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Introduction
The composition of Ti-rich garnets and their parage-
netic relationships are known to be indicative of activ-
ity of SiO2 and O2 in magmas and hydrothermal fluids, 
mobility of Ti during metamorphism, origin of metaso-
matic fluids, and magma differentiation processes (e.g. 
Müntener, Hermann, 1994; Ulrych et al., 1994; Russell 
et al., 1999; Chakhmouradian, McCammon, 2005).

Ti-rich garnets have been found in skarn xenoliths 
in mine gallery No 68 in the Zvezdel-Pcheloyad Pb-Zn 
ore deposit. These xenoliths, without any relation with 
carbonate-bearing protolith, are entirely hosted by 
monzonitic rocks of the second intrusive phase of the 
Zvezdel pluton (Nedialkov, Mavroudchiev, 1995). The 
mineral assemblage includes garnets of the grossular-
andradite series (Adr96.61–3.10), fassaitic clinopyroxene 
(Al2O3 – up to 17.75 wt%), clinopyroxene of the di-
opside-hedenbergite series (Di91.17–27.12), wollastonite-
2M, plagioclase (Ab100–3.30), with subordinate calcite, 
quartz, epidote, prehnite, melilite, chlorite, thaumasite 
and zeolites. Titanite, apatite and magnetite occur as 
accessory minerals. 

The present study reports data on contents and dis-
tribution of the major, rare earth and some trace ele-
ments in Ti-rich garnets, which are important for inter-
pretation of the skarn genesis.

Analytical methods
Major elements were analyzed on a ZEISS EVO 25LS 
scanning electron microscope equipped with an EDAX 
Trident system at 16 kV accelerating voltage, about 1 nA 
beam current, using reference standards.

After a preliminary petrographic and electron mi-
croprobe examination series of polished thin sections 
of representative Ti-garnets were chosen for REE and 
trace element analyses by laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS). 
All measurements were carried out on a PerkinElmer 
ELAN DRC-e ICP-MS instrument integrated with 
New Wave Research (ESI) UP-193FX ArF excimer 
laser-ablation system (LA). Laser energy of 6.2 mJ, 
diameter of 75 μm, repetition rate of 10 Hz were ad-
justed for a single ablation spot setup. CaO was used 
as internal standard. The final element contents were 
obtained via averaging of four single spot measure-
ments corrected for drift and background calculated 
by offline Iolite laser-ablation data reduction software 
(Paton et al., 2011).

Results and discussion
Ti-rich garnets occur in varying amounts in all skarn 
zones studied. Under polarized light microscope, they 
appear as brown to red-brown isotropic crystals with 
strongly corroded margins testifying to instability con-
ditions (Fig. 1a, b). These garnets crystallize during 
the earlier postmagmatic stage of the skarn process. 
Anisotropic garnets of the later generations commonly 
overgrow the earlier garnets preserving sharp contacts 
between them (Fig. 1c).

Electron probe microanalysis (EPMA) reveals 
only slight variation in the chemical composition 
of the studied garnet grains. Fe2O3(t) ranges from 
18.39 to 24.80 wt%, TiO2 from 4.18 to 13.10 wt%, 
Al2O3 from 2.48 to 7.30 wt%, and MgO from <0.05 
to 0,84 wt%. The compositions are characterized by 
significant deficiency of SiO2 – 28.56–30.92 wt% 
(Si <2.60 in the standard formula). In prevailing part 
of analyses the content of TiO2 is higher than 8 wt% 
corresponding to schorlomite composition according 
to the classification criteria of Howie and Woolley 
(1968). Compositions of garnets with TiO2 >8 wt% 
are plotted on a ternary diagram of the Y-site contents 
of the generalized end-members {Ca3}[R2

3+](Si3)O12,  
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{Ca3}[R2
4+](SiR2

3+)O12 and {Ca3}[R4+R2+](Si3)O12, for 
R4+ = Ti, R3+ = Fe3+, and R2+ = Fe2+, as proposed by 
Grew et al. (2013). These end-members correspond to 
andradite, schorlomite and morimotoite, respectively. 
As is seen in Fig. 1d, almost all our compositions fall 
in the field of andradite (defined as Ti-rich andradites 
or melanites), two – in the field of schorlomite and one 
– on the boundary between the fields of morimotoite 
and andradite.

According to LA-ICP-MS analyses, the Ti-rich an-
dradites are enriched in V (890–1535 ppm), Zr (1400–
1814 ppm), Y (236–399 ppm), Sc (4–170 ppm), Nb 
(28–62 ppm), Th (45–89 ppm), Ga (15–24 ppm), Co 
(3–10 ppm), Ta (2–7 ppm), U (5–27 ppm), Sn (8– 
16 ppm), and Hf (36–43 ppm). All studied garnets are 
extremely depleted in LIL elements (Cs, Rb and Ba). 
Only Sr varies from 10 to 17 ppm. 

The ΣREE content in the Ti-rich garnets (264.8–
929.2 ppm) is distinctly higher than that in the skarn 
rocks (62.66–100.3 ppm) and the monzonite (185.4–
190.5 ppm). Chondrite-nor ma lized REE patterns of 
Ti-rich garnets display weak or pronounced negative 
Eu anomalies (Eu/Eu* = 0.39–0.85), generally flat to 
slightly decreasing HREE shapes, and LaN/YbN = 0.15–
1.74 (Fig. 1e). The (La/Sm)N ratio is <1.0, whereas  
(Gd/Lu)N  >1.0. 

The obtained data suggest significant mobility of 
Ti, V, Zr, Y, and REE during the earliest stage of the 
postmagmatic skarn process and relatively low activ-
ity of SiO2 and O2 in the hydrothermal fluids.
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Fig. 1: a–b, photomicrographs of Ti-rich garnets in plane-polarized transmitted light; 
c, BSE-images showing a sharp contact between Ti-andradites and grossulare of later 
generation; d, ternary diagram of the Y-site of the garnet structure (after Grew et al., 
2013) with plotted points of the studied Ti-rich andradites; e, chondrite-normalized REE 
patterns for Ti-rich garnets (chondrite data according to Sun and McDonough, 1989)
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