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Abstract. Materials on geochemistry and ore Fe-Ti-Cr mineralization of rocks composing layered (stratified) bodies
of the western slope of the Southern Urals are presented. A detailed analysis showed similarity in the redistribution
of REE, noble metals, and Fe-Ti-Cr mineralization of practically all parameters in rocks of the Misaelga and Kusin-
Kopan complexes. It has been established that the parameters of metamorphism, which influenced components
redistribution in Fe-Ti-Cr minerals of the layered complexes, correspond to Misaelga — T = <550-750 °C,
P =0.1-2.8 kbar, Kusin-Kopan — T = <550-630 °C, P = 0.3-0.7 kbar, and Shuidinsky complexes — T = <550-760 °C,
P = 0.5-2.5 kbar. The result of modelling the melt crystallization process showed that the Kusin-Kopan complex is
an intrusive body with an ultramafic horizon in the idealized cross-section. Due to collisional processes, the lower
part of the intrusion has been detached from the upper part. The proposed structure of the Kusin-Kopan complex
sharply increases its prospects for such types of minerals as platinum group minerals + sulphide copper-nickel mine-
ralization and/or chromites.
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Introduction. The family of chromspinels is characterized by cubic syngony and widely mani-
fested isomorphism in the series MgAl>04-FeAl204, MgAl204-MgCr204, MgAl204-FeCr20a.
Almost all members of these series are ore minerals, industrially important deposits of iron, iron-
titanium, and chromite ores. This paper considers the formation of titaniferous magnetite mineraliza-
tion in layered intrusions located on the western slope of the Southern Urals.

Currently, deposits of titaniferous magnetite ores are developed practically on all continents.
They are known in China, South Africa, Tanzania, Norway, Sweden, the USA, and other countries.
Most of the objects are localized in layered syenite-gabbro, gabbro-anorthosite, and dolerite-picrite
complexes. In Russia, deposits of titaniferous magnetite ores have been identified in Siberia, the
Far East, Karelia, and the Kola Peninsula. The Ural region is a classic area of titaniferous magnetite
deposits, these objects are confined to dunite-pyroxenite-gabbro formation — Kachkanar, Pervouralsk,
Visim, Suroyamsk, Velikhov, Tebinbulak, Gusevogorsk [1], stratified basic-ultrabasic intrusions —
Kusin-Kopan group of deposits (Kusin, Kopan, Medvedev, Matkalsk, Chernorechensk) [2, 3] as well
as numerous ore occurrences, which prospects are not clear because they are poorly studied (Yubrish-
kinsk and others) [4].
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According to most researchers, titaniferous magnetite mineralization in layered complexes has
a magmatic origin and is caused by the formation of intrusive massifs [5]. At the same time, the
mechanisms of ore-forming processes are the subject of heated discussions. In particular, the models
of gravitational accumulation of magnetite (titaniferous magnetite) and ilmenite [6, 7], ore melt li-
quation [8-12] are actively developed, and “combination” models, in which the formation of Fe-Ti
mineralization is caused by a special mechanism of silicate minerals crystallization, are actively dis-
cussed [13].

The paper aims to characterize Ti-Fe-Cr mineralization in various layered (stratified) complexes
located on the western slope of the Southern Urals, reconstruct conditions of its formation, and con-
struct a model of the geological structure of the Kusin-Kopan complex.

Methodology. Mineral compositions were studied using a scanning electron microscope
REMMA-202M with an X-ray energy dispersive spectrometer LZ-5 (SiLi detector, 140 eV resolution)
and detectors of secondary (SE) and reflected (COOMPO) electrons at the Institute of Mineralogy
UB RAS (Miass, analyst V.A.Kotlyarov). In carrying out quantitative point analysis accelerating
voltage of 20-30 KV at probe currents of 4 to 6 nA was used. When analyzing the composition of
minerals, pure metal standards or synthetic (natural) minerals were used.

The compositions of minerals of the Kusin-Kopan complex were studied on a scanning electron
microscope Tescan Vega Compact with energy dispersive analyzer Xplorer Oxford Instruments
(Gl UFRC RAS, Ufa). The following settings were used: accelerating voltage 20 kV, probe current
4 nA, spectral accumulation time in the Point&ID mode 60 sec, beam diameter ~3 um. An integrated
set of Oxford Instruments Standards standards, represented by natural and synthetic compounds, was
used in the analysis.

Concentrations of petrogenic components were determined by the XRD method in GI UFRC
RAS (Ufa) using the spectrometer VRA-30 (“Carl Zeiss”, Germany). Detection limits for SiO and
Al>03 were 0.1 % (here and further elements in wt.%), TiO2, Fe-O3, MnO, CaO, K0, P>0s and
Stotat — 0.01 %, MgO - 0.2 %.

REE concentrations were determined by ICP-MS at Isotope Centre (Russian Geological
Research Institute, VSEGEI, St. Petersburg). Quantitative determination of noble metal content (Au,
Pt, Pd, Rh, Ru, Ir) was also carried out at VSEGEI Isotope Centre (St. Petersburg).

Discussion. The Shuidinsky complex is located in the central part of the Bashkirian meganti-
klinorium among the Lower Triassic sediments (Fig.1). It combines asymmetrically and symmetri-
cally layered bodies of variable (15-30 m) thickness. The asymmetrically constructed sill with a thick-
ness of about 30 m has been studied in a natural outcrop [4]. It is composed of olivine clinopyroxenite,
olivine websterite, dipyroxene gabbro-dolerite and is characterized by two horizons: the upper (basic)
and lower (ultrabasic).

Ultrabasic horizon is represented by olivine clinopyroxenite, olivine websterite with porphyritic
structure, consisting of subidiomorphic olivine crystals, elongated prismatic precipitations of ortho-
pyroxene, clusters, and individual crystals of clinopyroxene with various degrees of idiomorphism,
as well as amphibole, plagioclase, magnetite, chromspinel, ilmenite, sulphides and apatite.

The lower part of the upper horizon is composed of websterite, which changes upwards through
the intermediate variations to dipyroxene gabbro-dolerites and their leucocratic varieties.

The Misaelga complex has been identified in the southern part of the Taratashsky metamorphic
complex [2, 14, 15]. Its composition includes porphyritic olivine dolerite (in the endocontact zones),
medium-grained olivine pyroxenite, gabbro-dolerite, and ferrogabbro-dolerite. The intrusive is dis-
tinguished (from bottom to top): lower endocontact zone (about 2 m), ultrabasic horizon (110-112 m),
and gabbro horizon (100-110 m).
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60° E. The lower endocontact zone is com-
posed of medium-grained porphyritic oli-
vine dolerites, the mineral composition
of which includes: olivine, orthopyro-
xene, clinopyroxene, plagioclase, am-
phibole, biotite, magnetite, titaniferous
magnetite, ilmenite, sulphides, apatite,
and titanite.

The ultramafic horizon is repre-
sented by medium-grained olivine pyro-
xenite and websterite, which mineral
composition varies depending on the lo-
cation in the section. The rocks consist of
olivine, orthopyroxene, clinopyroxene,
plagioclase, biotite, magnetite, ilmenite
(picroilmenite), chromspinel (Cr-mag-
netite), and sulphides.

The gabbro horizon is composed of
typical gabbro, ferrogabbro-dolerites,
their more leucocratic varieties to veined
plagiogranite. The mineral composition
includes clinopyroxene, plagioclase, am-

Bashkirian
megantiklinorium

54° N.

57°E.

53°N. | phibole, biotite, magnetite, Ti-magnetite,

and sulphides. In the near-vein part of the

intrusion, veins of plagiogranite composi-

L1 tion are recorded, which are the most

SPE acidic derivates of the magma that formed
the intrusion.

Fig.1. Geological scheme of the Bashkirian megantiklinorium The lavered bodv of the Borehole N 7

and distribution of layered complexes y ) y '

1 - AR-PR sediments not dissected; 2 — RF; sediments; The Borehole is located to the west

3 — RF, sediments; 4 — Middle Riphean volcanic-intrusive formations; (~1 km) of the eastern contact of the

5 — layered complexes (1 and 2 — Misaelga and Kusin-Kopan complexes; . .
3 —rocks of borehole N 7; 4 — Shuidinsky complex); Kopan massif of the Kusm-Kopan com-
6 — tectonic boundaries plex. The layered body section uncovered

by the borehole has the following struc-
ture [16]: 0-38.3 m — limestone (intensely calcified in the exocontact zone); 38.3-101.7 m — layered
body with the following horizons (from top to bottom of the section): endocontact zone, represented
by fine-grained olivine-containing pyroxenite; below, there is a horizon of taxitic gabbro, which is
gradually replaced by olivine gabbro with 10-20 % olivine. The mineral composition of the rocks
includes olivine, orthopyroxene (rare), clinopyroxene, plagioclase, amphibole, biotite, magnetite
(chromspinel), titaniferous magnetite, sulphides, apatite, and titanite.

The Kusin-Kopan complex is one of the best-known associations of layered (stratified) intrusive
rocks of the Southern Urals. The complex consists of several separate massifs (Kusin-Chernore-
chensk, Medvedev, Kopan, and Matkala), extending in the submeridional direction for a distance of
about 70 km with a total area of about 50 km? [2]. The internal structure of individual massifs is
characterized by a banded structure, due to the alternation of interlayers of gabbro series of variable
thickness, different composition, structure, and texture. In addition, the banding is emphasized by
the presence of consonant layers of disseminated and continuous titaniferous magnetite-ilmenite
ores. The massifs are composed of basic rocks, diverse in composition and structure. Pyroxenites,
hornblendites, and anorthosite are of subordinate importance. The rocks composing the banded series

478
This is an open access article under the CC BY 4.0 license



DOI: 10.31897/PMI.2022.54 Journal of Mining Institute. 2022. Vol. 255. P. 476-492 1

© Sergey G. Kovalev, Sergey S. Kovalev, 2022 i

consist of plagioclase (labrador), clinopyroxene (augite) of variable composition, magnesian hyper-
sthene and olivine (chrysolite) are rare, amphibole, biotite, and sulphides are present in small quanti-
ties. Pyroxenites have been established in the Matkala and Medvedev massifs. Clinopyroxene is com-
pletely replaced by amphibole or by an association of magnesian amphibole — chlorite. Acidic deri-
vates are represented by diorite granite rocks, located in the south-eastern part of the Kopan,
Medvedev, and Matkala massifs as a band up to 400-700 m wide. Their internal structure is an inter-
lacing of diorites, granodiorites, and granites. Attribution of granites of the Ryabinov massif to the
stratified series is problematic. Detailed arguments are given in [2].

The geochemical characteristics of the rocks emphasize the peculiarities of their geological struc-
ture. As can be seen from the classification SiO2 — Na.O + K20 diagram (Fig.2, a), the maximum
number of diverse products of differentiation is characteristic of rocks of the Kusin-Kopan and
Misaelga complexes. In the medium and acid rock varieties some silica deficit is fixed, but generally
for rocks of both complexes differentiation has the following direction: pyroxenite — leucocratic
granite. The trend of rock basicity change during differentiation, characterizing the Shuidinsky com-
plex, is classical — the concentration of silica increases in the late varieties, and the differentiation
changes from pyroxenite to diorite without intermediate varieties. Even more contrasting differences
in geochemical characteristics of the complexes are revealed on the AFM diagram (Fig.2, b), where
rocks of the Kusin-Kopan, Misaelga complexes, and the body of borehole N 7 are characterized by
the tholeiite (Fennerian) trend, whereas rocks of the Shuidinsky complex are characterized by the
lime-alkali (Bowenian) differentiation trend.

The REE distribution is characterized by a certain peculiarity. In rocks of Misaelga complex
degree of REE fractionation (average for gabbro group — Lan/Lun —10.7, Cen/Ybn —9.1; for pyroxe-
nites — 8.2, 7.3, respectively), as well as the fractionation of light (La./Smy for gabbro group — 2.2,
pyroxenites — 2.0) and heavy (Gdn/Ybn for gabbro group — 3.28, for pyroxenites — 3.06) REE indicates
their “inert” behaviour at melt differentiation inside the chamber (Fig.2, c, d). Only at final stages,
the residual melt is sharply enriched by the entire REE group.

In rocks of the Kusin-Kopan complex, normalized REE distribution and their fractionation
degree are close to those described above (Fig.2, c, d). So, fractionation parameters for olivine
gabbro-norites — Lan/Lun — 4.59, Cen/Ybn — 4.06; gabbro-norites Lan/Lun — 5.2, Cen/Ybn — 4.79 and
granodiorites — Lan/Lun — 4.58, Cen/Ybn — 5.1 are close to each other and only in anorthosite they
rise to: Lan/Lun — 14.15, Cen/Ybn — 10.63. At the same time, fractionation of light (La,/Sm, for
olivine gabbro-norites — 1.93, gabbro-norites — 1.52, granodiorites — 2.25 and anorthosite — 3.04)
and heavy (Gdn/Ybn for olivine gabbro-norites — 1.83, 2.36, granodiorite — 1.28, and anorthosite —
2.83) REE are also close to each other, that testifies to coherent behavior of REE during magmatic
differentiation.

For pyroxenites from the Borehole N 7 differing from each other by the presence/absence of
olivine, the normalized REE distribution is close to that of rocks of Misaelga and Kusin-Kopan com-
plexes (Fig.2, c, d), but differentiation coefficients are completely equivalent (pyroxenites Lan/Lun —
9.14, Cen/Ybn — 7.15; olivine pyroxenites — Lan/Lun — 9.92, Cen/Ybn — 7.57; Lan/Smn 2.4-2.33;
Gdn/Ybn 2.54-2.8, respectively).

Normalized REE distribution in rocks of the Shuidinsky complex is sharply different from the
rocks characterized above (Fig.2, c, d). If REE distribution and differentiation parameters in gabbro
group (Lan/Lun—7.94; Cen/Ybn—6.2; Lan/Smn—2.99; Gdn/Ybn — 1.77) are close to counterparts from
other complexes, then the rocks of ultrabasic horizon differ greatly in quantitative characteristics (see
Fig.2, d), and differentiation coefficients of REE (Lan/Lun — 1.91; Cen/Ybn — 1.75; Lan/Sm;, — 1.46;
Gdn/Ybn —1.13).
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Fig.2. Geochemical diagrams for layered (stratified) complexes of the western slope of the Southern Urals
Diagrams: a according to [17]; b according to [18]; ¢ — for the main rock varieties; d — ultrabasic rocks; e, f —according to [19].
1 and 2 — Kusin-Kopan and Misaelga complexes; 3 — Borehole N 7; 4 — Shuidinsky complex.

The dark gray arrow indicates the direction of differentiation in rocks of the Shuidinsky complex, light gray arrow
indicates the direction of differentiation in rocks of the Misaelga and Kusin-Kopan complexes; 5 — Kusin-Kopan complex;

6 — Borehole N 7 complex; 7 — Shuidinsky complex; 8 — Misaelga complex; 9 — average composition of picrites [20];

10 and 11 — according to [19]: Norilsk ore-bearing rocks (10), continental tholeiite (11); primitive mantle according to [21]

Thus, the normalized REE distribution in rocks and their differentiation indicators emphasize

the similarity of REE behaviour in rocks of the Misaelga, Kusin-Kopan, and the Borehole N 7 com-
plexes, on the one hand, and the analogues in basicity composing the Shuidinsky complex, on the
other hand.
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The analysis of noble metal content and distribution is of some interest. Peculiarities of noble-
metal geochemical specialization of rocks are revealed when comparing them among themselves and
with the normalized contents of elements in average compositions of picrites, Norilsk ore-bearing
rocks, and continental tholeiites. The configuration of the trends characterizing the rocks of layered
complexes of the western slope of the Southern Urals is very similar, differing only quantitatively
(Fig.2, e). They are characterized by “peak” values of Ir, Rh, and Pd. The differences are in higher
Cu in the Misaelga complex and a sharply reduced amount of Ni in rocks of the Kusin-Kopan com-
plex. In the latter case, the minimum value because we are dealing only with the upper part of the
intrusion, and the ultrabasic part, the existence of which was assumed earlier [2], remains inaccessible
for study.

Indicator ratios of noble metals, on the one hand, are subject to significant fluctuations, on the
other hand, emphasize the similarity and differences of rocks of the complexes. Thus, the average
Ptn/Pdn in rocks of the Misaelga complex is 0.42, Pdn/Irn — 7.61, > EPGn/Aun — 1.72; Kusin-Kopan
complex — 0.52, 2.73, 1.63, respectively; Shuidinsky complex — 0.23, 13.89, 4.32. As can be seen
from the above values, the greatest similarity is characteristic of rocks of the Misaelga and Kusin-
Kopan complexes.

It is evident from the diagram (Fig.2, e) that the configuration of the plots characterizing the
rocks of layered complexes differs sharply from the plots of the “reference” rocks. To explain this
situation, the diagram of normalized Ni, Cu, and noble metals distribution in sulphides from iron-
enriched horizons of Norilsk deposits (Fig.2, f) is given. Comparative analysis of the diagrams
allows us to say with high confidence that noble metals in rocks of the described complexes are
concentrated in sulphides, and the question of their mineral form at the given stage of investigations
remains open.

Ore mineralization of the Kusin-Kopan complex has been studied within Kopan and Matkala
massifs both in natural outcrops (samples K-20, K-343, K-348) and from core samples (samples
K-177, K-204). It is a vein-disseminated type with variable thickness of individual veins and ore
zones. Massive ore varieties are recorded in the central parts of veins (Fig. 3, a), and the veins them-
selves have gradual contact with ore-bearing rocks. As a rule, the matrix is represented by biotite-
chlorite-amphibole aggregate with a variable number of constituent minerals. The ores have an
ilmenite-titaniferous magnetite composition.

All minerals are inhomogeneous on a micro-scale and represent products of multistage decom-
position of the Fe-Ti-O system. Within the titaniferous magnetite crystals, thin blades, lamellae, and
fabric intergrowth of titaniferous magnetite, magnetite, ulvospinel, and hercynite, forming a complex
internal pattern of multistage decomposition of solid solution, are common. Often, elongated-chain
precipitates of hercynite are fixed at the boundary of ilmenite and titaniferous magnetite grains, and
complex branching micro veinlets of magnetite are observed in the crystals (Fig.3, c). The chemical
composition of titaniferous magnetite is given in Table 1.

Ilmenite is composed of xenomorphic grains and variously shaped aggregates with titaniferous
magnetite crystals of various sizes (Fig.3, b). In most cases, ilmenite grains are homogeneous, but in
some cases, parallel-located magnetite micro lamellas are present. The chemical composition of
ilmenite within one orebody is stable. At the same time, differences in the ilmenite chemical compo-
sition from different objects are significant. In particular, MgO is established only in ilmenites of the
Kopan massif, while an increased amount of MnO is typical for ilmenites of the Matkala massif
(Table 2).

Titaniferous magnetite in massive ores and central parts of veins is represented by coalesced
xenomorphic precipitates of different sizes (Fig.3, a, b). The shape of individual crystals in dissemi-
nated ores varies from xenomorphic to idiomorphic cubic-octahedral.

Ti-Fe-Cr mineralization of the Misaelga complex is established in all rock varieties. The maximum
amount of Ti-Fe minerals is recorded in the upper part of the gabbro horizon, where rocks with elements
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of sideronite structures are observed. The morphogenetic types of Fe and Ti oxides are variable and
represented by chemically homogeneous droplet-like segregations of chrommagnetite and ilmenite.
In addition, weakly faceted, prismatic, and xenomorphic precipitations of ilmenite and magnetite crys-
tals of the octahedral form (Fig.3, d-f) are also recorded. A variety of ilmenite-magnetite intergrowths
and decay structures with varying numbers of differently sized blades coexisting phases are often pre-
sent. In titaniferous magnetite crystals, thin blades and lamellae of ilmenite (ulvspinel) and magnetite
oriented along the octahedral directions are fixed. The ilmenite lattice, which inherits the crystallo-
graphic forms of the pre-existing mineral, is retained in extreme alteration.

Clinoenstatite

BSE COMPO 20KV

Figure 3. Morphogenetic types of Ti-Fe-Cr minerals in rocks of layered (stratified) complexes of the western slope
of the Southern Urals

Complexes: a-c — Kusin-Kopan; d-f — Misaelga, g-i — Shuidinsky, j-1 — Borehole N 7;
Ilm — ilmenite; tiMgt — titaniferous magnetite; Mgt — magnetite; Hrc — hercynite; Chr — chromite; crMgt — chrommagnetite
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Table 1

Chemical composition of titaniferous magnetite and magnetite from rocks of the Kusin-Kopan complex, wt.%
Sample number TiO, Al,O3 FeO MnO MgO V,05 Cr,03 Total
K20 2 15.19 3.8 77.59 0.32 1.03 1.09 0.58 99.59
K20 3 14.03 4.9 74.21 0.31 1.34 1.02 0.6 96.41
K20 4 13.82 2.69 80.97 - 0.95 1.13 0.9 100.45
K177_8 13.71 - 85.69 0.31 - 1.33 - 101.03
K177_19 19.24 0.23 79.46 0.48 - 1.12 - 100.53
K177 23 14.62 - 81.64 - 1.09 - 97.35
K177 24 13.44 - 82.88 0.39 - 1.1 - 97.81
K204 6 7.73 1.26 86.67 - - 1.14 0.51 97.31
K204 12 7.01 2.09 89.46 - - 1.42 - 99.98
K204 42 8.55 - 85.73 0.2 - 1.18 - 95.66
K204 43 10.97 - 83.29 - 0.22 1.17 - 95.65
K204 44 8.96 - 86.41 - 0.21 1.17 - 96.75
K343 32 0.95 - 96.25 - - 1.22 - 98.42
K343 33 11.06 - 87.13 0.45 - 1.15 - 99.79
K343 34 0.35 - 95.05 - - 1.25 - 96.65
K343 35 3.92 - 92.35 - - 1.26 - 97.53
K343 52 12.02 - 82.53 0.49 - 0.88 - 95.93
K343 68 11.54 - 81.76 0.5 - 1.07 - 94.87
K343 69 18.57 0.18 76.29 0.73 - 0.91 - 96.68
K348 14 17.53 - 77.05 0.62 - 0.98 - 96.47

Note. Hereinafter a dash means the element content is below the detection limit.
Table 2

Chemical composition of ilmenite from rocks of the Kusin-Kopan complex, wt.%

Sample number TiO, FeO MnO MgO Total
K204 1 51.66 47.44 1.25 - 100.35
K204 7 51.24 48.05 1.46 - 100.75
K20 6 50.1 47.96 1.0 1.2 100.26
K20 7 49.89 47.41 0.92 1.15 99.37
K20 8 51.05 47.94 0.85 1.11 100.95
K20 9 52.81 45.21 1.06 1.3 100.38
K20_13 52.08 44.21 0.83 1.19 98.31
K20 14 54.84 43.34 0.99 149 100.66
K20 19 55.21 42.5 11 117 99.98
K20 20 55.15 42.89 0.96 1.19 100.19
K20 27 51.13 45.15 1.05 1.23 98.56
K20 33 55.55 43.44 1.15 1.39 101.53
K20 34 55.09 43.89 111 1.36 101.45
K20 35 56.13 43.25 1.02 1.32 101.72
K20 47 55.29 43.62 11 1.45 101.46
K20 48 55.75 43.6 11 131 101.76
K177 1 52.27 46.58 117 - 100.02
K177 4 56.38 42.83 1.35 - 100.56
K177 5 56.56 4221 1.25 - 100.02
K177 7 49.21 4511 1.25 0.92 98.51
K343 30 51.54 4541 2.05 - 99.0
K343 31 51.9 45.84 2.15 - 99.89
K343 38 51.74 46.98 2.14 - 100.86
K343 47 50.79 46.11 1.76 - 98.66
K343 48 52.48 47.53 1.95 - 101.96
K343 49 52.28 45.53 1.89 - 100.33
K343 54 49.55 48.79 1.97 - 100.32
K343 55 52.89 46.76 2.07 - 101.73
K343 56 53.74 4541 2.09 - 101.24
K343 57 53.36 45.94 2.09 - 101.39
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a

The chemical composition of magnetite is as follows (wt.%): titanium (0.13 to 14.27), aluminium
(0.51 to 21.36), chromium (0.48 to 24.07), magnesium (0.11 to 6.41), manganese (0.05 to 1.0), vana-
dium (0.23 to 1.16), and zinc (0.8 to 5.78), nickel (0.13 to 0.73), silica (0.52 to 2.75), and calcium
(0.51). The content of trace components in ilmenites varies in the following ranges (wt.%): chromium
(0.13 to 1.27), magnesium (0.27 to 5.5), manganese (0.14 to 3.51), vanadium (0.14 to 0.37) as well
as aluminium (3.0), and nickel (1.4) [14].

A detailed study of the mineralization reveals a very regular distribution of trace elements de-
pending on the location of the mineral in the intrusive body section, which is the result of melt
differentiation in the intermediate chamber. In particular, chromium and magnesium in magnetite and
ilmenite are presented only in minerals of the ultrabasic horizon, where, as a result of heterovalent
isomorphism, transitional varieties magnetite — chrommagnetite and ilmenite — picroilmenite are
formed. The distribution of vanadium in magnetite is relatively stable, and the maximum amount of
manganese is found in ilmenite of the ultramafic horizon, where it most likely isomorphically replaces
the MgO and Cr.0O3 positions.

Ti-Fe-Cr mineralization of the Shuidinsky complex is also widespread throughout the intrusive
body. In the gabbro horizon, the mineralization is represented by magnetite, titaniferous magnetite,
and ilmenite, both individually and forming various intergrowths (Fig.3, g). Due to the significant
degree of metamorphism in the complex, magnetite often occurs as a product of sulphide substitution.
In this case, CuO, CoO, NiO, and S are fixed in their composition. The composition of titaniferous
magnetite and ilmenite from the gabbro horizon is rather stable (Table 3).

In the Ti-Fe-Cr ultrabasic horizon, the mineralization is more diverse. Magnetite, chrommagnetite,
chromite, and ilmenite are found here. Magnetite occurs as individual octahedral crystals and in inter-
growth with chromspinels, but more often forms metamorphogenic rims around the latter (Fig.3, i).
Chrommagnetite is established in the upper parts of the ultrabasic horizon as crystals of octahedral
and cubic forms, often forming monomineral intergrowths (Fig.3, h). The chromspinels are wide-
spread throughout the ultramafic horizon as individual crystals of octahedral and truncated-octahedral
forms. The crystals often form various intergrowths and are surrounded by magnetite and chrommag-
netite rims. Their chemical composition is given in Table 4.

Table 3
Chemical composition of Ti-Fe-Cr minerals from rocks of the Shuidinsky complex, wt.%
N | Sample number SiO, TiO, Al,O5 V,0s Cr,04 FeO MnO MgO Total
1 15799 - 48.27 - - - 46.19 4.68 - 99.14
2 15799 - 48.48 - - - 45.99 4.6 - 99.07
3 15799 - 484 - - - 45.99 4.73 - 99.12
4 15799 - 48.51 - - - 45.84 4.76 - 99.11
5 15799 - 49.97 - - - 43.38 5.8 - 99.15
6 15799 - 49.13 - - - 43.57 6.3 - 99.0
7 15799 - 48.51 - - - 45.84 4.76 - 99.11
8 15808 - 48.81 - - - 48.14 222 - 99.17
9 15808 - 48.66 - - - 48.02 25 - 99.18
10 15808 - 48.75 - - - 47.75 2.53 - 99.59
11 15811 - 50.63 - - - 453 3.66 - 99.03
12 15812 - 50.1 - - - 455 3.56 - 99.16
13 k-278 - 0.91 21.92 - 35.18 30.33 - 10.73 99.07
14 k-278 - 0.87 23.18 - 34.43 29.57 - 11.11 99.16
15 k-278 - 1.56 20.51 - 32.37 33.88 - 10.69 99.01
16 k-353 1.27 0.76 11.33 0.43 33.64 43.28 0.23 5.96 96.9
17 k-353 - 0.62 12.87 0.48 37.72 41.11 0.17 6.39 99.36
18 k-353 0.69 0.56 13.43 0.4 37.71 40.17 0.05 6.27 99.28
19 k-353 0.75 0.56 13.5 0.47 37.27 39.84 0.13 6.73 99.25
20 k-353 0.64 0.59 13.63 0.45 37.54 39.87 0.17 6.4 99.29

Note. 1-12 — gabbro; 13-20 — ultrabasic horizon.
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Table 4
Chemical composition of Ti-Fe-Cr minerals from rocks of the Borehole N 7, wt.%

N Sample number TiO, Al,O3 Cr,03 V,05 FeO MnO MgO Zn0O Total

1 27120b 0.44 - 6.29 0.6 85.62 - - - 92.96
2 27120c 0.52 1.22 8.64 0.66 82.77 - 0.14 - 93.96
3 749 2.47 1.53 10.85 1.08 75.99 0.42 0.37 0.45 93.15
4 7_49 6.85 2.67 36.96 0.32 47.68 0.48 1.37 0.80 97.14
5 7_49 5.05 3.37 22.74 0.66 61.62 0.73 0.83 0.83 95.82
6 7_49 8.39 1.26 41.62 0.35 43.75 0.00 2.07 0.47 97.92
7 7_49 7.89 5.05 26.45 0.73 54.59 0.83 1.45 0.64 97.62
8 749 7.09 2.32 3242 0.65 52.62 0.59 1.36 0.73 97.79
9 749 7.34 2.40 30.45 - 52.74 0.64 1.13 1.09 95.80
10 7385 - 30.27 21.77 1.62 32.77 0.00 12.94 - 99.36
11 7385 - 24.38 23.76 1.97 36.36 0.45 11.24 - 98.15
12 7385 - 23.85 27.97 1.58 33.44 0.00 11.51 - 98.36
13 7385 - 29.92 20.25 1.82 34.64 0.39 13.00 - 100.02
14 7385 - 28.11 22.45 1.75 33.49 0.00 12.57 - 98.37
15 7385 0.23 26.22 23.52 1.76 34.64 0.64 12.39 - 99.40
16 27120a 0.55 3.42 20.49 0.76 68.18 - 0.17 0.71 94.28
17 27121a - 17.02 39.67 0.48 38.27 0.13 2.23 1.25 99.04
18 27121b - 16.45 43.72 0.61 31.07 0.17 7.02 0.18 99.22
19 27121c - 16.73 44,79 0.42 27.1 0.04 10.02 0.12 99.22
20 27123a 0.48 17.62 38.28 0.12 39.31 0.43 0.96 1.94 99.15
21 27123c - 17.09 37.55 0.6 41.26 0.26 0.39 1.97 99.11
22 27123d - 16.44 37.86 0.52 41.12 0.56 0.48 2.19 99.18
23 27123e - 15.83 37.44 0.66 42.28 0.45 0.54 1.99 99.17
24 7_49 - 52.48 0.31 0.00 44.69 1.19 1.72 - 100.38
25 7_385 - - - 15.20 67.38 - - - 82.58
26 7_385 - - - 19.14 73.14 - - - 92.27

Note. 1-3 — chrommagnetite; 4-23 — chromspinel; 24 — hercynite; 25, 26 — unidentified compounds.

Ti-Fe-Cr mineralization in rocks drilled in the Borehole N 7 is represented by magnetite, chrom-
magnetite, and chromspinel (Fig.3, j-1). Magnetite occurs throughout the whole ore body, usually as
xenomorphic aggregates and submicron segregations tracing cracks in olivine.

Chrommagnetite is more abundant in the upper part of the ore body, where they are arranged as
octahedral crystals, often with rounded edges, and xenomorphic aggregates are located either inside
clinopyroxene crystals or in the interstitial space (Fig.3, j). The most frequent mineral is chromspinel,
which is widespread throughout the section as well-cut octahedral crystals, rounded, less frequently
xenomorphic forms. It is observed as small (first microns) crystals poikilitically included in olivine
and clinopyroxene grains, and also occurs in separate crystals or glomerocrystalline aggregates and
intergrowths (Fig.3, j-1). The chemical composition of the minerals is given in Table 4. In addition,
the rocks contain hercynite and unidentified iron-vanadium compounds, which are most likely inter-
mediate members of the series magnetite (FeO-Fe>O3) — shubnelite (FeVO4) H.O — coulsonite
(FeV20s).

Classification diagrams (Fig.4) reveal features of Ti-Fe-Cr mineralization inherent to individual
massifs, and general trends characterizing mineralization during its formation. Thus, in the Al-Cr-
Fe3*+2Ti diagram (Fig.4, a) the change in oxides compositions is caused by melt differentiation.
In particular, in the Shuidinsky complex, mineral variations correspond to chromspinel-chrommag-
netite compound; in rocks of the Borehole N 7 — to aluminian chromite-ferrichromite-chrommagnetite;
in Misaelga complex — to chrommagnetite-magnetite and in Kusin-Kopan complex — to magnetite.

On the diagram by S.J.Barnes and P.L.Rodger [22] (Fig.4, b) the figurative points of Ti-Fe-Cr
oxides of practically all complexes fall into the field of stratified intrusions, that in general is an
indicator of the commonality of differentiation processes despite the differences in crystallization
conditions of Ti-Fe-Cr minerals, typical to different world complexes.
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Fig.4. Classification diagrams for Ti-Fe-Cr minerals from rocks of layered (stratified) complexes of the western slope
of the Southern Urals

Diagrams: a according to [23]: | — spinel; Il — chromium spinel; 11l — aluminian chromite; IV — chromite; V — ferrichromite;

VI - chrommagnetite; VII — magnetite; VIII — aluminian magnetite; IX — hercynite; b according to [22] the fields of layered intrusions
are marked; ¢ according to [24] the fields are marked: LIP — large magmatic provinces; OIB — ocean island basalts; ARC — island-arc basalts;
MORB — mid-ocean ridge basalts; d according to [25] for Ti-Fe-Cr minerals of Siberian traps, Karru dolerites and Deccan traps;

1 and 2 — Misaelga and Kusin-Kopan complexes; 3 — rocks of Borehole N 7; 4 — Shuidinsky complex

Earlier studies have established that the TiO2 content in chromspinel can be a reliable indicator
of magma composition and as a consequence characterize the geotectonic setting of their formation
[24, 26-28]. Diagram TiO2-Al203 (Fig.4, c) shows, that figurative points of mineral compositions
from the layered complexes of the western slope of the Southern Urals are grouped outside the
boundaries of selected fields. Moreover, the chromspinels of the Shuidinsky complex and from the
Borehole N 7 rocks form a clear trend illustrating an inverse relationship between Ti and Al content
in their composition, if the points are haphazardly arranged relative to the separated fields. That is,
the existing dependencies between TiO, and Al,Oz in the composition of Ti-Fe-Cr minerals are more
diverse and complex than the fields highlighted in the diagram. It should be noted that the
chromspinels of Siberian traps, Karru dolerites, and Deccan traps also do not fit into the fields allo-
cated on the diagram TiO2-Al203 (Fig.4, d) [25].
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Comparative analysis of the main components in magnetite from layered complexes revealed
interesting regularities (Fig.5). They are summarised as follows:

» to check the correctness of the author's data on the Kusin-Kopan complex (Kopan and Matkala
massifs) the Ti-Fe mineralization of the Medvedev massif by V.V.Kholodnov et al. [3] was added to
the diagrams. The points characterizing the distribution of components in magnetites of the Kopan,
Matkala, and Medvedev massifs form uniform fields in all the diagrams (Fig.5);

» The FeO-Cr,0z diagram shows a clear inverse relationship between the components in mag-
netites of the Shuidinsky complex and the Borehole N 7. At the same time, the trend characterizing
magnetites of Misaelga complex in the area ~ FeO — 85 %, Cr.03— 1 % is bifurcated so that one
branch is on the general trend for layered bodies, and the second one corresponds to content variations
in magnetites of Kusin-Kopan complex. While preserving the general trends inherent to the layered
complexes, the behavior of Cr.Oz in magnetites of the gabbro horizon of the Misaelga intrusion and
ore objects of the Kusin-Kopan complexes are identical;
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Fig.5. Chemical composition of magnetite from layered complexes of the western slope of the Southern Urals

1 — Kopan and Matkala massifs of the Kusin-Kopan complex; 2 — Medvedev massif of the Kusin-Kopan complex according to [3];
3 — Misaelga complex; 4 — rocks of the Borehole N 7; 5 — Shuidinsky complex
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» FeO-MgO and FeO-Al>O3 diagrams of all the complexes fit in a single trend characterizing
the behaviour of MgO and Al>Oz during melt differentiation, but the magnetites of the Misaelga and
Kusin-Kopan complexes are located in the “ferrous” and “low alumina” part of the trend, while the
points of magnetites from the Shuidinsky complex and rocks of the Borehole N 7 — in the “magnesian”
and “high alumina”;

« in the diagrams FeO-TiOz, FeO-V20s3, and FeO-MnO magnetites of Misaelga and Kusin-Kopan
complexes form unified fields, whereas the distribution of these components in magnetites of the
Shuidinsky complex and rocks of the Borehole N 7 are haphazard.

Thus, the analysis of the chemical composition of magnetite from layered complexes showed
significant similarity of mineralization of the Misaelga and Kusins-Kopan complexes in almost all
parameters, which may serve as evidence of the similarity of its formation mechanisms.

Formation and transformation conditions of Fe-Ti-Cr mineralization can be obtained by calcu-
lation methods as well as by analysing the chemical composition of the accompanying minerals.
It follows from the location of figurative points on the diagram IgfO.-T, °C (Fig.6, a) that the crys-
tallization temperature of magnetite-ilmenite aggregates from rocks of the Misaelga complex varies
within 712-745 °C. The variation interval for 12 samples is 648-745 °C. The temperature of solid
solution decomposition calculated for 15 samples is 588-766 °C. As can be seen from the diagram
IgfO2-T, °C (see Fig.6, a), the partial pressure of Oz during crystallization of the melt decreased with
decreasing temperature, indicating that the system is closed towards oxygen and relatively weak oxi-
dation of the melt (points are located below the hematite-magnetite stability locus). The equilibrium
temperature of coexisting Fe-Ti phases in metamorphic rocks of the Shuidinsky complex reaches
645-792 °C, and the oxygen fugacity varies from —17 to —14.7. At the same time, a part of points falls
into the field limited by the NNO-QFM locus. That is, during the formation of Fe-Ti minerals and
their transformation during metamorphism, the partial pressure of oxygen decreased. The figurative
points calculated for the Fe-Ti minerals from rocks of the Kusin-Kopan complex are grouped into
two fields (Fig.6, a), the first of which (T = 635-822°C, IgfO. = —18.8-14.6) corresponds to the mag-
matic stage of mineral formation, and the second (T = 483-606° C, IgfO> from —24.2 to —21.7) corre-
sponds to the metamorphogenic re-equilibration of the system.
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Fig.6. Diagrams IgfO2-T, °C for Fe-Ti minerals and Ti (f.c.)-Al (f.c.) for amphiboles from rocks of layered (stratified)
complexes of the western slope of the Southern Urals
1 — Kusin-Kopan, 2 — Misaelga, 3 — Shuidinsky complexes.
Stability locus HM and MW by [29], QFM by [30], NNO by [31]. Grey fill a — fields of the Kusin-Kopan complex
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To estimate P-T metamorphism parameters, the diagram Ti (f.c.)-Al (f.c.) [32-34] was con-
structed for amphiboles from rocks of layered complexes (Fig. 6, b). It is noteworthy that the points
characterizing amphiboles of all complexes are clustered in two fields with a well-registered tempera-
ture boundary of 800 °C, separating primary magmatic amphibole from metamorphic amphibole.
Thus, metamorphism parameters, which caused component redistribution in Fe-Ti-Cr minerals of
layered complexes, are as follows: Misaelga — T = <550-750 °C, P = 0.1-2.8 kbar; Kusin-Kopan —
T =<550-630 °C, P = 0.3-0.7 kbar, and Shuidinsky complexes — T = <550-760 °C, P = 0.5-2.5 kbar.

The above detailed geochemical analysis of rocks composing layered bodies and characteristics
of Ti-Fe-Cr mineralization showed that there is a similarity of REE redistribution processes in rocks of
Misaelga and Kusin-Kopan complexes; by indicator relations of noble metals the greatest similarity is
also typical for rocks of Misaelga and Kusin-Kopan complexes; variations of the main components of
the chemical composition of magnetite show the significant similarity of the Misaelga and Kusin-Kopan
complexes. That facts allow us to use the intrusive body of the Misaelga complex as a “reference”
object to clarify conditions and mechanisms of rock formation from the Kusin-Kopan complex and
associated Ti-Fe-Cr mineralization.

We simulated the crystallization process using two models: by software product COMAGMAT,
version 5.2.2.1 [35-37] and the algorithm of H.D.Nathan and C.K.Vankirk [38]. The calculated
weighted average composition of the intrusive body of the Misaelga complex (wt.%) was taken as
the melt consisting SiO2 — 48.23, TiO; — 1.87, Al.03 — 8.4, FeO — 17.11, MnO - 0.2, MgO — 14.74,
Ca0 —8.32, Na2O — 1.37, K20 — 0.62. After obtaining the simulation results, the crystallization dia-
grams were plotted (Fig.7).

The fractional crystallization of the melt calculated by the software product COMAGMAT is
shown in Fig.7, a. The first released phase at 1380° C will be Ol (77-85 % Fo), then Cpx joined at
T — 1164 °C, with a result of 40 % of the melt volume being represented by a bimineral Ol + Cpx
association. Further in the temperature range of 1139-904 °C Cpx + Pl + Pg + tiMgt + 1lm association
is released. The remaining 10 % of the melt is interstitial material whose crystallization is not
described within the framework of the given model. Crystallization of the melt according to the algo-
rithm of H.D.Nathan and C.K.Vankirk [38] (Fig.7, b) begins with Ol at 1304 °C, after about 24 %
crystals, tiMgt is released on the liquidus, and at 1207° C, Cpx + tiMgt association with small amount
of Ol crystallizes. As a result, when the temperature decreases to 1185 °C, about 48 % of the melt
volume is represented by Ol + Cpx + tiMgt association. In the temperature interval 1185-1143 °C
Pl + Cpx + Opx + Mgt + Ol association crystallizes in the proportions shown in the diagram (see
Fig.7, b). The melt composition in this interval is probably close to eutectic, which is shown in the
diagram as alternating bands representing crystallization from the melt of one of the minerals. Then
Pl + Opx + Cpx + tiMgt association crystallizes, followed by Or + Pl + Q, which completes the
process of the intrusive body formation. Analysis of the diagram indicates that its upper part fully
corresponds to the real structure of the stratified part of the Kusin-Kopan complex. It should be
emphasized in both cases that the complex should have an ultrabasic horizon, represented by
Ol + Cpx rocks.

Earlier, during the detailed study of the Kusin-Kopan complex it was established that «... based
on the geochemical comparison of the marginal group rocks and horizon of ilmenite gabbro-norites,
it is reasonable to conclude that in the section of the stratified series there is a complex unexplored
zones or horizons of magnesian rocks close to peridotites, pyroxenites and their plagioclase varieties...
Undoubtedly, the large volumes of high-density ultrabasic and basic rocks among predominantly
metasedimentary formations should be reflected in the geophysical fields. A large and enigmatic posi-
tive area (up to 20x30 km) gravity anomaly in this area of the Urals is located 10-20 km east of the
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Fig.7. Crystallization diagrams of the average weighted composition from the Misaelga complex according to the software product
COMAGMAT (a) and the algorithm of H.D.Nathan and C.K.Vankirk [38] (b), geological section of the uncovered part
of the Kusin massif according to [2], with modifications (c) and idealized cross-section of the Kusin-Kopan complex (d, €)

1 - olivine; 2 — clinopyroxene; 3 — orthopyroxene; 4 — plagioclase; 5 — orthoclase; 6 — titaniferous magnetite; 7 — ilmenite; 8 — quartz;
9 — biotite-amphibole gneisses of the Kuvashi suite; 10 — carbonate rocks, Satka suite (Ry); 11 — stratified zone; 12 — gabbro-norite zone
with ilmenite; 13 — inferred horizon of ultrabasic rocks; 14 — spent ilmenite-magnetite ores; 15 — tectonic disturbances; 16 — exploration boreholes.
Ol - olivine; Cpx — clinopyroxene; Opx — orthopyroxene; Pl — plagioclase; Or — orthoclase; Mgt — magnetite;
tiMgt — titanomagnetite; Q — quartz

band of surface-mapped intrusions of the complex in the latitude of the southern part of the Kopan
massif with a maximum near the Lake Semibratskoe. We have no doubt that this anomaly is caused
by a still unexplored part of a very large stratified intrusion” [2, p. 96].

Thus, modelling of the melt crystallisation process indicates that the Kusin-Kopan complex
should represent a loppolyte-like body, which idealized cross-section is shown in Fig.7, d.
As a result of collisional processes that occurred in the area in the Vendian and/or Late Palaeozoic
[39] time, the lower ultrabasic part of the intrusion has been detached from the upper part (Fig.7, e).
The fact that the boundary between the basic and ultrabasic horizons of layered intrusions is
a “weakened” zone is fixed by the example of the Misaelga complex, where despite relatively weak
metamorphism, rocks of the transition zone are completely metamorphic and contain garnet (grossu-
lar) + amphibole + epidote + chlorite mineral association.

The proposed structure of the Kusin-Kopan complex sharply increases its prospects for minerals
such as platinum group minerals + sulphide copper-nickel minerals and/or chromites, because ele-
ments of the platinum group, nickel sulphides, and chromite mineralization are concentrated in the
lower (ultramafic) horizon of the layered body, as we have shown earlier on the example of the
Misaelga complex [14].

Conclusions. The detailed geochemical analysis of the rocks composing the layered (stratified)
bodies of the western slope of the Southern Urals and characteristics of Ti-Fe-Cr mineralization
showed similarity of REE redistribution processes in rocks of the Misaelga and Kusin-Kopan com-
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plexes. In addition, in terms of indicator ratios of noble metals, the greatest similarity is also charac-
teristic of the rocks of the Misaelga and Kusin-Kopan complexes, and variations in the chemical
composition of magnetites indicate a significant mineralization similarity for both these complexes
in almost all parameters.

It was established that metamorphism causing component redistribution in Fe-Ti-Cr minerals
of layered complexes, corresponds to the following parameters: Misaelga — T = <550-750 °C,
P = 0.1-2.8 kbar, Kusin-Kopan — T = <550-630 °C, P = 0.3-0.7 kbar and Shuidinsky complexes —
T =<550-760 °C, P = 0.5-2.5 kbar.

As a result of melt crystallization modelling, it is shown that the Kusin-Kopan complex is an
intrusive body with an ultramafic horizon in an idealized cross-section. Because of collisional pro-
cesses, the lower part of the intrusion has been detached from the upper part. The proposed structure
of the Kusin-Kopan complex dramatically increases its prospects for minerals such as platinum group
minerals + sulphide copper-nickel minerals and/or chromites.
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