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Compositional variation in tourmaline from tourmalinite
and quartz segregations at Pernstejn near Nedvédice
(Svratka Unit, western Moravia, Czech Republic)

Variace v chemickém sloZen{ turmalinu z turmalinitu a kfemennych segregaci
od Pernstejna u Nedvedice (svratecké krystalinikum) (Czech summary)

(2 text-figs.)
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The Pernstejn tourmalinite is situated in the southern part of the Svratka Unit near the border with Moldanubicum. It underwent a retro-
gressive low-to-medium grade regional metamorphism which produced quartz segregations within the tourmalinite. Fine-grained tour-
malinite dominantly consists of quartz and tourmaline (dravite-schorl). The tourmaline is clongated, euhedral to subbedral grains are ty-
pically < 0.5 mm in size. Tourmaline (dravite-schorl) from quartz segregations forms euhedral grains, from 0.5 to 10 mm in size, locally
associated with kyanite, andalusite, muscovite, apatite and accessory rutile. There is only a negligible difference between tourmaline from
tourmalinite and quartz segregations. Tourmaline of both paragenetic types is characterized by moderate to high vacancies in the X-site,
up to 45 at.%, and moderate to high F contents varying from 0.32 to 0.56 apfu. It also exhibits Fe/Mg ratios and Al contents typical for
tourmaline in metapelites and metapsammites with an Al-saturating phase (e.g., kyanite, andalusite).

Formation of the quartz segregations with coarse-grained tourmaline and kyanite began during a retrogressive kyanite grade metamorp-
hic event at P > 3-4 kbar and T > 400-500 °C through the kyanite-andalusite transition to the andalusite grade. The presence of tourmali-
ne as the only ferro-magnesium mineral and the presence of Si-, Al- and Ti-saturating phases, i.e., quartz, kyanite/andalusite and rutile,

respectively, buffered these elements during the mobilization process which produced the quartz segregations.
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Introduction

Tourmaline is a highly refractory mineral stable over a ve-
ry wide range of PTX conditions {e.g., Werding - Schreyer
1996). In regional metamorphic rocks, tourmaline crystal-
lizes due to a reaction of B-rich fluids with ferro-magnesi-
an minerals (e.g., biotite, cordierite, staurolite). These B-
rich fluids infiltrate the host rock from an external source
or were produced internally during regional metamorp-
hism from B-bearing minerals (¢.g., clay minerals, micas).
Tourmaline-rich quartzite and tourmalinites are rarc
but relatively widespread members in volcanosedimentary
complexes (Slack 1996). The tourmalinites from PernStejn
underwent low to medium grade regional metamorphism.
A retrogressive stage produced the associated quartz-rich
segregations. The compositional variation in tourmaline
from tourmalinite and quartz secgregations at locality
Pern§tejn near Nedvédice is discussed in this paper.

Geological setting

The Pernitejn locality is situated in the southern part of the
Svratka Unit near the border with the Moldanubicum (Fig.
1). The area consists of dominant medium- to coarse-gra-
ined lepidoblastic schists, locally with accessory kyanite,
garnet, staurolite, sillimanite and tourmaline. The mica
schists are interlayered with fine-grained two-mica parag-
neisses, locally migmatized, rare marbles, Fe-skarns, amp-
hibolites and serpentinites. They also contain numerous
elongated bodies of muscovite and two-mica orthogneis-
ses which are locally tourmaline-bearing (Némec 1979,
Pertoldova et al. 1987, Novak et al. 1997). Typically, tour-

maline is a relatively abundant accessory to minor phase
in most rocks within the southern part of the Svratka Unit.

Metamorphism in the Svratka Unit has been studied by
several authors (e.g., Frejvald 1965, Némec 1968), howe-
ver, calculated P-T data is scarce and controversial
(Pertoldova et al. 1987, Stoudova et al. 1997). The rock
scquence underwent a dominant regional kyanite-stauroli-
te metamorphic event. It was only locally overprinted by a
later metamorphic event characterized by higher T and/or
lower P conditions particularly along its SW border with
the StraZek Moldanubicum. The metapelites contain the
following mineral assemblages: garnet + staurolite + kya-
nite and garnet + biotite + sillimanite; the latter assembla-
ge may be an overprint. Garnet-biotite thermometer calcu-
lations in metapelites indicate T = 550-620 °C at P = 8-11
kbar for the northeastern part of the Svratka Unit
(Stoudovi et al. 1997); however, Pertoldovi et al. (1987)
found T = 600-725 °C at P about 5 kbar for skarn and as-
sociated metapelite close to the tourmalinite locality. A
migmatization is locally developed, and seems (0 be s0-
mehow related to the younger metamorphic event (Némec
1968). The sequence of metamorphic events and their re-
gional distribution within the Svratka Unit are not well un-
derstood.

Occurrence

Tourmalinite is hosted by underlying mica schist and
overlying paragneiss (PdSa et al. 1994). Mica schist is
strongly foliated, medium- to coarse-grained and con-
sists of dominant elongated quartz grains, flakes of mus-
covite, minor garnet, biotite and rare plagioclase.
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Fig. 1. Schematic geological map of the Pernétejn area (modified from Pertoldovi et at, 1987)

Accessory minerals in the mica schist include tourmali-
ne, kyanite, sillimanite, rutile, apatite and zircon. Locally
migmatized, medium-grained two-mica gneiss consists
of quartz, plagioclase, muscovite, biotite, accessory apa-
tite and zircon.

Tourmalinite forms conformable folded layers and
boudins, up to 1 m thick and several metres long.
Numerous fragments of tourmaline-rich rocks found in
southern part of the Svratka Unit (at localities Litava,
Perndtejn, Kovidfova, Ujcov, Lesofiovice) indicate that
they form a N-S trending discontinuous belt, up to 15 km
long (Houzar et al. 1997). Due to relatively strong polyp-
hase metamorphism and tectonic reworking, premeta-
morphic formation of tourmaline-rich rocks is not easy to
explain. Based on the associated rock sequence, lithology
of tourmaline-bearing rocks and the chemical composition
of tourmaline, Houzar et al. (1997) suggested a submari-
ne-hydrothermal replacement of clastic sediments by B-
rich fluids (Slack 1996) as a likely origin. However, the
source of the B-rich fluids is unknown.

Quartz segregations locally with abundant tourmaline
or kyanite/andalusite form irregular lenses and discordant
veins commonly enclosed in tourmalinites. The quartz se-
gregations are up to 50 cm thick and several metres long,
but small veins, up to several cm’s thick, are typical.
Contact with the host rock is commonly sharp with rare
mobilized tourmaline grains located along the contact.

Segregations also exhibit folding and preferential orienta-
tion of kyanite and muscovite.

Petrography of tourmaline-bearing rocks
Tourmalinite

Fine-grained tourmalinites to tourmaline-rich quartzites
dominantly consist of quartz and tourmaline, which may
locally predominate over quartz; tourmaline contents vary
from 15 to 30 vol.% in volumetrically dominant rock.
Tourmaline forms elongated, euhedral to subhedral grains,
typically < 0.5 mm, containing small inclusions of rutile
and locally also apatite. They are concentrated in narrow
layers and exhibit preferred orientation. Tourmaline is ho-
mogencous or slightly zoned in thin section with the pleo-
chroism: O = dark greenish brown, E = pale yellowish
brown. Muscovite and kyanite are usually minor to acces-
sory minerals, but may locally display elevated volume
percentages. Accessory minerals also include rutile, gar-
net, apatite and zircon.

Quartz segregations
Three distinct mineral assemblages were observed in duc-

tile quartz segregations: (i) quartz dominant farge veins
with negligible amount of other minerals (muscovite, tour-
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Table 1. Representative compositions of tourmaline from Pern§tejn

i/r /¢ 2 2/c 3 3/c 4/r 4/c
P>0s¢ 0.00 0.00 0.00 0.01 0.05 0.00 0.00 0.0t
Si0» 35.90 36.60 35.80 35.80 36.20 3570 3570 36.20
B.0s" 1045 10.47 10.52 10.46 10.49 10.47 10.43 10.50
TiO2 0.51 0.54 0.54 0.36 0.31 0.25 0.65 0.57
AlLOs 33.10 32.30 33.70 33.70 33.00 33.70 32.10 3190
MgO 4.94 5.05 4.90 4.01 4.65 4.86 5.65 6.03
CaO 0.26 0.35 0.26 0.36 0.64 0.34 0.69 0.92
MnO 0.00 0.04 0.00 0.00 0.01 0.00 0.00 0.02
FeO™" 8.06 8.17 8.17 9.34 8.92 8.31 837 3.01
Zn0 0.06 0.00 0.00 0.02 0.00 0.03 0.00 0.00
Na,O 1.81 1.49 1.87 1.47 1.54 1.75 1.83 1.69
K20 0.06 0.35 0.07 0.10 0.06 0.05 0.04 0.02
F 0.98 0.84 0.92 0.75 0.84 0.61 0.92 1.07
H.0" 3.14 3.21 319 3.25 322 332 3.16 312
O=F -0.41 -0.35 -0.39 -0.32 -0.35 -0.26 -0.39 -0.45
TOTAL 98.86 99.06 99.55 99.31 99.58 99.14 99.16 99.60
T-Si 5.97 6.08 5.92 595 6.00 580 595 5.99
P 0.00 0.00 0.00 .00 0.01 .00 0.00 .00
Al 0.03 - 0.08 0.05 - 0.08 0.05 0.01
Z-Al 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Y-Ti 0.06 0.07 0.07 0.05 0.04 0.03 0.08 0.07
Al 0.46 0.32 0.48 0.55 0.44 0.51 0.25 0.21
Mg 1.23 1.25 1.21 0.99 1.15 1.20 1.40 1.49
Mn2+ 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 112 113 113 1.30 1.24 115 117 1.11
Zn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
>Y 2.88 2.78 2.89 2.89 2.87 2.89 2.90 2.88
X-Ca 0.05 0.06 0.05 0.06 0.11 0.06 0.12 0.16
Na 0.58 0.48 0.60 0.47 0.50 0.56 0.59 0.54
K 0.01 0.07 0.02 0.02 0.01 0.01 0.01 0.00
X 0.64 0.61 0.67 0.55 0.62 0.63 0.72 0.70
2 0.52 0.44 0.48 0.39 0.44 0.32 0.49 0.56
OH+ 3.48 3.56 3.52 361 3.56 3.68 3.51 344

" - calculated from stoichiometry; ** total Fe as FeO, 1-2 - tourmalinite; 3-4 - quartz segregation; r - rini; ¢ - core

maline); (ii) small veins with abundant tourmaline and mi-
nor rutile, apatite, muscovite; (iii) small veins with abun-
dant kyanite/andalusite + muscovite + rare tourmaline and
rutile. The latter assemblages may vary even within an in-
dividual quartz segregation. Quartz dominant veins arc
evidently the most widespread and form the largest veins,
whereas abundant schorl and/or kyanite/andalusite are
evidently concentrated into small satellite veins, up to 5
cm thick. Small veins exhibit increasing degree of folding
relative to the large quartz dominant veins. Tourmaline
forms euhedral equidimensional grains or needles, 0.5 to
10 mm in size. Tourmaline is commonly homogeneous or
slightly concentrically zoned in thin section with the pleo-
chroism: O = dark brown, E = pale yellowish brown.

Chemical composition

Electron microprobe analyses were carried out in the
WDS (wavelength-dispersive) mode on a Cameca 5X-50
instrument, Department of Geological Sciences,
University of Manitoba, Winnipeg, with a beam diameter
I um, accelerating potential 15 kV. A beam current 20 nA
was used for Si, Al, Fe, Mg, Ca, and Na, the current of 40
nA for P, Ti, Mn, Zn, F and K; a counting time for all ele-
ments is 20 seconds. The following standards were used

for Koo X-ray lines: Si, Ca-diopside; Al-kyanite; Fe-faya-
lite; Ti-rutile; Mg-pyrope; Mn-spessartine; Na-albite; K-
orthoclase; P-apatite; F-fluor-riebeckite and Zn-gahnite.
Data were reduced using the PAP routine (Pouchou -
Pichoir 1985).

Tourmaline has the general formula XY:Zs(BO3)s
Ts013(0,0H)3(OH,F)y, where X = Na, Ca, vacancy and K;
Y = Li, Fe?*, Mg, Mn, Zn, Al, Cr?+, V3 Fe?+ T, Z = Al,
Mg, Fe?*, Cr3*, V3*; and T = Si, Al. The structural for-mu-
lac were calculated on the basis of 31 anions assuming OH
+F =4, and B = 3 atoms per formula units (apfu). These re-
calculated compositions have oxide totals of approximately
100 wt.% and the Y-site totals are close to the ideal value of
3.0 apfu.

The tourmaline compositions from tourmalinite and
quartz segregations form a tight cluster in the Al-Fe(tot)-
Mg diagram (Houzar et al. 1997) and are homogeneous in
BSE images. Dravite predominates over schorl in most
analyses (Table 1, Fig. 2a).

T-site and Z-site
The T-site is usually fully occupied by Si in both parage-

netic types of tourmaline. Only some compositions indi-
cate that minor amounts of Al, up to 0.14 apfu, may enter
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T-site. All compositions display Al > 6 apfu. Therefore,
the Z-site is very likely fully occupied by Al for both pa-

ragenetic types disregarding a possible Al-Mg disorder

(Grice - Ercit 1993).
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Fig. 2. Composition of tourmaline from tourmalinite and quartz segregations given in atoms per formula unit (apfu)

squares - tourmaline from tourmalinite; circles - tourmaline from quartz segregations; a) X-site vacancy versus Mg/(Mg + Fe) ratio; low grade and me-
dium grade fields of tourmaline compositions taken from Henry - Dutrow (1996); b) R?* versus Al at Y-site, R** = Fe + Mg + Mn + Zn + Ca; ¢) Mg
versus Fe; d) X-site vacancy versus Al at Y-site; e} Ca versus Na; f) F versus Ca
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Y-site

The Al contents at the Y-site range from 0.18 to 0.80 apfu
and 0.18 to 1.12 apfu in tourmaline from quartz segregati-
ons and from tourmalinite, respectively (Fig. 2b). The Ti
content ranges from 0.03 to 0.08 apfu and it is slightly lar-
ger for tourmaline from quartz segregations than that from
tourmalinite. It also exhibits slightly elevated Mg and de-
creased Fe contents (Fig. 2¢). There is a negative correla-
tion between Mg and Fe in tourmaline from both parage-
netic types (Fig. 2c¢). The Mn and Zn contents are
commonly near or below the detection limit (Table 1).

X-site

Tourmaline in both paragenetic types is characterized by
moderate to high vacancies in the X-site, up to 45 at.%,
which are slightly higher in tourmaline from tourmalinite
(Fig. 2d). Elevated Ca, up to 0.16 apfu, was found parti-
cularly in tourmaline from quartz segregations, whereas
tourmaline from tourmalinite exhibits low Ca (Fig. 2e).
Relatively high K, up to 0.07 apfu, was sporadically de-
termined in the core of a dravite-schorl crystal from tour-
malinite (Table 1).

Monovalent anions

Tourmaline shows moderate to high F contents, varying
from 0.32 to 0.56 apfu. It is very similar in both parage-
netic types, but has a slightly wider range for tourmaline
from quartz segregations. There is a positive correlation
between F and Ca in tourmaline from quartz segregations

(Fig. 2).
Discussion

The chemical compositions of tourmaline from both para-
genetic types are very similar and differences may be sum-
marized as follows: slightly elevated Ca, Mg and Ti con-
tents in tourmaline from quartz segregations whereas
tourmaline from tourmalinite is slightly Al enriched. Low
Mn and Zn contents and variable F contents are similar in
both paragenetic types. The negligible differences in tour-
maline composition and absence of B0z and H>O deter-
minations from both paragenetic types make it difficult to
predict reliable substitutions; however, homovalent substi-
tution Fe-Mg in tourmaline from tourmalinite and quartz
segregations is very likely (Fig. 2c).

Tourmaline from tourmalinite and quartz segregations
exhibits Fe/Mg ratios and Al contents typical for tourma-
line from metapelites and metapsammites coexisting with
an Al-saturating phase (e.g., kyanite, andalusite) (Henry -
Guidotti 1985). The F contents and X-site vacancies are
slightly higher than those found in low to medium grade
metapelites and quartzites (Henry - Dutrow 1996).
Elevated F contents are typical for all tourmaline exami-
ned from the Svratka Unit (Némec 1968, Povondra 1981,
Povondra - Novik 1986, Novak et al. 1997). Combination

of relatively high vacancies at the X-site and high F con-
tents observed in both paragenetic types is unusual for
tourmaline (Robert et al. 1997) and contrasts with extre-
mely low X-site vacancies in tourmaline from related
rocks at locality Nedvédice (Novik et al. 1997).

The textural relationships and mineral assemblages of
tourmaline-bearing rocks indicate a polymetamorphic ori-
gin comparable to their host rocks under P-T conditions
discussed above. The regional metamorphism of tourmali-
nites was followed by the formation of quartz segregati-
ons. Textural relations of Al,SiOs minerals in thin quartz
segregations show kyanite-andalusite equilibrium in some
thin sections but evidence of replacement of kyanite by la-
te andalusite is seen in most thin sections. Absence of sil-
limanite, diaspore and/or pyrophyllite is typical for all stu-
died samples. Based on the P-T diagram (Perkins et al.
1979), these observations suggest formation of the segre-
gations began during a regrogressive phase at kyanite me-
tamorphic grade at P > 3-4 kbar and T > 400-500 °C
through the kyanite-andalusite transition to the andalusite
grade.

The abundance of quartz, tourmaline, kyanite/andalu-
site, rutile, apatite and muscovite in quartz segregations
documents the mobility of Si, Ti, Al, B, Fe, Mg, Ca, Na,
K, P, HO and F. However, large quartz veins very likely
formed during a lower-temperature process than the small,
more folded tourmaline- or kyanite/andalusite-rich veins.
General variability in mineral composition of quartz se-
gregations from those with abundant tourmaline or kyani-
te to those with dominant quartz may be explained by a
decreasing temperature of crystallization. There is only a
negligible difference between the chemical composition
of fine-grained tourmaline in tourmalinite and coarse-gra-
ined tourmaline from the quartz segregations found. The
presence of tourmaline as the only ferro-magnesium mi-
neral and the Si-, Al- and Ti-saturating phases, i.e., quartz,
kyanite/andalusite and rutile, respectively, buffered these
elements. The mobilization process producing quartz se-
gregations with coarse-grained tourmaline almost replica-
ted the composition of the fine-grained tourmaline.
Elevated Ca in tourmaline from segregations and associa-
ted apatite reflect increased activity of Ca. Plagioclase
from host rocks may be the Ca source. Slightly depressed
Al contents in the tourmaline from segregations may be
controlled by the associated Al-saturating phases, kyani-
te/andalusite and/or the lower temperature of crystallizati-
on.
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Variace v chemickém sloZeni turmalinu z turmalinitu a kfemennych segregaci

od Pernstejna u Nedvédice (svratecké krystalinikum)

Turmalinity u Pernitejna, v j. &4sti svrateckého krystalinika, jsou tvofeny turmalinem a kfemenem, lokdlng i kyanitem, muskovitem a rutilem. V re-
trogradni fazi MP-HT metamorfézy v nich vznikly kfemenem bohaté segregace s kyanitem, andalusitern, muskovitem, apatitem a turmalinem.

Turmaliny z obou asociaci majf téméF totoZné sloZeni, skoryl-dravit, vyznacuji se primérnymi aZ vy§§imi vakancemi v X-pozici a primémymi a vys-
§imi obsahy F. Chemické sloZeni odpovida turmalinim metapelitd a metapsamitd s Al-bohatymi mineraly (napf. kyanit, andalusit). Retrogradni meta-
morféza spojend se vznikem kfemennych segregaci za podminek P > 300-400 MPa a T > 400-500 °C, pravdépodobné blizko hranice kyanit-andalusit,

neméla vliv na podstatn&j§i zménu sloZeni turmalinu.
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Chemistry and origin of povondraite-bearing rocks
from Alto Chapare, Cochabamba, Bolivia

Chemismus a pivod hornin s povondraitem z Alto Chapare,
Cochabamba, Bolivie (Czech Summary)

(6 text-figs.)
VLADIMIR ZACEK! - ALFREDO PETROV2 - JAROSLAY HYRSL?

'Czech Geological Survey, Kldrov 3, 118 21 Praha 1, Czech Republic
2P0. BOX 1728, Cochabamba, Bolivia
*Heverova 222, 28 000, Kolin 4, Czech Republic

Povondraite and schorl-dravite occur in an ancient, probably Cambrian, metaevaporite known as the Locotal Breccia in Alto Chapare,
Cochabamba Department, central Bolivian Andes. They originated, together with a variety of silicate minerals as reaction crust between
dikes of highly alkaline volcanites, and B-rich evaporite. Chemical composition of the protolith (mainly various concentrations of atka-
lis) and local oxygen activity probably played decisive role in the formation either of povondraite or schori-dravite. There are relatively
small differences in Si0» (42-50 wt. %) and Al,O53 (12.2-15.5 wt.%), all rocks are relatively rich in TiO, (0.85-3.00 wt.%) and poor in CaQ
(0.0X-0.34 wt.%). The rocks rich in povondraite have extremely high concentrations of K0 (10-12 wt.%), low NazO (0.4-0.7 wt.%), ve-
ry low CaO (0.0X-0.13 wt.%) and increased Cr,QO5 (about 0.1 wt.%), whereas the rock rich in dravite is slightly richer in Ca0 (0.34 wt.%)
and the concentrations of both Na,O and K,O are about 4 wt.%. The concentrations of MgO (2.6-9.0 wt.%) and FeO®' (5.4-13.0 wt. %)
are variable and independent on given type of tourmaline.

Povondraite displays both continuous and oscillatory zoning patterns and chemical variability ranging in (wt.%): Fe, O3t = 29.5-42 4,
AlO3 = 2.39-10.90, TiO, = 0.38-3.48, Na,O = 1.45-2.29, K20 = 1.15-2.35, and strongly variable Cr,Os (0.0-1.36). Povondraite compo-
sitions differ from the ideal end-member formula NaFes**Fes**(B03)3(Sis018)(0,0H)4 by a constant presence of MgO ranging from 6
to 8 wt.% and potassium X-site occupancy of 25-48 at.%. The highest TiO, and KO concentrations recorded (3.48 and 2.35 wi.%, res-
pectively) represent the upper concentration levels of these oxides in tourmaline. Successive crystallization of povondraite (1) - interme-
diate dravite-povondraite (2) and dravite-schorl (3) gives evidence for decreasing oxygen activity during tourmaline crystallization.

Key words: tourmaline, povondraite, schorl-dravite, electron microprobe composition, metaevaporite, Locotal Breccia, Bolivia

Introduction

Povondraite, a new member of the tourmaline group was
desribed originally as “ferridravite” by Dunn - Walenta
(1979) and redefined and renamed by Grice et al. (1993)
in honour of Czech mineralogist and well-known tourma-
line specialist Dr. P. Povondra (Charles University,
Prague). Povondraite occurs with many additional mine-
rals in a highly unusual rock called the Locotal Breccia,
which represents brecciated metamorphosed evaporite ca-
prock. Locotal Breccia outcrops sporadically within a
roughly 50 km? area of highly disected rainforest topo-
graphy in the Alto Chapare region, Cochabamba
Department, Bolivia, in the steep eastern foothills of the
Andes at an altitude between 400 to 2000 metres (Franz et
al. 1979, Petrov 1994).

This paper brings new data on mineral assemblages,
compositons and origin of povondraite-bearing rocks from
Alto Chapare, Bolivia.

Geology and mineralogy of the Locotal Breccia

The Locotal Breccia most probably represents ancient
slightly metamorphosed saltdome caprock (Petrov et al.
1997). This Cambrian (or Late Proterozoic) unit is the ol-
dest rock in the central Bolivian Andes. It is not known
what lies beneath it, but several potent brine springs (rich
in NaCl) attest that halite must be present. The Locotal

Breccia is overlain by rocks of the Limbo Formation,
which include highly fractured beds of massive sandstone,
magnesite and dolomite, containing some falc and danbu-
rite and commercially operated deposits of magnesite, do-
lomite and magnesioriebeckitic asbestos (e.g., San
Francisco Mine near Villa Tunari, see Franz et al. 1979).
The Limbo Formation, in part, may represent a slightly
metamorphosed Cambrian “false marine carbonate ca-
prock” like a similar but younger and unmetamorphosed
rock in Mississippi (Swan - Saunders 1992). The youngest
strata of the Limbo Formation are coarse conglomerates of
Cambrian or early Ordovician age containing rounded
boulders of schists, granitic rocks and a rare granitic peg-
matite, presumably derived from rocks of the Precambrian
Brazilian shield. These sediments are followed by the mo-
notonous sedimentary Ordovician and Silurian series typi-
cal of much of the Bolivian Andes (Franz et al. 1979).
The Locotal Breccia is composed (in approximate des-
cending order of abundance) of a fine-grained aggregate
of dolomite, magnesite, gypsum, anhydrite, K-feldspar,
tale, and smectites. Additional minerals occur in minor or
accessory amount, some of them included in the ground-
mass as euhedral crystals (in alphabetic order): boracite,
chalcopyrite, clinopyroxene, danburite, dravite, ericaite,
graphite, hematite, magnesioferrite?, minnesotaite?, poly-
halite, povondraite, pyrite, rutile, and tennantite. The me-
tacrysts of some these minerals can reach the size up to se-
veral centimetres. The most common is danburite, which



60

Journal of the Czech Geological Society 43/1-2(1998)

is also the best known mineral from the Locotal Breccia.
It occurs in many places in almost all outcrops of the
Locotal Breccia. The crystals are double-terminated, in
contrast to other famous world danburite localities and
they can reach up to 6 cm in length. The crystals are grey
and of greasy lustre; the coloration is caused by many tiny
inclusions predominantly delomite, talc, anhydrite and
opaque phase, probably pyrite. Boracite is much rarer than
danburite. Additional occurrences of boracite have been
found during our recent field investigations and one place
yielded large green crystals up to almost 3 cm, having the
form of a simple cube. However, most abundant are tiny
colourless crystals about 1 mm in size, showing a ball-li-
ke form. All boracite crystals display polycrystalline, ve-
ry fine parquet-like structure under the polarizing micros-
cope, in crossed polarizers. Among other minerals
forming single euhedral, up to 2-3.5 cm sized metacrysts,
dolomite and magnesite are most common, the former as
black, black-brown, white or bluish rhombohedrons, the
latter as platy, pseudohexagonal crystals, colourless or
with yellowish coloration. Hematite forms loose platy cry-
stals with typical triangular striation reaching a size of 15
x 12 x 5 mm. Recent solution cavities in the breccia are fil-
led with secondary acicular aragonite or stalactitic calcite
or aragonite. Other supergene minerals found in the brec-
cia are azurite, goethite, hydromagnesite, mcguinessite,
and malachite.

The evaporite breccia includes also angular cm-dm si-
zed clasts (“xenoliths™) of silicate-rich highly alkaline
rocks in its groundmass. They reacted with the surroun-
ding evaporite matrix to form crystal crusts composed of
potassium feldspar (microcline), tourmalines (povondrai-
te and schorl-dravite), magnesioriebeckite, hematite, and
pyrite; less common are rutile, clinopyroxene, and clino-
chlore. Other “xenoliths”, not associated with tourmali-
nes, are represented by sandstone and. monomineralic
quartz and lizardite clasts, but they appear to have been
non-reactive and have no crystal crusts (Petrov 1994,
Petrov et al. 1997). The largest and best-shaped crystals of
silicate minerals occur as components of crystal crusts on
the surface of the “xenoliths”, but they also occur in mas-
sive form as veinlets or directly in the matrix of the clasts.
The most common mineral is microcline (determined by
X-ray analysis) as pink, lenticular crystals composing dru-
ses. It displays a red luminescence in a short-wave UV-
light. White tiny pseudohexagonal crystals were found
growing on povondraite crystals. Povondraite commonly
forms black, short prismatic crystals reaching about 5 mm,
growing on two types of “xenoliths” (samples B-2, B-3,
see further in the text), locally it also forms veinlets or me-
tacrysts in these xenoliths. The crystals of povondraite are
sometimes covered by younger crystals of poorly determi-
ned clinopyroxene (diopside or aegirine), and yellowish
magnesite. Besides povondraite, members of schorl-dra-
vite series (closer to dravite) are common on a certain ty-
pe of the xenoliths (sample B-1, see further in the text). In
contrast to the short prismatic povondraite, this deep-

brown to black tourmaline forms columns and needles up
to 1 cm long, or radiating aggregates.

Samples and methods

Four typical silicate-rich “xenoliths” with tourmalines,
newly sampled by two of the authors (A. P. and J. H.), we-
re studied. Two slightly different rocks studied (B-2, B-3)
are rich in macroscopic povondraite, one rock (B-1) is rich
in coarse dravite and one sample (B-4) contains accessory
tourmalines seen only under the microscope. Chemical
compositions were determined using energy dispersive
electron microprobe Camscan-Link-eXI. with operating
conditions of 20 kV, 3 nA, counting time 80s, and Co as
calibration element. Synthetic oxides, plagioclase and K-
feldspar were used as standards. Because of lack of suffi-
cient material for wet analyses, chemical composition of
the samples, was estimated by integrating scanning analy-
ses covering area of 5 x 4 mm. The presence of Cr, Ti, Ba,
V, Sr was verified in the wavelength-dispersive mode
using a MICROSPEC spectrometer (Ba, V, St were analy-
sed but not detected). The analyses were made in the la-
boratories of the Czech Geological Survey in Prague, 1.
Vavfin, analyst. The microprobe analyses obtained were
recalculated using computer program MINCALC (Melin -
Kunst 1992). Tourmaline compositions (including po-
vondraite) were calculated on the basis 31 anions assu-
ming stoichiometric amount of OH =4 and B = 3 without
the ordering of cations into crystallochemical sites (com-
pare Grice - Ercit 1993). For povondraite, all Fe is assu-
med to be Fe3*, because standard recalculation schemes
lead to overestimate of Fe?* (Grice - Ercit 1993, Grice et
al. 1993). For dravite, all Fe is assumed to be Fe?+, alt-
hough some Fe3*+ is most probably also present. Mica
compositions were normalized based on 20 oxygen atoms
and 4 OH groups, and assuming all Fe to be divalent.

Petrology and bulk compositions
of “xenoliths” with tourmaline

The samples studied are represented by 2-4 cm long frag-
ments of silicate-rich, but quartz-free rocks occurring as
clasts or “xenoliths” in the Loccotal Breccia. All the rocks
studied are composed besides tourmalines predominantly
of K-feldspar and phlogopite with rutile and pyrite as mi-
nor to accessory phases. Minor aegirine was found in sam-
ple B-1. A comparison of chemical analyses of the rocks
studied reveals significant differences between the rocks
with povondraite and those with schorl-dravite (compare
samples B-1 - B-4 in Table 1). There are relatively small
differences in SiOz (42-50 wt.%) and Al,O3 (12.2-15.5
wt. %), all rocks are relatively rich in TiO; (0.85-3.00
wt. %) and poor in CaO (0.0X-0.34 wt.%). The rocks rich
in povondraite have extremely high concentrations of K,O
(10-12 wt.%), low NazO (0.4-0.7 wt.%), very low CaO
(0.0X-0.13 wt.%) and increased Cr,Os3 (about 0.1 wt.%),
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whereas the rock rich in schorl-dravite is slightly richer in
CaO (0.34 wt.%) and the concentrations of both Na,O and
KO are about 4 wt.%. The concentrations of MgO (2.6-
9.0 wt.%) and FeOQw! (5.4-13.0 wt.%) are variable and in-
dependent on given type of tourmaline.
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Fig. 1. Al'V- Mg/(Mg + Fe'®t) diagram for mica from Locotal Breccia.
Two mica compositions with AI'Y = 1.7-1.9 fall out of this diagram.
Symbols 1-4 represent samples B-1-4

Sample B-1 is represented by apple-green to pale
grey-green massive material with two parallel zones with
the intensive blastesis of the black (at the edges brown)
tourmaline, much coarser than the matrix. On the surface
of the clast, tourmaline forms clusters of columnar to aci-
cular crystals, 1-3 mm in size, together with minute cry-
stals of K-feldspar.

Yellow-green fine matrix, rich in tiny inclusions pre-
vails (about 60 vol.%), along with randomly dispersed co-
lourless grains and crystals of K-feldspar (about. 10
mod.%), which frequently includes fine sagenitic brown

rutile. Tourmaline (about 30 vol.%) forms euhedral grains
0.X-2 mm in size, composing several mm up to 1 cm si-
zed aggregates. The crystals are optically zoned, with dar-
ker zone of the variable thickness near the edge. Wide
centres display significant pleochroism (e-very light
brown, w-deep olive green), the rims are still darker (e-pa-
le brown-yellow, w-deep olive green). Pyrite is accessory.
By electron microprobe, potassium feldspar was identifi-
ed as the only colourless mineral. Dominant green matrix
mineral is mica close to phlogopite with X = Mg/(Mg +
Fe) = 0.74-0.78 and AI'V = 2.16-2.19 (see Fig. 1). Taking
into account the highly oxidic mineral assemblage, a por-
tion of Fe could be present as Fe*. The concentrations
both of TiO, and Na,O in the mica are low (0.3-0.4 and
0.2 wt.%, respectively). Tourmaline is schorl-dravite (Xng
= 0.71-0.83), for details see further in the text.
Clinopyroxene close to the end-member aegirine was de-
tected by microprobe as tiny inclusions (10-50 microns)
concentrated mainly in centres in tourmaline crystals. The
aegirine analysed has the following composition: Si0O, =
53.5-54.9, AlLO5 = 1.0-1.4, Fe,05% = 28.5-31.0, MgO =
0.3-0.8, Na,O = 12.9-13.3, all in wt.%. Increased bulk
Na;O concentrations (4.14 wt.%, see Table 1), imply the
rock most probably contains many aegirine inclusions in
the matrix. Rutile nearly corresponds to pure TiO», with
only slightly increased concentration of FeO (about 1.3
wt.%).

Sample B-2 represents in hand-specimen massive
grey-brown rock with isolated prismatic crystals of pink
K-feldspar. Much smaller, lath-shaped to acicular crystals
of K-feldspar occur as a component of the fine-grained
matrix. Tourmaline (povondraite) occurs as black crusts
and small crystals on the surface of the clast and as 0.X
mm wide veinlets.

The rocks displays ophitic texture, dominated by lath-
shaped to acicular crystals of potassium feldspar, which
prevails over light-green or yellow-green, slightly pleo-
chroic mica. Tourmaline occurs both as accumulations of
anhedral grains and as well-shaped crystals concentrated
in thin veinlets. In addition, small anhedral grains and ag-
gregates of povondraite are disseminated in the matrix.

Table 1. The average of n scanning microprobe chemical analyses, each covering area 5 x 4 mm of four most common “xenoliths” in the Locotal
Breccia, B-3, B-2 - the rocks with povondraite, B-1 - the rock with schorl dravite, B-4 - the rock peor in tourmaline but with three successive popula-

tions of accessory tourmaline

sample B-3 B-2 B-1 B-4

n=3 average n=3 average n=3 average n=2 average
Si0, 48.40 - 49.27 48.87 49.15 - 49.92 49.58 39.94 - 43.42 41.50 45.34 - 46.47 45.91
TiO, 296 - 3.03 3.00 1.54 - 2.02 1.84 0.72 - 095 0.85 1.29 - 0.36 1.32
Cr205 00 - 011 0.00 00 - 013 0.00 0.0 0.00 00 - 013 0.00
AlLOs 12.85 - 13.24 13.03 1529 - 15.62 15.47 10.98 - 16.79 13.54 12.08 - 12.40 12.24
CaO 0.00 0.00 0.08 - 0.16 0.13 023 - 047 0.34 025 - 026 0.26
FeOuo 11.17 - 1233 11.87 509- 572 539 12.60 - 13.75 13.00 7.82 - 795 7.89
MgO 247 - 281 2.64 886 - 9.04 8.96 774 - 878 8.17 8.68 - 8.79 8.73
MnO 060 - 009 0.00 0.00 0.00 00 - 010 0.00 00 - 014 0.00
K20 9.82 - 10.39 10.12 11.73 - 12.23 11.97 230 - 547 4.03 9.24 - 954 9.39
Na,O 0.64 - 0.69 0.66 0.39 - 041 0.40 3.96 - 432 4.14 202 - 2.18 2.10
Tot 89.62 - 91.08 90.19 93.30 - 94.74 93.76 83.84 - 87.76 85.57 87.12 - 88.81 87.83




62

Journal of the Czech Geological Society 43/1-2(1998)

Tourmaline is strongly pleochroic with e-light cinnamon
brown, w-deep brown-black. Rutile and pyrite are acces-
sory. The composition of green mica is variable, (Fig. 1),
corresponding to annite-phlogopite solid solution (XMg =
0.57-0.83, AI'Y = 1.70-2.14), with strongly variable con-
centrations of TiO; (0.2-3.8 wt.%) and Na,O (0.1-1.1
wt.%). A deficiency of AI'Y (in two analyses AUV = 1.7
and 1.9} indicates significant replacement of Al by Fe®* in
tetrahedral sites. The povondraite is compositionally zo-
ned, generally, with a rimward increase in Al (at the ex-
pense of Fe), and with many oscillations in composition,
characterized in the following text. Besides povondraite,
accessory dravite was found as 20 microns long inclusion
in the matrix.

Sample B-3 is massive fine-grained rock in hand-spe-
cimen, with grain size near 1 mm, black and light yello-
wish speckled, resembling by its appearance serpentinite.
1t is composed mainly of K-feldspar and tourmaline (po-
vondraite), the modal compositions of both minerals being
mostly between 40-60 vol.%. Speckled light portions with
a prevalence of potassium feldspar may pass continuously
into massive black, cm-sized accumulations formed by ne-
arly monomineralic povondraite. Povondraite also forms
crystalline crusts and crystals on the surface of the clast.

Under the microscope, the rock is composed of an ag-
gregate of randomly oriented, lath-shaped colourless cry-
stals of K-feldspar and of grains and accumulations {most-
ly anhedral) of strongly pleochroic povondraite
(pleochroism is the same as in sample B-2). Light yellow-
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green mica is present only as rare relics in tourmaline. It
displays composition similar to phlogopite from samples
discussed above (Xae = 0.84, AI'V = 2.02, see Fig. 1).
Textural criteria indicate that povodraite grew at the ex-
pense of phlogopite. Compositionally, the povondraite is
richer in TiO, relative to sample B-2, however the zonati-
on of crystals is indistinct. Hematite with increased con-
centration of TiO, (2.6 wt.%) and sagenitic rutile are
accessory minerals.

Sample B-4 represents a massive fine-grained (grain
size 0.X mm) grey-green couloured rock without bigger
porphyroblasts, suggesting in the hand-specimen weathe-
red greywacke or rather a chloritized volcanic tuff. Under
the stereomicroscope, green and colourless grains are vi-
sible besides pyrite and rare crystals and crusts of black
tourmaline (0.X mm) are sitting predominantly on the sur-
face of the clast.

Under the polarizing microscope, the rock represents a
uniform mosaic of tiny lath-shaped feldspars and of slight-
ly pleochroic greenish mica compositionally close to phlo-
gopite (Xmg = 0.77, AV = 2.3, TiO, = 0.2-0.3 wt.%, Fig.
1). K-feldspar strongly prevails but minor (or accessory)
oligoclase, 19 An, was found by microprobe. Rare tourma-
line (0.X vol.%) forms corroded columns (up to 0.5 x 0.4
mm in size), is pleochroic (e-pale brown, nearly colourless,
-cinnamon brown), but locally irregular pale-blue and de-
eper-brown spots appear in the centres. In addition, the
tourmaline porphyroblasts include tiny irregular inclusions
of deep-brown tourmaline 10-40 microns in size.

Mg Feg
“ferridravite”

Mg 5 Alg
dravite

FegFeg
povondraite

Fe tot

Fig. 2. Feo--Al-Mg diagram for tourmaline from Locotal Breccia

Fes Alg Als Alg
schorl olenite
buergerite

g Al

Symbols 1-4 represent samples B-1 - B-4. Due to the incorporation of Mg inte the Y-site and Z-site (see Grice ef al. 1993}, the povondraite compositi-
ons fall seemingly closer to the end-member NaMg;Fee®+(BO3)3(Si¢0,5)(0,0H)a, “ferridravite”
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Chemical composition of tourmaline

Two different dominant tourmaline types occur as crystal
crusts and also in the matrix of silicate clasts of various
compositons included as “xenoliths” in the metaevaporite
(Fig. 2). Povondraite occurs as stubby prisms and anhedral
grains in matrix of ultrapotassic, iow-Na, Ca-poor rocks,
whereas tourmaline of the schorl-dravite series (columnar
to acicular) grew in rock with K»O and NaO concentrati-
ons about 4 wt.% and CaQ about 0.3 wt.% (Table 1).
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Fig. 3. Compositional profile in povondraite porphyroblast, sample B-2

Povondraite displays significant variations controlled
by different chemical compositions of the parent-rock and
by zoning in the range of the crystal. Euhedral povondrai-
te from the sample B-2 displays pronounced growth zo-
ning characterized by a rimward increase in Al and Ti and
decreased Fe, K and K/(K + Na). However, a significant
oscillation near the rim exhibits an opposite trend (Fig. 3,
Table 2, analyses 3181-3184) which is different from that
established by Grice et al. (1993). Potassic compositions
with Xk = K/(K + Na) > 0.5 described by Grice et al.
(1993) were not found, however compositions with Xy =
0.40-0.46 are quite frequent both in the centre of the cry-
stals and near the edge (see Fig. 4). The concentrations of
individual oxides vary in the range (wt.%): Al,O3 = 2.39
(wide centres) -10.90 (narrow marginal zone), TiO, =
0.38-2.65, Na,0 = 1.45-2.29, K,0 = 1.15-1.92; the con-
centrations of Cr,0- and MnO are mostly lower than 0.1
wt.% (Fig. 2). Minor oscillatory zoning was observed in

K-rich tourmaline

B4/2 tourmaline

dravites

Na

Ca

Fig, 4. Na-Ca-K diagram for tourmalines from Locotal Breecia. K-rich
tourmaline composition from Grice et al. (1993). B4/2 tourmaline is in-
termediate povondraite-dravite from sample B-4

anhedral povondraite from the sample B-3. Generally, B-
3 povondraite is more aluminous (AlzOs = 5.15-8.78),
with variable concentrations of TiO; = 1.46-3 .48, Na,O =
1.58-2.13 and K,0 = 1.28-2.35 and traces of Cr,03 =
0.0X-0.26 (all in wt.%, see Table 2, Fig. 2).
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Fig. 5. K20-Al203 diagram for povondraite from Locotal Breccia
1 - sample B-2; 2 - sample B-3; 3 - sample B-4; 4 - K-rich tourmaline
from Grice et al. (1993)
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30 microns
R,

Fig. 6. Line-draving based on back-scattered electron image of tourma-
fine from sample B-4

Black - povondraite (TUR-1); gray - intermediate povondraite-dravite
(TUR-2); white - schorl-dravite (TUR-3)

Tourmaline from sample B-1 is schorl-dravite with
prevalence of the dravite component (Fig 2). The values of
Mg/(Mg + Fe) range from 0.63 to 0.73 considering all Fe
as FeOQwt. The tourmaline displays minor zonation with
rimward increase in TiO, (0.0-0.49) and FeO! (7.7-10),
compensated by a decrease in Al,O3 (30.1-25.9), all in
wt.%, but many oscillations appear (see Table 3). The
tourmaline contains a slightly variable concentration of
MgO = 9.2-10.4 wt.%, low CaO (0.0X-0.34 wt.%), with
negligible MnO and Cr,Os. The X-site occupancy is clo-
seto 1.

Tourmaline of similar composition was found in the
matrix of sample B-2 as rare, isolated inclusions, several
tens of microns in diameter, without any relation to asso-
ciated povondraite (Table 3). It contains a higher concent-
ration of TiOz = 1.6-1.7 wt.%, and is poorer in CaO (lower
than 0.1 wt.%) compared to the sample B-1.

Sample B-4 displays a highly unusual tourmaline as-
semblage. It contains tourmaline as a rare accessory but
three successive tourmaline populations were distinguis-
hed (Fig. 2). The dominant tourmaline is schorl dravite
(TUR-3), compositionally close to B-1 tourmaline. It inc-
ludes tiny anhedral inclusions of povodraite (10-40 mic-
rons in size) and inclusions of unusual tourmaline of in-
termediate povondraite-dravite (schorl) composition
(10-100 microns in size, Tab. 4). All three tourmalines are
well recognizable in electron backscattered image (Fig. 6).
Textural criteria indicate that the oldest tourmaline-po-
vondraite (TUR-1), is overgrown and partly replaced by
younger TUR-2 tourmaline. The povondraite is rich in
TiO2 = 0.79-3.44 wt. %, equal to 0.12-0.39 apfu, and dis-
plays increased but very variable Cr,O3 concentrations
(0.0-1.36 wt.%, equal 0.0-0.21 apfu). However, Al,Os
(2.7-2.9 wt.%) and Fe,O3'0' (38.4-40.5 wt.%) concentrati-
ons show remarkable uniformity compared to povondrai-
tes from samples B-2 and B-3. The unusual B4/2 tourma-
line (TUR-2) is intermediate Ti-bearing povondrai-
ie-(schorl)-dravite, containing 3.3-3.6 TiO; (equal to 0.46-
0.51 apfu), 0.0-0.6 Cr,0s (equal to 0.00-0.09 apfu), 14-14.8
AlLOs, 23-24 Fe,0O5™, 7.4-7.8 MgO, 2.6-2.8 NazO about
0.3 K20 and low MnO and Ca0O (0.0X-0.2), all in wt.%.

Table 2. Electron microprobe analyses of povondraite. Analyses No 3181-3184 are representative from the compositional profile of sample B-2

sample B-3 B-3 B-3 B-3 B-2 B-2 B-2 B-2 B-2
anal. N°© 3157 3159 3161 3162 3174 3181c¢ 3182 3183 3184r
Si0, 31.96 32.66 33.11 32.12 31.06 32.17 32.13 32.41 3322
TiO, 2.31 1.46 2.05 3.48 0.38 1.26 2.04 2.20 2.34
Alz05 5.71 771 7.19 5.15 2.39 2.93 4.11 6.57 10.91
Fe 05 35.60 3246 3231 36.08 42.37 40.19 38.57 35.21 29.56
MnO - - 0.11 - - - 0.09 0.10 -
MgO 6.65 7.95 7.70 6.24 6.19 7.02 6.72 6.72 6.75
CaO - - - - - 0.05 - - -
NaxO 1.64 2.13 1.66 1.58 1.55 1.48 1.61 1.82 2.02
K20 1.44 1.07 2.35 1.41 1.60 1.92 1.77 1.39 1.09
B205 cate 8.63 8.78 8.83 8.69 8.39 8.62 8.68 8.77 8.97
HaOcuate 3.18 3.24 3.26 3.21 3.10 3.18 3.20 3.24 3.31
Total 97.13 97.45 98.57 97.95 97.03 98.82 98.91 98.42 98.17
Si 6.018 6.044 6.092 6.006 6.015 6.066 6.013 6.004 6.014
Al 1.268 1.681 1.558 1.135 0.546 0.650 0.906 1.434 2328
Fe3+ 5.045 4.521 4.473 5.076 6.175 5.701 5433 4.909 4.027
Ti 0.327 0.203 0.284 0.489 0.055 0.179 0.287 0.307 0.318
Mn - - 0.017 - - - 0.014 0.016 -
Mg 1.868 2.194 2.112 1.738 1.788 1.973 1.875 1.856 1.822
Ca - - - « - 0.010 - - -

Na 0.600 0.764 0.592 0.573 0.583 0.540 0.583 0.653 0.710
K 0.347 0.253 0.551 0.336 0.396 0.461 0.424 0.329 0.251
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
o} 27.000 27.000 27.000 27.000 27.000 27.000 27.000 27.000 27.000
OH 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

0.0X < Cr203 < 0.26 wt.%
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Table 3. Electron microprobe analyses of tourmaline of schorl-dravite series. Analyses No 3205-3213 represent compositional profile from centre to rim

sample B-2 B-2 B-1 B-1 B-1 B-1 B-1 B-1 B-1 B-1
anal. Ne 3198 3202 3205¢ 3206 3207 3208 3209 3210 3211 3213
Si0» 36.46 36.63 37.35 37.11 37.20 37.32 37.58 37.19 36.78 36.37
TiO2 1.67 171 0.12 - 0.08 0.25 022 0.69 0.49 0.49
AlOs 24.58 24.49 28.15 28.16 28.49 27.72 30.17 2592 26.13 26.32
FeOy 12.18 12.10 7.98 8.00 7.69 8.89 6.21 8.68 8.25 9.717
MnO - - 0.08 - - - - - - -
MgO 7.85 793 9.37 9.38 9.39 9.24 922 10.23 10.46 9.26
Ca0O - 0.08 0.34 0.27 0.32 0.28 0.14 0.07 0.34 -
Na,O 3.05 297 291 3.07 3.03 292 3.05 3.23 3.1 3.02
K20 0.09 0.20 - - - - - - - 0.06
B20s cate 9.54 9.56 9.85 9.81 9.85 9.84 10.00 9.74 9.70 9.61
H2Ocare 3.52 3.53 3.64 3.62 3.64 3.63 3.69 3.60 3.58 3.55
Total 98.94 99.20 99.78 99.42 99.68 100.08 100.28 99.34 98.77 98.45
Si 6.212 6.225 6.161 6.146 6.134 6.163 6.103 6.201 6.161 6.148
Al 4.936 4.905 5473 5.497 5.537 5.395 5775 5.093 5.158 5.243
Ti 0.214 0.218 0.015 - 0.010 0.031 0.026 0.086 0.062 0.063
Fe2+ 1.736 1.720 1.100 1.107 1.060 1.228 0.843 1.210 1.155 1.380
Mn - - 0.011 - - - - - - -

Mg 1.994 2.010 2.303 2315 2.307 2274 2232 2.543 2.596 2334
Ca 0.000 0.015 0.060 0.048 0.056 0.050 0.025 0.013 0.060 -

Na 1.008 0.979 0.930 0.985 0.968 0.936 0.959 1.044 1.011 0.989
K 0.020 0.044 - - - - - - - 0.013
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
(¢] 27.000 27.000 27.000 27.000 27.000 27.000 27.000 27.000 27.000 27.000
OH 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Xy 0.535 0.539 0.677 0.676 0.685 0.649 0.726 0.678 0.962 0.628

0.0X < Cr203<0.17 wt.%

Table 4. Electron microprobe analyses of three successive tourmaline populations, sample B-4 (TUR 1-3, see Fig. 6)

B-4 TUR 1 TUR I TUR | TUR 1 TUR 2 TUR 2 TUR 2 TUR 3 TUR 3 TUR 3
anal. N° 3677 3671 3672 3681 3673 3674 3683 3676 3686 3687
Si0; 31.46 31.78 31.10 30.24 33.79 33.64 34.18 36.29 36.61 37.03
TiO, 0.79 115 2.60 344 3.60 332 3.56 0.22 0.17 0.51
Cr204 - 0.65 1.36 0.74 0.24 0.61 - 0.08 0.10 0.10
Al2O3 2.90 2.62 271 2.76 13.96 14.03 14.82 26.90 29.56 26.64
Fe 03 40.52 38.53 38.83 36.91 23.81 24.05 22.99 - - -
FeO - - - - - - - 8.52 9.96 8.33
MnO - 0.09 - 0.15 - - 0.19 - - -
MgO 6.36 737 5.62 5.85 7.38 7.44 177 933 6.86 97
Ca0O 0.24 - - - - - 0.07 0.10 0.16 -
Na,O 1.47 1.98 1.81 1.62 2.73 2.60 2.81 3.02 291 3.03
K20 2.12 1.55 1.65 2.06 0.31 0.31 027 0.28 - -
B203 cute 8.45 8.50 8.36 8.22 9.18 9.15 9.32 9.60 9.71 9.70
H20cale 312 3.14 3.08 3.03 3.39 3.38 3.44 3.54 3.61 3.58
Total 97.43 97.86 97.18 95.02 98.39 98.53 99.42 97.88 99.71 98.63
Si 6.046 6.077 6.047 5.978 5.982 5.971 5957 6.144 6.090 6.201
Al 0.657 0.590 0.621 0.643 2913 2.939 3.044 5.367 5.795 5.258
Fe3* 5.860 5.544 5.681 5.491 3.172 3212 3.015 - - -

Cr - 0.099 0.209 0.115 0.033 0.086 - 0.011 0.013 0.013
Ti 0.117 0.165 0.389 0.511 0.479 0.443 0.467 0.028 0.021 0.064
Fe?+ - - - - - - - 1.206 1.386 1.167
Mn - 0.015 - 0.025 - - 0.028 - - -

Mg 1.822 2,243 1.629 1.724 1.948 1.969 2.019 2.355 1.701 2.424
Ca 0.050 - - - - - 0.013 0.018 0.029 -

Na 0.548 0.734 0.682 0.621 0.937 0.895 0.950 0.992 0.939 0.984
K 0.520 0.378 0.409 0.520 0.070 0.070 0.060 0.060 - -

B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
(6] 27.000 27.000 27.000 27.000 27.000 27.000 27.000 27.000 27.000 27.000
OH 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Xy 0.661 0.551 0.675
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Discussion

This paper presents new compositional data on an unusu-
al tourmaline assemblage including povondraite (22 ana-
lyses, Figs. 2-5, Tables 2, 4), intermediate Ti-bearing po-
vondraite-dravite (5 analyses, Fig. 2, Table 4) and
schorl-dravite (20 analyses, Fig. 2, Tables 3, 4), along with
compositional data on mica close to phlogopite (Fig. 1)
and aegirine (in the text). Four samples with tourmalines
(povendraite and schorl-dravite) occurring as “xenoliths”
in metaevaporite are characterized by bulk chemistry
(Table 1}.

Povondraite occurs in ultrapotassic Na-low, Ca-poor
rocks (Si0; = 48-50 wt. %, Ko0O = 10-12 wit.%, Nax0 =
0.4-0.7 wt.%, Ca0O = 0.0X-0.13 wt.%), whereas tourmali-
ne of the schorl-dravite series grew in rock with 5105 con-
centration about 42 wt. %, K>O and Na,O concentrations
about 4 wt.% and the CaO concentration about 0.3 wt.%
(Table 1). Although the chemical composition and mineral
assemblage of “xenoliths™ are probably influenced by me-
tasomatism, high concentrations of alkalis and the presen-
ce of relic aegirine indicate that these rocks originally re-
presented highly alkaline volcanites close to phonolite.

No simple equation modelling the formation of tour-
maline can be put together but the textural criteria indica-
te, that tourmalines studied grew predominantly at the ex-
pense of mica compositionally close to phlogopite, and in
some cases also aegirine (sample B-1). Boron was evi-
dently supplied by fluid from evaporite. The main factor
favouring growth of either povondraite or tourmaline of
schorl-dravite series seems to be bulk composition, main-
ly the concentration of alkalis and CaO, while the presen-
ce and concentrations of other major oxides played only a
minor role (see Table 1). One of the rocks with povondra-
ite studied (B-3) is rich in accessory hematite and pyrite
but other rocks (including those with schorl-dravite) con-
tain only pyrite.

All povondraite analyses are characterized by a very
low CaO concentration (mostly bellow the detection li-
mit) and a stable concentration of MgO ranging from 6 to
8 wt.%. The K/(K + Na) values vary between 0.25-0.48,
the X-site occupancy is close to 1 (Fig. 4). Significant ne-
gative correlation between K,O and AlO; (Fig. 5),
shows that the compositions with lowermost Al.Os, nea-
rest to the ideal formula of povondraite,
NaFes3*Fes  (BO3)a (SiCis) (O,0H)4, contain the hig-
hest K>O concentration (corresponding up to 48 % K in
X-site) and tend therefore towards a potential new tour-
maline species “K-povondraite” (see also Grice et al.
1993). The povondraites newly analysed are also signifi-
cantly richer in TiO; (0.38-3.48 wt.% equal to Ti = 0.06-
0.45 apfu), in contrast to Ti-poor povondraite compositi-
ons (with TiO; < 0.1 wt.%) given both by Walenta - Dunn
(1979) and Grice et al. (1993). The highest TiO; and KO
concentrations recorded (3.48 and 2.35 wt.%, respective-
ly) represent the upper concentration levels of these oxi-
des in tourmaline (Henry - Dutrow 1996), with one ex-

ception of TiO2 concentration up to 4.07 wt.%
(Lottermoser - Plimer 1987). Successive crystallization
of three populations of tourmaline (sample B-4) with de-
crease Fey and Fe3* reflects probably the changes in flu-
id composition and mainly a decreasing of oxygen activi-
ty during crystallization (Table 4, Fig. 6).

From geological viewpoint, the probable sequence of
events is as follows: A dieply buried saltdome (Cambrian
or Upper Proterozoic) was intruded by dikes of highly al-
kaline rock(s), probably close to phonolite and affected by
volcanite-derived fluids. Brittle deformation of the dikes
started by diapiric movement of the salt. Evaporite-derived
boron and other elements in the fluids reacted with the bre-
cciating volcanites to form the povondraite, schorl-dravite,
and other minerals. Evidence that reaction continued du-
ring successive stages of brecciation is provided by the fact
that different faces of single angular volcanite clast often
show tourmaline crusts of varying crystal size and type.
Complex brecciation occurs in the caprock over a long pe-
riod of constant diapiric uplift. After the Andean orogeny,
uplift and erosion exposed the caprock on the surface in a
tropical rainforest, where halite was leached and anhydrite
was converted to gypsum. Present leaching of halite and
gypsum coniinues at ambient temperature, further concent-
rating the carbonates and silicates in eluvia.

Few occurrences of tourmalines in metaevaporite
rocks are reported in the literature. In general, the tour-
maline associated with anhydrite and halite is dravite, but
little is currently known of their exact composition {(see
Henry - Dutrow 1996, Popov - Sadykhov 1962). A some-
what similar assemblage as in Alto Chapere was descri-
bed by Cabella et al. (1987) from lower Permian
Brianconnais sequence, Maritime Alps. Danburite mine-
ralization with tourmaline in dolomitic beds in metapeli-
tes of probably lacustrine environment likely originated
during diagenesis of evaporitic sediments and later recry-
stallized during Alpine metamorphism (probably favou-
red by volcanic activity). The danburite-bearing beds re-
ach a thickness of several decimetres to about 5 metres,
passing continuously into pelitic beds composed of fine-
grained black dravite, graphite, quartz and minor phlogo-
pite. Tourmaline contains 27-30 wt.% Al,Os, 6.4-11 wt.%
MgO, 3.5-7.7 wt.% FeO' and up to 0.40 wt.% K20. At
higher metamorphic grades, tourmaline takes on the unu-
sual bulk composition of the original evaporite (Henry -
Dutrow 1996). For example, a Mn-rich metaevaporite
contains manganian dravite (Ayusc - Brown 1984). The
high-pressure dravite-bearing Mg-rich schist from the
Dora Maira Massif, western Alps, is considered to have
originated as siliceous mudstone in an evaporitic envi-
ronment (Schreyer 1977).
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Chemismus a pivod hornin s povondraitem z Alto Chapare, Cochabamba, Bolivie

Povondrait a skoryl-dravit se vyskytuji v metaevaporitu zvaném Locotal Breccia, patrné kambrického stafi, v Alto Chapare, provincie Cochabamba v
centrilnich bolivijskych Andach. Turmalin spoleéné s fadou silikdtovych minerdl vzniki pravd@podobné jako reakéni krusty mezi Zilnymi infruzemt
alkalickych hornin a bérem bohatym evaporitem. Rozhodujici roli pfi vzniku uritého typu turmalinu mélo chemické sloZeni protolitu (hlavné rizné
koncentrace alkalif) a lokdini aktivita kysliku. Pom&m& malé rozdily jsou v koncentracich Si0- (42-50 hm. %) a Al,04 (12,2-15,5 hm. %), vSechny hor-
niny jsou relativné bohaté TiO» (0,85-3,00 hm. %) a chudé CaO (0,0X-0,34 hm.%). Horniny bohaté povondraitem vykazuji extrémné vysoké koncent-
race K20 (10-12 hm. %), malo NaxO (0,4-0,7 hm.%) a jsou velmi chudé CaO (0,0X-0,13 hm.%). Naproti tomu horniny s turmalinem skoryl-dravito-
vého typu jsou ponékod bohat3i CaO (0,34 hm.%) a koncentrace NaxO a KO se pohybuji kolem 4 hm.%. Koncentrace MgO (2,6-9,0 wt.%) a FeQtot
{5,4-13,0 wt.%) siln€ kolisaji u vech studovanych vzorkd bez zjevné zivislosti na daném typu turmalinu.

Krystaly povondraitu vykazuji jak kontinudlni, tak oscilatni zondlnost a chemickou variabilitu kolisajici v rozmezi (hm.%): Fe O30t = 29,5-42.4,
AlzO3 = 2,39-10,90, TiO, = 0,38-3,48, Na,O = 1,45-2,29, K;0 = 1,15-2,35, a silné kolisajici CroO3 (0,0-1,36). Zjistena chemicka sloZeni povondrai-
tu se dosti vyrazné lifi od idedlniho vzorce NaFes *Fes +(BO3)a(Sis018) (0O,0H)a zejména stabilaf piitomnosti MgO v rozmezi 6-8 hm.% a pfitom-
nosti drastiku v pozici X odpovidajici 25-48 at.%. Povondrait s koncentraci TiOz nad 2,1 hm.% (>10 % v pozici Y) odpovida podie Henry - Dutrow
(1996) Ti-povondraitu (Ti-bearing povondraite). Nejvy35i analyzované koncentrace TiO; a K20 (3,48 a 2,35 hm. %) pfedstavuji vrchni koncentralni fi-
mity t&chto oxidd zjisténé v turmalinu. Postupna krystalizace povondraitu (1), stfedniho povondraitu-dravitu (2) a dravitu-skorylu sv&d¢t pro pokles
aktivity kysliku béhem krystalizace turmalinu.



