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Pegmatite dykes with tourmaline and quartz–tourmaline veins in the Chandman Khayrkhan Crystalline Complex (the 
Eastern Mongolian Altay range, SW Mongolia) are spatially related to the contact aureole of the Variscan granitoids of 
the Chandman Massif. Tourmalines are also present in pegmatites that intruded into the I-type granitoids of the Chan-
dman Massif near the contact with surrounding migmatites. The fluid-present melting of metapelites in wall rocks of 
the I-type granodiorites and tonalities can be considered as the main process inducing the boron-rich granitic melt for-
mation. Variations in chemical compositions of tourmaline from several pegmatite dykes, mainly in Na, Ca, Al, Fe and 
Mg, are interpreted as a result of fractionation of the parental melt. The quartz–tourmaline veins represent a product of 
crystallization of aqueous fluid exsolved from the pegmatite melt. Chemical compositions of tourmaline with elevated 
Ca and Mg are interpreted to reflect mixing of the boron-rich postmagmatic fluids with Mg–Ca enriched external com-
ponent represented by fluids from the biotite-rich metaluminous igneous host rocks.
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1. Introduction

Partial melting in the wall-rock complexes usually follows 
intrusions of large I-type granitoid plutons (e.g. Montel et 
al. 1992; Finger and Clemens 1995). Formation and segre-
gation of melt in the anatectic zone distinctively depend on 
the presence or absence of volatile components (Harris et 
al. 2003). Boron is one of the most important volatile com-
ponents that reduces the solidus temperature and viscosity 
of melts (Pichavant 1981; Dingwell et al. 1992; Baker 
and Vaillancourt 1995). Boron behaves as an incompat-
ible element for majority of rock-forming minerals except 
for tourmaline, which is stable up to upper amphibolite-
facies conditions (Sperlich et al. 1996). Tourmaline breaks 
down during the metamorphic reaction consuming biotite 
(Kawakami 2001). Boron-bearing peraluminous granitic 
melt crystallizes under significantly lower temperature 
then boron-poor granitoids (Pichavant 1981) and may form 
granite and pegmatite dykes in the cooling granodiorite 
plutons. In course of the peraluminous melt evolution, 
tourmaline may grow from the early magmatic (London et 
al. 1996) to early subsolidus stage as well as under hydro-
thermal conditions (London and Manning 1995; Buriánek 
and Novák 2004). Its composition depends on the origin 
and evolution of the parental magma and/or fluid phases 
(Henry and Guidotti 1985; London and Manning 1995). 

The pegmatite dykes and quartz veins spatially re-
lated to the Chandman Massif in the eastern part of the 
Mongolian Altay range (the Chandman district of Gobi-
Altay Aymag, SW Mongolia) provide a good example 
for the study of changes in tourmaline composition 
during evolution of small amount of melt from its early 
crystallization to the post-magmatic hydrothermal fluids 
separation stage.

2. Geological setting

Southwestern part of Mongolia consists of number of 
tectonic domains, which belong to the Altaid Tectonic 
Collage (Sengör et al. 1993). The Chandman Massif is 
situated at the northern margin of the Gobi-Altay Terrane, 
near the boundary with the Lake Terrane (Economos et 
al. 2008). The Gobi-Altay Terrane is composed of the 
volcano-sedimentary sequences of forearc/backarc char-
acter and the Lake Terrane exhibits island-arc features 
(Badarch et al. 2002). The Chandman Massif (Fig. 1) 
intruded into the Chandman Khayrkhan Crystalline Com-
plex and into the northern part of the Tugrug Formation. 
The Quaternary sediments cover western and eastern 
boundaries of the Chandman Massif (Hanžl and Aichler 
eds 2007). 
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2.1. Metamorphic units which host the 
Chandman Massif 

The Chandman Khayrkhan Crystalline Complex (Fig. 1) 
consists of migmatites (stromatites, agmatites and dia-
texites), orthogneisses, gneisses and amphibolites with 
skarn lenses. The NWN–ESE trending foliation is mod-
erately to steeply dipping to the south. The monotonous 
mineral composition of these rocks and their overprint 
by a HT–LP metamorphic event related to the intrusion 
of the Chandman Massif granitoids hamper the P–T 
calculations (Hrdličková et al. 2008) and reconstruction 
of metamorphic evolution of the unit. The mineral as-
semblages Pl + Kfs + Bt ± Ms ± Grt ± Sill (migmatite) and 
Amp + Pl ± Bt ± Cpx ± Kfs (amphibolite) correspond to 
upper amphibolite-facies (M1). The second metamorphic 
event (M2), which locally reached upper amphibolite-
facies conditions, represents thermal effects of the 
Chandman Massif intrusion (Economos et al. 2008). 
Subsequently, the rocks have been strongly affected by a 
younger retrograde metamorphic event under the green-
schist facies (M3). 

The Tugrug Formation is formed of siliceous, green–
gray chlorite–sericite schists with layers of light gray 
quartzites. Layers of tholeiitic metabasalts and tuffaceous 
sandstones are minor. The primary sedimentary and 
volcanic rocks metamorphosed under green-schist facies 
conditions evolved into biotite gneiss and amphibolite 
towards boundaries with the granodiorites of the Chand-
man Massif. The enclaves of slightly migmatized biotite 
to muscovite–biotite gneiss and amphibolite in the north-
ern part of the Chandman Massif can be interpreted as 
equivalents of the Tugrug Formation. 

2.2. Igneous rocks of the Chandman Massif

Intrusive age of the Chandman Massif was thought to 
be Ordovician according to Rauzer et al. (1987) but 
radiometric U–Pb zircon dating of the Chandman dio-
rite gave the Early Carboniferous age of 344.9 ± 1.9 Ma 
(Hrdličková et al. 2008). Contact between the Chand-
man Khayrkhan Crystalline Complex and the Chandman 
Massif is fuzzy. Metamorphic rocks along the contact 
show widespread effects of migmatization. Rocks of 
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the Chandman Massif are intensively mylonitized along 
the deformation zone related to the Ikh Bogd Fault. The 
southern intrusive contact with the Cambrian Tugrug 
Formation is obscured by a number of faults. 

Granitoid rocks of the Chandman Massif (Fig. 1) can 
be divided, based on geochemical signatures, into two 
main groups (Economos et al. 2008): (1) metaluminous 
group represented by granodiorites and tonalites and 
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Fig. 2 Field photographs (a, c, f) and photomicrographs (b, d, e). a – A tourmaline-bearing pegmatite dyke in the migmatite of the Chandman 
Khayrkhan Crystalline Complex (sample H0333); b – Tourmaline partially replacing K-feldspar and plagioclase (sample D0783); c – Pegmati-
te dykes with tourmaline in tonalite of the Chandman Massif (sample D0771); d – Compositional zoning in muscovite from a pegmatite (sample 
D0771, BSE image); e – Garnet and tourmaline in the pegmatite (sample D0771, BSE image), f – Quartz veins with tourmaline in tonalite of the 
Chandman Massif (sample D0771B). 
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(2) peraluminous group with prevailing granodiorites 
and rather sporadic granites. The rocks of both groups 
are calc-alkaline, medium-K for the metaluminous group 
and high-K (Peccerillo and Taylor 1976) for the peralu-
minous group. 

The metaluminous group consists of biotite to bio-
tite–amphibole granodiorite and tonalite situated mainly 
in the NE part of the massif (Fig. 1). Medium-grained, 
locally porphyritic granitoids contain varying proportions 
of biotite and hornblende. Small bodies of amphibole- 
and biotite-bearing diorite to gabbro and mafic enclaves 
are locally abundant in granodiorites. The metaluminous 
group shows the I-type mineralogical and geochemical 
signature. The pressures of 3–4 kbar and temperatures 
of 725–775 ºC reached during emplacement of the meta-
luminous granitoids were estimated by combination of 
the feldspar thermometric and hornblende barometric 
calculations (Economos et al. 2008). 

Rocks of the peraluminous group can be subdivided 
into porphyritic biotite granodiorite and biotite (leuco-) 
granite. According to the geochemical data, the per-
aluminous group was derived from a crustal protolith 
(Economos et al. 2008). Porphyritic biotite granodiorite 
with biotite-rich schlieren forms the SW part of the mas-
sif. Fine- to medium-grained mafic enclaves are often 
migmatized and consist of biotite, plagioclase and quartz; 
locally amphibole and/or garnet are also present. The 
biotite granite to leucogranite forms several small bod-
ies or dykes, from to 1 to 10 m thick, intruded into the 
granodiorites to tonalities of the Chandman Massif and 
metamorphic rocks of the Chandman Khayrkhan Crystal-
line Complex. The granites are light grey, locally pink 
and commonly medium-grained. They consist mainly of 
perthitic alkali feldspar, plagioclase, quartz, muscovite 
and biotite, often as a subordinate phase only. Apatite, 
ilmenite, garnet and zircon are present as accessory min-
erals. The peraluminous rocks of the Chandman Massif 
do not contain tourmaline. 

2.3. Pegmatite dykes and quartz veins

Tourmaline-bearing pegmatite dykes and quartz veins are 
spatially related to the metaluminous rocks of the Chand-
man Massif. The pegmatite dykes reaching the thickness 
up to first tens of centimetres and length up to first tens of 
metres with mineral assemblage Qtz + Pl + Kfs ± Bt ± Ms 
are widespread in whole Chandman Massif. However 
tourmaline-bearing pegmatite dykes and quartz–tourma-
line veins are spatially related to the metaluminous rocks 
of the Chandman Massif and occur exclusively near the 
contact with the surrounding migmatites.

Dykes of pegmatite grading to aplite are also present 
in migmatites of the Chandman Khayrkhan Crystalline 
Complex. Several centimetres to decimetres thick dykes 

have a modal composition similar to the migmatite 
leucosome assemblage, except for tourmaline that is oc-
casionally present. The dykes are usually parallel with 
NWN–ESE trending foliation in the metamorphic rocks, 
moderately to steeply dipping to the south. However, 
there were also found small veins located in the shear 
zones, perpendicular to the orientation of leucosome lay-
ers in the stromatitic migmatites (Fig. 2a). 

3. Methodology

Chemical analyses of minerals were obtained using a 
Cameca SX-100 electron microprobe at the Joint Labora-
tory of the Department of Geological Sciences, Faculty 
of Science, Masaryk University in Brno and the Czech 
Geological Survey, Brno. The measurements were car-
ried out in a wave-dispersion mode under the following 
conditions: acceleration voltage – 15 kV, beam diameter 
of 5 µm and probe current of 30 nA. The integration time 
was 20 s and the standards employed (Kα lines): augite 
(Si, Mg), orthoclase (K), jadeite (Na), chromite (Cr), 
almandine (Al), andradite (Fe, Ca), rhodonite (Mn) and 
TiO2 (Ti). The formulae of feldspars were recalculated 
assuming 8 oxygen atoms per formula unit (apfu) and 
those of micas to 22 O apfu. Formulae of tourmalines 
were obtained on the basis of 31 (O, OH, F), assuming 
OH + F = 4 apfu and B = 3 apfu. Abbreviations of min-
eral names are after Kretz (1983).

4. Paragenetic attributes of tourmaline- 
-bearing dykes and host rocks

The majority of migmatized gneisses of the Chandman 
Khayrkhan Crystalline Complex is tourmaline-free. The 
mineral is a very rare accessory component in some 
melanosome layers in the biotite- and sillimanite-rich 
migmatites. The small dykes of granite grading to peg-
matite, containing tourmaline, are situated exclusively 
in the eastern part the Chandman Khayrkhan Crystalline 
Complex, near the contact with the Chandman Massif. 
On the other hand, tourmaline is relatively common in 
the pegmatite dykes and aplite and quartz veins crosscut-
ting the metaluminous I-type granitoids of the Chandman 
Massif near the contact with migmatites. 

4.1. Host rocks of the tourmaline-bearing 
pegmatite dykes and quartz–tourmaline 
veins

The migmatites consist mainly of quartz, plagioclase, 
biotite, muscovite, sillimanite, and their structure varies 
from stromatite to diatexite. Plagioclase from melano-
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some (An35–40) is characterized by higher Ca contents than 
that in pegmatite (An26–27). On the other hand, biotite in 
the host migmatite melanosome and in the tourmaline-
bearing pegmatite is chemically well comparable, having 
Fe/(Fe + Mg) = 0.40–0.42, IVAl = 2.53–2.58 apfu and Ti 
= 0.17–0.20 apfu (Tab. 1). Rare aggregates of needle-like 
sillimanite are usually enclosed in biotite. 

The orthogneisses (pearl gneisses) are dark grey 
medium-grained rocks consisting of plagioclase, quartz, 
biotite, muscovite, zircon and apatite. Deformed oligo-

clase (An28–29) porphyroblasts reach up to 1 mm in size. 
Biotite characterizes Fe/(Fe + Mg) = 0.51–0.52, IVAl = 
2.46–2.48 apfu and Ti = 0.32–0.33 apfu, whereas mus-
covite contains IVAl = 1.72–1.75 apfu. Both of the micas 
forming small aggregates wrapping around plagioclase 
grains are chemically homogeneous.

Biotite tonalites are medium-grained, porphyritic, 
slightly deformed rocks, locally with biotite-rich en-
claves. Plagioclase phenocrysts are usually normally 
zoned (An20–31). Quartz occurs as anhedral grains with 

Tab. 1 Representative chemical compositions of micas (structural formulae on the basis of 22 O)

pegmatite and aplite host rocks
Group Type Ia Type Ia Type Ib Type Ib Type II Type II Type Ib Type Ib Type II
Locality H0333a H0333a D0783 D0783 D0771 D0771 D0783 D0771 D0771
Mineral Bt Ms Bt Ms Ms Ms Ms Bt Bt
SiO2 37.26 44.84 35.82 45.79 46.33 46.59 45.88 36.06 36.81
TiO2 1.99 2.03 1.62 0.70 0.06 0.14 0.71 2.75 1.66
Al2O3 17.48 29.62 16.83 32.38 32.87 31.71 31.04 16.44 16.63
Cr2O3 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 16.33 4.53 20.15 3.66 3.00 4.06 4.53 19.49 16.69
MnO 0.22 0.00 0.51 0.07 0.02 0.03 0.00 0.52 0.26
MgO 13.07 1.34 10.45 0.95 0.93 1.25 1.25 10.31 13.17
CaO 0.00 0.01 0.07 0.00 0.00 0.00 0.00 0.00 0.01
Na2O 0.24 0.32 0.08 0.38 0.42 0.49 0.28 0.07 0.07
K2O 9.10 10.60 9.42 10.64 10.97 10.62 10.81 9.71 9.52
BaO 0.17 0.76 0.10 0.27 0.03 0.11 0.29 0.15 0.30
Rb2O 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.03 0.00
ZnO 0.00 0.00 0.02 0.02 0.00 0.04 0.01 0.03 0.13
F 0.01 0.05 0.00 0.00 0.08 0.04 0.00 0.00 0.00
Cl 0.03 0.00 0.03 0.00 0.00 0.00 0.01 0.02 0.02
H2O* 4.02 4.29 3.89 4.41 4.38 4.40 4.38 3.91 3.96
O=F,Cl 0.01 0.02 0.01 0.00 0.03 0.02 0.00 0.01 0.01
Total 99.97 98.39 98.97 99.27 99.06 99.46 99.21 99.49 99.22
(apfu)
Si 5.541 6.232 5.515 6.230 6.285 6.325 6.283 5.517 5.559
IVAl 2.459 1.768 2.485 1.770 1.715 1.675 1.717 2.483 2.441
VIAl 0.606 3.085 0.569 3.423 3.540 3.399 3.293 0.482 0.518
Ti 0.222 0.213 0.187 0.072 0.006 0.014 0.073 0.317 0.189
Cr 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 2.031 0.527 2.594 0.416 0.340 0.460 0.519 2.494 2.108
Mn 0.027 0.000 0.066 0.008 0.002 0.003 0.000 0.067 0.033
Mg 2.899 0.278 2.399 0.192 0.189 0.253 0.255 2.351 2.964
Zn 0.000 0.000 0.002 0.002 0.000 0.004 0.001 0.004 0.014
Ca 0.000 0.001 0.011 0.000 0.000 0.000 0.000 0.000 0.002
Na 0.068 0.086 0.024 0.099 0.110 0.129 0.073 0.022 0.020
K 1.727 1.879 1.849 1.847 1.899 1.840 1.889 1.894 1.834
Ba 0.010 0.041 0.006 0.014 0.001 0.006 0.016 0.009 0.018
Rb 0.000 0.000 0.000 0.001 0.000 0.000 0.003 0.003 0.000
OH* 3.989 3.978 3.993 4.000 3.966 3.982 3.998 3.994 3.994
F 0.003 0.022 0.000 0.000 0.034 0.018 0.000 0.000 0.000
Cl 0.008 0.000 0.007 0.000 0.000 0.000 0.002 0.006 0.006
Total 19.598 18.110 19.708 18.075 18.087 18.108 18.121 19.643 19.700

* calculated from stoichiometry
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Tab. 2 Representative chemical compositions of feldspars (structural formulae on the basis of 8 O)

pegmatite and aplite host rocks
Group Type Ia Type Ia Type Ib Type Ib Type II Type II Type Ia Type Ib Type II
Locality H0333a H0333a D0783 D0783 D0771 D0771 H0333a D0783 D0771
SiO2 61.88 65.36 61.78 64.30 66.20 63.34 59.90 61.73 63.57
P2O5 0.07 0.00 0.02 0.02 0.03 0.00 0.00 0.05 0.03
Al2O3 23.95 18.21 24.41 18.75 21.52 18.44 25.56 24.31 22.94
FeO 0.01 0.08 0.00 0.00 0.00 0.01 0.12 0.00 0.00
CaO 5.64 0.00 5.73 0.00 2.19 0.00 7.38 5.76 4.18
Na2O 8.34 0.11 8.53 0.58 10.28 0.22 7.57 8.59 9.47
K2O 0.08 16.45 0.06 15.69 0.07 15.74 0.05 0.21 0.10
BaO 0.03 0.05 0.00 1.23 0.00 1.29 0.00 0.00 0.01
SrO 0.13 0.01 0.09 0.09 0.05 0.04 0.15 0.13 0.08
Total 100.13 100.27 100.62 100.66 100.34 99.07 100.73 100.78 100.38
(apfu)
Si 2.743 3.010 2.728 2.975 2.896 2.980 2.655 2.726 2.802
Al 1.251 0.988 1.271 1.023 1.110 1.022 1.335 1.265 1.192
Fe3+ 0.000 0.003 0.000 0.000 0.000 0.000 0.005 0.000 0.000
T-site 3.995 4.002 3.999 3.998 4.006 4.002 3.995 3.991 3.994
K 0.004 0.966 0.003 0.926 0.004 0.944 0.003 0.012 0.006
Na 0.717 0.010 0.730 0.052 0.872 0.020 0.650 0.735 0.809
Ca 0.265 0.000 0.267 0.000 0.101 0.000 0.346 0.269 0.195
Ba 0.000 0.001 0.000 0.022 0.000 0.024 0.000 0.000 0.000
Sr 0.003 0.000 0.002 0.002 0.001 0.001 0.004 0.003 0.002
O-site 0.990 0.977 1.003 1.003 0.979 0.989 1.003 1.020 1.012
Mol % 
An 26.8 0.0 26.7 0.0 10.4 0.0 34.6 26.5 19.3
Ab 72.7 1.0 72.9 5.3 89.2 2.1 65.1 72.4 80.1
Or 0.4 99.0 0.3 94.7 0.4 97.9 0.3 1.2 0.6

undulatory extinction. Biotite with Fe/(Fe + Mg) = 
0.41–0.42, IVAl = 2.44–2.45 apfu and Ti = 0.19–0.21 apfu 
occurs as fine-grained aggregates or individual grains 
often concentrated around plagioclase. Apatite, magnetite 
and ilmenite are typical accessory minerals.

4.2. Pegmatite dykes related to metamorphic 
rocks 

Two samples of pegmatite have been studied. The 
sample H0333 (for localization see Fig. 1) was taken 
from approximately 10 cm thick pegmatite dyke in 
the migmatized gneisses, whereas the sample D0783 
comes from a pegmatite dyke cutting an orthogneiss 
body in the northern part the Chandman Crystalline 
Complex. 

The pegmatite dykes represent an equigranular, 
medium- to coarse-grained rock containing subhedral 
quartz (43–45 vol. %), plagioclase (53–54 vol. %) and 
tourmaline (2 vol. %), with minor K-feldspar, muscovite 
and biotite (up to 2 vol. % each).

Plagioclase forms subhedral to euhedral tabular crys-
tals with normal zoning (An19–27) and SrO contents of 
~0.1 wt. % (Tab. 2). The cores of plagioclase crystals 
are commonly sericitized, especially in those bordering  

tourmaline. Anhedral to subhedral grains of K-feldspar 
(Or95–99 Ab5–9) with relatively high content of BaO = 
0.7–1.4 wt. % (Fig. 3a) enclose small inclusions of pla-
gioclase and quartz. Younger subhedral K-feldspar (Or99 
Ab1), with negligible Ba content, forms small grains at 
plagioclase–quartz contacts. Partially chloritized flakes of 
biotite randomly distributed in the rock are characterized 
by Fe/(Fe + Mg) = 0.41–0.52, IVAl = 2.46–2.55 apfu and 
Ti = 0.19–0.22 apfu, whereas the primary muscovite by 
Fe/(Fe + Mg) = 0.61–0.69 and IVAl = 1.64–1.77 apfu (Fig. 
3b). Muscovite is rare and usually occurs close to tour-
maline. Fluorapatite, xenotime, allanite and monazite are 
relatively common. Ilmenite laths, containing 7–11 mol. 
% of the pyrophanite component, are locally replaced by 
hematite and Ti-rich magnetite. 

Tourmaline of the sample H0333 forms columnar 
crystals, up to 1 cm long, oriented perpendicularly to 
the boundary between melanosome and pegmatite and 
oval tourmaline–quartz graphic intergrowths up to 3 cm 
in diameter in the central parts of the dykes. Tourma-
line D0783 occurs as small accumulations of subhedral 
crystals sporadically distributed in the host pegmatite, 
sometimes replacing K-feldspar and plagioclase (Fig. 
2b). Tourmaline grains, up to 0.3 mm in diameter, contain 
small inclusions of quartz and K-feldspar. 
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4.3. Pegmatite dykes related to metalumi-
nous granitoids 

Pegmatite dykes with tourmaline cutting biotite-rich to-
nalite of the Chandman Massif (Fig. 2c) crop out on the 
flat mountain ridge southeast of the Chandman village 
(Fig. 1). They reach first tens of metres in length and up 
to first decimetres in thickness. 

The studied pegmatite dyke D0771 is only about 8 
cm thick, with visible zoning formed by a granite-like 
to aplitic marginal part and a central “graphic core”, 
consisting of quartz and K-feldspar intergrowths. The 
core contains also tourmaline, garnet, ilmenite, allanite, 
magnetite, monazite and apatite, whereas the marginal 
parts consist of plagioclase (48 vol. %), anhedral quartz 
(46 vol. %), muscovite (4 vol. %), garnet (1.7 vol. %), 
and K-feldspar (0.3 vol. %). 

Subhedral plagioclase with normal zoning (An9–11) is 
slightly sericitized and contains frequent inclusions of 
small anhedral K-feldspar crystals (Or98–97 Ab2–3) with 

a BaO content reaching 1.3–1.4 wt. % (Tab. 2). White 
micas (Fig. 3b), containing 0.03–2.34 wt. % BaO, rep-
resent a solid-solution of ganterite and muscovite. Small 
flakes of the mica are usually homogeneous with IVAl 
varying from 1.68 to 1.72 apfu and F from 0.02 to 0.03 
apfu. However, in some places the homogeneous core in 
muscovite flakes is rimed by a Ba-rich zone, 0.01–0.03 
mm thick, with IVAl = 1.75–1.85 apfu and F = 0.02–0.03 
apfu. The Ba-rich white mica can be also surrounded 
by a plagioclase rims up to 0.1 mm thick (Fig. 2d). The 
garnet crystals (Sps63–66 Alm26–28 Prp6–5 Adr3) reach up to 
1–2 mm in diameter (Fig. 2e). Tourmaline usually forms 
subhedral crystals, up to 2 cm in diameter, situated in the 
central part of dykes. Ilmenite contains c. 11 mol. % of 
the pyrophanite component.

4.4. Quartz veins related to metaluminous  
I-type granitoids 

Quartz–tourmaline veins (sample D0771B) are often 
spatially associated with the pegmatite dykes and they 
reach thicknesses varying from 1 to 20 cm. In the veins, 
hair-like aggregates and needle crystals of tourmaline 
form stripes, up to 2 mm thick (Fig. 2f), enclosed in the 
medium- to finely granular mosaic composed of anhedral 
grains of quartz. Tourmaline is rarely associated with 
euhedral apatite crystals up to 0.2 mm in size. 

5. Tourmaline composition

Three types of tourmaline were distinguished based on 
geological position and paragenetic assemblage in the 
tourmaline-bearing veins (Fig. 2): 
I. Tourmaline bound to pegmatites in the migmatites and 

orthogneisses,
II. Tourmaline of pegmatite dykes cutting the metalumi-

nous igneous rocks,
III. Tourmaline of quartz veins cutting the metaluminous 

rocks.
Tourmaline I (Fig. 4) is represented by Fe-rich dravite 

(Al = 5.74–6.43 apfu, Fe/(Fe + Mg) = 0.41–0.48). A 
relatively homogeneous core with the smooth zoning is 
rimed by a Fe-rich oscillatory-zoned tourmaline (up to 
0.1 mm thick rim). The main substitution trend related 
to the increase of Na and Mg + Fe2+ and decrease of Al 
and the X-site vacancy corresponds well to the exchange 
vector XNa1

YR2+
1 

X–1
YAl–1 (Fig. 5a–f). The elevated Ca 

content in the rim (up to 0.24 Ca apfu) can be related to 
the minor uvite-type substitution XCa1

ZR2+
1 

XNa–1
ZAl–1.

Tourmaline II (Fig. 4) has a transitional schorl–dravite 
composition (Al = 5.78–6.10 apfu, Fe/(Fe + Mg) = 0.36–
0.62), and it is richer in Na than the tourmaline I (Na = 
0.62–0.79 apfu, Ca = 0.06–0.16 apfu). Its crystals consist 

Fig. 3a Na2O vs. BaO diagram for the feldspar from pegmatites and the-
ir host rocks; b –Fe/(Fe + Mg) vs. Ti diagram for the micas from peg-
matites and their host rocks.
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of two significantly different zones: a sector-zoned core 
with Fe/(Fe + Mg) = 0.36–0.62 and a homogeneous Fe-
rich dravite rim with Fe/(Fe + Mg) = 0.44–0.45. Decrease 
in the Na content and relatively constant Al in the tour-
maline core can be related to the substitution X1

W(OH)1 
XNa–1

WO–1 coupled to the minor substitution of Fe for 
Mg. On the other hand, some parts of the tourmaline 
grains evolved towards more Mg-rich and Al-deficient 
compositions with a dominant substitution of XNa1

YR2+
1 

X–1
YAl–1 (Fig. 5a–b, d).

Thin needles of the tourmaline III represent irregu-
larly oscillatory zoned dravite to Ca-rich dravite, with 
Fe/(Fe + Mg) = 0.36–0.44 and Al = 5.23–6.04 apfu (Fig. 
5a–d). The decrease in Al and Na (Na = 0.58–0.60 apfu) 
coupled with increase in the Ca content (0.10–0.32 Ca 
apfu) can be linked to the substitution XCa1

ZR2+
1 

XNa–1
ZAl–1 (Fig. 5a–b, d), often accompanied by a minor re-
placement X1

YAl1 
XNa–1

YR2+
–1. 

6. Discussion 

The tourmaline-bearing pegmatites and quartz veins are 
spatially related to the contact aureole of the metalu-
minous rocks of the Chandman Massif. The main char-
acteristics of this magmatic–hydrothermal system are 
summarized as follows.

Pegmatite dykes crosscut migmatites and igneous 
rocks close to intrusive contacts of the Chandman Massif. 

Pegmatite melt with boron should have solidus tempera-
tures lower than that of the common tonalitic melts. For 
that reason probably the tourmaline-bearing pegmatites 
fill tiny fractures in the igneous rocks near their contact 
with migmatites.

Chemical compositions of rock-forming minerals 
in the pegmatite dykes are different (by their high Ca 
content) from typical tourmaline-bearing pegmatites and 
granites (London 1999; Buriánek and Novák 2007; Neiva 
et al. 2008). 

Geological relationships indicate that the quartz–
tourmaline veins follow a final stage of the pegmatite 
evolution. 

6.1. Source of pegmatite melts

Granitic pegmatites in general are characterized by frac-
tional crystallization of the main rock-forming minerals 
(e.g. plagioclase, K-feldspar and biotite) during evolution 
of the large granitic bodies. The contents of the anorthite 
component in plagioclase and Ba contents in K-feldspar 
decrease from parental granite to aplite and pegmatite 
(Neiva et al. 2008). High contents of Ca in plagioclase 
and tourmaline are not typical of pegmatite generated by 
fractionation of granitic melts. All studied biotites from 
the pegmatite show Fe/(Fe + Mg) ratios comparable 
with their host rocks (Fig. 3b). On the other hand, the 
Ti content in biotite from orthogneiss is significantly 
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phosed under upper amphibolite-facies conditions (Henry 
and Guidotti 1985; Henry et al. 2005).

During emplacement of the granitoids of the Chand-
man Massif (at 3–4 kbar and 725–775 ºC; Economos 

higher (0.33–0.32 apfu) than in the pegmatites. Chemical 
composition of associated tourmaline and biotite in the 
pegmatite dykes occurring in migmatites are comparable 
with tourmaline and biotite in the metapelites metamor-
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et al. 2008), the roof pendants were partially melted 
under conditions higher then the tourmaline-out isograd 
(~670 ºC for 5 kbar) defined by Kawakami (2001). The 
pegmatite dykes in the contact aureole of the Chandman 
Massif, both occurring in the adjacent metamorphic rocks 
as well as in tonalite, have similar modal composition 
(Qtz + Pl + Kfs + Tur ± Bt ± Ms). The high Ca content in 
plagioclase and tourmaline, high content of Ba in K-feld-
spar as well as sporadic presence of K-feldspar indicates 
an unusual origin of the parental pegmatite-forming melt. 
According to Inger and Harris (1993), the contents of Ba, 
Ca, and K in the anatectic melt are strongly influenced 

by the presence of water during partial melting reactions 
consuming biotite and feldspars. With increasing H2O 
content at constant P–T conditions the amounts of alkali 
feldspar crystallized from the melt decreases (Holtz and 
Johannes 1991; Patiño Douce and Harris 1998). The 
presence of water-rich fluids during anatexis enables 
production of a melt depleted in K and enriched in Ca, 
Fe, Na and Ba (Conrad et al. 1988; Holtz and Johannes 
1991). The presence of H2O and boron reduce the solidus 
temperature and viscosities of granitic melts (e.g. Baker 
and Vaillancourt 1995), and the boron-bearing melt may 
be segregated due to its lower viscosity.

Tab. 3 Representative chemical compositions of tourmaline from pegmatites and quartz–tourmaline veins [structural formulae on the basis of 31 
(O, OH, F)]

Group Type Ia Type Ia Type Ia Type II Type II Type II Type II Type II Type II Type III Type III Type III
Locality H0333a H0333a H0333a D0771 D0771 D0771 D0771 D0771 D0771 D0771B D0771B D0771B
SiO2 36.84 35.80 35.60 35.87 35.46 36.03 36.25 36.32 36.16 36.26 36.24 37.24
TiO2 0.27 0.68 0.56 0.84 0.93 0.44 0.39 0.32 0.28 1.34 1.58 0.18
Al2O3 33.11 32.73 32.39 29.76 29.15 31.10 31.39 29.82 30.37 26.50 26.58 30.34
V2O3 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.07 0.04 0.05 0.03 0.10
Cr2O3 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
FeO 7.71 9.24 8.49 11.56 12.50 10.36 9.49 10.12 9.54 10.84 10.74 8.42
MgO 6.10 5.32 6.00 5.36 5.29 5.34 6.10 6.91 6.92 7.86 7.79 7.69
CaO 0.68 0.75 1.00 0.67 0.74 0.42 0.44 0.91 0.77 1.76 1.75 0.76
MnO 0.03 0.06 0.05 0.26 0.27 0.31 0.13 0.03 0.06 0.02 0.68 0.04
ZnO 0.00 0.00 0.00 0.01 0.08 0.03 0.00 0.04 0.01 0.00 0.02 0.09
Na2O 1.61 1.93 1.75 2.34 2.23 2.30 1.99 2.09 2.15 1.79 1.84 2.17
K2O 0.04 0.05 0.06 0.07 0.07 0.05 0.02 0.04 0.04 0.04 0.03 0.02
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.14 0.00
H2O* 3.68 3.64 3.63 3.59 3.56 3.61 3.63 3.62 3.62 3.56 3.53 3.67
B2O3* 10.68 10.56 10.51 10.39 10.32 10.45 10.51 10.48 10.48 10.35 10.41 10.64
O=F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.00
Total 100.77 100.75 100.04 100.72 100.65 100.44 100.35 100.76 100.43 100.39 101.29 101.36
(apfu)
T site
Si4+ 5.996 5.891 5.885 5.998 5.970 5.991 5.995 6.023 5.996 6.089 6.051 6.081
Al3+ 0.004 0.109 0.115 0.002 0.030 0.009 0.005 0.000 0.004 0.000 0.000 0.000
Z site
Al3+ 6.000 6.000 6.000 5.863 5.754 6.000 6.000 5.826 5.930 5.245 5.230 5.839
Mg2+ 0.000 0.000 0.000 0.137 0.246 0.000 0.000 0.174 0.070 0.755 0.770 0.161
Y site
Ti4+ 0.032 0.085 0.069 0.105 0.118 0.056 0.048 0.040 0.035 0.169 0.199 0.023
Al3+ 0.348 0.238 0.196 0.000 0.000 0.087 0.113 0.000 0.000 0.000 0.000 0.000
Cr3+ 0.003 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000
V3+ 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.009 0.005 0.007 0.004 0.012
Fe2+ 1.049 1.271 1.174 1.617 1.760 1.441 1.313 1.403 1.323 1.522 1.500 1.150
Mg2+ 1.481 1.304 1.479 1.199 1.081 1.324 1.503 1.535 1.641 1.213 1.168 1.711
Mn2+ 0.004 0.008 0.007 0.036 0.039 0.043 0.018 0.004 0.009 0.003 0.097 0.006
Zn2+ 0.000 0.000 0.000 0.001 0.010 0.004 0.000 0.005 0.001 0.000 0.002 0.011
X site
Ca2+ 0.118 0.133 0.177 0.119 0.133 0.075 0.078 0.161 0.137 0.316 0.312 0.132
Na+ 0.507 0.614 0.561 0.759 0.728 0.742 0.639 0.672 0.690 0.584 0.596 0.686
K+ 0.009 0.011 0.013 0.015 0.014 0.010 0.005 0.008 0.008 0.008 0.007 0.003
Vacancy 0.365 0.242 0.249 0.107 0.126 0.172 0.277 0.159 0.165 0.092 0.085 0.179
OH 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 3.992 3.929 4.000
F- 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.071 0.000
B3+ 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

* calculated from stoichiometry, total Fe as FeO
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Tourmaline pegmatites in the migmatites in the Chand-
man Crystalline Complex can be interpreted as a product 
of segregation and crystallization of hydrous melts de-
rived by melting of metapelites in the contact aureole of 
the Chandman Massif. Subsequently, small amounts  
of such a presumably mobile, boron-bearing melt could 
have migrated from the migmatites to fractures propa-
gated in the nearby cooling metaluminous igneous rocks. 
This process may have been accompanied by fractional 
crystallization of the primitive anatectic melts together 
with tourmalines II and III. 

6.2. evolution of the pegmatite-forming 
melts 

In typical granitic systems, the tourmaline is Ca-poor and 
evolves from schorl–dravite toward olenite–foitite solid 
solution (London 1999; Novák et al 2004; Buriánek and 
Novák 2007). For example, tourmaline from granites in 
the Moldanubicum (Bohemian Massif, Czech Republic) 
are characterized by low Ca contents (≤ 0.17 apfu) and 
fractionation trends of magmatic tourmalines showing 
an increase in Al, Fe/(Fe + Mg), F, and Na or degree 
of vacancy in the X-site. This suggests substitutions of 
the following types as the dominant exchange vectors 
(Buriánek and Novák 2007): foitite type (X1

YAl1 
XNa–1

YR2+
–1), the oxy-foitite type (X1

YAl2
WO1 

XNa–1
YR2+

–2
W(OH)-1) and the X-site vacant olenite type (X1

YAl3
WO2 

XNa–1
YR2+

–3
W(OH)–2). On the other hand, trends of the 

studied tourmalines crystallizing from the melt stage 
to hydrothermal conditions show a decrease in Al and 
increase in (Fe + Mg) together with decreasing vacancy 
in the X-site (Fig. 5a–d). At the same time, high calcium 
contents (0.06–0.32 apfu) are typical of all the tourma-
line types. Dominant substitutions in the pegmatites are 
X1

W(OH)1 
XNa–1

WO–1 and XNa1
YR2+

1 
X–1

YAl–1, however, 
in the hydrothermal veins substantial Ca would be a result 
of the substitution XCa1

ZR2+
1 

XNa–1
ZAl–1.

Geological position at the boundary of the Chand-
man Massif is compatible with the view that pegmatite 
dykes in the migmatites and in the metaluminous igne-
ous rocks represent products of crystallization from a 
similar melt. Differences in compositions of tourmaline 
and plagioclase from individual dykes can be interpreted 
as a result of the melt fractionation. The pegmatite 
dykes filling tiny fractures in the metaluminous igne-
ous rocks of the Chandman Massif are characterized by 
lower contents of Ca in plagioclase (An9–11) compared to 
the pegmatite in the contact aureole (An19–29). Tourma-
line I (Fe-rich dravite) occurring in the pegmatite from 
the contact aureole is characterized by higher total Al 
(Fig. 4) and lower Na (> 0.5 apfu, Fig. 5f) compared to 
the tourmaline II (schorl–dravite) in the pegmatite from  
the Chandman Massif itself. Tourmaline II is associated 

with spessartine–almandine-rich, chemically homoge-
neous, euhedral garnet grains. These compositional fea-
tures are similar to those reported for typical magmatic 
garnet crystallizing below 700 °C in granitic melt (Clarke 
1981; Manning 1983; Bray 1988). 

White mica is frequently present in the pegmatite 
occurring in the metaluminous igneous rocks of the 
Chandman Massif. The lower Ti content (0.01–0.04 
apfu) indicates a secondary origin of the micas (Miller 
et al. 1981). In contrast, muscovite from pegmatite in 
the contact aureole (Fig. 3b) can by classified as being 
of a primary origin (Miller et al. 1981). Under subsolidus 
conditions, Ba is easily mobile in the hydrothermal fluids 
(Harris et al. 2003) and a high content of Ba in rims of 
the white mica is a good evidence for the K-feldspar 
breakdown. The secondary white mica (Fig. 2d) in the 
pegmatite can be interpreted as a product of reaction be-
tween K-feldspar and post-magmatic hydrothermal fluids 
introduced during the subsolidus pegmatite evolution.

At the final stage of the pegmatite melt evolution, the 
extraction of aqueous fluids produced quartz veins with 
a small portion of tourmaline. The chemical composi-
tion of the tourmaline, especially the high contents of 
Ca and Mg, can be interpreted as a consequence of the 
interaction of boron-rich fluids with surroundings rocks 
(Gawęda et al. 2002; Dini et al. 2008) or mixing of post-
magmatic fluids from different fluid sources (Buriánek 
and Novák 2004; Dini et al. 2008). A slightly higher 
fluorine content (F < 0.14 apfu) in comparison to other 
studied tourmalines (F < 0.01 apfu) is characteristic of 
the fluids extracted from the peraluminous melt (London 
1997; Thomas et al. 2000). 

7. Conclusions

Tourmalines from pegmatites and quartz veins in the 
contact aureole of the Chandman Massif exhibit chemi-
cal compositions (mainly elevated Ca and Mg contents) 
different from typical granitic pegmatites and tourmaline 
granites worldwide. The following exchange vectors 
characterize the main substitutions in tourmaline of the 
studied rocks: X1

W(OH)1 
XNa–1

WO–1, 
XNa1

ZR2+
1 

X–1
ZAl–1 

and XCa1
ZR2+

1 
XNa–1

ZAl–1.
Generation and segregation of boron-bearing melt 

from the metasediments in the contact aureole of the 
Chandman Massif led to the formation of tourmaline-
bearing pegmatite dykes spatially distributed along the 
contact of the metaluminous igneous rocks and mig-
matites. Variation of chemical compositions of schorl–
dravite in terms of the Al, F, Na, Fe and Mg contents 
is interpreted as a result of the parental anatectic melt 
fractionation. The quartz–tourmaline veins are explained 
as a product of crystallization of fluids exsolved from the 
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pegmatite melt. Chemical compositions of hydrothermal 
tourmaline reflect mixing of the boron-rich fluids ex-
tracted from the pegmatite with an Mg–Ca-rich external 
component represented by biotite-rich metaluminous 
igneous host rocks.
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