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Abstract

Mineralogical-geochemical (SIMS method) study of titanite and geochronological (ID-TIMS method) study of
garnets from mineral mines of the Southern Urals has been carried out. The mineral associations containing titanite
belong to four contrasting types: epidote-titanite-garnet (Akhmatovskaya mine); garnet-titanite-diopside
(Akhmatovskaya mine); epidote-titanite-chlorite (Nikolaje-Maksimilianovskaya mine); chlorite-titanite-garnet
(Praskovie-Evgenyevskaya mine). Titanite from mineral aggregates of the Akhmatovskaya mine is enriched with LREE
and Th, Nikolaje-Maksimilianovskaya mine — with HREE, Hf and Ta, Praskovie-Evgenyevskaya mine — with V, Cr,
and Sr. It was found that the distribution of trace and rare-earth elements in titanite is related both to the composition
of paragenetic minerals (garnet and epidote, Akhmatovskaya and Nikolaje-Maksimilianovskaya mines) and to the
influence of rock-forming minerals of the parent rock — gabbro (plagioclase and pyroxene, Praskovie-Evgenyevskaya
mine). The age of garnets (504.1+4 Ma) determined by ID-TIMS method from silicate-carbonate rocks of
the Perovskitovaya mine does not agree with the ideas about the formation of the latter as a result of contact
metasomatosis synchronous with the introduction of gabbroids or granitoids of the Kusa-Kopan complex
(1,390-1,350 Ma), but does not exclude the influence of superimposed contact metasomatosis associated with late
endogenous processes.
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Introduction

Titanite, CaTi[SiO4](O) is a common accessory mineral in rocks of various genesis: igneous,
metamorphic, metasomatic (including contact-metasomatic and hydrothermal). The crystallochemi-
cal position of Ca?* can be isomorphously replaced by Na*, K*, Mn?*, Ba?*, Sr**, Y®*, REE®*, U,
Th*, the position of Ti** — Mg?*, Fe?*, Fe3*, AP*, Cr¥*, V3 Sc3*, Zr*, Sn*, Hf**, Nb**, Ta%",
and Si*" — Ti*" and P°* [1-3]. The anionic position of O can isomorphically include F~, CI~ and
the hydroxyl group OH™. Titanite is a geochronometer mineral due to the presence of uranium and
the relatively high closing temperature of the U-Pb isotope system — about 700 °C [4-6]. Titanite is
also used to estimate temperature and pressure [7-9]. Due to its ability to accumulate trace and rare-earth
elements (REE), the content of which can change dramatically under the action of superimposed pro-
cesses, the results of REE analysis can make a significant contribution to solving the issues of petro-
genesis [10-12].

The main feature of magmatic titanite is a significant accumulation of LREE relative
to HREE [13]. During metamorphic and metasomatic processes, the ratio of LREE and HREE in
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titanite can vary greatly [14-16]. In some cases, during high-temperature hydrothermal action on
titanite, HREE may dominate over LREE [17, 18]. In general, REE fractionation in titanite during
its formation is determined by various factors: temperature, pressure, and mineral paragenesis [19].
Nevertheless, the distribution of trace and rare-earth elements in titanite from rocks of metasomatic
origin has not been well studied to date.

In this work we studied the peculiarities of the chemical composition of titanite by major, trace
and rare-earth elements from mineral aggregates formed among rocks with skarn and rodingite
associations from the Akhmatovskaya, Nikolaje-Maksimilianovskaya and Praskovie-
Evgenyevskaya mines. The mineral mines are located along the western boundary of the Middle
Riphean Kusa-Kopan clinopyroxenite-gabbro-granite intrusive complex with Lower Riphean
sedimentary rocks of the Satka Formation in the Southern Urals. The Akhmatovskaya mine
is located 16 km north of the town of Zlatoust (Chelyabinsk Region). A series of small mine
workings, the Nikolaje-Maksimilianovskaya mine, is located 3 km northeast of the Akhma-
tovskaya mine. The Praskovie-Evgenyevskaya mine is located 15 km southwest of the Akhma-
tovskaya mine in the territory of the Medvedevskoye titanomagnetite deposit open pit. The mines
were the first to discover dozens of new mineral species [20]. The diverse mineral associations
and paragenesis manifested in the mines have been widely characterized by various researchers,
but data on the chemical composition of rock-forming minerals are either fragmentary or absent.
For titanite, which was determined as the most common accessory mineral in rocks from the
Akhmatovskaya [21], Nikolaje-Maksimilianovskaya [22], and Praskovie-Evgenyevskaya [23]
mines, there are no data on the content of trace and rare-earth elements.

The problem of age estimation of rocks uncovered by mineral mine in the Southern Urals
is also open, as well as the problem of dating metasomatic formations. Due to the absence of classical
geochronometer minerals (e.g., zircon [24]) in the rocks, U-Pb dating of an unconventional
geochronometer mineral — calcium garnet (rich in U) from silicate-carbonate rocks of the Perovskito-
vaya mine, which is located in the Satka Formation and is situated between the Akhmatovskaya and
Praskovie-Evgenyevskaya mines, was carried out using the ID-TIMS method. These data comple-
ment the study of the composition of garnets from silicate-carbonate rocks [25].

Methods

For the mineralogical and geochemical study of titanite, the scientific and auxiliary fund of the
Mining Museum of Empress Catherine 11 Saint Petersburg Mining University provided four pieces
from the study collection: 851/7 — medium-crystalline aggregate of diopside with titanite and garnet
(andradite-grossular series) on chlorite-pyroxene rock (Akhmatovskaya mine); 851/34 — large-
medium crystalline aggregate with epidote-titanite-clinochlore association on chlorite schist (Niko-
laje-Maksimilianovskaya mine); 851/42 and 851/44 — medium crystalline aggregates of chlorite and
titanite with garnet (andradite-grossular series) on amphibole-pyroxene-plagioclase rock or gabbro
(Praskovie-Evgenyevskaya mine). In addition, titanite from medium crystalline epidote-titanite-
garnets druse developed on pyroxene-garnet-chlorite rock selected by the authors among the rocks of
the Akhmatovskaya mine (Akhm-12) was studied.

Mineralogical study of the samples and description of the relationship between the mineral
associations were carried out at the Department of Mineralogy, Crystallography and Petrography of
Mining University. Photographs were taken at the Mining Museum using an OLYMPUS SZX16 ste-
reomicroscope with a built-in DP74 camera. To estimate the content of major, trace and rare-earth
elements, 19 titanite grains of comparable size (from 1 to 2 mm) from different mineral associations
were selected: epidote-titanite-garnet (Akhmatovskaya mine, 3 grains); garnet-titanite-diopside
(Akhmatovskaya mine, 3 grains); epidote-titanite-chlorite (Nikolaje-Maksimilianovskaya mine,
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5 grains); chlorite-titanite-garnet (Praskovie-Evgenyevskaya mine, 4 grains); garnet-titanite-chlo-
rite (Praskovie-Evgenyevskaya mine, 4 grains). Geochemical study of titanite was carried out after
preliminary manufacture of standard preparations (washers) from epoxy resin with a diameter of
2.5 cm. The washers were ground and polished to the surface of approximately the middle of all
titanite grains.

The major elements were determined at the Institute of Precambrian Geology and Geochro-
nology of the RAS in the central and marginal parts of titanite grains by the SEM-EDS method on a
JEOL JSM-6510 LA scanning electron microscope with a JED-2200 energy dispersive spectrometer.
Based on these data, the crystallochemical coefficients of titanite were calculated using the anionic
method for 5 oxygen atoms (O =5) [26].

The content of trace and rare-earth elements in the same parts of titanite grains was determined
by secondary ion mass spectrometry (SIMS). The measurement was carried out on the ion probe
Cameca IMS-4f in the Yaroslavl branch of the Institute of Physics and Technology of the RAS. The
size of the analysis area did not exceed 20 pm in diameter. The relative error of measurement did not
exceed 10-15 %. The detection threshold was 0.005-0.010 ppm. When plotting the distribution spec-
tra the REE content in titanite was normalized to the composition of chondrite CI [27].

To reveal the distribution patterns of rare and rare-earth elements in the considered titanite, the
principal component analysis (PCA) method was applied [28-30]. This method is successfully applied
to reveal the peculiarities of rare-element composition of titanite [19, 31, 32]. The results of the PCA
method were obtained in the software package Statistica 10 for pre-normalized analytical data
(by logarithmization) [33]. The calculations of the titanite formation temperature were made using
a geothermometer of Zr in titanite [7].

Geochronological study of garnet from silicate-carbonate rocks of the Perovskitovaya mine
was carried out by U-Pb method (ID-TIMS, IPGG RAS). Preliminary isolated garnet grains up to
2 mm in size were cleaned from aggregates of other minerals in ultrapure water in an ultrasonic
bath, then washed from surface contaminants with 2N or 3.3N HCI solution at 80 °C for 15 min
and ultrapure water at the same temperature. Decomposition of garnet was carried out in metal
bombs with Teflon liners in a mixture of concentrated acids: HF and HNO3 (3:1) at 220 °C. The
separation of Pb from garnet was carried out by ion-exchange chromatography using Bio-Rad
AG 1-X8 resin according to the HBr-HCI method [34]. U extraction was performed on UTEVA
resin by Eichrome [35]. A mixed #°U+2%Pb indicator was used to determine the Pb and U con-
tent. Isotopic ratios of Pb and U were measured on a Triton TI1 multicollector mass spectrometer.
Contamination in the experiment did not exceed 50 pg for Pb and 2 pg for U. Processing of
the results of Pb and U isotopic analysis and age calculation were performed using the PbDat
program and the Microsoft Excel program add-in Isoplot 3.70. The construction of discordia by
five figurative points was performed taking into account the error of U-Pb ratios equal to 0.5 %.

Results

Samples characterization. The sample Akhm-12 in the Akhmatovskaya mine is a chlorite-
pyroxene-garnet rock (pyroxene-garnet skarn), which fracture or cavity is made by a coarser-
grained epidote-titanite-garnet aggregate (Fig.1, a). Crystals of green columnar epidote are single,
their size does not exceed 2 mm. Titanite has white or pale beige color and prismatic or wedge -
shaped form, forms characteristic flattened crystals (“envelopes”) from the first millimeters to
the first centimeters in size. Garnet is represented by solid masses (aggregates) of cherry-red to
dark red crystals with a combination of tetragon-trioctahedral and rhombododecahedral habitus.
Garnet grains vary in size from the first millimeters to the first centimeters. On the surfaces of
facets between titanite and garnet crystals, as well as epidote and garnet, induction hatchings are
observed, which indicate the joint formation of these minerals.

Sample 851/7 was selected among the rocks cut by the Akhmatovskaya mine. It is predominantly
composed of chlorite-pyroxene rock (pyroxene skarn), in which fracture or cavity an aggregate of
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Fig.1. Titanite of different mineral associations: a — epidote-titanite-garnet (sam. Akhm-12);
b — garnet-titanite-diopside (sam. 851/7); ¢ — epidote-titanite-clinochlore (sam. 851/34);
d, e — chlorite-titanite-garnet: d — garnet in subordinate quantity (sam. 851/42), e — garnet
prevails (sam. 851/44); f — contact of silicate-carbonate rock and chlorite-calcite vein (sam. Prv-9)

Chl - clinochlore; Di — diopside; Ep — epidote; Grt — andradite-grossular garnet;
PI — plagioclase (albite — oligoclase — andesine); Ttn — titanite

diopside, titanite, and garnet is formed (Fig.1, b). Crystals of dark red isometric garnet are either
single or form small clusters of grains barely exceeding 1 mm in size. Titanite has a white or pale
beige color, prismatic or tablitic appearance, and an average size of 1.5 mm. Pale green diopside is
formed by solid masses and hexagonal aggregates without pronounced crystallographic outlines,
which size researches 5 mm — idiomorphic grains of titanite and garnet are developed along them.
At the same time, the contacting faces of titanite and garnet have developed induction hatching, indi-
cating the simultaneous growth of these two minerals.

Stuff 851/34, selected among the rocks of the Nikolaje-Maksimilianovskaya mine, mainly
consists of vein epidote-titanite-chlorite aggregate with small fragments of the parent rock — chlo-
rite schist (Fig.1, c). Epidote of pistachio-green color and prismatic appearance varies in size
from 1 to 10 mm. Crystals of titanite of pale beige color with greenish tinge are characterized
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by wedge-shaped forms and tabular appearance — their size reaches 1.5 cm. Chlorite (probably,
clinochlore) of dark green (close to swamp-green or black) color forms large scale aggregates of
crystals of hexagonal-plate or tablite form. Its size varies from the first millimeters and reaches
3-4 cm. In the zones of contact between the faces of epidote and titanite, titanite and chlorite,
epidote and chlorite, induction shading is formed, which is an indicator of the joint growth of
these minerals.

Samples 851/42 and 851/44 were selected in the rocks cut by the Praskovie-Evgenyevskaya mine
and are gabbro, where crystalline aggregates of chlorite and titanite with garnet of andradite-grossular
series are formed on the walls of fractures or cavities. Stuffs differ from each other by the amount of
garnet (Fig.1, d, e). Chlorite forms finely scaly aggregates of swamp-green (up to black) color up to
3 mm in size (the size of some individuals reaches fractions of a millimeter). Titanite has a light green
color with a yellowish tinge and a flattened short-prismatic appearance — its size reaches 5 mm
(average 2 mm). Garnet from honey to light red color forms solid granular masses without obvious
crystallographic forms, the sizes of separate individuals are equal to fractions of a millimeter.
The marked minerals grow on tablite-prismatic grains of white or beige plagioclase (albite, oligoclase
or andesine). In the contact zones of chlorite aggregates with garnet or titanite, as well as on the faces
of titanite and garnet, induction hatching.

In most cases there is a sharp boundary between the host rock and “brushes” of minerals growing
on the walls of fractures and voids in these rocks. This fact, as well as the results of mineralogical
observations, indicate that the mineral associations described above are most likely formed as a
result of hydrothermal process accompanying contact metasomatosis. At the same time, the studied
samples can be attributed to four rather contrasting mineral associations: epidote-titanite-garnet
(Akhmatovskaya mine); garnet-titanite-diopside (Akhmatovskaya mine); epidote-titanite-chlorite
(Nikolaje-Maksimilianovskaya mine); chlorite-titanite-garnet (Praskovie-Evgenyevskaya mine).
Directly paragenic minerals for titanite in them are: garnet and epidote; garnet; epidote and cli-
nochlore; chlorite (clinochlore?) and garnet.

Sample Prv-9 (Fig.1, f) from the Perovskitovaya mine is a contact between silicate-carbonate
rock and a chlorite-calcite vein. The silicate-carbonate component, which served as a basis for the
isolation of garnet monofraction for U-Pd dating, has a fine-grained structure and consists mainly of
gray-blueish calcite mass, in which minerals of the olivine group (presumably forsterite or monticel-
lite), garnet (andradite-schorlomite-morimotoite series), chlorite, and humite (clino-humite or
hydroxylclino-humite) are common. This rock is diagnosed as silicate marble-marl. Chlorite-humite
mineralization is common in the contact zone. The vein part is composed of large-crystalline grayish-
blue calcite, dark green medium-sized chlorite (probably clinochlore) of prismatic appearance and
medium-crystalline dark gray magnetite.

Characteriztion of titanite composition by major elements. Based on the results of titanite study
by SEM-EDS method in the composite contrast mode, the homogeneous structure of all titanite grains
was established. It is possible that the absence of zonality is a characteristic feature of titanite
from the studied samples. The calculated formula coefficients for titanite grains in the central (C)
and edge (E) parts are presented in Table 1-3. The composition of titanite by main elements from
the samples (1-19) taken in different mine workings has no principal differences among them-
selves and is characterized by insignificant variation of Al. For titanite sampled from the rocks
of the Akhmatovskaya mine, the typical -crystallochemical formula corresponds to
Ca1.00(Tio.96Al0.0sF€0.01)1.02[ Si1.0004](O). For titanite sampled from the rocks of the Nikolaje-Maksi-
milianovskaya and Praskovie-Evgenyevskaya mines — Cai.o3(Tio.95Al0.04F€0.01)1.00[Si1.0004](O) and
Caz.00(Tio.95Al0.05F€0.02)1.02[ Si1.0004](O), respectively.
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Table 1
Composition and temperature of titanite formation from mineral aggregates of Akhmatovskaya mine
Akhm-12 851/7
Component
1c | 1E | 2¢c | 2E | 3¢ | 3E ac | 4 | 5¢c | 5 | oC | 6E

Oxides of major elements, wt.%

SiO2 30.11 | 30.27 | 30.37 | 30.16 | 29.87 | 30.70 | 30.68 | 30.07 | 29.72 | 29.64 | 29.67 | 30.61
TiO2 38.81 | 38.11 | 37.88 | 3852 | 39.20 | 3845 | 3897 | 3959 | 3848 | 38.83 | 39.76 | 38.22
Al2O3 1.67 1.70 1.69 1.54 1.59 1.46 1.27 1.20 1.29 1.38 1.32 1.89
FeO 0.68 0.58 0.48 0.62 0.55 0.50 0.47 0.61 0.61 0.45 0.29 0.49
CaO 28.73 | 29.33 | 29.09 | 29.16 | 28.79 | 2890 | 28.60 | 2852 | 28.74 | 29.70 | 2896 | 28.78
D com 100.00 | 99.99 | 99.51 | 100.00 | 100.00 | 100.01 | 99.99 | 99.99 | 98.84 | 100.00 | 100.00 | 99.99

Formula coefficients (O = 5)

Si 0.98 0.99 1.00 0.99 0.98 1.00 1.00 0.98 0.98 0.97 0.97 1.00
Ti 0.95 0.94 0.94 0.95 0.96 0.94 0.96 0.97 0.96 0.96 0.98 0.94
Al 0.06 0.07 0.07 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.07
Fe 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.01
Ca 1.01 1.03 1.02 1.02 1.01 1.01 1.00 1.00 1.02 1.04 1.01 1.00

2 cations 3.02 3.05 3.04 3.04 3.03 3.02 3.02 3.02 3.03 3.03 3.02 3.02

Trace elements, ppm

\ 306 308 292 504 147 147 461 384 371 349 555 404
Cr 21.6 47.6 21.6 18.0 27.8 24.7 14.2 135 35.2 25.2 13.8 22.3
Sr 82.8 89.2 82.4 88.8 92.8 94.1 88.8 87.0 92.9 87.4 80.4 79.0
Y 105 9.9 10.1 10.2 12.7 11.6 30.6 325 11.8 111 20.2 13.2
Zr 225 223 219 234 373 376 739 511 330 256 724 292
Nb 152 132 159 158 221 220 110 143 255 174 719 199
Ba 2.28 2.56 1.90 2.59 4.15 4.06 541 4.47 5.28 5.43 2.97 3.99
La 11.3 11.0 113 11.9 11.2 10.5 82.3 62.5 12.6 9.5 16.6 10.6
Ce 51.0 59.6 62.4 66.9 80.0 77.1 433 318 84.1 70.8 136 75.5
Pr 114 13.0 14.6 14.8 26.7 25.6 99.5 78.1 27.6 225 41.7 26.6
Nd 63.3 73.6 86.1 91.7 207 201 622 495 224 185 334 214
Sm 15.5 19.0 20.0 231 51.8 55.3 109 99.3 545 544 104 52.8
Eu 5.90 6.35 7.43 7.89 15.6 16.2 29.0 27.2 16.1 15.3 27.9 16.6
Gd 6.10 10.1 9.01 10.9 249 22.5 41.8 32.3 219 18.9 27.3 24.0
Dy 3.43 3.38 4.05 4.16 8.79 8.12 20.0 18.0 8.11 7.88 145 8.96
Er 0.56 0.71 0.46 0.91 1.13 1.03 3.34 2.53 1.91 1.27 2.29 1.42
Yb 0.46 0.34 0.40 0.38 1.89 1.19 241 2.63 1.75 0.63 1.84 1.12
Lu 0.16 0.12 0.17 0.20 0.31 0.32 0.74 0.75 0.31 0.25 0.59 0.34
Hf 7.69 7.03 6.98 6.21 11.2 12.2 18.0 13.0 9.67 7.25 21.3 8.53
Ta 4.15 3.15 3.21 3.01 5.51 531 2.38 3.53 6.84 4.60 14.1 5.42
Th 0.03 0.05 0.02 0.08 0.29 0.20 1.72 1.52 0.29 0.24 0.71 0.24
U 0.17 0.13 0.13 0.17 1.36 1.10 1.83 1.75 1.20 1.29 3.60 1.41
>REE 169 197 216 233 429 419 1,444 | 1,137 453 387 707 432

XLa-Nd 137 157 174 185 325 314 1,237 954 348 288 528 327
2Gd-Lu 10.7 14.6 14.1 16.5 37.0 33.2 68.3 56.2 34.0 29.0 46.5 359
LREE/HREE| 12.8 10.7 12.4 11.2 8.78 9.48 18.1 17.0 10.3 9.93 114 9.11
Ce/Ce* 1.08 1.20 1.18 1.22 1.12 1.14 1.16 1.10 1.09 1.17 1.25 1.09
Eu/Eu* 1.85 1.40 1.69 1.52 1.32 1.40 1.30 1.46 1.42 1.45 1.59 1.42
Zr/Hf 29.3 31.7 314 37.7 331 30.9 41.0 39.4 34.2 35.3 33.9 34.2
Nb/Ta 36.6 42.0 495 52.3 40.2 413 46.1 40.6 37.2 37.8 511 36.6
Th/U 0.17 0.40 0.13 0.46 0.21 0.18 0.94 0.87 0.24 0.19 0.20 0.17

Formation temperature of titanite

7,°c | 682 | 682 | 681 | 685 | 709 | 709 | 747 | 726 | 702 | 689 | 746 | 696
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Table 2

Composition and temperature of titanite formation from mineral aggregates of the Nikolaje-Maksimilianovskaya mine

851/34
Component
7-C 7-E 8-C 8-E 9-C 9-E 10-C 10-E 11-C 11-E
Oxides of major elements, wt.%
SiO2 31.54 29.28 30.33 30.57 30.01 30.34 29.83 29.31 29.90 29.65
TiO2 38.52 39.32 39.45 38.57 39.57 38.77 39.87 38.82 38.06 39.61
Al203 1.53 1.04 1.05 1.13 0.80 1.60 0.92 1.40 2.01 1.13
FeO 0.56 0.32 0.54 0.36 0.55 0.61 0.41 0.52 0.80 0.44
Cao 27.85 28.85 28.62 29.37 29.07 28.67 28.66 28.29 29.12 29.17
2 com 100.00 98.81 99.99 100.00 100.00 99.99 99.69 98.34 99.89 100.00
Formula coefficients (O = 5)
Si 1.02 0.97 0.99 1.00 0.98 0.99 0.98 0.97 0.98 0.97
Ti 0.94 0.98 0.97 0.95 0.97 0.95 0.98 0.97 0.94 0.98
Al 0.06 0.04 0.04 0.04 0.03 0.06 0.04 0.05 0.08 0.04
Fe 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.01
Ca 0.97 1.02 1.00 1.03 1.02 1.00 1.01 1.01 1.02 1.02
> cations 3.01 3.02 3.01 3.03 3.02 3.02 3.02 3.01 3.04 3.02
Trace elements, ppm
\% 613 365 569 1255 478 460 514 553 402 709
Cr 20.3 31.0 23.4 124 27.6 29.0 24.0 23.4 21.9 20.6
Sr 102 87.5 79.5 85.9 98.8 106 96.5 95.7 94.6 93.3
Y 340 527 424 215 390 432 322 311 576 444
Zr 418 240 296 226 357 570 314 334 253 199
Nb 186 442 313 184 217 519 282 242 417 165
Ba 4.80 6.65 4.30 2.56 17.2 3.53 2.64 2.64 2.84 2.73
La 0.59 0.43 0.40 0.80 0.15 0.58 0.16 0.17 0.42 0.24
Ce 1.58 2.57 291 0.61 0.65 3.16 0.83 0.84 2.43 143
Pr 0.61 0.99 1.00 0.51 0.37 1.25 0.36 0.35 0.92 0.54
Nd 4.46 8.35 104 2.44 3.53 9.89 2.84 2.54 7.98 6.20
Sm 411 7.86 10.6 3.41 5.75 9.50 3.26 3.50 10.1 8.84
Eu 4.53 5.19 5.78 1.35 4.96 5.48 2.54 2.59 6.33 6.69
Gd 11.9 19.0 22.7 9.4 16.3 20.0 8.4 8.4 23.6 24.2
Dy 35.7 61.3 53.8 28.6 47.7 53.4 313 30.8 69.9 62.0
Er 39.0 51.9 41.8 25.7 39.6 40.7 34.1 34.7 52.9 41.1
Yb 45.8 51.3 415 29.0 41.7 45.0 46.9 42.0 54.3 35.1
Lu 4.78 5.93 4.48 2.81 4.35 5.16 4.39 4.70 6.12 4.18
Hf 31.7 275 30.6 22.4 31.1 34.7 26.9 26.2 36.7 26.1
Ta 8.28 22.5 13.8 8.39 10.3 21.2 9.81 8.27 21.3 11.6
Th 0.03 0.06 0.09 0.07 0.02 0.06 0.03 0.05 0.09 0.05
U 1.02 0.82 0.80 0.09 0.74 0.97 0.37 0.51 117 1.01
>REE 60.0 76.1 38.3 35.6 24.4 9.2 16.9 8.40 32.8 31.1
>La-Nd 15.0 17.9 8.73 9.50 5.42 2.54 4.18 2.61 9.61 7.38
¥Gd-Lu 35.1 46.0 23.2 20.9 147 5.17 9.85 4.09 16.9 18.0
LREE/HREE 0.43 0.39 0.38 0.45 0.37 0.49 0.42 0.64 0.57 0.41
Ce/Ce* 0.63 0.96 111 0.23 0.67 0.90 0.83 0.82 0.95 0.96
Eu/Eu* 1.97 1.29 1.13 0.73 1.56 1.21 1.48 1.46 1.25 1.40
Zr/Hf 14.6 14.2 8.9 13.0 13.9 234 21.0 23.8 147 10.9
Nb/Ta 40.1 42.5 42.8 36.7 19.6 374 34.4 27.6 31.8 16.8
Th/U 0.61 0.46 0.65 0.57 0.33 0.59 0.31 0.75 1.45 0.67
Formation temperature of titanite
r°c | 715 | 68 | 697 | 683 | 706 | 732 | 700 | 703 | 688 | 676
82
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Table 3

Composition and temperature of titanite formation from mineral aggregates of Praskovie-Evgenyevskaya mine

851/42 851/44
Component
12-C | 12:€ [ 13-C [13-E| 14C | 14-E [ 15C [ 15-E | 16-C | 16-E | 17-C | 17-E | 18-C [18-E| 19C [19-E
Oxides of major elements, wt.%
SiO2 30.69 | 30.11 | 30.57 |30.10( 30.03 | 30.02 | 30.64 | 30.83 {30.20| 30.11 | 30.04 | 30.43 | 30.96 [31.04| 30.61 |30.81
TiO2 39.96 | 39.34 | 38.89 |39.75| 38.77 | 39.22 | 38.83 | 38.85 |39.33| 39.19 | 39.39 | 39.37 | 38.52|38.80| 39.73 | 38.94
Al203 098 | 087|113 |121|114 | 118 | 123 | 116 {1.05| 0.81 | 1.11 | 0.78 | 1.22 | 1.09 | 0.84 | 0.88
FeO 0.24 | 0.67 | 049 | 0.39| 057 | 053 | 059 | 0.72 | 057 | 0.42 | 0.42 | 0.39 | 0.48 | 0.46 | 0.19 | 0.36
CaO 28.97 | 29.01 | 28.93|28.54| 29.50 | 29.05 | 28.71 | 28.44 |28.84| 29.48 | 29.04 | 29.03 | 28.82 [28.60| 28.63 |29.00
> com 100.84(100.00(100.01/99.99|100.01{100.00{100.00{100.00/99.99|100.01|100.00{100.00{100.00{99.99|100.00|99.99
Formula coefficients (O = 5)
Si 099 | 099 | 1.00 {098 | 098 | 0.98 | 1.00 | 1.01 |099| 099 | 098 | 1.00 | 1.01 |1.01| 1.00 |1.01
Ti 0.97 | 0.97 | 0.95 | 098 | 0.96 | 0.97 | 095 | 0.95 | 0.97| 0.97 | 0.97 | 0.97 | 0.95 | 0.95| 0.97 | 0.96
Al 0.04 | 0.03 | 0.04 |0.05| 0.04 | 0.05| 0.05 | 0.04 |0.04| 0.03 | 0.04 | 0.03 | 0.05 |0.04| 0.03 | 0.03
Fe 0.01 | 0.02 | 001 |0.01| 0.02 | 0.01 | 002 | 002 |002|001|001]0.01]|0.010001]|0.01]0.01
Ca 100|102 | 101|100 1.04 | 1.02 | 1.00 | 099 {101 1.03 | 1.02 | 1.02 | 1.01 |1.00| 1.00 |1.01
> cations 3.01 | 3.03 | 3.01 |302| 3.04 | 3.03| 3.02 | 3.01 |3.03| 3.03 | 3.02 | 3.03 | 3.03 |3.01| 3.01 |3.02
Trace elements, ppm
\Y% 3,886 | 3,773 | 3,978 |3,837| 3,435 | 3,619 | 4,048 | 3,796 |3,905]| 3,211 | 3,617 | 3,299 | 3,599 |3,699| 3,046 |3,553
Cr 177 | 159 | 173 | 140 | 143 | 139 | 154 | 139 | 138 | 110 | 115 | 106 | 107 |[97.9| 138 | 115
Sr 142 | 157 | 135 | 136 | 134 | 130 | 118 | 111 | 123 | 106 | 110 | 112 | 115 | 115 | 106 | 113
Y 748 | 96.0 | 50.0 | 42.2| 353 | 140 | 20.1 | 10.6 | 30.4| 39.8 | 165 | 43.7 | 21.3 | 18.0| 28.4 | 21.2
Zr 63.3 | 971 | 242 |316| 38.0 | 17.0 | 23.7 | 193 {328 | 215 | 238 | 279 | 189 | 216 | 175 | 27.1
Nb 109 (1426 49.0 |57.2| 149 | 848 | 198 | 6.08 {289 | 16.0 | 16.9 | 39.7 | 19.9 | 214 | 135 |43.0
Ba 48.0 | 220 | 143 {112 | 135 | 253 | 259 | 2.06 | 3.86 | 6.63 | 4.69 | 3.24 | 3.20 | 4.10 | 3.33 | 2.47
La 051 |05 | 025|031 014 |010]| 010 | 007 |029| 0.22 | 0.16 | 0.31 | 0.12 | 0.16 | 0.23 | 0.17
Ce 343 | 437 | 193 |229| 113 | 052 | 0.97 | 0.58 [ 259 | 156 | 092 | 238 | 0.73 | 0.89 | 1.69 | 1.14
Pr 112 | 134 | 072 |0.75| 040 | 0.18 | 0.29 | 0.17 | 0.74 | 059 | 0.33 | 1.04 | 0.26 | 0.26 | 0.65 | 0.40
Nd 995 | 116 | 583 |6.15| 3.74 | 1.73 | 281 | 1.78 | 6.00 | 5.01 | 296 | 8.72 | 225 | 241 | 5.81 | 3.65
Sm 542 | 6.73 | 354 |3.00| 235|092 | 1.73 | 1.09 |405| 3.39 | 1.70 | 3.82 | 1.40 | 148 | 2.74 | 1.80
Eu 442 | 543 | 2.86 [ 2.19| 1.87 | 059 | 1.13 | 0.61 | 222 | 233 | 1.06 | 2.88 | 1.06 | 1.03 | 2.42 | 1.23
Gd 6.97 | 9.29 | 492 |405| 323 | 1.17 | 1.80 | 1.00 | 488 | 441 | 1.82 | 463 | 1.90 | 1.50 | 3.73 | 1.89
Dy 101 | 125 | 6.17 | 513 | 424 | 1.33 | 230 | 1.00 [ 4.29| 6.17 | 219 | 5.97 | 259 | 2.02 | 4.61 | 2.25
Er 6.86 | 9.35 | 473 |4.07| 3.15 | 1.13 | 1.90 | 0.80 | 346 | 3.77 | 1.29 | 3.25 | 2.08 | 1.79 | 242 | 1.75
Yb 993 | 131 | 641 | 668 | 3.62 | 1.32 | 3.39 | 1.13 | 3.79| 3.13 | 1.88 | 4.46 | 2.62 | 284 | 2.42 | 3.95
Lu 131 | 176 | 092 |09 | 049 | 0.21 | 045 | 0.16 | 0.49| 048 | 0.28 | 0.70 | 0.38 | 0.35 | 0.45 | 0.53
Hf 435 | 684 | 271 | 242| 274 | 0.73 | 1.13 | 0.81 | 223 | 1.97 | 1.30 | 3.79 | 0.93 | 0.97 | 1.54 | 1.38
Ta 271|335 | 114 |156| 0.76 | 0.23 | 0.58 | 0.22 {091]| 0.95 | 0.58 | 1.70 | 0.48 | 0.62 | 0.99 | 1.30
Th 022 | 0.27 | 011 | 0.11| 0.02 | 0.03 | 0.04 | 0.02 |0.16| 0.08 | 0.11 | 0.34 | 0.03 | 0.09 | 0.15 | 0.13
U 035|059 | 018 {0.19| 006 | 0.05 | 0.13 | 0.02 {0.12| 0.23 | 0.10 | 0.20 | 0.07 | 0.13 | 0.14 | 0.29
YREE 146 | 382 | 154 | 14.7| 27.2 | 188 [153.1|214.9| 195 | 105 | 165 | 194 | 135 | 131 | 235 | 191
YLa-Nd 437 | 125 | 3.36 [ 3.73| 838 | 5635 | 7.25 | 123 | 14.7 | 437 | 469 | 149 | 420 | 3.90 | 11.8 | 8.42
2Gd-Lu 7.46 | 19.0 | 957 | 850 | 136 | 10.4 | 137.2|189.5| 164 | 955 | 150 | 164 | 125 | 121 | 207 | 167
LREE/HREE| 0.59 | 0.65 | 0.35 [ 0.44| 0.62 | 0.52 | 0.05 | 0.07 | 0.09 | 0.05 | 0.03 | 0.09 | 0.03 | 0.03 | 0.06 | 0.05
Ce/Ce* 110|122 | 110 {114 | 114 | 094 | 1.36 | 1.24 |1.36| 1.04 | 0.96 | 1.01 | 0.99 | 1.06 | 1.06 | 1.08
Eu/Eu* 219 |1 209 | 209 (191|207 | 1.73 | 195 | 1.77 {152]| 1.83 | 1.83 | 2.09 | 1.98 | 2.11 | 2.31 | 2.04
Zr[Hf 182 | 735 | 203 | 222 | 11.3 | 196 | 13.2 | 874 |9.67 | 10.1 | 115 | 165 | 11.7 | 12.7 | 6.89 | 7.62
Nb/Ta 292 | 233 | 415 | 348 | 136 | 331 | 225 | 196 [ 227 ]| 219 | 21.1 | 244 | 288 | 29.3 | 19.6 | 14.2
Th/U 1.08 | 1.69 | 0.45 | 0.70 | 1.08 | 0.46 | 0.03 | 0.08 |0.11| 0.84 | 0.03 | 0.07 | 0.08 | 0.10 | 0.08 | 0.05
Formation temperature of titanite
T,°C | 622 | 642 | 581 | 592 | 600 | 567 | 580 | 572 | 594 | 576 | 580 | 587 | 571 | 577 | 568 | 586
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Characterization of titanite composition by rare elements. In contrast to the main elements, the
content of rare elements in titanite varies widely. Titanite from the chlorite-titanite-garnet association
(Praskovie-Evgenyevskaya mine) has an increased content of Cr, V, and Sr with a decreased concen-
tration of Ta, Nb, Hf and Zr. Table 4 shows the median, minimum and maximum for the content of
these elements in comparison with titanite from other mineral associations, which is enriched in Ta,
Nb, Hf and Zr and depleted in Cr, V, and Sr. The titanite from the epidote-titanite-clinochlore asso-
ciation of the Nikolaje-Maksimilianovskoe mine is characterized by a significantly increased (by an
order of magnitude) Y content. The content of Ba, U and Th in titanite is characterized by the least
variability in comparison with other elements.

Table 4
Values of some statistical parameters for rare elements in the composition of titanite
Mine Association Parameters \% Cr Sr Y Zr Nb Ba Hf Ta Th ]
Akhmatovskaya |Epidote-titanite-| Median 299 | 23.2 | 89.0 | 10.3 | 230 | 158 | 2.57 | 7.36 | 3.68 | 0.06 | 0.17
(n=6) garnet Minimum | 147 | 18.0 | 82.4 | 9.94 | 219 | 132 | 1.90 | 6.21 | 3.01 | 0.02 | 0.13

Maximum | 504 | 47.6 | 94.1 | 12.7 | 376 | 221 | 4.15 |12.18| 5.51 | 0.29 | 1.36
Garnet-titanite- | Median | 394 | 18.3 | 87.2 | 16.7 | 421 | 186 | 4.87 | 11.3 | 5.01 | 0.50 | 1.58

diopside Minimum | 349 | 135 | 79.0 | 11.1 | 256 | 185 | 2.97 | 7.25 | 2.38 | 0.24 | 1.20
Maximum | 555 | 35.2 | 92.9 | 325 | 739 | 719 | 5.43 | 21.3 | 14.1 | 1.72 | 3.60

Nikolaje- Epidote-titanite-| Median 534 | 23.4 | 95.1 | 407 | 305 | 262 | 3.18 | 29.0 | 10.9 | 0.06 | 0.81
Maksimilianovskaya chlorite Minimum | 365 | 12.4 | 795 | 215 | 199 | 165 | 2.56 | 22.4 | 8.27 | 0.02 | 0.09

(n=10) Maximum |1,255| 31.0 | 106 | 576 | 570 | 519 | 17.2 | 36.7 | 22.5 | 0.09 | 1.17
Praskovie- Chlorite-titanite-| Median |3,816| 149 | 135 | 38.8 | 27.9 | 344 | 2.29 | 257 | 0.95 | 0.07 | 0.15
Evgenyevskaya garnet (little | Minimum |3,435| 139 | 111 | 10.6 | 17.0 | 6.08 | 1.12 | 0.73 | 0.22 | 0.02 | 0.02
(n=8) gamet) Maximum [4,048| 177 | 157 | 96.0 | 97.1 | 143 | 48.0 | 6.84 | 3.35 | 0.27 | 0.59

Chlorite-titanite-| Median [3,576| 113 | 112 | 24.8 | 22.7 | 20.7 | 3.59 | 1.46 | 0.93 | 0.12 | 0.13
garnet (garmet | Minimum |3,046| 97.9 | 106 | 16.5 | 17.5 | 135 | 2.47 | 0.93 | 0.48 | 0.03 | 0.07
prevails) Maximum |3,905| 138 | 123 | 43.7 | 32.8 | 43.0 | 6.63 | 3.79 | 1.70 | 0.34 | 0.29

Figurative points of titanite on the binary diagram in coordinates of V and Cr contents in (Fig.2, a)
are arranged in the form of two discrete groups. One group (compact arrangement of points) is titanite
from chlorite-titanite-garnet association of Praskovie-Evgenyevskaya mine with V and Cr content not
less than 3,000 and 100 ppm, respectively. Another (scattered cluster of points) is titanite from min-
eral aggregates of Akhmatovskaya and Nikolaje-Maksimilianovskaya mines with V content from 100
to 1,000 ppm and Cr content from 10 to 50 ppm. At the same time for titanite from Nikolaje-Maksi-
milianovskaya mine negative correlation between these elements is observed.

Titanite from all objects shows a strong positive correlation between the contents of Nb and Ta,
geochemically close to each other highly charged elements (Fig.2, b). It should be noted that titanite
from crystalline aggregates sampled in the Praskovie-Evgenyevskaya mine is in the lower part of this
trend, differing by a reduced content of Nb (not more than 100 ppm) and Ta (not more than 3 ppm)
from titanite in other objects. The maximum content of these elements is characteristic of titanite
from the epidote-titanite-clinochlore association of the Nikolaje-Maksimilianovskaya mine.

The ratio of another pair of highly charged elements (Zr and Hf) in titanite also shows a positive
relationship with each other, while dividing into three independent clusters (Fig.2, c). Titanite from
mineral aggregates of Praskovie-Evgenyevskaya mine has the lowest contents of Zr (for the majority,
not more than 40 ppm) and Hf (mainly, not more than 4 ppm) in comparison with titanite from other
objects. At the same time, in the association where garnet is minimal, the marginal parts of titanite
crystals (average, 24.5 and 2.03 ppm), compared to the central parts (average, 23.2 and 1.50 ppm),
are found to be more enriched in Zr and Hf than in the garnet-dominated association (the only significant
case of difference). The maximum Zr content is noted in titanite from crystalline aggregates
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Fig.2. Binary diagrams of the ratio of trace elements V u Cr (a), Nb u Ta (b), Zr u Hf (c), Bau Y (d), Thu U (e),
Sr and Eu/Eu*(f) in titanite from different mineral associations

1 - epidote-titanite-garnet (sam. Akhm-12, Akhmatovskaya mine); 2 — garnet-titanite-diopside (sam. 851/7, Akhmatovskaya mine);
3 — epidote-titanite-clinochlore (sam. 851/34, Nikolaje-Maksimilianovskaya mine); 4, 5 — chlorite-titanite-garnet
(Praskovie-Evgenyevskaya mine): 4 — garnet in subordinate quantity (sam. 851/42); 5 — garnet prevails (sam. 851/44)

of the Akhmatovskaya mine and ranges from 200 to 1,000 ppm, with Hf concentrations ranging
from 6 to 20 ppm. The highest Hf content (from 20 to 40 ppm) is characteristic of titanite from the
epidote-titanite-clinochlore association of the Nikolaje-Maksimilianovskaya mine, the Zr content in
which varies from 200 to 600 ppm.

The Ba and Y contents do not demonstrate the dependence between these elements, although
they reflect a significant difference in the composition of titanite from the aggregates sampled in the
Nikolaje-Maksimilianovskaya mine from titanite sampled in other objects (Fig.2, d). The highest Y
content was found in titanite (from 200 to 600 ppm) from epidote-titanite-clinochlore aggregate
(Nikolaje-Maksimilianovskaya mine). The concentration of Y in titanite from other objects is in
the range from 10 to 100 ppm. For most of the studied titanite, Ba content does not exceed 10 ppm.
The sharp variation of Ba content in titanite from chlorite-titanite-garnet association (Praskovie-
Evgenyevskaya mine) can be related to its inheritance from previously formed protolith minerals
(e.g., K-Na feldspars or mica of phlogopite-annite series).

Th and U contents in the composition of all titanite grains show weak positive correlation
and, as a rule, do not exceed 2 ppm (Fig.2, e). The highest, relative to other objects, contents of
these elements were found for titanite from garnet-titanite-diopside association in the Akhma-
tovskaya mine. Titanite from the epidote-titanite-garnet association from the same mine is
characterized by noticeably lower Th and U contents, which is probably related to the incorpora-
tion of these elements into epidote. Titanite from the epidote-titanite-clinochlore association
of the Nikolaje-Maksimilianovskaya mine is characterized by increased U content with moderate
Th content.
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There is a weak positive correlation between the Sr content in titanite and the amplitude of its
Eu-anomaly, indicating the isomorphic occurrence of Srand Eu in the Ca position (Fig.2, f). Titanite
from mineral aggregates of the Praskovie-Evgenyevskaya mine is characterized by the maximum Sr
content, correlating with the largest amplitude of positive Eu-anomaly (Eu/Eu* from 1.5 to 2.3). The
Sr concentration in titanite, in association with which garnet occurs sporadically, is predominantly in
the range from 130 to 170 ppm, while in titanite, in association with which garnet predominates, —
from 100 to 120 ppm. The Sr content for the majority of titanite grains from crystalline aggregates
sampled in the Akhmatovskaya and Nikolaje-Maksimilianovskaya mines is mainly in the range from
80 to 120 ppm, with Eu/Eu* from 1.2 to 1.6.

Characterization of titanite composition by rare-earth elements. The REE content in the con-
sidered titanite crystals also demonstrates a clear difference in the composition of titanite from one
mineralogical mine relative to the composition of titanite from other mines. Titanite from mineral
aggregates of Akhmatovskaya mine is characterized by the highest REE enrichment — on the average,
the total REE content is (hereinafter medians are given) 518 ppm, LREE/HREE ratio is 11.7. At the
same time, titanite from the garnet-titanite-diopside association is characterized by increased REE
content (total REE — 580 ppm, LREE/HREE - 10.8), relative to titanite from the epidote-titanite-
garnet association (total REE — 224 ppm, LREE/HREE - 10.9). The REE distribution spectra for
titanite from the rocks of the Akhmatovskaya mine are similar to each other and have a convex shape
in the LREE region and a concave shape in the HREE region (Fig.3, a). In general, REE spectra are
strongly differentiated with predominance of LREE over HREE. In addition, all REE distribution
spectra of the considered titanite show a positive Eu-anomaly, for which Eu/Eu* is 1.49, while
Ce-anomaly is practically not manifested (Ce/Ce* is 1.15).

The REE content in titanite from epidote-titanite-clinochlore association of the Nikolaje-Maksi-
milianovskaya mine is 31.9 ppm, with the LREE/HREE ratio of 0.43 (Fig.3, b). The character of REE
distribution spectra, relative to titanite from other objects, is characterized by the lowest REE differen-
tiation, sharp positive slope and convex character in the HREE region. A positive Eu-anomaly
(Eu/Eu* is 1.40, except for one spectrum with a value of 0.73), and absence of Ce-anomaly (Ce/Ce*
is 0.95, except for three analyses, in which Ce/Ce* is 0.63, 0.67 and 0.23) are established for the
majority of titanite grains.

For titanite from mineral aggregates sampled in Praskovie-Evgenyevskaya mine REE content —
133 ppm, LREE/HREE —0.08 (Fig.3, c). It should be noted that for titanite, in association with which
garnet predominates, an increased REE content (total REE — 178 ppm, LREE/HREE — 0.05) was
established with a narrow range of REE distribution spectra. Whereas titanite with which garnet has
a subordinate role is characterized by a reduced REE content (total REE — 23.0 ppm, LREE/HREE —

b _ c
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———. eeen 5
G 1,000 F ..
@ o
S 100
2
s 10
E
£
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Fig.3. Distribution spectra of rare-earth elements in titanite from epidote-titanite-garnet
and garnet-titanite-diopside (a); epidote-titanite-clinochlore (b); chlorite-titanite-garnet (c)
mineral associations
1 — sam. Akhm-12; 2 — sam. 851/7; 3 — sam. 851/34; 4 — sam. 851/42 (garnet in a subordinate quantity);
5 — sam. 851/44 (garnet prevails)
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0.48) accross a wide range of REE distribution spectra. In general, the REE distribution spectra are
characterized by a similar conformal character with a convex shape of the spectrum in the LREE
region and a relatively hollow shape in the HREE region. All REE distribution spectra show a clear
positive Eu-anomaly (Eu/Eu* is 2.01) and no Ce-anomaly (Ce/Ce* is 1.09).

U-Pb age of garnet. Five analyses were performed for garnets from silicate-carbonate rocks
sampled in the Perovskitovaya mine. The Pb content of the garnet ranges from 1.6 to 2.1 ppm, the U
content from 21.7 to 28.5 ppm. The high 2%Ph/?%*Pb isotopic ratios (1,055 to 6,500) reflect the low
content of common Pb. The Th/U ratio less than unity (Table 5), calculated from the ratio
(?%8Pb/2%PDb) g taking into account the age, indicates the absence of inclusions of other minerals in
the garnet. In Table 5 all errors correspond to the 2o level, the error values correspond to the last

significant digits.

Table 5
U-Pb isotopic data for garnets from silicate-carbonate rocks of the Perovskitovaya mine
Processing Weight, mg Pb, mkg/g U, mkgl/g Pb. /Pl Th/iu** 206ppy204pjyHkx
3.3N HCI (1)* 6.93 1.600 21.743 0.009 0.02 6,500
3.3N HCI (3) 11.82 1.872 25.30 0.013 0.02 5,012
3.3N HCI (2) 9.13 2.007 26.9 0.021 0.02 3,200
2N HCI (3) 18.52 1.906 24.29 0.062 0.02 1,055
2N HCI (3) 19.92 2.135 28.52 0.02 0.02 3,417
Isotopic ratios corrected for mass fractionation, Ade. Ma
Processing blank experiment and conventional Pb Rho**** ge,
207Pb/206Pb 208Pb/206pb 207Pb/235u 206Pb/238U 207Pb/235U ZOGPb/Z38U 207Pb/206Pb
3.3N HCI (1)* 0.05737+4 | 0.0059+10 | 0.6298+14 0.0796+2 0.95 496=+1 494+1 505.8+4
3.3N HCI (3) 0.057279+2 | 0.0056+4 | 0.6311+14 0.0799+2 0.98 497+1 496+1 502.3£2
3.3N HCI (2) 0.05734+3 0.0062+5 0.6317+14 0.0800+2 0.97 497+1 495+1 504.7+£2
2N HCI (3) 0.057302+3 | 0.00584+8 | 0.6365+14 0.0806+2 0.97 500+1 499+1 503.2+£2
2N HCI (3) 0.05734+2 0.0060+2 0.6349+14 0.0803+2 0.99 499+1 498+1 504.8+£2

* In parentheses is the number of garnet crystals used in the suspension.

** Calculated from 2%8Pb/2%Ph isotopic ratios with consideration of age, values are given for the time of mineral crystallization.
*** |sotopic ratios corrected for mass fractionation and blank experiment.

**** Error correlation coefficients 207Ph/235U-206pp/238y,

The figurative points of garnets form a com-
pact subconcordant cluster on the diagram with con-
cordia (Fig.4), through which the discordia is drawn
(MSWD = 1.8). The lower intersection of discordia
with concordia (16+£320 Ma) is conventionally zero.
The upper intersection has an age of 504.1+4.3 Ma,
which can be considered as the time of garnet crystal-
lization and, consequently, the formation of silicate-
carbonate rocks within the Perovskitovaya mine.

Discussion

Mineralogical and geochemical features of ti-
tanite. An important feature of titanite considered in
this work is its color — as a rule, white or pale beige
with greenish tints. Apparently, such coloring of crys-
tals is due to the low content of impurity elements
(e.g., Fe, V, Cr, Mn, etc.). In addition, it is also neces-
sary to note the low U content (less than 1 ppm for

206Pb /238U

r 510,
0.082 | /
0.081 ¢
0.080 |
/ 504.1+4.3 Ma
490 MSWD = 1.
0.079 | S 8
0.078 - . - -
0.61 0.62 0.63 0.64 0.65
207Pb/235U

Fig.4. Concordia diagram of five analyses
for garnets from silicate-carbonate rocks
of the Perovskitovaya mine
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Fig.5. Visualization of element-impurities distribution data in titanite by PCA method in cocoordinates
of the first and second principal components of the load diagram (@) and values of the principal component (b).
The percentage in parentheses is the weight of the corresponding principal component (PC)
For legend, see Fig.2.

most of them) in the composition of titanite grains — with such U content it is difficult to conduct
geochronological studies using the U-Pb method.

The results of statistical processing of data on titanite geochemistry by PCA method are shown
in Fig.5. The total weight of two principal components is about 85 %. The diagram of loadings for
the first and second principal component (Fig.5, a) demonstrates positive loadings for the first com-
ponent V, Cr, and Sr, while for the other elements — negative. REE from La to Dy, as well as such
highly charged elements as Hf and Ta have comparable modulus loads on the second principal com-
ponent, with heavy REE (Er, Yb, Lu) and Y being characterized by the maximum positive load. On
the diagram of values of the first and second principal components (Fig.5, b) figurative points of
titanite from mineral aggregates of Praskovie-Evgenyevskaya and Nikolaje-Maksimilianovskaya
mines form a single trend directed along the diagonal from the area of positive values of the first
principal component to the area of positive values of the second principal component. This trend
corresponds to the “evolution” of titanite compositions from enriched Sr, Cr, and V to enriched HREE
and Y. The points of titanite composition from the Akhmatovskaya mine also form a trend with
varying values of the first principal component, which corresponds to different levels of light REE
and Th accumulation.

In general, by the first and second major components there was a separation of titanite composition
points from different mineral aggregates into three clusters: in the Akhmatovskaya mine — enriched
in LREE and Th; in the Nikolaje-Maksimilianovskaya mine — enriched in HREE, Hf, and Tg;
in the Praskovie-Evgenyevskaya mine — enriched in V, Cr, and Sr. Relative enrichment of titanite in Sr,
Cr, and V (Praskovie-Evgenyevskaya mine) probably reflects the factor of protolith — gabbro, rock con-
taining these elements as plagioclases (Sr) and pyroxenes, as well as ore minerals — magnetite and/or
ilmenite (Cr and V). For titanite from mineral aggregates of the Akhmatovskaya and Nikolaje-
Maksimilianovskaya mines, the connection with gabbro is weak, so figurative points have negative values
for the first major component. The second principal component can be interpreted as a factor of garnet
presence in paragenesis with titanite. Being a concentrator of HREE and Y, garnet leads to depletion
of coexisting titanite by these elements. For titanite from the mineral aggregate of the Nikolaje-Maksi-
milianovskaya mine, garnet is absent in the paragenesis, so this titanite shows maximum enrichment

88
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2025. Vol. 274. P. 76-94
© Vladislav S. Stativko, Anton B. Kuznetsov, Vadim V. Smolensky, Nailya G. Rizvanova,
Nadezhda A. Sergeeva, 2025

of heavy REE and Y. Titanite from mineral aggregates of the Akhmatovskaya mine is in contact
with a significant amount of garnet, so it is depleted in heavy REE and Y.

The importance of mineralogical [36, 37] and geochemical [38-40] studies in solving the prob-
lems of petro- and ore-genesis was demonstrated earlier, and it was also established that the condi-
tions of mineral genesis are reflected in the character of REE distribution in them [41-43]. The REE
distribution spectra for titanite within each mineralogical copy correspond in principle to each other,
which may indicate the commonality of the conditions of their formation within one object, even in
spite of different mineral associations [44, 45]. The level of content and character of REE distribution
in the studied samples are typical for titanite formed as a result of hydrothermal processes [46-48].
Titanite formed as a result of magmatic or metamorphic processes is characterized by other features
of rare-element composition [5, 19, 49]. Despite this, the level of REE content and the manifestation
of LREE differentiation relative to HREE may depend on both the composition of the parent rock
and the crystallization sequence of titanite compared to other minerals [50]. It has been demonstrated
that titanite is depleted in LREE when crystallizing together with or after LREE-concentrator minerals,
such as epidote or apatite, and vice versa, HREE is depleted when crystallizing together with or after
HREE-concentrator minerals, such as garnet or zircon [51].

Apparently, the peculiarities of REE distribution in the considered titanite are also related to the
composition of paragenetic minerals (Fig.6). Thus, titanite from mineral aggregates of the Akhma-
tovskaya mine, which is in paragenesis with the HREE concentrator mineral — garnet, is enriched in
LREE and depleted in HREE. The total REE content in titanite, which is in paragenesis with garnet
and epidote, is lower than in titanite, which is in paragenesis with garnet only. This may be due to the
accumulation of REE by epidote. Titanite from the mineral aggregate sampled in the Nikolaje-Maksi-
milianovskaya mine is depleted in LREE and enriched in HREE and is in paragenesis with epidote
(a mineral-concentrator of LREE) and chlorite, which practically does not accumulate REE [52] and,
therefore, does not influence the distribution of REE in titanite. In the case of titanite in paragenesis
with “inert” chlorite in relation to REE and garnet (Praskovie-Evgenyevskaya mine), which is de-
pleted in LREE and enriched in HREE, this can be explained by the influence of the composition of

a 10,000
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=
o
Titanite/Chondrite CI

0.01 SmEnGd Dy Er . YbLu

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd

Fig.6. Distribution spectra of rare-earth elements for different minerals: a — 1-5 — based on averaged data
from literature sources: 1 — magmatic titanite from rocks of alkaline-ultrabasic series of the Kola
province [53], 2 — garnet from skarn mineral associations of the Akhmatovskaya mine [25], 3 — clinopyroxene
from metabasite (Limpopo belt, South Africa) [54], 4 — epidote from skarns in the Petrovitsa deposit (Bulgaria) [55],
5 — plagioclase from various gabbroids [56]; b — 6-8 — of the considered titanite depending on paragenetic
and “parent” minerals: 6 — with garnet (Akhmatovskaya mine), 7 — with epidote (Nikolaje-Maksimilianovskaya mine),
8 — by plagioclase and/or pyroxene (Praskovie-Evgenyevskaya mine)
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the protolith — gabbro. If titanite from mineral aggregates of the Akhmatovskaya and Nikolaje-Maksi-
milianovskaya mines was formed by hydrothermal process in rock’s cracks of contact-metasomatic
origin (in skarn and in chlorite schist, respectively), then titanite from mineral aggregates of the
Praskovie-Evgenyevskaya mine was formed in a fracture in an igneous rock (gabbro) and, probably,
partially inherited the REE distribution of the host rock or rock-forming minerals for gabbro — for
example, plagioclase or pyroxene.

In all titanite grains, Eu-anomaly is manifested to varying degrees, while a significant Ce-anomaly
was established in single analyses of titanite from epidote-titanite-clinochlore association (Nikolaje-
Maksimilianovskaya mine). Eu and Ce serve as indicators of redox conditions [46, 57, 58], but the
excess of Eu and, consequently, the positive Eu-anomaly, in contact-metasomatic and hydrothermal
processes may be due to the inheritance of Eu from plagioclases in the case of titanite development
along them [47, 59, 60]. A noticeable positive Eu-anomaly in titanite from mineral aggregates of the
Praskovie-Evgenyevskaya mine is probably inherited from plagioclases from the parent gabbros. If
negative Ce-anomaly for titanite reflects reducing conditions, then weak positive Eu-anomaly at com-
plete absence of Ce-anomaly can also be an indicator of reducing conditions.

Temperature of titanite formation. The results of calculations of the titanite formation tem-
perature using Zr-thermometer [7] are given in Table 1-3. The temperature of titanite formation
from mineral aggregates of the Akhmatovskaya mine is about 700 °C, which is probably the peak
temperature and indicates the high-temperature regime of the supposed hydrothermal process.
A similar temperature (about 700 °C) was obtained for titanite from mineral aggregate of the
Nikolaje-Maksimilianovskaya mine. For titanite from mineral aggregates of the Praskovie-
Evgenyevskaya mine, a lower temperature of about 580 °C was determined relative to titanite
from other objects, which is probably associated with its formation at the regressive stage of the
hydrothermal process. Such a variation in the temperature of titanite formation is essential for the
hydrothermal process and requires an endogenous heat source, for example, intrusion of gab-
broids or granitoids [61, 62]. Thus, the considered titanite-bearing parageneses could be formed
as a result of hydrothermal process accompanying contact metasomatism.

U-Pb age of garnets. The age of garnets from silicate-carbonate rocks of the Perovskitovaya mine
(504.1+4.3 Ma) is comparable to U-Pb age determinations (497-532 Ma) for perovskite from vein and
vein bodies of chlorite-serpentine composition with druses of perovskite, magnetite, clinochlore, and
calcite that cut silicate-carbonate rocks in the same mineral deposit [63]. However, these age estimates
of about 500 Ma for garnet from silicate-carbonate rocks and perovskite from vein bodies differ
significantly from the age of the host carbonate rocks of the Satka Formation, which is estimated to
be 1,550+£30 Ma [64, 65]. The age of the Kusa-Kopan intrusive complex, which penetrates the Satka
Formation, is estimated in the range of 1,390-1,350 Ma [66]. The significant differences in the age of
the intrusive and frame rocks from the age of silicate-carbonate rocks contradict the idea that the latter
were formed as a result of contact metasomatosis synchronous with the intrusion of gabbroids
or granitoids of the Kusa-Kopan complex, but do not exclude the influence of superimposed contact
metasomatosis associated with late endogenous processes manifested on the western slope of the Southern
Urals. There is a hypothesis that the silicate-carbonate rocks were formed as a result of Early Paleozoic
low-grade metamorphism [67], but additional isotope-geochronologic studies are required to finally
resolve these questions.

Conclusion

Mineralogical and geochemical studies of titanite from crystalline aggregates sampled in
the mines of the Southern Urals demonstrate the dependence of titanite composition on the minerals
with which it occurs in paragenesis and allow us to draw the following conclusions:

» The mineral associations containing titanite belong to four types: epidote-titanite-garnet
(Akhmatovskaya mine); garnet-titanite-diopside (Akhmatovskaya mine); epidote-titanite-chlorite
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(Nikolaje-Maksimilianovskaya mine); chlorite-titanite-garnet (Praskovie-Evgenyevskaya mine).
Directly paragenic minerals for titanite in them are: garnet and epidote; garnet; epidote and clino-
chlore; chlorite and garnet.

« According to the content of trace and rare-earth elements, titanite from different mineral
aggregates is divided into three groups: Akhmatovskaya mine — enriched with LREE and Th;
Nikolaje-Maksimilianovskaya mine — enriched with HREE, Hf, and Ta; Praskovie-Evgenyevskaya
mine — enriched with V, Cr, and Sr.

« Peculiarities of REE distribution in titanite are related to the composition of paragenetic
minerals. Titanite from mineral aggregates of the Akhmatovskaya mine, which is in paragenesis with
HREE concentrator mineral — garnet, is enriched in LREE and depleted in HREE. Titanite from
Nikolaje-Maksimilianovskaya mine is depleted in LREE and enriched in HREE and is in paragenesis
with epidote (LREE concentrator mineral). Titanite from Praskovie-Evgenyevskaya mine is depleted
in LREE and enriched in HREE due to the influence of the parent rock (gabbro) or its rock-forming
minerals — plagioclase and pyroxene.

» The temperature of titanite formation from mineral aggregates of the Akhmatovskaya and
Nikolaje-Maksimilianovskaya mines is about 700 °C. For titanite from mineral aggregates of
Praskovie-Evgenyevskaya mine, the temperature of about 580 °C is lower than that of titanite from
other objects. The established temperature values are essential for the hydrothermal process and are
provided by the endogenous heat source (intrusion). Thus, the considered titanite-bearing paragenesis
could be formed as a result of hydrothermal process accompanying contact metasomatosis.

As a result of U-Pb dating by ID-TIMS method, the age of garnets from silicate-carbonate rocks
of the Perovskitovaya mine was determined to be 504.1+4.3 Ma. The obtained age estimates contradict
the idea that silicate-carbonate rocks were formed as a result of contact metasomatosis synchronous
with the intrusion of gabbroids or granitoids of the Kusa-Kopan complex (1,390-1,350 Ma), but do not
exclude the influence of superimposed contact metasomatosis associated with late endogenous processes.

The authors are grateful to O.L.Galankina (IPGG RAS), S.G.Simakin and E.V.Potapov
(Yaroslavl Branch IPT RAS) for analytical studies, A.K.Gavrilchik for help in organizing work
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G.E.Ratkovsky (Mining University) for discussion of the results. The work was carried out with
the help of the equipment of the Shared Equipment Center AIRES (IPGG RAS).
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