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Ansrnlcr
Two more new phosphate minerals-tavorite and barbosalite-bave been discovered

in the sapucaia pegmatite mine in Minas Gerais, Brazil. Three other minerals recently
described were named frondelite, faheyite, and moraesite. The sapucaia pegmatite is
granitic in composition, is zoned on the basis of texture and mineral .o-po.ition, and has
had a significant production of muscovite and beryl.

Tavorite and barbosalite are examples of complete substitution of trivalent iron for alu-
minum in known mineral structures.

INrnopucrroN

Tavorite and barbosalite are two new phosphate minerals from the
Sapucaia pegmatite mine, Minas Gerais, Brazil. Three others-fronde-
lite, faheyite, and moraesite-have been described in earlier issues of
this journal (Lindberg, 1949; Lindberg and Murata, 1953; and Lind-
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berg, Pecora, and Barbosa,1953). These accounts are preliminary to a
more detailed description, in preparation, of the mineralogy and struc-
ture of the pegmatite. A summary of the present paper was published
in Science (Lindberg and Pecora, 1954).

The Sapucaia pegmatite mine is in the municipio of Galilea, formerly
a part of Conselheiro Pena, in the Rio Doce valley region in eastern
l,{inas Gerais. This mine, a substantial producer of mica and beryl,
was mapped and studied in the period 1943-1945 by Messrs. Pecora
and Barbosa, participants in a joint field program of pegmatite investiga-
tions in Btazil by the U. S. Geological Survey and the Departmento
Nacional da ProdugS.o Mineral (D.N.P.M.) of Brazil. Suites of mineral
specimens collected during those visits were examined in Rio de Janeiro
and later were turned over to Mrs. Lindberg for a more detailed miner-
alogical study. The original collections were augmented by additions in
1950-1953 from other sources. Type material of both tavorite and
barbosalite have been deposited with the U. S. National Museum,
Washington, D. C. (U.S.N.M. 106,842) and with the Museu Nacional
of  the D.N.P.M.,  Rio de Janeiro.

GBor,ocrc Rnr,lrroNs

The granitic pegmatite at the Sapucaia mine is oval shaped in plan and
internally well zoned (Pecora, et al., 1950. p. 254). The essential minerals
are qtartz, perthite, muscovite, and beryl. Phosphate minerals are
abundant in the central part of the pegmatite. Several tons of discarded
phosphate material are scattered in the mine waste of the dump.

Triphylite is the principal phosphate mineral, and heterosite is its
chief alteration product. Other phosphate minerals, in addition to
tavorite and barbosalite, are frondelite, hureaulite, vivianite, faheyite,
childrenite, apatite, roscherite, strengite, metastrengite, variscite,
ferrisicklerite, montebrasite, and moraesite.

The central part of the pegmatite, where open-pit operations are con-
ducted for recovery of beryl, is essentially composed of giant-sized
perthite masses containing numerous irregular books of "reeved" and
"fish-tailed," light-colored muscovite; an irregular framework ol quaftzl
several elongate, fluted masses of beryl; and a ramiform veinlike mass
of triphylite that is intricately veined by dark purple heterosite. Several
minerals Iocally intergrown with unaltered triphylite are qtartz, musco-
vite, albite, sphalerite and other sulfides, tourmaline, and montebrasite.

The alteration of triphylite is characterized by the formation of
heterosite and many other secondary phosphate minerals. ft has not yet
been established which minerals were formed by hydrothermal alteration
and which by weathering. The principal feature of the alteration is a
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crude mineral zoning, well demonstrated by abundant hand specimens
and il lustrated schematically in Fig. 1. Massive, unaltered triphylite is
separated from massive heterosite and ferrisicklerite by a porous, altered
triphylite zone whose spongelike cavities contain terminated crystals
of colorless hureaulite, crystalline aggregates of blue vivianite, and crys-
tall ine aggregates of black barbosalite. l\{ost of the barbosalite and
tavorite, however, is found in a zone between the heterosite and porous

Ur t '

Frc. 1. Idealized sketch showing zones of secondary phosphate minerals in triphylite.

24, unaltered triphylite; B, porous, altered triphylite with cavities containing colorless

hureaulite crystals, crystalline aggregates of blue vivianite, and crystalline aggregates of

black barbosalite; C, fine-grained blue-green zone containing essentially black barbosalite,

]'ellow tavorite, and intermediate alteration products; D, massive purple heterosite with

some brown ferrisickerlite. See Fig. 2 for details of thin section.

triphylite. A photomicrograph showing the fabric of the alteration zones
is reproduced in Fig. 2.

Neither tavorite nor barbosalite has been found as single crystals,
although the latter occurs as very fine grained crystal aggregates in
cavities. Tavorite not uncommonly occurs relatively free of impurity,
but it also occurs admixed with barbosalite in such varying proportions
that it presents a wide color range in specimens from yellow to yellow
green, grass green, and dark green.
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Frc. 2. Photomicrograph (plane polarized light, original dimensions 16X 11 cm) showing

details of alteration zoning. From left to right: heterosite (black), tavorite (dark gray),

barbosalite (black), and porous, altered triphylite (white). The porous altered triphylite is

lined with a network of bureaulite crystals, the shape of which is easily visible in contact

with barbosalite.

Tavonrrn

Tavorite (ta'-vor-ite) is a hydrous lithium ferric phosphate, the ferric
analogue of montebrasite, with iron substituting for aluminum. The

ideal formula is LiFe"'(PO4)(OH). The mineral is named for Dr.
Elysiario Tavora, Professor of Mineralogy at the Universidade do Brasil,
Rio de Janeiro.

Distribution

Tavorite occurs principally as discontinuous, greenish-yellow veinlets
and disseminations, less than 5 mm. in width, at or near the contact of
heterosite and barbosalite. It also occurs as a microscopic network (see

Fig. 2) veining heterosite, ferrisicklerite, and barbosalite. Scattered
flakes of tavorite are sparsely distributed along cleavage cracks in
altered triphylite. Tavorite intimately replaces both barbosalite and

crystals of hureaulite.

Phys'ical properties

Tavorite is greenish yellow with a mean index of refraction as meas-

ured on aggregate mineral grains from vein material of 1.807. Flakes of

tavorite scattered through triphylite have lower indices of refraction,
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probably due to an excess of adsorbed water. The very fine grained habit
prevented determination of the optical constants. The specific gravity
is 3.288, as determined by means of an Adams-Johnston pycnometer of
fused silica. The isomorphous and isostructural relationships of tavorite
and montebrasite, as indicated by comparison of their formulas and
powder photographs, suggest that tavorite is triclinic.

Chemicol composition

The sample of tavorite that was analyzed was determined by grain
counts to contain less than 1 per cent of impurity, principally barbosalite
but also hureaulite and heterosite. The sample was purified by hand
picking of large grains, followed by crushing to free the intergrowths,
which were removed by the Frantz isodynamic separator and by heavy
liquids (methylene iodide). Clerici solution is unsuitable because of
chemical attack.

The chemical analysis of tavorite is given in Table 1, column 2, where
it may be compared with the calculated theoretical composition, col-
umn 1.

The mineral is essentially a hydrous lithium ferric phosphate. Its
formula, as calculated from its chemical analysis (making one oxygen
equivalent to 0.566) is: (Li6.e6Fe"6.66Mn,,6.s4)F",,,osa(pOa)0.g.(OH)r.rr.
The ideal formula can be expressed as LiFe,,,(pOr(OH), comparable
to that of montebrasite, LiAl(por(OH).

Tavorite yields water in a closed tube and gives a red (lithium)
flame test. The mineral is easily soluble in hot dilute HCI and is slowly
soluble in hot dilute HNOg and HrSO+.

X-ray powd,er d,ata

X-ray powder d-spacing data for tavorite are given in Table 3, column
2. The pattern is similar to but not identical with that of montebrasite
from the Sapucaia pegmatite (Table 3, column 1). The chief difference
between the patterns is in cell size, but differences in intensities of cor-
responding lines also exist. The d-spacings for tavorite and montebrasite
are arranged by visual inspection so that reflections from provisionally
equivalent planes are in the same line. fndexing the powder photograph
may produce refinements.

BeneosA.r,rrp

Barbosalite is a hydrous ferrous ferric phosphate, the ferric equivalent
to scorzalite, with trivalent iron substituting for aluminum. Its ideal
formula is Fe"Fe',,2(pOtr(OHt. It is isostructural with scorzalite and
the synthesized compound prepared in the laboratory of J. W. Gruner
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AND RATIOS OF TAVORITE

. Lindberg

0.2557
0 .0333
0.0207
o.2666
0.2802
o.3197

0 .  5 1  1 4
0.0333
0.0207
0 . 5 3 3 1
0. 5604
0.6394

0.2557
0.0333
o.0207
0.7997
1 .4011
0.3197

Specific gravity 3.288.
Spectrographic analysis by J. D. Fletcher, U. S. Geological Survey, shows, in addition

0.0X Mg, Si ,  Na,  Ca, Zn,  Al
0.00X Cu
0.000X Cr, Be

Formula: (Lio eoFe"o 66Mn"6 6a)Fe"/s.*(POr)o se(OH), ,,

1 Conventional methods were used to complete the analysis. Lithia was determined by
a modified J. Lawrence Smith method. The alkali fusion was leached with water repeatedly
until the washings gave no test for lithia with the hand spectroscope. The insoluble matter
was then filtered off, ignited at a very low heat, powdered and mixed with additional
NHaCI and CaCO3, and a second fusion was made. This was again leached with water re-
peatedly until the washings gave no test for lithia. The insoluble matter was then dissolved
in HCI and tested-before discarding-for lithia, which was absent. The (NHn)rCO,
-NH4OH precipitation of CaCO3 was dissolved and reprecipitated two additional times to
free LizCOa. The combined lithium salts were then evaporated to dryness and the ammonia
salts driven ofi. Lithium was then converted to the sulfate and weighed; a correction was
Iater made for a small amount of calcium precipitated as the oxalate. Spectrographic results
(.0X%Na) eliminated the need for a separation of sodium and lithium.

and described as monoclinic ferrous ferric lazulite by Gheith (1953). The
mineral is named for A. L. de I{. Barbosa. Escola de Minas. Minas
Gerais, Brazil.

Distribution

Barbosalite occurs principally as a very fine grained, dark blue-green
layer between heterosite and porous triphylite. The contact with
heterosite is well defined, but with the porous triphylite it is gradational,
Iocally extending irreguiarly or along cleavage cracks into unaltered
triphylite. The width of the layer ranges from a few millimeters to about
1 cm. fn the cavities, barbosalite occurs as a massive material deposited
among hureaulite crystals or as a thin coating of very fi.ne crystalline

LiOz
FeO
MnO
FezOr
PzOr
HzO-f
HrO-

Total

7 .64
2 .39
1 . 4 7

42 .57
39.78
5 . 7 6
0 .40

100.01

Theoretical
composition

8 .  5 4

45.70
40.61

100.00

Chemical
analysisl

Metal
equivalent

Oxygen
equivalent
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aggregates on hureaulite crystals. The cavities near the heterosite con-
tain the most barbosalite. The contacts between hureaulite and barbo-
salite are sharp, suggesting l itt le or no reaction and replacement.

Phys,ical properties

The absorption of barbosalite is so strong that in thin section the
mineral is opaque. In oil immersion, very fine grains show X and Y: dark
blue green and Z: dark olive green. The absorption formula is X and
Y >2. The approximate indices of refraction arei ot: I.77 , y:1.835, and

B is above but near 1.79. Optic angle could not be determined but is
presumably large. The mineral is monoclinic. Its specific gravity as
determined by an Adams-Johnston pycnometer is approximately 3.60,
after correction for the contained tavorite.

Chemicol composition

The sample of barbosalite that was analyzed contains, by grain count,
one-fifth nonopaque material, with tavorite the only contaminant
identifiable by optical or n-ray methods. The sample was purified by
handpicking of large grains, followed by crushing to free admixed ma-

Teslr 2. Cnturcer- ANlr,vsrs ewo Rnrros oF B,\nsosAr,rre
Analyst: M. L. Lindberg

Theo-
retical

compo-
sition

1 8  . 3 5

40.79
. to .  lo

4 6 0

Chem-
ical

analysis

Ta
equlva-

lent

Barbo-

salite
equlva-

lent

Barbo-
salite

recalc.
to 100

per cent

Ratios
Metal

equrva-
lent

Oxygen
equrva-

lent

LiOz
FeO
MnO
FegO:
P:Oa
HrO
H:O-

Total
Specific

gravity

2 . 0 1
10.26
2 . + 6

41 .81
38 .02
5 . 1 4
0 . 2 0

99.90

2 . 0 1
0 .63
0  .39

t t  20
10.46
t . 5 2
0 . 1 1

26 .32

3 .288

9 . 6 3
2 . O 7

3 0 . 6 1
27 .56
3 . 6 2

73.49

1 3 . 1 0
2 . 8 2

41 .65
37 .50
4 .93

100.00

3 .598

0.1823
0.0398
0.2608
0.2642
o . 2 7 3 6

0.  1823
0.0398
o.5216
0 5284
0.5472

0.1823
0.0398
o.7824
1.3210
0.2736

Spectrographic analysis by J. D. Fletcher, U. S. Geological Survey, shows, in addition:
0.0X Mg, Si, Na, Ca, Zn
0.00x Al
0.000X Cu

Formula: Fe"o zoMn"o rsFe"'z oJPOiz os(OH): ro
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terials, which were removed by the Frantz isodynamic separator' and

by differential settling in methylene iodide. Clerici solution was not used,

because it was observed to react with the mineral. A microsample of

pure barbosalite obtained from hureaulite-filled cavities gave a negative

chemical test for lithium.
The chemical analysis of the impure barbosalite sample is given in

Table 2, column 2. The lithia is attributed to admixed tavorite. The

proportional amounts of constituents for tavorite (column 3) are sub-

tracted from column 2 to give the barbosalite equivalent in column 4,

which is recalculated to 100 per cent in column 5. The results compare

favorably with the theoretical analysis (column 1). The formula, calcu-

Iated from the analysis on a basis of ten oxygens equal to 2.60

is Fe"o.zol{n"o rsFe"'r.0,(PO4), ff i(OH)2.16. The ideal formula can be ex-

pressed as Fe"Fe"'r(P04)r(OH)2 comparable to that of scorzalite

Fe"Alr(POa)'(OH)r.
Barbosalite yields water in a closed tube. It is slowly soluble in hot

dilute HCI and is insoluble in dilute HNOB and HrSOa' It reacts slowly

with alkali solutions and is attacked by Clerici solutions.

X-ray powder d,ata

X-ray powder d-spacing data for a small sample of barbosalite free of

impurity are given in Table 3, column 4; the corresponding powder

pattern is shown in Fig. 3, film 4. The data for the analyzed sample of

barbosalite, which contains admixed tavorite, are given in column 31

the corresponding pattern is f i lm 3. Data and patterns for montebrasite,

tavorite, and scorzalite are given in the same table and figure. For the

pairs of isostructural minerals (1) montebrasite and tavorite and (2)

scorzalite and barbosalite, data in Table 3 are arranged to present d-

spacings from equivalent diffraction planes in the same line, and the

ofiset in the powder patterns (see Fig. 3) illustrates differences in cell

size. For the analyzed sample of barbosalite, which contains admixed

tavorite, the d-spacings are arranged so as to indicate the contribution
of barbosalite and tavorite to a given reflection, the mineral making the

principal contribution in intensity is identified by a B or T.

The powder pattern of barbosalite corresponds, almost line for line,

with that of scorzalite. The chief difference is in cell size, although small

differences in intensities also are noted. The structural identity of barbo-

salite with a synthesized hydrous ferrous ferric phosphate (see Fig. 3,

films 4 and 5) prepared in the laboratory of J. W. Gruner and described
as monoclinic ferrous ferric lazulite by Gheith (1953) is evident. A di-

morphous form of this compound was named lipscombite by Gheith
(1953). Single crystal data by Katz and Lipscomb (1951) define l ips-
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Frc. 3. Comparison of r-ray powder photographs: (1) montebrasite (Sapucaia pegma-

tite); (2) tavorite (analyzed sample, Sapucaia pegmatite); (3) barbosalite (analyzed im-

pure sample containing tavorite, sapucaia pegmatite); (4) barbosalite (pure microsample

from hureaulite-bearing cavities, Sapucaia pegmatite); (5) synthesized ferrous ferric laz-

ulite; and (6) scorzalite (White Mountain, Calif.). The patterns are alined on the right to

show differences in cell size between tavorite and montebrasite and between barbosalite

and scorzalite.

combite as tetragonal in symmetry. Gheith (1953, p. 612) demonstrates

that the *-ray powder patterns of both compounds are similar' but that

they differ from lazulite in having d-spacings corresponding to a larger

unit cell.
From this correlation it is concluded that barbosalite is monoclinic

as are lazulite and scorzalite (Pecora and Fahey, 1950). The unit cell

size of barbosalite is essentially that of the synthesized ferrous ferric

lazulite but larger than that of scorzalite. Minor discrepancies between

the r-ray data for barbosalite (this paper) and for ferrous ferric lazulite
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(Gheith, 1953, p. 617) are probably explained by the fact that Gheith's
patterns show the effect of unfi ltered iron radiation with a consequent
(1) broadening of reflection and loss of resolution, and (2) occurrence of
separate reflections, representing alpha and beta radiation, of planes with
the same d-spacing.

OnrcrN

The complex set of chemical reactions leading to the formation of the
secondary phosphate mineral suite involve (1) hydration, (2) partial or
complete oxidation of the ferrous and manganous ions, and (3) solution
and reprecipitation of several ions to form new compounds. How much
of this chemical action was the result of hydrothermal solutions and how

Terr,B 4. CHnurcel Fnarutns or Tlvonrrr, Bennosar,nn, eNn
Ornnn Prrosprratr MrNrnar,s FRoM THE Sapucere Pncuarrrn

Mineral

Triphylite
Heterosite
I'errisicklerite
Hureaulite

Vivianite
Tavorite
Barbosalite

Frondelite

Oxidation state

Iron Manganese

Presence
of

lithium

anhydrons
nonessential water
nonessential water
acid water and water of crystalliza-

tron
q'ater of crystallization
hydroxyl rvater
hydroxyl water

hydroxyl water

ferrous
ferric
ferric
ferrous

ferrous
ferric
ferrous
ferric
ferric

manganous
manganic
manganous
manganous

manganous
manganous
manganous

manganous
manganrc

yeq

no
yes
no

no

no

no

much the result of ground water in a humid tropical region has not as
yet been established with certainty. Most of the hand specimens in our
collection were obtained from within 20 meters of the surface and pre-
sumably within the range of ground-water alteration. ft is our present
belief, however, that much of the direct alteration of triphylite was
caused by hydrothermal attack late in the consolidation history of the
pegmatite.

Chemical features of tavorite, barbosalite, and associated phosphate
minerals are arranged for comparison in Table 4. Triphylite is thus the
only anhydrous mineralz listed, and presumably it is the original source

2 In heterosite and ferrisicklerite, water is present in small and variable amounts, and
is considered by Mason (1941, p. 148) to be "not constitutional, but held by forces of
adsorotion.tt
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of most of the constituents, other than water, necessary to form the
secondary phosphate minerals. Iron and manganese in hureaulite and

vivianite are not oxidized. With respect to triphylite, hureaulite is en-
riched in manganese and vivianite is enriched in iron. Heterosite, on the
other hand, represents a complete oxidation of iron and manganese, and
ferrisicklerite a partial oxidation, with respect to triphylite. In tavorite
and barbosalite the small amount of manganese present is not in the

oxidized state, although the iron is substantially in the ferric state.

Barbosalite and frondelite contain approximately the same amount of

iron plus manganese, but frondelite is deficient in phosphate and high
in hydroxyl with reference to barbosalite.

Of the minerals listed in Table 4, the relations of which are illustrated
in Figs. I and 2, tavorite is certainly the youngest to have formed and

barbosalite the next to youngest. Late in the alteration history, there-
fore, lithium was available and utilized to form tavorite by solutions
attacking many of the earlier formed minerals. Whether this lithium was
obtained by direct alteration of triphylite or its intermediate product
ferrisicklerite cannot be established. The concentration of tavorite and

barbosalite near the heterosite-ferrisicklerite alteration zone would
strongly favor their formation through continued alteration of the inter-
mediate products rather than from triphylite itself.

Fractures coinciding with cleavage directions of triphylite and hetero-
site have played an important role in guiding the development of the
alteration products. This favorable physical relation applies to both

the hydrothermal and weathering stages of alteration.
Chemical and mineralogical investigations of our suite of specimens

are still in progress, and further information on the paragenesis of the

secondary phosphate minerals will no doubt be revealed. Current studies
of similar phosphate minerals from other granite pegmatites in this and

other countries will contribute much to our understanding of the com-
plex alterations involved. Much of the material is, however, so admixed
and so difficult to identify and purify, that progress is unfortunately a

slow affair.

Pnoer,BM or Nououcr-ATURE

The discovery of tavorite and barbosalite extends our knowledge of

the natural substitution of ferric ions for aluminum in two different
mineral structures. New mineral names are justified in both.

In the lazulite mineral group, three or four ideal end members can now

be accepted as naturally occurring compounds. The substitution of

ferrous ions for magnesium in lazulite results in the formation of scorzalite
(Pecora and Fahey, 1950), and the additional substitution of ferric
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ions for aluminum results in barbosalite. The fourth member of the
group, as yet undiscovered, would be a hydrous magnesium ferric phos-
phate. A hydrous manganous ferric phosphate, also not yet discovered,
may be predicted. Intermediate compositions within the mineral group
can be conveniently designated by use of adjectival modifiers (Schaller,
1930). The synthesized monoclinic ferrous ferric lazulite described by
Gheith (1953) would be analogous to barbosalite.

Tavorite represents the ferric analogue of montebrasite, and both are
here accepted as the ideal end members with hydroxyl ions present in-
stead of fluorine. Excess of fluorine over hydroxyl, as in amblygonite,
denotes further chemical variation in the mineral group. Tavorite,
montebrasite, and amblygonite are, then, three different members of the
amblygonite mineral group. Adjectival modifiers can denote inter-
mediate compositions.
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