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Abstract: Studies that track and compiled transformations of ilmenite and magnetite under conditions
of different metamorphic grades are still very limited. The Sedova Zaimka intrusion in Western
Siberia (Russia) is a good example to examine the effect of contact metamorphism from greenschist to
low-amphibolite facies on magmatic Fe-Ti oxide minerals, as this small mafic-ultramafic body is located
within contact metamorphic aureole of a large granite pluton. In the Sedova Zaimka, ilmenite with little
to no magnetite is present as an accessory dissemination throughout metamorphosed rocks. Ilmenite is
variably enriched in MnO (1 to 13.3 wt%) and depleted in MgO (less than 0.3 wt%), suggesting
that its primary magmatic composition has been unevenly modified by diffusion re-equilibrium
with coexisting metamorphic silicates. The elevated content of ZnO (up to 0.5 wt%) and NiO (up to
0.4 wt%) in ilmenite suggests that both ZnO and NiO, like MnO, must be strongly partitioned into
ilmenite relatively to silicate minerals under the reducing contact metamorphic conditions, if chromite
is absent. The textural observations of ilmenite—sulfide and ilmenite—-titanite—sulfide relationships
indicate that Ti-magnetite, in contrast to ilmenite, is an unstable phase in the presence of sulfur-rich
reduced metamorphic fluids and is completely replaced by sulfides, with the development of specific
“octahedral meshes” of ilmenite in sulfides.

Keywords: ilmenite; magnetite; titanite; metagabbro; contact metamorphism; Sedova Zaimka;
Tom’-Kolyvan zone; Russia

1. Introduction

The effect of metamorphism on Fe-Ti oxide assemblages is insufficiently studied and poorly
compiled and analyzed, despite the fact that ilmenite, magnetite, hematite, and rutile are common
accessory minerals in both igneous and metamorphic rocks (see, e.g., [1-11]). Numerous studies provide
experimental research as well as detailed observations of natural mineral paragenesis, textural and
compositional features, internal structures, and alteration products of such Fe-Ti oxides, as all these
characteristics are known to be sensitive to temperature and oxygen fugacity (see, e.g., [12-21]).
However, studies that track the textural and compositional transformations of ilmenite or magnetite
under conditions of different metamorphic grades are still very limited. Cassidy et al. [22] highlighted
that the MnO enrichment in ilmenite accompanied by MgO depletion, due to diffusion re-equilibrium
reactions with silicate minerals, is an important indicator of metamorphic overprint of ilmenite. It was
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also observed that in very-low- and low-grade metamorphosed mafic-ultramafic rocks, ilmenite is
largely or completely replaced by titanite or “leucoxene”, whereas at medium to high metamorphic
grades, there seems to be a progressive narrowing in the compositional range of ilmenite [22].
The following studies have shown that although in some cases Mn-rich ilmenite is considered to
originate from crystallization of granite [23,24], alkaline [25,26], or kimberlite [27] melts, or formed
by reaction of ultramafic rocks with hydrothermal fluids [28,29], it is commonly formed under
metamorphic conditions [30-37].

Our study provides textural and compositional investigations of Fe-Ti oxide assemblages from the
contact-metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion, Western Siberia, Russia.
Moreover, we use mineralogical observations on ilmenite and Ti-magnetite, which have a primary
magmatic origin, to examine the effects of thermal metamorphism on textures and compositions of the
Fe-Ti oxides, reconstruct their metamorphic history, and identify the key features of the metamorphosed
magmatic Fe-Ti oxide assemblages.

2. Regional Setting and Geology of the Sedova Zaimka Intrusion

The Sedova Zaimka intrusion is located 40 km north of the city of Novosibirsk, within the
Tom’-Kolyvan Hercynian shear zone (Figure 1A). This tectonic structure is a part of the Altay-Sayan
Folded Area and represented by southeast-directed nappes consisting of marine middle Devonian
to lower Carboniferous sedimentary—volcanic sequences [38—40]. These Paleozoic complexes are
considered to be formed in an island-arc setting. In middle Carboniferous-Permian time, the described
region experienced intensive regional deformations resulting from collision between the Tom’-Kolyvan
island arc and the West Salair continental margin during the Ob’—Zaisan Ocean closure [38—40].
From the Mesozoic to Cenozoic periods, the uplift and planation in the studied region led to the
widespread formation of weathering crusts. Non-marine Paleogene and Neogene deposits have local
distribution and are represented mainly by sands and clays interbedded with rare brown coal.

Both mafic and felsic Mesozoic intrusive igneous rocks are distributed in the Tom’-Kolyvan
zone and are mainly represented by small-scale dolerite-gabbro dykes and sills of the early-middle
Triassic Tashara Complex and large-scale granite plutons of the late Permian—early Triassic Priob and
early-middle Triassic Barlak complexes, possibly related to the Siberian plume [40-42] (Figure 1A).
The emplacement of the Barlak Complex granite is, thus, the youngest significant intrusive event in the
studied region, and later tectono-hydrothermal events go unreported [40].

The Sedova Zaimka is a relatively small (~500 x 200 m) lopolith-shaped mafic-ultramafic
intrusion, completely overlapped by a thin sequence (5-30 m) of Quaternary sediments superposed on
Cretaceous—Paleogene weathering crust (Figure 1B,C). It belongs to the early-middle Triassic Tashara
dolerite-gabbro complex, to which Ni-Cu magmatic mineralization in the Tom'-Kolyvan zone is
related [39,40,43,44]. The intrusion is located in the northwestern part of the contact metamorphic
aureole of the Barlak granite pluton. The country rocks adjacent to the Sedova Zaimka intrusion
comprise terrigenous and calcareous clay shales of the upper Devonian to lower Carboniferous
Salamatovskaya-Jarskaya and lower Carboniferous Lagernosadskaya sequences metamorphosed
to hornblende hornfels facies [40,45]. Large blocks of hornfelsed sedimentary rocks are observed
within the Sedova Zaimka metagabbro, which are considered to be the host rock pendants [43,45,46]
(Figure 1C). Currently, no age determinations were obtained for the Sedova Zaimka rocks. However,
the geological age of the Tashara Complex intrusions is considered to be after post-Priob, but before
pre-Barlak granite events [40].
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Figure 1. (A) Location of the Sedova Zaimka intrusion as well as the mafic dykes and sills of the Tashara
Complex and of the granite plutons of the Priob and Barlak complexes within the Tom’-Kolyvan shear
zone. (B) Geological map and (C) cross sections of the Sedova Zaimka intrusion, modified after work
in [43,45]. The locations of the samples are also shown.

The Barlak granite pluton covers an area of ~140 km? and belongs to the early-middle Triassic
Barlak leucogranite-granite complex. The granite body developed in two intrusive stages. During the
first main stage, a medium-grained biotite-bearing leuco-monzogranite is emplaced. The second stage
is characterized by small stocks and dykes of fine-grained porphyric leuco-monzogranite. The Barlak
granite’s contact aureole ranges from 2 to 4.5 km around the intrusion [40,45]. Two zones, belonging to
different metamorphic facies, are distinguished within the aureole. The zone adjacent to the pluton
(~400 m wide) consists of metasedimentary rocks subjected to the hornblende-hornfels facies, and the
outer zone is composed of metapelites in the albite-epidote-hornfels facies [40]. However, no detailed
mineralogical studies were carried out for these contact metamorphic rocks. In endocontact zones
of the Barlak pluton, small pegmatite bodies, consisting of quartz and K-feldspar (+ topaz, fluorite,
biotite), are widely developed. Small-sized wolframite- and cassiterite-bearing greisen bodies and
veins occur locally adjacent to pegmatite or in the vicinity of pegmatite bodies [40,45].

3. Petrography of the Sedova Zaimka Intrusion

The Sedova Zaimka intrusion consists mainly of metamorphosed mafic rocks (referred to the
meta-mafic unit), with limited development of metamorphosed ultramafic rocks in the bottom
part (the meta-ultramafic unit) [39,43,45-48] (Figure 1). The meta-ultramafic unit rocks comprise
relicts of olivine (3540 vol%), rare grains of hornblende, long-prismatic saussuritized and prehnitized
plagioclase, and uralitized clinopyroxene in a groundmass of tremolite—actinolite, unaltered plagioclase,
fine-grained talc, and prehnite. Flakes of altered biotite, green spinel, and ilmenite, partially replaced
by titanite, epidote, chlorite, and apatite, also occur in minor amounts (< 3 vol%). Olivine frequently
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contains inclusions of Cr-spinel, whereas hornblende often includes olivine relicts. Both olivine and
hornblende are partially opacitized and replaced by tremolite-actinolite. The amount of sulfides
varies from several percent to 80-95 vol%, and small sulfide drops are rare observed in olivine.
Based on petrographic and petrologic data, the protolith of the meta-ultramafic unit is assumed to be a
plagioclase-bearing peridotite [39,46] or picrite [43,45].

The meta-mafic unit rocks are composed of aggregates of tremolite—actinolite and chlorite,
and euhedral laths of unaltered plagioclase (oligoclase to albite), among which relicts of strongly
saussuritized and prehnitized plagioclase and uralitized clinopyroxene are observed. The amount of
these relicts varies greatly from 0 to 20 vol%, and generally decreases from bottom to top in the intrusion
section. Clinopyroxene contains inclusions of altered plagioclase and is partially or completely replaced
by hornblende and tremolite-actinolite aggregates. Hornblende pseudomorphs after clinopyroxene are
also replaced by tremolite—actinolite. Unaltered plagioclase also occurs as rims on altered plagioclase
grains. Accessory minerals are represented by altered biotite (1-5 vol%), ilmenite partially replaced by
titanite (up to 2 vol%), epidote, apatite, scapolite, and green spinel. The amount of sulfides varies from
1-2 to 40 vol%. In the meta-mafic unit, clinopyroxene typically coexists with altered plagioclase in
a well-developed ophitic texture within rock relicts, indicating clearly that the meta-mafic unit was
originally a gabbro [43,45].

In the upper part of the intrusion, between 39.5 and 49.5 m, relatively weak modified olivine
metagabbro occurs. The rock consists of saussuritized and prehnitized plagioclase (~30 vol%), olivine
(~20 vol%), and clinopyroxene (~10 vol%), embedded in a groundmass of fine-grained aggregates of
tremolite—actinolite (+ talc, prehnite, chlorite). Altered biotite (~3 vol%), sulfides (~5 vol%), ilmenite,
and magnetite (~2 vol%) are presented in small amounts. Olivine contains inclusions of Cr-spinel,
whereas clinopyroxene contains inclusions of altered plagioclase. Both these minerals are replaced by
tremolite-actinolite aggregates. Unaltered plagioclase is observed in minor amount (less than 5 vol%).

Small-sized (up to several tens of centimeters) lenticular segregations of coarse-grained oligoclase
to albite (+ amphibole, quartz, apatite, and sulfide) [43] and albite (+ calcite, muscovite, sulfides)
veins [49] are distributed throughout the intrusion. These veins have been interpreted as being derived
by internal-generated reduced metamorphic fluids during potential post-peak contact metamorphic
cooling at temperatures between 270 and 325 °C, possibly marking the final stage of metamorphic
transformations of the Sedova Zaimka mafic-ultramafic rocks [49].

4. Cu-Ni Sulfide Mineralization of the Sedova Zaimka Intrusion

Three main structural ore types are distinguished within the Sedova Zaimka intrusion, including
(i) massive sulfides (80-95 vol% of sulfides), (ii) pocket- and vein-disseminated sulfides (from a few
percent to 60-70 vol% of sulfides), and (iii) disseminated sulfides (from a few percent to 20-30 vol%
of sulfides) [43-48,50]. The massive sulfides occur as small (up to several tens of centimeters
thick) lenticular bodies unevenly distributed throughout the metaperidotite unit. The pocket- and
vein-disseminated sulfides are hosted in both the meta-peridotite and mata-gabbro units, as well as
the disseminated sulfides are observed mainly within the meta-mafic unit, and both sulfide types
have irregular distribution across the intrusion. The main ore body reaches 60 m in thickness with an
average grade of 0.48 wt% Ni and 0.28 wt% Cu [45].

The major base-metal sulfides are pyrrhotite, chalcopyrite, violarite, and pentlandite, with no
or minor pyrite. Ni-bearing arsenides, Co-Ni sulfoarsenides, sphalerite, argentopentlandite, galena,
tellurobismuthides, bismuthite, altaite, hessite, and native bismuth were also reported in minor
amounts [50,51]. Based on (i) the presence of massive and vein-disseminated sulfides in the intrusion,
(ii) the widespread violarite in sulfide assemblages, (iii) extensive overprinted amphibolization,
and (iv) the positive correlation between amphibolization and sulfide contents, it was suggested that
both primary intrusive rocks and associated magmatic Ni-Cu sulfide mineralization of the Sedova
Zaimka have been significantly affected by later metamorphic, contact-metasomatic, and hydrothermal
processes related to the Barlak granite emplacement [43,45,46].
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5. Materials and Methods

All the studied samples were collected from boreholes realized in the Sedova Zaimka intrusion
in the 1979. Borehole 13 was investigated between 26.5 m and 133.0 m concurrently with borehole
119. As a result, 12 samples of metamorphosed mafic rocks (samples 13-41.5, 13-47, 13-56.5, 13-64.5,
13-91, 13-95, 13-102.3, 13-109.6, and 13-113.5), 2 samples from meta-ultramafic rocks (samples 119-37.4
and 119-49), and also one sample of massive sulfides (sample 119-50.1) were selected to examine Fe-Ti
oxide assemblages. The locations of the samples are shown in Figure 1C.

All the analyses were performed at the Analytical Center for Multi-Elemental and Isotope
Research SB RAS of the Sobolev Institute of Geology and Mineralogy (IGM SB RAS) at Novosibirsk,
Russia. Optical micrographs of polished thin sections (0.03 mm thick) and polished sections of
the samples were carried out using a Zeiss Axio Scope Al microscope (Carl Zeiss Microlmaging
GmbH, Goettingen, Germany). Quantitative chemical analyses (electron probe micro-analyser (EMPA)
analysis) of Fe-Ti oxide minerals (predominantly ilmenite) were made using a Camebax-micro (Cameca
Ltd., Gennevilliers, France). Minerals were analyzed by a focused beam in spot mode of 2 um at an
accelerating voltage of 20 kV, counting times of 10 s, and a beam current of 70 nA. The calibration
materials used for ilmenite analyses are ilmenite IL GF-55 (for TiO, and FeO), chromite CHR79-62 (for
Al O3, Cry03, and MgO), Mn-bearing garnet (for MnO), pyrope UD-92 (for SiO, and CaO), NiFe;O4
(for NiO), ZnS (for ZnO), and V,0s (for V,0s5). The detection limits for individual elements are 0.01 wt%
for TiO,, SiO,, CaO, V;,0s, 0.02 wt% for Al,O3, CryO3, FeO, MnO, MgO, NiO, and 0.03 wt% for ZnO.
The total iron contents obtained as FeOyty) by EMPA analysis were recalculated to FeO and Fe;O3 in
accordance with work in [52]. Equilibrium temperatures and oxygen fugacity of magnetite-ilmenite
pairs were estimated using Fe-Ti two-oxide geothermometers and oxygen-barometers from Andersen
and Lindsley [53], using the ILMAT program [19].

6. Results

6.1. Petrography of Fe-Ti Oxide Minerals

In the Sedova Zaimka intrusion, of all the Fe-Ti oxide minerals, ilmenite with little to no magnetite
is predominantly presents as an accessory to scattered dissemination (up to 1.5-2 vol%) throughout
metamorphosed mafic-ultramafic rocks. In olivine metagabbro from the upper part of the intrusion
(sample 13-41.5), three morphological types of ilmenite were identified: (i) predominant elongated,
euhedral to subhedral grains with exsolution textures of thin parallel-oriented lamellae of magnetite
(Figure 2A); (ii) rare euhedral to subhedral grains of ilmenite-magnetite intergrowing crystals (Figure 2B);
and (iii) occasional rounded or sub-rounded grains consisting of ilmenite cores and magnetite rims
(Figure 2C). The ilmenite grains are small-sized (from 0.1 to 0.4 mm) and often intergrown and partly
embayed with metamorphic silicate minerals, such as amphiboles (tremolite-actinolite series) and
epidote. Some ilmenite grains are in association with sulfides, which occasionally replace lamellar
magnetite. However, already at a depth of 47.0 m, independent ilmenite grains without magnetite is
recorded, rarely occurred chromian spinel characterized by completely ilmenite rims.

In the meta-mafic unit, ilmenite is represented by (i) subhedral grains with rare euhedral
morphologies, from 0.1 to 0.6 mm in size, disseminated in the rock matrix (Figure 2D,E), and (ii) down
to 2.0 mm in size relicts in sulfides (Figure 2F-H). Between 47.0 and 56.5 m of depth, predominantly
independent ilmenite grains without any visible exsolution structures and any contact with sulfides
are recorded. From 56.5 m, both individual grains and those concurrent with sulfides are developed.
Compositionally, the grains are almost entirely ilmenite (Figure 2D,F-I). However, with depth, it is
possible to find magnetite—ilmenite grains, including laths of ilmenite in magnetite (sample 13-64.5;
Figure 2E) and/or in titanite (samples 13-64.5); ilmenite grains with magnetite exsolutions (samples
13-64.5); and magnetite grains with titanite lamellae (sample 13-109.6). Ilmenite from the rock matrix is
partially and very uneven, throughout the meta-mafic unit, replaced by titanite.
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Figure 2. Reflected light microphotographs illustrating morphology and textures of ilmenite from
the metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion. Lithological columns for
boreholes 13 and 119 showing the sampling sites are also given. (A-C) Ilmenite dissemination in olivine
metagabbro from Borehole 13 (sample 13-41.5): (A) ilmenite with exsolved lamellae of magnetite;
(B) ilmenite-magnetite intergrowths; (C) grains with ilmenite cores and magnetite rims. (D-I) Ilmenite
in meta-mafic unit from Borehole 13: (D) ilmenite represented by independent grains in rock matrix
and a partial rim around sulfides (sample 13-56.5); (E) an anhedral magnetite—ilmenite grain in rock
matrix which contains laths of ilmenite in magnetite (sample 13-64.5); (F) ilmenite relicts in sulfides
(sample 13-64.5); (G) ilmenite relicts in sulfides (sample 13-109.6); (H) ilmenite relicts in rock matrix
in association with sulfides (sample 13-109.6); (I) ilmenite relicts in rock matrix in association with
sulfides; ilmenite is replaced by titanite (sample 13-113.5). (J-O) Ilmenite in meta-ultramafic unit
from Borehole 119: (J,K) Anhedral ilmenite in association with sulfides from meta-ultramafic unit at
contact with meta-mafic unit (sample 119-37.4); (L) titanite and ilmenite partially replaced, and titanite
included in sulfides, collected from a rich-disseminated sulfide mineralization zone (sample 119-49);
(M) polycrystalline ilmenite in sulfide aggregate, partially replaced by titanite, from a rich-disseminated
sulfide mineralization zone (sample 119-49); (N,O) individual anhedral ilmenite grains in rock and
within sulfide aggregates from a massive sulfide lense (sample 119-50.1); ilmenite intergrown with
spinel. Abbreviations: Ilm = ilmenite, Mag = magnetite, Sulf = sulfide, Ttn = titanite, and Sp =
spinel. Lithological columns for boreholes 13 and 119: Q = Quaternary sediments, K-P = Cretaceous
to Paleogene weathering crus, D3-C1 = upper Devonian to lower Carboniferous terrigenous and
calcareous clay shales metamorphosed to hornblende hornfels facies, P3v = late Permian meta-gabbro
with a differently graded disseminated and pocket- and vein-disseminated sulfide mineralization,
P30l-v = olivine metagabbro with disseminated sulfides, P30 = late Permian meta-peridotite with a
differently graded disseminated, pocket- and vein-disseminated sulfide mineralization, and lenses of
massive sulfides (m).
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Ilmenite in the meta-ultramafic unit is observed mainly in association with sulfides,
and independent grains in rock matrix are rare (Figure 2J-O). Ilmenite within sulfides occurs as
individual grains and grain aggregates, with subhedral to anhedral morphologies and up to 0.3 mm in
size, partially replaced by titanite (Figure 2J). Imenite relicts, displaying subparallel and herringbone
textures in sulfides, as well as cord-like ilmenite along the periphery of sulfide segregations, are also
commonly recorded (Figure 2K). In rich-disseminated sulfide mineralization zones around massive
ore lenses, both anhedral ilmenite and titanite occur within pyrrhotite (Figure 2L); in addition,
polycrystalline aggregates of ilmenite characterized by grains that typically show curved boundaries
and triple junctions are also observed within sulfides (Figure 2M).

In massive sulfides, hematite and magnetite after chromian spinel mainly occurred. Ilmenite is rare
and primarily observed in rock fragments within sulfides. It is represented by anhedral to subhedral
grains both in rock and sulfide matrix that are not affected by titanite replacement (Figure 2N,O).
Within sulfides, some ilmenite crystals occur in intergrowth with spinel (Figure 2N), belonging to
chromite-hercynite series (Cr-bearing hercynite).

6.2. llmenite-Sulfide and Ilmenite-Titanite—Sulfide Relationships

A characteristic feature of the Fe-Ti oxides occurring in the Sedova Zaimka metamorphosed
mafic-ultramafic rocks is the wide development of specific “octahedral meshes” of ilmenite in sulfides
(described in the preceding section as “ilmenite relicts”). There, ilmenite occurs within sulfides as coarse
lamellae parallel to the octahedral parting planes of the magnetite (Figure 2F-G and Figure 3A-C).
Numerous microscopic intergrowths of rod-like forms, rows of dots, as well as elongated grains of
ilmenite also occur between coarse lamellae or, in their absence, in the sulfide matrix. Commonly,
cord-like ilmenite of variable thicknesses separate ilmenite-laden sulfide domains from ilmenite-free
areas, marking the boundaries of relict magnetite grains (Figure 3B,C). Similar relationships are observed
between the ilmenite grains coexisting with sulfides in the matrix (Figure 2H). The “octahedral meshes”
of ilmenite included in sulfides are the most common in the meta-mafic unit, from depth of 56.6 m
for Borehole 13. In the meta-ultramafic unit, such structures are also recorded, but sub- to anhedral
individual ilmenite grains within sulfides are predominant.

Titanite is closely associated with ilmenite, but it has a uniform distribution throughout the
stratigraphic column. It appears in meta-mafic rocks from a depth of 56.6 m in the Borehole 13
(Figure 2D). In ilmenite-laden sulfide domains, titanite is often (Figure 3B), but not always (Figure 3A,C),
observed and can be subdivided in two types regarding their relationships with ilmenite. The first type
includes titanite that occurs as small individual anhedral grains in sulfides between coarse ilmenite
lamellae as well as one that coexists with small-grained and cord-like ilmenite (Figure 3B); such titanite
shows predominantly sharp boundaries with ilmenite and it very likely intergrowth with it. The second
type is represented by titanite that coexists with individual ilmenite grains (Figure 2J,L); such titanite
shows abrupt and reaction-like boundaries with ilmenite, clearly indicating its replacement.

Rare polycrystalline ilmenite aggregates, both within sulfides (Figure 2M) and in rock (Figure 3D),
are only observed in the meta-ultramafic unit, and in both cases, ilmenite coexists with titanite and
sulfides. As can be seen in Figure 3D, titanite is anhedral and occurs between granular ilmenite
grains, whereas sulfides are later with respect to both titanite and ilmenite. Concerning the ilmenite
disseminated in the rock matrix, two similar types of associated titanite can be distinguished. The first
type involves titanite that shows equilibrium relationships with ilmenite; a rare case of recording
of these relationships is represented in Figure 3E, in which trellis-type ilmenite lamellae, that are
parallel to three sets of {111} lattice planes of the magnetite structure, occur in a titanite matrix,
and coexisting sulfides are later with respect to both titanite and ilmenite. The second type includes
titanite that partially replaces ilmenite (Figure 2D). Very occasionally, titanite is observed as thin
subparallel lamellae and small-sized elongated grains in magnetite, apparently developing after
ilmenite (Figure 3F). Generally, ilmenite from rock matrix is weakly changed and shows little or no
replacement by titanite.
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Figure 3. Reflected light microphotographs demonstrating ilmenite-sulfide and ilmenite—titanite

relationships in the metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion.
(A) “Octahedral mesh” of ilmenite in sulfides: coarse lamellae of ilmenite are parallel to the octahedral
parting planes of the relict magnetite. Numerous microscopic rod-like and elongated grains of ilmenite
also occur between coarse lamellae. No titanite is observed (sample 13-109.6); (B) ilmenite-laden domains
in sulfides with cord-like ilmenite, marking the boundaries of relict magnetite grains. Titanite occurs
in sulfides as small, individual, anhedral grains distributed between coarse ilmenite lamellae and
coexisting with cord-like ilmenite (sample 13-109.6); (C) ilmenite-laden domains in sulfides with
cord-like ilmenite. No titanite is observed (sample 13-109.6); (D) polycrystalline ilmenite aggregate in
meta-ultramafic rock. Ilmenite coexists with titanite and sulfides (sample 119-37.4); (E) complex grain
in metagabbro, consisting of trellis-type ilmenite lamellae in titanite. Lamellae of ilmenite are parallel to
three sets of {111} lattice planes of the magnetite structure. Coexisting sulfides are later with respect to
both titanite and ilmenite (sample 13-64.5); (F) thin subparallel lamellae of titanite in magnetite grains
(sample 13-109.6). Abbreviations: Ilm = ilmenite, Mag = magnetite, Sulf = sulfide, Ttn = titanite.

6.3. Fe-Ti Oxide Mineral Chemistry

The chemical compositions of ilmenite grains are given in Table S1 and are presented in
Figures 4 and 5. Ilmenites from metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion
contain MnO as the dominant admixture (1.0-13.3 wt%) and belong to ilmenite—pyrophanite series (2
to 28 mol% of MnTiO3) (Figure 4A). In addition, they have a small amount of MgO (up to 0.8 wt%),
V,05 (up to 0.6 wt%), ZnO (up to 0.5 wt%), NiO (up to 0.4 wt%), CaO (up to 0.3 wt%), Cr,O3 (up to
0.2 wt%), and negligible SiO, and Al,Oj3 levels (Table S1). All examined ilmenites show a low amount
of hematite component (0.2 to 4.7 mol% of Fe;O3). The TiO, and FeOyyta1 composition in ilmenites
from the Sedova Zaimka ranges from 48.9 to 52.9 wt% and 34.3 to 47.7 wt%, respectively. The analyzed
grains plot between the ilmenite-hematite and ferropseudobrookite—pseudobrookite tie-lines in the
FeO-TiO,-Fe; O3 ternary diagram (Figure 4B). Compositional variations of ilmenite reflect generally
lower FeO and TiO, contents respect to common values (FeO = 47.35 wt% and TiO, = 52.65 wt%),
perhaps due to the presence of the Fe;O3 and MnO impurities.

The ilmenites from olivine metagabbro (sample 13-41.5) exhibit a significant negative correlation
between MgO and MnO, which is not observed for ilmenites from other stratigraphic elevations
(Figure 5A). For all the studied ilmenites, there is no clear link between MgO or Cr,O3; content
and the recalculated FeO abundances (Figure 5B,C), whereas the MnO contents generally have a
negative correlation with the recalculated FeO values (Figure 5D). Ilmenites from different stratigraphic
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elevations are characterized by heterogeneous compositional structure and show normal to reverse
zoning with respect to MgO and MnO contents (Figure 6A,B).

Type I ilmenite

Type Il ilmenite
m sample 13-47

e sample 13-41.5

limenite (+magmetite) from rock matrix

Type 1l ilmenite
x sample 13-113.5
Type 1V ilmenite

limenite (+ magnetite
within sulfides

Type Il ilmenite

e sample 13-91

v sample 13-95
msample 13-109.6

MgTiO,

| 4sample 13-56.5  y'sample 119-49  Type JV ilmenite TiO, B
FeTiO, | *sample 13-64.5  7y50 v jimenite sample 119-37.4 Anatase
esample 13-91 y'sample 119-50.1  sample 119-49 Rutile\Brookite
@sampla1:102.9 Type V ilmenite
R samplef>-1096 o sample 119-50.1
&
Y2 FeTi,0,
Ferropseudobrookite,
limenite
Y4 Fe,TiO, Y3 Fe,TiO,
Ulvéspinel, Pseudobrookite
Geikielite Pyrophanite
MnTiO, FeO Y5 Fe,0, Y Fe,0,
Wiistite Magnetite Hematite (a)

Maghemite (y)

Figure 4. Compositions of ilmenite and Ti-magnetite from the metamorphosed mafic-ultramafic
rocks of the Sedova Zaimka intrusion plotted (A) in a FeTiO3-MnTiO3-MgTiO3 system and
(B) in a TiOp,-FeO-Fe,O3 system, showing the major high-temperature solid-solution series
magnetite—ulvospinel, haematite—ilmenite, pseudobrookite—ferropseudobrookite (from work in [12]).

Data from Table S1.
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Figure 5. Plots of MnO (wt%)-MgO (wt%) (A), Cr,O3 (Wt%)-MgO (wt%) (B), MgO (wt%)-FeO-rec
(Wt%) (C), and MnO (wt%)-FeO-rec (wt%) (D) for ilmenite from the metamorphosed mafic-ultramafic
rocks of the Sedova Zaimka intrusion. The FeO-rec values are FeO contents recalculated from FeOygtal,
in accordance with Carmichael [52]. Data from Table S1.
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Figure 6. Diagrams showing MgO (A) and MnO (B) contents of core vs. rim for ilmenite from the
metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion. Data from Table S1.

6.4. Fe-Ti oxide geothermometry and oxygen geobarometry.

Estimations of equilibration temperatures and oxygen fugacities were obtained for
three morphological types of ilmenite-magnetite mineral pairs from olivine meta-gabbro in the
upper part of the Sedova Zaimka intrusion (sample 13-41.5) and also for ilmenite with magnetite
rims from massive sulfides (sample 119-50.1), which is in intergrowth with Cr-bearing hercynite.
The equilibration temperatures estimated for grains with ilmenite cores and magnetite margins from
both olivine metagabbro and massive sulfides are ~570-580 °C and ~580-585 °C, respectively, and the
oxygen fugacity values approximate the NiNiO (nickel-nickel oxide) buffer ranging from —19.6
log10fO, (~585°C) to —20.1 (570 °C) log10fO, (Figure 7). The equilibration temperatures estimated
for ilmenite grains with Ti-magnetite lamellae and ilmenite-Ti-magnetite intergrowths from olivine
metagabbro, except for one case, are generally like those estimated for ilmenite core—-magnetite margin
grains (~580-584 °C and 560-573 °C, respectively). However, their oxygen fugacity values are slightly
lower and lie between the NiNiO and FMQ (fayalite-magnetite—quartz) buffers ranging from —21.1
log10fO, (~560 °C) to —20.4 (584 °C) log19fO, as shown in Figure 7.

L B L S S B B B R e e RS AR,

e
£ Ti-magnetite rim on ilmenite included in sulfides (sample 119-50.1)
@ limenite-Ti-magnetite intergrowths (sample 13-41.5)
m Grains with iimenite core and Ti-magnetite margin (sample 13-41.5)
A Ti-magnetite lamellae in ilmenite from rock matrix (sample 13-41.5)
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Figure 7. The estimation of equilibration temperatures and oxygen fugacities for three morphological
types of ilmenite-magnetite mineral pairs from olivine metagabbro in the upper part of the
Sedova Zaimka intrusion and also for ilmenite with magnetite rims from massive sulfides.
The calculations were made using the models of Andersen and Lindsley [53], with corresponding
program ILMAT [19]. Fugacity buffers are HM (hematite-magnetite), NiNiO (nickel-nickel oxide),
FMQ (fayalite-magnetite—quartz), and WM (wustite—-magnetite). Data from Table S1.
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7. Discussion

7.1. Typification of llmenites from the Sedova Zaimka Intrusion

In metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion, five types of ilmenites
are distinguished by mineralogical, textural, and compositional features (Table 1):

(i) Type I is ilmenites from ilmenite-magnetite intergrowths (ilmenite with lamellae of magnetite
and vice versa, ilmenite-magnetite intergrowths, and grains with ilmenite cores and magnetite margins)
from olivine metagabbro in the upper part of the intrusion (sample 13-41.5) and from some stratigraphic
levels in the meta-mafic unit (for example, sample 13-64.5).

(ii) Type Il is ilmenites distributed throughout most of the meta-mafic rocks (samples 13-47, 13-56.5,
13-64.5, 13-91, 13-95, 13-102.3, and 13-109.6).

(iii) Type Il is ilmenites from the lowest studied stratigraphic levels (sample 13-113.5).

(iv) Type IV is represented by ilmenites from the meta-ultramafic unit (samples 119-37.4 and 119-49).

(v) Type V is ilmenites from the massive sulfides within the metaultramafic unit (sample 119-50).

Type I ilmenite is characterized by the lowest range of TiO; (48.9-51.3 wt%), with reduced to
ideal FeOyyia1 contents (45.3—47.7 wt%). The recalculated Fe,O3 values show the widest variations
of 3.3-6.7 wt%, as well as the MgO concentrations (0.1-0.8 wt%) (Figure 5A). Impurities of MnO
and V,0s reach 1.0-2.5 wt% and 0.2-0.6 wt%, respectively; the contents of Cr,Oj3 are elevated (up to
0.2 wt%); and the levels of NiO and ZnO are negligible (Table S1; Figure 5B-D). IImenites show normal
crystallization zoning, expressed in the depletion with MgO and the enrichment with MnO of the
marginal parts of grains (Figure 6A,B).

Type Il ilmenite grains both from the rock matrix and within sulfides are more enriched in TiO,
(50.1-52.0 wt%) in comparison with Type I at comparable FeOyt, (45.1-47.6 wt%) compositions.
They have the recalculated Fe;O3; contents of 1.5-5.0 wt% and low MgO levels (up to 0.2 wt%,
with single values of ~0.4 and 0.65 wt%) (Figure 5A). Impurities of MnO and V,0s are 1.1-3.1 wt% and
up to 0.6 wt%, respectively, and the contents of Cr,Oj3 are generally low (up to 0.1 wt%; 0.24 wt% in an
ilmenite rim around chromian spinel, sample 13-47), but the levels of NiO (up to 0.3 wt%) and ZnO
(up to 0.5 wt%) are elevated (Table S1; Figure 5B-D). Ilmenite grains show an irregular distribution of
MgO in their marginal parts (Figure 6A) and no to normal crystallization zoning with respect to MnO
(Figure 6B).

Type Ill ilmenite from the lowest studied meta-mafic levels are distinct from Type II ilmenite in
lower contents of FeOya) (42.7-43.1 wt%) at higher MnO (4.5-5.3 wt%), NiO (0.38-0.44 wt%), and ZnO
(0.45-0.51 wt%) levels.

Type IV ilmenite from the meta-ultramafic unit is slightly more enriched in TiO, (51.0-52.8 wt%),
MnO (2.7-4.5 wt%), MgO (up to 0.3 wt%), and Cr,Os (up to 0.13 wt%), and a little depleted in
FeOyota) (43.7-46.2 wt%) and V05 (up to 0.5 wt%) with respect to ilmenite from the meta-mafic unit.
The ilmenite grains have negligible NiO and ZnO levels. They show no to weak reverse zoning in
MgO and are unzoned in MnO (Figure 6A,B).

Type V ilmenite from the zone of massive sulfides is characterized by relatively low TiO, contents
(50.2-52.5 wt%) at significantly low values of FeOyqy) (34.3-37.4 wt%). The recalculated Fe,O3 contents
are generally low (1.0-4.5 wt%). The levels of MgO vary from 0.05 to 0.08 wt% in ilmenites from rock
matrix to 0.2-0.5 wt% if they from sulfides (Figure 5A). The MnO contents (11.1-13.3 wt%) are the
highest among all ilmenite studied, whereas the content of other impurities is low (0.1-0.3 wt% V,05)
to negligible (NiO, ZnO, and Cr,O3). lImenite grains tend to show reverse zoning in MgO and normal
to reverse zoning in MnO (Figure 6A,B).
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Table 1. Classification of ilmenite types from metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion.

12 of 22

Morphological Features

Composition Range (wt%)

Ilmenite Type Distribution Grain Zoning
Grain Shape Exsolutions, Intergrowths Main Oxides MnO Other Impurities
Olivi tacabb (-) lamellae of Ti-magnetite;

5 1vine fﬂel Sa%lal S TO . () intergrowths with Ti-magnetite; TiO, (48.9-51.3) MgO (0.1-0.8); V1,05 (0.2-0.6); Normal with respect to both
I g (sample 13-41.5) In rock matrix: euhedral to subhedral () Ti-magnetite mantles FeOyoral (45.3-47.7) 1.0-2.5 Cr,03 (up to 0.2); negligible MgO and MnO

5] = - Fe,O3-rec * (3.3-6.7) NiO and ZnO

< . . (-) as laths in Ti-magnetite and

& Some stratigraphic levels I

& (sample 13-64.5) titanite;

g i (-) lamellae of Ti-magnetite

Throughout the intrusion  In rock matrix: euhedral to subhedral Rare ilmenife rim§ around TiO, (50.1-52.0) MgO (up to 0.2); V,0s5 (up to No to normal with respect to
1 (samples 13-47, 13-56.5, chromian spinel FeOyota) (45.1-47.6) 11-31 0.6); Cr,O3 (up to 0.1); NiO (up ~ MnO; irregular distribution of
13-64.5,13-91, 13-95, Within sulfides: subhedral to anhedral, Not ob d Fe,O3-rec (1.5-5.0) t0 0.3); ZnO (up to 0.5) MgO in marginal parts;
13-102.3, and 13-109.6) cord-like; “octahedral meshes” ** ot observe
In the lower part of the  In rock matrix: euhedral to subhedral Not observed TiO; (51.3-51.6) MgO (up to 0.1); V505 (0.1-0.3); - .
11 intrusion Within sulfides: subhedral ol FeOyora) (42.7-43.1) 45-53 Cr,03 (up to 0.1); NiO Insufficient to characterize
(sample 13-113.5) ithin sulfi es&;;:i-uiera to anhedral, Not observed Fe,O3-rec (2.4-3.1) (0.38-0.44); ZnO (0.45-0.51)

“ . . In rock matrix: euhedral to subhedral; . . .

= Throughout the intrusion N Not observed TiO;, (51.0-52.8) MgO (up to 0.3); V205 (up to No to weak reverse with
v 2 (samples 119-37.4 polycrystalline aggregates FeOxotal (43.7-46.2) 2745 0.5); Crp03 (up to 0.1); respect to MgO;

& and 119-49) Within sulfides: subhedral to anhedral, Fe;O3-rec (0.8-3.7) negligible NiO and ZnO unzoned with respect to MnO

% cord-like; “octahedral meshes”; Not observed

E polycrystalline aggregates

5
v é Massive sulfide In rock matrix: euhedral to subhedral Not observed TiO, (50.2-52.5) 111-13.3 MgO (up to 0.5); V,05 Reverse with respect to MgO;

17} mineralization . I - - FeOyota) (34.3-37.4) AT (0.1-0.3); negligible NiO, ZnO, normal to reverse with respect

= (sample 119-50) Within sulfides: subhedral to anhedral, Intergrowths with Cr-bearing Fe;Os-rec (1.0-4.5) and Cr,03 to MnO

cord-like; “octahedral meshes”

hercynite

* Fe,O3-rec = the recalculated Fe,O3 contents. ** “octahedral meshes” of ilmenite in sulfides: ilmenite occurs as coarse lamellae parallel to the octahedral parting planes of the magnetite
(see text for explanation)
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7.2. Type I Ilmenite: Implications from Magnetite—Ilmenite Intergrowths

Type I ilmenite occurs in the least modified rock, namely, olivine metagabbro from the upper
part of the Sedova Zaimka intrusion; thus, it captures most of the compositional features of primary
magmatic ilmenites. The studied grains have euhedral to subhedral morphologies indicative of
early-magmatic crystallization. Early crystallization of Fe-Ti oxides, in turn, points to elevated fO, of a
mafic melt from which the Sedova Zaimka rocks were formed.

As evidenced clearly from the mineralogical observations, the subsequent fractional crystallization
of a melt was accompanied by a gradual increase in oxygen fugacity, reflected in the successive
change of crystallizing Fe-Ti oxide phases: ilmenite (euhedral to subhedral individual grains in rocks)
— ilmenite + Ti-magnetite (subhedral, complex ilmenite-magnetite intergrowths) — Ti-magnetite
(rounded grains with magnetite rims on ilmenite and independent grains with ilmenite lamellae).

Type I ilmenite is represented mainly by ilmenite grains with thin subparallel-oriented lentiform
titanomagnetite lamellae (Figure 2A). Although natural ilmenite from igneous and metamorphic rocks
often contains magnetite exsolution [12,54-60], their origin remains controversial because magnetite
with a cubic crystal structure cannot be readily accommodated into a hexagonal crystal structure of
ilmenite. Three mechanisms have been proposed to explain such magnetite-ilmenite intergrowths [60]:
(i) direct exsolution from magnetite—ilmenite precursors [54], (ii) sub-solidus cation repartitioning
between coexisting Fe-Ti oxides [54,60], or (iii) sub-solidus reduction of magnetite in ilmenite-hematite
solid solution (Ilm-Hemyss) [12,61,62]. Despite the fact that small amounts of ilmenite can exsolve
directly from cation-deficient titanomagnetite solid solution at high temperatures and low fO, [54],
the cation-deficient ilmenite solid solution formed in a similar way should exsolve TiO, rather than
Fe304 during cooling [60]. Thus, it seems unlikely that the magnetite lamellae in Type I ilmenite
could directly exsolve from a Fe304-FeTiO3 precursor. Extensive sub-solidus re-equilibration between
ilmenite-hematite and titanomagnetite solid solutions during cooling, represented by the cation
exchange reaction between the oxides, can also be responsible for the formation of magnetite lamellae
in ilmenite [54,56,60]. However, any reversed host-guest intergrowths of magnetite and ilmenite
were observed for Type I ilmenite; therefore, this mechanism is not the appropriate one too. Thus,
magnetite exsolutions within Type I ilmenite are likely caused by a sub-solidus reduction of the
hematite component in ilmenite-hematite solid solution precursor with decreasing fO,, as shown by
Equation (1) [12,63]:

6Fe;03 (in Ilm-Hemygg) = 4Fe304 + O, @D

This mechanism is supported by the elevated TiO, content in magnetite lamellae (~3.0 wt%)
(Table S1), as the magnetite exsolutions formed by sub-solidus reduction tends to have a relatively
high TiO, content [61]. The lower calculated fO, values for ilmenite grains with Ti-magnetite lamellae
and Ti-magnetite—ilmenite intergrowths (from —21.1 to —20.4 logy9fO», e.g., between the NiNiO and
FMQ buffers) (Figure 7) are also in line with the sub-solidus reduction mechanism. The obtained
temperatures are slightly lower than those that would be expected from conditions of equilibrium
upon cooling. This result may suggest that the primary Ti-magnetite was apparently affected by late
superimposed processes. Therefore, we conclude that the calculated T-fO, parameters more likely
represent conditions of low-metamorphic re-equilibration.

Ti-magnetite, coexisting with ilmenite, is enriched in Al,O3 (0.3-2.5 wt%), Cr,O3 (1.1-2.6 wt%),
and V;,05 (1.0-3.3 wt%), and depleted in MnO (up to 0.1 wt%). Moreover, it shows irregular SiO,
values up to 0.7-1.1 wt%, with MgO contents similar to those in the host ilmenite (0.1-0.7 wt% and
0.1-0.8 wt%, respectively) (Table S1). These characteristics combined with compositional features of
ilmenite (such as the modest MnO content, the elevated MgO and Cr,O3 concentrations, the negligible
NiO and ZnO values, the normal crystallization zoning and the strong negative correlation between
MgO and MnO) indicate that the composition of Type I ilmenite is comparable with magmatic one.
Thus, low-grade metamorphic conditions have no significant effect on the composition of ilmenite and
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coexisting Ti-magnetite, whereas the T-fO, pair examination is a sensitive tool to trace even low-grade
post-magmatic events.

7.3. Types 11 to V Metamorphosed Igneous llmenite: Textural and Compositional Transformations

IImenite is a common accessory mineral in mafic and ultramafic rocks including those experienced
low- to high-grade metamorphism. In this study, all the investigated ilmenite crystals, both from
meta-mafic and meta-ultramafic units of the Sedova Zaimka intrusion, retain textural characteristics
indicative of magmatic crystallization. Concurrently, most of the studied ilmenites have values of
MgO lower than 0.3 wt% and MnO from 1 to 13.3 wt% (Figure 5), whereas igneous ilmenite from
mafic-ultramafic rocks typically contains MgO > 0.5 wt% and MnO < 1.0 wt% [22,55,64]. In addition,
the normal zoning of ilmenite grains is changed and does not correspond to the zoning expected from
magmatic crystallization (namely, the MnO and FeO enrichments of the grain margins compared to
grain cores, accompanied by MgO depletion) (Figure 6). Such compositional features indicate that
the majority of primary magmatic ilmenite has been metamorphically modified, having lost Mg and
gained Mn by diffusion from its host rocks [14,22,37].

The MnO contents vary from 1.0 to 3.1 wt% in ilmenites from the meta-mafic unit (Type Il ilmenite)
and greatly increase in the lower part of the intrusion, up to 4.5-5.3 wt% in the meta-mafic unit
(Type III ilmenite) and up to 2.7-4.5 wt% in the meta-ultramafic one (Type IV ilmenite), reaching their
greatest values of 11.1-13.3 wt% in the massive sulfide zone (Type V ilmenite) (Figure 8). The MnO
distribution as well as the narrowing of ilmenite compositional ranges throughout the stratigraphic
column are consistent with an increased tendency toward diffusional equilibrium for ilmenite and
coexisting silicates, which can reflect an increase of the metamorphic grade towards the bottom of the
Sedova Zaimka intrusion (see [22] and the references therein). The rare findings of polycrystalline
ilmenite aggregates with curved boundaries and triple junctions generated by recrystallization (Figures
2M and 3D) and the occurrence of ilmenite in intergrowth with Cr-bearing hercynite (Figure 2N),
are exclusively in the meta-ultramafic unit, and support the previous suggestion. In addition, the MnO
contents in ilmenites can be affected by changes in oxidation state of the rock or/and metamorphic
fluid during progressive alteration [22], as it was observed that the diffusion rate for Mn increases
at lower fO, [65]. This hypothesis could also explain the generally higher MnO contents of ilmenite
from the meta-ultramafic unit, as unusually reduced fluids may be developed during their early
hydration stage [66]. Relatively reducing conditions, during metamorphism of the Sedova Zaimka
mafic-ultramafic rocks, are supported by numerous mineralogical observations, such as (i) the general
absence of hematite exsolutions in ilmenite grains; (ii) the relatively low recalculated Fe;O3 contents,
less than 5 wt%, which tend to decrease in the lower part of the intrusion, showing a distribution that is
complementary to MnO (Figure 8); (iii) the absence of rutile coexisting with ilmenite (however, it also
may be because the rutile is too tiny to be identified using optical microscope); (iv) the weak distribution
of titanite, which is rarely observed in the meta-ultramafic unit; (v) the lack of magnetite; and (iv) the
predominantly pyrrhotite composition of sulfide mineralization, with negligible pyrite amounts.

IImenite from meta-mafic unit (Types II and III) is characterized by elevated ZnO (up to 0.5 wt%)
and NiO (up to 0.4 wt%) contents, indicating that these elements must be partitioned into ilmenite
relative to silicate minerals under the inferred reducing metamorphic conditions. As noted in earlier
studies [22], the behavior of ilmenite in metamorphosed ultramafic rocks is analogous to that of
chromite, but chromite does not show pronounced MnO enrichment. Thus, in meta-mafic rocks
without chromian spinel (as in this study), ilmenite can be enriched with ZnO, like chromite, and NiO,
although chromite from metamorphosed igneous rocks usually does not show any NiO enrichment.
However, ilmenites from the meta-ultramafic unit (Types IV and V) are depleted in both ZnO and NiO.
We suggest that the observed variations may be due to the preferred distribution of Ni and Zn in the
sulfide phase as the amount of sulfides in the studied meta-ultramafic levels is much higher than that
in the meta-mafic unit.
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Figure 8. Variations of MnO, MgO, and recalculated FeO and Fe;O3 (FeOrec and FepOsye., respectively)
contents in ilmenite from the metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion,
throughout lithological sections. The recalculated FeO and Fe,O3 values were obtained from FeOyqy)
contents in accordance with Carmichael [52]. Data from Table S1.

7.4. llmenite-Sulfide and Ilmenite-Titanite—Sulfide Relationships: The Background to the
Ti-Magnetite Precursors

The early stages of Fe-Ti oxide transformation are difficult to reconstruct, apparently due to the
subsequent superimposed metamorphic event. As has been shown earlier, both ilmenite and occasional
Ti-magnetite are observed in metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion,
with ilmenite crystallizing before Ti-magnetite. Titano-magnetite has a subordinate distribution and
occurs only in intergrowth with ilmenite, mainly in the upper part of the intrusion (Figure 2A-C),
whereas ilmenite is developed through the entire lithological section. Ti-magnetite does not actually
observe in association with sulfides, and exclusively ilmenite is recorded within sulfide aggregates.
Although magnetite from rock matrix is spatially combined with ilmenite-laden sulfides at separate
stratigraphic levels (Figures 2E and 3F). At the same time, mineralogical features of ilmenites that
occurs as coarse lamellae, parallel to the octahedral parting planes of the magnetite (“octahedral
meshes” of ilmenite in sulfides), point to precursors of Ti-magnetite with ilmenite lamellae, in which
magnetite was subsequently completely replaced by sulfides (Figure 2FG and Figure 3A-C) or
titanite (Figure 3E). The ilmenite lamellae within Ti-magnetite imply that the primary Fe-Ti oxides
are Ti-rich magnetite, as Ti is considered to be relatively immobile in hydrothermal fluids. Thus,
the primary mafic-ultramafic rocks of the Sedova Zaimka intrusion are characterized by significantly
larger amounts of Ti-magnetite. In this context, cord-like ilmenite developed along the ilmenite-laden
domains within sulfides (Figure 3B,C) may constitute the ilmenite rim around Ti-magnetite. We suggest
that such ilmenite rims may have resulted from local interaction between grains represented by
ilmenite-Ti-magnetite intergrowths with sulfur-rich fluids under low-fO, reduced metamorphic
conditions. However, more detailed studies are required to resolve this issue.
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The most commonly accepted mechanism for the formation of ilmenite exsolutions in magnetite
is the oxidation of the ulvospinel component at temperatures above the magnetite-ulvospinel solvus
(between ~450 and 600 °C; [67-70]) (see [71] and references therein) according to Equation (2) [12]:

6Fe, TiO4 + Oy = 2Fe304 + 6FeTiO3, 2)

The trellis-type textures of thin ilmenite lamella in all sets of {111} lattice planes of magnetite
structures, which formed as a result of this oxy-exsolution process, are rare but clearly observed in the
Sedova Zaimka metamafic unit (Figure 3E,F). IImenite exsolutions in magnetite may also result from
the sub-solvus oxidation of ulvospinel [72,73]. However, this lower temperature generation of ilmenite
is easily recognizable by patchy optical anisotropy in conformity with {111} directions of magnetite
and is not detectable in the metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion.

Titanite is developed in a small amount in the meta-mafic unit both in rock matrix and within
sulfides, and is absent in the zone of massive sulfides, as well as in the least modified olivine
metagabbro from the upper part of the intrusion. Two texture types of titanite recorded in metamafic
rocks involve the replacement of titanomagnetite (ilmenite intergrowths with titanite; Figure 3E) and the
replacement of ilmenite (titanite rims on ilmenite, titanite lamellae in Ti-magnetite; Figure 2D,1,J,L, M,
Figure 3F). The presence of titanite reflects a weak calcareous fluid oxidation event prior to sulfidation
of Ti-magnetite, and thus before the formation of the bulk of sulfides, which occurred at the regressive
stage of contact metamorphism of mafic-ultramafic rocks, simultaneously with the formation of
amphiboles of the tremolite—actinolite series, epidote, and acid plagioclase.

7.5. A General Model for Fe-Ti Oxide Evolution in Metamorphosed Mafic—Ultramafic rocks of the Sedova
Zaimka Intrusion

Based on textural and mineralogical observations provided in this study, we suggest a general
model for Fe-Ti oxide evolution in metamorphosed mafic-ultramafic rocks of the Sedova Zaimka
intrusion as the following.

Stage 1: In the early-magmatic stage, crystallization of chromian spinel, followed by the formation
of ilmenite-hematite and then Ti-magnetite (ulvospinel) solid solutions, occurred from a mafic melt
under an elevated fO, (Figure 9, Stage 1).

Stage 2: Apparently, with progressive evolution of the melt:

- Hematite lamellae were formed upon cooling through iso-chemical decomposition of an
original ilmenite-hematite solid solution below a consolute point lying at ~675-750 °C [74,75] at some
stratigraphic levels (Figure 9, Stage 2: Primitive hematite lamellae exsolved from ilmenite). However,
most of the original ilmenite grains remain undecomposed (Figure 9, Stage 2: Homogeneous primitive
ilmenite);

- Trellis-type ilmenite lamellae in all sets of {111} lattice planes of magnetite structures were formed
from Ti-magnetite precursors under relatively slightly higher fO, conditions due to the oxidation
of the ulvospinel component at temperatures between ~450 and 600 °C (according to Equation (2))
(Figure 9, Stage 2: Primitive trellis-type ilmenite lamellae exsolved from Ti-magnetite). The estimated
oxygen fugacities of —19.6 to —20.1 log19fO, (e.g., near to slightly above the NiNiO bulffer) at the
equilibration temperatures of ~560-585 °C may characterize this stage (Figure 7); however, should
bear in mind that subsequent metamorphic modifications could significantly affect the obtained
temperatures and fugacity.

Stage 3: Ilmenite lamellae within Ti-magnetite as well as hematite lamellae within ilmenite might
provide good channels to allow fluid/melt passage and mass transfer to form titanite. Based on
mineralogical observations, both ilmenite and Ti-magnetite are replaced with titanite. The presence
of titanite reflects the relatively low-temperature calcareous oxidation event. However, it is very
difficult to determine whether this calcareous event was related to late igneous or metamorphic
melt/fluids, or both. As a result, titanite rims/patches on ilmenite (due to ilmenite alterations) (Figure 9,
Stage 3: Titanite rim/patches on ilmenite) as well as titanite intergrowths with lamellar ilmenite and
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Ti-magnetite (instead of ilmenite-Ti-magnetite intergrowths) and titanite lamellae in Ti-magnetite

(instead of ilmenite lamellae) were formed (Figure 9, Stage 3: Complex ilmenite-Ti-magnetite—titanite

intergrowths). In places, ilmenite (or Ti-magnetite) seems to be completely replaced with titanite
(Figure 2L).

Stage 1: Early-magmatic stage
The crystallization of [chromian spinel] — lIm-Hem_ — Ti-Mag,,
from a mafic melt under an elevated fO,

Stage 2: Late-magmatic stage

0.1mm

0.1mm

Primitive Hem lamellae exsolved from lim

Homogeneous primitive llm Primitive trellis-type lim lamellae
exsolved from Ti-Mag

Stage 3: Late-igneous / contact metamorphic calcareous melt/fluid-induced oxidation event
Ttn

Ttn

Lomemmnmas

" ; %
.1 mm
Ttn rims/patches on Iim

Complex llm-Ti-Mag-Ttn intergrowths
Stage 4: Regressive stage of contact metamorphic low-fO, fluid-induced reduced event

Rediced
fluid flow

0.1 mm

Ti-Mag lamellae in the modified lim

The modified llm Modified lIm lamellae
X ) . i in Ti-Mag—-Ttn intergrowths
Interaction with S-rich reduced fluids

Partial lIm rim around
the pre-existing Ti-mag
Ve
1 7 8

0.1mm

.1 mm

lim with lamellae of sulfides

lim partially replaced by Ttn within sulfides “Octahedral meshes” and partial rims

of lim (+ Ttn) in sulfides

Figure 9. A general model for Fe-Ti oxide evolution in metamorphosed mafic-ultramafic rocks of
the Sedova Zaimka intrusion. Abbreviations: Ilm, ilmenite; Hem, hematite; Ti-Mag, Ti-magnetite;

Ttn, titanite; Usp, ulvospinel; IIm-Hemss, ilmenite—hematite solid solution; Ti-Magss, Ti-magnetite
(ulvospinel) solid solution. See text for explanation.



Minerals 2020, 10, 253 18 of 22

Stage 4: This stage is related to the contact metamorphic low-fO, fluid-induced reduced
event. The transformations that Fe-Ti oxides have experienced under the inferred progressive
stage of metamorphism remain unclear; a recrystallization of some ilmenite grains with the
formation of polycrystalline aggregates is only recorded. The most significant changes, apparently,
occurred under the regressive stage of metamorphism, associated with the formation of sulfide
mineralization. The reduced metamorphic fluids have modified both the previous hematite-ilmenite
and ilmenite-Ti-magnetite (+ titanite) intergrowths:

- Hematite lamellae in ilmenite were transformed to magnetite due to a sub-solidus reduction of
the hematite component with decreasing fO; (as shown by Equation (1)) (Figure 9, Stage 4: Ti-magnetite
lamellae in the modified ilmenite). Type I ilmenite was presumably formed in this way. The calculated
temperatures and oxygen fugacities of this transformation recorded in magnetite—ilmenite pairs had a
yield of ~560-585 °C and —21.1 to —20.4 log19fO, (e.g., between the NiNiO and FMQ buffers) (Figure 7).
IImenite without hematite lamellae were modified during interaction with reduced fluids (Figure 9,
Stage 4: The modified ilmenite);

- With respect to ilmenite-Ti-magnetite (+ titanite) intergrowths, the previous ilmenite lamellae are
modified (Figure 9, Stage 4: Modified ilmenite lamellae in Ti-magnetitetitanite intergrowths). During
interaction with S-rich reduced fluids: (i) the magnetite lamellae in ilmenite may replace with sulfides
(Figure 9, Stage 4: Ilmenite with lamellae of sulfides), (ii) homogeneous ilmenite are included in sulfides
(Figure 9, Stage 4: Ilmenite partially replaced by titanite within sulfides), and (iii) Ti-magnetite are
completely replaced with sulfides, and also partial ilmenite rims around the pre-existing Ti-magnetite
are apparently inducted (Figure 9, Stage 4: “Octahedral meshes” and partial rims of ilmenite (+ titanite)
in sulfides). In addition, the majority of ilmenites underwent significant compositional changes during
metamorphism, expressed in enrichment with MnO, ZnO, and NiO and depletion with MgO to
varying degrees, due to diffusion from its host rocks. Presumably, the currently observed textural and
compositional features of ilmenite belonging to types II to V were formed at this stage.

8. Conclusions

The Sedova Zaimka intrusion is a good example to trace the effect of contact metamorphism
of greenschist to low-amphibolite facies on magmatic Fe-Ti oxide assemblages, as this small
mafic-ultramafic lopolith-like body is located within the metamorphic contact aureole of a large
granite pluton. The observations presented in this study show that the recorded transformations of
Fe-Ti oxides are very similar to those reported for regional metamorphism.

IImenite from the metamorphosed mafic-ultramafic rocks of the Sedova Zaimka intrusion is
variably enriched in MnO and depleted in MgO, and shows irregular distributions of these oxides
within the grain, which is not consistent with that expected during crystallization from melt. Such MnO
and MgO patterns suggest a metamorphic overprint for the studied igneous ilmenite. Their composition
has been significantly modified by diffusion processes, involving diffusion-re-equilibrium processes for
ilmenite and the coexisting metamorphic silicate minerals. Like metamorphosed chromite, the studied
ilmenite exhibits enrichment in ZnO and NiO. These elevated ZnO and NiO contents suggest that both
Zn0O and NiO, similar to MnO, must be partitioned strongly into ilmenite relatively to silicate minerals
under the reducing contact metamorphic conditions, if chromite is absent. At the same time, negliable
contents of ZnO and NiO in ilmenites from massive sulfide-rich zones imply the preferred distribution
of Ni and Zn in the sulfide phase.

Moreover, textural observations of ilmenite—sulfide and ilmenite-titanite—sulfide relationships
indicate that Ti-magnetite, in contrast to ilmenite, is unstable in the presence of low-fO, S-rich
reduced metamorphic fluids. In this context, Ti-magnetite is completely replaced by sulfides, with the
development of peculiar “octahedral meshes” of ilmenite in sulfides. In such places within sulfides,
ilmenite occurs as coarse lamellae parallel to the octahedral parting planes of the magnetite. In turn,
ilmenite behaves as a stable phase, does not show any evidence of sulfide replacement and no rutile,
at least clearly visible, is recorded as a by-product of such potential replacement.
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