
and display widespread metasomatic rocks such as
quartzites, beresites, listvenites, and albitites (Akhme-
dov et al., 2004) (Fig. 1).

Based on the published data (Akhmedov et al.,
2004) and our field observations, we may conclude
that the massive sulfide ore body of the Bragino ore
occurrence is a lens that is 5 to 7 m in thickness and
probably up to 100 meters in length; it is NW–SE
trending and NE-dipping at 70°–75°. It is exposed in
several trenches (Fig. 2) but is largely blanketed by
Quaternary sediments; therefore, its precise dimen-
sions and relationship with host rocks remain
unknown. Thin albitite and quartzite zones were
reported in one trench at the contacts of massive sul-
fide ores with volcanic host rocks.

MATERIALS AND METHODS
Massive sulfide ore minerals were examined under

an Axioplan optical microscope in reflected and trans-
mitted polarized light. The mineral morphology and
phase and intraphase heterogeneity were studied using
a LEO-1450 scanning electron microscope (SEM),
equipped with a Bkuker XFlash 5010 energy dispersive
618
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Fig. 1. The geological map of the South Pechenga structural zone and the position of the Bragino ore occurrence (modified after
Melezhik and Sturt, 1994; Akhmedov et al., 2004; Skuf’in and Theart, 2005; Reading …, 2013; Kompanchenko et al., 2018).
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spectrometer (EDS) (analyst A.V. Bazai, Geological
Institute, Kola Science Centre, Russian Academy of
Sciences (GI KSC RAS), Apatity, and a Hitachi S-
3400N SEM with an Oxford X-Max 20 EDS (analysts
N.S. Vlasenko and V.V. Shilovskikh, Geomodel
Resource Centre of St. Petersburg State University
(SPbSU), St. Petersburg). Chemical analysis of
homogeneous mineral grains larger than 20 μm was
performed using a Cameca MS-46 electron probe
microanalyzer (EPMA) in GI KSC RAS (analyst
A.V. Bazai). The mineral microhardness was mea-
sured using a PMT-3 device under a load of 50–100 g;
X-ray phase analysis was performed using a URS-55
X-ray apparatus (analysts E.A. Selivanova,
M.V. Toropova, and M.Yu. Glazunova, GI KSC
RAS). In order to reveal the interior structure of pyrite
grains, the mineral was etched with concentrated
HNO3 with f luorite powder.

RESULTS

In terms of rock structure, the massive sulfide ores
of the Bragino ore occurrence were subdivided into
massive, banded, brecciated, and disseminated types.
Special attention was given to the massive ores as the
most widespread type. The other varieties were
encountered mostly in the marginal parts of the ore-
body.

In terms of mineral composition, massive ores can
be subdivided into three types, pyrrhotite type I (mPo-I),
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 7  2020
pyrrhotite type II (mPo-II), and pyrite (mPy) (Table 1).
It can be noted that the massive sulfide ores of the Cis-
Khibiny Just Cis-Khibiny or Imandra-Varzuga struc-
ture zone are similar to the pyrrhotite type II ores.

The massive pyrrhotite type I ores have been recog-
nized in the central part of the orebody (exposed in
trench 8, Fig. 2) and consist of 90–95% sulfides, of
which pyrrhotite accounts for 80%. This ore type is
characterized by the groundmass of fine grained
monoclinic and hexagonal pyrrhotite, which contains
coarser grained hexagonal pyrrhotite veinlets (Figs. 3
and 4a, 4b). Other sulfides are marcasite, chalcopy-
rite, and less frequent molybdenite and galena (Table 2,
Fig. 4). Molybdenite occurs as thin (a few μm) flakes
up to 10–15 μm in length. It is usually associated with
the intergrowths of the minerals of crichtonite group
and rutile (Fig. 4i) and scarcely occurs independently.
Galena was encountered as extra fine (up to 10 μm)
xenomorphic segregations in the pyrrhotite matrix.

The rare and accessory minerals are represented by
vanadium and vanadium-bearing minerals such as coul-
sonite, rutile, crichtonite, senaite, phlogopite, clinochlore,
and talc (Figs. 4d–4i). The phlogopite–clinochlore
association was encountered in massive pyrrhotite
type I ores exclusively (Table 2). Coulsonite in this ore
type occurs as crystals with octahedral habits and as
intergrowths up to 500 μm across; in this case, its
microhardness is two times higher than the described
one (743 kg/mm2 against 338 kg/mm2, according to
(Karpov et al., 2013)). The chemical composition of
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Fig. 2. The distribution of various ore types at the Bragino occurrence (modified after Akhmedov et al., 2004).
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the mineral is characterized by a high chromium con-
tent (near 20% Cr2O3).

The pyrrhotite mass in the oxidation zone of this
ore type is extensively replaced by a pyrite–marcasite
aggregate with a bird’s-eye texture (Figs. 4c, 4g, 4h),
which is overprinted by hydrous iron oxides, that is,
G

Table 1. The massive sulfide ore types at the Bragino ore occ

Apy—arsenopyrite, Ccp—chalcopyrite, Mol—molybdenite, Mrc—
minerals (quartz, albite, and siderite); rare and acc.—rare and acces

Composition/Ore type mPo-I

Sulfide content, vol % 90—95
Major and minor minerals, vol %

Noble metal content, g/t Au 0.10
Ag 2.82
Pt n.f.

Nonferrous metal content, wt % Cu 0.026
Ni 0.071
Co 0.004

V2O5 content, wt % 0.025
Quartz–albite vein relics Absent

Po Py C
goethite and lepidocrocite, and less frequent iron sul-
fates, that is, melanterite and rozenite (Kom-
panchenko et al., 2017b).

In terms of chemical composition, the mPo-I ores
are characterized by the lowest (among all recognized
ore types) Au, Cu, and V grades, which are similar to
EOLOGY OF ORE DEPOSITS  Vol. 62  No. 7  2020

urrence

marcasite, Po—pyrrhotite, Py—pyrite; gangue—the main gangue
sory minerals. n.f.—not found.

mPo-II mPy

80—85 80—85

Au 0.26 Au 0.20
Ag 3.23 Ag 2.57
Pt 0.03 Pt 0.02

Cu 0.063 Cu 0.084
Ni 0.051 Ni 0.023
Co 0.003 Co 0.010

0.054 0.047
Present Present

cp Sp Mrc Mol Apy Gangue Rare and acc.
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Fig. 3. Samples of type I massive pyrrhotite ore. (1)
Groundmass, (2) hexagonal pyrrhotite veinlets, (3) oxida-
tion zone.
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the average Ag and Co grades, and the highest Ni
grade (Table 1). Platinum was not identified in the
ores. The low copper grade is explained by the low
extent and extremely small size of chalcopyrite segre-
gations (Fig. 4c). Nickel and cobalt occur as minor
elements in pyrrhotite (0.05–0.2 wt % Ni, < 0.1 wt %
Co). The high silver grade (Table 2) is surprising,
because silver minerals were not identified in this ore
type. In all probability, silver, as well as gold, occurs in
sulfides as an isomorphous admixture.
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 7  2020

Fig. 4. The major (a–c) and rare (d–i) minerals of type I massi
rest). Cchl, clinochlore; Ccp, chalcopyrite; Cou, coulsonite; Ep
pite; Po, pyrrhotite; Py, pyrite; Rt, rutile; Sen, senaite.
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The massive pyrrhotite type II ores (Fig. 5) are the
most widespread and probably make up more than
80% of the orebody. This ore type is distinguished by
the widest mineral diversity (Table 2). As in the mas-
sive pyrrhotite type I ores, pyrrhotite is the mineral of
primary importance here, but it accounts for only 50%
(Table 1). Pyrrhotite is also replaced by the pyrite–
marcasite aggregate with a bird’s-eye texture (Figs. 6a–
6c, 6e–6g), but marcasite proper is also present (Fig. 6d).
This ore type displays an abrupt increase in the pro-
portions of other sulfides, that is, sphalerite and chal-
copyrite. Sphalerite occurs as large xenomorphic seg-
regations and pockets in close intergrowth with pyr-
rhotite (Figs. 6g, 6h) or chalcopyrite. Sphalerite was
found to contain Fe (up to 10 wt %) and Cd (less than
1 wt %) as minor elements. Sphalerite is characterized
by red internal reflex. Chalcopyrite occurs as pockets,
veinlets, and minute segregations at pyrrhotite grain
boundaries (Figs. 6j, 6k, 6m). Chalcopyrite crystals
often display visible twinning. Large chalcopyrite seg-
regations with pyrrhotite and sphalerite inclusions,
pierced with minute hisingerite f lakes (Fig. 6i) were
encountered sporadically. Arsenopyrite occurs occa-
sionally as crystal aggregates up to 500 μm across
(Fig. 6k) and, more frequently, as small (up to 20 μm)
single crystals. Molybdenite occurs as minute f lakes in
pyrrhotite or in the complex aggregates of minerals of
ve pyrrhotite ores. BSE (b, c, e) and polarized light images (the
x, epoxy resin; Mol, molybdenite; Mrc, marcasite; Phl, phlogo-
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Table 2. The mineral composition of massive sulfide ores at the Bragino ore occurrence

Mineral Formula
Ore types

mPo-I mPo-II mPy

Native elements
Gold Au – + –

Sulfides, sulfosalts, tellurides
Pyrrhotite Fe7S8 ++ ++ +

Pyrite FeS2 + + ++

Altaite PbTe – + +
Arsenopyrite FeAsS – + –
Volynskite AgBiTe2 – + –

Galena PbS + + +
Hessite Ag2Te – + +

Cobaltite CoAsS – + –
Kotulskite Pd(Te,Bi)2 – x (x = 0.4) – + –

Marcasite FeS2 ++ ++ +

Molybdenite MoS2 + + +

Pentlandite (Ni,Fe)9S8 – + –

Rucklidgeite PbBi2Te4 – + –

Sphalerite ZnS – + +
Chalcopyrite CuFeS2 + ++ +

Oxides
Byrudite* (Be, h)(V3+,Ti)3O6 – + +

Goethite α-Fe3+O(OH) + + +

Davidite-(Ce) Ce(Y,U)Fe2(Ti,Fe,Cr,V)18(O,OH,F)38 – + –

Davidite-(La) La(Y,U)Fe2(Ti,Fe,Cr,V)18(O,OH,F)38 – + –

Ilmenite FeTiO3 – + +

Quartz SiO2 + + +

Crichtonite Sr(Mn,Y,U)Fe2(Ti,Fe,Cr,V)18(O,OH)38 – + +

Coulsonite FeV2O4 + + +

Kyzylkumite Ti2V3 + O5(OH) – – +

Lepidocrocite γ-Fe3+O(OH) + + +

Lindsleyite (Ba,Sr)(Zr,Ca)(Fe,Mg)2(Ti,Cr,Fe)18O38 – + +

Magnetite FeFe2O4 – + +

Nolanite (V3+,Fe3+,Fe2+)10O14(OH)2 – – +

Rutile TiO2 + + +

Senaite Pb(Mn,Y,U)(Fe,Zn)2(Ti,Fe,Cr,V)18(O,OH)38 + + +

Tivanite* TiV3+O3(OH) – + +

Ferberite FeWO4 – + –

Chromite FeCr2O4 + + –

Schreierite* V2Ti3O9 – + –
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 7  2020
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the crichtonite group. Galena is extremely rare. Noble
metal mineralization is represented by native gold and
tellurides. Native gold was encountered as minute (up
to 5 μm) dissemination in pyrrhotite and chalcopyrite
(Fig. 6m). In addition, pyrrhotite was found to contain
single kotulskite (Fig. 6n) and palladium-carrier
cobaltite inclusions. According to the published data,
platinum tellurides were also identified in the ores
(Akhmedov et al., 2004). The bulk of various tellu-
rides, that is, altaite, hessite, volynskite, and rucklidgeite,
is associated with ilmenite–rutile aggregates (Fig. 6o).
The representatives of Cr–Sc–V mineralization were
also identified among the rare minerals in this ore type
as the relics of chromite, coulsonite (Kompanchenko
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 7  2020
et al., 2017а), V–Sc-bearing minerals of the crich-
tonite group, etc. (Table 2). The massive pyrrhotite
type II ores contain relics of quartz–albite veinlets,
which also bear Cr–Sc–V mineralization (Fig. 4).

Type II ores are strongly fractured; the fractures are
marked by extensive pyrrhotite replacement by pyrite–
marcasite aggregate and goethite emplacement along
them (Figs. 6a, 6b). The chemical composition of
these ores (Table 1) displays a regular increase in Cu
grade with increase in chalcopyrite content and Au
and Ag grades, as indicated by the presence of their
minerals. The main Ni and Co carrier is pyrrhotite
(0.05–0.1 wt % Ni, <0.1 wt % Co); in addition, an Ni
Major minerals are in boldface, ++—Predominant, +—detected in this ore type, *—detected only in quartz–albite vein relics. Dash—
not found.

Carbonates
Ankerite Ca(Fe2+,Mg)(CO3)2 – + +

Calcite Ca(CO3) – + +
Siderite Fe(CO3) + + +

Sulfates, tungstates
Barite BaSO4 – + +
Melanterite Fe (SO4) ⋅ 7H2O + + –
Rozenite Fe(SO4) ⋅ 4H2O + + –
Scheelite Ca(WO4) – – +

Phosphates
Hydroxylapatite Ca5(PO4)3(OH) – + +
Xenotime-(Y) Y(PO4) – + +
Monazite-(Nd) Nd(PO4) – + +
Monazite-(Ce) Ce(PO4) – + +

Silicates
Albite Na(AlSi3O8) + + +
Hisingerite Fe2Si2O5(OH)4 ⋅ 2H2O – + +
Jervisite NaScSi2O6 – – +
Clinochlore Mg5Al(AlSi3O10)(OH)8 + – –
Microcline K(AlSi3O8) – + +
Muscovite KAl2(AlSi3)O10 (OH)2 – + +
Roscoelite KV2(AlSi3)O10(OH)2 – + +
Talc Mg3Si4O10(OH)2 + – –
Titanite* CaTi(SiO)4O – + –
Thortveitite Sc2Si2O7 – + +
Phlogopite KMg3(AlSi3)O10(OH)2 + – –
Shamosite (Fe2+,Mg,Al,Fe3+)6(Si,Al)4(OH,O)8 – + +

Mineral Formula
Ore types

mPo-I mPo-II mPy

Table 2. (Contd.)
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Fig. 5. Type II massive pyrrhotite ore (a) with quartz-albite
vein relics (b). Polished sample. Ро, pyrrhotite; Py, pyrite;
Rzn, rozenite.
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was identified in cobaltite, and Ni and Co, in arseno-
pyrite. The vanadium content in this ore type is the
highest among all ore types; this reflects the wide
development of vanadium and vanadium carrier min-
erals both in the ores proper and in the relics of
quartz–albite veinlets enclosed in them (Fig. 5).

Massive pyrite ores (Fig. 7) were recognized as
pockets up to 1 m in diameter and thin (up to 50 cm)
zones and were exposed in two trenches (Fig. 2). The
boundary of these and massive pyrrhotite ores is dis-
tinct, without a gradual transition (Fig. 7b). The pyrite
ores, like the massive pyrrhotite type II ores, contain
the relics of quartz–albite veinlets (Figs. 7c, 7d),
which contain Cr–Sc–V mineralization (Kom-
panchenko et al., 2018).

The pyrite ores are composed of coarse-grained
pyrite crystals and their intergrowths (up to several
centimeters across); the interstices are filled with pyr-
rhotite, sphalerite, or chalcopyrite, as well as silicates.
The boundaries between pyrite and other sulfides are
typically abrupt, without intermediate phases (Fig. 8a).
At times hydrous iron oxides, that is, goethite and lep-
idocrocite, are encountered in fractures along pyrite
boundaries.

Pyrite displays high microhardness values (1100–
1200 kg/mm2); etching with the vapor of nitric acid
mixed with f luorite powder failed to reveal hidden
zoning. Pyrite segregations contain globular porous
forms (Figs. 8b, 8c), which are probably the relics of
pyrite–marcasite aggregate with a bird’s-eye texture.
As well, numerous aggregates of equally oriented
finely columnar quartz and albite inclusions (Figs. 8d,
8e) were noted in the marginal parts of pyrite crystals.
Sphalerite occurs as large nests in the interstices of pyrite
crystals or in close intergrowth with pyrite (Figs. 8f, 8g).
Sphalerite is characterized by vivid red internal reflex.
In addition, sphalerite segregations with fine chalco-
pyrite and pyrrhotite dissemination, which looks like
emulsion dissemination, were encountered. Sphalerite
etching demonstrated that the fine chalcopyrite and
pyrrhotite dissemination is located at the boundaries
of individual sphalerite crystals in an intergrowth.
Chalcopyrite and pyrrhotite were encountered as
xenomorphic segregations and veinlets between pyrite
crystals and as inclusions in pyrite. In addition, galena
and hessite were found as small (30 μm) inclusions in
pyrite.

Pyrite crystals sometimes contain inclusions that
consist of unique assemblages, which are never
encountered in other ore types (Figs. 8h–8l). These,
for instance, are aggregates of the minerals of crich-
tonite group (Figs. 8h, 8i); kyzylkumite and rutile
intergrowths (Figs. 8i, 8j); or associations of vanadium
and vanadium bearing silicates, including unidentified
phases, which may prove to be new mineral species as
a result of subsequent analysis (Figs. 8k–8l).

The chemical composition of the ores is character-
ized by elevated Co and Cu grades and a reduced Ni
G

grade (Table 1). The main carrier minerals of these
elements are pyrite, chalcopyrite, and pyrrhotite,
respectively. Au grades are above average in all ore
types, although its carrier minerals were not identified
(Table 1). The only silver-carrier mineral identified is
rare hessite (Table 2); this agrees with the low silver
grade in this ore type. Silver and gold impurities in
other minerals are either not found or are below the
detection limit. The vanadium distribution trends are
similar to those in the massive pyrrhotite type II ores.

DISCUSSION

The extensive pyrrhotitization of massive sulfide
ores in the Kola Region, located in the PIV belt,
resulted from their deep metamorphic alteration.
According to calculated and experimental data (Toul-
min and Barton, 1964; Peacock, 1981; Craig and
Vokes, 1993; Finch and Tomkins, 2017), the areal
extent of pyrite pyrrhotitization and pyrrhotite
increases with metamorphic grade. This is typical of
the ores not only in the Kola region, but also in Karelia
(Rybakov, 1987).

Volcanic-hosted massive sulfide (VHMS) ore
transformation stages follow the trend described in the
literature. By analogy with other Paleozoic and Recent
deposits, we may suggest that pyrite was the primary
mineral in massive sulfide ores. As a result of meta-
morphic transformations, pyrite was replaced by pyr-
rhotite, and the extent of pyrrhotitization increased
with the metamorphic grade. According to arsenopy-
rite geothermometry data (Scott, 1983; Skott, 1984),
the temperature of metamorphism was approximately
490°С. An increase in temperature led to cobalt and
nickel redistribution into the disulfide phase. The rel-
ative Ni concentration compared to Co is higher in
pyrrhotite, while the Co concentration, on the con-
trary, is higher in pyrite (Bezmen et al., 1975). As a
result of a temperature decrease, pyrrhotite was exten-
sively replaced by a pyrite–marcasite aggregate with a
bird’s-eye texture, which was subsequently replaced by
hydrous iron oxides. However, the resumed increase
in temperature led to the formation of “metamorphic”
pyrite after the pyrite–marcasite aggregate.
EOLOGY OF ORE DEPOSITS  Vol. 62  No. 7  2020
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Fig. 6. The major (a–j) and rare (k–o) minerals in type II massive pyrrhotite ores. Backscattered electron (e, f, n, o) and reflected
polarized light (the rest) images. Ab, albite; Alt, altaite; Apy, arsenopyrite; Au, native gold; Bi-Te, Bi–Te mineral phase; Ccp,
chalcopyrite; Crn, minerals of crichtonite group; Ght, goethite; Hes, hessite; Ilm, ilmenite; Kot, kotulskite; Mrc, marcasite; Po,
pyrrhotite; Py, pyrite; Qz, quartz; Rt, rutile; Sp, sphalerite; Vol, volynskite.

400 µm400 µm400 µm

bb

ff

hh

PoPoPo

PoPoPo

PoPoPo

PoPoPo

PoPoPo

PoPoPo

PoPoPo PoPoPo

KotKotKot lImlImlIm

VolVolVol RtRtRt

AltAltAlt

Bi-TeBi-TeBi-Te
HesHesHes

AuAuAu

PoPoPoApyApyApy

ApyApyApy

PoPoPo

PoPoPo
SpSpSp

QzQzQz
SpSpSp

MrcMrcMrc
CcpCcpCcp

CcpCcpCcp

CcpCcpCcp

CcpCcpCcp

SpSpSp

CcpCcpCcp

MrcMrcMrc

QzQzQz

PoPoPo

GhtGhtGht

CrnCrnCrn
AbAbAbPy + MrcPy + MrcPy + Mrc

Py + MrcPy + MrcPy + Mrc

Py + MrcPy + MrcPy + Mrc

Mrc + PyMrc + PyMrc + Py

(a)

(d)

(g)

(j) (k) (l)

(m) (n) (o)

(h) (i)

(e) (f)

(b) (c)

70 µm70 µm70 µm 400 µm400 µm400 µm

30 µm30 µm30 µm200 µm200 µm200 µm70 µm70 µm70 µm

400 µm400 µm400 µm 200 µm200 µm200 µm 200 µm200 µm200 µm

400 µm400 µm400 µm

40 µm40 µm40 µm 10 µm10 µm10 µm 10 µm10 µm10 µm

800 µm800 µm800 µm 800 µm800 µm800 µm
The presence of some unique mineral assemblages
in massive pyrite ores and their absence in the pyrrho-
tite ores of both types may indicate the resumption of
temperature and pressure increase. As a result, only
the assemblages that were captured in the crystals of
the “metamorphic” pyrite, which is resistant to exter-
nal effects, were preserved (Figs. 8i–8l). Kyzylkumite,
which is found only inside pyrite crystals in pyrite ores,
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 7  2020
can provide a sort of temperature benchmark. Accord-
ing to the published data (Smyslova et al., 1981), kyz-
ylkumite transforms to rutile at 320–390°С. As a
result of an increase in temperature, kyzylkumite was
completely replaced by rutile in pyrrhotite ores and
remained intact in pyrite ores.

The massive sulfide ores of the Kola region can be
classified as Cyprus-type (Dergachev et al., 2010)
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Fig. 7. Massive pyrite ore (а) with quartz–albite vein relics (c, d) and the transitional zone between mPy and mPo-II (b). Polished
sections.
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dd
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based on a number of signatures (low Cu, Ni, and Au
reserves; depletion in lead; occurrence in island-arc
settings). In terms of the basic characteristics, i.e.,
geological setting, age, metamorphic grade, and min-
eral composition, the massive sulfide ores of the Kola
region are similar to the known massive sulfide depos-
its such as Vihanti and Outokumpu (Finland), Sätra
(Sweden), and Rampura Agucha (India). These
deposits occur within Paleoproterozoic rift belts in
host rocks of an island-arc origin. Their age is ca.
1.9 Ga (Rouhunkoski, 1968; Peltola, 1978; Rau-
hamäki et al., 1980; Gandhi et al., 1984; Deb et al.,
1989; Deb, 1992; Allen et al., 1996; Höller and
Gandhi, 1997; Peltonen, 2005). Interestingly, the for-
mation of all these deposits coincides with the peak of
one of the largest VHMS ore-emplacement outbursts
in the Earth’s history, 1890–1850 Ma (Dergachev et
al., 2010). It is believed that the host rocks and ores
underwent metamorphism of amphibolite facies and,
as a result, ores composed essentially of pyrrhotite are
predominant. In addition, all these ore deposits and
occurrences have another feature in common, that is,
the development of a unique vanadium mineraliza-
tion, untypical of Phanerozoic or Recent VMS ores
(Long et al., 1963; Zakrzewski et al., 1982; Höller and
Stumpfl, 1995; Sergeeva et al., 2011). In spite of this
similarity, the massive sulfide ores of the Kola region
do not contain mineable concentrations of any valu-
able components. This can be explained by the pri-
mary ore depletion in valuable components; the
removal of elements as a result of metamorphism and
G

by hydrothermal solutions; or by insufficient explora-
tion coverage of massive sulfide-ore occurrences.

CONCLUSIONS
1. In terms of rock structure, the ores at the Bragino

massive sulfide-ore occurrence are presented by the
massive, banded, brecciated, and disseminated variet-
ies. The most widespread type is the massive ores,
which are subdivided into three types based on mineral
composition: type I massive pyrrhotite ores, type II
massive pyrrhotite ores, and pyrite ores. The massive
sulfide ores of the Cis-Khibiny structural zone are
similar to the massive pyrrhotite type II ores.

2. The major ore minerals are pyrrhotite for the
first two types and pyrite, for the third type. Each ore
type has a number of typomorphic signatures, includ-
ing the specific composition of vanadium and vana-
dium-carrier mineral assemblage.

3. The extensive pyrrhotitization of the ores and the
presence of etch-resistant pyrite are signatures of deep
metamorphic transformation of the ores.

4. In terms of the basic characteristics, namely, the
geological setting, age, the grade of metamorphism,
and mineral composition, the massive sulfide ores of
the Kola region are similar to the ores of the well
known VMS deposits, such as the Vihanti and Outo-
kumpu (Finland), Sätra (Sweden), and Rampura
Agucha (India); this makes them potentially import-
ant projects.
EOLOGY OF ORE DEPOSITS  Vol. 62  No. 7  2020
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Fig. 8. The major (a–g) and rare (h–l) minerals in massive pyrite ore. Reflected polarized light (a–j) and BSE (k, l) images. Ab,
albite; Aln, allanite; Ccp, chalcopyrite; Сhl, chlorite; Crn, minerals of the crichtonite group; Kyz, kyzylkumite; Msc, muscovite;
Mon, monazite; Po, pyrrhotite; Py, pyrite; Qz, quartz; Rt, rutile; Sid, siderite; Sp, sphalerite.
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