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Abstract

Black tourmalines from seven granitic pegmatites (Golodnaya, Kazennitsa, Mokrusha, Kopi Mora, Zheltyye Yamy, Buzheninov Bor and
Ministerskaya) related to the Murzinka pluton, Central Urals, Russia have been investigated using electron microprobe analysis, LA-ICP-
MS, Raman and Mdssbauer spectroscopy. Pegmatites are hosted by serpentinites and gneisses and are classified as schorl, oxy-schorl,
fluor-schorl, dravite, oxy-dravite, foitite, oxy-foitite and darrellhenryite. The possible compositional evolution of tourmalines from
the Ural pegmatites is as follows: Mg-rich dravite through to Fe-rich schorl, foitite and oxy-foitite to Fe- and Mn-rich darrellhenryite.
The major substitutions in the tourmalines are: (1) Fe*" o Mg; (2) Al + WO o Fe?' + WOH; (3) X-site vacancy + Al < Na + Fe**; (4) Al
+"0* & Mg+ WOH; (5) X-site vacancy + Al <> Na + Mg; and (6) Fe <> Mn. Statical processing of the trace- and major-element com-
position distinguished three tourmaline groups: (1) trace Co, Ni, Pb, and major Ca and Mg; (2) uni-, di- and trivalent traces (Li, Zn, Ga) and
di- and trivalent majors (Al, Mn); (3) U, Th, Hf, Ta, Nb, Y, In, and Sn which correspond to tri-, tetra-, and pentavalent high-field-strength
elements. Mossbauer data shows the Fe**/Fe** ratios in tourmalines from pegmatites hosted by gneisses (0.05-0.18) and serpentinites (0.28-

0.65), indicates different oxidising environments. Raman data are consistent with the composition of the tourmalines.
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Introduction

The tourmaline supergroup includes 44 members with complex
and variable composition, however only 33 of these are approved
by the International Mineralogical Association as individual min-
eral species (Henry and Dutrow, 2018). The general formula can
be written as XY3Z4[T¢O;5][BO3]5V3W, where X =Na, Ca, K and
[ (vacancy); Y = Li, Mg, AL, Cr’*, V", Fe’*, Fe**, Mn**, Ni, (Ti*");
Z=Mg, Fe*, Al Fe’", V** and Cr’*; T = S, Al, (B), (Fe’); B=B";
V=0H", O*; and W=O0H", F and O* (Henry et al, 2011,
Henry and Dutrow 2018).

Tourmaline is stable over a wide range of pressure-
temperature conditions, from low-temperature hydrothermal to
magmatic and high-pressure metamorphic (Henry and Dutrow
1996; Selway et al., 1999; Marks et al., 2013; Baksheev et al,
2019) and therefore is a good indicator of the mineral-forming
environment. Major- and trace-element composition, substitution
mechanisms, and spectroscopic features help to understand the
fractionation degree and the evolution of a pegmatite melt in
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general (Certy et al, 1985; Jolliff et al, 1986; Tindle et al.,
2002; Roda-Robles et al., 2004).

Most gem-quality tourmaline deposits are related to granitic
pegmatites in Brazil, USA, Madagascar, Mozambique, Namibia,
Kenya, Australia, etc (Proctor, 1985; Pezzotta and Jobin, 2003;
Simmons ef al., 2011). In Russia, pegmatite tourmaline occur-
rences are known in the Urals (Lipovka, Shaitanka, Murzinka
and Sarapulka), Transbaikal Krai (Adun Chelon, Malkhan, etc.),
Irkutsk Oblast (Aleksandrovskoye), Kola Peninsula (Voron’i
Tundry), and Karelia (Pitkyaranta) (Kievlenko, 2003).

The first mention of tourmaline in the Urals dates back to the
17" century (Fersman, 1962). Various famous Russian geologists
and mineralogists such as I. German, G. Rose, O. Irman,
G. Shchurovskiy, N. Koksharov and A. Fersman studied the
Ural tourmalines at different times (Kanonerov and Chudinova,
2000). Recently, tourmalines from this region were reported by
Popov and Popova (1999), Kanonerov and Chudinova (2000),
Emlin et al. (2002), Popova et al. (2002), Pekov and Memetova
(2008) and Ogorodnikov et al. (2020). Currently, most local
mines are abandoned and tourmaline crystals are relatively rare.

The objective of this investigation is to understand the position
of black tourmalines during evolution of seven rare-metal pegma-
tites (Golodnaya, Kazennitsa, Mokrusha, Kopi Mora, Zheltyye
Yamy, Buzheninov Bor and Ministerskaya) related to the
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Murzinka granite pluton in the Central Urals using electron
microprobe analysis (EPMA), laser ablation inductively coupled
plasma mass-spectrometry (LA-ICP-MS), and Raman and
Méssbauer spectroscopy.

Geological setting

The Late Paleozoic Murzinka Pluton located 100 km north of
Ekaterinburg (Russia), intrudes the Murzinka-Adui metamorphic
massif composed of Archean and Proterozoic crystalline schists
(Ogorodnikov et al., 2020). This near-meridional pluton extends
~60km with an average thickness of ~10km (Fig. 1).

949

According to Fershtater and Borodina (2018), the pluton is
divided on the basis of mineralogy into the smaller granitic
units of Vatikha and Murzinka in the west and east, respectively.
The Vatikha part is an orthoclase-magnetite-biotite granite,
whereas Murzinka is microcline-orthoclase and microcline-
two-mica granite. Both parts have radiometric ages of 254+
5 Ma using **’Pb/*?°Pb in zircon and Rb/Sr in bulk-rock samples
(Montero et al, 2000). Two types of granitic pegmatites are
related to the Murzinka Pluton: miarolitic at the pluton base,
and rare-metal in its upper part (Fershtater and Borodina,
2018). Tourmalines from the latter are described in this
investigation.

&
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Fig. 1. Geological sketch map of Murzinka granite pluton (I), modified after Fershtater and Borodina (2018) and (Il) Adui granite pluton. Pegmatites: Mokrusha
(Mok); Golodnaya (Gol); Kazennitsa (Kaz); Buzheninov Bor (Buzh B); Ministerskaya (Min); Kopi Mora (K. Mora); and Zheltyye Yamy (Zh. Yamy). The Geographical

location of the area studied is marked with a star in the inset.
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The Murzinka rare-metal pegmatites constitute the Alabashka,
Murzinka, Yuzhakovka and Shaitanka pegmatite fields, within
which more than 200 pegmatites have been found (Kanonerov
and Chudinova, 2000). Most pegmatites are poorly documented
and the locations of some of them are questionable. Recent pub-
lications concerning the Murzinka rare-metal pegmatites include
Pekov et al. (2010), Fershtater and Borodina (2018), Gvozdenko
et al. (2020) and Ogorodnikov et al. (2020).

We collected pegmatite samples from seven rare-metal pegma-
tites: Golodnaya, Kazennitsa and Mokrusha in the Alabashka
field; Kopi Mora and Zheltyye Yamy in the Shaitanka field;
Buzheninov Bor in the Murzinka field; and Ministerskaya in the
Yuzhakovka field (Figs 1, 2). Unfortunately, we could find no
published description of the Buzheninov Bor pegmatites.

Mokrusha is one of the largest and best documented of the
Murzinka mines (Fersman, 1962; Talantsev, 1988; Popov and
Popova, 1999; Gurkov, 2000; Kanonerov and Chudinova, 2000;
Popova et al., 2002). The pegmatite vein is located 8 km north

Tatiana A. Gvozdenko et al.

of Murzinka village within the Alabashka field. This near-
meridional pegmatite intruded gneisses. The vein length is
~500 m along strike; width and thickness range from 60 to 150
and from 2 to 14 m, respectively. According to Gurkov (2000),
this manto-type vein is complicated by flexures, twitches, swells
and arches pinches out at a depth of 50-80 m. The following
zones are identified within the vein inwards: coarse-graphic peg-
matite close to the contact with host rock; granite-pegmatite sepa-
rated by coarse-graphic pegmatite in the footwall (no granite
pegmatite is observed in the hanging wall); fine-graphic pegmat-
ite; aplite; spherulitic pegmatite and druse cavities (Popov and
Popova, 1999; Gurkov, 2000). Feldspar, quartz and mica are the
major rock-forming constituents, whereas topaz, tourmaline, gar-
net and beryl are minor. Schorl is the predominant tourmaline;
elbaite, olenite and Na-deficient tourmaline, close to foitite are
less common. Schorl is reported through all pegmatite zones,
including miarolitic cavities, whereas elbaite occurs only in the
cavities (Popov and Popova, 1999; Gurkov, 2000).

Fig. 2. Old mines at some granite pegmatites. (a) Ministerskaya; (b) Golodnaya; (c) Mokrusha; and (d) Kopi Mora. Photo by T. Gvozdenko.
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Golodnaya and Kazennitsa are considered as a part of the
Startseva Yama group of mines. According to Talantsev (1988),
Kanonerov and Chudinova (2000) and Popova et al. (2002), the
Golodnaya NNE striking vein of 2-10m thick located 400 m
northwest of Mokrusha contains a few miarolitic cavities with
heliodor and topaz. The Kazennitsa pegmatite situated 900 m
east of Mokrusha is a plate-like body complicated by rare flexures,
and is up to 150 m long with average thickness of 1-2 m. Both
pegmatites intrude biotite granitic gneiss and porphyry granites.
Schorl, elbaite and foitite were reported among tourmaline miner-
als (Talantsev 1988; Kanonerov and Chudinova, 2000).

Kopi Mora and Zheltyye Yamy are close to each other and are
attributed to the Shaitanka mines. The host rocks are talc-altered
serpentinite. Fersman (1962) reported crystals of black tourmaline
up to 5-8 cm in length in the weathered pegmatite. According to
Kievlenko (2003), tourmalines are represented by schorl and
elbaite in the miarolitic cavities.

Ministerskaya is located in the Yuzhakovka field 5 km south of
the Sarapulka village at the left side of the Anabarka River. The
pegmatite vein of 100 m long and 3-5m thick is hosted by ser-
pentinite. Graphic intergrown feldspar and quartz are the major
constituents. The mine is well known owing to its druses with
elbaite, lepidolite, rhodizite and cordierite (Fersman 1962;
Talantsev 1988; Kanonerov and Chudinova, 2000).

Buzheninov Bor consists of ten pegmatites hosted by serpent-
inite. The mine is famous for its hand specimens and good-
quality crystals of moonstone. The tourmaline species reported
are represented by schorl (Kanonerov and Chudinova, 2000).

Material and methods
Samples

We have investigated 43 tourmaline samples. Approximately half
of the samples was collected during 2018-2019 fieldtrips, another
part was provided kindly by L.V. Pekov (Lomonosov Moscow State
University). All samples were from the dumps. Megascopally,
tourmalines are black and brownish black and are columnar
prismatic crystals up to 4 cm long and needles in tourmaline-
feldspar—quartz-mica aggregates (Fig. 3). Tourmaline grains
were selected using a binocular microscope, then some were
mounted in epoxy resin and polished for EPMA, LA-ICP-MS
and Raman spectroscopy; whereas others were powdered for
Mossbauer spectroscopy.

Electron microprobe analysis

An electron microprobe investigation of tourmalines was carried out
using a CamScan MV2300 scanning electron microscope equipped
with an INCA Energy 450 EDS with an INCA PentaFET x3
semiconductor Si (Li) detector (Oxford Instruments at the Institute
of Experimental Mineralogy Russian Academy of Sciences,
Chernogolovka, Russia). The operating conditions were: 15 kV accel-
erating voltage and 30 nA current intensity with a beam diameter of
~3 pum and detection limit of 0.10 wt.%. Data were corrected using
the PAP correction procedure (Pouchou and Pichoir 1985). The sys-
tematic measurement error for major components is estimated as
+1-2% relative and +10% for minor elements. The following miner-
als and synthetic compounds were used as reference material: NiO
(Ni); MnTiO; (Mn); FeTiO; (Fe, Ti); spinel (Cr); vanadinite (V);
wollastonite (Ca); adularia (K); chkalovite (Si, Na); schorl (Al);
tremolite (Mg); and topaz (F). Back-scattered electron (BSE) images
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were acquired using a Tescan Vega scanning electron microscope
operating at 20 kV accelerating voltage and 130-230x magnification
at the Institute of Experimental Mineralogy Russian Academy of
Sciences, Chernogolovka, Russia.

Tourmaline formulae were calculated on the basis of 15 cations
at the tetrahedral and octahedral sites (T, Z and Y), excluding Na,
Ca and K (Henry et al, 2011). The Li content measured with
LA-ICP-MS was included into the calculations despite low values
in most compositions (Roda-Robles et al, 2015). The proportion
of X-site vacancies ([J) was calculated as [1 - (Na+ Ca+K)].
Charge-balance constraints were used to estimate the amounts of
OH™ and O° in the V and W anion sites. The calculated O*" is
assigned preferentially to the W site together with F (Henry
et al.,, 2011). The concentration of B,O3; was calculated from stoi-
chiometric constraints assuming 3 atoms per formula unit (apfu)
of B. The H,O content was calculated from the estimated amount
of OH". Fe is reported as both Fe** and Fe’* when Mossbauer spec-
tra were recorded. In the other data, Fe is reported as Fe** because
there was not enough material to acquire Mdssbauer spectra.

Laser ablation-inductively coupled plasma-mass spectrometry

Trace-element concentrations were measured using a NexION
300S PerkinElmer mass-spectrometer equipped with an
NWR213 laser instrument at the Institute of Geology and
Geochemistry, Ural Branch, Russian Academy of Sciences,
Ekaterinburg, Russia. The equipment was in an ISO 7 cleanliness
room. Operation conditions were: 10-11 J/cm® energy of laser
radiation, a laser frequency 10 Hz and 50 um spot size. The results
obtained were processed using the GLITTER V4.4 software
(GEMOC, Macquarie University, Australia). The internal stand-
ard is SiO,, the external primary standard is glass NIST SRM
610 and the secondary standard is glass NIST SRM 612. The
standard was measured after 10-12 measurements. The analytical
uncertainty does not exceed 1%. Back-scattered electron images
from the microprobe analysis spots were used to determine the
positions for the LA-ICP-MS measurements.

Méssbauer spectroscopy

The *’Fe spectra were recorded using an MS1104 Em Mdssbauer
spectrometer at the Institute of Experimental Mineralogy Russian
Academy of Sciences, Chernogolovka, Russia, analyst L.V.
Sipavina. The equipment operated with *’Co in a Rh source at
room temperature. The o-Fe absorber was used as a standard.
The results were processed using the Univem MS program
(Rostov-on-Don State University, Rostov-on-Don, Russia). The
data from Dyar et al. (1998) were used as a model for the spec-
trum decomposition.

Raman spectroscopy

Raman spectroscopy has proved to be one of the most inform-
ative, non-destructive techniques in the tourmaline crystal chem-
istry analyses (Hoang et al., 2011; Fantini et al., 2014; Watenphul
et al., 2016a,b). Raman spectra were measured using an Enspectr
R532 spectrometer excited by the 532 nm laser at the Geological
Faculty, Lomonosov Moscow State University, Russia. Nominal
range of use is 100-4000 cm™", spectral resolution is ~6.0 cm™".
The laser power on the sample surface was 30-50 mW. All spectra
were collected for 1000 s acquisition time, over 20-30 accumula-
tions. The tourmaline grains were orientated randomly. In this
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Fig. 3. Tourmaline samples from granitic pegmatites related to Murzinka Pluton, Central Urals, Russia. (a) Sample 75, Ministerskaya; (b) Sample 71, Mokrusha; (c)
Sample 79, Golodnaya; (d) Sample 6, Kazennitsa; (e) Sample 90, Kopi Mora; (f) Sample 87, Zheltyye Yamy; (g) Sample 66, Buzheninov Bor; and (h) Sample 42,

Ministerskaya.

investigation peaks were assigned according to the site-symmetry
analysis described in Watenphul et al. (2016b). However, there is
also a second short-range arrangement model (Hoang et al., 2011;
Skogby et al., 2012; Fantini et al., 2014; Pieczka et al., 2022).

Multivariate statistics

In this study, Principal component analysis (PCA) is applied to
help interpret the electron microprobe and LA-ICP-MS dataset.
PCA is one of the most popular multivariate explanatory methods
used in different areas of geology, including mineralogical
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research of tourmaline species (Galbraith et al., 2009; Harlaux
et al., 2020; Codego et al., 2021). This technique has been widely
used in solving classification problems and reducing the number
of possibly correlated variables to a smaller number of principal
components that contain significant information on the original
dataset (Makvandi et al, 2019). The original dataset was
partly log-transformed (microelements) and values below
detection limits substituted by 0.0001; these censored data have
only a minor influence on the PCA results. To present the PCA
results, two types of diagrams were combined (i.e. factor and
score plots).
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Results
Major-element variation

Representative EMPA compositions are given in Table 1. Most
tourmalines exhibit weak zoning in BSE images; one tourmaline
(sample 41) from Ministerskaya contains a tiny inclusion (~5-6 um
in length) identified as Cs-rich mica (Fig. 4).

On the ternary plot X-site vacancy([])-Ca-(Na+K), most of
180 compositions determined plot in the alkali field, except for
some compositions from Ministerskaya and Zheltyye Yamy,
which belong to the vacant X-site group (Fig. 5a). The Ca content
of all tourmalines does not exceed 0.12 apfu, therefore a binary plot
X-site vacancy/(X-site vacancy + Na) versus Feyy/(FeiotMg) is
preferred for these tourmalines (Fig. 6a). On this diagram, most

Table 1. Representative EMPA compositions of tourmalines.
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compositions plot in the schorlitic field, all compositions from
Buzheninov Bor, and some compositions from Zheltyye Yamy
and Kopi Mora are in the dravitic field, and a few compositions
from Ministerskaya and Zheltyye Yamy are in the foititic field.

According to our calculations, the W site might be dominated
by OH", O*" and F. Many compositions from Ministerskaya and
Zheltyye Yamy belong to the oxy-species. Around 50% of the
tourmalines contain up to 0.75 F apfu. Therefore, some composi-
tions from Golodnaya, Kopi Mora and Ministerskaya are consid-
ered as fluor-species (Fig. 5b). However, most compositions have
much lower F (0.10-0.20 apfu) and are classified as
hydroxyl-species.

The Fey, content in the tourmalines is highly variable, from
0.23 to 2.36 apfu with the highest value in tourmaline from

Component (wt.%) 1 2 3 4 5 6 7 8 9
B,03* 10.42 10.67 10.20 10.14 10.44 10.60 10.60 10.82 10.50
SiO, 35.14 35.20 34.15 34.30 35.67 36.55 35.46 36.29 34.61
TiO, 0.78 0.47 b.d.l b.d.l 0.50 0.33 b.d.l 0.12 0.43
V,03 0.22 b.d.L b.d.l. b.d.l 0.12 0.16 b.d.l. b.d.l. b.d.l.
Cr,03 b.d.l. 0.15 b.d.l. b.d.L b.d.L b.d.L b.d.l. 0.16 b.d.l.
Al,O4 34.15 38.03 34.25 33.25 32.87 32.36 36.31 34.93 34.86
FeOrot 14.13 2.12 15.88 13.78 13.45 8.97 11.56 5.55 14.93
MnO 1.38 5.91 0.12 1.48 0.49 b.d.l. 0.71 0.23 0.23
MgO 0.38 b.d.l b.d.l 0.22 2.29 5.91 1.64 7.22 1.26
Ca0 b.d.l. 0.08 0.27 b.d.L 0.25 0.27 0.11 b.d.L. 0.18
Li,O** 0.05 1.20 0.03 0.23 0.04 0.03 0.13 0.02 n.a.
Na,O 1.49 2.04 1.78 2.21 2.04 1.97 1.55 2.00 2.10
K,0 b.d.l 0.08 b.d.l 0.10 0.12 b.d.l 0.07 0.13 0.08
F b.d.l. 0.97 0.25 0.66 b.d.L b.d.L b.d.l. b.d.l. 0.36
H,0* 3.16 2.76 3.04 2.86 3.05 3.23 3.26 3.53 3.18
2F=0 -0.41 -0.11 -0.28 -0.15
Total 101.30 99.27 99.86 98.95 101.33 100.38 101.40 101.00 102.57
Formula calculated on the basis of 15 cations, excluding (Na+ Ca +K)

B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Si 5.862 5.734 5.821 5.879 5.937 5.992 5.815 5.831 5.731
Tal 0.138 0.266 0.179 0.121 0.063 0.008 0.185 0.169 0.269
Total T 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
YAl 0.577 1.034 0.700 0.593 0.384 0.244 0.831 0.445 0.535
Mg 0.095 0.055 0.568 1.444 0.402 1.730 0.311
Fe?* 1.391 0.288 1.922 1.846 1.318 0.746 1.236 0.472 1.898
Fe3* 0.579 0.342 0.128 0.554 0.483 0.349 0.273 0.170
Ti 0.098 0.057 0.063 0.041 0.014 0.054
" 0.029 0.016 0.021

Cr 0.018 0.020

Mn 0.195 0.815 0.017 0.215 0.069 0.099 0.032 0.032
Li 0.035 0.787 0.019 0.162 0.027 0.020 0.083 0.014

Total Y 2.999 2.999 3.000 2.999 2.999 2.999 3.000 3.000 3.000
Na 0.480 0.644 0.589 0.736 0.658 0.626 0.494 0.622 0.674
Ca 0.015 0.049 0.045 0.047 0.020 0.032
K 0.017 0.021 0.025 0.014 0.027 0.017
C(vacancy) 0.520 0.324 0.362 0.243 0.272 0.327 0.472 0.351 0.277
Total X 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
YoH 3.000 2.823 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Yo 0.177

Total V 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
WOH 0.265 0.320 0.278 0.204 0.462 0.459 0.751 0.519
o 0.735 0.500 0.545 0.365 0.796 0.538 0.541 0.249 0.293
WE 0.500 0.135 0.357 0.189
Total W 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Ferot/(FerortMg) 0.954 1.000 1.000 0.065 0.767 0.460 0.798 0.301 0.869

Notes: (1) Sample 75, oxy-foitite, Ministerskaya; (2) Sample 42, darrellhenryite, Ministerskaya; (3) Sample 71, oxy-schorl, Mokrusha; (4) Sample 79, oxy-schorl, Golodnaya; (5) Sample 90,
oxy-schorl, Kopi Mora; (6) Sample 87, oxy-dravite, Zheltyye Yamy; (7) Sample 84, oxy-schorl, Zheltyye Yamy; (8) Sample 66, dravite, Buzheninov Bor; (9) Sample 6, schorl, Kazennitsa.
*The B,05 and H,0 contents are calculated from stoichiometry. Fe?* and Fe®* are calculated and distributed from the Méssbauer data, except for sample 42, where Fe?*= Fetot-

**The Li,O content was measured with LA-ICP-MS and was included in the formula calculation.

The Y and Z site occupancies were accomplished as recommended by Henry et al. (2011); b.d.l. denotes that the element content is below detection limit; n.a. denotes that the element was

not analysed.
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Fig. 4. Back-scattered electron images of representative tourmalines. (a) Sample 41, with a Cs-mica inclusion magnified in the inset, Ministerskaya; (b) sample 50,

Ministerskaya; (c) sample 69, Buzheninov Bor; and (d) sample 79, Golodnaya.

Mokrusha and Kazennitsa and the lowest, in the Buzheninov Bor
tourmalines (Figs 5d, 6b). The Fe,/(Fei+Mg) ratio and propor-
tion of the X-site vacancy is 0.30-1.00 and 0.05-0.58 apfu,
respectively (Table 1). On a ternary plot of FesoAlso—Alip—
MgsoAlsy (Fig. 5¢), all compositions lie above the schorl-dravite
join, implying enrichment in Al

Four compositions from Ministerskaya (sample 42) have the
highest Al and Mn contents (Figs 5d, 6d). This tourmaline contains
0.73-0.79 apfu Li and 1.03-1.07 apfu YAl (Table 1, anal. 2) and
is classified as darrellhenryite (Novak et al, 2013). The high Mn
(0.82 apfu) and Fe (0.29 apfu) contents probably result in the
black colour (Fig. 3h). This tourmaline is also F-rich (0.50 apfu).

Thus, in accordance with Henry et al. (2011), the tourmalines
investigated in this work are classified as schorl, oxy-schorl,
fluor-schorl, dravite, oxy-dravite, foitite, oxy-foitite and
darrellhenryite.

To determine possible substitution schemes in tourmalines, a
binary plot Fe,, versus Mg was used (Fig. 6b). In general, three
groups of tourmaline compositions can be distinguished: (1)
roughly parallel to the Fe axis; (2) roughly parallel to the Mg
axis; and (3) roughly parallel to the schorl-dravite join (Fig. 6b).

The first group comprises some of the compositions from
Ministerskaya, Kopi Mora and Zheltyye Yamy and all
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compositions from Mokrusha and Golodnaya. These composi-
tions are parallel to the FeAl;, AlO(Fe(OH)),; and [JAl
(NaFe)_; exchange vectors. Considering correlation coefficients
between Fe and Al (Al+O) and (Fe + OH), and (* [J+ Al) and
(Na + Fe), the dominant vector for the tourmaline compositions
from various pegmatites is different. The AlO(Fe(OH))_; vector
is predominant in the Golodnaya tourmalines (corelation coeffi-
cient —0.83), whereas the [JAI(NaFe)_; vector is predominant in
the Ministerskaya and Kopi Mora tourmalines, correlation coeffi-
cient -0.85 and -0.96, respectively; in the compositions of the
Mokrusha and Zheltyye Yamy tourmalines, correlation coeffi-
cients are similar, therefore, the influence of all vectors are equal.

The second group includes part of the Ministerskaya and
Zheltyye Yamy tourmalines and all tourmalines from
Buzheninov Bor. The compositions of these tourmalines are par-
allel to the AIO(Mg(OH))_; and [[JAl(NaMg)_; exchange vectors.
In addition, compositions with higher and lower Fe contents are
distinguished (Fig. 6b).

In the case of relatively high-Fe tourmalines from
Ministerskaya (8 compositions) the correlation coefficient between
Al +WO* and Mg+ WOH- is -0.94, whereas that X-site
vacancy + Al and Na+ Mg is -0.90. This indicates roughly
equal influence of both vectors. However for the relatively
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Fig. 5. Ternary plots illustrating tourmaline compositions. (a) X-site vacancy-Ca-[Na+K]; (b) F-O-OH; (c) FesoAlso—Aliot-MgsoAlso; and (d) Fe-Mn-Mg. (1) Li-rich gran-
itic pegmatites and aplites; (2) Li-poor granitic rocks and associated pegmatites and aplites; (3) Fe-rich quartz-tourmaline rocks (hydrothermally altered granites);
(4) metapelites and metapsammites coexisting with an Al-saturating phase; (5) metapelites and metapsammites not coexisting with an Al-saturating phase; (6)
Fe-rich quartz-tourmaline rocks, calc-silicate rocks and metapelites; (7) low-Ca meta-ultramafic and Cr-, V-rich metasedimentary rocks; (8) metacarbonates and
metapyroxenites; and (9) contact zones of complex (Li) pegmatites (after Henry and Guidotti, 1985).

low-Fe tourmalines (6 compositions) correlation coefficients are
-0.87 and -0.98 indicating the [JAI(NaMg)_; vector as
predominant.

The relatively high-Fe tourmalines from Zheltye Yamy (10
compositions) have correlation coefficients -0.85 and -0.93,
respectively. This testifies to the predominance of the [JAl
(NaMg)_; exchange vector. The correlation coefficients in the
relatively low-Fe tourmalines (12 compositions) are —0.92 and
-0.96 indicating a roughly equal influence of both vectors.

At Buzheninov Bor, the relatively high-Fe tourmalines (15
compositions) show that the predominant vector is AlO(Mg
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(OH))_, because the correlation coefficient between Al + * O
and Mg + WOH- is -0.95, whereas that between X-site vacancy
+ Al;,; and Na + Mg is -0.85. The relatively low-Fe tourmalines
(4 compositions) are characterised by those correlation coeffi-
cients, —0.90 and 0.17, respectively that indicates only one vector
AlO(Mg(OH))._;.

Thus, tourmalines of the second group show predominance of
one of the two vectors or their roughly equal influence.

Finally, the compositions of third group including all tourma-
lines from Kazennitsa and partly from Kopi Mora are roughly
parallel to the MgFe_; exchange vector (Fig. 6b).
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Fig. 6. Binary plots illustrating tourmaline compositions. (a) X-site vacancy/(X-site vacancy + Na) versus Fe./(Feiot + Mg); (b) Fe versus Mg; (c) Fe versus Mn; and (d)
YAl versus Mn. The arrow in (b) follows the direction of tourmaline evolution. See Fig. 5 for legend.

The following dominant substitutions are suggested for the
tourmaline compositions on the basis of the dominant exchange
vector: (1) Fe** < Mg, (2) Al+ V0>  Fe*" + WOH-; (3) X-site
vacancy + Al < Na + Fe’*; (4) Al+YO* < Mg+ “OH; and (5)
X-site vacancy + Al <> Na + Mg. The Fe*" < Mg substitution is
observed in tourmalines from both serpentinite- and
metamorphic-hosted pegmatites (Kazennitsa, Kopi Mora). The
Golodnaya tourmalines are characterised by the second substitution.
The Mokrusha tourmalines combine the second and third substitu-
tions. Tourmalines from Zheltye Yamy are distinguished by the
second, third and fifth substitutions. The Kopi Mora tourmalines
have the first and third substitutions. The third, fourth and fifth sub-
stitutions characterise tourmalines from Ministerskaya. Tourmalines
from Kazennitsa and Buzheninov Bor show the first and fourth
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substitutions, respectively. It is noteworthy that the common feature
of tourmalines from pegmatites hosted by serpentinites
(Ministerskaya, Zheltye Yamy, Kopi Mora and Bozheninov Bor) is
the fourth and second substitutions, whereas that of tourmalines
from pegmatites hosted by metamorphic rocks (Golodnaya,
Mokrusha) is the second and third substitutions.

The Fe < Mn substitution in tourmaline from pegmatites is
quite informative for understanding a pegmatite melt process
(Lichtervelde et al., 2008), therefore a binary Fey, versus Mn
plot was constructed (Fig. 6¢c). Four compositions with Mn >
0.80 apfu from Ministerskaya differ dramatically from others.
These compositions from sample 42 are classified as darrellhen-
ryite (see above). In general, tourmalines from Ministerskaya
have a clear negative correlation between Fe and Mn (-0.81)
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and a higher Mn concentration than those from other pegmatites.
It is noteworthy that four compositions with 0.36-0.43 apfu Mn
from Kopi Mora are attributed to the grain rim (sample 93).
This indicates increasing Mn activity during crystallisation.
Tourmalines from Golodnaya and some tourmalines from
Zheltyye Yamy are also characterised by a negative correlation
between Fe and Mn (-0.66 and -0.47, respectively). It is interest-
ing that the correlation relationship between YAl and Mn demon-
strates the opposite results in comparison with the Fe-Mn pair for
compositions from all pegmatites except for Buzheninov Bor and
Kazennitsa (Fig. 6d).

In addition, to understand major-element variation in tourma-
lines, PCA was used. Figure 7a shows a two-dimensional projec-
tion of the two first principal components (PC1 versus PC2, the
total variability is 44.29%) of the major oxides. Generally,
Buzheninov Bor tourmalines are characterised by a high Mg con-
tent; compositions from Zheltyye Yamy are diverse, with Mg > Fe
and vice versa; tourmalines from Kazennitsa and Kopi Mora are
characterised by Fe > Mg. In compositions from Golodnaya and
Mokrusha, Fe > Mn, with low Mg content, whereas tourmalines
from Ministerskaya are distinguished by high Mn content, with
Fe > Mg. Thus, excluding Buzheninov Bor, the following sequence
of pegmatites can be suggested according to the degree of differ-
entiation: Zheltyye Yamy — Kopi Mora and Kazennitsa —
Golodnaya and Mokrusha — Ministerskaya.

Trace-element variations

The LA-ICP-MS measurements were conducted on thirty-four
samples from all pegmatites except for Kazennitsa (Table 2). In
general, concentrations of trace elements in the tourmalines are
quite low, except for Ta, U, Zr, Nb and Li in a few samples
from Ministerskaya (sample 46.2, 42, 50) and one tourmaline
from Kopi Mora (sample 90). These samples were omitted.
Overall, total rare earth element (REE) content in all tourmalines

(a)
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-
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is low ranging from 3.06 to 45.07 ppm with HREEs in most com-
positions being below detection limits by LA-ICP-MS (Table 2).

Notwithstanding the low trace-element concentrations in tourma-
lines, PCA was applied to the origin dataset (selected elements) with
corresponding plots constructed (Fig. 7b). The projection of the PC1
vs. PC2 planes accounts for 40.6% of the element variability. Three
groups of element correlation clusters are discriminated by the
PCA. A first group is composed of trace Co, Ni and Pb, and major
Ca and Mg. This group includes divalent cations and corresponds
to the geochemical affinity of Mg, Ni and Co, the first two elements
occupy site Y, whereas Co can enter the Y and Z sites
(Rozhdestvenskaya et al, 2012); Ca and Pb occupy site X
(Vereshchagin et al, 2020); and a positive correlation between Ca
and Mg could reflect the uvite-type substitution in these tourmalines.
A second group includes uni-, di- and trivalent trace (Li, Zn and Ga)
and di- and trivalent major elements (Al and Mn); Al and Ga, and Zn
and Mn are geochemical relatives, Ga can be distributed between both
the Y and Z sites (Vereshchagin et al, 2016); Mn and Al show a posi-
tive correlation; Li and partly Al occupy site Y. The third group is
composed of U, Th, Hf, Ta, Nb, Y, In and Sn, which correspond to
tri-, tetra-, and pentavalent high-field-strength elements; U, Th and
Hf; Ta and Nb; and Sn and In are geochemical relatives. Due to
extremely low content, REEs were excluded from PCA diagrams.
According to Vereshchagin et al. (2021) and van Hinsberg (2011),
REEs may occupy both the X and Y sites.

These data allow tourmalines from Buzheninov Bor to be
attributed to the first group; tourmalines from Zheltye Yamy to
the second; tourmalines from Mokrusha, Golodnaya, and Kopi
Mora to be assigned to the second and the third groups; and tour-
malines from Ministerskaya are spread throughout all groups.

Mossbauer spectroscopy

Mossbauer spectroscopy is useful for the examination of site
occupancies and valence state of Fe in tourmaline species, thus,
allowing the estimation of Fe**/Fe, and Fe’*/Fe** ratios (Dyar

(b)
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Fig. 7. Principal components analysis (PCA) in PC1 versus PC2 planes of (a) major-element oxides and (b) selected major- and trace-elements in tourmalines. See

Fig. 5 for legend.
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Table 2. Representative LA-ICP-MS data for tourmalines.

Tatiana A. Gvozdenko et al.

1 2 3 4 5 6 7 8

Li (ppm) 239.86 5585.93 132.30 1091.11 186.93 142.61 587.54 102.76
Be 4.96 5.5 8.65 412 b.d.l. 0.94 6.41 31,51
P 111.39 84.83 99.02 83.60 68.03 104.96 105.52 79.62
Sc 121.33 41.43 57.80 0.81 118.56 90.60 1.22 63.00
Co b.d.l b.d.l. b.d.l b.d.l. 2.56 4.30 0.76 4.86
Ni b.d.l 0.55 b.d.l. b.d.l. b.d.l. 0.42 b.d.l. b.d.l.
Cu b.d.l. b.d.l. b.d.l. b.d.L. b.d.L. b.d.L. 1.54 10.82
Zn 935.22 143.49 1966.30 4287.33 422.81 572.53 3757.77 248.61
Ga 257.43 219.30 313.60 190.81 154.59 173.42 264.50 177.34
Rb 0.16 b.d.l. b.d.l b.d.l. b.d.l. b.d.l. 0.15 b.d.l.
Sr b.d.l. b.d.L. b.d.l. b.d.L. 0.34 b.d.L. b.d.L. b.d.l.
Y b.d.l 0.217 b.d.l. b.d.l 1.26 b.d.l. b.d.l. b.d.l.
zr 0.34 0.20 0.55 b.d.l. 11.36 0.25 b.d.L. b.d.L.
Nb 135 1.06 8.02 0.32 18.25 0.90 b.d.l. 0.76
Mo b.d.l. b.d.l. b.d.l. b.d.L. 0.51 b.d.L. b.d.L. b.d.l.
Ccd b.d.l. 0.36 b.d.l b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
In 1.46 0.74 1.74 0.21 0.84 0.70 0.08 0.62
Sn 151.55 76.29 20.06 40.14 33.48 24.79 6.75 17.03
Sb b.d.l. 0.56 b.d.l. b.d.L. 0.42 b.d.L. b.d.L. b.d.l.
Cs b.d.l. 0.51 b.d.l b.d.l. b.d.l. b.d.l. b.d.l. 0.09
Ba b.d.l. 3.32 b.d.l b.d.l 1.64 b.d.l. b.d.l. b.d.l.
La 3.09 6.57 8.23 0.25 112 0.99 0.63 0.48
Ce 14.21 20.03 24.53 1.50 3.86 2.88 2.94 2.44
Pr 1.76 2.23 2.48 0.26 0.35 0.28 0.31 031
Nd 4.04 491 7.05 0.54 0.88 0.89 1.35 0.96
Sm 0.51 2.23 1.95 0.36 0.13 0.21 0.28 0.25
Eu b.d.L. b.d.L. 0.01 b.d.L. 0.02 b.d.L. b.d.L. 0.01
Gd 0.20 0.50 0.75 0.15 0.11 0.11 0.04 0.07
Th 0.03 0.05 0.01 b.d.L. 0.03 b.d.L. 0.01 0.01
Dy 0.05 0.09 0.05 b.d.l. 0.27 b.d.l. b.d.l. b.d.l.
Ho b.d.L. 0.01 0.01 b.d.L. 0.06 b.d.L. b.d.L. b.d.L.
Er b.d.l b.d.l b.d.l b.d.l. 0.16 b.d.l. b.d.l. b.d.l.
Tm b.d.l. b.d.l. b.d.l. b.d.l. 0.031 b.d.l b.d.l. b.d.l
Yb b.d.l. b.d.l. b.d.l b.d.l. 0.37 b.d.l. 0.06 0.02
Lu 0.01 b.d.L. b.d.l. b.d.l. 0.04 b.d.L. b.d.L. b.d.L.
Hf 0.11 0.02 0.11 0.02 0.81 0.11 0.09 0.02
Ta 1.00 0.54 479 0.36 11.41 0.54 0.77 0.43
Pb 0.28 5.52 3.64 b.d.l. 6.02 0.79 b.d.l. 0.63
Bi 0.18 20.76 0.02 b.d.L. 19.99 b.d.L. b.d.L. 0.80
Th 0.05 0.19 0.04 b.d.l. 1.63 b.d.l. b.d.l. 0.01
U 0.01 0.01 b.d.l. b.d.l. 11.24 b.d.l. b.d.l. b.d.l
SLREE 23.81 36.47 45.00 3.06 6.47 5.35 5.55 451
SHREE 0.09 0.15 0.07 b.d.L. 0.96 b.d.L. 0.93 0.02

Notes: Numbers correspond to those in Table 1.

b.d.l. denotes that the element content is below detection limit; LREE - light rare earth element; HREE - heavy rare earth element.

et al., 1998; Oliveira et al., 2002; Silva et al., 2018). Mdssbauer
spectra were measured for 14 tourmaline samples and their para-
meters are given in Table 3 with representative spectra shown in
Fig. 8. All Mossbauer spectra can be described as well-defined
asymmetric doubled-shaped, fitted with four or five doublets.
According to these results, in all tourmalines, Fe’* occupies
only site Y (Y1, Y2 and Y3); tourmalines from all pegmatites con-
tain Fe’*; and the charge transition Fe** <> Fe’" is noted in sam-
ples from Ministerskaya, Mokrusha, Kopi Mora, Zheltyye Yamy
and Buzheninov Bor, whereas this is absent in tourmalines
from Golodnay and Kazennitsa (Table 3; Fig. 8). According to
the Fe®*/Fe,, ratio, which varies from 5 to 39% (Table 3), the
tourmalines can be divided into two groups. The first includes
Mokrusha, Golodnaya and Kazennitsa with a low Fe**/Feo
ratio ranging from 5 to 15%; the second comprises tourmalines
from Ministerskaya, Zheltyye Yamy, Kopi Mora and
Buzheninov Bor with a higher Fe**/Fe,, ratio, ranging from 22
to 39%. Notably, the Fe’*/Fe** ratio ranges from 0.05 to 0.18
and from 0.28 to 0.65 in the tourmalines from the first and second
groups, respectively.
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Raman spectroscopy

Forty-three tourmaline samples from the pegmatites were investi-
gated by Raman spectroscopy in two frequency ranges: 100-1000
and 3000-4000 cm ™. The low-frequency range is useful for dis-
tinguishing Fe- and Mg-rich tourmalines, whereas the high-
frequency range is associated with the OH-stretching modes.
The Raman frequencies and their assignments for representative
samples are given in Table 4. In general, the Raman data are con-
sistent with the electron microprobe data according to which the
tourmalines are classified as schorl, oxy-schorl, fluor-schorl,
dravite, oxy-dravite, foitite, oxy-foitite, and darrellhenryite.

Low-frequency range

The spectroscopic features of tourmalines in the low-frequency
range are shown on the left panel of Fig. 9. Representative tourma-
line bands and their assignments are given in Table 4. In most
samples, the strongest peak at ~370+5cm™" is typical of the
ZAl-dominant tourmalines (ZOg). The range ~650-720 cm
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Table 3. Hyperfine parameters of representative tourmalines.

1 2 3 4 5 6 7
Fe*(Y1) IS (mm/s) 1.09 109 110 1.08 1.09 110 1.09
QS (mm/s) 245 246 246 242 249 246 247
S (%) 338 359 297 329 143 263 263
I (mm/s) 028 028 027 032 025 027 028
Fe?*(Y2) IS (mm/s) 097 097 1.08 110 1.09 1.08 1.09
QS (mm/s) 214 211 216 220 222 219 217
S (%) 177 155 375 446 542 412 340
I (mm/s) 042 039 038 036 036 034 033
Fe?*(v3) IS (mm/s) 101 101 1.05 1.03 096 090 104
QS (mm/s) 145 146 155 124 136 155 148
S (%) 670 102 118 174 250 231 315
I (mm/s) 031 035 041 057 065 071 0.64
Fe?* oFe IS (mm/s) 079 0.79 0.75
(IveT) QS (mm/s) 123 124 144
S (%) 247 158 117
I (mm/s) 052 046 059
Fe* (oct.) IS (mm/s) 050 0.48 040 033 033 040 0.30
QS (mm/s) 0.84 0.86 038 069 064 048 0.55
S (%) 171 226 930 510 650 9.40 820
I (mm/s) 053 065 074 023 035 054 048
Fe**/Fewor (%) 30 31 15 5 7 9 8
Fe**/Fe?* * 042 044 018 005 0.07 010 0.09
8 9 10 11 12 13 14
Fe?(Y1) IS (mm/s)  1.09 109 1.09 110 110 110 1.09
QS (mm/s) 246 245 246 244 246 245 246
S (%) 274 339 325 360 343 375 283
I (mm/s) 030 029 029 031 027 030 028
Fe?*(Y2) IS (mm/s) 108 102 1.00 095 1.04 093 098
QS (mm/s) 217 213 212 222 218 219 210
S (%) 357 163 124 420 257 810 12.7
I (mm/s) 034 040 037 022 043 024 038
Fe?"(Y3) IS (mm/s) 105 103 1.03 1.00 1.04 098 0.99
QS (mm/s) 144 147 150 163 149 160 1.49
S (%) 294 104 113 141 106 127 131
I (mm/s) 058 039 039 045 036 038 043
Fe** oFe IS (mm/s) 073 072 069 072 074 0.68
(IveT) QS (mm/s) 133 133 141 140 132 133
S (%) 196 203 129 148 102 164
I' (mm/s) 059 061 057 051 048 0.56
Fe®* (oct.) IS (mm/s) 031 048 046 043 043 042 044
QS (mm/s) 056 0.78 0.81 087 083 092 0.82
S (%) 750 198 235 328 146 315 295
I (mm/s) 038 057 056 063 073 076 0.59
Fe* [Feyor (%) 8 30 34 39 22 37 38
Fe3*/Fe?* * 0.08 042 051 065 028 058 0.61

Notes: (1) Sample 75, oxy-foitite, Ministerskaya mine; (2) Sample 34, oxy-schorl,
Ministerskaya mine; (3) Sample 71, oxy-schorl, Mokrusha; (4) Sample 72, schorl, Mokrusha;
(5) Sample 79, oxy-schorl, Golodnaya; (6) Sample 80, oxy-schorl, Golodnaya; (7) Sample 6,
schorl, Kazennitsa; (8) Sample 5, schorl, Kazennitsa; (9) Sample 90, oxy-schorl, Kopi Mora;
(10) Sample 92, oxy-schorl, Kopi Mora; (11) Sample 87, oxy-dravite, Zheltyye Yamy; (12)
Sample 84, oxy-schorl, Zheltyye Yamy; (13) Sample 66, dravite, Buzheninov Bor; and (14)
Sample 68, oxy-dravite, Buzheninov Bor;

IS - Isomer Shift; QS - Quadrupole Splitting; S - relative area; I' - peak width; IVCT -
intervalence charge transfer.

*Fe** was calculated as Fe**+(Fe**"/2); Fe*" was calculated as Fe*"+(Fe>**/2).

related to the SiO, ring vibrations, contains two or three peaks. The
Mg-dominant tourmalines from Buzheninov Bor, Kopi Mora and
Zheltyye Yamy exhibit a clearly resolved doublet at ~213+1 and
~235+5cm”". In contrast, Fe-rich species from all pegmatites dis-
play only one well-defined peak at ~236+3cm™ with weak
shoulders. Most tourmalines exhibit a Raman peak at ~313+
3 cm™, which according to Watenphul et al. (2016b) is assigned
to the Y-O-Z bending vibration, which is sensitive to the Fe** con-
tent at the Y site. The Fe** content at both, the Y and Z sites can be

calculated as YFe>* = (314 - )/7 and “Fe’* = /[(367 — w)/6],
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respectively (Watenphul et al., 2016b). These calculations indicate
that Fe’™ in tourmalines from all pegmatites except for
Kazennitsa, occupies only the Y site, whereas in tourmaline
from Kazennitsa (sample 6) it occupies both the Y and Z sites
(Table 4). Raman spectra of some tourmalines from
Ministerskaya and Zheltyye Yamy display a peak at ~230+
2 cm™, which corresponds to YO in foitite.

Raman spectra of darrellhenryite from Ministerskaya is distin-
guished from other tourmaline spectra by the presence of two
noticeable shoulders that correspond to the YOq and ZOg main
peaks: ~224 cm™" with a shoulder at ~266 cm™' and ~375 cm™!
with ~409 cm™, respectively. In addition, spectra of this tourma-
line display the strongest peak at ~836 cm™', which might origin-
ate from the OH-vibration mode (Fig. 9). In addition, the Raman
spectrum of this sample, the very weak OH-stretching Raman
scattering, and a strong peak near 836 cm™', indicates that this
grain was oriented with its crystallographic ¢ axis predominantly
perpendicular to the polarisation of the incident laser. In contrast,
the other samples seem to be oriented with the crystallographic ¢
axis predominantly parallel to the polarisation of the incident
laser radiation (Watenphul et al., 2016a).

High-frequency range

Typically the study of hydroxyl groups in tourmalines focuses on
infrared spectroscopy of the OH bond stretching modes
(Gonzalez-Carrefio et al., 1988; Castafieda et al, 2000; Skogby
et al., 2012; Fantitni et al., 2014). However, Raman spectroscopy
in the high-frequency range can also be useful for that purpose
(Watenphul et al., 2016a).

All spectra collected in this study are divided into three groups
in accordance with the position of the YOH mode. Representative
Raman spectra are shown in Fig. 9 (right panel), and peak assign-
ments are given in Table 4. The first group includes tourmalines
showing the strongest peak at ~3566+3 corresponding to the
most probable triplet YZZ-YZZ-YZZ - 3YFe“Al“Al. This peak is
typical of schorl (Watenphul et al., 2016a). The second group com-
prises tourmalines with the strongest peak at ~3570+2cm’’,
which is assigned to 3YMg“Al“Al, corresponding to dravite. The
third group includes tourmalines with the most intense
VOH-stretching mode at ~3550 + 1 cm™', which is attributed to
2YFe”AI”AI-YAI’AI”Al, typical of foitite (Watenphul et al,
2016a). All but one spectra display distinct “YOH-stretching
modes with frequencies and corresponding assignments given in
Table 4. The most noticeable peaks are ~3632 +2 cm™" for schorl,
~3644+1cm™' and ~3743+1cm™" for dravite, and ~3635 +
1cm™ for foitite. The analysis of the “""WOH vibrations in the
Raman spectra of darrellhenryite is difficult due to the very weak
modes.

Discussion

According to the data obtained, the tourmalines from granitic
pegmatites related to the Murzinka Pluton differ in their compo-
sitions and are classified as schorl, oxy-schorl, fluor-schorl, dra-
vite, oxy-dravite, foitite, oxy-foitite and darrellhenryite. The lack
of compositional variations in the individual tourmaline samples
is probably due to re-equilibration in the system during internal
evolution of the pegmatites (Roda-Robles et al., 2004).
Tourmaline composition reflects the evolution of granitic peg-
matites (Jolliff et al., 1986; Roda et al., 1995; Tindle et al., 2002;
Roda-Robles et al, 2004, 2015); the Al content in tourmaline
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https://doi.org/10.1180/mgm.2022.104 Published online by Cambridge University Press


https://doi.org/10.1180/mgm.2022.104

Mineralogical Magazine

Table 4. Representative Raman frequencies of tourmaline species.

Band (cm™) Assignment
Schorl, oxy-schorl 1 2 3
Low-frequency range 234 236 237 YOq

315 314 313 YOq4 (Fe*)

368 366 369 ZOg

3501 3498 3496 YFe”Al*Al-2"AI*Al%Al (YOH mode)
3550 2'Fe?Al%Al-YAI?Al%Al (YOH mode)

High-frequency range

3563 3569 3"Fe?Al*Al (YOH mode)
3630 3634 3633 YFe'Al'AI*J (YOH mode)
Dravite 4 5
Low-frequency range 214 212 YO¢
239 230 YOq
310 315 YOg (Fe*")
367 367 206
High-frequency range 3550 2"Mg?APAl-"APAIZAL (YOH mode)
3568 3572 3"Mg?Al“Al (YOH mode)
3644 Mg"AAI*TT (YOH mode)
3743 "Mg'Mg"Al-*Na ("OH mode)
Foitite 6 7
Low-frequency range 228 232 YO¢
315 313 YOg (Fe*)
368 369 206
High-frequency range 3484 "Fe ZAIAl-2"A”AI”Al (YOH mode)
3551 3550 2YFe ?AI%AI-"AIZAIAl (YOH mode)
3635 3636 YFeYAAI* T (YOH mode)
Darrellhenryite 8
Low-frequency range 224, 266 YOs
375, 409 Z0¢
836 AL'Al'Fe" (OH mode)

Notes: (1) Sample 79, oxy-schorl, Golodnaya; (2) Sample 6, schorl, Kazennitsa; (3) Sample
19, oxy-schorl, Zheltyye Yamy; (4) Sample 64.2, dravite, Buzheninov Bor; (5) Sample 89,
oxy-dravite, Zheltyye Yamy; (6) Sample 50, oxy-foitite, Ministerskaya; (7) Sample 85, foitite,
Zheltyye Yamy; and (8) Sample 42, darrellhenryite, Ministerskaya.

Fe* = (Fe®* + Mn?"). Assignments are given according to Watenphul et al. (2016a, 2016b).

increases during pegmatite evolution (Roda-Robles et al., 2004). In
addition, tourmaline of the earliest stage is richer in Mg, whereas
that crystallised at a late stage is characterised by higher Fe, Na,
Al and Mn content (Jolliff et al, 1986; 1987; Roda et al., 1995;
Tindle et al., 2002; Roda-Robles et al, 2004, 2015; Galbraith
et al., 2009). Tourmalines studied here are Al rich with 5.99-8.09
apfu Al (Fig. 5¢) - darrellhenryite from Ministerskaya has the
highest Al; in addition, it is the richest in Mn among all other tour-
malines. This indicates darrellhenryite formation was at the late
stage.

Roda-Robles et al. (2004) suggested that the high Mg content in
tourmalines related to granitic pegmatites is due to derivation from
an earlier concentration of boron-rich fluids in the granitic cham-
ber, prior to the generation of the pegmatite itself. In the current
study, Mg-rich tourmalines were reported from the Buzheninov
Bor, Zheltyye Yamy, Ministerskaya and Kopi Mora pegmatites
hosted by serpentinites. Therefore, we suggest that these pegma-
tites were contaminated by host rocks at the early stage. The pres-
ence of foitite in a few samples from Ministerskaya and Zheltyye
Yamy are very likely related to albite, either Na was partitioned
into albite before tourmaline crystallisation (alkali-depleted melt)
or into coexisting albite (Roda-Robles et al., 2004).

Darrellhenryite is the latest forming tourmaline from pegma-
tites at its type locality Nova Ves in Czech Republic (Novak
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et al, 2013) and in the Berry-Havey pegmatite in Maine, USA
(Roda-Robles et al., 2015). Zhou et al. (2015) reported the follow-
ing evolution within the Kokotkay No 3 pegmatite in Altai, China:
dravite — foitite-schorl — schorl — elbaite — rossmanite. Having
studied paragenesis and compositional zoning within individual
tourmaline crystals from the Tanko pegmatite at Bernic Lake in
Manitoba, Canada, Selway et al. (2000) revealed the sequence of
crystallisation from foitite-schorl through Al-rich schorl, schorl,
schorl-elbaite, fluor-elbaite, Fe-rich fluor-elbaite, Mn-bearing
fluor-elbaite, to rossmanite.

All tourmaline crystals studied here are roughly homogenous
and we did not observe overprinting tourmaline species.
However, taking into account the aforementioned literary data,
the possible compositional evolution of tourmalines studied
here is Mg-rich dravite through to Fe-rich schorl, foitite, and oxy-
foitite to Fe- and Mn-rich darrellhenryite. This composition trend
is shown in Fig. 5¢, where the compositions with the lowest Fe
and Mg correspond to darrellhenryite.

The compositional changes observed in tourmalines may be
explained by five main mechanisms: (1) Fe*t o Mg; (2) Al
+ V0> o Fe** +WOH; (3) X-site vacancy + Al < Na+ Fe®';
(4) Al1+V0* < Mg+ "“OH7; and (5) X-site vacancy + Al <
Na + Mg.

The first simple homovalent substitution takes place in early
tourmalines from pegmatites, which are not contaminated by
host Mg-rich rocks (Selway et al, 1999, Tindle et al., 2002,
Roda-Robles et al., 2004). The second proton-loss substitution
in combination with the third alkali-defect substitution in tour-
maline play a significant role for further pegmatite evolution.
These three substitutions are identified in tourmalines from
three pegmatites hosted by metamorphic rock (Kazennitsa,
Mokrusha, Golodnaya) and one pegmatite in serpentinites
(Kopi Mora). In the last case, the pegmatite was probably formed
in a closed system and did not interact with the host rock.

The fourth and fifth mechanisms are described in tourmalines
from pegmatites contaminated by host serpentinites in the
Moldubian Zone, Czech Republic (Novak et al, 2017).
Pegmatites were divided into A, B and C types in their zoning
and mineralogy: from unzoned and mineralogical simple type A
to zoned and mineralogical complex type C including lithium
minerals. The tourmaline compositions from the Ural pegmatites
are similar to those reported in the Moldubian Zone as B and C
types. Tourmalines from Buzheninov Bor are comparable with the
B type tourmalines in composition, whereas tourmalines from
Ministerskaya and Zheltye Yamy are comparable with the C type.

Some tourmalines from Ministerskaya have the highest con-
tent of Mn (up to 0.86 apfu Mn, darrellhenryite) and contain
inclusions of Cs-mica. Manganese and Cs indicate the evolved
pegmatite environment (Certy et al, 1985, London 2008,
Roda-Robles et al., 2015) and Ministerskaya is the most evolved
pegmatite among those studied here.

Generally, the Fe*'/Fe,, ratio in tourmalines from granitic
pegmatites does not exceed 10% (Dyar et al, 1999; Gaweda
et al., 2002), however in the tourmalines of the Trebi¢ pluton
this value is 17-26% (Novak et al., 2011). The Fe’*/Fe,, ratio
in the tourmalines studied here reaches 39%. The Fe*/Fe
ratio is clearly governed by the rocks hosting the pegmatite. It
ranges from 5 to 15% in tourmalines from pegmatites hosted by
metamorphic rocks (Mokrusha, Golodnaya and Kazennitsa)
and from 22 to 39% in tourmalines from pegmatites hosted by
serpentinites (Ministerskaya, Zheltyye Yamy, Kopi Mora and
Buzheninov Bor).
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Fig. 9. Raman spectra of tourmalines in the low- (left panel) and
high-frequency (right panel) ranges.
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The Fe’*/Fe** ratio in Fe tourmalines is a good indicator of a
tourmaline crystallisation environment, which is controlled by the
conditions prevailing during the crystallisation or later transfor-
mations, rather than by substitution mechanisms (Dyar et al.,
1998; Oliveira et al, 2002). In tourmalines from Mokrusha,
Golodnaya and Kazennitsa, this ratio ranges from 0.05 to 0.18,
corresponding to the low oxidising conditions in a closed mag-
matic environment, whereas this value for tourmalines from
other pegmatites is between 0.28 and 0.65, reflecting the inter-
mediate oxidising conditions in a half-open environment
(Oliveira et al., 2002). According to Gaweda et al. (2002), the dif-
ferences in the Fe’*/Fe*" value in tourmalines is due to both var-
iations in oxygen fugacity in the source metasediments during
anatexis and interaction of magmatic/postmagmatic fluids with
the metamorphic host rocks.

Generally, tourmalines from this study are characterised by
relatively high Zn, Ga, Sn and Sc concentrations (Table 2). The
rare-earth element concentration is quite low, except for Ce,
which is comparable with other known pegmatitic tourmalines,
except for a few REE-enriched tourmalines reported (Jolliff
et al, 1987, Roda et al, 1995, Roda-Robles et al., 2004, Ertl
et al., 2006, Novak et al., 2011, Bacik et al., 2012). The high Zn
content is usual in tourmalines from pegmatites (Roda et al,
1995; Roda-Robles et al., 2015). The highest Zn concentration
among tourmalines studied here was measured in Golodnaya,
Zheltyye Yamy and Mokrusha (4287, 3758 and 1966 ppm,
respectively) (Table 2). The relatively high Sn content (up to
205 ppm) observed in tourmalines from Ministerskaya could be
due to possible Sn mineralisation, or be controlled by fraction-
ation of the pegmatite-forming melt (Roda-Robles et al., 2004,
2015).

Considering the trace-element data and mineral composition
of pegmatites, the most similar tourmalines to those studied
here seem to be tourmalines from Trebi¢ pluton, Czech
Republic (Novak et al., 2011), assigned to the NYF petrogenetic
family. According to Popov and Popova (1999), Kanonerov and
Chudinova (2000) and Popova et al. (2002), the aforementioned
pegmatites contain a wide range of accessory minerals, i.e. annite,
titanite, rutile, euxenite, monazite, milarite, etc. At the same time,
Novak et al. (2011) described in detail allanite- and euxenite-type
NYF pegmatites from the Trebi¢ Pluton with a mineral compos-
ition close to those from the Urals. However, tourmalines from
that pluton have much higher Sn, Sc and Ni concentrations.
Thus, in accordance with Cerfly and Ercit (2005), pegmatites
from this study could be classified as NYF pegmatites, however
further research is necessary.

The anomalous Ta, U, Zr and Nb content in two samples from
Ministerskaya (samples 46.2, 50) and one tourmaline from Kopi
Mora (sample 90) is most probably caused by tiny mineral inclu-
sions, captured by laser during LA-ICP-MS analysis.

Opverall, Raman data in combination with electron microprobe
analysis helped to identify tourmaline species and to assign Fe’*
to the Y site (Watenphul et al., 2016a, 2016b). The darrellhenryite
spectrum from Ministerskaya is similar to that of elbaite, except
for the strongest peak at ~836 cm™' (Fig. 9). Mid-wavenumber
modes in tourmaline are associated with Si-O vibrations of the
SisO,5 ring, however this part of the tourmaline spectra is strongly
influenced by the cations at the Y site (Hoang et al., 2011; Fantini
et al., 2014). The higher frequency range with the OH-stretching
modes for darrellhenryite displayed weak unrecognisable modes.
According to Hoang et al. (2011), the presence of a strong peak
at ~840 cm™' in elbaite can be explained by OH-vibration
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coordinated to AIYAIYFeY instead of AIYAIYLiY. Thus, the same
peak in darrellhenryite spectra can be explained by the incorpor-
ation of Fe in combination with Al and Li at the Y site.

Conclusions

Tourmalines from the Li-poor NYF granitic pegmatites related to
the Murzinka Pluton are Al-rich. The tourmaline composition
possibly evolves from Mg-rich dravite through to Fe-rich schorl,
foitite and oxy-foitite to Fe- and Mn-rich darrellhenryite. The
chemical study of tourmalines made it possible to rank the peg-
matites by increasing degrees of differentiation: Zheltyye Yamy
— Kopi Mora and Kazennitsa — Golodnaya and Mokrusha —
Ministerskaya. Tourmaline compositions indicate that the
Buzheninov Bor, Zheltyye Yamy, Kopi Mora and Ministerskaya
tourmalines were contaminated by host serpentinites. On the
basis of the Fe’*/Fe** value measured in tourmalines, pegmatites
were formed in an environment with variable oxidising
conditions.

Acknowledgements. We thank Igor Pekov for the samples kindly placed at
our disposal and Lyudmila Sipavina for obtaining the Mdssbauer spectra. We
are also grateful to the staff of the Rezh Natural Mineralogical Reserve, Urals,
Russia and personally to Artem Sergushin, the head of the Reserve for assist-
ance in samples collection. The authors thank Oleg Vereshchagin and the
anonymous reviewer for their valuable comments, which significantly
improved the manuscript.

The LA-ICP-MS study was supported by the state assignment of the
“Geoanalitik” shared research facilities of Institute of Geology and Geochemistry
UB RAS (Yekaterinburg, Russia) (Ne AAAA-A18-118053090045-8). The
re-equipment and comprehensive development of the “Geoanalitik” shared
research facilities of the Institute of Geology and Geochemistry UB RAS
(Yekaterinburg, Russia) is financially supported by the grant of the Ministry of
Science and Higher Education of the Russian Federation (Agreement No.
075-15-2021-680).

Competing interests. The authors declare none.

References

Bacik P, Uher P, Ertl A,, Jonsson E., Nysten P., Kanicky V. and Vaculovi¢ T.
(2012) Zoned REE- enriched dravite from a granitic pegmatite in
Forshammar Bergslagen Province, Sweden: an EMPA XRD and
LA-ICP-MS study. The Canadian Mineralogist, 50, 825-841.

Baksheev I.A., Vigasina M.F., Yapaskurt V.O., Bryzgalov I.A. and Gorelikova
N.V. (2019) Tourmaline of the Solnechnoe tin deposit, Khabarovsk Krai,
Russia. Mineralogical Magazine, 84, 245-265.

Castafieda C., Oliveira E.F.,, Gomes N. and Soares A.C.P. (2000) Infrared study
of OH sites in tourmaline from darrellhenryite-schorl series. American
Mineralogist, 85, 1503-1507.

Cerny P. and Ercit T.S. (2005) The classification of granitic pegmatites revis-
ited. The Canadian Mineralogist, 43, 2005-2026.

Cerr’ly P., Meintzer R.E. and Anderson A.]. (1985) Extreme fractionation in
rare-element granitic pegmatites; selected examples of data and mechan-
isms. The Canadian Mineralogist, 23, 381-421.

Codego M.S,, Weis P, Trumbull R.B., Hinsberg V.V, Pinto F,
Lecumberri-Sanchez P. and Schleicher A.M. (2021) The imprint of hydro-
thermal fluids on trace-element contents in white mica and tourmaline
from the Panasqueira W-Sn-Cu deposit, Portugal. Mineralium Deposita,
56, 481-508.

Dyar M.D., Taylor M.E,, Lutz T.M., Francis C.A., Guidotti C.V. and Wise M.
(1998) Inclusive chemical characterization of tourmaline: Mossbauer study
of Fe valence and site occupancy. American Mineralogist, 83, 848-864.

Dyar, M.D., Guidotti C.V., Core D.P., Wearn K.M., Wise M.A., Francis C.A.,
Johnson K., Brady ].B., Robertson J. D. and Cross L.R. (1999) Stable isotope
and crystal chemistry of tourmaline across pegmatite — country rock


https://doi.org/10.1180/mgm.2022.104

964

boundaries at Black Mountain and Mount Mica, southwestern Maine,
U.S.A. European Journal of Mineralogy, 11, 281-294.

Emlin E.F., Vakhrusheva N.V. and Kainov V.I. (2002) The Semi-Precious Belt
of the Urals. The Rezh Natural-Mineralogical Reserve, AT-group,
Ekaterinburg, Russia, 160 pp. [in Russian].

Ertl A., Hughes J.M., Prowatke S., Ludwig T., Prasad P.S.R., Brandstitter F.,
Korner W., Schuchuchuster R., Pertlik F. and Marschall H. (2006)
Tetrahedrally coordinated boron in tourmalines from the liddicoatite-dar-
rellhenryite series from Madagascar: structure, chemistry, and infrared spec-
troscopic studies. American Mineralogist, 91, 1847-1856.

Fantini C., Tavares M.C., Krambrock K., Moreira R.L. and Righi A. (2014)
Raman and infrared study of hydroxyl sites in natural uvite, fluor-uvite,
magnesio-foitite, dravite and darrellhenryite tourmalines. Physics and
Chemistry of Minerals, 41, 247-254.

Fershtater G.B. and Borodina N.S. (2018) Murzinka massive at the Middle
Urals as an example of the interformational granite pluton: magmatic
sources, geochemical zonality, peculiarities of formation. Lithosphere, 5,
672-691 [in Russian].

Fersman A.E. (1962) Precious and Coloured Stones of USSR. Selected Works,
USSR Academy of Sciences, Moscow, vol. V., 858 pp. [in Russian].

Galbraith C.G., Clarke B., Trumbull R.B. and Wiedenbeck M. (2009)
Assessment of tourmaline compositions as an indicator of emerald mineral-
ization at the Tsa da Glisza prospect, Yukon territory, Canada. Economic
Geology, 104, 713-731.

Gaweda A., Pieczka A. and Kraczka J. (2002) Tourmalines from the Western
Tatra Mountains (W-Carpathians, S-Poland): Their characteristics and
petrogenetic importance. European Journal of Mineralogy, 14, 943-955.

Gonzalez-Carrefio T., Fernandez M. and Sanz J. (1988) Infrared and electron
microprobe analysis in tourmalines. Physics and Chemistry of Minerals, 15,
452-460.

Gurkov I.A. (2000) The Mokrusha pegmatite vein. Uralsky Geologichesky
Zhurnal, 6, 47-98 [in Russian].

Gvozdenko T.A., Baksheev 1.A., Gerasimova E.JI., Khanin D.A,
Chervyakovskaya M.V. and Yapaskurt V.O. (2020) New data on chemical
composition of lithium micas from granitic pegmatites of Murzinka pluton,
Central Urals, Russia. Moscow University Bulletin. Series 4. Geology, 3, 81-88.

Harlaux M., Kouzmanov K., Gialli S., Laurent O., Rielli A., Dini A., Chauvet
A., Menzies A., Kalinaj M. and Fontboté L. (2020) Tourmaline as a tracer
of late-magmatic to hydrothermal fluid evolution: the world-class San
Rafael tin (-copper) deposit, Peru. Economic Geology, 115, 1665-1697.

Henry D.J. and Dutrow B.L. (1996) Metamorphic tourmaline and its petro-
logic applications. Pp. 503-557 in: Boron: Mineralogy, Petrology and
Geochemistry (E.S. Grew and L.M. Anvitz, editors). Reviews in
Mineralogy, 33. Mineralogical Society of America, Chantilly, Virginia, USA.

Henry D.J. and Dutrow B.L. (2018) Tourmaline studies through time: contri-
butions to scientific advancements. Journal of Geosciences, 63, 77-98.

Henry D.J. and Guidotti C.V. (1985) Tourmaline as a petrogenetic indicator
mineral: an example from the staurolite-grade metapelites of NW Maine.
American Mineralogist, 70, 1-15.

Henry D.J., Novdk M., Hawthorne F, Ertl A., Dutrow B., Uher P. and Pezzotta
F. (2011) Nomenclature of the tourmaline-supergroup minerals. American
Mineralogist, 96, 895-913.

Hoang L.H., Hien N.T., Chen X.B., VanMinha N. and Yang I. (2011) Raman
spectroscopic study of various types of tourmalines. Journal of Raman
Spectroscopy, 42, 1442-1446.

Jolliff B.L., Papike J.J. and Shearer C.K. (1986) Tourmaline as a recorder of
pegmatite evolution; Bob Ingersoll pegmatite, Black Hills, South Dakota.
American Mineralogist, 71, 472-500.

Jolliff B.L., Papike J.J. and Laul J.C. (1987) Mineral recorders of pegmatite
internal evolution: REE contents of tourmaline from the Rob Ingersoll peg-
matite, South Dakota. Geochimica et Cosmochimica Acta, 51, 2225-2232.

Kanonerov A.A. and Chudinova N.D. (2000) Murzinka Precious Mines. Ural
State Mining University press, Ekaterinburg, Russia, 41 pp. [in Russian].

Kievlenko E.Ya. (2003) Geology of Gems. Ocean Pictures Ltd, Littleton, 468 pp.

Lichtervelde M.V., Grégoire M., Béziat D., Linnen R. and Salvi S. (2008) Trace
element geochemistry by laser ablation ICP-MS of tourmaline and micas
associated with Ta mineralization in the Tanco pegmatite, Manitoba,
Canada. Contributions to Mineralogy and Petrology, 155, 791-806.

https://doi.org/10.1180/mgm.2022.104 Published online by Cambridge University Press

Tatiana A. Gvozdenko et al.

London D. (2008) Pegmatites. The Canadian Mineralogist Special Publication,
10, 1-347.

Makvandi S., Beaudoin G., McClenaghan M.B., Quirt D. and Ledru P. (2019)
PCA of Fe-oxides MLA data as an advanced tool in provenance discrimin-
ation and indicator mineral exploration: Case study from bedrock and till
from the Kiggavik U deposits area (Nunavut, Canada). Journal of
Geochemical Exploration, 197, 199-211.

Marks M.A.W., Marschall H.R,, Schiihle P., Guth A., Wenzel T., Jacob D.E,,
Barth M. and Markl G. (2013) Trace element systematics of tourmaline
in pegmatitic and hydrothermal systems from the Variscan Schwarzwald
(Germany): The importance of major element composition, sector zoning,
and fluid or melt composition. Chemical Geology, 344, 73-90.

Montero P., Bea F,, Gerdes A., Fershtater G., Zin’kova E., Borodina N., Osipova
T and Smirnova V. (2000) Single-zircon evaporation ages and Rb-Sr dating
of four major Variscan batholiths of the Urals. A perspective on the timing
of deformation and granite generation. Tectonophysics, 317, 93-108.

Novéak M., Skoda R, Filip J., Macek 1. and Vaculovi¢ T. (2011) Compositional
trends in tourmaline from intragranitic NYF pegmatites of the Trebi¢
Pluton, Czech Republic: an electron microprobe, Mossbauer and LA-
ICP-MS study. The Canadian Mineralogist, 49, 359-380.

Novak M., Ertl A., Povondra P., Galiovd M.V., Rossman G.R., Pristacz H.,
Prem M., Giester G., Gadas P. and Skoda R. (2013) Darrellhenryite, Na
(LiAl,)Al(BO3)3SigO;5(OH);0, a new mineral from the tourmaline super-
group. American Mineralogist, 98, 1886-1892.

Novak M., Prokop J., Losos Z. and Macek I. (2017) Tourmaline, an indicator of
external Mg-contamination of granitic pegmatites from host serpentinite;
examples from the Moldanubian Zone, Czech Republic. Mineralogy and
Petrology, 111, 625-641.

Ogorodnikov V.N., Polenov Yu.A., Kisin A. Yu. and Savichev A.N. (2020)
Granitic Pegmatites and Pegmatoids of the Urals. Ural Branch of Russian
Academy of Sciences, Ekaterinburg, Russia, 432 pp. [in Russian].

Oliveira E.F., Castafieda C., Eeckhout S.G., Gilmar M.M., Kwitko R.R., Grave
E.D. and Botelho N.F. (2002) Infrared and Mdssbauer study of Brazilian
tourmalines from different geological environments. American
Mineralogist, 87, 1154-1163.

Pekov LV. and Memetova L.R. (2008) Minerals of Lipovka granite
pegmatites, Central Urals. In the World of Minerals, Mineralogical
Almanac, 13, 7-44.

Pekov 1.V., Yakubovich O.V., Massa W., Chukanov N.V., Kononkova N.N.,
Agakhanov A.A. and Karpenko V.Yu. (2010) Londonite from the Urals,
and new aspects of the crystal chemistry of the rhodizite-londonite series.
The Canadian Mineralogist, 48, 241-254.

Pezzotta F. and Jobin M. (2003) The Anjahamiary pegmatite, Fort Dauphin
area, Madagascar. Short article available from the Mineralogical Society
of America at http://www.minsocam.org/msa/special/pig/pig_articles/
Anjahamiary.pdf

Pieczka A., Golebiowska B., Stachowicz M., Nejbert K., Kotowski J., Jelen P.,
Ertl A. and Wozniak K. (2022) Estimation of Li and OH contents in (Li,
Al)-bearing tourmalines from Raman spectra. Mineralogy and Petrology,
116, 229-249.

Popov V.A. and Popova V.I. (1999) Mokrusha Mine: Essay on Development
History and Mineralogy. Ural branch of Russian Academy of Sciences,
Miass, Russia, 71 pp. [in Russian].

Popova V.I., Popov V.A. and Kanonerov A.A. (2002) Murzinka: Alabashka
Pegmatite Field. Mineralogical Almanac, 5, 136 pp.

Pouchou J.L. and Pichoir F. (1985) “PAP” procedure for improved quantitative
microanalysis. Pp.104-106 in: Microbeam Analysis (J.T. Armstrong, editor).
San Francisco Press, San Francisco.

Proctor K. (1985) Gem pegmatites of Minas Gerais, Brazil: the tourmalines of
the Aracuai districts. Gems and Gemology, 21, 3-19.

Roda-Robles E., Pesquera A., Gil P.P.,, Torres-Ruiz J. and Fontan F. (2004)
Tourmaline from the rare-element Pinilla pegmatite, (Central Iberian
Zone, Zamora, Spain): chemical variation and implications for pegmatitic
evolution. Mineralogy and Petrology, 81, 249-263.

Roda-Robles E., Simmons W., Pesquera A., Gil-Crespo P.P., Nizamoff J. and
Torres-Ruiz J. (2015) Tourmaline as a petrogenetic monitor of the origin
and evolution of the Berry-Havey pegmatite (Maine, U.S.A.). American
Mineralogist, 100, 95-109.


http://www.minsocam.org/msa/special/pig/pig_articles/Anjahamiary.pdf
http://www.minsocam.org/msa/special/pig/pig_articles/Anjahamiary.pdf
http://www.minsocam.org/msa/special/pig/pig_articles/Anjahamiary.pdf
https://doi.org/10.1180/mgm.2022.104

Mineralogical Magazine

Roda E., Pesquera A. and Velasco F. (1995) Tourmaline in granitic pegmatites
and their country rocks, Fregeneda area, Salamanca, Spain. The Canadian
Mineralogist, 33, 835-848.

Rozhdestvenskaya LV., Setkova T.V., Vereshchagin O.S., Shtukenberg A.G. and
Shapovalov Yu. B. (2012) Refinement of the crystal structures of synthetic
nickel- and cobalt-bearing tourmalines. Crystallography Reports, 57, 1, 57-63.

Selway J.B., Novak M., Cerriy P. and Hawthorne F.C. (1999) Compositional
evolution of tourmaline in lepidolite-subtype pegmatites. European
Journal of Mineralogy, 11, 569-584.

Selway J.B., Ceriy P., Hawthorne F.C. and Novak M. (2000) The Tanco peg-
matite at Bernic lake, Manitoba. XIY. Internal tourmaline. The Canadian
Mineralogist, 38, 877-891.

Silva S.F., Moura M.A., Queiroz H.A. and Ardisson J.D. (2018) Chemical and
spectroscopic characterization of tourmalines from the Mata Azul pegmati-
tic field, Central Brazil. Journal of Geosciences, 63, 155-165.

Simmons W.B., Falster A.U. and Laurs B.M. (2011) A survey of Mn-rich yel-
low tourmaline from worldwide localities and implications for the petro-
genesis of granitic pegmatites. The Canadian Mineralogist, 49, 301-319.

Skogby H., Bosi F. and Lazor P. (2012) Short-range order in tourmaline: a
vibrational spectroscopic approach to darrellhenryite. Physics and
Chemistry of Minerals, 39, 811-816.

Talantsev A.S. (1988) Pocket Pegmatites of the Urals. Nauka, Moscow, Russia,
144 pp. [in Russian].

Tindle A.G., Breaks FW. and Selway ].B. (2002) Tourmaline in petalite-
subtype granitic pegmatites: Evidence of fractionation and contamination
from the Pakeagama Lake and Separation Lake areas of northwestern
Ontario, Canada. The Canadian Mineralogist, 40, 753-788.

https://doi.org/10.1180/mgm.2022.104 Published online by Cambridge University Press

965

van Hinsberg V.J. (2011) Preliminary experimental data on trace-element par-
titioning between tourmaline and silicate melt. The Canadian Mineralogist,
49, 153-163.

Vereshchagin O.S,, Setkova T.V., Rozhdestvenskaya I.V., Frank-Kamenetskaya O.V.,
Deyneko D.V. and Pokholok K.V. (2016) Synthesis and crystal structure of
Ga-rich, Fe-bearing tourmaline. European Journal of Mineralogy, 28, 593-599.

Vereshchagin O.S., Wunder B., Britvin S.N., Frank-Kamenetskaya O.V., Wilke
ED.H., Vlasenko N.S. and Shilovskikh V.V. (2020) Synthesis and crystal struc-
ture of Pb-dominant tourmaline. American Mineralogist, 105, 1589-1592.

Vereshchagin O.S., Britvin S.N., Wunder B., Frank-Kamenetskaya O.V., Wilke
E.D.H., Vlasenko N.S., Shilovskikh V.V., Bocharov V.N. and Danilov D.V.
(2021) Ln** (Ln*" = La, Nd, Eu, Yb) incorporation in synthetic tourmaline
analogues: Towards tourmaline REE pattern explanation. Chemical Geology,
584, 120526.

Watenphul A., Burgdorf M., Schliiter J., Horn I., Malcherek T. and Mihailova
B. (2016a) Exploring the potential of Raman spectroscopy for crystallo-
chemical analyses of complex hydrous silicates: II. Tourmalines.
American Mineralogist, 101, 970-985.

Watenphul A., Schliiter J., Bosi F., Skogby H., Malcherek T. and Mihailova B.
(2016b) Influence of the octahedral cationic-site occupancies on the frame-
work vibrations of Li-free tourmalines, with implications for estimating
temperature and oxygen fugacity in host rocks. American Mineralogist,
101, 2554-2563.

Zhou Q., Qin K., Tang D., Wang C., Tian Y. and Sakyi P.S. (2015) Mineralogy
of the Koktokay No. 3 pegmatite, Altai, NW China: implications for evolu-
tion and melt-fluid processes of rare-metal pegmatites. European Journal of
Mineralogy, 27, 433-457.


https://doi.org/10.1180/mgm.2022.104

	Iron-bearing to iron-rich tourmalines from granitic pegmatites of the Murzinka pluton, Central Urals, Russia
	Introduction
	Geological setting
	Material and methods
	Samples
	Electron microprobe analysis
	Laser ablation-inductively coupled plasma-mass spectrometry
	M&ouml;ssbauer spectroscopy
	Raman spectroscopy
	Multivariate statistics

	Results
	Major-element variation
	Trace-element variations
	M&ouml;ssbauer spectroscopy
	Raman spectroscopy
	Low-frequency range
	High-frequency range

	Discussion
	Conclusions
	Acknowledgements
	References


