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Tourmalines of the povondraite — (oxy)dravite series
from the cap rock of meta-evaporite in Alto Chapare,
Cochabamba, Bolivia

Turmaliny fady povondrait — (oxy)dravit ze sidrovcového klobouku
metaevaporitu v Alto Chapare, provincie Cochabamba, Bolivie
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An almost continuous series of Al-deficient ferrian tourmalines, corresponding mainly to povondraite — “oxy-dravite” — dravite solid
solutions, was found at the type locality of povondraite (Alto Chapare, Cochabamba Department, Bolivia). These tourmalines form
a component of crystalline crusts overgrowing silicate “xenoliths” or loose crystals enclosed in the meta-evaporite cap rock. Tourmaline
crystals have highly variable morphology, correlated with chemical composition from acicular through prismatic to stubby. Some crystals
are discontinuously zoned with Al-enriched cores. Tourmalines are typically sodic with very low Ca and low X-site vacancy. On the other
hand, Fe-rich, Al-poor tourmalines have elevated K content (up to 0.6 apfi) in a trend toward a new tourmaline species. All tourmalines
are magnesian (Mg = 1.32--2.67 apfu) and display extreme compositional range. The most prominent substitution of Fe (0.31-7.58 apfu)
for Al (0.03-5.81 apfu) is represented by the exchange vector Fe*(Al) . Fe-rich members form a transitions between povondraite [NaFe *
(Mg, Fe,*) 8i,0,, (BO,), (OH), O] and hypothetical tourmaline [NaFe > (Mg, Fe,*) 8i,0,, (BO,), ((OH), 0)O]. In accordance with this
substitution mechanism, the OH_,_ranging from 1.78-3.52 pfu is positively correlated with Mg and inversely proportional to the sum of
R* (= Al + Fe*). Incorporation of Ti** in tourmaline solid solution is coupled with a decrease of OH and an increase of O. The highly
variable Ti (0.0-0.56 apfit) negatively correlates with the sum of R*. However, there also is an excellent negative correlation (R = 0.99)
among R* and Mg+Ti. This is consistent with exchange vectors R*O (Mg OH)_, and TiIOR™_(OH)_,. Such substitutions suggest a new
possible Ti-bearing tourmaline Na(Ti 1R3’2)(Mg,lR”‘)Si60“ (BO), ((OH),0)0. The povondraite ~ (oxy)dravite solid solutions are known in
meta-evaporite tourmalines but only the tourmalines from the Bolivian Alto Chapare attained such an extensive compositional range.
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Introduction

Tourmalines occur with many associated minerals in I
a highly unusual rock called the Locotal Breccia, '\‘_'@'C()bﬂo
a brecciated metamorphosed evaporite cap rock (Petrov \
et al. 1997, Zigek et al. 1998). The Locotal Breccia 3 .~
outcrops sporadically within a roughly 50 km?area of )
deeply dissected rain-forest topography in the Alto
Chapare region, Cochabamba Department, Bolivia, in & i
steep eastern foothills of the Andes at an altitude between : © Tinidad H
400 to 2000 metres (Fig. 1). The Locotal Breccia is S N
composed mainly of dolomite, magnesite, gypsum, %cgm POZB O L l V I A i
anhydrite, K-feldspar, smectites and minor danburite, /5 B l
boracite, hematite, pyrite and rutile. It encloses angular E N,
\ © ©® santa Cruz
cm- to dm- sized clasts or “xenoliths” of various silicate- " (6) Cochabamba
rich rocks which mostly represent highly alkaline rocks, i e ®suce i
probably volcanics. Tourmalines form crystal crusts K © rotos — ;
overgrowing the clasts (Fig. 2) or they occur as loose
crystals enclosed directly in the cap rock minerals.
Besides tourmaline, the clasts are overgrown by crystals \
of microcline, less frequently of magnesioriebeckite, '1
aegirine, magnesite, ankerite, hematite, and pyrite. The | r -, J
samples occurring as loose chips on the surface in tropical —
rainforest represent poorly soluble metaevaporite fraction
accumulated in the cap rock (Franz et al. 1979, Petrov Fig. 1. Location of the povondraite locality in Alto Chapare (solid
1994, Zacek et al. 1998). square).
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Fig. 2. Angular clast (10x8x7 cm) overgrown by tourmaline crystals
#1).

Povondraite, a new member of the tourmaline group,
has an interesting history. The first specimen was collect-
ed in the San Francisco mine by Dr. W. Wetzenstein dur-
ing his study of magnesite deposits in Chapare (Franz
et al. 1979). The specimen was studied by Walenta —
Dunn (1977) and they described it as a new tourmaline
ferridravite. A new crystallographic study of Grice et al.
(1993) showed that it is in fact a Fe** analog of buerger-
ite, with the composition of Na Fe **Fe * Si0,, (BO,),
(O,0H),. Therefore a new name “povondraite” was pro-
posed after the Czech mineralogist and well-known tour-
maline specialist Dr. P. Povondra. New study of Haw-
thorne — Henry (1999) shows that Mg participates in the
formula and in accordance with the requirement of elec-
troneutrality, the ideal end-member formula of ordered
povondraite may be written as:

Na Fe *(Mg, Fe *)Si O, (BO,), (OH), O.

This formula is in agreement with our new composi-
tional data. The present paper contributes compositional
data on a unique tourmaline assemblage from an ancient
meta-evaporite cap rock at the type locality of povond-
raite in Alto Chapare, Cochabamba Department, Bolivia.
Substitution mechanism in the povondraite — (oxy)dravite
series is described, as well as the roles of K and Ti.

Samples and methods

The samples examinated were collected at the type lo-
cality of povondraite (Alto Chapare, Cochabamba De-
partment, Bolivia) by A. P. and J. H. mainly during the
last decade. Textural relations of tourmalines and asso-
ciated minerals and their optical properties were studied
in thin sections (samples B—1 — B—4, for details see Zagek

et al. 1998) and in polished sections. Because tourma-
line specimens are found as isolated clusters grown in the
cap rock breccia or as loose specimen in eluvia, each of
them represents a unique specimen more or less differ-
ing from another (see Appendix). This is reflected in
highly variable chemistry: among the samples studied,
there are hardly two samples with the same chemical
composition. The most common clasts are fine-grained
to medium-grained, composed of microcline and minor
phlogopite; bluish clasts contain in addition magnesiorie-
beckite. Tourmaline intensively replaces some clasts, with
the abundance of tourmaline increasing toward the clast
rim; even cm-thick marginal zones of such clasts can be
nearly completely replaced by massive tourmaline. Crys-
tal crusts covering light-colored sandstone-like clasts are
mostly sharply bound. Two samples with tourmaline en-
closed as individual crystals in dolomite and danburite
were also studied. Tourmaline crystals display variable
morphology, which correlates with their chemical com-
position, from acicular (dravitic, Fe-poor) via prismatic
(aluminous — ferrian) to stubby (aluminous povondraite
to povondraite) forms (see Appendix).

Chemical compositions were analysed by EMPA
(Czech Geological Survey, supervised by I. Vavfin), us-
ing an electron microprobe and CamScan 4-90DV
equipped with Link-eXL-Oxford Instruments (EDX). The
analyses using the energy-dispersive system Link-eXL
were preferred for the following reasons. The X-ray sig-
nals of all analyzed elements are counted at the same time
and so analytical results are affected by the same drift er-
ror. Thus, the possible drift error does not affect the ratio
of analyzed elements. Also an optimum beam current for
EDS is several times lower than that used for wavelength-
dispersive methods; consequently, lower analytical errors
in Na and K values were found because of reduced vola-
tilization of these elements. Accelerating voltage of 15 kV,
beam current 3 nA, and counting time 80 seconds were
used. Natural minerals were used as standards for Si
(quartz), Al (corundum), Ca (wollastonite), Ti (rutile),
K (adularia; orthoclase — MAC registered standard
No. 2726), Na (albite — MAC registered standard
No. 2726), and synthetic olivines for Mg, Fe, and Mn (for-
sterite, fayalite, and tephroite). Measured concentrations
were corrected by the ZAF model, assuming the presence
of boron and absence of fluorine. Tourmaline formulae
were normalized to 15 7+Z+Y cations (exclusive Na, K and
Ca in X, i. e. assuming no vacancies in tetrahedral and
octahedral sites and insignificant Li contents (see Henry
— Dutrow 1996). Based on substitution trends in tourma-
line and a highly oxidized parent assemblage (see below),
all Fe is assumed to be trivalent. Consequently, calcula-
tion of OH is based on charge balance constraints. We
have not attempted to assign the cations to the specific
Z and Y sites in any ordered fashion, as the distribution
of Al, Fe and Mg into the two sites is impossible with-
out a single-crystal structure refinement (Grice et al.
1993). The analytical results are summarized in Fig-
ures 4-8 and Tables 1-4.
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Substitution mechanism

Alto Chapare tourmaline crystals typically show a dis-
continuous two-stage growth with more aluminous cores
(Fig. 3). Tourmalines also exhibit extreme composition-
al variations involving dominantly Fe and Al but also Mg,
Ti, Na, and K. The tourmalines belong to alkali group
of tourmalines, having low Ca content and negligible to
zero X-site vacancy. Also the Li, F, Mn, Cr, and V are
very low (Walenta — Dunn 1974, Grice et al. 1993, Z4&ek
et al. 1998). As shown on Fig. 4a, the compositional vari-
ability is principally controlled by solid solution among
three end-member compositions: povondraite (ordered),
“oxy-dravite” and dravite (with formulae of ordered po-
vondraite and hypothetical tourmaline “oxy-dravite” re-
cently proposed by Hawthorne — Henry 1999):
povondraite: Na Fe (Mg,Fe*) §iO,, (BO,), (OH),0
“oxy-dravite”: Na (MgAl)) (MgAl) SiO,, (BO,), (OH),0
dravite: Na Mg, AL  Si0, (BO), (OH),(OH)

Assuming stoichiometric B=3, there are two unknown
quantities in our tourmalines: OH and Fe3*. As a first ap-
proximation we consider all iron to be trivalent. This as-
sumption is supported by the following facts: 1. The tour-
maline assemblage includes ferric minerals as aegirine,
hematite and magnesioriebeckite; 2. The highly variable
Al is dominantly substituted by Fe, (FeAl ; exchange
vector). A linear least-squares fit of the Al (total) plot-
ted versus Fe (total) yielded a regression of Fe = —-1.12
* Al + 7.21 [R=0.977], (Fig. 5); 3. Cap rock and meta-
evaporite tourmalines reported in the literature are prin-
cipally all ferrian (Henry et al. 1999).

The assumption that all iron is trivalent permits quan-
titative estimates of OH using charge-balance constraints
(Tables 2—4). The calculated OH is highly variable in the
range from 1.78 to 3.52 OH pfu. Mg is variable over
a comparable range, and it varies from 1.32 to 2.67 pfu,
exhibiting negative correlation with Y R* (= AI** + Fe*),
Fig. 6a. This correlation implies the deprotonation sub-
stitution:

Mg* + (OH)'- = R* + O (i. e., the R*O(Mg OH) |
exchange vector) elegantly documented by Henry et al.
(1999) for authigenic cap rock tourmalines from Chal-
lenger Knox. In fact, this substitution (assuming Fe-free
end-members) represents an exchange vector between
dravite (Mg = 3 apfu, Mg/Al = 0.5, OH = 4) and “oxy-
dravite” (Mg = 2 apfu, Mg/Al = 0.286, OH = 3). A lin-
ear least-square fit of Mg vs. OH (Fig. 6b) yields a re-
gression OH = 1.01 * Mg + 0.78 [R=0.780]; similarly
the fit of R¥* vs. Mg yielded R* = —0.80 * Mg + 7.42
[R=0.781]. As apparent from Fig. 6a, b and from the
above equations, the correlation is not as excellent as that
of Henry et al. (1999). This is because the Alto Chapare
tourmalines also contain highly variable but mostly sig-
nificant amounts of Ti, varying from 0.0 to 0.56 apfu
(equal a maximum of 4 wt. % TiO,). The highest Ti con-
centrations recorded here match the uppermost concen-

Cal
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Fig. 3. Line-drawings based on BSE (back-scattered electron) images.
A. Sample 3, large cores of aluminous tourmaline (3a, dark grey) are
overgrown with thin povondraite rim (black). Associated minerals are
dolomite and calcite.

B. Sample 14, aluminous povondraite (black) replaces older ferrian
“oxy-dravite” (14a, grey)

Scale bar represents 100 microns. The cavities are white.

trations very rarely attained in tourmaline (see Henry —
Dutrow 1997). A linear least-square fit of R* = Al+Fe®*
plotted versus Mg+Ti yields a regression equation of
Mg+Ti = -0.94 * R* + 8.65 [R=0.990]. Also, correla-
tion of Mg vs. OH+Ti yields OH+Ti = 0.93 * Mg + 1.13
[R=0.944] (Fig. 6¢c, d). These equations are not consis-
tent with the common Ti substitution mechanism: Mg?*
+ Ti* = 2R* (Henry — Dutrow 1997) and indicate a dif-
ferent mechanism for incorporation of Ti. Its nature is
apparent if Ti is plotted versus R* (Fig. 7), although the
nearly linear fit is disturbed by a relatively large error in
the OH estimates. This correlation implies the following
substitution:

YR* + OH'~ = YTi* + O* (exchange vector TIOR*
(OH) ).

The proposed exchange vector implies coupling of Ti*
incorporation with a decrease of OH and a proportional
increase of O. This explains an excellent linear fit of Mg
if plotted versus OH+Ti (Fig. 6¢). This substitution trends
to a potential new Ti-rich tourmaline:

Na(TiR*,)(Mg,R* )Si,0,, (BO,), ((OH),0)0.
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Fig. 4A. Al - Fe** ' — Mg diagram for Alto
* 4 ite” Chapare tourmalines. The dashed lines rep-
B resent the schorl (buergerite) — dravite, po-
V5  Schol, @oeoees . vondraite — “oxydravite” and povondraite —
dravite joins. Shaded area corresponds to
06 tourmaline compositions from Challenger

Sadic group

Potassic group

Knox (Henry et al. 1999). 1. Povondraite
to highly aluminous povondraite, K-rich,
mostly Ti-rich; 2. Povondraite, low-Al,
low-K, Ti-poor; 3. Intermediate povondraite
— “oxy-dravite” — dravite tourmaline, most-
ly Ti-rich; 4. Ferrian “oxy-dravite”; 5. Fer-
rian tourmaline of dravite —“oxy-dravite”
solid solution; 6. Dravite. For additional
characterization of tourmaline groups 1-6
see Table 1 and the Appendix.

Fig. 4B. Na - Ca - K diagram for Alto Cha-

Calcic group

pare tourmalines. Vacancy is low, up to
0.11 apfu, generally increasing with Ca. Va-
cancies are largely absent if K>0.1 apfu.

Povondraite

Fe (total)

Povondraite (ordered)

Although several tourmaline compositions with
Ti>0.5 apfu correspond to this potential tourmaline spe-
cies, more detailed chemical and structural study is nec-
essary to characterize it as a new mineral.

Considering dravite, “oxy-dravite” and “ordered” po-
vondraite as end-member compositions and assuming no
Fe?*, all our data should plot among the three, with Mg
from 2 to 3 apfu. However, many compositions show Mg
from = 1.5 to = 2 apfu (Fig. 6a—d). There are two possi-
ble substitution mechanism. Assuming all iron to be only
trivalent this correlation is consistent with exchange vec-
tor R*O(Mg OH) , and results in a hypothetical tourma-
line composition NaFe,** (Mg, Fe**) Si O, (BO,),
(OH),0, and potentially also a Mg-free povondraite with
the end-member formula of Grice et al. (1993),
Na Fe,** Fe** i 0, (BO,),0,0H. In reality, povondraite
(and most probably also additional Alto Chapare ferrian
and ferric tourmalines) can contain some minor Fe?* (Grice
et al. 1993). The amount of Fe?* should be consistent with
the increase in OH_ . This implies a shift of data from the
least square fit line toward dravite (if Mg in the diagrams
is replaced by the sum of R* = Mg+Fe?"). The quantifi-
cation of both substitution mechanism is impossible, of
course without quantitative analytical data on Fe?.

The X-site is principally occupied by Na. Calcium and
X-site vacancy attain 0.08 and 0.11 apfu, respectively; they
increase with increasing Al whereas highly ferrian and
ferric tourmalines are mostly Ca-free with no vacancy at
the X-site (Fig. 4b). The values of K/(Na+K) range from
0 to 0.60, and they increase with increasing Fe** (exchange
vector KNa_ ). Two compositions with K/(Na+K)>0.5 cor-
respond to a potential new tourmaline species:

M Two compositions correspond to a new po-
g tential K-dominant tourmaline species.

K Fe,**(Mg,Fe *)8i O, (BO,), (OH), O,
but no portions of K-dominant tourmaline larger than
several tens of microns were observed (Fig. 8, Tab. 2).
Similarly, Grice et al. (1993) reported 1 composition of
K-dominant tourmaline which formed a rim of one of
their samples, 10 microns thin.

The composition of Alto Chapare tourmalines

Chemical composition of Alto Chapare tourmalines is
highly variable: Fe* * = 0.31-7.58 apfu, Al** = 0.03-
5.81 apfu, Mg = 1.32-2.67 apfu, Ti = 0.0-0.56 apfu,
K =0.0-0.60 apfu, OH_, = 1.78~3.52 apfu. X-ray pow-
der diffraction data display variations consistent with an
extreme compositional range; unit-cell dimensions of our
povondraite samples are consistent with those described
by Grice et al. (1993) for type povondraite (Zagek et al.,
in preparation).

Based on chemical composition, substitution trends
and mode of occurrence, our tourmalines were classified
into 6 groups (A-F). The ranges of atomic proportions
for all tourmaline groups are summarized in Table 1, see
also Figs 4-8.

A. Povondraite to highly aluminous povondraite,
K-rich, mostly Ti-rich

Povondraite Al-poor, K-poor, Ti-poor
Intermediate povondraite — “oxy-dravite” — dravite
tourmaline, mostly Ti-rich

Ferrian “oxy-dravite”

Ferrian tourmaline of dravite — “oxy-dravite” solid
solution

Dravite

nw

mo

e
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Povondraite
(ordered)

Fig. 5. Relationship of
Al* versus Fe™ for Alto
Chapare tourmalines.
A linear least-squares fit
of the Al (total) plotted
versus Fe (total) yielded
the regression Fe= —-1.12
* Al + 7.21 [R=0.977]. T
The dashed line repre-
sents the regression line
of the Challenger Knox

Fe (total)

cap-rock tourmaline
(Henry et al. 1999). For
explanation of symbols
see Fig. 4.

A. Povondraite to highly aluminous povondraite,
K-rich, mostly Ti-rich

This group comprises the most abundant Chapare “pov-
ondraites” (samples 1, 3, 5, 14, 20, B2, B3). The compo-
sitions of type “ferridravite” (Walenta — Dunn 1974) and
povondraite (Grice — Ercit 1993) also belong to this group.
Tourmaline occurs as crystals, veinlets or massive impreg-
nations. It is associated with crystals of microcline, aegir-
ine and magnesioriebeckite as crystal crusts overgrowing
and locally intensively replacing the highly potassic sili-
cate clasts composed predominantly of potassium feldspar
with minor phlogopite (see Petrov et al. 1997, Zaek et al.
1998), The tourmaline crystals are black, short prismatic
to stubby up to about 0.5 cm (largely 1-3 mm) in size, and
they commonly form complicated mutual intergrowths.
The crystals usually have sharply bound cores of ferrian
“oxy-dravite” (see group D). The A — group tourmaline
corresponds principally to the povondraite — “oxy-drav-
ite” solid solution with widely variable amounts of Fe
(from 3.24 to 7.40 apfu) and Al (from 0.14 to 3.61 apfu),
elevated K positively correlated with Fe and strongly vari-

Al (total)

able Ti (mainly from 0.3 to 0.45 apfic), see Table 2. Pro-
nounced continuous and locally oscillatory zoning in terms
of Al, Fe, K, and Ti is reported by Grice et al. (1993) and
Za&ek et al. (1998), but the character of the zoning is high-
ly variable. Two compositions in one sample (#3) with
K/(Na+K) >0.5 (0.54 and 0.60) correspond to a potential
new K-dominant tourmaline species (Fig. 8, Table 2) but
the mean composition of this sample has K/(Na+K) = 0.44.

B. Povondraite low-Al, low K-poor, Ti-poor

Tourmaline of this type is rare and was identified in
only two samples (# 15, 22). It occurs in crystal crusts
typically associated with hematite crystals. The crystals
are small, up to 1 mm long, black and stubby (#15).
Sample 22 contains a large core of intermediate po-
vondraite — “oxy-dravite” tourmaline, and povondraite
forms only a thin rim. Prismatic shape of the crystals
and deep-brown color correspond to the characteristics
of the dominant aluminous tourmaline. The povondraite
rim #22 and the crystals #15 have extremely low
Al amounts (0.03-0.38 apfu) and consequently high

Table 1. Compositional ranges of atomic proportions in 6 principal tourmaline groups for tourmalines from Alto Chapare. Atomic contents

normalized to the sum of T+Z+Y cations = 15.

group| tourmaline sample Fe+ Al Mg Ti K Ca OH,_,.
A. | K-rich (Al) povondraite B2, B3, 1, 3, 5, 14, 20 3.24-7.40 | 0.14-3.61 | 1.49-2.26 | 0.01-0.56| 0.12-0.60* | 0 1.78-2.84
B. | Povondraite 15, 22 6.75-7.58 10.03-0.38 | 1.32-1.84| 0.0-0.04| 0.13-0.22* | 0 2.31-2.74
C. |Intermediate Al-Fe* tur B4/2, 3a, 6, 18, 24, 25 [3.25-4.88 [ 2.10-3.99 | 1.64-2.12 [ 0.10-0.50| 0.03-0.08 }0.0-0.02 | 2.35-3.00
D. | Fe-“oxydravite” la, 6a, 14a, 22a 1.97-2.47 | 4.56-5.38 | 1.43-1.92 | 0.02-0.21] 0.0-0.03 |0.0-0.08 | 2.53-2.99
E. |Dravite — ferrian “oxy-tur” | B1, B4/3, 1, 7, 26 0.89-2.84 | 3.68-5.81 | 2.20-2.58 | 0.0-0.34| 0.0-0.06 |[0.0-0.06| 3.01-3.52
F. |Dravite 4 0.31 5.78 2.67 0.17 0.01 0 3.49

* K/(Na+K)
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Fig. 6. (A) Mg vs. OH calculated, (B) Mg vs. R* (= AI** + Fe*), (C) Mg vs. OH+Ti, and (D) R* vs. Mg + Ti for Alto Chapare tourmalines (for
explanation of symbols see Fig. 4).
The stippled line follows the exchange vector R* O* (Mg OH) . Solid lines represent a linear least-squares fit of the data. A linear least-
square fit of R** = Al+Fe* plotted versus Mg+Ti yields the regression: Mg+Ti = —0.94 * R* + 8.65 [R=0.990]. Similarly, the Mg vs. OH+Ti
yields OH+Ti = 0.93 * Mg + 1.13 [R=0.944]. ]. These equations are not consistent with common mechanism of Ti substitution: Mg* + Ti* = 2R*
and they indicate a different mechanism for Ti incorporation: YR* + (OH)"" = YTi* + O* (exchange vector TiOR*_ (OH)_,). From this equation
results that Ti amount is equal to the oxygen amount. This explains an excellent linear fit in Fig. 6 C.

Assuming all iron to be trivalent, this correlation is consistent with the exchange vector R*O(Mg OH)_, and results in a hypothetical tourma-
line composition [NaFe, ** (Mg, Fe, *) Si,O,, (BO,), (OH),0,] (plotted as non-labeled dot) and potentially also in the Mg-free end-member
povondraite formula of Grice et al. (1993).

Al + Fe (apfu)

Fig. 7. Ti vs. sum of AI"* + Fe'. A rough negative
linear correlation of Ti and R* implies the substi-
tution YR* + (OH)!- = YTi* + O% (exchange vec-
tor TIOR*_(OH) ). This substitution points to
anew possible Ti-rich tourmaline: Na(TiR*,)
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(Mg,R*)Si 0, (BO,), ((OH),0) O. Several tour-
maline compositions with Ti>0.5 apfu correspond
to this potential tourmaline species. For explana-
tion of symbols see Fig. 4.
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Fe (6.75-7.58 apfu), relatively low K (0.13-0.22 apfu),
and Ti largely below the detection limit. Because of the
low Al, K, and Ti, this tourmaline is closest to the ide-
al end-member povondraite (Table 2).

C. Intermediate povondraite — “oxy-dravite” — dravite
tourmaline, mostly Ti-rich

Mainly black, crystalline crusts,
rarely, black, prismatic crystals, fre-

E. Ferrian tourmaline of dravite — “oxydravite” solid
solution

Tourmaline forms brown needles included as individual
crystals in danburite or magnesite, or it forms long-pris-
matic crystals overgrowing and replacing some silicate

Table 2. Representative tourmaline compositions in groups A and B.

il iated with s group A A A A A A B B B B
quently associated wilh aeglrine | . mple 5 20 1 14 B2 315 15 22 22
and magnesioriebeckite. The clasts  ~G5=—T35375 3575 31.00 31.45 3085 2866 3001 3090 3049 3035
are commonly bluish, containing | o, 222 224 320 273 182 009 000 000 024 0.00
K-feldspar, albite and fine magne- ALO, | 1690 1258 877 754 599 055 057 115 067 P0.14
sioriebeckite but they were not stud- | Fe,05 | 23.76 30.69 33.90 37.64 37.60 47.34 50.68 47.77 4844 494
ied in detail. Compositionally. the MnO 0.00 000 000 014 000 000 000 0.00 000 0.00

R : P }_,’ MgO 6.88 6.35 5.62 5.65 6.38 4.81 4.43 6.03 547 544
tourmalines represent K-poor inter- Ca0 000 000 000 000 000 000 000 000 000 0.00
mediate povondraite - “oxy—drav- Na,0 240 217 1.89 1.87 1.43 1.06 2.27 2.15 224 230
ite” — dravite solid solutions. Their | X0 048 0.89 098 138 1.84 4239 0.62 079 059 0.53
compositions are bizzare with wide- Total 8579 87.67 8545 88.39 8591 8491 88.58 88.79 88.15 88.16
ly varying amounts of Mg (from Atomic contents normalized to the sum of T + Z + Y cations = 15
1.64 to 2.12 pfu), calculated OH  |s; 6.000 6.004 6.001 5952 6.004 5956 5.968 6.005 6.011 6.006
(from 2.35 to 3.0 pfu) and Ti, (from Ti 0.302 0309 0465 0.388 0266 0.014 0.000 0.000 0.036 0.000
0.10 to 0.50 pfu) Table 3. The spe- Al 3.605 2.718 1994 1.681 1.373 0.135 0.134 0.263 0.157 0.032

ifi £i d, idual t li Fe* 3.236 4.234 4923 5361 5506 7.403 7.584 6985 7.188 7.357
cilic name ol indlvidual tourmaline |y, 0.000 0.000 0.000 0.022 0.00 0.000 0.000 0.00 0.000 0.000
compositions would vary, depend— Mg 1.856 1.736 1.617 1.595 1.851 1491 1.315 1746 1.609 1.604
ing on allocation of Al, Fe and Mg total 15.000 15.000 15.000 15.000 15.000 15.000 15.000 15.000 15.000 15.000
(and Ti) into the Z and Y sites Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

hich is i ibl ithout singl ’ Na 0.842 0.771 0.707 0.685 0.539 0427 0.875 0.810 0.858 0.881
which 1s impossible without single- g 0.111 0207 0241 0332 0457 0635 0.157 0.196 0.147 0.133
crystal structure refinements. X-site | 0953 0978 00948 1.018 0996 1.062 1.031 1.007 1.005 1.014

o o OH'_ | 2.600 2445 2203 2259 2.585 2459 2315 2735 2.557 2.584

D. Ferrian “oxy-dravite

* OH is calculated based on charge balance constraints
This tourmaline composes only : composition wit}l: lhighestAlfzg concentration

: _ composition with lowest Al,O, concentration

sharply bounfi cores in some crys X all iron as Fe,0,
tals of aluminous povondraite of
group A. It was found in # 1, 6, 14,
22 (core compositions are marked
as la, 6a, 14a, 22a). It represents
a K- and Ti-poor ferrian “oxy-drav-
ite” with Fe variable from 2.0 to +1 Kedomi .
2.5 pfu (Table 3). Low Mg can indi- 0.6 1 -dominant tourmaline
cate a presence of certain amount of <2
Fe?* in a schorl component (see | 3 +
Figs 4a, 6). + + +

—_ *4 4

X 044 +

+ v 4

©

z | o6 + W+
Fig. 8. Fe"/(Fe"+Al) vs. K/(Na+K) dia- 2 .N-_._.i." +4 +
gram for Chapare tourmalines. Note that +
for Fe™/(Fe*+Al) = = 1, the K_ = = 0.5 0.2 F &9
(maximum 0.6). 1. Povondraite to highly 00
aluminous povondraite, K-rich, mostly Ti- 1bravi + . 8
rich; 2. Povondraite, low-Al, low-K, Ti- ravite \YZ L3
poor; 3. Intermediate povondraite — “oxy- "Oxy-dravite V* v ‘ ”‘ Povondraite
dravite” — dravite tourmaline, mostly 0.0 T T T T Y T @
Ti-rich; 4. Ferrian “oxy-dravite”; 5. Ferri- 0.0 0.2 0.4 0.6 0.8 1.0

an tourmaline of dravite ~ “oxy-dravite”
solid solution; 6. Dravite.

Fe/(Fe+Al)
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clasts (26, 7, B1, B4/3). It contains Mg (2.20- Table 3. Representative tourmaline compositions in groups C and D.

2.58 pfu) and Ochlc (301—352 pfu) in group C C C C D D D D
amounts corresponding to the transitional com- sample 24 25 18 B4 la  14a 6a  22a
positions between dravite and “oxy-tourma- Si0, | 3273 33.14 3265 3253 3364 34.64 34.66 3508
line” (ferrian “oxydravite”), (Table 4). TiO, 133 097 198 360 100 016 158 095

ALO, 11.07 13.76 12.08 13.79 22.08 22.21 25.16 25.70
F. Dravite Fe,0X | 33.07 3141 31.62 2504 1842 18.75 1596 15.87

MnO 000 011 000 000 0.0 000 000 0.00
A unique sample (#4) represents a small clast MgO 6.64 607 6.18 737 667 741 589 6.56
of sandstone appearance covered by pale Ca0 000 000 008 0.00 014 041 000 022
brown acicular tourmaline. The clast is com- Na,0 254 268 244 268 254 238 270 2.69
posed of ﬁne-grained quartz and minor magne- K20 0.23 0.24 0.14 0.31 0.14 0.16 0.00 0.00
site and boracite. This tourmaline represents Total 87.63 88.38 87.17 8532 84.72 86.11 8594 87.06
nearly pure dravite containing only 0.31 Fe apfis, Atomic contents normalized to the sum of T + Z + ¥ cations = 15
but 2.67 Mg apfu and 2.5 OH__pfu (Table 4). Si 6.018 5999 6.017 6.000 5985 6035 6.025 5.993

Ti 0.184 0.132 0.274 0.500 0.134 0.021 0.206 0.121
Conclusions Al 2400 2.936 2.624 2997 4.631 4.562 5.155 5.175

Fe** 4576 4278 4385 3477 2466 2.458 2.088 2.040
No tourmalines have been reported in the lit- Mn 0.000 0.017 0.000 0.000 0.015 0.000 0.000 0.000
erature from evaporite and meta-evaporite de- Mg 1.821 1.637 1.699 2.027 1.770 1.924 1.527 1.670
posits which are comparable with Alto Cha- Ca 0.000 0.000 0.016 0.000 0.027 0.076 0.000 0.040
pare cap rock tourmalines in terms of Al Na 0.907 0.940 0.874 0960 0.875 0.806 0.911 0.890
deﬁciency, as well as high K and Ti (see Deer K 0.054 0.056 0.032 0.073 0.032 0.034 0.000 0.000
et al. 1999). Ferrian tourmalines from other OH*__ | 2658 2527 2471 2495 2706 2.875 2385 2.585

(non-evaporite) geological settings have
Al>3 apfu and in most cases a significant
amount of divalent iron (see Henry et al.
1999). The ranges of atomic contents for all
analyzed Alto Chapare tourmalines are:
Fe3+tt= 0.31-7.58 apfu, Al**= 0.03-5.81 apfu,

* OH is calculated based on charge balance constraints
X all iron as Fe,0,

Table 4. Representative tourmaline compositions in groups E and F

Mg = 1.32-2.67 apfu, Ti = 0.0-0.56 apfu.

K = 0.0-0.60 apfu, OH__= 1.78-3.52 apfu. group E e E E E E E F
Alto Chapare tourmalines are principally sol- sample 26 26 7_B43 B43  BL BI 4
id solutions between povondraite, “oxy-drav- $i0, 33.95 3551 3500 3558 3538 3597 3515 36.36
ite” and dravite as end-members (Figs 4a, 5). TiO, 070 075 260 079 0.7 008 049 131
The most important substitutions are consis- ALO, | 1767 2342 2029 2553 29.19 2813 2599 2932
tent with exchange vectors FeAl ., R**O Fe,0, 2136 1420 1322 1081 1150 8.87 1127 248

i, - MnO 000 000 000 000 000 000 000 0.00
(MgOH)_, TIOR* ,(OH) , and KNa ,.Tourma- MgO 901 858 928 975 685 937 925 1071
lines along the povondraite — “oxy-dravite” Ca0 015 011 008 006 0.6 032 000 000
join (see Fig. 4a) commonly have OH<3 and Na,0 278 272 270 288 286 298 297 2.8
Mg<2 (Fig. 6a—c), implying that the formula K,0 007 016 013 000 000 000 006 004
of “ordered” povondraite proposed by Henry Total 85.68 B85.46 8529 8539 86.11 8572 85.18 83.11
et al. (1999) need not to be a limiting end- Atomic contents normalized to the sum of T + Z + Y cations = 15
member (see Fig. 6a-d). This problem can be Si 6.006 6.111 6033 6.001 5978 6.005 5962 6.078
completely solved once the amount of divalent Ti 0.093 0.098 0337 0100 0022 0010 0.063 0.165
iron could be determined, and structure of Al 3683 4752 4530 5.076 5.813 5537 5.197 5.776
the sample refined. The substitution TiIOR*_| Fe* 2.843 1.839 1.715 1372 1462 1115 1439 0312
(OH) , could lead to a new possible Ti-bear- Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ing tourmaline: Na(TiR*,) (Mg,R*)Si0,, Mg 2375 2201 2385 2452 1726 2333 2340 2.669
(BO,), (OH),0)0 (Fig. 7). Rarely, K/(Na+K) Ca 0028 0020 0015 0011 0029 0.056 0.000 0.000
values attain more than 0.5 corresponding to Na 0952 0.907 0901 00942 0.937 0964 0976 0933
a potential new tourmaline species: K Fe,** K 0.016 0.036 0.028 0.000 0.000 0.000 0.013 0.009
(Mg, Fe,*)8i,0,, (BO,), (OH), O (Fig. 8). X-site 0.997 0.963 0.943 0.953 0966 1.020 0989 0.941
However, we have not observed segments of OH*_ | 3251 3.008 3.057 338 2731 3241 3326 3.486

K-dominant tourmaline larger than several tens

of microns (and neither did Grice et al. 1993). * OH is calculated based on charge balance constraints
¥ all iron as Fe,O,
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The povondraite — “oxy-dravite” tourmalines also oc-
cur in other meta-evaporite environments (e. g. Popov
and Sadykhov 1967, Cabella et al. 1987, Henry et al.
1999). Some our ferrian “oxy-dravite” — dravite solid so-
lutions (groups D, E) are compositionally very close to
the authigenic cap-rock tourmalines from Challenger
Knoll, Gulf of Mexico (Henry et al. 1999). The course
of tourmaline crystallization in Alto Chapare indicates
that Fe' increase and Al decrease for the entire system.
Discontinous zoning of tourmaline crystals probably in-
dicates a rapid change (increase?) in P-T conditions. The
unique chemistry (highly oxidic, Al-poor K- B- Fe-rich
environment) and probably also the changing P-T con-
ditions explain the extreme compositional range of Alto
Chapare tourmalines.
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Turmaliny fady povondrait — (oxy)dravit ze sddrovcového klobouku metaevaporitu v Alto Chapare,

provincie Cochabamba, Bolivie

Na typové lokalité povondraitu v Alto Chapare, v provincii Kofabamba v Bolivii se vyskytujf Zelezité, Al-deficitni turmaliny, které téméf zcela
pokryvajf moZné pole sloZeni mezi povondraitem — ,,0xy-dravitem* a dravitem. Tyto turmaliny se vyskytujf jako soud4st krystalickych kir, které
obristaji klasty silikdtovych hornin pivodné uzavienych v metaevaporitu nebo jako inkluze v evaporitovych minerdlech. Krystaly turmalinu jsou
morfologicky velmi proménlivé od jehlicovitych pfes sloupcovité aZ po izometrické, ptitemz habitus odré?f jejich chemické slozen{. N&kter¢ krystaly
turmalfnu jsou diskontinudlng zondlni s jadry tvofenymi Al-bohat§im turmalinem neZ okraje. Chemicky jsou to sodné turmaliny s velmi nizkymi
obsahy Ca a s nfzkou vakancf na pozici X. Zelezem bohaté a hlinfkem chudé Cleny maji obvykle zvySené koncentrace drasliku (aZ 0.6 pfu) a tvoif
pfechod k moZného novému koncovému ¢lenu ,,K-povondraitu. Viechny turmalfny jsou hote¢naté (Mg = 1.32-2.67 apfu) a vykazuji extrémn{
variabilitu v chemickém sloZeni. Hlavni substituce Fe** (0.31-7.58 apfu) za Al (0.03-5.81 apfu) odpovid4 vektoru Fe(Al) N Zelezem bohaté &leny
tvoii prechod mezi povondraitem [NaFe, ** (Mg, Fe, **) 8i,0,, (BO,), (OH), O] a hypotetickym ¢lenem [NaFe, ** (Mg, Fe,*) Si O, (BO,), ((OH), 0)0].
V souladu s timto substitu¢n{m mechanismem, mnoZstvi OH (vypottené ze vzorce) kolfsajicf v rozmezi 1.78-3.52 pfu pozitivné koreluje s obsahem
Mg a negativné koreluje se sumou trojmocnych kationtd R* (= Al + Fe?*). Substituce Ti** je spjata s poklesem OH a ristem O. Velmi variabilni titan
(0.0-0.56 apfie) negativné koreluje se sumou trojmocnych kationtd. Celkové, suma trojmocnych kationtd velmi dobte negativné koreluje se sumou
Mg+Ti (R = 0.99). VySe uvedend fakta jsou v souladu se substitu¢nfmi vektory R*O (Mg OH)_, a TIiOR**_,(OH)_,. Substituce titanu vede k formulaci
chemického vzorce moZného Ti-turmalfnu: Na(TiR*,)(Mg,R*,) Si O,, (BO,), ((OH),0)0.

Pevné roztoky mezi povondraitem a ,,0xy-dravitem* byly popsany i z jinych meta-evaporitovych turmalind, ale zdaleka nedosahujf tak velkého
chemického rozpét{ jako na typové lokalité povondraitu v Bolfvii.
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Appendix - a review of the samples studied:

B-1

B-2

B-3

B4

#1

#3

#4

#5

#6

#14

#15

#18

#20

#22

#24

#25

#26

Acicular brown tourmaline on apple-green massive fine-grained rock; tourmaline also forms metacrysts within
the clast.

Fine-grained black tourmaline crystal crust on grey-brown clast composed of dominant K-feldspar and minor
phlogopite. Tourmaline also forms veinlets in the clast.

Massive, speckled clast composed mainly of K-feldspar and black tourmaline with accessory phlogopite, he-
matite and sagenitic rutile.

Gray, fine-grained rock composed of K-feldspar, phlogopite and minor pyrite; tourmaline occurs as rare mi-
croscopic accessory in the matrix. Tourmaline porphyroblasts (dravitic B4/3) enclose small cores of titanian
ferrian “oxy-tourmaline” (B4/2).

Large angular grey-green clast (10x8x7 cm, Fig. 2) showing several episodes of fracturing (different faces of
this clast show tourmaline crystal crusts of varying crystal size and type), followed by fracturing without tour-
maline growth. Coarser crust is composed of black stubby well-developed tourmaline crystals 0.2—-2 mm long,
the other one is coherent, finer-grained, with the crystal size up to 1 mm. Tourmaline also replaces the interior
of the clast. Larger crystals have a core of aluminous tourmaline (1a).

Dark grey-bluish clast composed of potassium feldspar?, magnesioriebeckite and minor pyrite. Crystalline crust
is sharply bound, composed of well developed, 1-2 mm long, prismatic, black, brownish translucent tourma-
line crystals associated with microcline, dolomite, calcite and pyrite. BSE image indicate two sharply bound
tourmaline generations, older aluminous tourmaline (3a) and younger povondraite (3).

Light brown translucent tourmaline needles 2—4 mm long grown on colorless medium-grained crystalline ma-
terial composed of predominant quartz and minor magnesite and boracite.

Black fine-crystalline tourmaline crust about 1 cm thick replaces a light rock composed mainly of potassium
feldspar; the crystals are poorly developed and associated with 1-3 mm long pyrite crystals.

Small (I c¢m) clast composed of predominant short prismatic black tourmaline and younger grass-green pris-
matic aegirine. On fractures and in BSE, overgrowth of a black tourmaline rim (6) on an older (pale brown)
aluminous tourmaline (6a) is visible. Dipyramidal honey-brown TiO, crystals (probably anatase, up to 0.5 mm
long) and colorless microcline are minor components.

Brown danburite crystal clouded by tiny acicular tourmaline inclusions.

Loose tourmaline clast — radiating tourmaline aggregate with fibers up to 12 mm long and multiple crystal ter-
minations, minor mineral is microcline. BSE image indicates an older more aluminous tourmaline (14a) and
ferric rim (14).

Sharply bound crystalline crust composed of ankerite, hematite and pyrite crystals with minor tourmaline. Tour-
maline forms isolated, well-developed, stubby, flattened crystals 1-2 mm long. Sequence: pyrite — hematite —
tourmaline — ankerite. The youngest mineral is pale blue magnesioriebeckitic asbestos. The composition of the
fine-grained sandstone-like clast was not studied.

Rare type of clast, reddish, composed of quartz, albite and potassium feldspar, aegirine with minor magnesi-
oriebeckite and microscopic tourmaline.

Light clast composed of prevailing K-feldspar is nearly completely overgrown by crust composed of abundant
1-2 mm long tourmaline crystals. They are black, stubby and display complicated mutual intergrowths. Acces-
sory pyrite and microcline crystals occur.

Black, sharply bounded 1 mm thick crust composed of small prismatic, deep-brown translucent tourmaline crys-
tals, accompanied by platy hematite; magnesioriebeckite is younger. BSE images show a large core of alumi-
nous tourmaline (22a) overgrown by a thin rim of povondraite (22).

Black, microcrystalline tourmaline crust, locally brown—green translucent, with poorly developed tourmaline
crystals, microcline and magnesioriebeckite; the clast is bluish—grey colored by magnesioriebeckite.

Massive, fine-grained black tourmaline crust up to 1 cm thick replaces a bluish clast rich in potassium feldspar
and magnesioriebeckite. Short prismatic, brown, translucent tourmaline crystals (up to 1 mm long), younger
sky-blue prismatic magnesioriebeckite and grass-green aegirine crystals occur in cavities.

Coarse-granular dolomite encloses numerous acicular tiny tourmaline crystals, besides rare pyrite. The clast is
locally covered with bluish magnesioriebeckitic asbestos.



