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An overview of a geological structure of Nurali massif is presented. Compositional data
of ultramafic rocks from mantle section and transitional mantle-crust assemblages, and
chemistry of accessory and ore-forming Cr spinels are examined. We showed that ul-
tramafic rocks from mantle section (spinel a spinel-plagioclase peridotites,
harzburgites, dunites) are the tectonites. They have a strong predominantly optical ori-
entation of rock-forming olivine due to a plastic flow of rocks. We presented different
points of view on the mantle-crust assemblage origin, which composed by wehrlites,
clinopyroxenites, vebsterites, dunites and melanocratic gneiss-like gabbro, and de-
scribed two PGE-occurrences in the chromitites of this ophiolite section unit. This pa-
per is based on a guidebook of an International field trip to Nurali massif as a part of
conference “Magmatism of the Earth and related deposits of strategic metals” held in
2017 August.
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Historical outline

The Nurali massif has been studied since
the second half of the XIX century, after the
first Cr ore mineralization discovery at the
massif area. Prior to 1939, the extensive pro-
specting and exploration works have been
carried out resulting in the discovery of more
than 30 Cr deposits and ore mineralization
occurrences. The largest of them are
Mokraya Yama and Attestinskiy ore occur-
rences located at the northern part of the
massif and described in reports of P.G. Far-
afont’ev, .M. Parfenov, and S.A. Konyu-
khov.

The systematic exploration of the area
structure was started by V.S. Koptev-
Dvornikov in 1932. Later, the massif was
studied by the multi-scale geological (Mura-
vyova, 1947; Sadrislamov, 1960; Anisimov,
1983) and complex geophysical survey (Vul-
fovich, 1963; Chursin, 1979). Time to time,
the researche studies were carried out at the
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massif (Poirier, 1985; Prokin, 1962; Edel-
stein, 1964; Cherkasov, 1973). In 1978-
1980, in result of the prospecting works for
Cr bearing ores, the Nuralinskiy and
Kurmankulskiy deposits were discovered
(Shumikchin, 1980).

The detailed structural and petrological
study of the ultramafic rocks of the Nurali
massif was perfomed in 1980™ by G.N. Save-
lieva, E.A. Denisova, the scientists from the
Geological Institute. They compiled the
structural and geological map of the mantle
ultramafic rocks and transition webhrlite-
pyroxenite unit, which characterizes the
chemical composition of the rock-forming
minerals, and provides the new approach for
interpretation of the origin of the massif as
one of the typical example of the lherzolite-
type ophiolite complexes at the Southern
Urals (Savelieva, Denisova, 1983; Savelieva,
1987). The nature of the transition dunite-
wehrlite-clinopyroxenite complex of the
massif was studied in (Pertsev, Savelieva,
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1997; Pertsev et al., 1997; Kovalev et al.,
1998).

In 1980th E. A. Shumikhin and T. A. Mel-
nik started the investigation of the chro-
mitites for Pt potential. These studies were
continued by numerous Russian and foreign
scientists (Dmitrenko et al., 1992; Grieco et
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al., 2007; Malitch et al., 2016; Moloshag,
Smirnov, 1996; Saveliev et al., 2017;
Smirnov, 1995; Smirnov, Volchenko, 1991;
Zaccarini et al., 2004; Znamensky et al.,
1996). PGM were found out at several Cr
mineralizations: Priozernyy, Zapadno-She-
rambayskiy, Mokraya Yama, Nuralinskiy.

Image © 2017 CNES / Airbus
2017 Google

Fig. 1. Geological scheme of Nurali massif (modified from Shumikhin, 1980) (A), generalized cross-
section of the massif (B) and Google-map picture of the massif area (C). A — 1 — Quaternary alluvial
and lake sediments, 2 — Paleozoic sedimentary rocks of the Western-Magnitogorsk zone, 3 — Precam-
brian sedimentary and metamorphic rocks of Uraltau, 4 — volcanogenic rocks of the Western-
Magnitogorsk zone, 5 — subvolcanic gabbro and diabase bodies, 6-10 — Nurali ophiolite complex, in-
cluding: 6 — gabbroids, 7 — wehrlites and clinopyroxenites, 8 — spinel and spinel-plagioclase perido-
tites, 9 — dunites, 10 — serpentinites; 11 — cross-section faults, 12 — detail studied areas. B: 1 — plastic
flowing peridotites, 2 — chromitites, 3 — dunites with low-disseminated chromitites, 4 — wehrlite-
pyroxenite complex, 5 — serpentinite mélange, 6 — gabbro

General geological characteristics
of the massif

der. The western part of the massif (Bolshoy
Nurali Mountain) is a billowy area where the

The Nurali massif is situated at the NE
part of the Uchaly region in Bashkortostan
Republic, near the Chelyabinsk region bor-

mountain slopes formed a variety of the
small ridges interrupted with deep ravines
(Fig. 1-3). A maximal altitude is of 754.2 m,
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the relative elevations ranges from 250 to
300 m, and the slope angles are 2540°.

Mantle section NW ————SE

Cross-section of Nurali massif
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Fig. 2. Panoramic views of Nurali massif. 4 —
spinel-plagioclase and spinel peridotite outcrops
at the central part of Nurali massif, Upper Miass
river basin; B — E-W section of the massif: CS —
crustal section (gabbro, basalts), URTZ — ultra-
mafic rocks of the transition zone (wehrlites, cli-
nopyroxenites), D-Hb — dunites and harzburgites,
URMS — ultramafic rocks of the mantle section
(spinel- and spinel-plagioclase peridotites)

To the East, the parallel ridge Maly Nura-
li is built with ultramafic rocks as well. Fur-
ther, to the east it is followed by a hilly plane
with polymictic mélange of blocks of the
Paleozoic gabbroid, volcanogenic and vol-
canogenic-sedimentary rocks.

The ultramafic rocks are exposed at the
area of about 120 km? which is of 30 km
long and 4-5 km wide. They are confined to
the Main Uralian Fault zone bordering the
paleocontinental (at the west) and paleooce-
anic (at the east) parts of the Southern Urals.
The massif is split into the blocks with the
latitudinal faults. The largest faults are asso-
ciated with Nizhniy and Verkhniy Eremel,
Sherambay, and Shardatma River valleys.
The riverhead of the Miass River is located
within the massif as well.

According to the geophysical data, the
massif is close to an inverted cone in shape.
Along its borders at the east and west parts,
significant linear positive magnetic anoma-
lies with strong centripetal reduction of the
rock magnetic susceptibility were observed.
Above the central part of the massif, the in-
tensive positive gravity anomaly was record-

ed that showed the significant extent of the
serpentinized ultramafic rocks to the great
depth (Rudnik, 1965).

As the majority of the ophiolite complex-
es, Nurali massif can be subdivided to the
two assemblages: mantle unit occupies its
western part and crustal unit is located at the
eastern part. At the western part of the mas-
sif, spinel-plagioclase peridotites prevailed
and followed by spinel peridotites and dun-
ite-harzburgites forming a narrow belt at the
East along the border of the “crustal section”

(Fig. 1).

Fig. 3. The overviews of Nurali massif: a — typi-
cal landscape of the mantle complex area, b — the
same, the pond at the upper Miass River basin, ¢
— the view from Malyy Nuraly Ridge slope to
Bolshoy Nurali Ridge: left — mantle peridotites
therein a low area at the centre — dunite-
harzburgite complex, the shooting point is
marked ultramafic rocks of the transition wehr-
lite-clinopyroxenite complex, d — the extensions
of Bolshoy Nurali Ridge at the southern part of
the massif

The largest area is occupied by alternat-
ed spinel and prevalent spinel-plagioclase
peridotites. Their structures are character-
ized by elongated schlieren consisted of ful-
ly saussuritized plagioclase and skeletal Cr-
spinel grains. Harzburgites differs from
them by absence of clinopyroxene and pla-
gioclase, higher Mg# of olivine, and ortho-
pyroxene, which constitute 70-90 % and
10-30 % of bulk rock, correspondingly. The
average rock chemical composition is sum-
marized in Table 1.

The banding of harzburgites is more ex-
pressed and caused by irregular distribution
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of the enstatite. The flattened enstatite grains
conform to a banding of NE strike and sub-
vertical dip. All of peridotite species contain
Cr-spinels (1-5 %). Their aluminous species
are related to spinel peridotites. Harzburgites
contain more the Cr# of accessory Cr-spinel,
which is subhedral and shine with reddish-
orange colors.

Dunites contain olivine (95-98 %) and
Cr-spinel (mo 5 %). The oriented structures
are characterized by elongated olivine grains
and Cr-spinel chains. As a rule, they conform
to each other and dunite-harzburgite banding
at NE strike and subvertical dip. Olivine is
rock-forming mineral and contains 8-9 % of
fayalite. Cr-spinel is high-chromium and red-
brown shine.

The main features of dunite-harzburgite-
Iherzolite part of the massif are following: 1)
the general development of the deformed
structures indicated high-temperature plastic
deformation of rocks, 2) the gradual increase
of Mg# concentration from the west to east
toward the contact with banding dunite-
wehrlite-pyroxenite complex.

The eastern part of the Nurali massif con-
sists of wehrlite-pyroxenites and gabbroids.
The ultramafic sequence includes webster-
ites, orthopyroxenites, plagioclase pyroxe-
nites,  hornblendites, and  cumulose
harzburgites, and dunites (Kovalev et al.,
1998; Pertsev, Savelieva, 1997; Smirnov,
1995). The presence of the stratiform ultra-
mafic zone is an important peculiarity. The
bands are from 0.5 cm to several meters
thick, and “layers” reach the hundred meters
in thickness. Clinopyroxenites and wehrlites
prevail in stratiform zone, but essentially oli-
vine bands are rare. This zone is 30-50 m
thick with subvertical and steep western dip.
Along with the banding, we observed a con-
cordant flatness of olivine grains or some-
times lath-like aggregates. Wehrlites and cli-
nopyroxenites are characterized by porphy-
roclastic structures.

East ultramafic rocks of dunite-
harzburgite-pyroxenite complex followed by
gabbroids composing low areas near the Nu-
rali Lake. Their bedrock is alternated with
the outcrops and eluvium of serpentinites and

volcanogenic-sedimentary  rocks.  Gabbro
forms isolated block within serpentinite mé-
lange and is represented by medium- and
coarse-grained gabbro-diorites, banded horn-
blendite, fine-grained gabbro, and gabbro-
amphibolites.

Mineral resources of the Nurali massif

The Nurali massif includes numerous
small deposits and Cr ore mineralizations.
The most of them form lense and podiform
ore bodies composed by massive and close-
disseminated chromitites hosted in fully ser-
pentinized ultramafic rocks. As a rule, preva-
lent apoperidotite serpentinites and Cr ores
are separated by a thin apodunite serpentinite
rim that is a typical peculiarity of ophiolite
(Alpine-type) Cr deposits.

The Mokraya Yama is the largest deposit
at the massif. According the archived data, in
1902 it produced more than 150 000 t of
massive and close-disseminated chromitites
(Kovalev, Salikhov, 2000). The quarry is cur-
rently remained and submerged. The de-
stroyed bank consists of fully serpentinized
ultramafic rocks. At the quarry flanges, apo-
dunite and apoharzburgite serpentinites pre-
vail, and an adjacent area is composed main-
ly by apoharzburgite serpentinites.

South from the Mokraya Yama deposit,
the chain of small ore mineralizations of the
Olgino ore cluster is situated with the largest
Siyak-Tukan deposit and Petrovskiy quarry.
They have been fully studied until now.
Likewise, ore bodies of the Mokraya Yama
deposit, which ore mineralization is lens-like,
are composed of massive chromitites with
thin apodunite serpentinite rims.

In addition to typical Alpine-type
chromitites, several submeridional zones
consisting of disseminated chromitites are
located at the eastern part of the massif. They
are confined with so called “margin dunites”
separated spinel- and spinel-plagioclase
peridotites from wehrlite-clinopyroxenite-
gabbro complex. The Nurali is the largest
this type deposit. Attestinskiy and
Kurmankulskiy deposits are situated and at
the northern part of this dunite zone. Accor-
ding to the morphological classification
(Cassard et al., 1981), these deposits conform
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to tabular bodies concordant to the hosted
ultramafic rocks.

The small chromitite mineralization is lo-
cated in wehrlite-clinopyroxenite complex
(Priozernyy (South Miass, CHR-II)) and Za-
padno-Sherambayskiy (Kn-192, CHR-I))
with higher PGE contents.

The compositions of accessory
and ore-forming Cr-spinels

The Cr-spinels of the Nurali massif con-
tain significant variations of the main com-
ponents (Cr, Al, and Fe) and can be subdi-
vided into several groups: 1) accessory

spinels of peridotites, 2) ore-forming spinels
of Cr deposits in dunites and apodunite ser-
pentinites, 3) accessory and ore-forming
spinels of wehrlite-pyroxenite complex (Ta-
ble 2, Fig. 4).
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Fig. 4. The chemical compositions of Cr spinels
plotted in Al-Cr-Fe*® and Mg# — Cr# diagrams
(c.f.). A-B — AI-Cr-Fe*® (c.f.) diagram for Cr-
spinels of Nurali massif: A — after (Saveliev et
al., 2017), B — data of G.G. Dmitrenko (un-
published data), C-D — triangle diagrams of
compositions of Cr-spinels from different forma-
tional ultramafic rocks; E-H — binary Mg# — Cr#
diagrams for Cr-spinels of Nurali massif (E) and
different formational ultramafic rocks (F—H). 1 —
peridotites, 2 — dunites, 3 — wehrlites and clino-
pyroxenites, 4 — chromitites from the small dunite
lenses in peridotites, 5 — chromitites from a huge

dunite horizon, 6 — peridotites, 7-11 — ore-
forming Cr-spinels, including: 7 — middle-
chromous in peridotites and serpentinites, 8 —
high-chromous in dunites, 9 — high-chromous in
massive bodies, 10 — Priozerny ore mineraliza-
tion, 11 — Zapadno-Sherambaysky ore minerali-
zation. C-D — different formational ultramafic
rocks from various geotectonic envinronments.
Abbreviations: high-Cr — high-chromous ore-
forming Cr-spinels from ophiolites, high-Al —
high-aluminous ore-forming Cr-spinels from
ophiolites, SSZ — supra-subductional peridotites
(and boninites), BX — ultramafic xenoliths in
basalts, KDX — ultramafic xenoliths in kimber-
lites, LCI — chromite-bearing stratified intru-
sions, ZCM — concentric-zonal massifs. Fields
are after (Barnes, Roeder, 2001; Saveliev et al.,
2008)

Fig. 5. Mantle section ultramafic outcrops and
overviews: a, b — spinel peridotite outcrops at the
crest extension of Bolshoy Nurali Ridge, ¢ — the
view to the north from the crest extension, d — the
view to the east from the crest extension (Sher-
ambay Lake)

The accessory spinels in peridotites of
Iherzolite-harzburgite sequence are repre-
sented by chromepicotites characterized by
an absence of Fe** and significant modifica-
tion of Cr/(Cr+Al) ratio. They have the alu-
minous composition (Cr# 0.17-0.6) and
higher Mg# (0.6-0.8). The strong elevation
of Al in minerals is noted as in the central
parts of peridotite sequence as in the eastern
part in the transition zone to dunites. The
contents of the main components are (wt. %):
Cr0s 16-38, Al,Os 26-53, MgO 13-19,
FeO 11-20. The admixture elements are
MnO (o 0.19 %), NiO (10 0.28 %) and TiO>
(mo 0.15 %). The most typical for the acces-
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sory Cr spinels are the anhedral aggregates
associated with plagioclase.

Fig. 6. Multi-scale mantle ultramafic outcrops

The ore-forming spinels have higher Cr#
(0.6-0.9) compared with accessory minerals
of peridotites. Same time, they can be subdi-
vided into two subtypes similar to those in
numerous ophiolite complexes. Mostly they
are the ore mineralizations and deposits
composed of high-chromous spinels -
alumochromites (Mokraya Yama, Siyak-
Tukan, Attestinskiy, Kurmankulskiy, and
Nuralinskiy). The contents of the main com-
ponents are (wt. %): Cr203 54-65, Al,03 6—
13, MgO 7-12, FeO 13-25. The admixture
elements are MnO (up to 0.3 %), NiO (up to
0.07 %) and TiO2 (up to 0.15 %). The strong
content increase of MnO (up to 1 %) and
NiO (up to 0.65 %) is observed in metamor-
phosed parts of grains.

The morphology of ore-forming Cr-
spinels is described as follows: small round-
ed euhedral grains in disseminated ores; and
strongly fractured anhedral grains in massive
ores. Middle-chromous spinels (Cr-picotite)
are exposed at the Sredne-Nuralinskiy ore
mineralization located within peridotites at
the central part of the massif, and serpentinite
mélange at the eastern part of the massif. The
contents of the main components are (wt. %):

Cr,03 41-47, AlOs 20-23, MgO 13-15,
FeO 15-18. The admixture elements are
MnO (up to 0.1 %), NiO (up to 0.15 %) and
TiO2 (up to 0.24 %).

Framework of detailed areas
The mantle section of the massif

Upper mantle section of Nurali ophiolite
is presented most completely in the northern
part (see Fig. 1, outcrop 1). Here, the slope
and crest of Nurali Ridge are composed of
spinel peridotites with variable contents of
ortho- (10-25 %) and clinopyroxenes (0—
10 %) (Fig. 5). The rocks contain serpentin-
ized olivine (70-90 %). Cr-spinel is an ac-
cessory mineral (0.n-2 %).

Most of peridotites are strongly fractured
that prevents to observe the orientation of the
main structural elements. ‘Fresh’ rocks are
rare. We observed orthopyroxene grains (yel-
lowish-green enstatite), clinopyroxene (light-
green diopside) and Cr-spinel (Fig. 6). In the
olivine groundmass, “negative” micro relief
is revealed. Monomineral olivine parts are
characterized by a smooth homogeneous
light-brown surface.

The differences between the amounts of
pyroxenes and olivine in groundmass speci-
fied the banding, which is an important struc-
tural element of peridotites. The orientation
of pyroxene grains and Cr-spinels indicate
the mineral foliation and lineation. During
the study of peridotites with an optical mi-
croscope, we observed the rock microstruc-
ture and measured the orientation of olivine
grains. According to the measurements, we
determined a statistical position of structural
rock elements to map the special symbols.

On the west part of Nurali Ridge, spinel
peridotites prevail (lherzolites and clinopy-
roxene-containing harzburgites), but toward
the watershead ridge area, spinel-plagioclase
peridotites are growing. The ratios between
pyroxenes, olivine, and Cr-spinels are the
same, but plagioclase is always occurs asso-
ciated with Cr-spinel (up to 10 %). Typically,
the schlieren-shaped aggregates composed of
the anhedral to dendritic Cr-spinel exposed
usually at the central parts, and plagioclase
rim are observed (Fig. 7).
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Fig. 7. The structural and geological map of the
fragment of Nurali massif northern part (out-
crops 1-3) (Savelieva, Denisova, 1983). 1 — Qua-
ternary alluvial and lake sediments, 2 — Precam-
brian and Early Paleozoic sedimentary rocks, 3 —
5 — mantle section of ultramafic rocks: 3 — pre-
dominantly spinel-plagioclase peridotites, 4 —
spinel peridotites, 5 — dunites and harzburgites,
6 — wehrlite-clinopyroxenite transition complex,
7 — serpentinite mélange, 8 — structural elements,
a — foliation (»40-909, b — foliation (0409,
¢ — lineation. Transmitted light. Left — crossed
nicols, right — parallel nicols; right and left pho-
tos are of the same scale 0.1 mm

On Fig. 7 we can see the mantle section
structure of the latitudinal area of our route
described in (Savelieva, Denisova, 1983;
Denisova, 1990). At the scheme and out-
crops, we observed the banding, flatness, and
lineation. Although, we did not observe any
clear structural elements in lumps and out-
crops, but, if interpolate the large number of
data, we can examine a folded structure of
the mantle section of the massif.

Studying the peridotites with an optical
microscope, we observed numerous indica-
tors of high-temperature plastic deformation
of the main rock-forming olivine and ortho-
pyroxene (Fig. 8-10). These minerals react to
the expended stress in different ways. Olivine
forms fragments of grains (polygonization)
with developed substructures, and signifi-
cantly elongated grains divided into blocks
with small-angle borders.

Fig. 8. Petrographical peculiarities of spinel-
plagioclase peridotites

Fig. 9. Deformed structure of peridotite. Trans-
mitted light, crossed nicols. At the center — large
deformed orthopyroxene crystal in olivine
groundmass divided into differently oriented
blocks

Occasionally, a disorientation is revealed
within large grains that indicated by the pres-
ence of small olivine inclusions in the same
groundmass. These events are caused by the
intragranular or rotary recrystallization
(Carter, 1976; Poirier, 1985).

On the contrary, an orthopyroxene is
characterized by the adversely oriented
grains bend to form kink-bands (Fig. 9), an
intensive nucleation that means the formation
of numerous centers of recrystallization at
the points with the most distorted crystal lat-
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tice, and the formation of clinoenstatite and
diopside lamella inside the bended grains.

Fig. 10. Petrographical peculiarities of spinel-
plagioclase and spinel peridotites. Transmitted
light. a—b, e-f — the same areas: left — crossed
nicols, right — parallel nicols; ¢ — small twinned
plagioclase therein olivine groundmass (crossed
nicols), d, g, h — plastically deformed olivine
crystals with fault lines (crossed nicols). A scale
is0.1 mm

The polished sections were studied using
an universal stage (Fedorov’s stage) to reveal
the preferred orientation of the main crystal-
lographic sides of olivine and orthopyroxene
(Savelieva, Denisova, 1983). Regarding the
structural rock elements, enstatite crystals are
conformed to the translational sliding along
(100) [001] (Fig. 11). In olivine, two fabric
patterns were observed. The first of them is
similar to the translational sliding along
(010) [001] with a partial [100] peak. The
second one has peaks of lineation at a small
angle to Nm, and conform to the sliding of
slip system (010)[001] and recrystallization
(Fig. 12). Thus, micro- and petro structural
data indicate that spinel- and spinel-plagio-
clase peridotites of this section are mantle

tectonites formed due to plastic flowing at

high temperature and pressure.

Ol (Lo) Ng Nm Np

Fig. 11. Petrostructures of olivine and orthopy-
roxene from peridotites of Nurali massif (Save-
lieva, Denisova, 1983). The upper semi-sphere of
equal square projection, isolines 1-3-5-7-9 %.
Solid lines — mineral flatness and banding, trian-
gles — lineation; a, b — spinel-plagioclase perido-
tite, ¢, d — harzburgite; a — 150 grains, b —
105 grains, ¢ — 160 grains, d — 86 grains

Dunites and dunite-harzburgites formed
poorly exposed low area located between the
mantle and crustal sections at the Nurali mas-
sif (see Fig. 2). Usually we observed eluvial
dunite debris, and rarely, flat outcrops along
the gravel road.

Dunites are almost monomineral rocks
composed of olivine (95-98 %), accessory
Cr-spinel crystals (0.n %) and sparse pyrox-
ene grains (<1 %, diopside and enstatite). In
transition dunite-harzburgites, enstatite con-
tent is increased to up to 5-10 %. Dunites
and dunite-harzburgites have light-brown
weathering incrustation and smooth surface
(Fig. 13). We observed isolated Cr-spinel
grains and strias forming the main conformed
macro texture of rocks (see Fig. 13). General-
ly, chromite strias are conformed to the con-
tacts between dunite-harzburgite and both
mantle section peridotites, and wehrlite-
clinopyroxenite of transition complex.
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Fig. 12. Typical Cr-spinels grains associated
with pelitizated plagioclase in spinel-plagioclase
(a) and spinel peridotites (b, c). Plate-polarized
light, parallel nicols; a scale is 0.1 mm

Microscopically, olivine in dunites indi-
cates the high-temperature translational slid-
ing, and frequently we observed the plastic
fracture bands and subgrain borders (Fig. 14)
expressed in heterogeneous grain extinction.
Olivine grains are from micrometers to 3-5
mm in size that caused by an intensive
polygonization and recrystallization of rocks
in a plastic deformation envinronment. Oli-
vine is highly magnesian and contain 90-92
% of a forsterite. Cr-spinel forms small
grains (0.0n-0.5 mm), usually with a euhe-
dral habit. They are highly chromous with
Cr,03 more than 50 wt. % (Table 2). The
primary olivine is altered and replaced main-
ly by a low-temperature loop-shaped serpen-
tine preserved the primary rock structure.
The extent of serpentinization ranges be-
tween 40 and 90 %.

Dunites and dunite-harzburgites compose
Nurali poor impregnated Cr ore deposit dis-
covered by E.A. Shumikhin in 1980 (Fig.
15). At Nurali deposit, up to 700 m long and
20-35 m thick 5 ore zones are revealed.
These ore zones have NE strike (50-60°), and

NW dip (70-80°), and conformed the band-
ing of host rocks. Inside the zones, 130 m
long and 2.5-12 m thick 4 ore bodies were
explored. Ores are poorly impregnated with
Cr content ranged between 5 and 30 %. The
estimated Cr,O3 resources are 1.6 mil tons
with average 5-7 wt.%.

The transition wehrlite-clinopyroxenite
complex

We consider the framework of this com-
plex on two examples (see Fig. 1, outcrops 3
and 4). There is Zapadno-Sherambayskiy
chromite ore mineralization inside the transi-
tion mantle-crustal complex. In addition to
this name listed on the map compiled by
E.A. Shumikhin [1980], other names are used
in literature: “KN-192” (Smirnov, 1995) and
“CHR-II” (Zaccarini et al., 2004). The rocks
have lens-like and banded structures with
different content of olivine and clinopyrox-
ene. Furthermore, there are the areas en-
riched with orthopyroxene and Cr-spinels.

Olivine is intensively altered and replaced
by serpentine veinlets with abundant pow-
dered secondary magnetite. The latter indi-
cates increase of Fe# content in the primary
olivine compared with that of mantle section
peridotites. The section is composed by
wehrlites and olivine clinopyroxenites. Web-
sterites are rare.

Alternating wehrlites and websterites are
unevenly enriched with Cr-spinels with con-
tent from the first percentages up to almost
monomineral chromitite veinlets and lenses
of several millimeters to 1-2 cm thick con-
formed to a general banding of host rocks.
According to S.V.Smirnov (1995), the
chromitite formation is related to “apowehr-
lite high-temperature metasomatic webster-
ites” with a persistent body thickness. They
are conformed to the wehrlite jointing. Fur-
ther, it was established that “metasomatic
orthopyroxenes” are formed in wehrlites with
content increase toward the contact with
websterites (Smirnov, 1995).

Cr-spinels contain the elevated amounts
of Fe, Ti, and V along with a lower Mg con-
tent. The chemical composition of Cr-spinels
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is (wt. %): Cr.03 3641, Al,O3 14-17, MgO
6-8, FeO 36-38, corresponding to fer-
rialumochromite. Admixture elements are
TiO, (0.81-1.03 %), V205 (0.19-0.44 %),
and less MnO (up to 0.31 %). Ore grains are
subhedral and 0.1-1 mm in size.

Fig. 13. Dunite and dunite-harzburgite outcrops:
a — flat dunite and harzburgite outcrops near the
road along the massif (outcrop 2), b — dunite out-
crops at the wall of a mud hole at the Miass dry
riverbed, ¢ — banded impregnated chromitite in

dunite  (Nuralinskiy deposit), d — dunite-
harzburgite outcrop, e-f — stria-banded chro-
mitite in dunite (Nuralinskiy deposit)

Chromitite veinlets have the elevated
PGE contents discovered in 1990" by
S.V.Smirnov and colleagues (Moloshag,
Smirnov, 1996; Smirnov, 1995; etc.). The
impregnated chromitites are confined to the
zone composed of thinly alternated webhrlites,
clinopyroxenites6 and websterites. The ore
zone is about 50 m wide and 5 m thick. Ac-
cording to Znamenskiy et al., 1996; Zaccarini
et al., 2004; Grieco et al., 2007, mineralized
ultramafic rocks and chromitites contain PGE
up to 5-15 ppm. The following PGE miner-
als are revealed in chromitites: Pt-Pd-Cu in-
termetallides, native palladium Pt, native fer-
riferous Pt, PGE sulfides (cooperite, laurite-
erlichmanite), Pt-Pd-Fe-Cu-Ni alloys, pota-
rite, Pt-Pd-containing awaruite and wairauite
(Moloshag, Smirnov, 1996; Zaccarini et al.,
2004; Saveliev et al., 2017). The nodules of
magnetite, pyrrhotite and pentlandite, along

with awaruite inclusions, contain tabular mi-
croinclusions of Pt-Cu intermetallides of 1-
2 um in size. Furthermore, native Cu inclu-
sions with admixtures of Pt and Pd are found
in pentlandite.

Fig. 14. Plasticaly deformed olivine in harz-
burgite of Nurali massif. Cross polarized trans-
lucent light. In large deformed olivine crystal,
one can clearly observe the fault lines
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Fig. 15. Geological structure of Nuralinsky de-
posit, after E.A. Shumikhin [1980]: 1 — sedimen-
tary rocks of Zilair Suit (D3-C,), 2 — gabbroids,
3 — wehrlites, clinopyroxenites, 4 — peridotites,
5 — dunites, 6 — serpentinites, 7 — mineralized
zones and impregnated chromitite bodies, 8 —
faults, 9 — occurrence elements of Cr-spinel
streaming, 10 — holes



238

D.E. Saveliev, N.N. Ankusheva

The section of the transition wehrlite-
clinopyroxenite complex is in outcrop 4a
(Fig. 18). It was widely presented in many
publications (Smirnov, 1995; Pertsev et al.,
1997; Kovalev et al., 1998). Based on men-
tioned above, we listed the general descrip-
tion of the complex section. Petrographical
peculiarities are shown in Fig. 19-21. The
average rock-forming chemical composition
is presented in Table 3.

1) The fractionally alternated layers and
lenses of clinopyroxenites, olivine clinopy-
roxenites and wehrlites are 1-10 cm thick.
They have fine- and medium-grained struc-
ture, “fresh” clinopyroxene (diopside) and an
intensive olivine serpentinization with rare
olivine relics. Apoolivine serpentine is B-
lizardite with abundant secondary magnetite
grains. At the lower (eastern) part of this hori-
zon, ore mineral is magnetite. Cr-spinel is
identified at the upper part. Among the homo-
geneous section of the mainly fine-grained
rocks, we observed the coarse-grained clino-
pyroxenite schlieren of 50-70 m thick.

2) The fractionally alternated olivine cli-
nopyroxenites and wehrlites contain rare or-
thopyroxene grains, lenses of monomineral
olivine rocks and clinopyroxenites, and thin

layers and schlieren of websterites, and or-
thopyroxenites. The amount of clinopyroxe-
nites increases to the top of the horizon,
along with amphibole enrichment. Addition-
ally, chromitite layers and lenses 3x10 m in
size are confined to this horizon of 100-
150 m thick (Priozernyy ore mineralization).

3) Olivine rocks with uneven (banded and
lense-banded) enstatite varies to pegmatoid
harzburgite contained long-prismatic ensta-
tite (Pertsev, Savelieva, 1997). The thickness
of this unit ranges from 1 to 3 m.

Fig. 16. The outcrops of ultramafic rocks related
to wehrlite-clinopyroxenite at Zapadno-Sheram-
bayskiy Pt-bearing chromitite exposure

Fig. 17. Platinoids and sulfides from Zapadno-Sherambayskiy ore mineralization (Hp161)(Saveliev et
al., 2017): a — native palladium Pt inclusion in Cr-spinel; b — crystals of pentlandite and cuprous Pt in
Cr-spinel; e — native palladium Pt inclusion in pyroxene; f — ferroplatinum crystal in Cr-spinel; c, d,
g, h —accessory mineral inclusions in serpentinite; d — detailed photo g, awaruite inclusions associat-

ed with native Pt microinclusions

This is followed by the turfy area com-
posed of serpentinites with different size
gabbroid blocks. The one of them — outcrop
4b (see Fig. 18) is situated south from Nurali
Lake.

Near the ridge, at the elevation of
536.4 m, Priozerny chromitite ore minerali-
zation is located. It is hosted by wehrlites and
pyroxenites (outcrop 4c, see Fig. 18). This
mineralization was discovered by (Smirnov,
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Volchenko, 1992; Smirnov, 1995). In publi-
cations, different names are used: CHR-I
(Zaccarini et al., 2004), and “South Miass”
(Grieco et al., 2007).
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F|g 18. The scheme of geological structure and
location of outcrops 4 (a—d): 1 — spinel perido-
tites, 2 — dunites, 3 — wehrlite-clinopyroxenite
complex, 4 — gabbroids, 5 — volcanogenic rocks,
6 — serpentinite mélange.4) The fractionally

alternated wehrlites, olivine clinopyroxe-
nites, horneblendites and melanocratic
gneissous amphibole gabbroids. Significant-
ly, hornblendite rocks frequently occur in
ultramafites as conformed veins with thick-
ness ranged from 1-2 cm to 2-3 m. The
thickness of the horizon is 50-70 m

The ore mineralization is located at the
Malyy Nurali Ridge with elevation of 536.4
m b.s.l. The ore mineralization is a lens- and
schlieren-shaped ore body composed of
coarse-grained thick impregnated chromitites
hosted in wehrlite-pyroxenite rocks. Chro-
mitites are confined to significantly serpen-
tinized and rodingtized orthopyroxene rocks
(Smirnov, 1995). The main lens is submerid-
ionally elongated with 10x3 m of size. There
are several small chromitite bodies up to
1x0.5 m in size. Furthermore, several more
chromitite bodies hosted in clinopyroxenites,
wehrlites and olivine-enstatite rocks at the
adjacent area are described in literature
(Grieco et al., 2007).

At the Priozerny ore mineralization, Cr-
spinels are widespread and geochemically
similar to such in peridotites and middle-
chromous ores of the central part of the mas-
sif. The main component contents are (wt.
%): Cr203 31-35, Al,03 34-38, MgO 14-16,

Fig. 19. Petrographical peculiarities of the tran-
sition zone rocks. Cross polarized translucent
light. a-b — olivine clinopyroxenites, c—d — wehr-
lites, e—f — dunites of transition complex, g-h —
olivine websterites

Fig. 20. Petrograhical peculiarities of rocks from
the transition wehrlite-clinopyroxenite com-
plex.Transmitted light. a—d — crossed nicols, e—f
— parallel nicols, a — large orthopyroxene crystal
with clinopyroxene inclusions (websterite), b —
serpentinized enstatite-olivine rock, ¢ — clinopy-
roxene in apoolivine groundmass (wehrlite), d —
‘fresh’ clinopyroxene strias in apoolivine
groundmass (wehrlite), e — bastite pseudomorphs
and apoolivine looped (enstatite-olivine rock), f —
Cr-spinels in wehrlite
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FeO 14-17. Admixture elements are MnO
(0.09-0.49) and NiO (up to 0.29 %). Cr
spinels form euhedral and subhedral coarse-
grained aggregates (1-10 mm in size).

The mineralized ultramafic rocks and
chromitites of the Priozernyy ore mineraliza-
tion contain PGE from 1.5-2.5 up to 26 ppm
(Zaccarini et al., 2004; Grieco et al., 2007;
etc). PGM are Os-Ru and Ni-Fe-Ir-Ru-Os
intermetallides, Ru and Os sulfides (laurite-
erlichmanite), Rh pentlandite, and Ru-Os-Ir-
Fe oxides (Moloshag, Smirnov, 1996; Zacca-
rini et al., 2004; Grieco et al., 2007; Saveliev
etal., 2017) (Fig. 23).

The origin of the ultramafic rocks
of the Nurali massif

The formation of rocks at the massif has
been interpreted in different ways. Until the
1980° the hypothesis about the magmatic
formation of ultramafic rocks and gabbros
had been prevailed (Rudnik, 1965; Shumi-
khin, 1980). After the investigation of
G.N. Savelieva and E.A. Denisova (1983),
the massif has been considered as the typical
example of ophiolite assemblage with mantle
Iherzolite ultramafites in the basis. Currently,
it is generally accepted that the modern struc-
tural setting of the Nurali massif is resulted
from the multiple tectonic movements.

Fig. 21. Petrograhical peculiarities of gneissous
hornblendite gabbro. Plate-polarized light. a —
parallel nicols, b—d — crossed nicols, a—b — the
same area; the main rock-forming minerals —
subhorizontal oriented prismatic hornblendite
crystals, and twinned plagioclase

According to the model of G.N. Savelieva
(1987), the peridotites of a mantle section are
a weakly depleted upper mantle material ex-

posed to a plastic flowing and metamorphic
differentiation under a decompressive rise.
At the later stages, the strain rate was in-
creased sharply, and the partial melting be-
came more intensive resulting in the melt
separation and formation of strongly depleted
dunite-harzburgite zone

Fig. 22. Outcrops of wehrlite-clinopyroxenite
ultramafic complex and chromitites of Priozernyy
ore mineralization

The problems of the geodynamic setting
and formation of the transitional wehrlite-
clinopyroxenite complex and gabbroids are
particularly discussed. According to literature
(Smirnov, 1995; Moloshag, Smirnov, 1996),
the transition wehrlite-clinopyroxenite com-
plex was formed due to an interaction be-
tween gabbroids and mantle ultramafic rocks.
In publications (Pertsev, Savelieva, 1997;
Savelieva, 1987), it is argued that the transi-
tion zone of Nurali massif was formed due to
a multiple integration of melts derived from a
progressive depleted mantle source during
the spreading at P = 6-8 kbar.

However, based on the REE and PGE ge-
ochemical study, Fershtater and Bea (1996),
and Zaccarini et al. (2004) examined the dif-
ferences between the ultramafites and gab-
bros of the transition zone and spreading en-
vironments. Particularly, amphibole gabbro
and diorites are calc-alkali with elevated K
and large-ionic lithophyle elements (LILE)
comparing to oceanic tholeiites. It testifies
that the Nurali massif is compatible with
“orogenic lherzolites” of the subcontinental
mantle of the Western Alps, Pyrenees and
Betic Cordillera.
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Fig. 23. The inclusions of platinoids and sulfides in chromitites of Priozernyy ore mineralization. After
(Saveliev et al., 2017): a — PGE sulfides and heaslewoodite intergrowth; b — Ir-Os-Ru_S and NiS min-
eral intergrowth in Cr-spinel; ¢ — platinoid inclusions in Cr-spinelide; d — laurite inclusions in Cr-
spinel; e — millerite inclusions in Cr-spinel; — laurite inclusions in Cr-spinel

The structural and geochemical data indi-
cate the massif was formed within the under-
continental mantle, most likely within the rift
structure (Chashchukhin et al., 2007; Save-
liev et al., 2008). The structural and geo-
chemical data of dunites from the Nurali
massif (Denisova, 1990) and similar Kraka
massif (Saveliev, Blinov, 2015) indicate a
reomorphic origin of dunites and related Cr-
spinelides.
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rapuOypryuThl U TYHHUTHI) SBISIOTCS TeKTOHUTaMU. OHH TIOKa3bIBAIOT CHIIBHYIO MPEIO-
YTUTEJIbHYIO ONTUYECKYI0 OPHEHTUPOBKY IOPOA000OPA3yIOIIEro OJIMBHHA, O0YCIOBICH-
HYIO IJJACTUYECKUM TeUEHHEM NOpoAd. IIpuBeneHs! pa3inyHble TOUKM 3pEHHUs HA I€He-
3UC NEPEXOAHONM MaHTHMMHO-KOPOBOM acCOLMALMH, CIOKEHHOW BEpIUTaMH, KIMHOIIHU-
POKCEHUTaMM, BEOCTEpUTaAMM, AYHUTAMH U MEJIAHOKPAaTOBBIM THEHCOBUAHBIM radbopo.
OnucaHpl IPOSABICHUS] XPOMUT-IIJIATUHOMIHON MUHEpaJIU3alMi B ATOM 4acTH 0(UOIIU-
TOBOIO pa3pe3a. JlaHHas CTaTbs MMOArOTOBICHA HA OCHOBE IIyTE€BOLUTEINS MEXIYHApOI-
HOM 3Kckypcun Ha HypanuHckuii MmaccuB, NMpOBENEHHOM B paMKax KOH(EpeHINH
«Marmaru3m 3eMIIN U CBSI3aHHBIE C HUM MECTOPOXKIEHUS CTPATETMUECKUX METAIIOB.

KiroueBbie cioBa: oguorumel, yrempamagumol, XpomunuHeiuowl,
FOorcnwiii YVpan, Hypanu.
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