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and its exocontact, Sahatany Valley, Madagascar

Petr GADAS1*, Milan NOVÁK1, Michaela VAŠINOVÁ GALIOVÁ2,3, Federico PEZZOTTA4

1	Department	of	Geological	Sciences,	Faculty	of	Science,	Masaryk	University,	Kotlářská	2,	CZ-611	37	Brno,	Czech	Republic;	 
	 pgadas@sci.muni.cz
2	Institute	of	Chemistry	and	Technology	of	Environmental	Protection,	Faculty	of	Chemistry,	Brno	University	of	Technology,	 
	 Purkyňova	118,	612	00	Brno,	Czech	Republic
3	BIC	Brno,	Purkyňova	125,	612	00,	Brno,	Czech	Republic
4	Mineralogy	Department,	Museo	di	Storia	Naturale,	Corso	Venezia	55,	I-20121	Milan,	Italy
*	Corresponding	author

Chemical compositions and mineral assemblages of tourmalines from the elbaite-subtype Manjaka pegmatite in the 
Sahatany Valley, central Madagascar, and its exocontact were examined using EPMA and LA-ICP-MS. Several textural, 
compositional and paragenetic types of tourmalines were recognized in the individual pegmatite units and in the zones 
located towards the host rock in the order: wall pegmatite unit → border pegmatite unit → contact zone → recrystalli-
zation zone; the latter zone evidently originated after the host Mg-rich calc-silicate rock (Di + Tr + Qz > Pl + Kfs ˃  Phl + 
Dol ˃  Cal). Zoned prismatic crystals from the border unit evolved from the core Tur Ia (dravite < Fe-rich elbaite), Tur Ib 
(Mn,Fe-rich to Mn-rich fluor-elbaite > elbaite), to the crystal rims Tur II (elbaite > darrellhenryite) via the substitutions: 
(1) 2YR2+ = YLiAl, (2) YMnWF = YFe2+WOH, (3) YLi0.5

WOH = YAl0.5
WO, and (4) YLiTAlWOH3 = YAlTSiWO3. The contact zone, 

~2 mm thick, contains abundant Tur IV (Li,Fe,Al-enriched dravite > oxy-dravite), and the recrystallization zone, ~1.5 cm 
thick, common Tur V (fluor-uvite > dravite > fluor-dravite, magnesio-lucchesiite, uvite) via the substitutions: (1) 2YR2+ 
= YLiAl and (5) YR2+WOH = YAlWO, (6) XNaWOH = XCaWO and (7) XNaYAl = XCaYR2+. The chemical compositions of the 
individual types of tourmalines suggest that the mobility of elements between calc-silicate rock and pegmatite was low. 
Only weak influx of Mg, V and Cr into pegmatite and Li and Al from the pegmatite to the host rock – recrystallization 
zone, respectively, were observed. The existence of thin B-rich contact zone with dominant Tur IV suggests low influx 
of B into the host rock in early magmatic stage. High contents of F in Tur V from the recrystallization zone were very 
likely triggered by influx of B,F-enriched residual pegmatite fluids. Very high a(B2O3), but low a(H2O) and a(F) in the 
pegmatite melt constrained very low degree of external contamination of the pegmatite. Compositional evolution in 
tourmalines from Manjaka was compared with the pegmatites and their exocontact at Stoffhütte, Koralpe, Austria, and 
Bližná I, Moldanubian Zone, Czech Republic.
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Selway et al. 1998, 2000, 2002; Tindle et al. 2002, 2005; 
Zhang et al. 2008). These fractionated pegmatites with 
tourmaline exocontacts can be also rather small Li-bear-
ing or even Li-poor pegmatites (e.g., Laurs et al. 1998; 
Novák et al. 1999b, 2012; Kalt et al. 2001). The authors 
above revealed high compositional variations including 
mobility of individual elements in contact with a vari-
ety of silicate- or carbonate-dominant rocks. However, 
compositional trends and behaviour of Li in tourmalines 
from different pegmatite zones towards the exocontact 
were examined only sporadically (Novák et al. 1999b; 
Kalt et al. 2001). 

The Manjaka pegmatite, Sahatany Valley (Ranorosoa 
1986; Pezzotta 2005; Novák et al. 2015; Cempírek et al. 
2016) is an excellent example of Li-bearing pegmatite 
enclosed in compositionally contrasting Mg-rich calc-
silicate rock where tourmaline is commonly developed 

1. Introduction

Tourmaline is widely used as an excellent petrogenetic 
indicator of a variety of geological processes due to its 
ability to incorporate a large number of elements, neg-
ligible diffusion up to high temperatures, stability in a 
wide range of PT-conditions, and refractory behaviour 
(e.g., van Hinsberg et al. 2011; Dutrow and Henry 2011). 
Chemical composition of tourmalines is constrained by 
chemical composition of the system, PTX-conditions, ef-
fect of associated minerals as well as by crystal-structural 
constraints (e.g., Hawthorne 1996, 2002; Ertl et al. 2002; 
Bosi 2011, 2018). 

Tourmalines from exocontacts of granitic pegmatites, 
typically developed around fractionated Li-rich pegma-
tites, were studied in numerous papers (e.g., Jolliff et al. 
1986; Shearer et al. 1986; Morgan and London 1987; 
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in the pegmatite body as well as in the exo/endocontact 
rocks. We examined chemical compositions and mineral 
assemblages of tourmalines from the border zone of peg-
matite and adjacent exocontact to reveal parameters which 
controlled the chemical composition of tourmalines. 
They include external contamination of the pegmatite by 
the host rocks with contrasting chemical compositions, 
infiltration of fluids from the crystallizing Li-bearing 
pegmatite to the host rock as well as the role of associated 
minerals and crystal-structural constraints in tourmaline.

2. Geological setting

The Manjaka pegmatite occurs in the Sahatany Valley 
pegmatite field, located in the north-eastern part of the 
Itremo Region in central Madagascar (Fig. 1). The area 
comprises low- to medium-grade metamorphic rocks of 
the Proterozoic Itremo Complex (e.g., Cox et al. 1998). 
This region is characterized by numerous occurrences 
of Li-enriched, gem-bearing pegmatites (e.g., Ranorosoa 
1986; Pezzotta 2005), occasionally with large pockets lined 
with attractive gem quality crystals of elbaite–liddicoatite, 
hambergite such as pegmatites from Estatoby and Tsara-
fara villages surroundings (Pezzotta and Praszkier 2013; 
Buřival and Novák 2018) located about 2 km north of the 
studied Manjaka pegmatite. 

The mineral assemblages with elbaite‒liddicoatite, 
the most common Li-bearing mineral along with locally 
abundant spodumene and minor lepidolite, indicate the 
dominance of elbaite-subtype pegmatites over spodu-
mene subtype in this pegmatite field. Occurrences of 
borates (hambergite, béhierite, and rhodizite‒londonite) 
or borosilicates (danburite, manandonite, dumortierite, 
boralsilite, and vránaite; Ranorosoa 1986; Ranorosoa 
et al. 1989; Simmons et al. 2001; Novák et al. 2015; 
Cempírek et al. 2016) as well as the scarcity of primary 
micas strongly corroborate their elbaite-subtype affin-
ity (Novák and Povondra 1995; Černý and Ercit 2005; 
Černý et al. 2012). However, in contrast to the classical 
elbaite-subtype pegmatites in the Moldanubian Zone, 
Czech Republic, and some other regions (e.g., Zagorskyi 
and Peretyazko 1992; Novák and Povondra 1995; Laurs 
et al. 1998; Novák et al. 1999b, 2012; Ercit et al. 2003; 
Novotný et al. 2019), graphic intergrowths (Kfs + Qz and 
Tur + Qz) are scarce. 

The Manjaka locality exhibits pegmatite dikes vari-
able in shape, size, geological position and miner-
al assemblages. Two major types were recognized.  
(A) Rare, E–W-trending dikes, up to ~2 m thick, are 
usually short with numerous apophyses and discordant 
or parallel to the foliation of the layered and heteroge-
neous calc-silicate rock. (B) Very common elongated 
dikes, from 2 to ~20 cm thick, are typically concordant 

with the foliation of the host 
calc-silicate rocks (Figs 2, 3). 
The type (A) is located in the 
northern part whereas the type 
(B) typically in southern part of 
the locality. Contacts with host 
rock are usually sharp; only lo-
cally a narrow reaction zone, up 
to ~2 mm thick, with abundant 
tourmaline and minor quartz 
is developed. The following 
pegmatite textural-paragenetic 
units were recognized in the 
outcrops of the (A) type pegma-
tite accessible in 1980s to 2010s 
(Ranorosoa 1986; Novák et al. 
2015): (1) a medium-grained 
aplitic unit with black tourma-
line, rare garnet, and fluorapatite 
mostly developed in apophyses; 
(2) a medium- to coarse-grained N
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Fig. 1 Schematic map of the Sahatany 
Valley pegmatite district. Symbols: 
white square ‒ the location of the area 
shown; yellow star – Manjaka pegmatite 
occurrence; black triangles – mountain 
peaks; white circles – larger towns in 
the area.
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wall zone with black, brown, pink to red tourmaline;  
(3) a rare spodumene-bearing unit with prismatic grains 
of spodumene, up to 5 cm long, where small crystals of 
black, brown to red tourmaline are locally present. The 
individual units are irregularly distributed within the 
pegmatite body and may occur in a direct contact with 
the host rock or its xenoliths including the spodumene-
bearing unit where tourmaline-rich contact zone is typi-
cally absent. Textural units typical for granitic pegma-
tites, such as graphic intergrowths of Kfs + Qz, blocky 
K-feldspar and quartz core were not observed in the 
accessible outcrops. The abundant pegmatite dikes type 
(B) are coarse-grained, subhomogeneous, and elongated 
tourmaline grains often crystallized from the contact 
inwards. Locally, small pockets with crystals of albite 
and red tourmaline are developed. The major to minor 
minerals in the (A) and (B) types are similar and include 
albite ˃ quartz ~ K-feldspar ˃ tourmaline (black, brown, 
yellow, red, pink) ˃˃ spodumene (colourless to pinkish; 
Novák et al. 2015; Cempírek et al. 2016), and numer-
ous accessory minerals, e.g., fluorapatite, Cs-rich beryl 
(Novák et al. 2013a), columbite‒tantalite, rhodizite‒lon-

donite, lithiophyllite. However, primary micas are absent 
(Novák et al. 2015) and tourmaline is the only common 
hydrous mineral in the pegmatites. In the (A) type, dark 
tourmaline (black, brown) mostly significantly predomi-
nates over pink to red tourmaline located in the central 
parts of the pegmatite. In contrast, in the (B) type pink 
to red tourmaline significantly predominates and locally 
grows directly from the contact.

3. Analytical methods and samples

The chemical compositions of tourmalines and other 
rock-forming minerals were determined using a CAM-
ECA SX100 electron-microprobe analyser (EMPA) at the 
Joint Laboratory of Electron Microscopy and Microanaly-
sis, Department of Geological Sciences, Masaryk Univer-
sity, Brno and Czech Geological Survey (operator P. Ga-
das). Operating conditions for analyses were as follows: 
an accelerating voltage of 15 kV, a beam current of 10 nA 
and beam diameter of 5 μm. The element concentrations 
in silicate minerals were analysed using the following 
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Fig. 2 Photographs of a – the pegmatite outcrop with apophyses (light 
rock) and b – polished section of pegmatite contact showing ductile 
behaviour of the host rock; thin reaction rim (the contact zone) of 
tourmaline is marked by arrows, and the host rock also includes the 
recrystallization zone of unknown thickness.

Tur Ia-Ib
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Fig. 3a, b – Two thin sections of the contact between the pegmatite and 
the host rock including the contact zone with Tur IV, and the recrysta-
llization zone with Tur V.
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reference materials and X-ray lines: Kα lines – andradite 
(Si, Al, Fe), albite (Na), sanidine (K), pyrope (Mg), wol-
lastonite (Ca), spessartine (Mn), titanite (Ti), chromite 
(Cr), fluorapatite (P), topaz (F), vanadinite (Cl), Ni2SiO4 
(Ni), gahnite (Zn), ScVO4 (Sc); Lα lines – SrSO4 (Sr), bar-
yte (Ba), Rb-leucite (Rb), pollucite (Cs). For oxides, the 
following reference materials and X-ray lines were used: 
Kα lines – TiO (Ti), MgAl2O4 (Mg, Al), hematite, colum-
bite (Fe), chromite (Cr), wollastonite (Ca), Ni2SiO4 (Ni), 
ScVO4 (V), titanite (Si), Mn2SiO4 (Mn), gahnite (Zn); 
Kα line – ScVO4 (V); Lα lines – zircon (Zr), gahnite (Zn), 
columbite (Nb), Sn (Sn), W (W). The peak counting times 
were 10–20 s for major and 20–120 s for minor and trace 

elements. The raw data were processed using the X–φ 
or PAP matrix correction routine (Pouchou and Pichoir 
1985; Merlet 1994). Based on the counting statistics, 
the measurement error expressed as 2σ is approximately 
less than 1 rel. % for concentrations around 20 wt. %, 
less than 5 rel. % for concentrations around 5 wt. % and 
less than 15 rel. % for concentrations around 1 wt. %. 
Formulae were calculated from the EMP data on the 
basis of 15 T + Z + Y cations, including YLi, the values of 
which were obtained from LA-ICP-MS, assuming B = 3  
apfu (atoms per formula unit) with no B at the T-site, 
and all Fe and Mn assumed as Fe2+ and Mn2+. The H2O 
contents were calculated as OH = (4–V,WO–F). 

Tab. 1 Mineral assemblages and abundances in the individual rock types. A – abundant, C – common, R – rare, VR – very rare. Based on the data 
of Novák et al. (2015), Cempírek et al. (2016) and this work. 

Rock type Host rock
contact zone

Pegmatite
textural-petrographic 
unit/zone

host rock  
carbonate-rich

host rock  
silicate-rich recrystallization zone border unit wall unit

tourmaline type absent absent Tur V Tur IV Tur I, II Tur III
fluor-uvite   C    
uvite   VR    
magnesio-lucchesiite   VR    
fluor-dravite   VR    
dravite   R A R  
oxy-dravite    R   
elbaite     C C
fluor-elbaite     R C
darrellhenryite     R  
diopside A A A R   
plagioclase C C C    
phlogopite C C C    
Cs-phlogopite   C R   
tremolite C C C VR   
dolomite C R     
calcite C      
danburite  VR VR    
K-feldspar R R C  A C
quartz  R R C A A
albite     A A
beryl   R R C C
spodumene     R C
fluorapatite  VR R R C R
boralsilite      VR
vránaite      VR
rhodizite-londonite     VR VR
pollucite      VR
chrysoberyl      VR
phenakite      VR
rodochrosite      VR
lithiophyllite      VR
native bismuth      VR
columbite-(Mn)   VR VR VR R
microlite/pyrochlore   VR   VR
Ta-titanite   R VR   
rutile  VR VR    
zircon  VR VR VR VR VR
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The contents of trace elements in tourmaline samples 
were analysed using LA-ICP-MS consisting of quadru-
pole based ICP-MS (Agilent 7900) connected to ArF* 
excimer laser ablation system Analyte Excite+ (Teledyne 
CETAC Technologies) at the shared laboratories of BIC 
Brno and Faculty of Chemistry, Brno University of Tech-
nology. The laser ablation system emits the laser beam at 
a wavelength of 193 nm and is equipped with 2-Volume 

Cell HelEx II. The ablated material was carried by He 
flow (0.5 and 0.3 l·min‒1) and mixed with Ar (~1 l·min‒1) 
prior to entering the ICP mass spectrometer. The sample 
surface of individual spots was ablated for 25 s using la-
ser beam of a 50 μm- diameter with a fluence of 5 J·cm‒2, 
10 Hz repetition rate and 60 s washout time. The follow-
ing isotopes were monitored: 6,7Li+, 9Be+, 10,11B+, 23Na+, 
27Al+, 28,29Si+, 39K+, 43,44Ca+, 45Sc+, 47,49Ti+, 51V+, 52,53Cr+, 
55Mn+, 56,57Fe+, 60Ni+, 66,68Zn+, and 69,71Ga+. ICP-MS was 
tuned using SRM NIST 612 with respect to the sensitiv-
ity, and minimal doubly charged ions, oxide formations 
(248ThO+/232Th+ < 1%) and mass response 238U+/232Th+ ~1. 
The potential interferences were minimized via colli-
sion cell (He 1 ml·min‒1). The elemental contents were 
calibrated using artificial glass reference materials SRM 
NIST 610 and 612, and EPMA-determined Al contents 
were used as internal reference element after baseline 
correction and integration of the peak area. 

The abbreviations of minerals given in the text and 
figures are used according to Warr (2021).

4. Results

4.1. Description of the individual tourmaline-
-bearing units/zones and the host rock

We studied fragments of the pegmatite body transitional 
between (A) and (B) type in its size and internal struc-
ture, and abundant black to brown tourmaline predomi-
nates over minor red to pink tourmaline. The pegmatite 
is characterized by subhomogeneous internal structure; 
from its contact with the host rock, we distinguished the 
border unit (outer medium- to coarse-grained unit with 
abundant tourmaline, ca 1–10 cm thick), which is directly 
adjacent to the contact zone (former host rock); and the 
wall unit (inner coarse-grained unit) which is developed 
in central parts of the pegmatite. Contacts between both 
units are transitional. 

The border unit contains locally very abundant black, 
brown, yellow, red to pink tourmaline. Zoned prismatic 
crystals of tourmaline typically crystallized from the con-
tact with the host rock (contact zone) into the pegmatite 
(Figs 3, 4, 5a). The thickness of this unit varies from 1 
to ~10 cm. It locally contains accessory minerals (Tab. 1) 
including common subhedral to euhedral grains of blue 
fluorapatite (Figs 4, 5c), rare spodumene, colourless  
Cs-enriched beryl (Novák et al. 2013a), and tabular 
crystals of columbite-(Mn) (Fig. 4b). In the wall unit, 
the orientations of elongated crystals of tourmaline and 
spodumene are random. Tourmaline is locally absent in 
spodumene-rich parts of the pegmatite including those 
situated in a direct contact with the host rock where 
tourmaline-rich contact zone is typically not developed. 
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Fig. 4 Images of cross-section through the recrystallization zone, the 
contact zone, and the border unit; a – optical microscope, b – BSE.
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In the host rock, a narrow tourmaline-rich contact zone, 
typically ~2 mm thick (Figs 3, 4, 5a), is developed at the 
contact of the tourmaline-bearing border unit with the par-
tially recrystallized host calc-silicate rock, as well as along 
thin ductile bands and xenoliths enclosed in the border 

unit (Fig. 3b). It is formed by the assemblage tourmaline 
> quartz (Figs 4b, 5d); rare, zoned crystals of Cs-rich beryl 
are locally present (Fig. 5d). No textural or mineralogical 
indications of the original border between exocontact after 
host rock and endocontact after pegmatite were observed.
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Fig. 5 BSE images of the individual types of tourmalines. a – cross-section through the border unit, the contact zone and part of the recrystalliza-
tion zone; b, c – zoned tourmalines Ia, Ib and II; d – the contact zone with zoned subhedral grains of tourmaline IV and anhedral grain of beryl; 
e, f – the recrystallization zone, note subhedral grain of danburite. Scale bar is 200 µm long; figures b to f are details from Fig. 4b.
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The recrystallization zone, up to ~1.5 cm thick, 
adjacent to the contact zone, is very similar to the host 
calc-silicate rock in a hand specimen as well as in its 
texture and mineral assemblages observed in thin sec-
tions. It is locally porous, mostly close to the contact 
zone (Figs 4b, 5a), and exhibits a zoned distribution of 
newly-formed minerals. The presence of small anhedral 
to euhedral grains of tourmaline is a typical feature along 
with several rare accessory minerals such as Ta-enriched 
titanite and Cs-enriched phlogopite (Tab. 1). The pres-
ence of tourmaline marks the extent of the recrystal-
lization zone into the host calc-silicate rock whereas 
nodular aggregates of Cs-rich phlogopite and anhedral 
to subhedral oscillatory-zoned grains of Cs,Mg-rich 
beryl (Fig. 5e; Novák et al. 2013a) are present typically 
close to the contact zone. Also, the modal abundance of 
tourmaline increases towards the contact zone (Fig. 4b). 
Rare danburite (Fig. 5f) associated with more abundant 
tourmaline occurs within the same unit; however, its rar-
ity does not allow to recognize its textural relationship 
to tourmaline.

Host calc-silicate rock is highly heterogeneous and 
consists of compositionally different layers comprising 
abundant carbonate-poor layers (Di + Tr + Qz > Pl + Kfs ˃  
Phl ˃  Dol > Cal) and rather sporadic carbonate-enriched 
layers (Di > Tr + Cal + Dol + Phl). The rock-forming miner-
als of both layers are Mg- and/or Ca-rich and their chemi-
cal compositions are similar to those measured in the 
recrystallization zone: diopside (Di94‒100Hd0‒4Jhn0‒4), pla-
gioclase (An26‒32), Ba-enriched K-feldspar (Kfs73‒96Ab1‒10 
Cls0‒26), tremolite and Ti-rich phlogopite both close to the 
ideal endmembers. The accessory minerals comprise e.g., 
rare zircon and titanite (Tab. 1). 

4.2. Textural and paragenetic types of  
tourmalines 

The applied simplification of the complex internal struc-
ture of the pegmatite and zoned rocks at its contact with 
the host rock (distinguishing the inner wall unit, outer 
border unit, contact zone and recrystallization zone), 
allows us to establish the crystallization history of the 
various paragenetic, textural, and compositional types 
of tourmalines. 

Tourmaline from the border unit typically crystallized 
from the contact inwards and is closely adjacent to the 
contact zone (Figs 3, 4, 5a). It forms zoned, black, brown, 
yellow to red prismatic crystals, up to ~2 cm long (Figs 3, 
4a), with obvious zoned structure formed by bright core 
and dark rims in the BSE images (Figs 3b, 5b, 5c). It is 
subdivided in detail on early basal part of the core Tur Ia 
(adjacent to the Tur IV from contact zone) and on upper 
part of the core Tur Ib (Fig. 5b); the discontinuity at the 
transition from Tur Ia and Tur Ib visible at BSE image 

(Fig. 5b) suggests that Tur Ib overgrows and partially 
replaces the Tur Ia. Dark rims of Tur II around Tur Ia or 
Tur Ib form irregular zones apparently replacing the early 
Tur Ia and Ib (Figs 5b, 5c). Zoned Tur I + Tur II are lo-
cally volumetrically dominant minerals in the border unit 
along with albite and less common quartz and K-feldspar. 

In the wall unit, two textural types of pink to red Tur 
III commonly associated with spodumene were studied 
in detail by Novák et al. (2015). They include simply 
zoned euhedral to subhedral, crystals of tourmaline 
(Fe,Mn-enriched fluor-elbaite to elbaite) and oscillatory 
zoned tourmaline (Fe,Mn-enriched elbaite); the latter 
often frequently enclosed in spodumene, both are Ca- and 
Mg-poor (≤ 0.14 apfu, ≤ 0.11 apfu, respectively). Tur III 
is not discussed in detail in this work. 

In the contact zone, dark brown to yellow Tur IV 
forms subhedral to euhedral equigranular grains, up 
to 0.3 mm in size. The grains are subhomogeneous 
(Fig. 5d), and apparent concentric zoning is rare. 
The contact zone is rather heterogeneous; the part 
adjacent to the pegmatite has larger tourmaline grains 
and contains more common fluorapatite (Fig. 4b). The 
contact between Tur Ia from the border unit and Tur 
IV in the contact zone is rather transitional (Figs 4b, 
5a). The recrystallization zone contains rare, slightly 
heterogeneous, subhedral to euhedral grains of Tur V, 
~0.2 mm in size, rather randomly distributed within 
matrix composed of diopside, plagioclase, tremolite, 
phlogopite, quartz, and K-feldspar (Figs 5e, 5f) show 
insignificant modal increase towards the contact zone 
(Fig. 4b). 

4.3. Chemical composition

We examined in detail a single cross section, ~2 cm 
long (Fig. 4), through the recrystallization zone, contact 
zone and border unit of the Manjaka pegmatite using 
EPMA and LA-ICP-MS (Tab. 2). It represents a typi-
cal example of the contact between the pegmatite dike 
with multicoloured tourmalines in the border unit and 
its host rock. 

4.3.1. EMPA

The zoned Tur Ia + Ib + II from the border unit (Figs 4, 
5a, 5b, 5c) exhibit rather complicated compositional 
evolution (Figs 6, 7) although variations at the X-site 
(Na, Ca, X-site vacancy) are moderate to small in the 
individual types of tourmaline (Figs 6a, 7a). Variations 
in the Y-site are more pronounced, with an obvious de-
crease of Mg from 1.01 apfu in Tur Ia adjacent to the 
contact zone (single spot; Fig. 7) to the values close 
to or below the detection limit of Mg in Tur Ib and II 
(Fig. 7d). Also, an increase of Al is apparent from mod-
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erate Altot of approximately 6.91 apfu in Tur Ia close to 
the contact zone to higher values of 7.11‒7.49 apfu in 
Tur Ia and Ib and particularly in Tur II with highly vari-
able Altot = 7.47‒8.11 apfu (Fig. 7d). Variations in Fe and 
Mn in Tur Ia and Ib are very large; Fe ‒ moderate to high 
(0.32‒0.66 apfu) in Tur Ia, low to moderate (0.10–0.45) 
apfu in Tur Ib and low (0.10‒0.14 apfu) in Tur II; Mn ‒ 
low (0.18‒0.36 apfu) in Tur Ia, high (0.48‒0.66 apfu) in 
Tur Ib and low (≤ 0.25 apfu) in Tur II (Fig. 7b), respec-
tively. The contents of Ti are very low, decreasing from 
Tur Ia and Ib with ~0.03 apfu to the values close to or 
below the detection limit in Tur II. Fluorine is strikingly 
different in each type; it is very high (0.70–0.77 apfu) 
in the Mn-rich Tur Ib but low (0.09–0.24 apfu) in Tur Ia 
and II (Figs 6b, 7c). 

Tur IV from the contact zone is similar to Tur V 
only in its rather low Fe and Mn contents and high Mg, 
otherwise, its composition is transitional between Tur 
Ia and Tur V. It is enriched in Na (0.68‒0.77 apfu), Altot 
(6.21‒6.61 apfu) and slightly in Fe and Mn (Figs 6a, 7a, 
7b, 7d) but depleted in F (0.14‒0.32 apfu), Ca (0.15‒0.23 
apfu) and (Mg 1.86‒2.46 apfu) relative to Tur V (Figs 
6b, 7c). Tur V from the recrystallization zone is highly 
variable at the X-site: Ca (0.28‒0.66 apfu), Na (0.31‒0.68 
apfu), and rather low X-site vacancy mostly ≤ 0.1 pfu 
(Figs 6a, 7a). Concentrations of F are also rather high and 
quite variable (0.30‒0.56 apfu) (Figs 6c, 7c). Cations at 
the Y+Z sites are rather variable: Altot (5.52‒6.05 apfu), 
Mg (2.77‒3.14 apfu), Ti (0.03‒0.20 apfu), Fe ~0.12 apfu 
(Figs 7b, 7d). 

4.3.2. LA-ICP-MS

The LA-ICP-MS study was focused chiefly on the con-
centrations of Li and several trace elements compatible 
in the tourmaline structure – V, Cr, Ni, Zn and Ga (Figs 
7e, 7f; Tab. 2) to illustrate mobility of these elements in 

the contact of the granitic pegmatite with the calc-silicate 
rock and to reveal potential mass transfer between these 
rocks. 

Concentrations of Li are given in apfu (Fig. 7d) for 
easy comparison with the EPMA data provided above. 
Zoned tourmalines Tur Ia + Ib + II from border unit show 
a slight increase of Li from Tur Ia to Tur Ib and equal to 
higher Li in Tur II (Fig. 7d). Very large variations in Li 
contents are typical for the individual tourmaline types 
Tur Ia (0.61‒1.43 apfu), Tur Ib (0.78‒1.54 apfu) and Tur 
II (0.91‒1.86 apfu) (Fig. 7d, Tab. 2). Lithium is low in 
Tur V from the recrystallization zone (≤ 0.13 apfu) and 
slightly higher in Tur IV from the contact zone with val-
ues ≤ 0.29 apfu (Fig. 7d). 

Determination of Li using LA-ICP-MS enabled more 
reliable allocation to the nomenclature (Henry et al. 
2011) of the examined tourmalines in comparison with 
use of calculated Li by empirical methods (Pesquera 
et al. 2016 and references therein). The concentrations 
of Li, up to 1.86 apfu in Tur II, are very high in com-
parison to Li-tourmalines described elsewhere (e.g., 
Povondra et al. 1985; Ertl et al. 2006, 2010; Novák et al. 
2013b; Bosi et al. 2021). The formula calculations also 
yielded up to 1.77 pfu OH along with 0.13 apfu F in the 
W-site plus V(OH)3 (analyses No 45; Tab. 2). Overesti-
mation of Li using LA-ICP-MS may be an explanation 
of these very high values. However, a more detailed 
study of small-sized rims Tur II very rich in Li (Figs 
5c, 5d) to reveal an Li-rich tourmaline with Li close to 
2 apfu is desirable. Tur I varies from Li,Fe,Al-enriched 
dravite (one spot) to Mg-poor, Fe-enriched elbaite in Tur 
Ia, and Mn,Fe-rich to Mn-rich fluor-elbaite or elbaite 
in Tur Ib, respectively. Tur II has variable Li/Al ratios 
but is otherwise rather homogeneous in Na, Ca and R2+ 
(Figs 6a, 6c, 7a, 7b, 7d); the compositions correspond to 
elbaite > darrellhenryite. Tur IV is heterogeneous in Mg, 
Al and Li and the analyses fall within the field of Li-

O
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Al
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Fig. 6 Discrimination diagrams for tourmalines (Henry et al. 2011) a – X-site occupancy, b – W-site occupancy, c – Y-site occupancy.



Tourmalines from Manjaka pegmatite and its exocontact

193

,Fe-,Al-enriched dravite > oxy-dravite. Tur V is rather 
homogeneous in XMg (Figs 7b, 7d); but high variations 
at the X-site and W-site generated the five tourmaline 
species: fluor-uvite > dravite > magnesio-lucchesiite, 
fluor-dravite and uvite. 

The examined trace elements compatible in tourma-
lines (Cr, V and Ni) exhibit similar compositional evo-
lutions. Their concentrations are close to almost zero in 
Tur I + II from the border unit (Tab. 2, Fig. 7e), moderate 
in the Tur V from the recrystallization zone (Cr ≤ 149,  
V ≤ 78, and Ni ≤ 19 µg/g), and the highest in the Tur IV 
from the contact zone (Cr ≤ 277 µg/g; V ≤ 182 µg/g; Ni ≤ 
24 µg/g). In the recrystallization zone, V and Cr exhibit 
gradual increase of concentrations towards the contact 

zone (Fig. 7e). The positive correlations between the con-
centrations of V and Cr in most analysed spots (Fig. 7e) 
are typical.

The highest concentrations of Zn, up to 2170 µg/g, 
were found in Fe-rich Tur Ia and then its contents drop 
down via Tur Ib (309‒1900 µg/g) to Tur II with 329‒791 
µg/g (Fig. 7f). Zinc has the lowest concentrations in Tur 
V from the recrystallization zone (≤ 101 µg/g) but in Tur 
IV its contents increase (up to 934 µg/g). Behaviour of 
Ga is rather simple; the highest contents were found in 
Tur Ia and Ib (133‒422 µg/g). It slightly falls to 102‒289 
µg/g in Tur II and in Tur IV ≤ 205 µg/g whereas the Tur 
V from the recrystallization zone yielded ≤ 75 µg/g Ga 
only (Fig. 7f).
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5. Discussion

5.1. Mineral assemblages and textures of the 
individual types of tourmalines 

The mineral assemblages and textures of the individual 
tourmaline types defined above are distinct. The zoned, 
prismatic Tur Ia + Ib + II from the border unit as well as 
Tur III from the wall unit are enclosed in albite > quartz 
> K-feldspar; Tur III is occasionally enclosed also in 
spodumene (Novák et al. 2015). Consequently, the min-
eral assemblages of tourmalines from the border and wall 
units are rather simple and similar (Tab. 1). The main 
difference is the abundance of tourmalines and common 
fluorapatite in the border unit. 

The origin of these tourmaline-rich assemblages is 
facilitated by high content of B in the parental rock units 
manifested by the occurrence of further B-rich miner-
als in both border and wall units (Novák et al. 2015; 
Cempírek et al. 2016; see Tab. 1). The absence of Li-
micas, locally common spodumene, rare lithiophyllite 
altered to rhodochrosite (Tab. 1), and mostly low con-
centrations of F in tourmalines support low a(H2O), a(F) 
and elevated a(CO2) in the parental rock units. It is also 
manifested by almost total absence of hydrous minerals 
disregarding tourmalines, and origin of the assemblage 
‒ anhydrous borosilicates (boralsilite and vránaite) + 
albite after spodumene (Novák et al. 2015; Cempírek 
et al. 2016). Similar tourmaline-rich assemblages with 
additional B-rich minerals (hambergite, tusionite, B-rich 
polylithionite, boromuscovite, danburite, datolite, axinite) 
are typical for the majority of elbaite-subtype pegmatites 
(e.g., Zagorskyi and Peretyazko 1992; Novák and Povo-
ndra 1995; Laurs et al. 1998; Novák et al. 1998, 1999a, 
b; 2012, 2013c; Ercit et al. 2003; Flégr 2016). However, 
the Manjaka pegmatite differs principally from other 
localities in the absence of micas and graphic textures, 
a predominance of albite over K-feldspar, and the low F 
contents in the majority of Li-bearing tourmalines. The 
distinct composition of Tur II with low concentration of F 
along with no Mg and Ti and low Mn, Fe suggests that it 
formed by a different process compared to the Tur Ia + Ib. 

Tur IV and Tur V exhibit distinct mineral assem-
blages and textures. Tur IV is a dominant mineral in 
the locally almost monomineralic contact zone along 
with less common quartz, accessory fluorapatite and 
rare oscillatory-zoned Cs-enriched beryl (Novák et al. 
2013a; Figs 4b, 5d). The recrystallization zone has a 
rather sharp contact with the adjacent contact zone and 
exhibits a texture very similar to its calc-silicate rock 
precursor. Rock-forming minerals significantly prevail 
over newly-formed minerals ‒ anhedral to euhedral grains 
of Tur V and Cs-enriched phlogopite along with several 
rare accessory minerals (Tab. 1). A very high XMg of the 

host silicate rock documented by the compositions of 
rock-forming minerals is distinct from most exocontact 
tourmaline-bearing zones studied to date (e.g., Jolliff et 
al. 1986; Morgan and London 1987; Laurs et al. 1998; 
Selway et al. 1998, 2000, 2002; Novák et al. 1999b, 
2012; Kalt et al. 2001; Tindle et al. 2002, 2005; Zhang 
et al. 2008). Also, the occurrence of Cs(Rb)-enriched 
trioctahedral micas is typical in exocontacts of most 
pegmatite localities described by the authors above ex-
cept for the Bližná I pegmatite, Moldanubicum, Czech 
Republic (Novák et al. 1999b). This pegmatite is enclosed 
in silicates-rich dolomite marble with high XMg (Novák 
et al. 2012), where micas are absent in the pegmatite as 
well as in its exocontact zone; common axinite-(Fe) + 
fluorite + pyrite are associated with dominant tourmalines 
(fluor-uvite, fluor-dravite, Li,F-rich dravite, Mg-bearing 
elbaite, Mg-bearing fluor-liddicoatite; Novák et al. 1999b, 
2012; Krmíček et al. 2021). They manifest higher Ca, 
F and Li in tourmalines from the Bližná I exocontact 
compared to the Manjaka pegmatite. Also, the presence 
of the tourmaline-dominant zone in direct contact with 
the pegmatite (contact zone) in the Manjaka pegmatite 
is rather unusual. A similar tourmaline-dominant zone at 
exocontact is known only from the Stoffhütte pegmatite 
at the Koralpe in Austria (Kalt et al. 2001) and the Bližná 
I pegmatite (Novák et al. 1999b). 

5.2. Compositional evolution of tourmalines 
and substitution mechanisms

The individual types of tourmalines exhibit generally 
three distinct compositions (Figs. 6, 7, 8, 9): heteroge-
neous Ca-poor, Mg-free and Al,Li-rich Tur Ia + Ib + II 
with high variability in F, Fe, Mn, Al and Li; heteroge-
neous Tur IV with high and variable Mg, slightly elevated 
Al + Li but low Ca and F; heterogeneous, Ca,Mg-rich, 
Al-poor and F-enriched Tur V with variable contents of 
Na, Ca and F. 

The compositional trend of Tur I shows a gradual 
increase of Fe, up to 0.66 apfu, in Tur Ia followed by 
an increase in Mn to 0.66 apfu, in Tur Ib towards the 
pegmatite center (Fig. 7b). Low concentration of Ca ≤ 
0.09 apfu and almost absent Mg except for two spots in 
the base of Tur Ia (Figs 7a, 7d) are rather unusual in the 
face of the Ca,Mg-rich host rock with minor dolomite 
and calcite. In summary, the compositional trend of Tur 
I and II from the pegmatite is similar to the trends typi-
cally observed in elbaite-subtype pegmatites which were 
not externally contaminated (e.g., Novák and Povondra 
1995; Novák 2000; Novák et al. 2012, 2013c; Laurs et 
al. 2009; Novotný et al. 2019; Flégr 2016).

The overall compositional evolution in the Tur Ia, Ib, 
and Tur II from border unit (Figs 7, 8a) suggests the dom-
inant heterovalent substitution (1) 2YR2+ = YLiAl (Fig. 8a) 
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from core to rim in Tur Ia and Ib. The high variation in 
Li versus Altot (Fig. 8a) chiefly in Tur II showing negative 
correlation of Li/Al with 1.7 to 0.7 apfu Li versus 1.5 to 
2.3 apfu Al (Fig. 7d) combined with rather stable contents 
of F, Ca, Na and R2+ (see Figs 6a, 7b, 7d) indicate the 
significant participation of substitution (2) YLi0.5

WOH = 
YAl0.5

WO (Fig. 7a) especially in Tur II. However, the posi-
tive correlation YLi versus TAl (Fig. 8e) in Tur Ia, Ib and 

II with a slope close to 1/2 suggests at least minor partici-
pation of the substitution (3) YLiTAlW(OH)3 = YAlTSiWO3 
along with substitution (1). The high variation in Mn, Fe 
and F and a positive correlation Mn vs. F (Fig. 8c) imply 
minor substitution (4) YMnWF = YFe2+WOH in Tur Ib.

Tur IV and also Tur V reflect the composition of the 
host rock; the effect of fluids released from the adjacent 
pegmatite is evident mainly in the composition of Tur IV. 

Fig. 8 Diagrams of chemical composition of tourmalines: a – Li vs. Altot, b – Si vs. Altot, c – Mntot vs. F, d – Ca+R2+ vs. Na+Altot, e – Li vs. TAl, 
f – Ca vs. F.



Tourmalines from Manjaka pegmatite and its exocontact

197

In comparison with Tur I and II, they differ significantly 
at the X-site as well as at the Y-site and W-site occupancy 
(Figs 6a, 6b, 7). Tur V shows high variations in Na and 
Ca, but X-site vacancy is mostly low (Figs 6a, 7a, 7c). It 
has a very high and constant content of Mg, low to very 
low Fe and Mn contents and a moderate to high Ti con-
tent (Figs 7b, 7d; Gadas et al. 2019); however, Altot varies 
from 5.5 to 6.1 apfu (Fig. 7d) and typically is higher in 
dravite. The absence of a compositional gradient in Tur V 
towards the contact zone and the sharp contact between 
these two zones are rather uncommon. 

The composition of Tur IV with high Mg and low to 
moderate Ca in the contact zone is rather unusual. It is 
similar to dravite and fluor-uvite from an exocontact of 
the Bližná I pegmatite (Novák et al. 1999b) and some 
tourmalines from calc-silicate rocks (Povondra and 
Novák 1986; Bačík et al. 2012; Krmíček et al. 2021); 
however, it differs from other tourmalines in exocontacts 
of granitic pegmatites examined to date particularly by 
very high XMg (see Laurs et al. 1998; Selway et al. 1998, 
2000, 2002; Kalt et al. 2001). The composition of Tur 
V with high Ca, Mg and typically high F is similar to 
tourmalines from metacarbonates (e.g., Povondra and 
Novák 1986; Krmíček et al. 2021). The substitutions (1) 
2YR2+ = YLiAl and (5) YR2+WOH = YAlWO are dominant in 
Tur IV although the minor substitutions (6) XNaWOH = 
XCaWO and (7) XNaYAl = XCaYR2+ may participate. Moder-
ate variations in the X-site and the Y-site in Tur V (Figs. 
6a, 6c, 8d) suggest the dominant substitution (7) XNaYAl 
= XCaYR2+. A positive correlation of Ca and F (Fig. 8f) 
indicates a modification of the substitution (7) to (7a) 
XNaYAlWOH = XCaYR2+WF. Also, minor substitution (6) 
XNaWOH = XCaWO participated.

High variability in tourma-
line compositions is also high-
lighted by the behaviour of 
trace elements (Figs 7e, 7f). 
Vanadium, Cr and Ni contents 
are high in Tur V and even 
higher in Tur IV (Fig. 7e), but 
very low in Tur I and II from 
the border unit. Zinc exhibits 
a sharp increase starting in Tur 
IV and culminating in Fe-rich 
core Tur Ia. Concentrations of 
Ga are in general positively 
correlated with Al, and higher 
in Tur I and II from the pegma-
tite. Behaviour of Zn in Tur I 
and II is comparable to ordinary 

tourmalines from Li-rich pegmatites (Jolliff et al. 1986; 
Tindle et al. 2002, 2005).

The diagram in Fig. 9 illustrates the compositional 
evolution of tourmalines from the host rock to the 
pegmatite at two pegmatite dikes, which were studied 
in detail to date including concentrations of Li: Li-
poor Stoffhütte pegmatite, Koralpe, Austria (Kalt et al. 
2001) and Li-bearing Manjaka pegmatite. Both studied 
localities differ significantly from each other due to the 
following reasons: Li-poor versus Li-bearing pegmatite 
and mica schist versus Fe-poor Mg-rich calc-silicate as 
host rocks, respectively. The tourmalines evolved from 
the host rock to border unit of the pegmatite (Fig. 9): 
Stoffhütte – Mg-rich schorl → Al-rich schorl → olenite 
with low Li and F contents and an increase of Ca, TB 
and TAl; Manjaka – fluor-uvite → dravite → elbaite → 
fluor-elbaite → darrellhenryite/elbaite with highly vari-
able F and Ca contents and an increase of Fe, Mn, Altot, 
Li and TAl contents. Tourmaline from Stoffhütte rather 
exhibits continuous evolution of the individual elements 
whereas in Manjaka isolated compositional fields for the 
individual types are typical. Also, zoning in the individual 
tourmaline grains is developed mainly in the Stoffhütte 
pegmatite (Kalt et al. 2001). These differences may be 
facilitated by the distinct compositions of granitic peg-
matites and their host rocks; however, they also differ 
in geological environment although it was not specified 
in detail at either locality. At Stoffhütte, the host mica 
schists experienced high-pressure metamorphism (Kalt 
et al. 2001), whereas at the region around the Manjaka 
pegmatite low- to medium-grade metamorphism has been 
proposed (Cox et al. 1998); nevertheless, a discussion 

YAl Y 2+R

dravite
uvite

elbaite

darellhenryite

Li
Tur Ia
Tur Ib
Tur II
Tur IV
Tur V
Kalt et al.
(2001)

Fig. 9 Diagram Li‒Al‒R2+ at Y-positi-
on. R2+ ‒ divalent cations.
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of these geological implications would require a more 
detailed study at both localities.

5.3. Mobility of elements between the granitic 
pegmatite and the host calc-silicate rock

The compositional contrast between the Fe-poor but  
Mg-rich calc-silicate rock and the Li-bearing pegmatite 
with the simple and dominant mineral assemblage albite + 
tourmaline + quartz + K-feldspar in border unit makes the 
locality a suitable setting for the study of mobility of the 
individual elements between the pegmatite and its host 
rock (e.g., Novák 2013; Novák et al. 2017; Čopjaková et 
al. 2021). We discussed the behaviour of the individual 
elements in tourmalines starting from (Mg, Ca) typical 
for the host calc-silicate rock followed by (Al, Li, B, F) 
typical for granitic pegmatites. Some elements (K, Na) 
are less suitable for such a discussion due to the common 
abundance of K-feldspar, phlogopite and plagioclase 
(An26‒32) in the host rock. Also, the occurrence of very 
rare danburite associated with Tur V (Tab. 1; Fig. 5f) 
complicates the discussion about the behaviour of B; it 
is not clear whether it is a newly formed mineral, as is 
Tur V, or it existed in the host rock before the intrusion/
onset of the pegmatite. 

Magnesium is the most reliable cation in tourmalines 
from evolved granitic pegmatites which verifies exter-
nal contamination by the host rock in distinct stages 
of pegmatite evolution (e.g., Novák et al. 2013c, 2017; 
Čopjaková et al. 2021). Concentrations of Mg in Tur V 
~3.00 apfu Mg (Fig. 7d) drop down to 2.46‒1.86 apfu 
within Tur IV and to 1.02 apfu in a single spot from 
core Tur Ia closely adjacent to the contact zone. It is in 
contrast with very low concentrations of Mg in cores of 
zoned Tur Ia closely adjacent to the contact zone and the 
concentrations of Mg below the detection limit in Tur Ib 
and Tur II (Fig. 6). Behaviour of Mg manifests that the 
pegmatite was not or only slightly contaminated by the 
host rock in situ during or after pegmatite magma em-
placement (Novák 2013; Novák et al. 2013c). 

Compositional evolution of Ca in tourmalines is more 
complicated (Figs. 6a, 7a). Moderate to high contents of 
Ca 0.28‒0.68 apfu were found in Tur V, then Ca drops 
down to 0.23‒0.15 apfu in Tur IV and to ≤ 0.1 apfu in Tur 
Ia and Ib; Ca is slightly higher 0.12‒0.16 apfu in rim Tur 
II. The low Ca content in Tur I is consistent with the low 
degree of external contamination manifested by the low 
contents of Mg in Tur Ia. However, abundant fluorapatite 
in the border unit (Figs 3, 4b) may have consumed part 
of Ca from the parental medium and constrained rather 
low Ca in Tur Ia. 

High concentrations of Fe (and Zn) in Tur Ia and 
low contents in Tur V and Tur IV as well as high XMg in 
the associated rock-forming minerals manifest that Fe 

could not have been supplied from the host rock. This 
compositional trend with increase of Fe followed by Zn 
and Mn during tourmaline crystallization is known from 
numerous pegmatites of the elbaite subtype (e.g., Novák 
and Povondra 1995; Morgan and London 1999; Laurs et 
al. 2009) and was proposed by Jolliff et al. (1986) as an 
ideal covariation on the Y-site in response to decreas-
ing temperature and increasing fractionation of parental 
melt. This trend confirms the B-rich pegmatite melt as 
a source of Fe in the pegmatite hosted in an extremely  
Fe-poor but Mg-rich host rock. Tur I is the first phase 
that crystallized on the liquidus (Benard et al. 1985) from 
uncontaminated melt rather than a product of mixing of 
externally derived Mg,Fe-bearing fluids with B-rich melt 
(London et al. 1996). 

Low contents of Li and Al in Tur V and Tur IV 
(Fig. 7d) are triggered by low Li in the host pegmatite 
and particularly by a small amount of Li in acidic B,F-
rich fluids escaping from the pegmatite into the host rock. 
This fact is also supported by the absence of holmquistite 
in the recrystallization zone, a typical exocontact min-
eral in many large and mainly Li-rich pegmatites with 
spodumene (e.g., London 1986, 2008; Shearer and Papike 
1988; Selway et al. 1998; Tindle et al. 2005). 

The behaviour of volatiles (F, B) is more complex. 
Tur V is F-enriched (0.30‒0.56 apfu F) relative to Tur 
IV (0.14‒0.32 apfu) and Tur Ia and II (0.09‒0.24 and 
0.10‒16 apfu F; Fig. 7c). In contrast, the Mn-rich Tur 
Ib is strongly F-enriched (0.70‒0.77 apfu) and show a 
strong positive correlation of Mn and F (Fig. 8c), which 
is typical in tourmalines from some elbaite-subtype 
pegmatites (e.g., Novák et al. 1999b, 2012; Morgan and 
London 1999). High contents of F in Tur V and rather 
low in Tur IV may be explained as a result of two dis-
tinct processes. The Tur IV in the contact zone crystal-
lized during magmatic stage of pegmatite crystallization 
rather contemporary with Tur Ia which exhibits similar 
low concentrations of F. In contrast, origin of Tur V was 
facilitated by F,B-enriched residual fluids escaping from 
the pegmatite after crystallization of F-rich Tur Ib. High 
F in Mn-rich fluor-elbaite Tur Ib may be product of mag-
matic fractionation but also triggered by crystal-structural 
constraints. The configuration XNa Y(LiR2+Al) WF is very 
common in primary tourmalines (blue, green) from most 
lepidolite- or elbaite-subtype pegmatites. The tourmaline 
compositions close to: X-site – Na, Y-site – LiR2+Al and 
W-site – F (OH) are quite common in Li-bearing peg-
matites as green or blue Fe-rich fluor-elbaite and pink to 
yellow Mn-rich fluor-elbaite to elbaite (e.g., Povondra 
et al. 1985; Morgan and London 1999; Simmons et al. 
2011). Moreover, similar configuration YLi‒Mg‒Al and 
W(OH,F) is considered stable by Hawthorne (2002). 
The existence of the B-rich contact zone with dominant 
Tur IV compositionally and texturally similar to Tur Ia 
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shows an influx of B from the pegmatite outwards in an 
early magmatic stage; however, it is limited chiefly to 
the contact zone. A weak modal gradient in subordinate 
Tur V from the recrystallization zone suggests moderate 
influx of B,F-enriched residual fluids derived from the 
pegmatite into the host rock.

6. Conclusions and summary

The mineral assemblages in the Manjaka pegmatite with 
abundant tourmalines (dravite, elbaite, fluor-elbaite and 
darrellhenryite) common mainly in the border unit, the 
complete absence of micas, the occurrence of minor 
spodumene and the abundance of B-rich minerals (bo-
rates, anhydrous borosilicates) manifest a very high activ-
ity of B, and a moderate activity of Li, but low activities 
of F and H2O (see Novák et al. 2015; Cempírek et al. 
2016). The observed mineral assemblages and composi-
tional trends in tourmalines are typical for elbaite-subtype 
pegmatites. However, the abundance of tourmalines in 
the border unit as well as the occurrence of B-rich min-
erals in the entire pegmatite body are exceptional. These 
compositional and paragenetic features make the Manjaka 
pegmatite a unique example of a B-rich, and H2O- and 
F-poor elbaite-subtype pegmatite. 

The exocontact tourmaline mineralizations can be 
divided according to their parental granitic pegmatites 
into two main categories: large, highly fractionated, and 
complexly zoned Li-rich pegmatite bodies (e.g., Tanco, 
Manitoba; Utö, Sweden; Harding, New Mexico; Kotko-
tay, northwestern China) and rather small pegmatites (up 
to 5 m thick) mostly of elbaite-subtype (e.g., Bližná I, 
Manjaka). The mineral assemblages of the host Mg-rich 
calc-silicate rock at Manjaka differ from most exocontact 
zones examined to date by very high XMg in the dominant 
rock-forming minerals (diopside, tremolite, phlogopite) 
as well as by the chemical composition of tourmalines 
(fluor-uvite > dravite > magnesio-lucchesiite, fluor-dravite, 
uvite) in the recrystallization zone. 

The overall mobility of elements between the Manjaka 
pegmatite and its host calc-silicate rock was low; a weak 
influx of Mg into the pegmatite is manifested solely on 
the compositions of Tur IV and the Tur Ia closely ad-
jacent to contact zone. An influx of Ca into pegmatite 
was negligible to non-existed and detected only in the 
composition of Tur IV from the thin contact zone. A 
negligible influx of Li and Al into the host rock is evident 
from their slightly elevated contents in Tur IV from the 
contact zone and Tur V in the adjacent recrystallization 
zone. Tur V manifests an influx of B,F-enriched fluids 
from the pegmatite to the host rock.

A very low degree of external contamination of the 
relatively small Li-bearing Manjaka pegmatite cutting 

compositionally contrasting host rocks is similar to some 
small Li-bearing pegmatites (London 2008) but unique 
compared to the contaminated pegmatites of comparable 
size, degree of fractionation, and Mg-rich host rock – 
e.g., dolomite marble at the pegmatite Bližná I (Novák et 
al. 1999b, 2012) or serpentinite at the pegmatite Věžná I 
(Novák et al. 2017; Čopjaková et al. 2021). This is very 
likely a consequence of the fluid/melt composition at 
the Manjaka pegmatite with very high a(B2O3), but low 
a(H2O) and a(F) indicated by the absence of hydrous 
phases (micas) except for tourmalines, and the abundance 
of anhydrous minerals (Novák et al. 2015; Cempírek et 
al. 2016). Also, the dominance of less soluble silicates 
(diopside > tremolite, plagioclase) in the host rock from 
Manjaka compared to carbonates and hydrous Mg-
silicates in the host rocks of the Bližná I and Věžná I 
pegmatites may have played a role.
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