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Infrared spectra study of the Moslavacka
Gora (Croatia) tourmalines O-H stretching
region: inference of fluid involvement in
the Late Cretaceous igneous evolution of a
complex Adria - Europe convergence zone

DRAZEN BALEN! & ZORICA PETRINEC'*

Abstract. Infrared spectra (IR) in the O-H stretching region were recorded for
natural tourmalines from the magmatic and magmatic-hydrothermal systems
of Moslavacka Gora (Croatia). Samples of disseminated tourmaline (schorl)
representing magmatic products were collected from leucogranite. Nodular
tourmaline (intermediate members of the schorl-dravite series) from two-
mica granite represents a magmatic-hydrothermal mineral related to the final
stage of granite crystallization. IR spectra of the typically disseminated tour-
maline show four sharp O-H stretching bands: 3643, 3633, 3550, and 3484
cm, while typical nodular tourmaline shows spectra with asymmetric and
relatively broad O-H stretching bands on 3635 and 3554 cm™ with shoulders
at the higher and lower wavenumber side. The broadening in the lower
wavenumber region of nodular tourmaline compared to disseminated tour-
maline indicates a higher water content in the nodular type. At the same time,
the observed shifts between the corresponding bands can be explained by the
shortening of the 0-H{ and O-H3 distances, which can be attributed to diffe-
rent genetic and/or evolutionary processes. According to the models applica-
ble to the Moslavacka Gora, disseminated tourmaline from the leucogranite
can be considered a typical magmatic (pegmatitic) product and a standard ac-
cessory phase of the leucogranite. The origin of nodular tourmaline, which
was the last mineral to crystallize in the evolved Late Cretaceous granitic sys-
tem of Moslavacka Gora, is attributed to the interaction of a fluid phase from
the residual granitic melt with the fluid originating from the wall-rock in the

Key-words: low-pressure crustal setting, which was accompanied by relatively rapid cool-
IR spectra, tourmaline, ing. This interaction resulted in an increased dravite content of the nodular
schorl, dravite, Moslavacka Gora. tourmaline and is reflected in the observed IR spectral features.

Ancrpakrt. Uudpanpsenn cnektpu (IR) TypmanumHa u3 MarmaTckor U
MarMaTcKo-XUJpoTepMasHOr cycTaBa MociaBauyke rope (XpBaTcka)
CHUMJbeHU cy y noapydjy O-H pacresama (stretching). Y3opuu puce-
MUHHUpPAHOT TypMaJiuHa liepJsa (schorl) npukyn/beHu U3 JeyKorpaHuTa
npeJ/cTaB/bajy MarMaTckd MuHepas. TypMaiavH U3 HoAaysna (4IaH cepuje
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K/by4He peumn:

IR cnekmpu, mypmanuH,
wepa (schorl), dpasum,
Mocaasauka 2opa.

schorl-dravit) y ABOTHBYACTOM rpaHUTY NpesACTaB/ba MUHepaJ HACTao y
MarmMaTcKo-XUpoTepMaJTHOM LUKJIYCYy YHyTap 3aBpluHe ¢da3e KpucTa-
Jii3anyje Tor rpaHuTa. IR cnekTap TUNWYHOT JJUCEMUHUPAHOT TypMaJlHa
nokasyje yetupu ycke O-H Bpnle HacTajie yciujes pacTe3ama U TO Ha 3643,
3633, 3550 u 3484 cm!, A0K CMeKTap THUIUYHOT TypMaJHUHA U3 HOAyJa
NoKa3yje acCUMeTpHUYHE U peslaTUBHO lnpoke Bpnue O-H pactesamwa Ha 3635
u 3554 cm! ¢ npomKpermUMa Ha BUIIMM U HHXKUM BaJHUM GpojeBUMA.
[Ipomupere npemMa HUXKEM BaJIHOM OPOjy OmMaXkeHO KO/ HOAyJIapHOT Typ-
MaJIMHA yKa3yje Ha BUIIU CaZpKaj BOJE Y HOAYJAPHOM THUIY TypMaJsHa y
ycrnopeaou ¢ JUCeMUHHUPAHUM TYPMaJHUHOM, JIOK Ce YOUYeHU peJlaTUBHHU
nomany usmehy oarosapajyhux Bpnuu Mory o6jacautu ckpahusamem 0-Hq
1 0-H3 pasmaka, IITO ce MOKe MPUIUCATH Pa3JMYUTUM T€HETCKUM H/UJIH
€BOJIYIIMjCKUM NpoliecuMa. [IpeMa neTporeHeTCKMM Mo/ieJIMMa KOjU ce Npu-
Mjewyjy 3a MocsiaBauky ropy, AUCEMUHUPAHU TypMaJiMH U3 JleyKOTpaHUTa
ce MOXKe CMaTpaTH TUMMYHUM MarMaTCKUM (IerMaTUTCKUM) IPOAYKTOM U
yo6uyajeHOM aklLiecopHOM $a3oM JieyKorpaHuTa. [lopujeksio HoayiapHor
TypMaJIMHa, KOjH je KPUCTAJNMU3UPAO KaOo M0C/be/IlbH MUHEPaJl y eBOJTyUPAHOM
KaCHOKpeJIHOM I'PaHUTHOM cycTaBy Moc/iaBauke rope, npunucyje ce mehy-
JjenoBamwy ¢uyujHe dase u3 pesujyasHe IpaHUTHe MarMe c QJayuzoM
[IOPHjEKJIOM U3 OKOJIHUX CTHjeHa Y YBjeTUMa HUCKOT TJIaKa y IIJIMTKOj KOPY,
mTo je mpaheHo pesaTuBHO 6p3uM xJahewmeM. OBo MehyajesoBame pesyJ-
THUPAJIO je IOBehaHUM cajipajeM JJpaBUTa y cacTaBy HOAYyJIapHOT TypMa/IMHa
Y ofjpaxkaBa ce y youeHuM IR cnekTpa/jHUM 3Ha4yajkama.

Introduction and geological setting

The Moslavacka Gora (MG) crystalline in north-
ern Croatia, like the surrounding basement of the
Pannonian Basin, consists of various igneous and
metamorphic rocks. The igneous rocks are predom-
inantly granitoids, while the surface exposures of
the metamorphic rocks include medium- to high-
grade metamorphic lithologies (KoroLija & CRNKo,
1986; KoroLija et al., 1986; CrRNKO, 1990; CRNKO &
VRAGOVIC, 1990; Pami¢, 1990) - Fig. 1. The present
large-scale regional geological interpretation lo-
cates MG crystalline in the Sava (-Vardar) Zone
(Pami¢, 1993, 2002; SpAHIC, 2022; SpaHIC & GAUDENY],
2022) or Sava Zone (ScuMID et al,, 2008, 2020), i.e.,
in the suture zone between Adria microplate and
Europe, marking the southwestern margin of the
Pannonian Basin towards the Dinarides (Fig. 1a).

The MG granitoid pluton comprises roughly 110
km? of exposed crystalline and hosts several types
of granitic rocks, as indicated by field, petrographic,
and geochemical studies (e.g., Pami¢, 1990). Geochem-
istry reveals the general predominance of two major
granitoid varieties: two-mica granite and leucogran-
ites. Two-mica granite (biotite>>muscovite) is the

most common type, frequently cut by the two leuco-
granite subtypes (coarse-grained and fine-grained,
both containing muscovite). All granite types have
similar mineral composition and S-type chemical sig-
natures according to criteria of CHAPPELL & WHITE
(1974), such as relatively low Na,0 (2.71-3.85 for
two-mica granite vs. 2.58-4.67 wt. % for leucogran-
ite) and the corresponding K, 0 content (3.65-6.01
wt. % vs. 3.47-7.10 wt. %), strong peraluminosity
(ASI (molar Al,05;/(Ca0+Na,0+K,0)) =1.1-1.2 vs.
1.1-1.6) and high SiO, content coupled with low con-
centrations of FeO* and MgO (with slightly different
Fe-numbers: for two-mica granite 62-63 vs. 69-89
for leucogranite). Trace elements characteristics, and
exceptionally high LIL (large ion lithophile) trace el-
ement concentrations, corroborate the above conclu-
sion. Chondrite-normalized REE patterns for
two-mica granites are moderately flat and fraction-
ated ((La/Yb)y=4.33-9.67), with a slight enrich-
ment in LREE and a strongly negative Eu anomaly
(Eu/Eu*=0.41-0.56 where Eu/Eu*=Euy/vSmy*Gdy),
YREE=70.34-121.38 ppm. Similarly, chondrite-nor-
malized REE patterns for leucogranites are characte-
rized by the presence of two subgroups of flat pat-
terns ((La/Yb)y=1.88-2.33 and 2.10-2.67) with pro-
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* Kutinica

Fig. 1. Simplified maps of: (a) the Dinaride-Alpine-Pannonian region showing the major structural units after Scumip et al. (2008) and

position of Moslavacka Gora (map is slightly modified after Luzar-OBERITER et al., 2012), (b) simplified geologic map of the Moslavacka

Gora crystalline (modified after KoroLija & CrNko, 1986, CrNKo, 1990; Pamic, 1990) and position of the site with investigated tourmaline

occurrences.

nounced negative Eu anomaly (Eu/Eu* = 0.03-0.11
and 0.06-0.66), both showing significantly lower
XREE (ZREE=21.67-22.49 and 8.37-10.34 ppm)
compared to two-mica granite (BALEN & BROSKa,
2011; BALEN & PETRINEC, 2011).

Previous studies of disseminated and nodular
tourmaline occurrences used the granitoid host
rocks from the type locality (Fig. 1b) (BALEN, 2007;
BALEN & BRoskA, 2011; BALEN & PETRINEC, 2011). They
are Late Cretaceous, as the overall dating of MG
crystalline by different methods has already estab-
lished (LANPHERE & PamiC, 1992; BALEN et al,, 2001,
2003; STARIJAS et al., 2010). The isotopic age of the
studied leucogranite is constrained by the data of
BaLEN et al. (2001) to be 74+1.0 Ma (muscovite Ar-
Ar). PALINKAS et al. (2000) also determined the Ar-
Ar age on muscovite from the coarse-grained
leucogranite with a plateau age of 73.2+0.8 Ma.
They interpreted it as the age of muscovite crystal-
lization and/or cooling.

The P-T conditions at the crystallization level of
the two-mica granite were determined from the zir-
con saturation temperature and REE thermometry
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(ca.720-730 °C). The combination of these temper-
atures and the Al»SiOr phase diagram gave a pres-
sure of 70-270 MPa (average depth ~5 km) (BALEN
& Broska, 2011).

Our study focuses on known and specific occur-
rences of tourmaline from previously described
granitoids from the Srednja Rijeka area on the
northern margin of the MG crystalline. The first type
of tourmaline, nodular tourmaline (NT), forms com-
pact spherical aggregates (tourmaline nodules)
within the two-mica granite. On the other hand,
leucogranites often host prismatic crystals of dis-
seminated tourmaline (DT) and radial aggregates of
prismatic crystals (“tourmaline suns”) - Fig. 2. In
this study, we present infrared measurements of
tourmaline spectra for nodular and disseminated
tourmalines separated from the two-mica granite
and leucogranite host rocks, respectively. This study
aims to use records from the O-H stretching region
of IR spectra to investigate the role of fluids in the
Late Cretaceous magmatic evolution of a complex
Adria - Europe convergence zone during the final
stages of host rock evolution. These records indi-
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aplitic
leucogranite

Fig. 2. Tourmaline occurrences from MG: (a) contact of two-mica granite containing tourmaline nodules with leucogranite vein containing

disseminated tourmaline grains; (b) typical occurrence of two-mica granite with spherical tourmaline nodules composed of a characteristic

dark tourmaline-bearing core and a leucocratic rim (halo). Two-mica granite is cut by aplitic leucogranite; (c) Disseminated tourmaline

crystals in the coarse-grained leucogranite; (d) radial aggregates of prismatic tourmaline crystals (,,tourmaline suns®).

rectly point to changes in the tourmaline chemistry
and reflect on the tourmaline structure, thus reveal-
ing the contrasting genesis and evolution of the
studied tourmaline types.

Host rock petrography

Two-mica granite hosting tourmaline nodules
exhibits either fine-grained equigranular or por-
phyritic textures (Fig. 2a, b). The mineral assemblage
consists of quartz, plagioclase (albite to oligoclase),
biotite, muscovite, and K-feldspar (orthoclase). At the
same time, accessory phases include zircon, apatite,

monazite, xenotime, and opaque mineral(s). An-
hedral quartz grains are about 1 mm in size. Albite is
tabular, similar in size to quartz, and randomly dis-
tributed in the rock. Mica flakes are 1-2 mm long but
may form large clots up to 5 mm long. K-feldspar is
also around 1 mm and is tabular in shape. Tourma-
line nodules from two-mica granites typically occur
as compact spherical to amoeboid aggregates, rang-
ing from 1 to 10 cm in diameter. Tourmaline nodules
from MG regularly exhibit a complex texture com-
prising two distinctly separated units: the tourma-
line-bearing melanocratic core, which is enveloped
by the leucocratic, biotite-free zone (halo). The tour-
maline-bearing core consists of dravite-enriched,
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slightly Na-deficient tourmaline and quartz + albite
+ K-feldspar. The nodule halo, consisting of quartz
+ feldspar + muscovite, is an integral part of the
nodule and envelops the tourmaline-bearing core.
Leucogranites occur as smaller, irregular bodies
and dykes cutting through two-mica granite. They
are characterized by sharp to diffuse contacts to-
wards the two-mica host (Fig. 2). They are generally
characterized by subequal proportions of quartz,
K-feldspar (microcline and orthoclase), and plagio-
clase (albite) with variable proportions of mus-
covite, biotite, garnet, andalusite, and tourmaline.
Accessory minerals include apatite, zircon, and
opaque phases. Quartz forms ~1 mm (in the fine-
grained varieties) to one cm (in coarse-grained va-
rieties) anhedral grains. Similar dimensions are
characteristic for the feldspars (K-feldspar and pla-
gioclase). Micas are scattered throughout the rock,
with white mica (muscovite) predominating. Pink
garnet forms anhedral interstitial grains reaching a
few mm to a few cm in size. Black, elongated tour-
maline grains, several mm to cm in size, are ran-
domly distributed (i.e., disseminated) throughout
the rock (Fig. 2c). Disseminated tourmaline (schorl)
also occurs as “tourmaline suns” - radial aggregates
of elongated schorl tourmaline crystals reaching up
to 30 cm in diameter (Fig. 2d). Leucogranite texture
varies between pegmatitic (grains a few mm to a
few cm in size) and fine-grained (1-2 mm) aplitic.

Materials and method
(FTIR spectroscopy)

Separation of 15 tourmaline samples, including
samples of nodular tourmaline (NT) from two-mica
granites (7 samples) and disseminated tourmaline
crystals (DT) including radial aggregates (“tourma-
line suns”) from leucogranites (8 samples) was an-
alyzed by FTIR spectroscopy. The IR spectral
measurements from 4000 to 375 cm™ with a reso-
lution of 1 cm™ (step) were performed at the Divi-
sion of Mineralogy and Petrology, Department of
Geology, Faculty of Science, University of Zagreb,
using Bruker Tensor 27 infrared spectrometer. Sam-
ples were prepared from a powdered mixture of
pure solid KBr and optically clear separation of
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tourmaline grains, which were pressed into a thin,
transparent pellet. The approximate weight ratio of
the sample to KBr was 1:100. Samples were pre-
pared, and measurements were performed at room
temperature. Data processing involved grouping the
obtained spectra based on the details observed in
the 3800-3100 cm™ range. To avoid overlap of the
IR spectra, one sample from each group was se-
lected for graphical display in this contribution (DT
1 and NT 7). The resulting subdivision of tourma-
lines into two groups is consistent with the previ-
ously observed chemical differences between the
studied tourmaline occurrences (BALEN & BROSKA,
2011; BALEN & PETRINEC, 2011) and the results of the
preliminary IR spectroscopic study reported by
BaLEN et al. (2015).

Results

Differences in field occurrence and the chemistry
of the studied tourmaline types reflect the complex
crystal structure of tourmaline in general and con-
sequently affect the properties of the infrared spec-
tra. One of the most suitable regions for detecting
differences between different types of tourmalines
is the O-H stretching region (3800-3100 cm™).

The results of chemical analyses of tourmaline are
given in BALEN & BRroskaA (2011) and BALEN & PETRINEC
(2011). Based on their chemical characteristics, DT
and NT tourmalines are defined as primary alkali
group tourmalines (HENRy et al., 2011), which differ
in chemical composition: nodular tourmaline ranges
from schorl to dravite (Fe# 0.43-0.58) and dissemi-
nated tourmaline is schorl (Fe#=0.75-0.85) - Table
1, Fig. 3.

Tourmaline spectra with emphasis on
the O-H stretching region

Infrared spectra for representative disseminated
(DT 1) and nodular (NT 7) tourmaline separations
show typical groups of absorption bands consistent
with the standard IR spectrum of tourmaline (e.g.,
schorl) from the RRUFF (2023) database. Many
symmetrical absorption bands are found in the
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Table 1. The structural formula of average values for nodular and disseminated tourmalines. The average is based on 14 selected analy-

ses for each group. Data for calculation are taken from BALEN & BRoskA (2011) and BALEN & PETRINEC (2011).

Tourmaline X Y Z T V(03) W(01)
Nodular (NT) Cag e Nags9vacyss Koo1 Al Mg, . Fe* Al Sis .02 Alg g (OH3) OHy 99 Foo1
Disseminated (DT) Cagoz Nag sg vacy 3o Koo1 Al,.,Mg, . Fe” ., Al,,, Sis g0 Alg 10 (OH3) OHgyg7 Fo13

range 375-1000 cm™. The bands reflect the vibra-
tion of the [SigOg] group in the tourmaline struc-
ture caused by the bending vibration of Si-0O, the
symmetric stretching vibration of Si-0-Si, the sym-
metric stretching vibration of O-Si-0O, the asymmet-
ric stretching vibration of O-Si-O and the asym-
metric stretching vibration of Si-0-Si, respectively.

The absorption bands around 1100-1000 cm™
are assigned to MgOH bending, while the bands
around 1300 cm™ are assigned to the stretching vi-
bration of (BO3). Weak bands at around 3000 cm™
in the sample DT 1 are associated with adsorbed
water. The observation of four OH stretching bands
in the hydroxyl stretching region (3800 to 3100 cm™
1) suggests mixed occupancy of octahedral sites in
the studied tourmalines (e.g., ErTL, 2003, 2012;
Frost, 2007; ZHAO et al., 2012; Bacik, 2015; FucHs et
al.,, 2022; Li, 2022).

The spectra of the hydroxyl stretching region for
the studied samples are shown in Fig. 5.

IR spectrum (Fig. 5) of the typical MG nodular
tourmaline (NT 7) shows two asymmetric and rela-
tively broad O-H stretching bands, whose observed
positions are at 3635 cm™ and 3554 cm™?, with
shoulders on the higher and lower wavenumber
side. On the other hand, the IR spectrum of MG dis-
seminated tourmaline (DT 1) shows four sharp O-H
stretching bands: 3643 cm™, 3633 cm™?, 3550 cm™,
and 3484 cm™.

Discussion

Tourmaline minerogenesis in the context of
host-rock petrogenesis

The minerals of the tourmaline supergroup are

the most widespread and complex borosilicates,
crystallizing in the R3m space group and occurring

10

in a wide variety of rocks of different origins and
compositions. The abundance and presence of tour-
maline in different geologic systems made it an ex-
cellent candidate, often used to decipher crustal
evolution (e.g., LonDpoN, 2011; DuTrow & HENRY, 2011;
VAN HINSBERG et al., 2011; Bacik et al., 2018).

The two contrasting tourmaline occurrences in
the Moslavacka Gora granite, disseminated schorl in
leucogranite and dravite (grain rim and zone) to
schorl (grain core) in tourmaline nodules from two-
mica granite (Table 1, Fig. 3), indicate the independ-
ent origin of these phases as well as different
evolution of their host rocks.

A preliminary model for the production of
leucogranitic melts in the MG magmatic system
based on geochemical studies (GARASIC et al., 2007)
indicates K-feldspar-rich melting residue and mus-
covite dehydration melting at low aH,0. This model
is related to the melting of continental crustin a col-
lisional setting, which is at least partially consistent
with field evidence and our observations. In the
leucogranitic magmas, tourmaline is interpreted to
be an early crystallizing phase, as evidenced by its
euhedral shape with well-defined crystallographic
forms and relatively homogeneous chemical com-
position (schorl). The origin of nodular tourmaline,
which was the last mineral to crystallize in the
evolved granitic system of Moslavacka Gora, was at-
tributed to the interaction of a fluid phase from the
residual granitic melt with the fluid originating from
the wall-rock in the low-pressure crustal setting and
relatively rapid cooling, resulting in increased MgO
content (BALEN & Broska, 2011).

Interpretation of the IR spectra O-H stretch-
ing region of MG tourmalines

The general tourmaline formula is
XY3Z6(T015)(BO3)5V3W, where the most common

Geol. an. Balk. poluos., 2023, 84 (1), 5-16
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Fig. 3. a) Ternary system for the primary tourmaline groups based on the dominant occupancy of the X-site (HENRy et al. 2011); b) Com-

position of different types of tourmaline plotted in terms of Ca/(Ca+Na) vs. Fe/(Feyoi+Mg), graph after BAkSHEEV et al. (2011). Data

from BALEN & BRoskA (2011) and BALEN & PETRINEC (2011).

ions (or vacancy) at each site are: X = Na*, Ca?*, K",
and vacancy; Y = Fe*, Mg?*, Mn%, Al**, Li*, Fe®*, and
Cr®; Z = A, Fe*, Mg?*, and Cr**; T = Si**, Al**, and
B3+, B = B®*; V= OH  and 0%; and W = OH, F, and
0%.

In the tourmaline structure, the OH groups oc-
cupy two structurally distinct positions: the first po-
sition (OH4, 01, W) is located in the center of the
hexagonal rings, where the OH groups are coordi-
nated by three Y octahedral cations. The second po-
sition (OH3, 03, V) is located at the edge of the
trigonal brucite-like fragments in the structure of
tourmaline, and the OH groups are always coordi-
nated by two Al cations and one Y cation. The high-
est frequency bands in the IR spectrum (above
~3600 cm™) correspond to the OH groups located
in the hexagonal rings, whereas the bands in the
3600-3400 cm™ region correspond to the OH
groups located at the edge of the trigonal brucite-
like fragments (e.g., GoNzZALEZ-CARRENO, 1988; Cas-
TANEDA et al., 2000; DE OLIVEIRA et al., 2002; SKOGBY et
al,, 2012; Bosi et al., 2015a, b; BERRYMAN et al., 2015;
Bacik, 2018).

[t is known that the presence of different cations
near hydroxyl groups modifies the frequency of
bands associated with OH in tourmalines. According
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to GONZALEZ-CARRENO (1988), the dravite-schorl se-
ries, in which the cations at the Y sites are predom-
inantly Mg and Fe, is characterized by two bands
centered at 3738 and 3633 cm™?, the band with the
higher frequency being more pronounced in
dravites and the band with the lower frequency
being more intense in schorls. In the infrared spec-
tral region of 3600-3400 cm™, there is generally a
unique component centered around 3550 cm™. The
width of this component is greater in the case of
schorl. According to GonzALEZ-CARRENO (1988), the
observed components could be associated with Al
Al Fe (3553-3558 cm™) and Al Al Al (3464-3494
cm™!) environment. That interpretation fits well
with the observations on MG tourmalines (Figs. 4,
5, Table 2).

The observed difference between the O-H
stretching regions in the two tourmaline types and
clearly defined absorption bands in both nodular
and disseminated tourmalines from MG suggests
different mineral evolution. The difference in evolu-
tion has implications for the cation distribution and
results in subtle differences in OH coordination. The
observation of OH stretching bands (although two
of them are “hidden” in the broadband group of NT
7) in the hydroxyl stretching region corresponds to

11
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a mixed occupancy of octahedral sites in both tour-
malines. The broadening observed in the lower
wavenumber region of the NT 7 spectrum compared
to the DT 1 spectrum suggests a higher water content
associated with the crystallization of nodular tour-
maline, while the observed shifts between the corre-
sponding bands can be explained by the shortening
of 0-Hq and O-Hg distances, which are due to differ-
ences in petrogenetic processes, i.e.,, magmatic/hy-
drothermal (for NT) versus magmatic (for DT).

Absorbance

3850 3350 2850 2350 1850 1350 850 350

Fig. 4. IR spectra of nodular (NT 7, dotted line) and disseminated
(DT 1, solid line) tourmalines in the 4000 to 375 cm™ region.

Table 2. Tourmaline O-H stretching bands were observed in the O-H stretching region
(3800-3100 cm™). According to ZHANG et al. (2008) and BAcik et al. (2011), a tentative cation

assignment is given.

Absorbance

3800 3700 3600 3500 3400 3300 3200 3100

Wavenumber / cm™

Fig. 5. O-H stretching region IR spectra (3800-3100 cm™) of the
nodular (NT 7, dotted line) and disseminated (DT 1, solid line)

tourmaline from Moslavacka Gora.

broad bands at 3635 and 3554 cm™. The band at
3554 cm™ is very broad and may have a shoulder on
the low wavenumber side (~3488 cm™), which can
be related to the third band at 3484 cm™ also ob-
served in disseminated schorl tourmaline from
leucogranites. However, the overall spectral behav-
ior of NT tourmalines differs markedly from that of
the DT tourmalines from leucogranites. The rela-
tively weak vibrational bands above ~3600 cm™ can
be assigned to the O1 site,
while the strong bands below
~3600 cm™ can be assigned
to the O3 site occupation (e.g.

Tourmaline Site JentAEYe A5SIgNmEnt Wavenumber (cm") ;I(()OlG;Y etal, 20.12; Bosi etal,
at neighbor sites a, b, 2016; BERRYMAN et
Disseminated al, 2015). The observed
v,(0H,) ol w AlYFe'RY 3643 minor variations in Fe, Mg,
v,(OH,) ol w Fe'Fe'RY 3633 and Al content within MG
v,(OH3) 02 % (Fe, A)YAIZAI? 3550 tourmalines (Table 2) corre-
v3(OH3) 03 \ (Fe, ADYAI"AI” 3484 late with subtle variations in
Nodular the band position. The broad-
v1(OH,) oL L Fe'Fe'R" 3635 ening in the lower wavenum-
v,(OH;) 02 v (Fe, Mg, Al)"AI”Al” 3554 ber region (Fig. 5) with an
v3(OH;) 03 v (Fe, Mg, Al)YAI”Al* 3488 (7)

asymmetric band indicates

R=Fe, Mg, Al, Mn
The O-H stretching region of the typical MG IR

spectrum of nodular tourmaline from the two-mica
granite (NT 7 in Fig. 5) is characterized by two
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lower crystallinity of the NT
type and the important role
of fluid-host rock interactions in controlling mineral
chemistry (DE OLIVEIRA et al., 2000). This is consis-
tent with general observations that tourmalines
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from more-evolved magmatic systems are well-
crystallized and produce sharp bands, whereas
tourmalines from less-evolved magmatic systems
produce broad bands (e.g., CASTANEDA et al., 2000).

Conclusions

The present geological relations in the Mosla-
vacka Gora crystalline reflect the complex history of
magmatic evolution during several closely related
events in the Late Cretaceous. The granite body it-
self shows evidence of at least two successive mag-
matic events - their signature was left behind in the
form of different rock textures and relationships be-
tween known rock types, their mineral composi-
tions, and geochemical characteristics, and in the
shift of tourmaline composition from schorl to
dravite.

The differences between the IR spectra of nodular
(NT) and disseminated tourmaline (DT) are best seen
in the O-H stretching region (3800-3100 cm™) of the
infrared spectra. IR spectra of disseminated tourma-
line show four sharp O-H stretching bands: 3643,
3633, 3550, and 3484 cm™, while nodular tourma-
line shows asymmetric and relatively broad O-H
stretching bands at 3635 and 3554 cm™ with shoul-
ders on the higher and lower wavenumber side. The
OH stretching bands have been studied in detail be-
cause of their sensitivity to crystallochemical fea-
tures controlled partly by the bulk chemistry, the
water content in the system, rock-fluid interaction,
degree of “crystallinity,” geologic history or magma
evolution, and temperature-pressure conditions.
The broadening in the lower wavenumber range
compared to disseminated tourmaline suggests a
higher water content in nodular tourmaline, while
the observed shifts between the corresponding
bands can be explained by shortening of the 0-H;
and 0-H; distances, which can be attributed to dif-
ferent formation (geological) processes.

The origin of nodular tourmaline, which was the
last mineral to crystallize in the evolved Late Creta-
ceous granite system of Moslavacka Gora, is attrib-
uted to the interaction of a fluid phase from the
residual granitic melt with fluid originating from the
wall rock in the low-pressure crustal setting, which

Geol. an. Balk. poluos., 2023, 84 (1), 5-16

was supported by relatively rapid cooling, resulting
in increasing dravite content in nodular tourmaline
toward the nodule margin. Disseminated tourma-
line from the leucogranite can be considered a typ-
ical magmatic (pegmatitic) product and a common
accessory phase in leucogranites.
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Pe3ume

Cryauja uHppanpBeHOTr cieKTpa
TypMaJsinHa Moc/iaBadyke rope
(XpBaTtcka) u3 noapydja O-H pacresama
(stretching): 3Hauyaj payusay
rOpHOKpPEeAHOj MAarMaTCKOj eBOJIyLUjHU
KOMILJIEKCHE 30He KOHBepreHuuje
Aapua - EBpona

Cafamimy reosIOMKY OAHOCH Y KpUcTalMHy Mo-
cJlaBa4yKe rope oJpa)kaBajy CJ0XeHY MarMaTcKy
eBOJIYIIMjy TOKOM HEKOJIMKO OJIMCKO MOBe3aHUX
norabaja y kacHoj kpeau. Kpucranuu MociiaBauke
rope cacTojy ce 0J, MarMaTCKUX CTUjeHa (yIrJ1laBHOM
rpaHuTa) y3 Koje ce jaBsbajy MeTaMoppHE CTUjeHe
CpeAber 10 BUCOKOT CTyIba MeTaMopdusma. Camo
FPaHUTHO THjeJsI0 I0Ka3yje LoKa3e O HajMame JBa
y3acTollHa Marmarcka jgorabaja koju cy pe3yaTu-
paJIM HACTaHKOM JIBOTUHYACTOT TPaHUTA, Kao npe-
BJIaZiaBajyher Tuma, Te JieyKOrpaHUTa, Kao Jpyror
Haj3aCTyIllJbeHUjer TUIA MOCIaBaYKUX rpaHuTa. Tu
cy porabaju ocTaBUJIM BU/I/bUBE NOTIMCE Y Pa3JIU-
YUTHUM TEKCTYPHUM KapaKTepHUCTHUKaMa OBUX CTHU-
jeHa, BUXOBUM TEePEeHCKHUM OJHOCHMa, MUHepaJ-
HOM CacTaBy U reOKEMHUjCKHMM 0OUJ/bEXKjUMA, Kao U
y NpOMjeHH cacTaBa MHHepaJa TypMa/JIMHa Of
mepJia (schorla) npema fgpaButy. [lBOTUBYACTH
FPaHUT caZpxu cneuuduyHa chepuyHa TUjesa -
TypMaJIMHCKE HOJAYyJIE — Y 4YHjOj Ce je3rpu jaBJba
HOZYJIapHU TypMaJIuH, 0K Cy TYPMaJINHU Y JIEYKO-
rpaHUTUMa NPUCYTHU Kao JUCEMUHUpPAHU cybxe-
JpaJIHU KPUCTAJIH.

Pazsinke usmeby IR cnexrapa HopynapHor (NT)
U auceMyuHupaHor TypMmanuHa (DT) Haj6osbe ce
onaxajy y nogpy4jy O-H pacrtesama IR cnekTpa
(3800-3100 cm™). IR crmeKTpu AMCEMHUHHUPAHOT
TypMaJIMHa MNoOKa3yjy 4eTUpu ycke Bpnne O-H
pacresama: 3643, 3633, 3550 u 3484 cm™, nok
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HOJyJIapHU TypMaJ/IUH IOKa3yje aCUMeTpU4YHe U
pesiatuBHO mupoke Bpmile O-H pacTesama Ha 3635
1 3554 cm™!, c mpompembUMa Ha BUIIUM U HUXKUM
BaJiHUM OpojeBuMa. Bpmnue O-H pacresamwma cy
JleTa/bHO NpoyyaBaHe 360T IbHUX0BE 0CjeT/bUBOCTU
Ha KpPUCTaJIOKEMHjCKe KapaKTepUCTHKe, Koje Cy
MaK /IjeJ;IOMUYHO KOHTPOJIMpaHe YKYITHUM KeMHUj-
CKHM CcaCTaBOM, caJip»KajeM BOJe NPUCYTHE Y CY-
CTaBY, UHTEPaAKLHjOM CTHjeHa U PIyHa, CTYIIHbEeM
»KPUCTAJIMHUTETA", TE0JIOLIKOM MOBUjECTH U/UIH
eBOJIYLIMjOM MarMme Te yBjeTUMa TeMIlepaType U
TI1aKa. [Ipomnpeme Bpnuu y nNoApydjy HAXKer BaJl-
HOT 6poja onaXkeHo je KoJi HOAYJIapHOI TYpMaJllHa,
LITO yKa3yje Ha BULLHU CaJip>Kaj BOJE Y HOAYJIAPHOM
TYpMaJINHy Y OJHOCY Ha JAUCEMHHHUpPAHU TypMa-
JIUH. YoueHH! peslaTMBHU noMauu usMmeby oarosa-
pajyhux BpHLM KoJi HOLYJapHOT Y OJHOCHY JiHcCe-
MHUHUPAHU THUIN TypMaJilMHa MOTY ce 06GjacHUTH
ckpahuBamweM 0-H; u 0-H; pa3maka, mto ce Mmoxe
NPUNUCATU PA3JUYUTUM reHETCKUM U/UJIU eBOJIY-
LIMjCKUM IpoLecuma.

[Topujek/io HoAy/1IapHOT TypMaJIMHa NPUNIKCYje
ce mehyajenoBawy dayugHe dase U3 pesujiyaHe
rpaHUTHe Marme ¢ GpJ1yr oM NOPUjEKIOM U3 OKOJI-
HUX CTHUjeHa y yBjeTUMa HUCKOT TJIaKa IIJIUTKO y
KODH, T€ je OH KPUCTAJIU3NPAO0 Kao NOC/bebU MU-
HepaJl y eBOJIYUPaHOM CYCTaBYy KaCHOKpeJJHUX I'pa-
HUuTa MocnaBauke rope. OBU cy npouecd 6uId
No/p>KaHU peslaTUBHO 6p3uM xJahemweM, LITO je
pe3yJTHpaJo NOBHUIIEHEM CajpKaja JpaBUTA Y
HOZYyJIapHOM TypMaJ/IiHy, TJIeZlaHO 0J, CpeJuLITa
npeMa py6y Hozysa. 3a pas3JIMKy ol TOra, JuceMHU-
HUpaHU TypMaJivH (no cactaBy schorl) us seyko-
rpaHUTa MOXe Ce CMaTpaTH TUIIMYHUM Marmart-
CKUM (IerMaTUTCKUM) NPOAYKTOM U YOOU4ajeHOM
aKLecopHoM $a3oM y JIeyKOTPaHUTY.
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