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Abstract: Composition variations of Cr-spinel in high-Mg rocks of the Primorsky Ridge (Western
Baikal region, Russia) are reported here. A specific feature of Cr-spinels in ultramafic rocks of the
Primorsky Ridge is their noticeably high Ti content (up to 6.5 wt.%) compared to spinels in mantle
peridotites. The presence of high TiO, content in Cr-spinels enclosed in olivine crystals may be a clear
indication of the primary magmatic nature of Ti enrichment. Two types of Cr-spinel were identified
in ultramafic rocks from all intrusions. Cr-spinels of Type I are enclosed in the inner part of olivine
crystals and are homogeneous Al-rich chromites and Fe?*-rich chromites. They are characterized by
variable content of TiO; (1.0-5.3 wt.%), moderately high Cr# (0.7-0.83), and low Fe3*# (0.20-0.34).
Cr-spinels of type II occur in the interstitial space and occur as homogeneous and zoned grains with
Al-rich chromite and Fe?*-rich chromite cores. Al-rich chromite cores have a composition similar to
that of the Cr-spinel enclosed in olivine crystals. Fe?*-rich chromite cores have relatively high MgO
(3.8-6.2 wt.%), Al,O3 (8-9 wt.%), and TiO, (2.6-2.8 wt.%) content, low MnO (0.34-0.52 wt.%) content,
and a low Fe3*# (0.25-0.27) ratio.

Keywords: Cr-spinel; Ti content; high-Mg rocks; large igneous province; Siberian craton
basement; Russia

1. Introduction

Chromian spinel is an important petrogenetic [1-6] and tectonic setting [5,7-9] indicator in
ultramafic and mafic rocks. The cation (Cr, Al, Fe2t, Fedt, Ti) ratios in chromian spinel change
according to physical and chemical conditions [2,3,6,10]. Even though subsolidus reequilibration and/or
metamorphism could modify the primary composition of chromian spinel [3,11-15], liquidus spinel
can trace the composition of a differentiating magmatic liquid and allows the evaluation of parental
magma conditions [4,7,10,16,17]. Conversely, the original chemistry of altered or metamorphosed
rocks can be estimated from the relict chromian spinel [4,5,18].

In southern Siberia, Precambrian ultramafic complexes are represented by Neoproterozoic
dunite-peridotite-pyroxenite-gabbro intrusions in the mobile belts surrounding the Siberian craton
and Meso- and Paleoproterozoic plagioperidotite-gabbroic intrusions in the Sharyzhalgai uplift of the
Siberian craton basement [19]. In the western Baikal region, there is a Neoproterozoic Ioko-Dovyren
mafic-ultramafic pluton [20] in the Olokit zone on the Siberian cratonic margin to the north of Lake
Baikal. In addition, ultramafic intrusions in this region are localized in structures of the southwestern
part of the Baikal cratonic basement uplift (Figure 1a). Until recently, there was no information
about the age or the petrographical, geochemical, and mineralogical features of these ultramafic rocks.
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Limited information on the subject is available in the explanatory note for the State geological map of
Russia, which mentions their ultrabasic composition.
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Figure 1. (a) Sketch of the tectonic map of southern Siberia and the location of the region where the
studied ultramafic intrusions are located (red square). Stars indicate the locations of the Precambrian
mafic-ultramafic intrusions: yellow—Neoproterozoic (UK—Upper Kingash, T—Tartay, Medek, etc.,
ID—Ioko-Dovyren), blue—Mesoproterozoic (Srednecheremshanka), green—Paleoproterozoic (Malyi
Zadoi); (b) Simplified geological map of the southwestern part of the Akitkan orogenic belt and

adjacent areas.

The distribution of the Neoproterozoic intrusions that occur along two distinct trends, northwest
and northeast, along the margins of the Irkutsk Promontory (Figure 1a) may indicate that these are
part of a radiating triple junction system related to Large Igneous Province (LIP) magmatism [21].
The high-Mg intrusion of the Primorsky Ridge could be considered as the “missing link” in the
Precambrian ultrabasic magmatism of this region. Our field observations, along with textural (Figure 2)
and mineralogical features, identify these as Neoproterozoic hypabyssal intrusions [22]. They are
characterized by high-Mg bulk composition, light-rare earth element-enriched patterns, and the
presence of sulfide and platinum-group minerals [22,23].
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Figure 2. Photomicrographs showing textural characteristics: (a,b) The Moryany intrusion; (c,d) The

Ulan-Khan intrusion; (e,f) The Zunduk intrusion; (g,h) The Onguren intrusion. (a,b) Plane-polarized
light; (c-h) Cross-polarized light. Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene; Srp: serpentine.
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Detailed mineralogical studies of these rocks have not yet been conducted. The main goal of
this work is to study the genesis of Cr-spinel from high-Mg intrusions of the Primorsky Ridge using
new compositional data. Analyzed Cr-spinels are characterized by high TiO, content (up to 6.5 wt.%)
and distinct core-to-rim zoning. Although most of the Cr-spinel grains in these rocks were altered,
the grains encased in olivine were used to obtain information about the primary composition of
the Cr-spinels. In addition, comparison of the obtained data on core and rim parts allowed us to
understand the processes of evolution and alteration in the composition of Cr-spinels in the ultramafic
rocks of the Primorsky Ridge.

2. Materials and Methods

In this research, we studied the rock samples collected from a rock outcrop. The analyses were
carried out at the Common Use Center of Isotope and Geochemical Studies in the Vinogradov Institute of
Geochemistry, Irkutsk, Russia. Whole-rock major elements and Ni and Cr were analyzed by an S4 Pioneer
X-ray fluorescence (XRF) spectrometer (Bruker AXS, Karlsruhe, Germany). Determination of FeO
was performed by the titrimetric bichromatic method from solutions after acid dissolution of samples.
K, Ti, and trace elements were analyzed by inductively coupled plasma mass spectrometry (ICP-MS)
using an Element 2 mass spectrometer (FinniganMAT, Bremen, Germany) with double-focusing and
registration of the signal in three resolutions: low (LR)-300, middle (MR)-4000, and high (HR)-10000
M/AM. The analyses were performed under standard operating conditions. The accuracy of the
determination of trace element concentrations and the drift of the device were controlled using
international reference samples of SDU-1 dunite and JP-1 peridotite. Corresponding errors for XRF
and ICP-MS analyses were within 5%.

Composition of minerals was determined in situ from polished thin sections of all samples.
They were analyzed on a JEOL JXA8200 SuperProbe (JEOL, Tokyo, Japan), a high-resolution SEM
and WD/ED Combined Electron Probe Microanalyzer equipped with a five-wavelength dispersive
X-ray spectrometer, and an energy dispersive X-ray spectrometer with a 133 eV lithium drift type
silicon semiconductor detector. Elements were determined by their characteristic X-ray wavelengths
on wave-dispersion spectrometers, at the following operation conditions: accelerating voltage 20 kV,
beam current 20 nA, beam diameter 1 pm, and count time of 10 s along the peak line plus 5 s for
the background on both sides of the peak line. Proprietary software was used for data processing.
Metrological characteristics of the analytical technique [24,25] were determined on control samples of
known composition.

FeO and Fe, O3 content in the Cr-spinels were estimated using spinel stoichiometry after subtraction
of the ulvospinel component, corresponding to the TiO, content. The deficit of trivalent (Cr, Al, Ti, V)
cations in relation to divalent (Fe, Mg) was computed after calculating the molar percentage of each
element. The Fe,O3 content was subtracted from the total FeO to obtain the factual FeO content.

3. Geological Background

The Siberian craton was assembled between 2.1 and 1.8 Ga through multiple collisions of four
Archaean (Tungus, Anabar, Aldan, Stanovoy) and one Palaeoproterozoic (Olenek) superterranes [26,27].
The Late Palaeoproterozoic Akitkan orogenic belt (Figure 1b) separates the Aldan and Anabar
superterranes [26,27]. A large part of the Siberian craton is covered by Mesoproterozoic-Neoproterozoic
and Phanerozoic sediments, with only a few exposed crystalline basement areas (Figure 1a).
The Precambrian basement of the southern part of the Siberian craton is exposed in narrow uplifts
bounded by deep fault zones. The Baikal Precambrian uplift is part of the ~2.0-1.8 Ga Akitkan orogenic
belt [26,27]. Paleoproterozoic metamorphic complexes of the Baikal uplift are combined into the Sarma
Group in the south and into the Chuya Group in the north. They are composed of greenschist- and
granulite-facies metamorphic rocks [28]. Foliated granitoids are widespread in this area and were
previously considered to have formed prior to or during the ~1.9 Ga accretional and collisional events
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in the region [27]. Metamorphic complexes are intruded by the unmetamorphosed 1.87-1.85 Ga
post-collisional Primorsk granitoids [29].

Studied ultramafic intrusions are located in the southwestern part of the Baikal uplift of the
Siberian craton basement (Figure 1b). In orographic terms, this part of the uplift belongs to the
mid-altitude mountain ridge—Primorsky. The topography of the Primorsky Ridge in this area is
gradually increasing and reaches an average of about 900-1100 to 1400 m (Figure S1).

Ultramafic bodies occur in the four locations and are exposed in a series of hypabyssal intrusions
oriented in a northeastern direction (Figure 1b). In each location, there are several steeply dipping
lenticular or dyke-like bodies, intersecting metamorphic rocks of the Sarma Group and granitoids of the
Paleoproterozoic Primorsk complex (Figures 52 and S3). Numerous Neoproterozoic [30,31] dolerite
dykes are often spatially associated with ultramafic intrusions. Widths of the ultramafic outcrops are
50-200 m, with lengths of up to 2 km. In the Moriany intrusion, only large blocks of rock can be found
in the field, distributed over the former outcrop area of the dykes (Figure 54).

These rocks can be divided into two types based on their texture and olivine compositions.
The first type is characterized by a porphyritic texture with zoned olivine phenocrysts (the Moriany
and Ulan-Khan intrusions). The second type is characterized by a cumulate and poikilitic texture and
higher-Mg homogeneous olivine (the Zunduk and Ongureny intrusions). Cr-spinels in all intrusions
have similar compositional features.

4. Petrography

In the inner part of the Moriany and Ulan-Khan intrusions, most of the rocks are porphyritic
(Figure 2a,b) with phenocrysts of olivine (50-70 vol.%) and clinopyroxene (<10 vol.%) in a groundmass
of olivine, clinopyroxene, minor phlogopite, opaque oxides, and apatite. In addition, there are samples
with a pokilitic texture (Figure 2¢,d). In most samples from both intrusions, serpentine partially or
wholly replaces olivine (Figure 2a,b), while serpentine and chlorite replace groundmass minerals.
Completely serpentinized olivine phenocrysts are euhedral (Figure 2a,b) and are up to 1 mm in size.
Olivine in the matrix occur as smaller crystals. Relic olivine phenocrysts often have a zoned texture
in both intrusions. Clinopyroxene and rare orthopyroxene occur as oikocrysts containing olivine
chadacrysts (Figure 2c,d). Euhedral and subhedral Cr-spinel grains are enclosed in olivine as well as in
the groundmass. Ilmenite occurs as anhedral interstitial grains between the groundmass silicates and
forms intergrowths with Cr-rich magnetite and apatite and, very rarely, with rounded grains (up to
4-5 pk in diameter) of zircon (Figure 3). Samples from marginal parts of the intrusion are commonly
completely serpentinized and/or chloritized.

The ultramafic rocks of the Zunduk and Ongureny intrusion show a cumulate and poikilitic
texture and consist essentially of olivine (50-60%), clinopyroxene (20-30%), orthopyroxene (<10%),
and accessory Cr-spinel (1-3%), along with a small amount of ilmenite and phlogopite. Also in these
intrusions, there are rounded and subhedral zircon grains. Olivine grains are euhedral and up to
1.5 mm X 2.5 mm in size (Figure 2e-h). Along with large crystals of olivine, rounded smaller grains
(0.1-0.2 mm) are present, locally poikilitic and included in clinopyroxene (Figure 2h).

Clinopyroxenes occur commonly as oikocrysts containing olivine and, rarely, orthopyroxene
chadacrysts. Euhedral and subhedral Cr-spinel grains are enclosed in olivine and in the interspaces.
Alteration effects in the rocks of the Zunduk and Onguren intrusion are not widespread but occur
as a serpentinization of olivine along cracks within and along grain boundaries. Sometimes, olivine
grains are completely serpentinized (Figure 2f).

All intrusive rocks in this study contain sulfide minerals such as pentlandite, pyrrhotite,
chalcopyrite, and cubanite. The size of sulfide aggregates reaches 0.5 cm. Magnetite often occurs
along the borders of pyrrhotite grains. Platinum-group minerals (michenerite, frudite, sobolevskite,
sperilite, platarsite, laurite) occur in the Ulan-Khan [22] and Zunduk [23] intrusions as small (up to
10 pm) numerous inclusions in sulfides, often on the boundaries of sulfide grains and the silicate
matrix, and rarely in silicates.
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Figure 3. (a) Back-scattered electron image of ilmenite, Cr-rich magnetite, and zircon intergrowth

i

(the Moriany intrusion). Sample 10143; (b) Enlarged fragment of Figure 3a (red rectangle). Ilm: ilmenite;
Cr-Mag: Cr-rich magnetite; ZrSiOy: zircon.

5. Results

5.1. Mineralogy

In the Moriany and Ulan-Khan intrusions, olivine phenocrysts have almost not been preserved.
In both intrusions, there are zoned grains, which have MgO-rich cores (Foy9) and FeO-rich rims
(Foyp). Groundmass olivine is characterized by low Fo (69-71 mol.%) in both intrusions. NiO exhibits
minor compositional variation from 0.2 to 0.35 wt.% in olivine phenocrysts and ~0.2 wt.% in olivine
of the groundmass. MnO content in olivine phenocrysts and groundmass differ and is 0.2-0.3 and
0.5-0.7 wt.%, respectively. Clinopyroxene is diopside with high Mg# (0.84-0.87) and has variable
TiO; (0.2-0.7 wt.%) content and moderate Cr,O3 (0.9-1.0 wt.%) and Al,O3 (2.0-2.3 wt.%) content.
Orthopyroxene is bronzite (Mg# = 0.80) with elevated Al,O3 (1.32 wt.%) and CaO (2.2 wt.%) and
low TiO; (0.2 wt.%) and Cry,O3 (~0,4 wt.%). Ilmenite grains have slightly variable content of MgO
(0.6-1.2 wt.%) and relatively constant MnO (2.0-2.3 wt.%). In the composition of apatite, F (0.8-1.0 wt.%)
predominates over Cl (~0.3 wt.%).

Large olivine crystals from the Zunduk intrusion show a wide range of forsterite content
(85-75 mol.%). Some grains are zoned, with Fo content ranging from 85 to 81 mol.% from core to
rim. NiO content shows minor compositional variation (0.2-0.3 wt.%), but MnO content varies from
0.2 to 0.5 wt.%. Large olivine crystals from the Onguren intrusion have a narrow range of forsterite
(Fogg_g3) and MnO (0.19-0.23 wt.%). NiO content varies from 0.2 to 0.3 wt.%. Core-rim zonation is not
evident. Small olivine grains are characterized by lower Foy1.¢9 and NiO content (~0.2 wt.%) but higher
MnO content (0.5-0.6 wt.%). Pyroxenes in both intrusions have similar compositions. Orthopyroxene
is bronzite (Mg# = 0.80-0.84) with elevated Al,O3 (1.2 wt.%) and low TiO, (0.5 wt.%) and Cr,O3
(0,4 wt.%). Clinopyroxene is Cr-diopside and augite with high Mg# (0.85-0.88) and has a high TiO,
(0.5-1 wt.%), Cr0O3 (0.7-1.3 wt.%), and Al,O3 (2.5 wt.%) content. Compositions of ilmenite from the
Onguren intrusion are similar to those of the Moriany and Ulan-Khan intrusions.

5.2. Bulk-Rock Geochemistry

Major and trace element abundances of ultramafic rocks from the Primorsky Ridge are given in
Tables S1 and S2. Some features of rock geochemistry are shown in Figure 4a—d. Ultramafic rocks have
variable loss-on-ignition values (2.1-11 wt.%) and are characterized by relatively low SiO, (42-46 wt.%),
CaO (2-6 wt.%), and total alkalis (Na,O + K>O < 1 wt.%); moderately low TiO; (0.2-0.5 wt.%); and high
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MgO (26-36 wt.%) and FeO (9-13 wt.%). The content of Ni and Cr varies in wide ranges (800-1600 and
200-10,000 ppm, respectively). The rocks are characterized by variable but high Al,O3/TiO;, (17-35).
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Figure 4. (a) SiO; and (b) MgO vs. TiO, plots. The major-element oxides were recalculated to 100%
on a volatile-free base; (¢) Chondrite-normalized [32] rare earth element (REE) and (d) Primitive
Mantle-normalized [33] trace element abundance patterns for ultramafic rocks of the Primorsky Ridge.

The ultramafic intrusion from the Primorsky Ridge have a total rare earth element (REE) content
of 17-42 ppm and exhibit identical chondrite-normalized light-REE-enriched patterns and relatively
mid-REE (Figure 4c), with Lay = 13-30, (La/Sm)y = 3.4-2.8. Herewith, mid- and heavy-REEs show
flat patterns with (Gd/Yb)y around 1. In a primitive-mantle-normalized spidergram, they show
patterns characterized by prominent Nb depletions with (Nb/La)pys and Nb/Thpy < 1, negative Ti
(Ti/Gdpp = 0.59-0.72), and generally positive Pb anomalies.

5.3. Cr-Spinel Chemistry

Two types of Cr-spinel were identified in ultramafic rocks from all intrusions. Type I Cr-spinel
(Spll) is enclosed in the inner part of olivine phenocrysts in the Moryany and Ulan-Khan intrusions
and in large olivine crystals in the Zunduk and Ongureny intrusions (Figure 5c,e,g). They range in
size from 20 to 30 um and form equant crystals with cubic or modified octahedral shapes. Type II
Cr-spinel (Spl2) occurs in the interstitial space, varies in size from 5 to 80 um, and often has a zoned
texture and a euhedral or irregular shape (Figure 5a,b,d f,h). This type of Cr-spinel commonly occurs as
an aggregate of small crystals or as individual grains. Representative microprobe analyses of Cr-spinels
are given in Tables S3-56. Compositional variations of Cr-spinels are shown in Figures 6, S5 and S6.
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Figure 5. Back-scattered electron image of Cr-spinel from: (a,b) the Moryany intrusion; (c,d) The
Ulan-Khan intrusion; (e,f) The Zunduk intrusion; (gh) The Onguren intrusion. Ol: olivine;

Cpx: clinopyroxene; Srp: serpentine. The points correspond to the analyses shown in Tables S3-S6.
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Figure 6. Compositional variations of Cr-spinels from ultramafic rocks of the Primorsky Ridge in terms
of the Al-Cr-Fe3* diagram. (a) The Moriany intrusion; (b) The Ulan-Khan intrusion; (c¢) The Zunduk
intrusion; (d) The Ongureny intrusion. The diagrams are split to avoid overcrowding. The fields of
spinel composition are from [34]. Sp1: Type I Cr-spinel; Sp2: Type II Cr-spinel.

5.3.1. The Moriany Intrusion

Data on the composition of Spll in the Moriany intrusion is not available. There are only data on
Spl2, which occurs as homogeneous and zoned grains (Figure 5b). Most homogeneous Cr-spinels are
Fe3*-rich chromites (Fe;O3 > FeO) with a high TiO, (1.7-2.5 wt.%) and MnO (1.3-1.5 wt.%) content,
and with very low content of MgO and Al,O3 (<£0.7 and 0.1-0.2 wt.%, respectively). Sometimes,
magnetite rims occur around Fe3*-rich chromite grains (Figure 5a). Magnetite rims have a low TiO;
(0.4 wt.%) and Cr,O3 (0.5 wt.%) content.

Cr-spinels with a zoned texture have Al-rich chromite and Fe?*-rich chromite (FeO > Fe,O3) cores
(Figure 6a), which are characterized by a higher content of Cr,O3, Al;O3, and MgO then homogenous
grains. In the zoned grains with Al-rich chromite cores, the content of Al,0O3 and MgO decreases from
core to rim (from 15.7 and 2.6 wt.% to 3.6 and 1.2 wt.%, respectively). This is coupled with an increase in
TiO,, MnO, and Fe,O3 content (Figure 56). Cr,O3 content varies in the narrow range (36.8-34.7 wt.%).

Cr-rich magnetite from intergrowths with ilmenite has a high TiO, (04-1.8 wt.%) and Cr,O3
(3.7-8.9 wt.%) content and a low MgO (0.4-0.7 wt.%) content.

5.3.2. The Ulan-Khan Intrusion

Spll in the Ulan-Khan intrusion is homogeneous and its composition corresponds to Al-chromite
and Fe?*-rich chromite (Figure 6b) with a variable Al,O3 (8.1-13.7 wt.%) and Cr,Os3 (32.1-36.8 wt.%)
content, a low MgO (1.0-1.5 wt.%) content, and a moderately high TiO, (0.8-1.1 wt.%) content. It is
characterized by relatively high Cr# (0.63-0.72 wt.%) and low Fe3*# (0.25-0.35) (Figures S5 and S6).

Spl2, such as that found in the Moriany intrusion, occurs both as homogeneous and zoned grains,
with homogeneous grains displaying a lower TiO, (1.0-1.2 wt.%) and MnO (0.3-0.4 wt.%) content and
higher MgO and Al;O3 (~1.0 and 6.0-8.0 wt.%, respectively) content.

Spl2 with a zoned texture has very contrasting cores and rims in the reflected light and on the
back-scattered electron image. Occasionally, the concentric zonation shows several zones from the
core to the rim (Figure 5d). There are grains with Al-rich chromite and Fe?*-rich chromite cores
(FeO > Fe;0O3), which are rimmed by Fe®*-rich chromite (Fe;O3 > FeO). The Al-rich chromite and
Fe?*-rich chromite cores have a similar composition to that of the Moriany intrusion. Zoned grains are
characterized by a decrease in the content of Cr,O3, Al,O3, and MgO from the core to the rim, which is
commonly accompanied by an increase in the content of FeO and TiO,.
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5.3.3. The Zunduk Intrusion

Spll in the Zunduk intrusion is also homogeneous and shows lower Al,O3 (9.2-10.1 wt.%) content
and higher MgO (2.5-3.0 wt.%), Cr,O3 (38.2-42.6 wt.%), and TiO; (1.5-1.8 wt.%) content than Spl1 of
the Ulan-Khan intrusion. It is Al-chromite in composition (Figures 5e and 6¢) and is characterized by
low Mg# (0.16-0.18) and moderately high Cr# (0.7-0.76) (Figure S5).

Spl2 occurs as zoned grains. Such grains usually show a dark core and light rims, just as in other
intrusions. There are grains with Al-rich chromite and Fe?*-rich chromite cores (FeO > Fe,03) and
Cr-rich magnetite cores (Figures 5f and 6¢), which are rimmed by Fe?*-rich chromite (Fe,O3 > FeO),
Cr-rich magnetite, and magnetite, respectively. In all zoned grains, TiO; and MnO content increases
from core to rim.

The composition of the Al-rich chromite core of Spl2 is very similar to that of Spll but
is characterized by lower Mg# (0.1-0.14), moderately high Cr# (0.64-0.7), and higher Al,O3
(10.6-14.3 wt.%). FeZ*-rich chromite cores show high TiO; (1.5-1.8 wt.%) and MnO (0.83 wt.%) content.

Magnetite in the outer rims of some Cr-spinels shows very limited compositional variability.

5.3.4. The Ongureny Intrusion

Like those in the Zunduk and Ulan-Khan intrusions, Cr-spinels in the Ongureny intrusion that
are enclosed in olivine are homogeneous, but unlike them they have lower Cr,O3 (33.5-39.6 wt.%)
and higher MgO (3.3-7.8 wt.%). They are Al-rich and Fe?-rich chromites (Figures 5g and 6d) and
are characterized by variable content of TiO, (1.0-5.3 wt.%), moderately high Cr# (0.7-0.83), and low
Fe3*# (0.20-0.34).

Spl2 occurs as zoned grains. Zoned grains show a dark core and light rims, just as in other
intrusions. There are grains with Fe2*-rich chromite (FeO > Fe;O3) and Fe3*-rich chromite cores (Fe; O3
> FeO) (for example, Figure 5h), which are rimmed by Cr-rich magnetite and magnetite, respectively.

Fe%*-rich chromite cores have a relatively high MgO (3.8-6.2 wt.%), Al,O3 (8-9 wt.%), andTiO,
(2.6-2.8 wt.%) content, a low MnO (0.34-0.52 wt.%) content and low Fe>*# (0.25-0.27) ratio. Cr-rich
magnetite cores are characterized by high TiO, (up to 5 wt.%) and moderately low Al,O3 (4.6 wt.%).

Magnetite occurring as an outer rim around Cr-spinels, such as in the Moriany intrusion, has
a low TiO;, (0.2-0.4 wt.%) and Cr,O3 (0.13-0.5 wt.%) content.

6. Discussion
6.1. Cr-Spinel Composition Variation and Zonation

6.1.1. Primary Composition

Cr-spinel is highly sensitive to modification during early hydrothermal alteration and following
prograde metamorphism of host rocks [7,11,15,35-37]. There are two main features that are not typical
of primary spinels [11]: (1) values of Mg/(Mg + Fe?*) < 0.15 and (2) an anomalously high Mn content.
Unaltered Cr-spinels show a strong linear negative correlation between MnO and Mg/(Mg + Fe?*) [11].
Most Cr-spinels in ultramafic rocks of the Primorsky Ridge are characterized by very low Mg# and
variable MnO (0.4-1.8 wt.%) content (Figures 7 and S7). A linear negative correlation between MnO
and Mg/(Mg + Fe?") within a ‘Filter polygon’ [11] occurs only in some Spll and Spl2 grains of
the Onguren and Zunduk intrusions (Figure 7). Their compositions will be treated below as the
magmatic Cr-spinel.
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Figure 7. Mg/(Mg + Fe?*) vs. MnO (wt.%) diagram. (a) The entire Cr-spinel data set; (b) Selected
analyses that fall into the ‘Filter” polygon [11].

Magmatic Cr-spinels, represented by Al-rich chromite, occur mainly as inclusions in olivine and,
rarely, in cores of zoned grains from the groundmass and the silicate interspaces. We assume that
they crystallized earlier than the olivine crystals. Cr-spinels captured by olivine were not altered
by reaction with interstitial evolving liquid, but the subsolidus Fe-Mg exchange between spinel
and olivine can have a significant effect on the Cr-spinel composition [3,13,38]. With a decrease in
temperature, spinel should be Fe-enriched due to the exchange equilibrium. The final Mg/(Mg + Fe?")
value of Cr-spinel grains depends on the composition of the co-existing olivine and the effective final
equilibrium temperature, or blocking temperature, which is itself a function of the cooling mode [38,39].
Therefore, due to the low values of Mg/(Mg + Fe?"), some Cr-spinel grains enclosed in olivine could be
considered to be the result of such a subsolidus exchange.

The Cr-spinel from groundmass may have reacted directly with interstitial liquid, and its
composition could change significantly, including a substantial decrease in the Mg, Cr, and Al content
and an increase in the Fe?™ and Ti content. This evolution of spinel composition was observed in the
Jinchuan [40,41], Pechenga [42], and Noril'sk [43,44] intrusions.

In our opinion, the homogeneous Fe?*-rich chromite and zoned Cr-spinel grains with the Fe?*-rich
chromite cores crystallized after the Al-rich chromite. The higher Ti and Fe?", as well as the lower Cr
content in these grains, characterize this spinel as a late phase that crystallized from a more evolved
and fractionated melt (Figure 5b,d,f (4 and 5 points)).

A specific feature of Cr-spinels in the ultramafic rocks of the Primorsky Ridge is their noticeably
high TiO, content (up to 6.5 wt.%) (Figure 8). The presence of a high TiO, content in Cr-spinels
enclosed in olivine crystals may be a clear indication of the primary magmatic nature of Ti enrichment.
Previously, it was shown [13,38] that Cr-spinels could easily exchange Mg and Fe?* by interdiffusion
through olivine grains, but that Cr-spinels enclosed in early crystallizing olivine were protected from
Ti enrichment owing to the difficulty of diffusing Ti through the olivine structure. Ti could exchange,
but at a much slower rate. An increase in the TiO; content should be accompanied by an increase in
Fe,O3 content, which is not typical for studied Cr-spinels enclosed in olivine.

Ti-rich Cr-spinels have been recorded in many mafic—ultramafic igneous complexes, such
as the Jinchuan layered intrusion [38,39], gabbro—wehrlite intrusions of the Pechenga area [42],
Noril'sk-Talnakh intrusions [43,44], meimechites [45,46], intrusions of the Karoo province [47-49],
Mg-rich rocks of the Deccan Traps [50], picrites of Hawaii [51], ferropicritic rocks from the Mino-Tamba
belt (SW Japan) [52,53], and Snake River Plain volcanics [54].
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Figure 8. Compositional variations of primary Cr-spinels from ultramafic rocks of the Primorsky Ridge:
(a) the Al-Cr-2Ti + Fe3*; (b) Cr/(Cr + Al), and (c) Fe3*/(Fe>* + Cr + Al) vs. Ti (apfu on the basis of
32 oxygen anions) diagrams. The field of spinel compositions: Vestfjella meimechites [45], Siberian
meimechites [46], Norilsk-Talnakh intrusions [43], and Neoproterozoic mafic-ultramafic intrusions
(Tartay and Medek) (red contour) [55] are plotted for comparison.

Based on the assumption that the emplacement of the high-Mg intrusion of the Primorsky
Ridge took place in an intracontinental setting, the closest analogues for studied Cr-spinels may be
Cr-spinels from Siberian and Karoo meimechites and Noril’sk-Talnakh intrusions. Cr-spinel from
Siberian meimechites [46] are characterized by higher TiO, and MgO content and lower Al,O3 content
(Figure 8). Primary composition of the studied Cr-spinels is close to the compositional trend shown by
Vestfjella meimechites of the Karoo Large Igneous province [45] and the Noril’sk-Talnakh intrusion [43]
(Figure 8).

Compared with Cr-spinels from other Neoproterozoic mafic-ultramafic intrusions of southern
Siberia [55,56], the studied spinels are characterized by lower Al,O3 and MgO content and higher
Cr,03, TiOy, and FeO content. However, the elevated content of TiO; (up to 2 wt.%) was previously
detected in spinels from silicate interspaces of the Tartai and Medek intrusions [56]. Interestingly,
melt inclusions characterized by a high content of TiO,, FeO, and P were found in these Cr-spinels [56].
The field of the compositions of these Cr-spinels partially overlaps with that of the studied Cr-spinels
(Figure 8).
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6.1.2. Alteration of Cr-Spinel

As mentioned above, the primary igneous composition of Cr spinels and host rocks is usually
modified by serpentinization and regional metamorphism [7,11,15,35-37]. The studied rocks mostly
show only alterations as a result of serpentinization. The secondary alteration of Cr-spinel usually
results in a highly reflective border along the grain rims. During serpentinization, the Cr-spinel can
also incorporate Mn from hydrothermal fluids [15,36] (Figure 7). Fe3*-rich, Mg-Al depleted rims
can be formed by a reaction between the primary Cr-spinel and secondary magnetite deposited on
the Cr-spinel grains during serpentinization [15,36,57] or by dissolution of the primary chromite
with later re-precipitation into Fe?*-rich chromite under hydrothermal conditions [58-60]. Probably,
in the grains with the primary Fe2*-rich chromite composition, the formation of Fe3*-rich chromite
occurred according to the first model (Figure 5a). This assumption is supported by the low TiO,
content of the magnetite rims, which cannot be related to the local mobility of Ti [42]. In grains with
an Al-rich chromite core, serpentinization led to the formation of Cr-rich magnetite rims (Figure 5f
(6 and 9 points)).

6.2. Petrogenetic Consequences

It is generally recognized that the diffusion capacity of Ti** in olivine is relatively low [5,9,13];
therefore, the content of TiO, in Cr-spinel can be a trustworthy indicator of the magma composition.
In addition, abundant data suggest that the TiO;, content in Cr-spinel increases from island arc to
intraplate magmas [5,9,61]. This indicates the potential suitability of TiO, content in Cr-spinel for
tectonic discrimination of Mg-rich igneous assemblages.

The dependence of spinel Al;O3 and TiO; contents on the parental melt composition suggests that
the Al/Ti ratio can be successfully used to distinguish between different magma types, their tectonic
affinities, and mantle sources [6]. The composition of magmatic Cr-spinels of ultramafic rocks of the
Primorsky Ridge lies within, or close to, the ocean island basalts (OIB) and LIP compositional fields in
the discrimination diagram by Kamenetsky et al. [6] (Figure 9).

10
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s L
& -
Q
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0.01 T T T T
0 10 20 30 40 50
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Figure 9. Al,O3 vs. TiO, for primary Cr-spinels of the Ulan-Khan and Onguren intrusions. Fields LIP,
OIB, ARC, MORB, mantle peridotite after [6], and Vestfjella meimechites after [45]. LIP: large igneous
provinces; OIB: oceanic island basalts; ARC: island arcs; MORB: mid-ocean ridge basalts.

As mentioned above, the ultramafic rocks of the Primorsky Ridge are low in SiO;, TiO,, KO,
and Na,O and very high in MgO. SiO, and TiO, (Figure 4a,b) increase with decreasing MgO, which
suggests that the compositional trend was mainly controlled by olivine accumulation. In the Pearce
molecular ratio diagram (Figure S8a), all samples follow a coherent compositional trend. The slope
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of this trend (1.97) is close to the ideal index of 2.0 for crystal addition/separation of olivine [62-64].
The MgO/Al,O3 vs. FeO/Al,O3 plot (Figure S8) indicates that all samples fall on a single trend.
The slope of this trend indicates that the MgO/FeO mole ratio of the fractionating ferromagnesian
phase had an average value of 12.21. Assuming that all iron was in the ferrous state, this is equivalent
to fractionation of olivine with an average composition of Fo ~89. If 10% of the total iron in the melt
was in the ferric state, the olivine composition would be Fo ~90. The FeO/MgO ratio of the parental
melt, estimated using the equation of Roeder and Emslie [65], is ~0.4. The olivine and Cr-spinel in
ultramafic rocks of the Ongureny intrusion are less affected by post magmatic alteration and most
likely represent the early crystallization phases from the parental melt. The Al,O3 and TiO, content of
the parental melt in equilibrium with Cr-spinel can be calculated using an experimentally determined
formula with the assumption that Al,O3 and TiO, content in spinel is the only function of Al,O3
and TiO, content in the melt [6,66]. The calculated Al,O3 and TiO; content of the parental melt are
11.15-11.89 and 1.14-1.66 wt.%, respectively.

Previously, it was found that, in southern Siberia, there is the Neoproterozoic (ca 720 Ma) Irkutsk
Large Igneous Province [21], which consist of Ni-Cu-PGE ore-bearing dunite-peridotite-pyroxenite-gabbro
complexes (Tartai, Upper Kingash, Ioko-Dovyren intrusions), along with the Sayan and Baikal dolerite
dykes [30,31]. They converge along the margin of the Irkutsk Promontory, which has led to the assumption
that they are part of a radiating magmatic swarm [21]. The high-Mg intrusions of the Primorsky Ridge,
intersecting metamorphic rocks of the Sarma Group and granitoids of the Paleoproterozoic Primorsk
complex, could be part of a single magmatic event with the above mentioned igneous complexes.

7. Conclusions

This study of the chemical composition of Cr-spinels in the ultramafic rocks of the Primorsky
Ridge (Western Baikal region) have brought us to the following conclusions:

(1) Two types of Cr-spinel were identified in ultramafic rocks from all intrusions. Type I Cr-spinel is
enclosed in the inner part of olivine crystals and is homogeneous Al-rich chromite and Fe?*-rich
chromite. Type II Cr-spinel occurs in the interstitial space as homogeneous and zoned grains
with Al-rich chromite and Fe?*-rich chromite cores.

(2) A specific feature of Cr-spinels in ultramafic rocks of the Primorsky Ridge is their noticeably high
TiO, content (up to 6.5 wt.%).

(3) Magmatic Cr-spinels, represented by Al-rich chromite, occur mainly as inclusions in olivine and,
rarely, in cores of zoned grains. They crystallized earlier than the olivine crystals.

(4) The homogeneous Fe?*-rich chromite and zoned Cr-spinel grains of type II crystallized after
Al-rich chromite from a more evolved and fractionated melt.

(5)  Serpentinization led to the formation of Fe**-rich chromite, Cr-rich magnetite, and magnetite rims.

The data on the compositional variation of Cr-spinel in high-Mg intrusions of the Primorsky
Ridge (Western Baikal region, Russia) presented here could be considered as a starting point for further
geochemical research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/7/608/s1.
Figure S1: View of the Primorsky Ridge from Lake Baikal, Figure S2: (a) View of the Onguren intrusion from
the Zunduk intrusion, (b) The outcrop of the Onguren intrusion ultramafic rocks, Figure S3: The outcrop of the
Ulan-Khan intrusion, Figure S4: Large blocks of eluvium, the Moriany intrusion, Figure S5: Cr/(Fe3* + Cr +Al) vs.
Ti (apfu on the basis of 32 oxygen anions) diagram. The diagrams are split to avoid overcrowding. Sp1: Type I
Cr-spinel; Sp2: Type II Cr-spinel, Figure S6: Fe3*/(Fe3* + Cr + Al) vs. Ti (apfu on the basis of 32 oxygen anions)
diagram. The diagrams are split to avoid overcrowding. Sp1: Type I Cr-spinel; Sp2: Type II Cr-spinel, Figure S7:
Mg/(Mg + Fe?*) vs. MnO (wt.%) diagram. The diagrams are split to avoid overcrowding. Sp1: Type I Cr-spinel;
Sp2: Type II Cr-spinel, Figure S8: Molecular proportion ratio plot of the Ongureny intrusion rocks. Vectors
whose slopes are consistent with the fractionation of olivine (Ol) and clinopyroxene (Cpx) are shown in panel (a).
Table S1: Bulk-rock major elements (wt.%), Cr and Ni (ppm) content of ultramafic rocks from the Primorsky Ridge
(Western Baikal region), Table S2: Trace-element (ppm) composition of ultramafic rock from the Primorsky Ridge
(Western Baikal region), Table S3: Representative electron microanalyses of Cr-spinel and magnetite (wt.%) from
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ultramafic rocks of the Moryany intrusion, Table S4: Representative electron microanalyses of Cr-spinel (wt.%)
from ultramafic rocks of the Ulan-Khan intrusion, Table S5: Representative electron microanalyses of Cr-spinel
and Cr-rich magnetite (wt.%) from ultramafic rocks of the Zunduk intrusion, Table S6: Representative electron
microanalyses of Cr-spinel and magnetite (wt.%) from ultramafic rocks of the Onguren intrusion.
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