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Mineralogy of dumortierite-bearing abyssal pegmatites
at Starko¢ and Béstvina, Kutna Hora Crystalline Complex
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(8 figs, 3 tabs)
JAN CEMPIREK -2 — MILAN NOVAK?

! Department of Mineralogy and Petrography, Moravian Museum, Zelny trh 6, CZ-659 37 Brno
2 Institute of Geological Sciences, Masaryk University, Kotlarska 2, CZ-611 37 Brno

Abyssal pegmatites from Starko¢ and Béstvina are typical examples of the AB-BBe subclass pegmatites in the Bohemian Massif. The
features typical for origin and evolution of both abyssal pegmatites are better preserved in the pegmatite at Starko¢, where, based on
paragenetic relationships, three distinct assemblages were recognized: (i) Primary igneous assemblage: plagioclase I + quartz I + muscovite
+ garnet III + tourmaline I + dumortierite I + chrysoberyl; (ii) Prograde metamorphic assemblage: quartz II + plagioclase II + kyanite +
K-feldspar + staurolite + tourmaline II + dumortierite II; (iii) Retrograde metamorphic assemblage: pyrophyllite and kaolinite. Plagioclase,
quartz and muscovite are major minerals in the pegmatite veinlet; the most common accessory minerals include tourmaline, dumortierite,
garnet, K-feldspar and kyanite, whereas only trace amounts of chrysoberyl, staurolite and several very rare accessory minerals were found.
Composition of tourmaline is controlled by the two-stage evolution of the pegmatite. Primary tourmaline I from Starko¢ exhibits crystalli-
zation trend expressed by the substitution (**Al TAI)(**R**TSi*") . Prograde metamorphic event introduced additional Fe and Mg from the
host rock into the system and remobilization of B allowed crystallization of Mg-enriched, rather homogeneous tourmaline II. Strako¢ and all
other known pegmatites of AB-BBe subclass in the Bohemian Massif occur in the Gfohl Unit, along the easternmost border of the
Moldanubicum. Pegmatite host rocks exhibit HP metamorphic conditions and low degree of MP overprint. Such metamorphic evolution is
a typical feature of host rocks of similar abyssal pegmatites in high-grade terrains in Antarctica, Norway and Madagascar.
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1. Introduction

Abyssal (metamorphic) pegmatites are related to anatec-
tic processes in high-grade metamorphic rocks of upper
amphibolite to granulite facies. Their mineral assemblag-
es are mostly simple, including common rock-forming
minerals such as muscovite, biotite, garnet, tourmaline,
cordierite and Al SiO, modifications besides major min-
erals — quartz, plagioclase and/or K-feldspar. Abyssal
pegmatites form dikes, lenses or irregular bodies com-
monly about several cm to several dm thick, hosted large-
ly in metapelitic rocks. Their internal structure is com-
monly simple, complexly zoned pegmatites are rare.
Based on the accessory minerals, the abyssal pegmatites
were subdivided on four subclasses — AB-HREE, AB-
LREE, AB-U and AB-BBe (Cerny — Ercit 2005).
Abyssal pegmatites of the AB-BBe subclass were de-
scribed from several localities in high-grade metamorphic
terranes e.g., in Antarctica (Grew 1981, 1998, Grew et
al. 1998a, b, 2000), Madagascar (Grew et al. 1998b), Sri
Lanka (Grew ef al. 1995), India (Soman 1986), Norway
(Huijismans et al. 1982), Zambia (Zagek — Vrana 2002)
and Austria (Ertl ef al. 1997, Kalt et al. 2001). They are
characterized by the presence of B-rich and/or Be-bear-
ing minerals such as Al-rich tourmalines, dumortierite,
grandidierite, prismatine, boralsilite, werdingite, chryso-
beryl, sapphirine, taaffeite and musgravite (redefined as
ferrotaaffeite-6N’3S and magnesiotaaffeite-6N’3S; Arm-
bruster 2002) (Grew 1996, 2002). Chrysoberyl is the most
abundant Be-carrier in the abyssal pegmatites whereas
beryl, typical in other classes of granitic pegmatites, is

mostly absent. Compared to their magmatic relatives,
abyssal pegmatites including AB-BBe subclass have been
less commonly object of mineralogical and petrological
studies (see e.g. Cerny — Ercit 2005; Martin — De Vito
2005).

The pegmatite from Starkoc¢ is a typical example of
abyssal pegmatites of the AB-BBe subclass (cf. Cerny —
Ercit 2005) along with several other localities in the Bo-
hemian Massif (Fig. 1, Table 1; see e.g. Fiala 1954, Lo-
sert 1956, Cech 1985, Cempirek 2003, Cempirek —
Novak 2004a, b, Fuchs et al. 2005, Cempirek et al. 2006).
It is located in high-grade metamorphic rocks of the
Gfohl Unit, Kutna Hora Crystalline Complex. Here we
present description of mineral assemblages, chemical
composition of minerals, potential substitution mecha-
nisms particularly in tourmaline and dumortierite from
Starko¢ and closely related abyssal pegmatite at Béstvi-
na. The studied localities are compared to other occur-
rences of the abyssal pegmatites of the AB-BBe subclass
in the Gfohl Unit, Moldanubian Zone, and with similar
localities worldwide.

2. General geology and occurrence

Three distinct subunits were distinguished in the Kutna
Hora Crystalline Complex on the basis of their lithology
and metamorphic evolution: Micaschist Zone, Koufim
Nappe and Gfohl Unit, which is subdivided to the Béstv-
ina Formation, Malin Formation and Planany Formation
(Synek — Olivierova 1993). Metamorphic rocks of the
Gfohl Unit underwent three-stage metamorphism and
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deformation (Synek — Olivierova 1993): (i) HP/HT meta-
morphic event D, at P ~ 16-24 kbar and T ~ 850-950 °C
(Vrana et al. 2005, Nahodilova et al. 2005) documented
by abundant relics of granulitic fabrics; (ii) an amphibo-
lite facies shear regime D, (Synek — Olivierova 1993) at
P ~ 9 kbar, T ~ 750 °C (Nahodilova et al. 2005); (iii)
late reactivation event D,, which affected all previous
fabrics and which is probably associated with the over-
thrusting of the Malin Formation over both the Mic-
aschist Zone and the Koufim Nappe (Synek — Olivier-
ova 1993, Kachlik 1999). Partial anatexis is expected at
high PT conditions of kyanite zone but the conditions
have not been specified in detail so far (Nahodilova et
al. 2005). Vrana et al. (2005) gave T ~ 670 °C and P ~
14 kbar for migmatitic gneiss. Anatexis producing kya-
nite-bearing leucosome was assumed to follow the event
D, (Synek — Olivierova 1993).

Metamorphic rocks of Malin and Béstvina Formations
are locally crosscut by pegmatite bodies. Two distinct
textural types of pegmatites were recognized: (i) Discor-
dant pegmatite veinlets, commonly 1-3 cm thick, local-
ly containing tourmaline and dumortierite as typical ac-
cessory minerals, as well as less abundant apatite, garnet,
arsenopyrite, graphite and kyanite. They occur at locali-
ties Kutna Hora-Turkank, Starko¢, Béstvina and Spacice
(Fiala 1954, Losert 1956, Cech 1985, Cempirek 2003).
(i1) Simply zoned pegmatite bodies, up to 0.5 m thick,
with very similar mineral assemblages to the type (i), in-
cluding dumortierite and Al-rich tourmalines. These peg-
matites are known only from the Malin Formation, at lo-
calities Miskovice and Kuklik near Kutna Hora (Fiala
1954, Losert 1956, Cempirek 2003, Cempirek et al.
2006). These zoned bodies show a slightly higher degree
of fractionation and textural differentiation (Cempirek —
Novak 2004b). Accessory dumortierite and tourmaline
were also found in leucocratic metapelites in this region
(Losert 1956, Synek — Olivierova 1993). These rocks,
however, do not exhibit such a high degree of melt seg-
regation and transport like the pegmatites examined,
which exhibit apparent intrusive character.

Starko¢, a famous mineralogical locality of almand-
ine garnet studied by several authors (see e.g., Machacek

— Slavik 1960), is situated about 8 km ENE of Caslav,
in the Malin Formation (Fig. 1). Cretaceous sediments
cover this area to a large extent and metamorphic rocks
are exposed in few isolated windows. Discordant pegma-
tite veinlet, at least 10 m long with constant thickness of
about 1-2 cm along the whole outcrop, cuts massive mig-
matized biotite gneiss. The veinlet is locally folded, gen-
erally WNW-trending and steeply dipping about 75° SES,
with sharp contact with the host rock. Muscovite flakes,
up to 0.5 cm in size, are randomly distributed and near
the contact locally deformed. Similar deformation fea-
tures of muscovite were found along contact of metapeg-
matites in the Hruby Jesenik Mts. (Novak et al. 2003).

Béstvina pegmatite is known only from several mu-
seum samples. As dumortierite was found at more than
one locality in close vicinity of Béstvina (see review of
Cempirek — Novak 2000), the precise position of the peg-
matite locality is unknown; it is probably located in the
neighbourhood of the road from Béstvina to Spacice.
Generally, the veinlet is about 1 cm thick, crosscutting
the host biotite gneiss.

Pegmatite veinlets of the AB-BBe subclass from the
Gfohl Unit are very similar in their shape, size and min-
eral assemblages (Table 1). They are always hosted in
high-grade rocks within the Gfohl Unit, particularly along
the easternmost border of the Moldanubian Zone (Fig. 1).
The Starko¢ pegmatite represents the best developed and
currently the best exposed locality of abyssal pegmatites
in the Bohemian Massif.

3. Methods

Chemical composition of minerals was obtained using
electron microprobe Cameca SX 100 at the Dionyz Stir
Institute of Geology, Bratislava. Analytical conditions:
accelerating voltage 15 kV, beam current 20 nA; beam
diameter 1-5 um. Following standards were used:
Na — albite, Ca, Si — wollastonite, K — orthoclase,
Mg — MgO, Fe — Fe,O,, Cr — chromite, Mn — rhodo-
nite, Al — ALO,, Ti — TiO,, Cl — NaCl, F — BaF,. Data
were reduced using the PAP routine (Pouchou — Pichoir
1985). The chemical formulae of tourmaline were

Table 1 Mineral assemblages of abyssal pegmatites from Gfohl unit. Data from Cempirek (2003) and Cempirek — Novak (2004).

Pegmatite Primary mineral assemblage Prograde metamorphic Retrograde metamorphic
mineral assemblage mineral assemblage
Starko¢ Plg + Qtz + Ms + Grt + Qtz IT + Plg IT + Ky + Kfs + pyrophyllite, kaolinite
Tur I + Dum I + Cbr Tur IT + Dum IT + St
Béstvina Qtz I+ Plg + Ms + Qtz I + Dum IT
Dum I + Tur + sillimanite (?) fine-grained phyllosilicates
Vémyslice Kfs +Plg + Qtz I + Qtz II + sillimanite (?) muscovite, fine-grained phyllosilicates
Bt + Dum
Miskovice Kfs + Plg + Qtz + Qtz + Dum 1II (?) Ms II
Ms I + Tur + Dum
Kutna Hora — Kuklik Early: Plg + Kfs + Qtz + Tur I Qtz + Dum II Ms (= symplesite)
Late: Qtz + Cb + Dum I +
Tur II + arsenopyrite
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Fig. | Dumortierite occurrences in the Gfohl Unit in the Czech Republic and Austria, and position of studied localities Starko¢ (ST) and Béstvi-
na (BS). Map modified after Chlupa¢ et al. (2002), data from Cempirek — Novak (2000).

Symbols:

A —major occurrences in boron-bearing granulites and migmatites (localities in vicinity of Kutna Hora and Jemnice)

B — rare occurrences in granulites, migmatites and gneisses (from W to E: PleSovice, Malonty near Kaplice, Vanov, Jihlava, Pohled near Havl.
Brod, Racice near Hrotovice, Horni Bory, Vojetin near Bystfice n. P.)

C — occurrences in abyssal pegmatites (from N to S: Kutna Hora — Kuklik, Miskovice, Starko¢, Béstvina, Vémyslice, Trsténice, Gfohl, Klein
Pochlarn)

Explanation of the map:

1 — Monotonous (Ostrong) series

2 — Varied (Drosendorf) series

3 — Gfohl Unit with ultrabasic bodies

4 — granulites of the Gfohl Unit

5 — Bavarian part of Moldanubicum

6 — granitoids

7 — crystalline units outside of Moldanubicum

8 — unmetamorphosed units outside of Moldanubicum
9 — limnic Permian cover

10 — outer contour of Mesozoic and younger sediments
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calculated on the basis of sites T+Z+Y=15, assuming total
Fe as Fe*, Li = 0 and OH preferentially present in the
V-site.

Cathodoluminescence study was done on instrument
HC2-LM with technology of “hot” luminescence,
equipped with SIMON — NEUSER microscope.

Whole-rock chemical analyses were performed at the
Acmé Chemical Laboratories Ltd, Vancouver, Canada, by
ICP — ES (major oxides, Ba, Ni, Sc, Mo, Cu, Pb, Zn, As,
Cd, Sb, Bi, Ag) and ICP — MS (Co, Cs, Ga, Hf, Nb, Rb,
Sn, Sr, Ta, Th, TL, U, V, W, Zr, Y and REE).

4. Petrography and bulk geochemistry of host rocks
and pegmatites

Massive biotite gneiss at Starko¢ contains locally large
porphyroblasts of garnet enclosed in felsic leucosome.
The mineral assemblage of gneiss is: quartz + plagioclase
+ Ti-rich biotite (XMg ~ 0.51-0.53) + garnet I (Alm_ _
PP, ,5Ps,,,Grs | ) + kyanite, the leucosome consists
of a fine-grained assemblage: quartz + plagioclase + K-
feldspar with accessory apatite, dumortierite and tourma-
line. Porphyroblasts of homogeneous violet-red garnet 11
(Alm_ Prp, Sps.Grs,)) commonly volumetrically predom-
inate over the host leucosome. The mineral assemblages
and textural relations suggest that the rock underwent
several metamorphic and deformation events similar to
the rocks in the Béstvina granulite (Vrana et al. 2005,
Nahodilova et al. 2005). However, they were not stud-
ied in a greater detail at the Starkoc¢ locality. At Béstv-
ina, the precise location of the pegmatite is unknown;
therefore petrography of the host rock could not be
studied.

Chemical compositions of host massive biotite gneiss
(leucosome portions not included) and pegmatite are giv-
en in Table 2. At Starkoc, the gneiss and pegmatite ex-

hibit similar concentrations of SiO, (71-73 wt.%), ALLO,
(13-15 wt.%), CaO (1.56-1.77 wt.%) and Na,O (2.39-
3.05 wt.%). They differ particularly in higher concentra-
tions of Fe O, (5.45 versus 1.57-1.58), MgO (1.79 ver-
sus 0.20-0.35) and TiO, (0.74 versus 0.10-0.05) in host
rock, and higher K O (2.30-2.95 versus 1.78) in pegma-
tite (all in wt.%). The pegmatite is enriched in As, Ba,
Ga and Sr, whereas host rock is apparently enriched in
Cs, HFSE and REE. The chondrite-normalized REE pat-
terns of host rocks and pegmatite are very similar disre-
garding higher concentrations of REE and a weak enrich-
ment in HREE in metapelite (Fig. 2). Chemical
compositions of host biotite gneisses at Starko¢ and
Béstvina including their REE patterns are very similar to
felsic granulite type II, migmatite gneiss and granulitic
gneiss in the Béstvina granulite body, respectively (Vra-
na et al. 2005).

5. Petrography and mineralogy of the pegmatites
5.1 Starko¢ pegmatite

The mineral assemblages and textural relations indicate
the presence of at least three individual stages in the
Starko¢ pegmatite evolution. (i) Primary igneous (mag-
matic) assemblage — plagioclase I + quartz + muscovite
+ tourmaline I + garnet III + dumortierite I + chrysobe-
ryl is volumetrically dominant. (ii) Prograde metamorphic
stage includes: a) newly-formed fine-grained assemblage
of K-feldspar + kyanite + quartz replacing muscovite +
plagioclase I, together with small amounts of staurolite;
b) recrystallization of dumortierite I and tourmaline I pro-
ducing new generations of dumortierite Il and tourma-
line II; c) corrosion of chrysoberyl; (iii) Retrograde meta-
morphic assemblage involves pyrophyllite and kaolinite,
formed by replacement of muscovite and feldspars in
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Fig. 2 Chondrite-normalized REE pat-
terns (Boynton 1984) of Béstvina and
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Table 2 Whole-rock analyses of the studied rock types. pegmatite. Similar stages and mineral assemblages were
found in most pegmatite veins from the Gfohl Unit (Ta-
locality Béstvina Starko¢ Starko¢ Starko¢ ble 1; see also Cempirek 2003, Cempirek — Novak
kt i i tit tit .
mct o/ype gnetss gnelss pegMmatic pesmanie 2004a), but chrysoberyl and staurolite are known only
[wt.%] from Starkog.
SiO, 55.36 71.44 72.93 73.28
TiO, 0.92 0.74 0.10 0.05 . .
ALO, 21.13 13.31 14.93 15.03 5.1.1. Major minerals
Fe,0, * 7.64 5.45 1.57 1.59
xng ggz (1)(7)3 ggg g% Plagioclase I forms subhedral to anhedral grains, with
g . . . . . o

Ca0 070 156 172 177 common pplysynthe‘uc ‘menlr.lg lamellae angi undulos.e
Na,0 221 281 239 3.05 extinction in polarized-light microscope. Plagioclase I is
K,0 5.07 1.78 2.92 2.30 locally rimmed by a thin zone of very fine-grained mix-
E 20015 g-gg 8-;(1) g-g(l) 2-2(3) ture of K-feldspar, kyanite, plagioclase II and quartz 11
TOT/C 0.00 0.04 021 016 in contac.t Wlth musc.:ovue. Plagllo.clase I and II have
total 99 04 99.92 9995 100.08 closely similar chemical composition (Ab_ An Kfs, —
[ppm] Ab84An15Kfsl). Kaolinization sometimes occurs along
As 20 20 63.0 65.0 fract.ures in plagloclase. .
Ba 760.0 383.0 1271.0 927.0 Fine-grained anhedral quartz I fills space among
Bi 0.5 0.5 1.0 1.4 grains of plagioclase I. It also encloses tourmaline I, du-
gg 22(3) 1(1)§ (2)3 (l)g mortierite I, and garnet III. Quartz I is locally accumu-
Cs 95 53 14 1.4 lated in the centre gf the Veinle.t. Extremely ﬁnejgrained
Cu 52.0 10.0 9.0 14.0 quartz II forms veinlets along interfaces of plagioclase I
Ga 30.0 159 22.6 21.3 and quartz I. It contains small grains of kyanite, K-feld-
;fo ?g ?(3) 82 (1)2 spar, muscovite, rare chrysoberyl and sometimes also
Nb 147 113 62 50 dumortierite I, which is corroded and overgrown by nee-
Ni 70.0 20.0 13.0 16.0 dles and fibrous aggregates of dumortierite II. Musco-
Pb 4.0 3.0 2.0 4.0 vite forms subhedral flakes, up to 5 mm in size, randomly
g;’ 24(9)‘(7) 9(2)2 63? 433 distributed within of the pegmatite veinlet. Undulose ex-
Se 200 130 6.0 30 tinction and deforma'Fion are common. The ﬁne-graiped
Sn 8.0 4.0 3.0 1.0 prograde metamorphic assemblage (ii) commonly rims
Sr 126.0 180.0 234.4 290.2 large flakes of muscovite. Muscovite is locally replaced
?}'l lég 18? (3)2 (5)2 by pyrophyllite, commonly also in a close vicinity of the
Tl 0.8 03 01 01 prograde assemblage.
U 3.5 2.5 2.0 33
v 140.0 69.0 11.0 9.0 5.1.2. Common accessory minerals
w 1.0 1.0 3.0 3.0
Y 27.0 29.7 11.2 12.2 .
Zn 133.0 78.0 9.0 5.0 Tourmaline
Zr 147.0 246.0 16.7 13.0
[ppm] Tourmaline occurs in two distinct types. Tourmaline 1
La 31.90 37.10 380 11.10 forms pleochroic (E = colourless, O = light brown-green)
Ce 64.70 75.90 17.40 22.20 prismatic crystals, up to 2 mm in size, commonly
Pr 7.60 8.32 1.97 2.63 broken and/or corroded. It is enclosed in quartz I and
Nd 29.60 32.00 8.00 11.30 lagiocl L Pl hroic t line TI (E = colourl
Sm 520 5.20 1.90 520 plagioclase I. Pleochroic tourmaline (E = colourless,
Eu 1.20 1.21 0.60 0.69 O = dark green) occurs as narrow rims along fractures
Gd 434 5.12 2.07 2.69 or as microscopic spots within tourmaline I. It is typi-
2 LREE 144.54 165.45 40.74 53.41 cally associated with quartz II.
Th 0.69 0.78 0.34 0.38 Tourmaline I and II have quite a wide compositional
Dy 4.92 5.45 1.94 1.98 range (Table 3, Fig. 3). The T-site exhibits highly vari-
g: ;(1)3 ;;f 832 (1)(3)2 able contents of Si (5.52 to 5.99 apfu). The T-site tends
Tm 0.49 0.49 014 014 to be fully occupied by Si in tourmaline II, whereas in
Yb 3.35 3.39 0.96 1.02 tourmaline I the T-site contains up to 0.48 apfu TAl. The
Lu 0.51 0.49 0.11 0.13 Z-site is assumed to be fully occupied by Al, although a
Z HREE 14.17 14.96 4.78 5.06 minor disorder of Mg between the Y- and Z-sites can be
Z REE 158.71 180.41 45.52 58.47 expected. The Y-site is highly variable in Al, Fe and Mg

* all Fe as Fe,0, (Fig. 3a). Composition of the tourmaline I shows vari-
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Table 3 Chemical composition of tourmaline and dumortierite from Starko¢ and Béstvina.

Starko¢ Béstvina

TurI Turl Turl TurIl Dum Dum TurI TurIl Dum Dum
SiO, 35.58 3456 33.20 3524 31.14 31.29 3597 3586 31.79 3047
TiO, 0.01 0.00 0.01 0.00 0.02 0.05 0.01 0.02 0.29  0.02
ALO, |37.16 3942 4155 3490 60.71 60.09 37.97 3540 60.32 59.47
B,0,* |10.32 1045 1045 10.22 6.01 6.04 10.58 10.46 6.14 5.88
Cr,0, 0.00 0.02 0.00  0.00 0.00 0.00 0.06 0.04 0.00  0.00
MgO 0.67 1.40 1.12 2.60 0.86 0.68 1.79 3.82 0.99 0.82
CaO 0.16 0.42 0.61 0.40 0.00 0.02 0.19 0.29 0.02  0.02
MnO 0.40 0.32 0.39  0.01 0.01 0.02 0.20 0.04 0.02  0.00
FeO 9.97 8.15 7.23 9.45 0.28 0.34 9.16 8.26 0.25 0.29
Na,O 1.50 1.64 1.66 1.63 - - 1.62 1.83 0.03 0.01
K,0 0.04 0.04 0.04  0.05 - - 0.04 0.05 0.01 0.02
H,0* 2.71 2.77 2.76  2.88 — — 2.94 3.00 - -
F 0.05 0.04 0.00  0.07 — — 0.00 0.21 0.07  0.05
Cl 0.02 0.01 0.00 0.01 - - 0.00 0.00 0.01 0.00
O=F -0.02  -0.02 0.00 -0.03 - - 0.00 -0.09 -0.03 -0.02
0=Cl 0.00 0.00 0.00  0.00 - - 0.00 0.00 0.00  0.00
total 98.57 99.22 99.02 97.43 99.03 98.53 | 100.53 99.19 9991 97.03
TSi 5.993 5747 5520 5996 3.000 3.000 5911 5.959 3.000 3.000
TAl 0.007 0.253 0.480 0.004 - - 0.089 0.041 - -
B 3.000 3.000 3.000 3.000 1.000 1.000 - - 1.000 1.000
ZAl 6.000 6.000 6.000 6.000 - — 6.000 6.000 - -
YAl 1.369 1472 1.661 0994 6.893 6.790 1.265 0.892 6.709 6.901
YTi 0.001 0.000 0.001 0.000 0.001 0.004 0.001 0.002 0.021 0.001
YCr 0.000 0.003 0.000 0.000 0.000 0.000 0.008 0.005 0.000 0.000
YFe 1.404 1.133 1.005 1.345 0.023 0.027 1.259 1.148 0.020 0.024
YMg 0.168 0.347 0.278 0.659 0.124 0.097 0.439 0946 0.139 0.120
YMn 0.057 0.045 0.055 0.001 0.001 0.002 0.028 0.006 0.002 0.000
XNa 0.490 0.529 0.535 0.538 - - 0.516 0.590 0.005 0.002
XCa 0.029 0.075 0.109 0.073 - - 0.033 0.052 0.002 0.002
XK 0.009 0.008 0.008 0.011 - - 0.008 0.011 0.001 0.003
Xvac. 0.472 0.388 0.348 0.378 - - 0.443  0.347 - -
YOH 3.000 3.000 3.000 3.000 - - 3.000 3.000 - -
YOH 0.046 0.068 0.056 0.274 - - 0.222  0.326 - -
“F 0.027 0.021 0.000 0.038 - - 0.000 0.110 0.021 0.016
“Cl1 0.006 0.003 0.000 0.003 - - 0.000 0.000 0.002 0.000
YO 0.921 0.908 0.944 0.685 17.990 17.820 0.778 0.564 17.759 17.995

* B,0, and H,O content calculated on the basis of ideal stoichiometry.

able YAl (0.47 to 1.66 apfu) and Fe (0.74 to 1.66 apfu)
and only low amounts of Mg (0.06 apfir). On the other
hand, metamorphic tourmaline II has uniform Fe and Al
contents (Fe ~ 1.16—1.25 apfu, Al ~ 0.89-0.74 apfu; see
Fig. 3a) and highly variable content of Mg (0.16 to 0.99
apfu). The contents of Mn (< 0.08 apfu) and Ti (< 0.01
apfu) are very low in both tourmaline types. The X-site
is characterized by high vacancy (0.48 to 0.31 pfu) in
both tourmaline I and II. This vacancy is slightly higher
in tourmaline I; however, Na (0.59 to 0.49 apfu) prevails
in all cases (Fig. 3b). Only slightly elevated Ca contents
(£ 0.11 apfu) were recorded. Both tourmaline I and II

show low F content (< 0.12 apfir) and rather low calcu-
lated OH (3.49 to 2.79 apfu; Fig 3c). Although the par-
titioning of OH between V- and W-sites is not precisely
known, it is clear that tourmaline I shows a significant
fraction of “oxy-tourmaline” end-member(s), whereas
tourmaline II contains elevated OH in X-site.

Dumortierite
Dumortierite I forms strongly pleochroic (X = bluish,

colourless, Y, Z = pale blue to deep azure blue) subhe-
dral prismatic crystals often twinned along 110, or ag-
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Fig. 3 Starko¢ and Béstvina tourmaline composition. A — Y site,
B — X site, C — V+W sites. Analyses with prevailing oxy-tourmaline
end-members exhibit OH < 87.5 in figure 3C.

gregates of needle-like or fibrous crystals, up to 3 mm
long, locally associated with tourmaline I. The crystals
commonly exhibit features of shearing and recrystalliza-
tion. Dumortierite IT forms colourless, needle-like to fi-
brous aggregates enclosed in quartz I, overgrowing cor-
roded grains of dumortierite 1 or rarely tourmaline I.
Dumortierite has variable but low contents of Mg (0.05
to 0.12 apfu), a uniform very low content of Fe (0.03
apfu), and traces of Ti. The Al/Si ratio is rather low (Al
~ 6.8 at Si = 3). Dumortierite (Table 3) is expected to
contain stoichiometric amount of B.

Garnet

Three morphologically and compositionally distinct types
of garnet were recognized in gneiss and pegmatite at
Starko¢. Small subhedral red to red-brown grains of gar-

net I (Alm_  Prp  Sps, Grs /), up to 1 mm in size,

occur in fine-grained biotite gneiss matrix locally close
to the contact with pegmatite veinlet. Large anhedral
grains of violet-red garnet I, up to 10 cm in size, occur
in fine-grained leucosome of migmatite. It is quite ho-
mogeneous; a bulk chemical analysis yielded composi-
tion corresponding to Alm__Prp Sps.Grs,, the EMP study
confirmed its homogeneity and found slightly increased
Mn at rims. The FT-IR spectroscopy has proven that the
garnet II does not contain any water, even at ppm level.
Garnet II from Starko¢ was the first recorded occurrence
of water-free almandine garnet at all (Cempirek et al.
2003). Rare grains of subhedral orange-red garnet II1
(Almg, Sps,, Prp, ,Grs, ), commonly less than 1 mm
size, were found in pegmatite. Its composition varies in
the individual grains and it is distinctly different from the
former two types, being enriched in spessartine and de-
pleted in pyrope and grossular components. Minute in-
clusions of monazite-(Ce), xenotime-(Y) and fluorapatite
were found in garnet II1.

5.1.3. Other accessory and secondary minerals

Chrysoberyl was found in a single grain about 0.1 x 0.05
mm in size, as strongly corroded crystal among grains of
plagioclase II, K-feldspar and tourmaline I (Fig. 4). Al-
though a patchy zoning of the grain is visible in the BSE
image, no chemical differences between the individual
zones were detected. WDA analysis yielded only ALO,
and very low amounts of SiO,. The calculated sums of
oxides are in good agreement with the theoretical formula
BeAlLQ,. The other two possible Al-rich minerals, gibb-
site and diaspore, yielded much lower or higher calcu-
lated sum of oxides. This strongly supports the identity
of chrysoberyl, which fits best to the WDA analyses.
Kyanite occurs in fine-grained aggregates associated
with quartz I, K-feldspar (Kfs,, ., Ab, ), plagioclase II
and rare staurolite (Figs 5 and 6). Minerals of this pro-
grade metamorphic assemblage typically form irregular

K-feldspar and plagioclase II. Starko¢ pegmatite. Scale bar is 20 um.
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Fig. 5 CL-photograph of fine-grained aggregate of kyanite (light blue)
+ K-feldspar (blue) + quartz II (dark), within altered contact of mus-
covite crystal (black) with plagioclase II (yellow). Few grains of apa-
tite (green) are present. Picture width is about 0.6 mm.

Fig. 6 Fine-grained aggregate of kyanite + quartz II + plagioclase II
+ K-feldspar, within altered rim of muscovite crystal, at the contact with
quartz I. Spotty light grain at the bottom left is staurolite with inclu-
sions of quartz II. Darker rim of muscovite is formed by pyrophyllite.
Scale bar is 50 um.

grains less than 50 um in diameter, only staurolite was
found as intergrowths with quartz in few grains up to
100 um in size. Staurolite is rather poor in Mg (0.32—0.38
apfu) and rich in Fe (2.98-3.15 apfu) with variable con-
tents of Si and Al (7.6-7.9 apfu Si, 18.5-18.0 apfu Al),
concentrations of other elements are low. Rare accesso-
ry minerals include fluorapatite, monazite-(Ce) and xe-
notime-(Y) as rare inclusions in garnet II1, and lélling-
ite. They were not studied in detail.

5.2 Béstvina pegmatite
Pegmatite from Béstvina exhibits similar mineralogy and

textural relations as Starko¢ pegmatite (Table 1). The
metamorphic overprint is less developed, which is indi-

cated by the scarcity of the quartz I, tourmaline II and
dumortierite II and by the absence of kyanite and stau-
rolite. However, only several samples from this pegma-
tite are known which do not enable such a detailed char-
acterization of the mineral assemblages comparing to
Starkoc¢.

5.2.1. Major minerals

Anhedral grains of quartz I encloses crystals of plagio-
clase I, muscovite, tourmaline and dumortierite. Quartz
is the prevailing mineral of the veinlet. Fine-grained
quartz II is very rare; it forms thin veinlets, locally en-
closing dumortierite I and II.

Plagioclase I (Ab,An Kfs)) forms subhedral to an-
hedral elongated grains and crystals, with common
polysynthetic twinning lamellae. Its crystals are often
oriented perpendicularly to the pegmatite border. Plagio-
clase is commonly slightly replaced by fine-grained phyl-
losilicates, rarely by dumortierite I1.

Muscovite forms euhedral crystals, up to 10 mm in
size, commonly oriented perpendicularly to the pegma-
tite border. Undulose extinction is common. Muscovite
commonly encloses dumortierite I, locally also dumort-
ierite II at the rims of muscovite crystals.

5.2.2. Common accessory minerals

Dumortierite from pegmatite at Béstvina is also repre-
sented by two generations. Primary dumortierite I strong-
ly prevails over rare dumortierite II. Long-prismatic sub-
hedral crystals of pleochroic dumortierite I (X =
yellowish, colourless, Y, Z = pale bluish to deep azure
blue) are mostly enclosed in muscovite, sometimes also
in quartz. When enclosed in quartz, it commonly forms
crystals twinned along 110. Fibrous pleochroic dumort-
ierite Il (pleochroic colours same as dumortierite 1) is
quite rare, it was found overgrowing the primary dumor-
tierite I or in thin veinlets of fine-grained quartz II. The
chemical composition of Béstvina dumortierite is very
simple, besides rather stoichiometric Al and Si only low
content of Mg (up to 0.15 apfu) and very low Fe and Ti
(up to 0.05 apfu) were found (Table 3).

5.2.3. Other accessory and secondary minerals

Tourmaline from pegmatite at Béstvina was found in a
single anhedral, strongly brecciaed grain. Chemical data
indicate two generations of tourmaline, compositionally
very similar to the Starko¢ tourmaline (see Fig. 3). The
amount of the prograde metamorphic tourmaline II in
Béstvina seems to be very low and limited to thin frac-
tures or zones within the primary tourmaline I.

Colourless fibrous sillimanite (?) was rarely observed
together with the fibrous dumortierite II. Its identity was
not proved by any analysis.
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6. Discussion

6.1. Compositional evolution and substitution
mechanisms in tourmaline and dumortierite

Composition of tourmaline from abyssal pegmatites at
Starko¢ and Béstvina is controlled by their two-stage or-
igin. Fractionation of Fe, Mn, Mg and Al in primary tour-
maline I is of special interest. In tourmaline I from
Starko¢ the (Fe+Mn)/Mg ratio decreases with increasing
Al , whereas in quite homogeneous tourmaline I from
Béstvina this ratio is constant along with this increase
(Fig. 7). Because the analytical points in Fig. 7 represent
core-to-rim zonality in several crystals, the data can be
regarded as a fractional crystallization of tourmaline I.
Such a reversed fractionation as expressed by (Fe+Mn)/
Mg ratio in tourmaline I from Starko¢ is unusual if com-
pared to other tourmaline data from abyssal pegmatites
in the Gfohl Unit (Fig 7; see also Cempirek 2003) and
from granitic pegmatites worldwide. The compositional
evolution of tourmaline from schorl-dravite-foitite to el-
baite-rossmanite-olenite and an increase in (Fe+Mn)/Mg
ratio are general geochemical trends found in most types
of granitic pegmatites (see e.g. Selway et al. 1999, Novak
2000, Cempirek — Novak 2004b). The reason for the re-
versed fractionation trend in Starko¢ tourmaline is un-
known.

The prograde metamorphic event introduced addition-
al Fe and Mg from the host rock into the system and re-
mobilization of B allowed crystallization of tourmaline I1.

Al
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Fig. 7 Fractionation trends of (Fe+Mn)/Mg ratio versus total Al in tour-
maline from abyssal pegmatites in the Gfohl unit. Horizontal line at
(Fe+tMn)/Mg = 1.6 shows the value for host rock (gneiss) at Starko¢.

The “breakpoint” in evolution is visible in (Fe+Mn)/Mg
ratio (Fig. 7), where sum of Fe+Mg+Mn increases via sub-
stitution for Al in both Y- and Z-sites. At both localities,
the (Fe+Mn)/Mg ratio in secondary tourmaline II is very
close to that in the host metamorphic rock (Fig. 7).

The primary tourmaline I is typical by its high Al-con-
tent and incorporation of Al into the T-site, whereas the
secondary tourmaline has rather stoichiometric Si con-
tent in T-site. The elevated content of Al in T-site is a
typical feature of tourmaline from abyssal pegmatites
(Cempirek 2003, Cempirek et al. 2006). Tourmaline I
from Starkoc is Al-rich (up to 1.66 apfu in Y-site, up to
0.48 apfu in T-site), in Béstvina the content of TAl is rath-
er low (up to 0.2 apfu). Very high contents of Al (up to
2.2 apfu in Y-site, up to 0.52 apfu in T-site) were found
in tourmaline at other localities of the region (Miskov-
ice, Kuklik; Cempirek 2003, Cempirek et al. 2006),
where Al SiO, minerals are absent. The deficiency of Si
in the T-site might be also explained by the presence of
"B instead TAl. Although B was not analyzed, the authors
do not expect significant amount of "B due to moderate
activity of B in the system. It is well demonstrated by
the presence of kyanite besides tourmaline and dumort-
ierite. Primary tourmaline I from Starko¢ and Béstvina
with low variability in the X-site exhibits crystallization
trend expressed by substitution vector (YAl TAl)(Y*R**
Si*") | or by combination of vectors (AI**OH)(SiO*) ,
and (AIO*)(R**OH) , in 1:1 ratio. Metamorphic tourma-
line II is rather homogeneous and does not exhibit clear
substitution trends (Fig. 8).
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Fig. 8 Compositional trends of tourmaline from Starko¢ and Béstvina.
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Dumortierite was found in two textural types. Prima-
ry dumortierite I forms prismatic crystals of blue to violet
colour, up to 5 mm long, whereas dumortierite Il forms
fibrous aggregates of very light colour or colourless.
Composition of primary dumortierite I is rather simple,
with a very low contents of minor elements (Fe, Mg, Ti). The
very low colour intensity indicates that content of minor
elements in fibrous dumortierite II is extremely low. Due
to a very low amount of other analyzed elements than Al
and Si, it was not possible to chemically distinguish
between the two textural generations of dumortierite,
although textural and optical differences are apparent.
At other localities (Kuklik and Miskovice near Kutna
Hora; Fiala 1954, Losert 1956, Cempirek 2003), a simi-
lar dumortierite with light colour in shades of green
was found. Very low Fe, Mg, Ti contents and smaller unit
cell parameters are their typical features (unpublished
data of JC).

Besides variation in minor elements, dumortierite has
variable contents of the dominant elements and variable
Al/Si ratio (Table 3). This ratio is highly sensitive to an-
alytical conditions but the variation in composition is
seen even among analytical spots within the same ana-
lytical set. Water in dumortierite was not determined but
only calculated on the basis of electrochemical neutrali-
ty. Variation in Al/Si ratio can be explained by the sub-
stitution vectors [J(OH),[AlO,]  and AI(OH)[SiO] |,
which both incorporate OH into the structure of dumort-
ierite. The former substitution seems to be most likely
dominant.

6.2. Comparison with other AB-BBe subclass
pegmatites in the Moldanubian Zone

The examined pegmatite veinlets from Starko¢ and Béstv-
ina exhibit typical paragenetic and textural features of
abyssal pegmatites of the AB-BBe subclass (see e.g.
Cerny — Ercit 2005, Grew et al. 2000), such as the pres-
ence of Al-rich minerals, close relations to HP/HT meta-
morphic host rock, small thickness, elevated content of
light elements (B, Be), and polyphase evolution. The dis-
cordant pegmatite veinlets from Vémyslice and Trsténice
near Moravsky Krumlov are the only mineralogically
similar localities known in the Bohemian Massif. These
abyssal pegmatites exhibit thin veinlets, polyphase evo-
lution, sharp contact with host rock and abundant dumor-
tierite. In the case of Vémyslice locality the principal dif-
ferences from the studied pegmatites include high bulk
K,O content, abundant K-feldspar but only secondary
muscovite, presence of biotite and metamorphic silliman-
ite and elevated As in dumortierite (Cempirek — Novak
2004). The presence of sillimanite and biotite in Vémys-
lice instead of Al-rich tourmaline may suggest lower
activity of B relative to Starko¢. Associated younger
abyssal pegmatite veinlets containing oscillatory zoned
tourmaline with moderate amounts of Al, graphic tour-
maline + quartz intergrowths and andalusite are likely
related to some LP event. Information about other abys-

sal pegmatites with dumortierite from the Austrian part
of the Moldanubian Zone (Miesling, Gfohl, Klein
Pochlarn) is scarce; hence detailed comparison is not
possible.

Simply zoned abyssal pegmatites from Kuklik and
Miskovice exhibit a different internal structure, but their
mineralogy is similar to the pegmatite veinlets at Béstv-
ina and Starko¢. The main differences exist in internal
structure showing the zoned development, a larger thick-
ness of pegmatite bodies, transitional contacts, presence
of enclaves of host rocks, and less apparent metamorphic
overprint. A significant interaction with xenoliths sug-
gests higher contents of volatiles, including B, in the
zoned abyssal pegmatites. It is also supported by a high-
er degree of fractionation, which is indicated by tourma-
line composition (Fig. 7), and also by dumortierite com-
position, including late green dumortierite extremely poor
in minor cations (Fe, Mg, Ti).

Disregarding the largely textural differences observed
in the discordant pegmatite veinlets (Starko¢, Béstvina,
Vémyslice) and the simply zoned abyssal pegmatites
(Kuklik, Miskovice), they exhibit many similar features,
namely almost identical mineral assemblages including
accessory minerals. It suggests that they originated at
similar PTX-conditions and that they are closely related
to similar geological events.

6.3. Comparison with other AB-BBe subclass
pegmatites from the world localities

Gay and Galliski (1979) reported from Virorco, San
Luis, Argentina, mineral assemblages most similar to
those described from abyssal pegmatites at Starko¢ and
Béstvina. At Virorco, two distinct types of pegmatites
crosscut gabbros and norites within terrane formed by
granulites and quartzites. The first one forms fine-grained
veinlets, about 2-3 cm thick, with quartz, blue and green
dumortierite, two types of tourmaline (black to blue and
green to colourless), kyanite, plagioclase An,, muscovite,
apatite, sillimanite and staurolite. The second pegmatite
type forms coarser grained (2.5-0.5 cm) veins, up to 10
cm thick, consisting of quartz, plagioclase (Ab,, . An
1,)» pinkish muscovite, black tourmaline, garnet, stauro-
lite, chrysoberyl and blue dumortierite. Dumortierite oc-
curs only in central parts of veins rich in quartz, whereas
staurolite was found only in nodules with garnet or kya-
nite. Prismatic dumortierite I is commonly overgrown by
fibrous dumortierite II and forms aggregates with quartz,
muscovite and tourmaline. It is also locally replaced by
kyanite and tourmaline. Two generations of dumortier-
ite from Virorco pegmatites exhibit features very similar
to those from Starko¢ and Béstvina pegmatites. The pres-
ence of staurolite, kyanite, two generations of dumort-
ierite and tourmaline replacement by other minerals sug-
gests a polyphase evolution of the Virorco pegmatites.
Almgjotheii pegmatite, Norway, represents another
abyssal pegmatite similar to Starko¢ (Huijsmans et al.
1982, Grew et al. 1998a, b). It is located in garnetifer-
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ous migmatite and originated during their anatexis at
550-700°C and 3-5 kbar. Besides primary (magmatic)
assemblage involving the following accessory minerals
(dumortierite, andalusite, sillimanite, grandidierite, gar-
net), two prograde stages and one retrograde metamor-
phic stage were recognized. The prograde events pro-
duced werdingite, boralsilite, dumortierite II, sillimanite,
grandidierite II, tourmaline, corundum, hercynite and
andalusite 11, all by the reaction of primary minerals with
metamorphic fluids. Retrograde metamorphic phase is
represented by sericite, chlorite and margarite (Grew
et al. 1998Db).

Thin veinlets of dumortierite-bearing pegmatites sim-
ilar to Starko¢ also are known from the Saxony Granu-
lite Complex at the locality Hartmansdorf quarry (Voll-
stadt — Weiss 1991, Anderson ef al. 1998). However,
mineralogy of these pegmatites was not studied in a great-
er detail.

7. Conclusions

All known pegmatites of AB-BBe subclass in the Bohe-
mian Massif occur in the Gfohl Unit (Kutna Hora Crys-
talline Complex, Moravian Moldanubicum, Moldanubi-
cum of Waldviertel in Lower Austria), apparently along
the easternmost border of the Moldanubicum (Fig. 1).
Where studied in detail (Béstvina Granulite, Kutna Hora
Crystalline Complex), HP metamorphic conditions of
about 18-24 kbars in the host rocks and rapid exhuma-
tion were revealed (Vrana et al. 2005). These host rocks
also exhibit low degree of MP overprint and such meta-
morphic evolution is a typical feature of host rocks of
abyssal pegmatites in the high-grade terrains of Antarc-
tica and Madagascar (Grew 1998). The presence of kya-
nite in some pegmatite bodies and in migmatitic leuco-
some suggests HP conditions of melting (cf. Nahodilova
et al. 2005), but not specified in detail. Moreover, kyan-
ite in Starkoc is a product of prograde metamorphic over-
print; hence this overprint preceded relatively HP con-
ditions as well.

Geological position of abyssal pegmatites of the AB-
BBe subclass in the Moldanubian Zone, such as appar-
ent HP conditions of their origin and their absence in the
other parts of the Moldanubian Zone indicate quite spe-
cific conditions necessary for generation of this type of
pegmatites. Unfortunately, the host rocks of abyssal peg-
matites were studied in detail only in a part of the Kutna
Hora Crystalline Complex (Vrana et al. 2005). Although
the individual known localities of AB-BBe subtype peg-
matites in the Gfohl Unit are distant from each other, we
expect them to originate during rather similar metamor-
phic processes which significantly affected their host
rocks. Future research is necessary to reveal relations
between abyssal pegmatites examined and geological
evolution of their host rock complexes, including meta-
morphic overprints. Because similar conditions were
found in other metamorphic terrains containing abyssal

pegmatite of the AB-BBe subclass (see e.g., Grew 1996,
1998), dumortierite-bearing abyssal pegmatites may be-
come a good indicator of HP-metamorphic conditions
with a weak MP overprint and of a rapid exhumation in
high-grade metamorphic terrains.
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Mineralogie abysalnich pegmatiti s dumortieritem ze Starkoce a Béstviny, Kutnohorské krystalinikum

Abysalni pegmatity ze Starkoce a Béstviny jsou typickymi zastupci podtiidy AB-BBe abysalnich pegmatitii v Ceském masivu. Znaky typické pro jejich
pavod a vyvoj jsou nejlépe zachovany v pegmatitu Starko¢, kde byly na zakladé paragenetickych vztahti rozliSeny 3 asociace: (i) Primarni magmaticka
asociace: plagioklas I + kiemen I + muskovit + granat III + turmalin I + dumortierit I + chrysoberyl; (ii) Progradni metamorfni asociace: kiemen II +
plagioklas I + kyanit + K-zivec + staurolit + turmalin II + dumortierit II; (iii) Retrogradni metamorfni asociace: pyrofylit a kaolinit. Plagioklas, kiemen
a muskovit jsou hlavnimi mineraly pegmatitové zilky; mezi ¢asté akcesorie patfi turmalin, dumortierit, granat, K-zivec a kyanit, pouze velmi vzacné byl
nalezen submikroskopicky chrysoberyl, staurolit a nékolik dalsich akcesorickych minerald. Slozeni turmalinu je siln€ ovlivnéno dvoufazovym vyvojem
pegmatitu. Slozeni primarniho turmalinu I na lokalité StarkoC¢ vykazuje trend blizky substituci (*“Al TAD(**R**TSi*") . Pozdé&jsi progradni metamorfni
Béstvina a viechny dalii znamé abysalni pegmatity podtiidy AB-BBe v Ceském masivu se objevuji v Gfohlské jednotce, podél vychodni hranice
Moldanubika. Okolni horniny abysalnich pegmatiti vykazuji znaky HP metamorfozy se slabymi projevy MP metamorfozy. Tento metamorfni vyvoj je
typickym znakem i pro horniny s podobnymi abysalnimi pegmatity v Antarktidé, Norsku a na Madagaskaru.





