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ABSIRA T

Gallobeudantite, ideally PbGar[(AsO),(SOJ]z(OII)e, is the newly defined Ga analogue of beudantite. It occurs as zoned
rhornbohedr4 up to 200 pm along an edge, in vugs in a single specimen of massive Cu-bearing sulfides from Tsumeb, Namibia.
Gallobeudantite is variably pale yellow, greenish, or cream-colored with a white to pale yellow streak, vitreous luster, even
to conchoidal fracture, hardness of 4, and D(calc.) 4.61 glcm3 for Z = 3. The mineral is nonpleochroic, uniaxial negative,
c0 1.763(5), € 1.750(5). A single-crystal X-ray refinement of the structure (R = 0.078) showed the mineral to be rhombohedral,
space group R3n, a 7 .225(4), c 17,03(2) A, and isostructural with corkite. The strongest lines of the X-ray powder-l{iffraction
pattem [d in A(/)(hl<l)] we:.5.85(90X101), 3.59(40Xl l0), 3.038(100X113) and 2.271(40)(107). Within the crystals, in addition
to gallobeudantite, are zones containing Ga-rich beudantite and hidalgoite, and the unnamed Ga analogues of segnitite, corkite,
kintoreite, and arsenocrandallite. The last contains \p to 1,2.7 wt.Vo GeO2, which is aboutT\Vo of the Ge substitution possible
if the formula is assumed to be Ca(Ga,AI,Fe)2Ge4r(AsOr2(OtI)6. The new name gallobeudantite alludes to the preilominance
of Ga in the position occupied by Fe3* in beudantite-type minerals.

Keywords: gallobeudantite, new mineral species, description, crystal structure, alunite - jarosite family, gallium analogue,
nomenclature, Tsumeb, Narnibia.

Souuanr

La gallobeudantite, de composition id6ale PbG,a3[(AsO/,(SO)]2(OH)u, est l'6quivalent gallilere nouvellement d6crit de la
beudantite. Elle se prdsente en rhomboddres zon6s,jusqu'l 200 pm de c6t6, dans les cavit6s d'un seul 6chantillon de sulfures
massifs de cuiwe provenant de Tsumeb, en Namibie. l,a gallobeudantite a une couleur variable, jaune pdle, verddtre, ou crdme;
el1e possbde une rayure blanche i jaune pdle, un 6clat vitreux, une cassure 6gale d conchoidale, une duret6 de 4, et une densit6
ca1cul6ede4.61 glcm3powZ=3.C'estunmin6ralnonpl6ocbro'r'que,uniaxen6gatif,rol.763(5),e1.750(5).Unaffinementde
la sffuctue (R = 0.078) montre qu'il s'agit d'un mindral rhombo€driqrie, groupe spatial R3m, a7.225(4), c 17.03Q) A, ayant la
m6me structure que la corkite. I-es raies les plus intenses du spectre de diffraction (m6thode des poudres) U en A(4(&&I)l sont:
5.85(90X101),3.59(40)(110),3.038(100X113) et2.n\40)(IO7). A lint6rieur des cristaux, en plus de la gatlobeudantite,
se trouvent des zones contenant beudantite riche en Ga et hidalgoite, et les analogues i Ga de segnitite, corNite, kintoreite, et
arsenocrandallite, toujours sans noms. Cette dernidre contient jusqt'd l2.7Vo GeO, (poids), ce qui est environ 75Vo dtt
remplacement possible par le Ga si on suppose la formule Ca(G4Al,Fe)2Gea(AsOf2(OII)6. k nom de I'espbce nouvelle,
gallobeudantite, fait allusion i la prddominance du Ga dans la position du Feh dans les min6raux de type beudantite.

Keywords: gallobeudantite, nouvelle espdce min6rale, description, structue cristalline, famille de falunite et de lajarosite,
analogue i gallium, nomenclature, Tsumeb, Narnibie.
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INTRoDUcrroN

Gallite, CuGaS2, and stihngeite, Ga(OH)3, originally
described from occurrences at Tsumeb, Namibia, are
the only previously well-defined minerals containing
Ga as an essential constituent. The Ga analogue of
jarosite KGa3(SO)2(OH)6 was synthesized by
Dutrizac (1984), who demonstrated that Ga substitutes
for Fe injarosite-type structures, and that the resulting
solid-solutions are nearly ideal chemically. We report
here on the natural occurence of extensive Ga substi-
tutions in minerals of the jarosite - alunite family as
found in a single specimen from Tsumeb, Namibia.
Included in the description is the new species name
gallobeudantite, which has been approved by the
Commission on New Minerals and Mineral Names"
IMA.

Most Ga is commercially produced as a by-product
from the treatment of bauxite ores, but the Apex mine
in Utah was unique in that it operated briefly in the late
1980s solely for the purpose ofproducing Ga and Ge.
These elements at Apex are contained in limonitic ores
derived by the oxidation of Cu-Pb-Zn-Ag sulfide
veins in dolomite (Bernstein 1986, Hopkins 1985).
Jarosite from the Apex deposit was reported to contain
up to 0.70 wt.Vo Ga (Dutrizac et al. 1986). The new
name gallobeudantite alludes to the predominance of
Ga in the position occupied by Fe3+ in jarosite-type
minerals. The original specimen is from the private
collection of one of the authors (M.N.F.), but the single
crystal used our study of gallobeudantite is in the
Canadian Museum of Nature, Ottawa; as well, a
polished section of the sulfide-rich matrix of the
specimen, and sections containing the analyzed grains
described here, are in the Systematic Reference Series
of the National Mineral Collection of Canada" housed
at the Geological Survey of Canada, Ottawa. The
original specimen was labeled "fleischerite" and is
believed to have been collected in about 1960. when
fleischerite was first described: the level of the mine
from which the specimen was extracted is not known.
Tsumeb is a world-famous mineral locality partly
because of the unusual geochemistry of its primary
ores, and partly because supergene alteration has led to
the development of an extensive suite of secondary
minerals, many of which are of display quality.
Beudartite, and now gallobeudantite, are among the
minerals in the secondary suite.

GAI-L0BEITDANTnE

Gallobeudantite occurs in vugs in a single, blackish
specimen of massive copper ore, approximately
3 x 5 x 1.5 cm. The vugs are megascopically
inconspicuous, and the crystals within the vugs are
not noticeable unless examined with a binocular
microscope. A polished section of one end of the
soecimen showed that the host material consists
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mainly of aligned inclusions of renierite, up to
I x 3 mm, in a granular matrix consisting largely of
a mineral that gives a germanite-like X-ray powder
patlern, but with a composition much too Cu-rich to be
germanite (Table 1); the latter is under further study.
The renierite (Table l) contains irregular inclusions of
gaUite (Table 1) up to 75 pm across, and one end ofthe
section is texturally complex and contains inclusions
of Sb-free gallian (0.3 .trt.Vo Ga) tennantite. A thin
rim of chalcocite emphasizes the granular texture of
the germanite-like phase, and all minerals are cut by
irregular, hairline veinlets of chalcocite.

Disseminated on the surface of the specimen are
local, minute patches of hematite and goethite, sparse
crystals of stolzite, and dots of spongy mercurian
silver. One end of the specimen has a thin, discon-
tinuous veinlet, about 1 mm long, of otjisumeite,
PbGe4Oe.

Pltysical and optical properties

Gallobeudantite occurs in the vugs as zones within
crystals that show an extensive range of mutual solid-
solution involving As, P, and S. The crystals are
sparsely disseminated rhombohedra up to 200 pm
along an edge. Some of the rhombohedra show a minor
modification by {001}. Single, compositionally zoned
crystals do occur, but most are multiple grains, too
sparse to be described as aggegates. Most crystals are
<100 pm in size, and have a Ca-Ga-AsO, beudantite-
type analogue as the outermost zone. Gallobeudantite
is pale yellow, to slightly greenish, to cream-colored,
and is transparent, with a vitreous luster, white to pale
yellow streak, and a Mohs hardness of 4. The mineral
is brittle, giving an even to conchoidal fracture; the



evenness may be an indication of the {001 } cleavage
that is present in other members of the beudantite
group. Density could not be measured because of
the small grain-size; for Z = 3, Dcac is 4.87 g/cm3
for the idealized formula and AsOo:SO4 = li|.
Gallobeudantite is nonfluorescent, and in immersion
oil is nonpleochroic, uniaxial negative, ro 1.763(5),
e 1.750(5) at 589 nm.

Composition

Electron-microprobe compositions for gallo-
beudantite were obtained with an JEOL 733 instrumenr
operated at 15 kV and with a beam current of 20 nA,
using l0-second counting times, the Tracor Northern
PROZA correction program, and the following
standards: apatite @) from Durango, Mexico, Ge metal
(Ge), and synthetic GaAs (Ga), ZnFe"Oo (Zn,Fe),
PbSO4 Gb,S), A12O3 (Al), InAs (As), and CaTiSiO5
(Ca). As most of the analyzed zones were found to be
slightly unstable under the electron beam, analyzed
areas were restricted as much as possible to those with
dimensions large enough to permit movement of the
specimen during data acquisition. Gallobeudantite was
among the least stable phases, and the POo analogue
was the most stable.

Figures I to 7, inclusive, illustrate typical zoned
grains containing gallobeudantite, for which electron-
microprobe compositions are given in Table 2. The
average composition derived from six analyses in

Flo. l. Back-scattered-electron @SE) image of zoned grain
containing areas of gallobeudantite (analyses 4.2, 4.4, and,
4.7 in Table 2). Znne 4.3 is a PO, aaalogue Qable 3). A
narow outermost zone, not visible in the photograph,
consists of the Ga analogue of arsenocrandallite. Bar scale
represents 10 pm.

r3w

Flc. 2. BSE image of poorly polished grain consisting of
Ga analogue of segnitite (arca 2.2, Table 2) and gallian
hidalgoite (2.1, Table 3). Bar scale represents 50 pm.

FIc. 3. BSE image of zoned grain consisring of gallo-
beudantite (7.1, Table 2), gallian beudartite (7.0, Table 3),
and gallian hidalgoile (7 .2, Table 3). Outerrnost zone (7.3)
is the Ca analogue of gallobeudantite. Bar scale represents
20um.

GALLOBEUDANTITE" A NEW MINERAL SPECIES. TST]MEB. NAMIBIA
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Fro. 4. BSE image of zoned grain consisting of gallo-
beudantite (5.4, Table 2; 5.0 and 5.2 are similar). Dark
outer zone (5.7) is gallian hidalgoite. Bar scale represents
20 pm.

Table 2 is Pb1.sa(GaszeFeffizAb.ozzoo.rd6.6[(AsOJr.r+
(SOro.sol>2.00(Olt)s.sa, which is the Ga analogue of
beudantite, idealized as PbFel+[(AsOr,(SOr]2(OH)6.
As is evid9nt from Table 2, Gu Fe, and Al show
considerable mutual substitution in the mineral.
whereas that involving Zn and Ge is minor. The XOa

FIG. 6. BSE image of zoned grain in which dark core (X)
consists of POo analogue of gallobeudantite (PS3-AI in
Table 4), and light grcy zote (X 2) is gallobeudantite.
Bar scale represents 50 Pm.

position is characterized by a predominance of (AsO),
substantial substitution of (SO) for (AsO), and
negligible @O). The predominance of (AsO/ in zone
6.1 Cfable 2) is sufficiently large that the composition
corresponds to the Ga analogue of segnitite, the latter
ideally PbFel+H(AsO/2(OFI)6. The compositions of

Rc. 5. BSE image of zoned grain consisting of core of gallian
beudantite (2.0, Jable 3) rimmed by POa analogue of
gallobeudantite,(2.2,Table 4), which is.in tur4 rimmed
by grillobeudantite Q.1\ Tahle 2); area 2.3 is Al-tich
(up to l0 wt.Vo y'.J,2O) gallobeudantite. Bar scale
represents 20 Pm.

Frc. 7. BSE image showing POa analogue of gallobeudantite
(PS3-D, Table 4) and a whiter zone of gallobeudantite.
Bar scale represents l0 pm.
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TASLB 2. ELECTROTI.MICROPROBE COMPOSITIONS OF GALLOBETJDANITIE TABLE 4. ELECIRON.MICROPROBE COMPOSMONS OF Pb-Cn
PHOSP}IATE

PbO, wt.%
CaO
7aO
@2
GarOr
FerO.
dro.
A&o,
s03
Prot

[H,o]*

1309

Fis. l Fis.2 Fi&3 Fis.4 Fis.5
42 4.4 4.7 2.2t 1.1 5.4 z.la 6.1 63

Pbo.rvtrlo 32.1 30.8 32.2 29.7 30.4 30.1 30.4 29.6 30.8
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ZnO 22 0.6 2.0 0.0 0.6 0.6 0J 0.0 3.4
Ga.o, 192 18.4 20.0 19.5 18.5 19.8 19.8 17.6 31.6
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various zones in the gallobeudantite-bearing grains
(Tables 2,3, 4), and the implications for nomenclature,
are discussed in later sections.

TABLE 3. ELECTRON.MCROPROBE COMPOSMONS OF
GALLIAN HIDALGOITE AND BEIIDANTITE

Hidalgoite Beudmtite

Fig. 3 Fig.2 Fig. 4 Fig.3 Fig. 5

fomubfor I4O

X-ray data

Debye-Scherrer X-ray patterns obtained with
114.6-mm cameras and CoKcr radiation indicate that
the compositional variations in the zoned crystals do
not have an extreme effect on the cell dimensions.
Although the X-ray powder pat0erns of aggegates of
the zoned crystals are not sharp relative ta, e.g., the
powder pattern of quartz, neither are they unusually
broad or diffirse, and there are no signs of the multiple
lines that would appear if solid solution radically
shifted the cell dimensions. None qf the diffraction
pattems was observed to have an 11 A diffraction line,
the presence of whicl would indicate n 66ufling of
the c axis to -34 A" as occurs in some members
of the beudantite group and in the alunite - jarosite
family, with plumbojarosite perhaps the best known
example.

The crystal structure of gallobeudantite was
determined from a fragment extracted from the area
marked 4.7 in Figure 1. The material extricated from
area 4.7. which also included a small amount of
powder, gave a Gandolfi patlern that is spotty but
otherwise matches well the pattern of a bulk sample as
listed in Table 5. Gallobeudantite is rhombohedral,
space group R3m. T\e crystal-structure determination
gave o7.zis1l), c r7.03(i) A.,vllo(t) A3. An energy-
dispersion analysis of this single-crystal fragment
confirmed the absence of P.
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Ga 1.13
Fe 0.31
Al 1.53
Ge 0.02
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TABLE 5. REPRESENTATIVE X.RAY POWDER DATA FOR TABLE 6. GALLOBETIDANTITE: STRUCTL'RE-DETERMINATION DATA

*114.6-m Debye-Scherrer cmerE CoI( X-mdiation. Lines with
m rterisk rere used for the unit-cell refinement indexed with a
7.184" c 17.077 4..

Crystal structure

The fragment of gallobeudantite used for the
collection of X-ray-diffraction intensity data is
designated as CMNMI 81518. Single-crystal
precession photographs gave the space-group choices
R32 (155), R3m (1.60), and R3m (166) on the basis of
systematic absences of reflections. Intensity data were
collected on a flrlly automated Nicolet R3n four-circle
diffiactometer. A set of. 22 reflectrons was used to
orient the crystal and to refine the cell dimensions.
Three asymmetric sets of intensity data were collected
up to 20 = 55o using a 0:20 scan-mode and variable
scan speeds of 3 to 29olminute. Data pertinent to the
colection of the intensity data are given in Table 6. For
the absorption correction, four intense diffraction-
maxima in the range 13 to 50' 20 were chosen for
ry diffraction-vector scans after the method of North
et al. (L968). Structure determination and structure
refinement were done using the SHELXTL (Sheldrick
1990) package of computer programs. The crystal's
irregular shape, precluding a good absorption-
correction, became the limiting factor in the structure
refinement. This problem in the data reduction is
evident from a merging R of l3.l%o for the three
asymmetric units of reflection data.

Idealfomula: N Pbca3[(AsOJ,(SOJ]r(OH)6
Spregroup: R3n(160)
Crystal size: 0.12 x 0.12 x 0.06nm

Radiation:
Opelating
mnditions:
p: 28m'l
Mia. aanmissioa 0.143
Mu. tnnsmission: 0.803

vx = Dr(lr, I - | r"lfnw r/tz, r= F'?(r' )l-r

Normalized structure-factor statistics, lP - tl =
0.793, indicate an acentric space-group. The E-map
coordinates were assigued to appropriate scatlering
curves, Pb, Ga, As, S and six O atoms in R3z. This
structure model refined to R = 8.0Vo. The equivalent
model in R3 refined to R = 10.0Vo, and n R3m, to
R = 9.LVo. In the final least-squares refinement, the
sites of all cations were refined with anisotropic
displacement-factors. The addition of an isofropic
extinction-correction did not improve the refinement.
In the final AF-synthesis, residual electron densities
remained, but none of these could be satisfactorily
assigned to H atoms. The final positional and
displacement parameters for the gallobbudantite
structure are given in Table 7, and selected bond-
lengths and angles, in Table 8. Observed and
calculated structure-factors have been submitted to the
Depository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Canada KlA
0s2.

Gallobeudantite is isostructural with corkite,
PbFer[(SO/,(Por]2(oH)6, (Giuseppetti & Tadini
1987), with Ga replacing Fe and As replacing P within
the crystal structure. The Pb site refines off the origin,

TABLE 7. GALLOBEUDANTITE: ATOMIC CoORDINATES
AND ISOTROPIC DISPLACEMENT FAcToRs (A x l0)

ATOM x

I6

90
l )

40
5

100
25
30
30
l 0
I

40
l 5
5
30
30

I
5
l 0
1
l0
l )

5

d*

s.85
5.00
3.59
3.52
3.038
2.920
2.851
2.513

2.299
2.271
2231

1.948
t.797
1.759
1.715
1.693
1.678
1.646
1.519
t.497
r.4a9

1.400
1.384
1320
1.285

5.85
5.03
3.59
3.52
3.038
2923
2.846
2.514
2.330
2.300
2.271
2.231
2.060
r949
1.796
1.760
1.717
1.693
1.678
t.647
1 .519
1.497
1.409
1.408
1.lmo

hkt

l 0 l
o12
1 1 0
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as was found for the centric structure of beudantite
(Szymardski 1988). This shift within the polyhedron
is a result of the stereochemically inactive lone-pair
electrons associated with Pb. an effect that has been
noted in the structure of several minerals (Gice et al.
1991). As in corkite and beudantite" the Pb-O
polyhedron is an icosahedron with the six Pb{ bond
lengths being longer than the six Pb-OH bond lengths:
gallobeudanlte Z.SZ Lversus 2.78 A, corkite Z9Z A
versus 2.73 A (Giuseppetti &^ Tadini 1987), and
beudantite 2.87 L versus 2.80 A (Szymafski 1988).
The Ga site-occupancy refines to an atomic scattering
power of 24.8 elecffons* which compares well with the
microprobe results of 25.1 elecffons for the combined
elements G4 Al, Fe,7n, and Ge in the analysis of area
4.7 in Figure 1 (Table 2). The Ga polyhedron is a
slightly distorted octahedron Clable 8). The Ga poly-
hedra form (001) sheets of corner-sharing polyhedra
(Frg. 8).The two tetrahedra sites [AsOal and [SOa] are
aligned along t0011 (Fig. 9). The sites are well ordered,
with site-occupancy refinements of 31.9Q) electons
(As site) and 16.5(7) electrons (S site). Therefinements
are both within 2o of the ideal scattering power of As
and S, respectively. Similarly, ordering of the sites is
demonstrated by^the average bondJengths, 1.70 A for
As-O and 1.55 A for S-O, which are in keeping with
other arsenates and sulfates. It is the ordering of these
two tetrahedron sites that lowers the symmetry from
RSmto R3m.
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Pb-o3
Pb-o3
Pb-o3
Pb-o4
Pb-04
Pb-o4
(Pb-o)

Pb-O ICOSAHEDRON
2.6(3) Pb-OH1
2.97(s) Pb-oHl
2.69(4) Pb-OHl
2.58(4) Pb-Orr2
2.96(4) Pb-OH2
2.99(3) Pb-OH2
Q.825> (PbOH)

2.nQ)
2.uQ)
2.66Q)
2.73(2)
2.71(2)
2.e0(3)
p.777t

178.1(7)
86.1(7)x2
95.7(6) x2
/2.5(7) x2
85.7(6'1x2
86.1(6)
177.9(6) x2
93.0(6) x 2
87.e(5)

112.2(6)x3
106.6(6) x 3
(109.4)

106.7(l)x3
112.2@x3
(r0e.4)

ca-O OCTAHEDRON
Ga-O3 1.99807) O3-o4
Ga-O4 1.956(16) O3-oH1
Ga-OHl 1.9n(Dx2 O3-OH2
GB-OIi2 1.982Q)x2 O4-OH1

o4-o112
(Ga-o) <r.962, oHl-oHl

oHl-OIt2
oHl-OH2
OH2-/JTI2

As-O TETRAI{EDRON
r.76Q) o1-o3
1.68(2)x3 O3-o3
(1.70) (o-o)

S-OTETRAIIEDRON
1.58(3) o2-o4
1.54(1) x 3 O4-O4
(1.55) (o-o)

As-Ol
As-O3
(As-o)

s-o2
s-o4
(s-o)

FIc. 8. A projection of the gallobeudantite structure along [@1] showing corner-sharing
layers of Ga octahedra altemating with layers of (AsO) tetrahedra (dark shading),
(SO, tetratredra (LBht shading)" and Pb atoms (filled circles).
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NoNTENCLATURE

Beudantite has the ideal formula PbFe[(AsOJ,
(50112(0II)6, and the stucture is rhombohedral, space
group R3n (Szymarlski 1988, Giuseppetti & Tadini
1989). Although ordering of As and S lowers the
symmetry of gallobeudantite to R3rn, the effects of
order can be more pronounced, and may lead to a
dquUing of the c axis or to changes in symmetry (e.g.,
Cowgill et al. 1963, Radoslovich 1982, Jambor &
Dutrizac 1983). To accommodate changes in symmetry
and the compositional variations, various subdivisions
of the alunite - jarosite family (which includes
beudantite and corkite) have been proposed (e.9., Scott
1987, Nov6k et al. 1994). The system ofnomenclature
applicable to this family is currently under review
(Jambor et al. 1995). Although the IMA-approved
nomenclature is not consistetrt in all cases (Jambor
et al. L996), in this paper we rigidly follow Scott's
(1987) MA-approved system for composition
boundaries, despite its limitations (Bhch et al. 1992,
hing et al. 1995). Thus, tle simple Pb-dominant

THE CANADIAN MINERALOGIST

Ftc. 9. A projection of the gallobeudantite structue along [110], showing layers of
comer-sharing Ga octahedra. The (AsO) tetrahedra (dark shading), (SO, tetrahedra
(ight shading), and Pb atoms (filled circle) are aligued along [001].

ternary system as shown in Figure 10 ignores
symmetry and cell-dimension variations such as
doubling of the c axis. The boundary between Fe3+-
dominant species (Frg. 10) and Al-dominant species
(Fig. 12) is set at l:1; similarly, Ga-dominant
species (Fig. 11) would have Ga > Fe3+ or Ga > Al,
regardless of the sum of Feh + Al.

Solid solution

The A position in the fornula of the algnite -
jarosite family may be filled by monovalent ions such
as K, Na, and (H3O), or by divalent ions such as Pb, Ba,
Sr, and Ca. Figure 10 shows the nomenclature for
the (XO) temary system in which Pb is dominant
in the A position and Fe3+ is dominant in B. The two
points plotted correspond to gallian beudantite (up to
L2.6 wlVo GqO3; Table 3). The analogous diagram,
but with Ga > Fe3+, is shown in Figure 11.
Compositions of gallobeudantite fall mainly along or
near the SOa - AsOa join, extending along its lower
half and into the field of the Ga analogue of segnitile
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P b . A I
unnamed
(so+)z

L313

(Poa12
plumbogummite

P b - F e
plumbojarosite

(SOr),

(AsOo),
segnitite

Hc. 10. Nomenclature for the Feh-dominant portion of fle
Pb-XO4 members of the alunite - jarosite family. Plotted
points 2.0 and 7.0 are compositions of Ga-rich beudantite
Clable 3).

(PO.)" (AsO4)2

kintor6iie Phil iPsbornite

Fto. 12. Nomenclature for the Al-dominant portion of the
Pb-xO4 members of the alunite - jarosite family. Plotted
points correspond to compositions in Table 3, but with
XOa normalize<l to 2.00.

(Asoa)2 (Poa:12

FIc. I 1. Compositions of members of the Pb--XOa system, as
in Figure 8, but with Ga > Feh. Plotted points correspond
to compositions in Tables 2 and 4, but with XOa
normalized to 2.00. Gallobeudantite is the only named
mineral in the svstem.

@ig. 11, Table 2). In the opposite direction, the most
SOa-rich sample (cr3) is compositionally and
megascopically distinct, occurring on the specimen as
a cream-colored isolated patch about a millimeter in
diameter. The patch is a granular aggregate in which
the grains are 5-10 pm across, are anhedral, brittle,
and lack cleavage. In transmitted light, the grains are
colorless and uniaxial positive, with ro 1.786(5) and
e 1.790(5) at 589 nm. Thus, the higher indices of
refraction and change in optic sign distinguish this
phase from gallobeudantite, less rich in SOo and POa,
but no differences were observed in the 114.6-mm
X-ray powder-diffraction pattems of the two fypes.

Solid solution involving As-for-P substitution in the
zoned crystals is minimal in areas that can be analyzed
quantitatively with confidence. Thus, Figure 11 shows
clustering of compositions either along the As-rich join
or the P-rich join, with no As - P intermediate values.
The P-rich compositions correspond to the unnamed
Ga analogue of corkite and the unnamed Ga analogue
of kintoreite.

Substitutions among Ga, Fe, and Al are extensiveo
and any of these may predominate in B. Thus,
compositions extend from gallian beudantite
(Fe3i > Ga > Al), to gallobeudantite (Ga > Fe3+ > Al,

(Soa)2
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Ferq
Al.o,
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PbO, wt%
CaO

TABLE 9. DLDCTRON-MICROPROBE COMPOSnONS oF c€-ca ARSENATE

4.1 6 2 3.1 1.2 Avg. Forntul4 I4O

G€O: 12.4 ll.7 12,0

2.42 Pb 0.07 , ""8.40 ca 0-97 's

12.16 Ce 0.75
23.70 Gal.A --
3.30 Fe 0.27 L>t

2,44 A 0.31

GarO, 23.5 22.4 23.8
2.4 5.0 3.1
3.0 2.5 2.6

and Ga > Al > Fe3+), to gallian hidalgoite (Al > Ga >
Fer+; Fig. 12).

In gallobeudantite and its associated minerals, the
A position is occupied solely by Pb (Iables 2,3,4);
however, some of tle crystals have a narrow outennost
zone, invariably less than 10 prn wide, in which Ca
predominates in the A position. This mineral is
unstable under the electron beam" and the narrowness
of the zones and the instability make analyses dfficult.
Nevertleless, the results (Iable 9) show a consistent

Ca-A l
huangite
(so+)z

predominance in Ca and As, with Ga fte main elemgnt
in the B position. Contents of Ge are up to 12.7 wtvo
GeOr (Iable 9); although some substitution for As
would be expected on the basis of their similar ionic
radii (Bernstein 1985), it is evident that Ge# in the
beudantite-type minerals substitutes for the trivalent
ions in the B position. This Ca-rich mineral is in
essence a Ca{a arsenate that, if Ge were absent,
would correspond to the Ca analogue of the unnamed
Ga analogue of segnitite (Figs. 10, 11) or, more simply,
to the Ga analogue of arsenocrandallite (Fig. 13). The
ideal end-member formula of the latter catr be written
as ̂ CaGa3H(AsOr2(OH)6. Substitution of Gea for
Gar+ is substantial, but is constrained by charge-
balance limits so that the maximum Ge content
probably corresponds to Ca(Ga,Al,Fe)2Ge(AsO/2
(OH)u. Table 9 shows that the composition of the
Tsumeb mineral reaches 75Vo of the probable
allowable limit of Ge substitution.
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