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Abstract: The general formula for the tsumcorite-group minerals is Me(l)Me(2)z(X04)2(OH,HzO)z; Me(l) = Pb,
Ca, Na, and partly Bi; Me(2) = Fe, Mn, Cu, Zn, Co, Ni, and partly AI; X = P, As, V, S, Out of this group the

minerals ferrilotharmeyerite, tsumcorite, thometzekite (sulfatian), mounanaite, helmutwinklerite, gartrellite and

zincian gartrellite were investigated regarding optical properties, morphology, chemical composition, infrared and

Mossbauer spectroscopy, and crystal structure. Crystal symmetry is either (i) triclinic in the case of an ordered
occupation of two Me(2) sites, (ii) triclinic due to ordering of the hydrogen bonds in the case of species with 2

water molecules per formula unit or (iii) monoclinic in the other cases. Cell parameters were refined from X-ray
powder data; powder patterns are given for thometzekite (sulfatian), mounanaite, helmutwinklerite, gartrellite and

zincian gartrellite. Mossbauer measurements confirmed the iron in ferrilotharmeyerite, tsumcorite, gartrellite and

zincian gartrellite to be completely trivalent. Electron microprobe analyses showed that at least partial solid

solution is common for the Me(2) and less frequent for the X and Me(l) site. In addition to homovalent substi-

tutions [e.g. Znz+ H Cuz+ or (AS04l H (P04l] there are 3 heterovalent exchange mechanisms with a coupled

substitution involving OH/HzO groups: (i) on the Me(l) site, e.g. [(Ca)z+(HzO)]z+ H [(Bi)3+(OHnz+, (ii) on the

Me(2) site, e.g. [(Zn,Cu,Co,Nii+(HzO)f+ H [(Fe,AI,Mn)3+(OHrf+, and (iii) on the X site, e.g. [(AS04l(HzO)]3-

H [(S04hoHrt.
Crystals of ferrilotharmeyerite, tsumcorite, thometzekite (sulfatian), and mounanaite have monoclinic symmetry,

space group C2lm. The crystal structures were investigated by single-crystal X-ray diffraction. The structural data

for tsumcorite given by Tillmanns & Gebert (1973) were confirmed, for the other minerals isotypy is proved.
Infrared absorption spectra indicate two independent and strong hydrogen bonds. In particular, there is no evidence

for protonated arsenate groups. The chemical formulas of ferrilotharmeyerite and lotharmeyerite (for analogy
reasons) have to be revised on a 10 oxygen basis to Ca(Fe3+,Znh(As04)z(OH,HzOh, and Ca(Mn3+,Zn)z
(AS04)z(OH,HzO)z, respectively.
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mineral Me(1) Me(2) X symmetry references

tsumcorite Pb Zn,Fe As monoclinic Geier et al. (1971);
Tillmanns & Gebert (1973)

mawbyite Pb Fe,Zn As monoclinic Pring et at. (1989)

unnamed mineral Pb Co,Fe,Ni As monoclinic? Schlegel et at. (1996)

thometzekite (sulfatian) Pb CU,Zn As,S monoclinic Schmetzer et at. (1985); tbis work
mounanaite1 Pb Fe V monoclinic Cesbron & Fritsche (1969)
helmutwinklerite Pb Zn,Cu As triclinic Stisse & Schnorrer (1980);

Schmetzer et at. (1985)
thometzekite Pb CU,Zn As triclinic? Schmetzer et at. (1985)

unnamed mineral Pb Co,Ni As triclinic Martin & Schlegel (1992)
gartrellite Pb Cu,Fe As triclinic Nickel et al. (1989)
gartrellite (zincian) Pb Zn,Fe,Cu As triclinic this work
phosphogartrellite Pb Cu,Fe P triclinic Krause et at. (submitted)
lotbarmeyerite Ca Mn,Zn As monoclinic Dunn (1983); Kampf et at. (1984)
ferrilotharmeyerite Ca Fe,Zn As monoclinic Ansell et at. (1992)
cobaltlotbarmeyerite Ca Co,Fe,Ni As monoclinic Krause et al. (in prep.)
natrocha1cite Na Cu S monoclinic Rumanova et at. (1958); Giester

(1989); Chevrier et al. (1993)

1 OH is (partly) substituted by F, as indicated by structure refinement and crystal chemical
considerations
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The triclinic members of the tsumcorite group are gartrellite, zinci~n gartrellite, phosphogartrellite, helmutwin-

klerite, and probably (sulfate-free) thometzekite; the space group is PI, with a pronounced monoclinic C-centered

pseudocell. A redefinition based on type material was performed for gartreliite; it has the ideal formula
PbCuFe3+(As04)2(OH)(H20), but it frequently contains substantial amounts of Zn (at least up to 12.6 wt.% ZnO),

whereas the ratio Cu:Fe is close to I: I. The triclinic distortion is caused by an ordered arrangement of Fe[6J06

octahedra and tetragonal bi-pyramidal CU[4+2Jo6 polyhedra, as shown by Rietveld refinement of powder data. The

weak superstructure reflections of helmutwinklerite observed by single-crystal X-ray investigations are obviously

caused by an ordering of the hydrogen bonds.

Key-words: ferrilotharmeyerite, tsumcorite, thometzekite (sulfatian), mounanaite, helmutwinklerite, gartrellite, zin-

cian gartrellite, redefinition, crystal chemistry, Mossbauer study, infrared spectra, crystal structure.

Introduction

Tsumcorite, a hydroxoarsenate of lead, zinc
and iron, was originally found at the Tsumeb
mine, Namibia, and named after the Tsumeb Cor-
poration (Geier et aI., 1971). Since then a number
of minerals have been discovered which show a
strong relation with tsumcorite concerning their
chemistry, their mineralogical and physical data,
and their crystal structure (Table I). The general
formula Me(l )Me(2)2(X04)2(OH,H20)2 may be
assigned to these minerals; Me(l) = Pb, Ca, Na,
and partly Bi; Me(2) = Fe3+, Mn3+, C~ Zn, Co,

Ni, and partly AI; X = P, As, V, S. These min-

erals may be classified as "tsumcorite group"; out
of this group tsumcorite was the first species
showing the substitution OH H H20 whose crys-
tal structure and correct formula have been re-
ported (Till manns & Gebert, 1973). They dis-
cussed the hydrogen bonding scheme based on
the assumption that the iron atoms are trivalent
instead of divalent. Even after the discovery of
additional members of the tsumcorite group some
crystal-chemical and crystallographic questions
remained unsolved, especially details on the
chemical composition, the solid solution involv-

Table I. Tsumcorite-group minerals: the general formula is Me( I )Me(2),(X04b(OH.H,O),.

For further synthetic compounds with tsumcorite-type structures cf Giester & Zemann (1987),
Giester (1989), Chevrier et al. (1993) and references therein.
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ing di- and trivalent cations, the nature of the
hydroxyl and water content, and the crystal sym-
metry, respecti vely.

The valence state of Fe was assumed to be
trivalent in tsumcorite, but an experimental veri-
fication with modern methods was missing to
support the wet chemical analysis and the crys-
tal-chemical considerations of Tillmanns & Ge-
bert (1973). In tsumcorite the Me(2) cations oc-
cupy only one crystallographic site; it remained
unclear to what extent this would also be valid
for the other members of the tsumcorite group.
The solid solution effect involving di- and
trivalent cations has not been specifically dis-
cussed so far. Since a solid solution involving
Fe3+and Cu is uncommon in crystal chemistry,
Ansell et al. (] 992) assumed an ordered arrange-

ment of (Zn,Cu) and (Fe3+,Zn) in ferrilotharmey-
erite. The substitution of H20 by OH in combi-
nation with the replacement of an X04 group by
a protonated X030H group was discussed by
Harlow et al. (1984) for brackebuschite. The
same mechanism was proposed for ]otharmey-
erite on the basis of an IR spectrum by Kampf et
al. (1984); by analogy Ansell et al. (1992) pos-
tulated without further experimental evidence a
protonated arsenate group in ferrilotharmeyerite
as we]1.

For the major part of the tsumcorite-group
minerals the Laue symmetry 2/m and a C-
centered cell was assumed in accordance with the
space group C2/m verified by Tillmanns & Ge-
bert (1973) for tsumcorite. Mounanaite (Cesbron
& Fritsche, ]969), he]mutwinklerite (Stisse &
Schnorrer, ]980), and gartrellite (Nickel et aI.,

1989)were described as triclinic. For helmutwin-
klerite Schmetzer et al. (] 985) mentioned a pseu-

domonoclinic subceJl with cell dimensions simi-
lar to that of tsumcorite but a triclinic superceJl
with a sixteenfold ceJl volume indicated by very
weak interlayer reflections. Concerns about the
status of helmutwink]erite as an independent
mineral were raised by Wa]enta (1981). For
thometzekite Schmetzer et al. (] 985) were not

able to decide between triclinic or monoclinic
symmetry because of the insufficient quality of
the investigated material.

Gartrellite was described by Nickel et al.
(1989) as a new secondary arsenate mineral from
Ashburton Downs and from Broken Hill,
Australia. The chemica] formula was given on
the basis of Pb+Cu+Fe = 3 as Pb I.04CUI.22Feo.74
(As04) I.SS(S04)o.IO(C03)O.54(H20)OIS.It was not
clear how this formula could be simplified, if

there were any hydroxy] content, and whether
sulfate and/or carbonate were essential constitu-
ents. The relationship to tsumcorite, he]mutwin-
k]erite, and thometzekite was pointed out by
Nickel et al. (1989), but a detailed discussion was
not possible due to lack of structural data. At the
same time a suite of minerals from the Odenwa]d
area, Germany, was under investigation, resulting
in the description of a probable new lead-copper-
iron-arsenate; a discussion with the IMA com-
mission on New Minera]s and Minera] Names led
to the concJusion that this mineral was virtuaJly
identical with gartrellite (pers. comm., Dr. Man-
darino, 1993).

Minera] samples cJose]y related to gartreJlite
had already been mentioned several years before
its original description under the working names
"mineral gamma" (Pb-Fe-Cu-arsenate) and "min-
era] TK" (Pb-Fe-Cu-Zn-arsenate), respectively
(Pinch & Wilson, 1977; Keller, 1984). Later, a
number of short references particularly in ma-
gazines for mineral collectors were made dealing
with these minerals (Kokinos & Wise, 1993;
Martin et aI., ]994; Walenta, 1988, ]989, ]993,
]995), however, without any comments regard-
ing the relation to gartrellite. In most cases the
samples were referred to as copper-bearing tsum-
corite or as a variety of thometzekite, probably
formed by solid solution involving thometzekite,
tsumcorite, and mawbyite, respectively.

For further clarification within the tsumcorite
group, investigations were performed regarding
physical and chemical properties, including
Mossbauer and IR measurements as weJl as crys-
tal structure investigations (for a preliminary note
see Krause et aI., 1997). With the exception of
mounanaite and part of the gartreJlite samples, all
other samples used for the present study are from
the Tsumeb mine, Namibia. Ferrilotharmeyerite
is from samples found in ]993 from level 43 of
the Tsumeb mine, thometzekite is from co-type
material, and tsumcorite was taken from several
specimens originating from different mining pe-
riods since 1970. The investigated mounanaite
sample is part of the type materia] (mineraJ co]-
lection of the University Pierre and Marie Curie,
catalogue no. I 1647) which was collected in
1962 from Mounana, Gaboon. A few gartrellite
samples (#016, #023) are from Reichenbach,
Odenwald, Germany. GartrelJite type material
from Ashburton Downs, W. A., Australia, was
used for the redefinition; the redefinition was ap-
proved by the Commission on New Minerals and
Mineral Names. Additiona] samples from



mineral ferrilothar- tsumcori te tsumcorite thometzekite mounanaite gartrellite helmut-
meyerite (sulfatian) winklerite

sample #241 #017 #259 #132 #262 #023 #272

nx 1.83(1) 1.9I(calc) 1.87(calc) 1.85(calc) 2.19(calc) 1.94(1) 1.83(2)
ny 1.835(calc) 1.93(1) 1.89(1) 1.87(2) 2.25(2)2 1.98(calc) 1.87(calc)
nz 1.87(1) 1.96(1) 1.92(1) 1.92(2) 2.27(calc) 2.06(2) 1.89(2)
opt. character positive positive positive positive negative positive negative
2V 40(2)' 67(3)' 83(5)' 70( 10)' 50(10)' 78(4)' 70(5)'
orientation X IIb I\c=15'1 I\C=8'1 = IIC I\C=20'1 451-223 11/-1453

Y I\c=22'1 lib IIb II b IIb 48/1303 82/-353
Z 76/-1273 82/563

pleochroism strong weak weak none strong weak none
X orange pale yellow pale yellow pale yellow pale yellow
y yellow yellow yellow brown pale yellow
Z colorless pale yellow pale yellow pale yellow yellow

dispersion r>v r>v r>v n.d. r>v n.d. r>v
strong weak weak strong strong

1 in the acute of ~3 p/q>angles based on (010) = 90'10' and (100) =90'190'
2 from samples in sulfurlselenium melts (cf. Fig. 2c,d)

182 W. Krause, K. Belendorff, H.-J. Bernhardt, C. McCammon, H. Effenberger, W. Mikenda

Table 2. Optical data for ferrilotharmeyerite, tsumcorite, thometzekite (sulfatian), mounanaite, gartrellite, and helmut-
winklerite (investigated on an opticaJ spindle stage, Ie = 589 nm); the chemical composition is given in Table 3.

Tsumeb and Reichenbach were also investigated,
but as the corresponding data reveal no extra in-
formation, they are not reported in the present
paper.

Physical properties

Most of the investigated crystals seemed to be
twinned or intergrowths of several individuals.
Therefore only a very limited number of crystals
were suitable for single-crystal investigations by
means of an optical spindle stage, optical two-
circle goniometer, or X-ray measurements. The
optical data are mainly based on spindle-stage
measurements and are summarized in Table 2
and Fig. Ia-d. Because of the high refractive in-
dices, the undulatory extinction behaviour ("roI-
ling extinction", probably due to solid-solution
effects), and the decomposition of some samples
in the immersion media, the data should serve
only as a rough indication about the optical be-
haviour of the tsumcorite-group minerals. Tsum-

corite samples with high zinc contents as well as
thometzekite (sulfatian) and helmutwinklerite
were rapidly attacked by higher-refractive-index
liquids; only gartrellite, mounanaite, and tsum-
corite with Fe:Zn

'"
1:I showed a sufficient sta-

bility. Therefore part of the refractive indices had
to be estimated by using additional data like 2V
and birefringence. The optical behaviour for most
of the monoclinic tsumcorite-group minerals is
similar; the optical character is positive (except
for mounanaite and mawbyitel and the orienta-
tion of Y is parallel to [010] (except for fer-
rilotharmeyerite ).

It has to be stated that the orientation of the
indicatrix of ferrilotharmeyerite differs markedly
from that given by Ansell et al. (1992); also the
data of helmutwinklerite, in particular the refrac-
tive indices, are distinctly different from the data
given by Siisse & Schnorrer (1980). This may be
due to the fact that the refractive indices were
calculated by Siisse & Schnorrer using reflectiv-
ity data, which may be inaccurate in considera-
tion of the relatively low refractive indices. Some
gartrellite crystals exhibit perfectly shaped reflec-

I
A comparative investigation of mawbyite (sample M39065, Museum of Victoria, Melbourne, Australia) gave 2Vx

= 80'(5), nx 1.95(2), ny 2.00(2), nz 2.04(2), X approximately 11[001], Y II [010], pleochroism is moderate with Y

= brownish, X = Z = pale yellow; unit cell parameters: a =9.079(2), h = 6.297(2), C = 7.565(2) A, ~= 115.05(2)',

V = 391.8(1) A3; morphology: prismatic parallel to [001] with (IIO), {TO I }, {001}; Fe:Zn ratio according to

microprobe analyses is 1.25:0.75.
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tion twins (Fig. 2a,b), which could also be con-
firmed by extinction measurements. Crystal
grains lying on (II J) show an inclined extinction
of 17(1r between Z' and the trace of the twin
plane.

Morphological data were obtained by means of
an optical two-circle goniometer, and the orien-

001

Fig. 1. Morphology and orientation of the optical indicatrix: (a) tsumcorite perpendicular and parallel to [010]; (b)
ferrilotharmeyerite perpendicular and parallel to [010]; (c) gartrellite (morphology for a twinned crystal by reflec-

tion on (lTO); (d) helmutwinklerite.

tation of some crystals was checked by single-
crystal X-ray diffractometer studies. The mono-
clinic members of the tsumcorite group except
mawbyite show a similar habit: tabular on mono-
clinic pinacoids parallel [010] [(20I) (tsum-
corite), {ToI } (ferrilotharmeyerite), {OOI}
(mounanaite and sulfatian thometzekite»), and
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Fig. 2. SEM micrograph of gartrellite: (a) tabular aggre-
gates from Reichenbach, Odenwald, Germany (sample
#023, Cu:Fe = 1.0: 1.0); (b) multifaced crystal from
Tsumeb, Namibia (sample #075, Cu:Fe:Zn
0.90:0.94:0.16). The scale bar is 20 ~m.

slightly elongated parallel [0 I0]; terminating
form in ferrilotharmeyerite and tsumcorite is
{III}; additional forms are {IOI}, {IOO}, {OIO},
{221} and {40I}. Crystal drawings for fer-
rilotharmeyerite and tsumcorite including part of
the optical data are shown in Fig. Ia,b. Triclinic
gartrellite is tabular on {Ill}, additional forms
are {OIO}, {OOI}, {OIl}, {012}, {IIO}, {112},
and probably {IOO} (Fig. Ic). As far as the
samples exhibit individual crystals, twinning can
easily be observed (Fig. 2a,b). Twin plane is
{IIO}, showing a small characteristic angle of
4.0(5f (mean of 5 measurements; calculated
angle: 4.4°) between the (111) faces of the two
individuals. This is the same twin law found for
mounanaite considering the different setting of
mounanaite used by Cesbron & Fritsche (1969).
Helmutwinklerite is tabular on {OOI}, additional
forms are {100}, {O1O}, {Oil}, {I 0 I}, {III}
and {112} (Fig. Id). For an easier comparison of
the morphological and optical data to those of

gartrellite, indexing is based on the triclinic sub-
cell found for helmutwinklerite. This is also sup-
ported by the fact that it was impossible to derive
a structure model for the supercell.

Other physical properties can be found in the
first description of the individual species (Table 1).
In the following only those data are reported
which complete the original descriptions. Re-
markable is the great colour variety of gartrellite
and zincian gartrellite: there are yellow, brown,
and green samples including various colour tran-
sitions; the streak of all these samples is bright
yellow. There is a perfect cleavage parallel to
{III} for gartrellite, resulting in a pronounced
texture effect of the powder diffraction patterns
measured in reflection geometry. For the mono-
clinic minerals of the tsumcorite group a good
cleavage parallel to (00 I) was observed (match-
ing to both, the triclinic primitive and monoclinic
C-centered cell choice); whereas for helmutwin-
klerite no distinct cleavage was found. The hard-
ness values VHN25 determined with a Vickers
microhardness tester vary from 350 kg/mm2 for
thometzekite (sulfatian), helmutwinklerite and
mounanaite to approximately 500 kg/mm2 for
tsumcorite, ferrilotharmeyerite and gartrellite. All
these values correspond to 4V2 on the Mohs'
hardness scale. Due to lack of material the den-
sities could not be determined experimentally;
the X-ray densities were calculated according to
Mandarino (1981) and gave the following data:
4.21 g/cm3 for ferrilotharmeyerite (#241),
4.88 g/cm3 for mounanaite (#262), 5.21 g/cm3
for sulfatian thometzekite (#132), 5.29 g/cm3 for
helmutwinklerite (#272), and 5.43 g/cm3 for gar-
trellite (#016).

Chemical composition

An electron microprobe was used for chemical
analyses. The standards were mimetite (As, Pb),
CuS (Cu), andradite (Fe, Ca), AIP04 (AI, P),
SrS04 (S), vanadium metal (V), ZnO (Zn), NiO
(Ni), Co metal (Co), Bi2S3 (Bi), and NaCI (Na).
Investigations were performed on 10 different
tsumcorite samples, 17 gartrellite samples, and
single samples of ferrilotharmeyerite,
thometzekite, mounanaite, and helmutwinklerite,
respectively (Table 3a,b). Regarding tsumcorite
and gartrellite, results are compiled only for those
samples that were additionally checked by
Mossbauer spectroscopy. The position of the



mineral ferrilothar- tSl1mcorite tsumcorite thometzekite thometzekite mounanaite
meyerite (sulfatian) (sulfatian)

sample #241 #017 #091 #132 #120 #262

oxide ions mean I mean' mean' mean' mean' mean

PbO Pb'+ 0.14 - 33.39 0.95 35.30 1.02 36.10 0.99 35.72 0.99 38.47 1.02
CaO Ca'+ 12.07 1.02 <0.1 - <0.1 - <0.1 - <0.1 - <0.1 -
FePJ Fe'+ 15.68 0.93 10.62 0.85 8.53 0.69 0.32 0.02 1.32 0.10 26.01 1.92
Alp, AI'+ <0.1 - <0.1 - <0.1 - 0.55 0.07 2.02 0.25 0.32 0.04
ZnO Zn'+ 17.88 1.04 14.97 1.17 16.42 1.30 5.52 0.41 6.59 0.50 <0.1 -
CuO Cu'+ <0.1 - 0.15 - <0.1 - 19.44 1.50 14.61 1.14 0.87 0.06
As,O, (As0.)" 48.73 2.02 36.20 2.01 35.46 1.99 24.77 1.32 34.08 1.84 0.18 0.01
pp, (PO.)'- <0.1 - <0.1 - <0.1 - <0.1 - <0.1 - 0.81 0.07
V,O, (Va.)" <0.1 - <0.1 - <0.1 - <0.1 - <0.1 - 29.28 1.92
so, (SO.1" <0.1 - <0.1 - <0.1 - 9.00 0.69 2.35 0.18 <0.1 -
HP"k (OHr 5.80 0.90 4.44 0.70 4.62 0.74 4.72 0.74 4.95 0.43 3.21 2.12

H,O 1.08 1.17 1.29 1.23 1.49 -
sum 100.31 99.76 100.33 100.42 101.65 99.15
I mean of 20 analyses; ranges: Fe,0, (14.53 - 16.43); ZnO (17.14 - 18.73),

mean of 19 analyses; ranges: Fe,0, (9.88 - 11.65); ZnO (14.58 - 15.45),
mean of 26 analyses; ranges: Fe,O, (6.72 - 11.51); ZnO (12.79 - 18.39)

. meanof 20 analyses;ranges: As,0, (29.19 - 22.03); SO, (6.04 - 10.96); CuO (16.14 - 20.87);
ZnO (4.12 - 8.63); Fe,o, (0.00 - 0.66); AI,0, (0.21 - 1.17),
mean of 8 analyses; ranges: As,O, (31.32 - 37.34); SO, (0.25 - 4.47); CuO (11.55 - 18.48);

ZnO (2.65 - 7.95); AI,0, (1.00 - 3.33)

chemical composition of tsumcorite sample #259: Pb097(Zn l,oFe~+,oCuoOJ),m( AsO.ho I(0 H)0'9(H, 0) 151

mineral helmut- zincian zincian gartrellite gartrellite gartrellite
winklerite gartrellite gartrellite

sample #272 #081 #080 type material #016 #079

oxide ions mean I mean' mean' mean' mean' mean6

PbO Pb'+ 34.20 0.98 33.49 0.97 35.13 1.03 36.53 1.04 35.40 1.01 34.45 0.98
CaO Ca'+ <0.05 - 0.35 0.04 0.07 - <0.05 - <0.05 - <0.05 -
Fe,O, Fe'+ <0.05 - 7.23 0.59 9.59 0.78 10.33 0.82 12.48 0.99 10.91 0.87
Alp, AI'+ <0.05 - 0.26 0.03 0.25 0.03 0.11 0.01 0.22 0.03 0.16 0.02
ZnO Zn'+ 23.54 1.85 11.40 0.91 6.30 0.51 0.21 0.02 <0.05 - <0.05 -
CuO Cu'+ 1.62 0.13 6.26 0.51 8.36 0.69 14.02 1.12 12.25 0.98 13.78 1.10
As,O, (AsO.)" 36.42 2.03 34.72 1.96 34.52 1.96 33.11 1.83 35.50 1.97 34.67 1.92
pp, (PO.)'- <0.05 - <0.05 - <0.05 - <0.05 - 0.36 0.03 0.32 0.03
V,o, (VO.)'- <0.05 - <0.05 - <0.05 - <0.05 - <0.05 - <0.05 -
SO, (S04)" <0.05 - 0.13 0.01 0.13 0.01 1.68 0.13 <0.05 - 0.65 0.05

HP"k (OHr 5.53 - 4.80 0.83 4.48 1.00 4.47 1.10 4.21 1.05 4.40 0.90
H,O 2.00 1.31 1.12 1.03 0.96 1.10

sum 101.31 98.63 98.83 100.47 100.42 99.39
1 mean of 39 analyses; ranges: ZnO (21.83 - 24.77); CuO (0.94 - 3.72),

mean of 16 analyses; ranges: Fe,O, (6.59 - 7.68); ZnO (10.51 - 12.21); CuO (5.19 - 7.15)
J mean of 15 analyses; ranges: Fe,O, (8.78 - 10.37); ZnO (5.58 - 7.69); CuO (7.75 - 9.08)
4 mean of 15 analyses; ranges: Fe,O, (7.81 - 12.08); CuO (12.69 - 16.86)
5 mean of 9 analyses; ranges: Fe,0, (11.85 - 12.84); CuO (11.82 - 12.87)
6 mean of 12 analyses; ranges: Fe,O, (10.37 - 11.39); CuO (13.09 - 14.68)
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Table 3. Results (in wt. %) of electron-microprobe investigations (Cameca CAMEBAX, 20 kV, 6 nA, beam diameter
10 J.lm); H20 contents were calculated from the idealized formulas. The number of ions were calculated on the
basis of 10 oxygen atoms. (added in proof: read V20S instead of VsOs).

(a) ferrrilotharmeyerite. tSl1mcorite. thometzekite (sl1lfatian) and mounanaite.
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~//
zinciapg-artrellite

~~/

helmutwinklerite thometzekite
cJ+

Fig. 3. Chemica] composition of the tsumcorite-group minerals plotted in the triangle-diagram Zn2+ - Cu2+ -
Fe]+:

triclinic samples are plotted as triangles, monoclinic as squares. The compositions of the type material of the

relevant minerals are shaded. The samples used for structural investigations are hatched. Thometzekite (sulfate-free)
has been designated as triclinic by analogy with helmutwinklerite.

different samples out of the tsumcorite group
with respect to their Cu:Zn:Fe ratio is illustrated
graphically (Fig. 3).

One of the results of the present study is the
description of the tsumcorite-group minerals by
the general formula Me( I )Me(2h(X04)2
(OH,H20h. Electron microprobe analyses
showed that at least partial solid solution is com-
mon for the Me(2) and less frequent for the X
and Me( I) site. In addition to the substitution in-
volving homovalent ions [e.g. Zn2+ H Cu2+ or
(As04)3- H (P04)3-] there are 3 heterovalent ex-
change mechanisms with a coupled substitution
involving OHIH20 groups: (i) on the Me( I) site,
e.g. [(Ca)2+(H20)J2+ H [(Bi)3+(OH)-]2+, (ii) on
the Me(2) site, e.g. [(Zn,Cu,Co,Ni)2+(H20)]2+ H
[(Fe,AI,Mn)3+(OH)- ]2+, and (iii) on the X site,
e.g. [(As04)3-(H20)P- H [(S04)2-(OH)-p-. The
Me(1) position is normally occupied by either Pb
or Ca; at least partial solid solution is probable,
but was not observed in the analyses of the pre-
sent investigation. Only traces of calcium were
detected which substitute for lead in the lead-

bearing minerals; the same applies for lead sub-
stituting for calcium in ferrilotharmeyerite. Bi-
bearing samples with Bi203 up to 17 wt. % were
found for cobaltlotharmeyerite (Krause et al., in
prep.). In the course of the investigation it
became evident that natrochalcite is also a mem-
ber of the tsumcorite group; therefore samples of
ferrilotharmeyerite, tsumcorite, thometzekite
(sulfatian), mounanaite, helmutwinklerite, and
gartrellite were additionally examined for sodium
and potassium, but all analytical results were
below the detection limit. The Me(2) position is
normally occupied by transition metal cations
like Fe, Mn, Cu, Zn, Co, or Ni (and sometimes
minor amounts of AI). Solid solution of the cat-
ions in the Me(2) position is common. Iron is
always present as Fe3+; substantial amounts of
Fe2+ could not be detected by microchemical
tests and Mossbauer spectroscopy in any of the
investigated samples. The X position is in most
cases represented by As; currently only one
phosphate (phosphogartreIlite), one vanadate
(mounanaite) and one sulfate (natrochalcite) are
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known among minerals. Distinct solid solution
involving As041'S04 was found for thometzekite
and to a small extent for gartrellite, but it is likely
possible also for the other members of the tsum-
corite group.

Tsumcorite shows distinct solid solution in-
volving Zn and Fe3+. Considering the variation
of the Zn2+:Fe3+ ratio, charge balance can be
achieved by adjusting the OH:H20 ratio. The
structural formula of tsumcorite and con-
sequently also of mawbyite can be written as fol-
lows (on a 10 oxygen basis):

tsumcorite
Pb(Zn2-xFe~+)(AS04 h( 0 H)x(H20 h-x

x:S; I
mawbyite

Pb(Zn2-xFe~+)(AS04 h( 0 H)x(H20 h-x
x > I(Pring et ai., 1989).

The distribution of the Zn:Fe ratio of 130 spot
analyses of different tsumcorite samples has a
maximum around Zn1.20Feo.80with a continuous
range from Zn 1.60FeoAoto ZnI.OSFeo.9s, i.e. OAO
~ x :s; 0.95. The tsumcorite analyses that have
been reported in literature so far (Geier et ai.,
1971; Tillmanns & Gebert, 1973; Elliott et ai.,
1988) are also within this range. Only very small
amounts of copper (mostly < 0.1 wt.%, maxi-
mum 0.6 wt.% CuO) were detected, although the
association with copper-bearing minerals is com-
mon.

The Fe:Zn ratio of ferrilotharmeyerite is close
to I: I and shows only minor variations. No cop-
per could be detected in ferrilotharmeyerite,
which is in contrast to the observations of Ansell
et al. (1992) who found mean CuO values of 2.9
and 5.75 wt.%, respectively. According to the
microprobe results and the crystal structure data
(10 oxygen atoms), the structural formula of fer-
rilotharmeyerite has to be revised on a 10 oxygen
basis to Ca(Fe3+,Znh(As04h(OH,H20)2 (Fe:Zn

'"1:1). For analogy reasons the formula of lothar-
meyerite also should be revised to Ca(Mn3+,Znh
(AS04h(OH,H20h. For lotharmeyerite and fer-
rilotharmeyerite the compositions known so far
centre around Mn:Zn = I: I and Fe:Zn = I: I,
respectively. The compositional range is small
andthere is no point in defining different species
withcation ratios deviating only slightly from I: I
(ef Nickel, 1992). If species from these series
with distinctly dominant Fe, Mn or Zn, or other
cations are eventually found, separate mineral
names should be assigned.

The investigated thometzekite sample consists
of two generations: a coarse, dense, green mate-
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rial, showing a distinct sulfur content (#132)
which is overgrown by a second generation of
very small, tabular, light-green crystals of sub-
stantially lower sulfur content (#120). It has to
be noted that sulfate-free thometzekite and sul-
fate-bearing thometzekite might have different
crystal symmetries. Structural studies on sulfate-
free thometzekite were not possible due to lack
of suitable material. The sample used for optical
investigations and for the structure determination
was a cleavage fragment of #132. Sulfur is pre-
sent as sulfate anion, as proved by microchemical
tests. The microprobe data clearly show that sul-
fate substitutes for arsenate up to a maximum
S03 amount of 11.0 wt.%, which corresponds to
an As:S ratio of 1.16:0.84. A partial substitution
of AS04 by sulfate anions was already mentioned
for gartrellite (Nickel et at., 1989) and
thometzekite (Gebhard & Schltiter, 1995). In ad-
dition to the substitution involving di- and
trivalent cations like [(Cu,Zn)2+(H20)]2+ H
[(Fe,AI)3+(OH)-j2+, there is obviously a second
mechanism involving di- and trivalent anions:
[(AS04)3-(H20)]3- H [(S04)2-(0H)-]3-. A correla-
tion between the Me(2)2+:Me(2)3+ and (AS04)3-:
(S04)2- ratios was observed; accordingly increas-
ing (S04)2- contents result in decreasing Me(2)3+
contents and vice versa. As a result there is only
a slight variation of the (OH)-:H20 ratio, because
the negative correlation between the (S04)2- and
the Me(2)3+ content keeps the charge nearly
balanced. The general structural formula of sul-
fatian thometzekite can be written as Pb(Cu,Zn)x
(AI,Fe)2x(As04hy(S04)y(OHh-x+y(H20h-y, and
based on the average microprobe analysis
(#132) the empirical formula with x = 1.91 and y

= 0.69 is:
Pb099(Cu !.soZnoA!Alo.D7 Feo.02h.oo

[(AS04) 132(S04)0.6912.01 [(OH)074(H20)1.23] 1.97.

The microprobe analysis of mounanaite is the
first complete analysis performed on natural
material, because Cesbron & Fritsche (1969)
were not able to isolate enough pure material to
perform a wet-chemical analysis. Therefore a
quantitative analysis was only available for syn-
thetic material. The new analytical data indicate
very small amounts of Cu and AI and confirm
the chemical formula proposed by Cesbron &
Fritsche (1969).

The composition of the helmutwinklerite
sample is close to the ideal formula PbZn2
(AS04)2.2H20. The Fe content was below the
limit of detection and a small amount of copper,
ranging from 0.9 to 3.7 wt.% CuO, substitutes for
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Fig. 4. Mbssbauer spectra of ferrilotharmeyerite, tsumcorite, gartrellite and zincian gartrellite. For each spectrum
are given: centre shift [mm S.I] relative to a-Fe (c; first line); quadrupolar splitting [mm S'I] (q; second line);
full width at half maximum [mm S'I] (f; third line); detection limit for Fe2+ (% of the iron amount present)
(I; fourth line).

Zn which is in agreement with the data of the
original description (Siisse & Schnorrer, 1980).

Based on the microprobe and structural data,
the idea] formula of gartrellite is PbCuFe3+
(AS04)2(OH)(H20). No carbonate could be de-
tected in any of the samples, either by micro-
chemica] tests or by infrared investigations; con-
sequently gartrellite was redefined (see section
'redefinition of gartrellite'). According to results
of chemica] analyses currently available, up to
25 mol% of the iron may be substituted by cop-
per; the sample with the highest copper content
is the type material of gartrellite (Cu:Fe =
1.25:0.75; Nicke] et ai., ]989). Thus an Fe3+ H
Cu2+ substitution is obviously possible within
narrow limits. Most samples are close to the ratio
Cu:Fe = ]:], which might be a barrier. Samples
with an excess of iron have not been found so
far, drawing attention to the possible excess of
Cu as well as to the two crystallographically
different Me(2) sites (see below), so the crystal
chemica] formula of gartrellite may be written as
PbCu(Fe3+,Cu)(As04)2(OH,H20h. Gartre]] i te

samples from Tsumeb show intense solid-so]u-
tion phenomena involving copper, zinc and
trivalent iron; whereas the samples from the
Odenwa]d area contain no zinc. The iron:copper
ratio is in most cases very close to ]:]. Minor
amounts of calcium may substitute for lead, and
sulfate and/or phosphate may substitute for ar-
senate, respectively. Small amounts of alum-
inium (max. 2.3 wt.%, mostly < 1.0 wt.%) which
substitute for iron are present in most of the
samples. The incorporation of Ni (up to 4.5 wt.%
NiO) and Co (up to ].4 wt.% CoO) was con-
firmed for gartrellite samples from Piitzbach, Bad
Ems, Germany.

The variation of the chemica] composition and
of the unit-cell parameters (see section 'X-ray
powder investigations') supports the assumption
that gartrellite and zincian gartrellite are part of
a solid solution series with the genera] formula
Pb(Cu,Zn)(Fe3+,Zn,Cu)(As04)2(OH,H20h. The
series appear likely to be complete between pure
gartrellite and zincian gartrellite with a
Zn:Fe:Cu: ratio of", 1.0:0.5:0.5; the continuation
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Fig. 5. Infrared spectra of mounanaite, ferrilotharmeyerite, tsumcorite, gartrellite and helmutwinklerite.

towards helmutwinklerite could not be proved
during the present study. Additional investiga-
tions on (new) natural and/or synthetic material
would be required to prove the limits of the solid-
solution series. However, helmutwinklerite can
not be regarded as a simple end-member because
there are basic structural differences compared to
gartrellite.

Mossbauer study

Mossbauer measurements were performed for
ferrilotharmeyerite (#241), tsumcorite (#017 and
#091), gartrellite (#079), and zincian gartrellite

(#080 and #081); there was not enough material
available to test also mounanaite. The samples of
tsumcorite, gartrellite and zincian gartrellite were
gently ground in an agate mortar with acetone to
make a powder. This was evenly distributed over
a circular area on cellophane foil using water-
soluble glue. Crystals of ferrilotharmeyerite were
used without grinding. Sample weights and
diameter of the circular area were determined
based on the chemical composition such that (i)
an ideal sample thickness was achieved; and (ii)
the sample diameter was maximised for the
amount of sample available. The effective sample
thickness (in mg Fe/cm2) was 3.0 for ferrilothar-
meyerite, 1.0 for tsumcorite, and 0.6, 0.6, and 0.4
for the three samples of gartrellite, respectively;



thometzekite (su1fatian)#132 mounanaite #262

h k 1 deale Icalc dobs I"", h k 1
d""

Icaic dobs lObS

0 0 1 6.837 13 6.837 11 0 0 1 6.949 8 6.954 15
1 1 0 4.980 \1 4.980 14 1 1 0 4.967 18 4.961 23
1 1 -1 4.691 100 4.688 100 1 1 -1 4.640 100 4.640 100
2 o -1 4.488 47 4.488 59 2 o -1 4.566 52 4.562 49
2 0 0 4.057 10 4.062 8 2 0 0 4.193 13 4.190 10
1 1 1 3.582 8 3.580 6 1 1 1 3.626 14 3.625 14
2 o -2 3.507 4 3.509 7 0 0 2 3.474 20 3.478 20
0 0 2 3.418 17 3.416 14 1 1 -2 3.266 87 3.264 92
1 1 -2 3.273 98 3.273 88 0 2 0 3.082 20 } 3.055 960 2 0 3.156 21 3.155 24 2 0 1 3.054 61
2 0 1 2.953 66 2.953 35 0 2 1 2.817 58 2.817 60
0 2 1 2.865 77 2.865 70 3 1 -1 2.767 57 7.766 72
3 1 -1 2.727 60 2.724 56 3 1 -2 2.597 32 2.596 35
3 1 -2 2.583 37 } 2.582 48 1 1 2 2.557 37 2.558 29
2 2 -1 2.581 3 3 1 0 2.546 17 } 2.543 352 o -3 2.534 17 } 2 o -3 2.545 14
1 1 2 2.513 37 2.512 41 2 2 0 2.483 25 2.484 24
2 2 0 2.491 30 } 2.491 30 1 1 -3 2.341 10 2.341 8
3 1 0 2.486 18 2 2 -2 2.320 34 } 2.320 592 2 -2 2.346 35 2.344 47 0 2 2 2.306 4
1 1 -3 2.331 9 2.330 8 4 o -2 2.283 8 2.282 \1
4 o -2 2.244 8 2.244 6 3 1 -3 2.196 7 2.196 6
3 1 -3 2.192 9 2.191 7 2 2 1 2.170 18 2.169 14
2 2 1 2.156 16 2.152 9 3 1 1 2.135 6 2.133 5
3 1 1 2.076 5 2.076 6 4 0 0 2.097 12 2.097 12
4 o -3 2.039 4

} 2.036
4 o _3 2.057 6 2.058 4

1 3 0 2.036 5 19 1 3 0 1.996 4 1.995 4
4 0 0 2.028 12 1 3 -1 1.973 12 1.973 13
1 3 -1 2.015 12 2.015 9 2 o -4 1.025 8 } 1.922 \12 o -4 1.914 7 1.913 6 1 1 3 1.920 15
1 1 3 1.884 21 1.885 8 0 2 3 1.852 17 } 1.851 150 2 3 1.848 16 } 4 2 -1 1.844 \1
1 3 -2 1.844 14 1.848 14 2 2 2 1.813 10

}
4 2 -1 1.826 \1 L821 11 1 3 -2 1.813 14 1.813 13
2 2 2 1.791 16 1.791 5 3 1 -4 1.802 3
4 o -4 1.753 17 1.754 13 1 1 -4 1.788 3 } 1.788 23 3 -1 1.727 20 1.728 23 5 1 -2 1.777 3
4 2 -3 1.712 37

}
1.710

4 o -4 1.762 13 1.763 9
0 0 4 1.709 15 44 3 1 2 1.752 5

}
1.740

5 1 -1 1.702 10 5 1 -1 1.745 10
243 3 -2 1.689 4 } 1.688 0 0 4 1.737 15

2 0 3 1.688 8
7

2 0 3 1.735 6
1 3 2 1.669 8 } 1.664 9 3 3 -1 1.712 17 } 1.712 473 3 0 1.661 9 4 2 -3 1.7\1 40
2 2 -4 1.636 21 1.635 7 3 3 -2 1.669 7 1.670 5
1 3 -3 1.612 4 1.612 2 1 3 2 1.659 9 } 1.657 70 4 0 1.578 19

}
1.575

3 3 0 1.656 7
5 1 0 1.572 7 13 2 2 -4 1.633 19 1.633 10
3 3 -3 1.564 3 5 1 0 1.618 7 1.618 5
4 2 1 1.525 22 } 1.520 15 1 3 -3 1.595 4 1.595 2
2 o -5 1.520 6 4 2 1 1.557 23 1.557 10

Philips PW1710 diffractometer, CuKa-radiation, internal standard: Si; the powder

diffraction pattern with the program LAZY PULVERIX (Yvon et at., 1977) was
calculated according to the results of structure refinements; reflections with leak ~3are
listed; observed intensities are corrected for texture effects according to the March
model (Deyu et al., 1990).
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Table 4. Powder diffraction data
(a) the monoclinic minerals thometzekite (sulfatian) and mounanaite.

the values are close to the ideal sample thick-
nesses for these compositions (Long et aI., 1983).
Samples were run at room temperature (293 K)
on a conventional transmission Mossbauer
spectrometer. Results of the measurements
are compiled in Fig. 4. Data were fitted to a
single Lorentzian doublet (components were
constrained to equal widths and areas) which
was sufficient to account for all spectral absorp-
tion.

All of the iron in the investigated samples is
Fe3+; no evidence for Fe2+ can be seen within
experimental error. All spectra show only one
component, which indicates that Fe3+ occupies
predominantly one site in the structure. Compari-
son of the centre shift data with values from other
minerals show unambiguously that it is the octa-
hedral site. There is a slight difference between
the (theoretically equal) areas of each component
in each of the tsumcorite spectra resulting either



gartrellite (sample #016) zincian gartrellite (sample #081) helmutwinklerite (sample #272)

h k I deale lcalc dobs lobs h k I deale Icalc dobs lobs h k I deale lealc dobs lobs

001 6.767 23 6.772 29 001 6.849 24 6.851 24 001 6.932 12 6.930 15
010 5.059 4 5.054 4 010 5.062 4 } 5.017 8 010 5.081 3 } 5.074 5I o 0 4.954 6 4.956 6 100 5.018 3 I o 0 5.068 3
o I I 4.780 69 4.783 63 o I I 4.741 72 4.731 74 I 0 I 4.698 72 } 4.694 95I o I 4.601 88 4.600 74 I 0 I 4.671 76 4.669 86 o I I 4.687 68
I I I 4.468 55 4.470 37 I I I 4.514 31 4.517 36 I I I 4.517 48 4.521 28
I 1 0 4.057 20 4.059 18 I I 0 4.124 18 4.124 22 I I 0 4.201 18 4.204 19
I 0-1 3.582 3 } 3.580 9 o I-I 3.623 5 } 3.622 12 o I-I 3.690 5 } 3.682 6o I-I 3.579 5 I 0-1 3.622 7 I 0-1 3.667 5
I I 2 3.469 10 3.471 7 I I 2 3.492 5 3.494 6 I I 2 3.471 8 } 3.468 33
002 3.383 16 3.383 19 002 3.424 16 3.424 17 002 3.464 15
0 I 2 3.294 84 3.295 83 0 I 2 3.286 82 3.283 89 102 3.279 69 } 3.267 100102 3.204 77 3.202 73 I o 2 3.251 73 3.252 91 012 3.257 68
I -I 0 3.180 42 3.182 61 I-I 0 3.184 48 3.185 66 I -I 0 3.185 32 3.185 23
I I-I 2.945 100 2.948 100 I I-I 2.999 100 2.999 100 I I-I 3.071 100 3.070 92
1-1-1 2.899 68 2.899 81 1-1-1 2.895 57 2.894 74 I-I I 2.903 47 } 2.892 46I-I 1 2.857 52 2.857 63 I-I I 2.879 56 2.880 70 1-1-1 2.885 47
I 2 I 2.762 55 2.761 36 I 2 I 2.770 34 2.767 35 2 I I 2.771 42 } 2.770 792 1 I 2.693 45 2.693 32 2 I I 2.741 30 2.740 34 I 2 I 2.770 43
I 2 2 2.609 31 2.608 20 o 2 I 2.620 3 } 2.608 33 201 2.606 4 } 2.602 72 I 2 2.535 33 ) I 2 2 2.604 19 o 2 I 2.600 4
020 2.529 27 2.531 44 201 2.584 3 } 2 I 2 2.586 24

)

I 0-2 2.509 29

}

2 1 2 2.575 20 2.578 27 0 1-2 2.583 29
I 2 0 2.509 10 2.503 66 I 0-2 2.537 36

}

I 2 2 2.579 25 2.582 82I I 3 2.502 25 I 2 0 2.532 7 2.535 65 I 0-2 2.570 30
0 1-2 2.494 35 o 1-2 2.532 39 I 2 0 2.566 10
200 2.477 19 } 2.475 22 020 2.531 23 2 I 0 2.561 10
2 I 0 2.470 12 I I 3 2.519 17 } 2.521 26 021 2.541 23 2.541 22
022 2.390 19 2.392 16 2 I 0 2.516 8 200 2.535 23 2.534 24
o I 3 2.330 8 2.336 7 200 2.509 22 2.511 25 I I 3 2.510 22 2.510 17
202 2.301 20 } 2.297 21 022 2.370 17 2.369 16 202 2.353 19

}

I o 3 2.287 7 o I 3 2.335 7

}

022 2.340 19
222 2.234 11 2.235 3 202 2.336 16 2.333 26 103 2.340 6 2.346 28
I 2 3 2.201 6 2.201 5 I o 3 2.319 8 o I 3 2.328 6
o 2-1 2.170 17 2.168 17 2 2 2 2.257 7 2.256 9 222 2.259 12 2.258 8
2 0-1 2.154 16 } 2.155 18 o 2-1 2.187 15 2.187 15 o 2-1 2.217 12 2.217 10
2 1 3 2.147 4 2 0-1 2.179 14 2.179 14 2 0-1 2.205 12 2.203 8
1 -2-1 2.049 8 } 2.051 10 2 2 0 2.062 12 2.062 13 2 2 0 2.100 16 2.100 11
2 -I 0 2.040 4 I -2-1 2.039 11 } 2.040 10

2 -I I 2.034 9

}
220 2.029 17 ) 2.029 19 223 2.038 5 223 2.028 7 2.028 12
223 2.022 11 2 -I I 2.022 10 2.023 10 I -2-1 2.027 8
2 -I I 2.006 11 2.005 11 I I 4 1.904 10

j

o 1-3 1.932 14 } 1.931 17I I 4 1.889 14 1.886 10 I 0-3 1.899 17 1.899 17 I 0-3 1.924 14
I 0-3 1.879 22 } 1.877 35 o 1-3 1.895 15 I I 4 1.903 10 1.904 8
1-2 -2 1.874 14 1-2 -2 1.864 12 I-I 3 1.877 12 1.877 7
o 1-3 1.866 18 1.867 19 I -I -3 1.861 13 1.860 14 I -I -3 1.863 11 } 1.862 14I -I -3 1.857 7 1.855 7 I 3 I 1.858 4 2 -I 2 1.860 11

The powder diffraction patterns were calculated with program PC-Rietveld Plus (Fischer et at., 1993) for
samples #016 and #081, and with program LAZY PULVERIX (Yvon et at., 1977) for sample #272. Reflections
with I,., ~3are listed. The observed patterns for #016 and #081 were taken with a STOE STADI P trans-
mission powder diffractometer; external standard: Si; CuKal radiation. The observed pattern for #272 was taken
with a Philips PW 1710 powder diffractometer (reflection geometry); internal standard: Si; CuKa-radiation.
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b) the triclinic minerals gartrellite, zincian gartrellite, and helmutwinklerite. The Miller indices of helmutwinklerite

refer to the gartrellite-like triclinic pseudocell; this is justified by the fact that even a careful analisis of the powder
pattern gave no hint for superstructure reflections (from single-crystal diffractometer data F of the strongest
superstructure reflection is 1.37 % of the strongest measured substructure reflection).

from data scatter or from a second coordination
of Fe3+. To test how much could be present, the
tsumcorite spectra were fitted to two doublets
with the centre shift of the second doublet con-
strained to a typical value for tetrahedral Fe3+
(the centre shift for Fe3+ replacing Pb2+ would be
too large). The relative areas for the second doub-
lets for the tsumcorite samples #091 and #017 are
I % and 3 %, respectively. Since the abundance
is roughly equal to the area, this indicates that

there could be at most I % and 3 % of the Fe3+
occupying the tetrahedral site in the two tsum-
corite samples #091 and #017, respectively. No
similar effect is seen in the ferri loth arm eye rite
sample although, because of preferred orientation
effects which change the component area ratios
(the grain size was much larger for the fer-
rilothermeyerite sample), no conclusion can be
drawn as to whether there might be a small
amount of Fe3+ in the tetrahedral site.



monoclinic minerals sample a [A] b [A] c [A] a ['] ~['] y ['] V [A3]

ferrilotharmeyerite #241 9.006(2) 6.238(1) 7.387(2) 115.54(2) 374.4
tsumcorite #017 9.117(1) 6.323(1) 7.567(1) 115.25(1) 394.6
tsumcorite #091 9.143(2) 6.335(1) 7.598(2) 115.07(2) 398.6
tsumcorite #259 9.163(2) 6.347(2) 7.611(2) 115.09(2) 400.9
thometzekite (sulfatian) #132 9.088(2) 6.311(1) 7.656(2) 116.76(2) 392.0
thometzekite (sulfatian) #120 9.112(4) 6.331(4) 7.667(4) 116.74(5) 395.0
mounanaite #262 9.294(2) 6.164(2) 7.703(2) 115.54(2) 398.1

triclinic minerals

helmutwinklerite1 #272 5.606(2) 5.610(2) 7.617(1) 70.19(2) 69.91(2) 69.18(2) 203.7(1)

zincian gartrellite #081 5.550(1) 5.620(1) 7.621(1) 68.59(1) 69.17(1) 69.51(1) 200.1(1)

zincian gartrellite #080 5.516(1) 5.613(1) 7.599(1) 68.32(1 ) 69.17(1) 69.72(1) 198.0(1)
gartrellite 2 5.460(1) 5.653(1) 7.589(2) 67.68(1) 69.27(1) 70.04(1) 196.8(1)
gartrellite #079a 5.431(1) 5.642(1) 7.573(1) 67.62(1) 69.57(1) 70.31(1) 195.4(1)

#079b 5.454(1) 5.653(1) 7.579(1) 67.52(1 ) 69.27(1) 70.08(1) 196.1(1)
gartellite #016 5.452(1) 5.628(1) 7.565(1) 67.77(1) 69.34(1) 70.09(1) 195.2(1)

1 Single-crystal X-ray film and diffractometer investigations showed weak superstructure reflections,
which were not considered for calculation of cell parameters

2 type material
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Table 5. Unit-cell parameters refined from powder-diffraction data (the chemical composition is given in Table 3).

Infrared absorption spectra

Powder IR spectra of samples of ferrilothar-
meyerite (#241), tsumcorite (#017), and helmut-
winklerite (#272) were obtained from nujol
mulls on a Perkin Elmer FTIR 1740 spectrome-
ter; the same samples, additional samples of gar-
trellite (#079 and type material from Ashburton
Downs) and mounanaite were run on a Nicolet
5PC FTIR using a diamond microcell (Fig. 5).
Thometzekite or sulfatian thometzekite could not
be investigated due to lack of material. The
samples of ferrilotharmeyerite, tsumcorite and
gartrellite are close' to a ratio Me(2)2+:Me(2)3+ =
I: I, requiring one (OH)- group and one H20
molecule for charge balance, which consequently
results in three hydrogen bonds p.f.u. (per
formula unit). Helmutwinklerite was investigated
because it has divalent Me(2) atoms only: for
charge balance two H20 molecules are assumed
in the chemical formula Pb(Zn,Cu)2(As04)2
(H20)2, which causes four hydrogen bonds. The
spectrum of ferrilotharmeyerite shows a broad
absorption band ranging from approximately 3200
to 2300 cm-l with the maximum at - 2900 cm-l
indicating strong to very strong hydrogen bonds.
The spectrum of tsumcorite is similar to that of
ferrilotharmeyerite with respect to this broad ab-
sorption band; in addition a weak absorption
band at 3495 cm-l as characteristic for a long hy-

drogen bond and a hint to a bending motion of
H20 is observed. The IR spectrum of helmutwin-
klerite is somewhat different. Although the broad
absorption band at 2900 cm-l is maintained, sig-
nificant bands at 3580 and 3535 cm-l were ob-
tained indicating practically free hydrogen bonds;
the bending motion of water is observed at
1590 em-I. The IR spectra of gartrellite from
Tsumeb and of the type material from Ashburton
Downs, Australia, are nearly identical with weak
absorptions at 1565, 3440/3445, 3620/3635, and
3730 em-I, and a broad absorption band centered
at about 2900 em-I. There is no indication for
distinct absorptions due to carbonate in the range
1400 to 1500 em-I. From the spectra it can be
expected that the hydrogen bonding scheme in
the investigated samples is similar with respect
to the short O-H...O bonds. A suggestion of an
additional weak or even free hydrogen bond is
evident in tsumcorite and is obvious in gartrellite
and helmutwinklerite. It should be mentioned
that there are no cogent reasons for protonated
anion groups in any of the compounds.

X-ray powder investigations

The X-ray powder-diffraction patterns of the
investigated minerals are very similar, which is
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Fig. 6. Variation of cell parameters versus Zn content within the solid-solution series (a) mawbyite - tsumcorite
(- helmutwinklerite) [i.e. PbFe+(As04!2(OH)2 PbFe3+Zn(As04)2(OH)(H20) - PbZn2(As04)2(H20)2] and (b) gar-
trellite - zincian gartrellite (- helmutwinklerite) [i.e. PbFe3+Cu(As04)2(OH)(H20) - Pb(Fe3+,Zn)(Cu,Zn)(As04)2
(OH,H20)2 . PbZn2(As04)2(H20)2]. For helmutwinklerite the superstructure reflections are neglected, only the
monoclinic / triclinic p,'eudocell is considered for comparison with the other cell parameters.

consistent with their similar compositions and
strongly related crystal structures. Different unit-
cell parameters and scattering factors result only
in a small variability regarding d-va]ues and in-
tensities. Improved powder data are given in

Tab]e 4; the patterns for ferri]otharmeyerite and
tsumcorite were omitted because of the close
similarity with the data given by Dunn (1983),
and Geier et al. (197]), respectively. With the
exception of helmutwinklerite the powder-
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Table 6. Single-crystal X-ray data collection and structure refinements. A STOE AED 2 four-circle diffractometer
(Mo tube, graphite monochromator) was used for data collection. Unit-cell parameters were obtained by least-square

refinements of accurate 21'} values.

ferrilotharmeyerite thometzekite
#241 (sulfatian) #132

a 9.010(3) A
6.246(2) A
7.391(2) A

b
c
a

~ 115.52(3t
y

-
V 375.4 A'
space group C2/m
Z 2

Po,",
§ 4.21 gem"

crystal dimensions 0.14xO.08xO.04 rom'
scan speed (2~/ro scan mode) 0.90 - 3.600min'l
scan width (+ dispersion) 0.66°
standards, intervall 3 standards, 2h
maximal intensity variation :1:1.77%
range of data collection- 6° < 2~ < 70°
IJ(MoKa) 146 cm'l
absorption correction crystal shape
transmission factors 0.248 to 0.563
total measured reflection 2985
observed unique reflections 886
reflections for refinements 833, Fo > 3cr(Fo)

Rio' 0.026
R Qilll
Rw (helmutwinklerite: wR2) 0.021
w 1.703 [cr(Fo)r2
variable parameters 46
max Mcr ~ 0.003
final difference Fourier map -1.25 to + 1.25 eA-'

mounanaite
#262

helmutwinklerite
#272

9.077(8) A 9.294(8) A 5.606(2) At
6.300(8) A 6.166(7) A 5.610(2) A t
7.661(8) A 7.713(8) A 7.617(1) A t
- - 70.19(2)° t
116.99(8)° 115.57(6)° 69.91(2)° t

- - 69.18(2t t
390.4 A' 398.7 A' 203.7 A'
C2/m C2/m PI
2 2 It
5.21 gem" 4.88 gem" 5.29 gem"
0.lOxO.08xO.03 mm' 0.lOxO.06xO.02 rom' 0.07xO.09xO.22 rom'
0.60 - 1.800min,l 0.90 - 1.800min'l 0.90 - 1.80omin,l

1.38° 1.20° 1.50°
3 standards, 2h 3 standards, 2h 3 standards, 2h
:1:3.38% :1:1.51% :1:2.94%

5° < 2~ < 60° 5° < 2~ < 60° SO < 2~ < 50°
319 cm,l 265 cm'l 374 cm'l
Ijf-scans crystal shape Ijf-scans
0.0257 to 0.0964 0.125 to 0.261 0.0301 to 0.0592
2326 2320 792t I 12626*
614 621 715t
544, Fo > 3cr(Fo) 493. Fo > 3cr(Fo) 662t, Fo > 4cr(Fo)2
0.037 0.047 Om7
0.046 0.065 0.029
0.027 0.039 0.088
1.676 [cr(Fo)j,2 1.289 [cr(Fo)r2 :j:
46 45 74
~ 0.001 ~ 0.001 ~ 0.001
-4.28 to +3.88 eA-' -3.65 to +5.68 eA-' -0.09 to +1.99 eA-3

Data were corrected for Lorentz and polarization effects; neutral-atomic complex scattering functions (Wilson, 1992),
programs SDP (Frenz & Associates, 1992), SHELX-76 and SHELXL-93 (Sheldrick, 1976, 1993) were used.

R=LI IFo\-IF,1 II LIFo I; Rw=[Lw(Fo-FY/Lw~llI2; wR2=[LW(~-F;)2/LW~II12
§

Po,",calculated from the experimental chemical composition and the cell volume derived from powder data
:j: w = 1 / ( cr2(F~)+ [ om *

( [max(O,F~)1 + 2*F; ) / 3 ]2};
*

including and t neglecting superstructure reflections

diffraction patterns of the tsumcorite-group min-
erals show a strong texture effect when measured
in reflection geometry. The investigations of the
powder patterns by applying the March model of
preferred orientation (Deyu et al., 1990) leads to
March factors of about 0.5, assuming (001) and
(III) to be the dominant faces for the monoclinic
and triclinic samples, respectively. Unit-cell pa-
rameters refined from powder data are compiled
in Table 5.

The variation of the cell parameters within the
monoclinic series mawbyite - tsumcorite (- hel-
mutwinklerite) is shown in Fig. 6a. A monoclinic
setting (neglecting the small deviations of a and
y from rectangularity) was chosen for helmutwin-
klerite to illustrate the relation to tsumcorite. The
unit-cell volumes slightly increase with increas-
ing zinc content because of the larger ionic radius

of Zn2+ (0.740 A; Shannon, 1976) compared
to Fe3+ (0.645 A), and the fact that Fe2+ is
absent. In addition the influence of the increas-
ing number of hydrogen bonds has to be con-
sidered, which also results in slightly larger cell
volumes.

According to the previous investigations unit
cells related to that of tsumcorite were expected
for the triclinic minerals gartrellite and helmut-
winklerite. With respect to the axial lengths and
to the cell volume, the cell parameters given by
Nickel et al. (1989) and Siisse & Schnorrer
(1980) are similar to those determined in this
work, but the unit-cell angles are approximately
supplementary to the correct ones. The reduced
triclinic cells used by Schmetzer et al. (1985) and
in the present paper can be obtained from the
monoclinic C-centered cell of tsumcorite



type
#016 #079material

weighted profile Rwp: Rwp = [Liwi(y,,-IIC' Yd)2/LiWiY;,]1/2 0.076 0.071 0.053
theoretical minimum value for Rwp:Rap = «N-P)/L,WiY,,)1/2 0.030 0.048 0.023
profile Rp: Rp = Li(y,,-IIC' Y,,)/LiYoi 0.053 0.054 0.039
background corrected R;: R; = [L,(y,,-IIC' Yd)/LiY,,-Yb,] 0.237 0.233 0.164
goodness-of-fit: s 6.53 2.18 5.46

Scale factor: C; observed, calculated, background profile intensities: y", Yd' Ybi;numbers of
statistically independent observations: N=11000, variable least-squares parameters: P=39;
w=lIy,. Program "PC-Rietveld plus" (Fischer et at., 1993), background points: Yb'=
L1=.IB{21'Y,;corrections for standard deviations (Berar & Lelann, 1991), for texture effects
(Dollase, 1986) and for asymmetry effects if 2it<30' (Rietveld, 1969); simulation of the
peak shape: pseudo-Voigt function (Young & Wiles, 1982); for diminishing the severe peak
overlap: intensities within 4xFWHM (full width at half maximum) were considered; the
angular dependence of FWHM (one free parameter) was refined (Caglioti et ai., 1958);
X-ray scattering functions from Wilson (1992), for 02. from Hovestreydt (1983).
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Table 7. Residuals of the Rietveld-powder refinements of gartrellite (STOE powder diffractometer, transmission
geometry, Cu tube, monochromated by a curved Ge (III) monochromator, linear PSD detector, range of data
collection 10' < 2it < 120°, step width O.On.

(Tillmanns & Gebert, 1973) by a transformation
according to (1/2 V2 0 I V2 -V2 0 I 0 0 -1). The
superstructure reflections of helmutwinklerite
found by Schmetzer et at. (1985) and verified by
single-crystal X-ray work during our investiga-
tion are not observable in the powder pattern due
to' very small intensities and frequent overlap
with reflections of high intensity. The splitting of
reflections caused by the lowering of symmetry
from C21m to PI is clearly observable in the
powder patterns of gartrellite. With increasing
zinc content the splitting of the reflections be-
comes smaller, which finally leads to reflections
that are only broadened. The variation of the
cell parameters within the gartrellite - zincian
gartrellite (- helmutwinklerite) series is shown in
Fig.6b.

X-ray structure investigation

For structure investigations single crystals of
ferri loth arm eye rite, tsumcorite, sulfatian
thometzekite, mounanaite, and helmutwinklerite
were available; structural data for gartrellite were
obtained from powder data. The crystals were
selected for X-ray diffractometer measurements
after checks by optical investigations and Weis-
senberg-film techniques. The atomic coordinates
of tsumcorite given by Tillmanns & Gebert
(1973) served as the starting set for structure re-

finements. Their labelling of the atoms has been
maintained. Relevant data for structure refine-
ments are summarized in Tables 6 and 7, struc-
tural parameters are given in Table 8 and intera-
tomic distances and bond angles are listed in
Table 9. The highest peaks found in the final
difference Fourier summations are in the sur-
rounding of the Pb atoms.

The monoclinic members of the tsumcorite
group

A refinement of tsumcorite was performed to
prove the structural identity of the material used
for the recent investigations. All atomic parame-
ters obtained by our refinement are equal within
two standard deviations to those given by
Tillmanns & Gebert (1973). Therefore our
structural parameters are not given; data on tsum-
corite refer to those of the first structure inves-
tigation.

Despite the fact that the symmetry of
mounanaite was given as triclinic by Cesbron &
Fritsche (1969), the recent refinement gave no
evidence for a lower symmetry than C21m. Data
were collected in the full reciprocal sphere;
merging according to Laue symmetry I instead
of 21m lowers Rint from 0.047 to 0.044 which
does not justify the description of the structure
based on lower symmetry. In addition the refine-
ment of the cell parameters gave no evidence for



atom
Wyckoff sym-

x y z
occu pati on

Beq I Bi"letter metry factor

ferrilotharmeyerite (#241)

Ca 2(a) 21m 0 0 0 1.0 0.92
Fe

} 4(f) I 0.25 0.25 0.5 {
0.497(11)

} 0.73
Zn 0.503(11 )

As 4(i) m 0.91466(4) 0.5 0.20451(5) 1.0 0.60
0(1) 4(i) m 0.3439(3) 0.5 0.4083(3) 1.0 0.92
0(2) 4(i) m 0.3183(3) 0 0.3621 (4) 1.0 1.12
0(3) 8(j) 1 0.0339(2) 0.2798(2) 0.2453(3) 1.0 0.89
0(4) 4(i) m 0.2429(3) 0.5 0.0206(4) 1.0 1.24

thometzekite (sulfatian) (#132)

Pb 2(a) 21m 0 0 0 1.0 2.38
Cu 4(f) I 0.25 0.25 0.5 1.0 1.44
As

} 4(0 0.9167(2) 0.5 0.2097(2) {
0.617(8)

} 1.45
S

m 0.383(8)
0(1) 4(i) m 0.3426(8) 0.5 0.4204(13) 1.0 1.91
0(2) 4(i) m 0.3083(10) 0 0.3267(13) 1.0 2.31
0(3) 8(j) I 0.0308(6) 0.2887(8) 0.2623(9) 1.0 1.83
0(4) 4(i) m 0.2084(11 ) 0.5 0.0180(13) 1.0 2.82

mounanaite (#262)

Pb 2(a) 21m 0 0 0 1.0 1.82
Fe 4(f) I 0.25 0.25 0.5 1.0 1.51
V 4(i) m 0.9228(4) 0.5 0.2256(5) 1.0 1.29
F 4(i) m 0.3368(11 ) 0.5 0.4183(16) 1.0 1.43
0(2) 4(i) m 0.3185(15) 0 0.3722(21) 1.0 2.00
0(3) 8(j) 1 0.0406(10) 0.2729(12) 0.2663( 13) 1.0 1.40
0(4) 4(i) m 0.2125(14) 0.5 -0.0053(19) 1.0 1.72

gartrellite (#079)

Pb l(a) 1 0 0 0 1.0 0.07(3)
Fe l(g) I 0 0.5 0.5 1.0 1.40(10)1
Cu 1(f) I 0.5 0 0.5 1.0 1.40(10)1
As 2(i) 1 0.4100(5) 0.4347(5) 0.7920(3) 1.0 1.00(8)
0(1) 2(i) 1 0.146(2) 0.171(2) 0.4198(15) 1.0 0.62(15)'
0(2) 2(i) 1 0.284(2) 0.306(2) 0.6702(13) 1.0 0.62(15)'
0(3a) 2(i) 1 0.251(2) 0.685(2) 0.2815(13) 1.0 0.62(15)'
0(3b) 2(i) 1 0.686(2) 0.230(2) 0.2723(13) 1.0 0.62(15)'
0(4) 2(i) I 0.261 (2) 0.275(2) 0.0366(14) 1.0 0.62(15)2

helmutwinklerite (#272)

Pb l(a) I 0 0 0 1.0 2.72
Zn(1) l(g) I 0 0.5 0.5 1.0 1.82
Zn(2) 1(f) I 0.5 0 0.5 1.0 1.84
As 2(i) 1 0.42101(16) 0.42320( 16) 0.77763(13) 1.0 1.74
0(1) 2(i) 1 0.1554(14) 0.1572(14) 0.4059(13) 1.0 3.10
0(2) 2(i) I 0.3131(11) 0.3093(11 ) 0.6509(10) 1.0 1.89
0(3a) 2(0 I 0.2495(12) 0.6831(13) 0.2581(10) 1.0 2.56
0(3b) 2(i) 1 0.6842(12) 0.2471(12) 0.2610(10) 1.0 2.42
0(4) 2(i) I 0.2786(19) 0.2874(21) 0.0085(11 ) 1.0 5.03

1 and 2; these parameters are constrained
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Table 8. Structural parameters (e.s.d.'s in parentheses), for Beq see Fischer & Tillmanns (1988).

a deviation of the angles ex and y from 900, the
displacement parameters show no conspicuous
anisotropy, and the powder data indicate no split-
ting or broadening of reflections even at high 2~
angles. Therefore, within the accuracy of the

structure investigation, the symmetry of
mounanaite is C2/m.

During the first stage of structural refinement
of mounanaite, negative displacement parameters
were obtained for the atomic position 0(1). After



monoclinic minerals
ferri]othar-

tsumcorite
thometzekite

mounanaite
meyerite (sulfatian)

Me(1)-0(2), v 2x 2.962(2) 0.07 2.955(6) 0.10 2.782(7) 0.16 3.109(13) 0.07
Me(1)-0(3), v 4x 2.44](2) 0.28 2.597(6) 0.27 2.629(5) 0.25 2.554(8) 0.30
Me(1)-0(4), v 2x 2.386(2) 0.32 2.591(6) 0.27 2.712(5) 0.20 2.654(7) 0.23
coordination, Iv [6(+2)] 1.90 [6+2] 1.82 [8] 1.72 [6+2] 1.80

Me(2)-0(1), v 2x 2.027(1) 0.45 2.046(6) 0.43 2.006(3) 0.41 1.965(4) 0.45
Me(2)-0(2), v 2x 2.097(1) 0.37 2.131(6) 0.34 2.272(5) 0.20 2.072(7) 0.43
Me(2)-0(3), v 2x 2.052(1 ) 0.42 2.019(6) 0.46 2.012(5) 0.4] 2.007(8) 0.51
<Me(2)-0>, Iv <2.059> 2.48 <2.065> 2.46 <2.097> 2.04 <2.015> 2.78

X-0(2), v 1.726(2) 1.12 1.719(6) 1.14 1.604(6) 1.34 1.779(10) 1.07
X-0(3), v 2x 1.692(1) 1.23 1.691(6) 1.23 1.62](5) 1.28 1.721(7) 1.25
X-0(4), v 1.658(2) 1.34 1.663(6) 1.33 1.592(9) 1.39 1.620(13) 1.64

<X-O>, Iv <1.692> 4.92 <1.691> 4.93 <1.6]0> 5.29 <1.710> 5.21

0(1)"'0(1) 2.543(2) 2.636(9) 2.548(7) 2.738(9)
0(1)"'0(4) 2.607(3) 2.690(9) 2.753(13) 2.959(18)
0(1)"'0(3) 2x 3.035(2) 3.013(6 ) 3.094(6) 3.117(8)
0(1)"'0(1)"'0(4) 1] 1.58(8) 115.1(3) 111.5(3) 109.6(4)

triclinic minerals gartrellite helmutwinklerite

Pb-0(2), v 2x 2.72(1) 0.19 2.997(8) 0.09
Pb-0(3a), v 2x 2.66(2) 0.23 2.600(9) 0.27
Pb-0(3b), v 2x 2.63(2) 0.25 2.591(8) 0.27
Pb-0(4), v 2x 2.57(1) 0.29 2.641(16) 0.24
coordination, Iv [8] 1.92 [6+2] 1.74

Me(2a)/(2b)-0(1), v 2x 1.99(2) 2.03(1 ) 0.53 0.39 2.071(10) 2.085(13) 0.37 0.36
Me(2a)/(2b)-0(2), v 2x 2.10(2) 2.30(2) 0.39 0.19 2.187(10) 2.160(7) 0.27 0.29
Me(2a)/(2b)-0(3a), v 2x 1.94(1) - 0.61 - 2.090(9) - 0.35 -
Me(2a)/(2b)-0(3b), v 2x - 1.91(1) - 0.54 - 2.077(8) - 0.36
<Me(2a)/(2b)-0>, Iv <2.01> <2.08> 3.06 2.24 <2.116> <2.107> 1.98 2.02

As-0(2), v 1.77(2) 0.99 1.675(9) 1.28
As-0(3a), v 1.70(1) 1.21 1.68] (12) 1.26
As-0(3b), v 1.70(1) 1.18 1.684(8) 1.25
As-0(4), v 1.75(2) 1.04 1.694(9) 1.22
<As-O>, Iv <1.73> 4.42 <1.684> 5.01

0(1)"'0(1) 2.58(2) 2.636(17)
0(1)"'0(4) 2.61(3) 2.758(12)
0(1)"'0(1)"'0(4) 107.9(5) ] 17.8(6)
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Table 9. Interatomic distances (in A), hydrogen bonds (bond angles in 0) and bond valences v (in valence units;
calculated according to Brese & 0' Keeffe, 199]).

Data on tsumcorite refer to Tillmanns & Gebert ( 1973). An occupation of the O( 1) position
by F atoms is assumed in mounanaite for bond valence calculations.

checks of the interatomic distances it was as-
sumed that this atomic position might be oc-
cupied at ]east partly by fluorine atoms instead
of hydroxyl groups. A trial to refine the structure
with the scattering function for F instead of 0 for
the O( I) position reduced Rand Rw significantly
from 0.068 and 0.043 to 0.065 and OJJ39. The

displacement parameters of F(l) increased to
values comparable to that of the other atoms.

Despite careful X-ray investigations, no viola-
tions of the space-group symmetry C2/m or a
multiplication of the cell parameters could be de-
tected for the monoclinic members of the tsum-
corite-group minerals. A local site disorder
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(statistically or dynamically) caused by the hy-
drogen-bonding schemes has to be assumed.

The tricIinic members of the tsumcorite group

Schmetzer et ai. (1985) found for helmutwink-
lerite a triclinic, but pronounced monoclinic C-
centered tsumcorite-like pseudocell; additional
weak superstructure retlections were responsible
for a large triclinic cell: a = 4 x 5.600
22.400(4), b = 4 x 5.609 = 22.436(4), C =
7.616(3) A, a = 70.21(2), ~ = 70.02(3), Y =
69.24(2f. These observations were confirmed
during our investigations. The deviation from the
monoclinic setting is very small but still signifi-
cant. The distribution of the intensities shows that
the retlections of the pseudocell adopts approxi-
mately the C21m symmetry; whereas the super-
structure reflections show distinct violation of the
Laue-symmetry 21m. However, at least the
strongest of the weak superstructure reflections
show a systematic non-space group extinction.
Our investigations, which are based on data from
a conventional scintillation detector, did not
show whether the intensities of the reflections
hkl: h = 2n+ I and k = 2n+ I or h,k = 4n+2 were
not observed due to too weak intensities, or
whether other structure models (twinning, stack-
ing faults, or orientational disorder) have to be
applied.

Unit-cell parameters of helmutwinklerite
were obtained by least-square refinement of 152
accurate 28 values (Table 6); the monoclinic
pseudocell is obtained from the triclinic pseudo-
cell by a transformation according to (I I 0 I
1 -10 I 0 0 I): a =9.233, b =6.367, C = 7.617 A,
a = 90.22 - 90, ~ = 114.49, Y= 90.04 - 90°. The
analysis of the measured reflections for total
number I 10 > 3 0(10) I 10 > 10 0(10) gave 792 I
734 I 667 reflections for the tric1inic pseudocell
and 11834 I 948 I 145 superstructure reflections.
First, structure refinements on F2 were performed
in the monoclinic pseudocell, which resulted in
wR2 = 0.099, RI = 0.028 for 372 data with Fo >
4o(E,), and wR2 = 0.101 and RI = 0.031 for all
395 reflections and 43 variable parameters. The
anisotropy of the displacement parameters was
large for the 0 atoms; whereas that of the cations
were reasonable. A transformation to the tric1inic
pseudocell changed the R values slightly: wR2 =
0.088, Rl =0.029 for 662 data with Fo > 4o(Fo)
and wR2 = 0.092 and RI = 0.033 for all 715 data
and 74 variable parameters. The anisotropy of the

displacement parameters is kept large especially
for the atoms O( 1) [principal mean square atomic
displacements 0.068, 0.029 and 0.021 A2] and
0(4) [0.106, 0.065 and 0.020 A2].

Single-crystal X-ray film investigations on
well-shaped (twinned) gartrellite crystals were
found to consist of an indefinite number of aggre-
gates resulting in a broadening of the reflections
in 0) over some degrees; a single-crystal data col-
lection for structural investigations was therefore
impossible. Consequently, structure investiga-
tions were performed by Rietveld refinements of
powder data. Tiny aggregates of 5 gartrellite
samples (type material, #079, #016, #080 and
#081) were hand-picked under the microscope
and gently ground between two foils. After initial
convergence, adjustment of the cell and profile
parameters and interactive corrections with the
background, all atomic coordinates and their
isotropic displacement parameters (the displace-
ment parameters for the 0 atoms were con-
strained to equal values) were refined as inde-
pendent variables. Despite the fact that the
samples were hand-picked with great care, the
powder diagram of the type material was found
to involve small amounts of quartz and mimetite,
and sample #079 consists of two gartrellites in
approximately equal amounts and slight different
cell parameters (atomic parameters for the two
phases were refined as constrained). Neverthe-
less, refinement of sample #079 gave a higher
accuracy than that of sample #016 (obviously due
to smaller texture effects and to higher count
rates of the powder pattern). The samples #080
and #081 turned out to be mixtures of zincian
gartrellite with duftite as well as a Ca-substituted
duftite (Guillemin, 1956; Jambor et ai., 1980);
accuracy of these refinements did not match ex-
pectations. It should be mentioned that all inves-
tigations gave no hint for the occurrence of su-
perstructure reflections in the gartrellite samples
under investigation.

Results and discussion

For discussion of the principles of the coordi-
nation polyhedra and the structure type of tsum-
corite the reader is referred to Tillmanns & Ge-
bert (1973). All crystal-chemical results were
confirmed during the recent investigations: The
Me(2)06 octahedra are edge-connected to chains
in [0 I0] which are linked by the X04 tetrahedra
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Fig. 7. The tsumcorite-type crystal structure. Within the H302 anion both formally half occupied sites of the H
atoms of the symmetrically restricted hydrogen bond 0(1)...0(1) are shown (program ATOMS, Dowty, 1995).

to form layers in (001), and the 0 atoms repre-
sent two layers out of a distorted close-packed
arrangement. Me(l )[6+2]atoms link these layers.
Obviously a hydrogen bond is between these lay-
ers, and a symmetrically restricted hydrogen
bond is within the layer. The structure is depicted
in Fig. 7.

The greater part of the tsumcorite-group min-
erals crystallizes with monoclinic symmetry. Al-
though gartrellite and the average structure of
helmutwinklerite show only moderate deviations
from the monoclinic C-centered cell the assign-
ment of the lower triclinic symmetry is not in
doubt. The change of symmetry causes a lower-
ing of the site symmetries of the atoms: Me( I)
changes the site symmetry from 21m to 1; X,
0(1), 0(2), and 0(4) from m to I; the Me(2)
position splits into two positions Me(2a) and
Me(2b) retaining the Tsymmetry, and the general
position of the 0(3) atom splits into two posi-
tions 0(3a) and 0(3b). Obviously two different
reasons are responsible for the symmetry reduc-
tion: gartrellite exhibits an ordered occupation of
the positions Me(2a) and Me(2b) by Fe3+ and Cu,
respectively, and helmutwinklerite shows a par-
ticular arrangement of the hydrogen bonds.

Me(l) position

In ferriJotharmeyerite the Me(l) position is oc-
cupied by Ca atoms showing a distinct octahedral
coordination with an average <Ca-O> bond
length of 2.423 A. Some interactions towards two
additionalligands at opposite faces of the octahe-
dra are evident. Despite the site symmetry T, the
Me( I) position is occupied by the Jone-pair ele-
ment Pb(lI) in the other tsumcorite-type minerals
under investigation. A tendency towards a larger
coordination number is found for the Pb atoms
as compared with the Ca atoms. The Pb atom is
[6+2] coordinated in mounanaite, tsumcorite and
helmutwinklerite, and essentially [8] coordinated
in thometzekite (sulfatian) and gartrellite. The
variation of the O-Me( I)-0 angles does not
correlate with the difference between the six
short and the two longer bonds.

Me(2) position

The Me(2) site is octahedrally coordinated, and
the 0-Me(2)-0 angles are close to 90'. For
members of the solid solution series between
Fe3+ and Zn2+ no deviation from C21m symmetry
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was observed within accuracy of the structure re-
finement; the Me(2) site is statistically occupied
by Fe and Zn atoms. The effective ionic radius
of Zn (0.74 A) is somewhat larger than that of
Fe3+ (0.645 A; Shannon, 1976). Consequently,
the average <Me(2)-0> distance correlates with
the Zn:Fe ratio; it is significantly larger in hel-
mutwinklerite (2. I 16 and 2.107 A) than in fer-
rilotharmeyerite (2.059 A) and tsumcorite (2.065
A), and it is small in mounanaite (2.015 A).

The ionic radius of Cu2+ (0.73 A) compares
with that of Zn (0.74 A). The octahedral coordi-
nation polyhedron is avoided by the Cu atoms;
instead a tetragonal bipyramidal [4+2] coordina-
tion is favoured due to the electron configuration
d9 (Jahn- Teller effect). The positions Me(2) in
thometzekite (sulfatian) and Me(2b) in gartrellite
feature this distortion: Me(2)/Me(2b)-0(2) is
extended to 2.272/2.30 A. These distances are
longer than the topologically equivalent bond
distance within the Me(2)06 polyhedra of the
compounds under discussion, although in general
a slight lengthening of Me(2)-0(2) is observed.

Zn atoms can substitute for Fe3+, and a large
number of minerals with a joint occupation of
one position by both Cu and Zn are known, e.g.
serpierite (Sabelli & Zanazzi, 1968), veszelyite
(Ghose et ai., 1974), cuproan adamite (Toman,
1978), ktenasite (Mellini & Merlino, 1978), bayl-
donite (Ghose & Wan, 1979), kipushite (Piret et
ai., 1985), ramsbeckite (Effenberger, 1988),
aurichaJcite (Harding et al., 1994), namuwite
(Groat, 1996), and bechererite (Hoffmann et al.,
1997). Obviously the different stereochemical be-
haviour of Fe3+ and Cu2+ results in the necessity
of the formation of two different coordination
polyhedra in gartrellite: the chain formed by the
edge-connected Me(2)l6J octahedra parallel to
[010] in the monoclinic tsumcorite structures is
substituted by Me(2a)06 =Fel6J06 octahedra and
Me(2b)06 = Cul4+2J06 tetragonal bipyramids
which alternate within each chain (running par-
allel to [ITO] in the triclinic setting). Con-
sequently the symmetry is reduced to pT, which
is supported by the chemical analyses of gartrel-
lite showing that the composition is close to
PbCuFe(As04)2(OH)(H20). A similar stereo-
chemical behaviour of Fe3+ and Cu2+ was found
in medenbachite (Krause et ai., 1996). In zincian
gartrellite the ratio Fe3+:Cu2+ is close to 1:I, and
the Zn content shows a negative correlation with
the deviation from monoclinic symmetry. The Zn
atoms adopt the coordination polyhedra of both
Fe and Cu; therefore triclinity of the gartrellites

is smaller for the zinc-rich members. In helmut-
winklerite Me(2a)06 and Me(2b)06 are equal
within the accuracy of structure refinements.

X04 group

The X04 groups form approximately regular
tetrahedra; the average X-O bond lengths in fer-
rilotharmeyerite, tsumcorite, gartrellite and
helmutwinklerite correspond with an occupation
by As atoms. The significant shortening of the
<X-O> bond lengths in thometzekite (sulfatian)
indicates a partial incorporation by P or S; electron-
microprobe analyses show substantial amounts
of S. In mounanaite an occupation of the X posi-
tion by V is verified by the chemical analyses,
by interatomic distances, and by scattering func-
tion refinements.

Protonated anion groups were postulated on
the basis of an IR spectrum for lotharmeyerite
(Kampf et ai., 1984) and by analogy also for fer-
rilotharmeyerite (Ansell et ai., 1992). Therefore
using the structure data, the geometry of the
anion group was carefully examined for the pre-
sence of an X030H group. Protonated anion
groups generally show an elongated X-OJ, dis-
tance (Oh = hydroxyl group) (Ferraris & Ivaldi,
1984). The individual X-0(2) distances within
the X04 groups of ferrilotharmeyerite, tsum-
corite, mounanaite and gartrellite are slightly
lengthened; in thometzekite (sulfatian) and hel-
mutwinkJerite the X-0(2) bond is shortened be-
cause of the extension of the Me(2)-0(2) bond,
which is the elongated axis in the tetragonal
bipyramid Cul4+2I06. However, the 0(2) atoms
cannot be considered as Oh atoms due to their [4]
coordination by one Me (I ) atom, two Me(2)
atoms, and one X atom and due to their saturated
bond valences (Table 10). In addition protonated
anion groups as a rule show a decrease of the
Oh-X-O angles and an increase of the 0-
X-O angles which could not be verified for the
tsumcorite-group minerals; Baur (1974) reported
for the relevant angles in protonated phosphates
average values of 106.90 and 111.9'. Single-crys-
tal X-ray investigations gave only decreased
0(2)-X-0(4) angles (102.40 to 107.4'); the
other 0(2)-X-0 angles are larger than 108.9'.
Therefore the crystal-chemical considerations as
well as the IR measurements allow the conclu-
sion that the investigated compounds do not have
protonated anion groups. As a result, the chemi-
cal formula of ferrilotharmeyerite (based on 10



ferrilothar-
tsumcorite

thometzekite
mounanaite gartrellite

helmut-
meyerite (sulfatian) winklerite

0(1) 0.90 0.86 0.83 0.90 0.92 0.73
0(2) 1.93 1.92 1.91 1.99 1.76 2.01
0(3).0(3a) 1.92 1.96 1.94 2.06 2.05 1.88
0(3b) 1.97 1.88
0(4) 1.67 1.60 1.58 1.87 1.33 1.46
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Table 10. Bond valences v (in valence units) for the oxygen atoms (0(1) = F in mounanaite) without contribution
of the. hydrogen atoms (according to Brese & O'Keeffe. 1991).

oxygen atoms) has to be revised to Pb(Fe3+,Zn)2
(AS04h(OH,H20). Considering the cell metric,
crystal chemistry and powder pattern, lotharmey-
erite belongs to the tsumcorite group. Con-
sequently the chemical formula of lotharmeyerite
should be changed to Ca(Mn3+,Znh(As04h
(OH,H20)2 (based on 10 oxygen atoms) from
that given by Dunn (1983), CaZnMn3+(As04)2
(OH).2H20, and by Kampf et al. (1984),
CaZnMn3+(As030Hh(OH)).

Charge balance and hydrogen bonding scheme

One of the most striking problems within the
tsumcorite-group minerals is the charge balance
involving Me(2)2+:Me(2)3+ and Me( I)2+:Me( I )3+
cations, (X04)3-:(S04)2- anions and (OH)-:(H20)O
groups. The relevant exchange mechanisms have
already been mentioned in the section 'chemical
composition' .

In ferrilotharmeyerite, tsumcorite, sulfatian
thometzekite, gartrellite and helmutwinklerite
0(1)...0(1) contacts from 2.543 to 2.636 A indi-

cate strong hydrogen bonds which are among the
longest symmetrically restricted bonds (Catti &
Ferraris, 1976; Jessen & KOppers, 1991; Steiner
& Sanger, 1994; and references therein). They
are centered at the position (0 0 0.5) with site
symmetry 21m and T for the samples with space
group C21m and pI; a displacement of the H
atom towards one of the two 0(1) atoms is ex-
pected. In contrast 0(1)...0(4) is 2.607 to 2.758 A,
which is characteristic for a strong, but asym-
metric hydrogen bond. This hydrogen-bonding
scheme was already given by Tillmanns & Ge-
bert (1973), and is in accordance with the IR
spectra. It is also supported by the bond valences
(Table 10): the sum of bond valences indicate
that hydrogen atoms are covalently bound to the
0(1) atoms and that the 0(4)[2J atoms are ac-
ceptors of hydrogen bonds. Bond valences are
satisfactory for the atoms 0(2) and 0(3).

In mounanaite the interatomic distances corre-
sponding to the hydrogen bonds within the other
compounds change significantly. The 0(1 )...0(1)
distance increases to 2.738 A and could be inter-
preted as an interatomic but not bound contact.
0(1)...0(4) is increased nearly to 3 A, and the
0(1)...0(3) contacts are longer. The bond dis-
tances to the atoms 0(1) and 0(4) within the
Me(l)Os, Me(2)06, and X04 polyhedra are
shortened as compared with the other title min-
erals; consequently the bond valence at 0(4) is
increased to 1.87 v.u. and need not be interpreted
as the acceptor of a hydrogen bond. From these
crystal-chemical considerations and from struc-
ture refinement a (partial) occupation of the 0(1)
position by fluorine instead of oxygen is evident.
These findings could not be verified by electron-
microprobe analyses, although these investiga-
tions were performed with great care. This might
be caused by absorption phenomena due to the
high absorption coefficient and a poor polish of
the surface.

A composition of ferrilotharmeyerite and
tsumcorite according to a ratio Me(2)2+:Me(2)3+

= I: I requires one H20 molecule and one OH
group p.f.u. assuming pure (X04)3- anions. In ac-
cordance with Tillmanns & Gebert (1973) it has
to be expected that the atomic position 0(1) is
occupied by 0 atoms belonging half to H20
molecules and half to OH groups. The hydrogen
bonding scheme is
0(4) ... H - 0(1) - H ... 0(1) - H ... 0(4)

H
0(4)... H - 0(1) ... H - 0(1) - H ... 0(4)

Formally such a formation can be characterized
as an (H302)- anion. The (H302)- anion was de-
scribed in natrochalcite and in some organic and
inorganic compounds (Clearfield et ai., 1976;
Abu-Dari et ai., 1979; Bino & Gibson, 1981,
1982, 1984; Giester & Zemann, ]987; Giester,
1989; Chevrier et ai., 1990, 1993). The local site
symmetry of the central O( I)...O( I) bond is vio-
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lated. The formula for the tsumcorite-group min-
erals with Me(2)2+:Me(2)3+ = I: I and (X04)3- is
therefore Me(1 )2+Me(2)2+Me(2}1+(X04n(OR)(H20)
or possibly Me(1)2+Me(2)2+Me(2)3+(X04)2(H302).

An exclusive occupation of the Me(2) site with
trivalent cations causes the 0(1) sites to be fully
occupied by hydroxyl groups; consequently only
two of the three hydrogen bonds discussed above
are formed. An exclusive occupation of the
Me(2) site with divalent cations causes a
complete occupation of the 0(1) sites by water
molecules. The three short 0...0 bonds are essen-
tially maintained. An additional fourth H atom
forms essentially a free hydrogen bond: only two
0(3) atoms form 0(1)...0 contacts below 3.5 A
which do not represent an edge in the
Me(1)[6+2]Os, Me(2)f6J06 or X04 polyhedra. Ex-
change mechanisms like [(OH)2P- H (H302)-
(for an excess of trivalent cations) or (H302)- H
H20)~ (for an excess of divalent cations) are nec-
essary for charge balance; consequently the
general formula for the tsumcorite-group minerals
(considering only the common solid solution on
the Me(2) site) is Me(1)2+Me(2)~~xMe(2)~+(X04n
(H20)2-x(OH)x, 0 ~ x ~ 2.

In the monoclinic and triclinic pseudocell of
helmutwinklerite a strong anisotropic displace-
ment was found for the 0 atoms, especially for
0(1) and 0(4). By chemical analyses, infrared
measurements and structure investigations hel-
mutwinklerite requires two H20 molecules pJ.u.;
consequently both O( I) atoms are donors of two
hydrogen bonds. Besides the contact from 0(1)
to another 0(1) atom and to 0(4), there are only
two 0(1)...0 contacts below 3.5 A that are no
edges in the Me(3a)06 or Me(2b)06 polyhedron:
one to the 0(3a) atom and one to the 0(3b) atom
with 3.042(13) and 3.026(17) A, respectively. It
is assumed that the hydrogen bonds in helmut-
winklerite are ordered resulting in a complex
bonding scheme which causes the weak super-
structure ret1ections and the triclinic symmetry.

Thometzekite is the second mineral out of the
tsumcorite group with an exclusive occupation of
the Me(2) position by Me2+ atoms (Cu,Zn).
Among the material available only sulfate-bear-
ing thometzekite was found to be suitable for
structural studies. Superstructure ret1ections were
not observed by long-exposed single-crystal X-
ray film investigations, but somewhat larger ani-
sotropic displacement parameters have been ob-
served during structure refinements. A trial to
refine the unit-cell parameters according to tri-
clinic symmetry gave no hint for a lowering of

symmetry: ex = 90.00l(32f and y = 89.997(35)'.

For the investigated crystal approximately 1/3of
the (AS04)3- anions are substituted by (S04)2-
groups, which balances parts of the excess of
divalent Me(2) atoms and obviously stabilizes
monoclinic symmetry. By analogy with helmut-
winklerite, triclinic symmetry seems to be likely
for sulfate-free thometzekite, Pb(Cu,Zn)2(As04h
.2H20.

Redefinition of gartrellite

In the course of the present study on the tsum-
corite-group minerals it became evident that the
general formula for these minerals
Me(l)Me(2)2(X04)2(OH,H20)2 does not fit with
the formula for gartrellite proposed in the origi-
nal description (Nickel et ai., 1989). Their
empirical formula Pbl.Q4CU1.22FeO.74(As04)!.88
(S04)O.IO(C03)O.54(H20)O.ISwas based on Cu +
Fe + Pb = 3 and it was simplified to Pb(Cu,Feh
(AS04,S04)2(C03,H20)x , where x is approximately
0.7. The main difference is the lack of substantial
carbonate in the new chemical analyses of gar-
trellite (Table 3b). It was therefore decided to
redefine gartrellite as suggested by E.H. Nickel.
The redefinition was based on holotype material
from Ashburton Downs, W.A., Australia, with a
focus on the chemical composition (microprobe
analyses, microchemical tests, IR spectra) and the
crystallographic properties (X-ray diffraction and
Rietveld refinement). For the general description
and the physical and optical properties the reader
is referred to the original description of gartrel-
lite.

Chemical analyses by means of an electron mi-
croprobe (Table 3b) gave similar results to those
reported by Nickel et al. (1989), except for C02
which could not be detected. Gartrellite is slowly
soluble in warm dilute hydrochloric acid. Ob-
serving the dissolution process under the micro-
scope, no indication for a formation of C02 gas
was found; gartrellite samples from other locali-
ties show the same behaviour. Type material and
gartrellite from Tsumeb gave very similar FT-IR
spectra (Fig. 5); in particular, there was no dis-
tinct absorption in both samples due to carbonate
(1400-1500 cm-1 region). Reference data of
samples with admixed carbonate phases show
that even amounts from I to 10 wt. % carbonate
phase are clearly observable. The presence of
substantial amounts of carbonate can therefore be
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excluded. The powder diffraction pattern is close
to the data of the original description of gartrel-
lite. Refined unit-cell parameters are given in
Table 5. Single-crystal X-ray investigations were
impossible because of the small crystal size
« 10 !lm); consequently structural information
was performed by Rietveld refinement of the
powder data. The residuals of samples from the
type locality of gartrellite, from Tsumeb (#079),
and from Reichenbach (#016) are given in Table 7.
These values confirm the identity of the struc-
tural data of the investigated samples. It should
be mentioned that the type structure does not
allow the incorporation of additional carbonate
groups. The proposal to redefine gartrellite as
having a chemical composition corresponding to
the formula PbCu(Fe,Cu)(As04h(OH,H20h and
the crystallographic parameters given in Table 5
has been approved prior to publication.

Related structure types

Tsumcorite is isotypic with natrochalcite,
NaCu2(S04h(H302). The crystal structure of
natrochalcite was first determined by Rumanova
& Volodina (1958). Subsequently natural
natrochalcite and a number of synthetic com-
pounds were investigated with Me(1) = Na, K,
Rb, Ag, TI, NH4; Me(2) = Cu, Mn, Ni, Co, Zn;
X = S, Se, Mo, Cr, and additional compounds
with a P03F group instead of X04 (see Chevrier
et al., 1993, and references therein). In the
natrochalcite-series compounds the Me( I) and
Me(2) positions are occupied by mono- and
divalent cations, respectively; together with the
(X04)2- anion three hydrogen atoms are required
for charge balance. The formation of an H302
configuration was proved by neutron diffraction
studies (Chevrier et al., 1993). Even in the
natrochalcite-series the hydrogen-bond lengths
vary on a wide scale. In general, within the
natrochalcite-type series the 0...0 distances of
the symmetrically restricted hydrogen bonds are
shorter than in the tsumcorite-type compounds,
but the length of the asymmetric hydrogen bonds
tends to be longer: the former varies from
2.440 A in NaCu2(S04h(H302) to 2.606 A in
TlCu2(Se04h(H302), the latter from 2.695 A in
NaCu2(S04h(H302) to 3.114 A in RbCu2(S04h
(H302) (Giester, 1989). Effenberger (1989)
showed the structural similarities between
natrochalcite, dolerophanite and synthetic
KCul2+4]Cu~4+21[(AS04)H(As04)]( OHh.
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A number of minerals with the general formula
Me(1)Me(2h(X04h(OH,H20h are known to
form a variety of structure types in apparent re-
sponse to the variation in size and coordination
of the cations Me(1) and Me(2) and to the size
of the X04 tetrahedron. Pring et at. (1989) men-
tioned the relation between the isochemical
PbFe2(As04h(OHh minerals carminite and
mawbyite. Carminite has Fe06 octahedra alter-
nately linked to each other by 0-0 edges and
an 0 vertex to chains which are interconnected
by the AS04 tetrahedra to a network; large holes
are occupied by the Pb atoms. Olmi & Sabelli
(1995) discussed on the basis of structural refine-
ments the hydrogen bonding schemes and found
evidence for short and symmetrically restricted
hydrogen bonds. Further minerals with a similar
chemical composition but different structures are
lipscombite, Fe3(P04h(OHh (Vencato et al.,
1989), jagowerite, BaAb(P04h(OHh (Meagher,
1974), the lazulite group minerals (Mg,Fe)Ab
(P04)(OHh (Giuseppetti & Tadini, 1983) and
hentschelite, CuFe2(OHh(P04h (Sieber et al.,
1987), kimrite, BaAh(Si04h(H20)2 (Bolotina et
at. (1991), scholzite, CaZn2(P04h(H20)2 (Taxer,
]975), collinsite, MgCa2(P04h(H20)2 (Brother-
ton et at., ]974), thalmessite, (Mg,Co)Ca2
(AS04)2(H20)2 (Catti et al., ]977), the fairfieldite
group, MnCa2(P04)(H20h (Fanfani et at., ]970),
and the kroehnkite group, Na2CU(S04h.2H20
(Hawthorne & Fergusson, ]975). Drugmannite,
Pb(Fe,AI)2[(P04)H(P04)](OH)2 (King & Sengier-
Roberts, 1988) forms a hydrogen bond between
two phosphate tetrahedra.

The relation between the structure types of
tsumcorite and brackebuschite, Pb2(Mn,Fe)
(V04h.H20 has been mentioned in the literature:
Geier et at. (1971) noticed similarities within the
cell metric of the two minerals. For a detailed
comparison of the crystal structures of tsumcorite
and arsenbrackebuschite, Pb2(Fe,Zn)(As04)2
(OH,H20), see Hofmeister & Tillmanns (1978).
The relationship of bearthite, Ca2AI(P04)2(OH),
to brackebuschite, tsumcorite and many other
minerals was discussed by Chopin et at. (1993).
It should be mentioned that the hydrogen bond-
ing schemes in tsumcorite and brackebuschite or
arsenbrackebuschite (and obviously in its zinc
analogue feinglosite, Pb2(Zn,Fe)[(As,S)04h.
H20, Clark et at., 1997) are basically different;
in the latter two minerals one atomic site is statis-
tically occupied by 0 atoms of OH groups and
H20 molecules, and the formation of a symmetri-
cally restricted hydrogen bond is avoided.
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