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Its description and crystal structure

WERNER KRAUSE,! HEINZ-JURGEN BERNHARDT,>? WALTER GEBERT,” HERIBERT GRAETSCH,?

KrAus BELENDORFF,’> AND KLAUS PETITIEAN*

'Henriette-Lott-Weg 8, D-50354 Hiirth, Germany

2Institut fiir Mineralogie, Ruhr-Universitit Bochum, Universititsstrasse 150, D-44780 Bochum, Germany

3Albert-Einstein-Strasse 7, D-64839 Miinster, Germany
4Mainzer Strasse 118, D-67547 Worms, Germany

ABSTRACT

Medenbachite occurs in association with mixite, preisingerite, alunite, goethite, reichen-
bachite, and malachite in a silicified barite vein from Reichenbach near Bensheim, Oden-
wald, Hesse, Germany. It forms aggregates of small tabular crystals. No cleavage was
observed; fracture is conchoidal and Mohs hardness is 4.5. The color varies from yellow
to brown-yellow; the luster is vitreous to adamantine. Medenbachite is biaxial negative,
2V = 43(3)°, dispersion r > v, a = 2.03(2), 8 = 2.09 (calc.), and v = 2.10(2)°. Observed
crystal forms are {001}, {101}, {101}, {T10}, {011}, and {131}. Medenbachite is triclinic,
space group PT, with a = 4.570(1), b= 6.162(1), c = 8.993(1) A, a = 94.56(1), 8 = 99.69(1),
v = 94281, V = 247.9 A3, Z = 1, D_,. = 5.90 g/cm?. The six strongest lines of the
powder diffraction pattern are [d(A),(I71,),(hk])]: 8.823(62)(001), 3.749(100)(012,101), 3.596
(77)(111), 3.468(58)(110,111), 2.903(69)(102), and 2.810(51)(021). Electron microprobe
analyses gave Bi,0, 53.36, Fe,0, 8.99, FeO 1.00 (calc.), CuO 7.85, As,O5 25.32, H,O
(calc.) 3.07%, sum 99.59%. Microchemical tests indicate the presence of both Fe’*+ and
Fe2+ ions. On the basis of crystal-chemical considerations, the Fe3*-Fe?+ distribution was
calculated from the total iron content to achieve equal numbers of Fe** and (Cu?+ + Fe?*)
ions, for two crystallographically different positions. This yields the empirical formula
Bi, o Fed 5(Cug ssFed 12)z1.0001.11 (OH), 05(AsO,) 146, Or ideally Bi,Fe+(Cu,Fe** XO,0H),(OH),-
(AsQ,),. The structure refinement converged at R = 0.079 for 1124 unique reflections.
Edge-sharing octahedra with an ordered occupation of alternating Fe*+ and (Cu?*,Fe?*)
ions form columns parallel to [010], which are linked parallel to (001) by arsenate tetra-
hedra. The Bi** is probably distributed over two sites, which are 0.463(5) A apart. Re-
finement of the site-occupancy factors indicates 50% probability for the location of Bi*+

on each position.

INTRODUCTION

Weathering of small ore impregnations in a silicified
barite vein near Reichenbach, Odenwald, Hesse, Ger-
many, led to the formation of numerous secondary min-
erals. Among them, a brown-yellow bismuth-iron-cop-
per-arsenate was found in very small amounts by K.P. in
1984, From preliminary X-ray and chemical data it was
clearly evident that this material represents a new min-
eral, although a complete characterization was only re-
cently successful. Medenbachite is the first known bis-
muth-iron-copper-arsenate; chemically related minerals
are paulkellerite, Bi,Fe(PO,)O,(OH), (Dunn et al. 1988),
mrézekite, Bi,Cu,;(OH),0,(PO,),-2H,0 (Ridkosil et al.
1992), zairite, BiFe,(OH),(PO,), (Van Wambeke 1973),
and mixite, BiCus(OH)s(AsO,);-3H,0 (Mereiter and
Preisinger 1986), but there are only slight structural re-
lationships. The new mineral was named in honor of Olaf
Medenbach, mineralogist at the University of Bochum,
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Germany, for his contributions in various fields of min-
eralogy. Cotype material is preserved in the collection of
the Institut fiir Mineralogie, Ruhr-Universitit Bochum,
Germany. Both the mineral and mineral name have been
approved by the IMA Commission on New Minerals and
Mineral Names (no. 93-048).

DESCRIPTION AND OCCURRENCE

The silicified barite vein of Reichenbach near Bens-
heim, Odenwald, Hesse, Germany, is the largest of sev-
eral similar silicified veins occurring in the crystalline
rocks of the northwestern Odenwald area. Small isolated
grains of ore minerals (e.g., galena, chalcopyrite, tetra-
hedrite, tennantite, emplectite, wittichenite) occur inside
the vein material. Weathering of these primary ore min-
erals leads to many secondary minerals, predominantly
phosphates, arsenates, and vanadates of copper, lead, and
bismuth. More detailed descriptions of the locality were
given by Sieber et al. (1987) and Krause et al. (1993).
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Ficure 1. SEM micrograph of medenbachite. Scale bar is 20

wm,

Medenbachite was found in a quarry near the Borstein
cliff, about 1 km east of the town of Reichenbach (latitude
49°42'49” N, longitude 8°41'00” E). Only two discoveries
were made, in 1984 and 1989, and therefore the mineral
is regarded as very rare; the total quantity of material
found is only a few milligrams. Two samples were used
in the study. Sample 8.0.137 (found in 1984) was used
for determination of the physical properties and for the
X-ray powder diffraction pattern, and sample 8.0.376
(found in 1989) was used for crystal-structure investiga-
tions and optical and morphological studies; electron mi-
croprobe analyses were performed on both samples. Those
specimens used to determine quantitative data were as-
signed cotype status, and part of this material, including
the crystal used for the investigation of the crystal struc-
ture, is deposited in the collection of the Institut fiir
Mineralogie, Ruhr-Universitit Bochum, Germany.

Medenbachite occurs as very small, intergrown, tabular
crystals up to 0.2 mm in length, often forming aggregates
of parallel intergrowths, which crystallize within cavern-
ous quartz (Fig. 1). It may have been formed by weath-
ering of Bi-bearing ore minerals like emplectite and wit-
tichenite. Samples containing both primary and secondary
minerals within the same specimen were not found. As-
sociated minerals are (in order of decreasing frequency)
mixite, preisingerite, alunite, goethite, reichenbachite, and
malachite.

PHYSICAL AND OPTICAL PROPERTIES

The color of medenbachite is yellow to brown-yellow,
depending on grain size. Very small and thin crystals are
transparent, whereas larger crystals are translucent. The
luster is vitreous to adamantine, and there is no fluores-
cence in either long- or short-wave ultraviolet radiation.
The fracture is conchoidal, and no cleavage was ob-
served. Medenbachite is completely soluble in warm, di-
lute, hydrochloric acid without effervescence. The density
could not be determined due to lack of material; the cal-
culated density is 5.90 g/cm?. A Leitz microhardness tes-
ter was used to measure Vickers microhardness; consid-
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ering only perfect indentations, a mean value of hardness
of VHN,s = 420 kg/mm? was found, which corresponds
to 4.5 on the Mohs hardness scale.

The interfacial angles of several medenbachite crystals
were measured by means of a two-circle optical goni-
ometer. Because of poor crystal quality and the small size
(about 0.1 mm), no precise measurements were possible.
Nevertheless, the results were sufficient to determine the
morphology. The crystals are tabular on {101} and slight-
ly elongated parallel to [111]. They exhibit two main
zones: One is parallel to [111] and includes {101}, {110},
{011}, and the other is parallel to [010] and includes {101},
{101}, and {001} (Fig. 2a). These results were confirmed
on crystals oriented on an X-ray precession camera prior
to the goniometric measurements.

Grain samples immersed in Cargille oils were used to
determine the refractive indices o and «v. The index g was
calculated; it could not be determined experimentally be-
cause of the small crystal size, a refractive index value
>2.05, and @ orientation nearly perpendicular to (101).
The optical character and the orientation of the indicatrix
were measured using a spindle stage and crystals im-
mersed in methyiene iodide. These measurements were
repeated using a West solution, because of the high re-
fractive indices of medenbachite, to minimize the devi-
ations caused by total reflection. Medenbachite is biaxial
negative, 2V, = 43(3)° (from extinction curves), dis-
persion r > v, a = 2.03(2), 8 = 2.09 (calc.), and y =
2.10(2) (all measurements at 592 nm). No distinct ple-
ochroism was found. For crystals lying on (101), ¥’ shows
an oblique extinction of 38° in reference to the crystal
elongation [111]. The optical orientation (¢, p) is X (—14°,
749, Y (—117°, 529, and Z (95°, 43°). All optical and
morphological data are summarized in the stereographic
projection in Figure 2b. Calculation of the Gladstone-
Dale relationship using a mean refractive index of 2.073,
the calculated density of 5.90 g/cm?3, and the chemical
composition of sample 8.0.376 (Table 1) reveals excellent
agreement between chemical and physical data (1 — K,/
K. = —0.026; Mandarino 1981).

CHEMICAL COMPOSITION

An electron microprobe (Cameca CAMEBAX, 20 kV,
10 nA, beam diameter of 5 um) was used for chemical
analyses. The standards used were synthetic Bi,S, (Bi),
mimetite (As), CuSrSi,0,, (Cu), and synthetic andradite
glass (Fe). No other elements with atomic number greater
than eight were detected. Direct determination of H,O
was not possible because of the small amount of material
available and because most of the material could not be
separated from adhering mixite. H,O was calculated, as-
suming three OH groups, on the basis of charge-balance
requirements and bond-valence calculations. The alter-
native formulation of three OH groups as OH- + O?- +
H,O could be excluded by IR spectroscopy. The inves-
tigation of several crystal aggregates using a Bruker Fou-
rier-transform IR microscope gave absorption bands at
3475 (very strong; OH), 3405 (strong; OH), 1040 (strong;
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Ficure 2. Morphology of medenbachite viewed parallel to [001] (a), and stereographic projection (b), including morphology
and optical orientation. Solid symbols = upper hemisphere, open symbols = lower hemisphere; a, b, ¢ = crystallographic axes; X,
Y, Z = optic indicatrix orientation; OA1, OA2 = optic axes; dotted line = optic axial plane; solid lines = {100], [010], [001].

arsenate), and 900-750 cm~! (very strong, broad; arse-
nate). The absence of absorption bands in the 1600-1650
cm~! region suggests the presence of OH- rather than
H,O in medenbachite.

The microprobe data (Table 1) show that the ratio Bi:
(Fe + Cu):As is 1:1:1; furthermore, variations in the Fe
and Cu values indicate a partial solid solution, ranging
from approximately 1:1 to 1.5:0.5 for the Fe:Cu ratio.
The complete microprobe data, including the results of
33 analyzed spots, are reported in Table 2.! Microchem-
ical tests gave strong evidence for Fe3+ [as iron-(III)-thio-
cyanate complex (Feigl 1960)] and weak indication of
Fe?+ [as a red complex with 2,2’ dipyridyl (Feigl 1960)].
Madssbauer spectroscopic study and quantitative deter-
mination of Fe** by wet-chemical methods were impos-
sible because of the lack of material. The crystal-structure
analysis revealed two sites with Fe*+ ordered in M1, and
M2 probably occupied jointly by Cu?+ and Fe?*. This
investigation could not determine to what extent small
amounts of Fe3+ participate in the occupation of the M2
site; all calculations throughout the paper were made on
the assumption that no Fe?+ is present in the M2 site (for
details see Discussion). Consequently, the Fe3+-Fe?+ dis-
tribution was calculated from the microprobe data to

! A copy of Tables 2 and 7 may be ordered as Document AM-
96-609 from the Business Office, Mineralogical Society of Amer-
ica, 1015 Eighteenth Street NW, Suite 601, Washington, DC
20036, U.S.A. Please remit $5.00 in advance for the microfiche.

achieve an equal occupation of the M1 and M2 sites.
From the microprobe data it is evident that the occupa-
tion of the M2 site may vary between nearly exclusive
occupation by Cu?* (Cu,4sFes,, microprobe spot analy-
sis with the highest Cu?* content of sample 8.0.376) and
subequal occupation by Cu?* and Fe?+ ions (Cu, s, FeZ%,,
microprobe spot analysis with the highest Fe content of

TaBLE 1. Microprobe analyses of medenbachite (in weight
percent)
Sample 8.0.376 Sample 8.0.137

Oxide Mean* Calculated Mean** Calculated
Bi,O, 53.36 52.87 §3.37 52.98
Fe, O3t 8.99 9.06 8.67 9.08
FeO%} 1.00 0.98 2.90 2.86
Cu0 7.85 7.94 5.82 5.88
As,O; 25.32 26.08 26.41 26.13
H.O (calc.) 3.07 3.07 3.07 3.07

Sum 99.59 100.00 100,24 100.00

Number of ions on the basis of 12 O atoms

Bie+ 2.04 2.00 2.02 2.00
Fes+ 1.00 1.00 0.96 1.00
Fe?+ 0.12 012 0.31 0.35
Cuz+ 0.88 0.88 0.65 0.65
02~ 1.11 1.00 0.88 1.00
OH- 3.03 3.00 3.01 3.00
AsOf~ 1.96 2.00 2.03 2.00

* Mean of 16 analyses.

** Mean of 17 analyses.

T The Fe*+/Fe** ratio was calculated to achieve equal occupation of
the M1 (Fe3+) and the M2 (Cu?* + Fe?+) sites.
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TasLe 3. X-ray powder diffraction data of medenbachite*

TABLE 3.—Continued

Le Goee hae™ Chac hii foce e foae™ Chas hki
62 8.823 35 8.826 001 5 1.675 7 1.675 124
17 6.118 1 6.118 010 5 1,666 5 1.6690 214
44 5.264 30 5.264 o1 ’ 6 1.665 213
7 4822 3 4.821 011 3 1.657 3 1.658 115
4 4.480 2 4.487 100 3 1.638 1 1.637 223
9 4.414 3 4413 002 3 1.619 4 1.619 133
28 4317 21 4317 701 2 1.607 5 1.607 033
32 3.780 29 3.783 710 2 1.580 5 1.581 ?go
84 3.750 012 2 1,573 5 1.573 034
100 3.749 ‘{ 8 3.744 101 2 1,557 7 1,559 125
77 3.596 100 3.506 11 3 1545 3 1.547 115
58 3.468 59 3473 110 ’ 6 1.543 231
. 34 3.465 1T 14 1,531 13 1.531 041
36 3.430 26 3.430 012 ’ 13 1.530 223
23 3.059 18 3.059 020 — -
k 4 3.042 111 * Sample 8.0.137; transmission powder diffractometer STOE STADI P;
3 3.020 113 CuKa, radiation; external standard: Si.
10 3.009 { 10 3.009 T12 ** Calculated with the program LAZY PULVERIX (Yvon et al. 1977);
3 2.939 3 2.042 003 reflections with [, = 3 are listed.
69 2.903 73 2.902 102
51 2.810 50 2.810 021
23 2.754 21 2.754 013
48 2.685 34 2.686 103
18 2.632 gg gggg g?g sample 8.0.137). The chemical formula of medenbachite
44 2.558 { 9 2,545 721 was derived on the basis of 12 O atoms, equal occupation
19 §-514 23 2-214 }2% of the M1 and M2 sites, and H,O calculated from the
; 2::23 12 2 423 1;0 ideal composition given in Table 1. It can be written (for
6 2411 3 2411 022 sample 8.0.376) as Bi, oFe}8(CugssF€312)21.0001.11 (OH)3 05
12 2.297 2 2208 122 (AsO,),5, or ideally as Bi,Fe*+(Cu,Fe**)O,0H),(OH),-
22 2271 21 2.972 501 (AsQ,),. The formulation of the OH groups as (O,0H),
18 2943 9 2.244 122 and (OH), refers to crystallographic sites OS5 and O2, re-
' 3 2.244 200 spectively
1 8508 7 2.207 173 :
. 4 2.227 023
4 2.207 3 2.207 004 X-RAY DIFFRACTION STUDY
4 2171 4 2.170 210 . . .
8 2158 6 2159 302 Single-crystal X-ray precession and diffractometer
8 2133 6 2134 04 studies show medenbachite to be triclinic, space group
6 2.088 5 2.089 201 P1 or PT; crystal-structure refinement confirmed the space
3 2.085 211 = . .
3 2045 112 group P1. The observed powder pattern (Table 3) is in
18 2,043 { 18 2.044 2n good agreement with the pattern calculated from the crys-
g g'ggg gg? tal structure. Similarities with the pattern of other bis-
13 2.029 ‘{ 5 2.028 023 muth arsenates or phosphates are not recognizable. Unit-
4 2017 2 2016 014 cell dimensions refined from X-ray powder diffraction
9 1.990 122 ) y PO
6 1.989 { 3 1.087 723 data of two different samples are given in Table 4.
4 1.948 4 1.947 031 A tabular crystal of dimensions 0.20 x 0.10 x 0.06
8 1.921 { 7 el g2 mm was used for crystal-structure determination. A total
6 1.884 131 of 2607 unique reflections were recorded (w-scan, with 96
13 1.875 { 14 1.875 024 profile steps and variable scan speed between 1.2 and
" 180 e 29.3%/min) in the range = +7, k= +10,and / = —5 to
5 1.852 { 3 1.850 272 15 up to 26 = 75° on a Syntex R3 four-circle diffrac-
10 1.836 13 1.836 174
5 1.817 4 1.817 %’21
23 1.798 22
10 1.798 { 7 1.797 130 ,
19 1.765 005 TABLE 4. Unit-cell parameters of medenbachite
18 1.765 { 6 1761 183
7 1.755 8 1.754 132 Cell parameter Sample 8.0.137 Sample 8.0.376
3 1.740 015
6 1737 220 ad) 4.570(1) 4.581(1)
1 1.734 6 1.735 212 b (k) 6.162(1) 6.178(1)
13 1734 123 c (A 8.993(1) 8.969(2)
6 1732 304 a () 94.56(1) 94.29(2)
7 1721 114 8C) 99.69(1) 99.93(2)
17 1.712 124 ¥ () 94.28(1) 94.85(3)
13 1.713 4 1713 131 V(A3 247.9(1) 248.1(1)
5 1.709 115

Note: Parameters refined from X-ray powder diffraction data.
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TABLE 5. Positional and isotropic atomic displacement TaBLE 8. Interatomic distances (A) and angles (°) in
parameters of medenbachite* medenbachite
Atom X y z Usg Bi10, polyhedron Bi20, polyhedron AsQ, tetrahedron
Bi1-06 = 2.23(2) Bi2-05 = 2.12(2) As-06 = 1.67(2)
Bi1* 0.1589(7) 0.2996(8) 0.3953(6) 0.0253(8) Bi1-05 = 2.24(2) Bi2-05 = 2.18(2) As-O4 = 1.68(2)
Bi2* 0.2541(7) 0.3223(8) 0.3883(6) 0.0234(8) Bi1-05 = 2.26(2) Bi2-06 = 2.37(2) As-O1 = 1.69(2)
M1t 0 0 0 0.0233(14) Bi1-05 = 2.55(2) Bi2-01 = 2.39(2) As-03 = 1.69(2)
M2t 0 V2 0 0.0214(12) Bi1-01 = 2.64(2) Bi2-03 = 2.67(2) mean 1.68
As 0.5411(6) 0.7998(4) 0.2178(3) 0.0224(7) Bi1-02 = 2.74(2) Bi2-05 = 2.67(2) 01-As-03 = 110.1(8)
o1 0.314(4) 0.565(3) 0.198(2) 0.024(5) Bi1-03 = 2.79(2) Bi2-02 = 2.87(2) 01-As-04 = 106.4(8)
02 0.145(4) 0.742(3) 0.899(2) 0.025(5) 01-As-06 = 115.2(9)
03 0.338(4) 0.012(3) 0.182(2) 0.029(5) M10, octahedron* M20, octahedron* 03-As-04 = 107.6(9)
04 0.245(4) 0.224(3) 0.916(2) 0.023(5) M1-04=1.98(2) x 2 M2-02=1.94(2) x 2  03-As-06 = 107.0(9)
05 0.277(4) 0.617(3) 0.541(3) 0.034(6) M1-02=2.00(2) x 2  M2-01=208(2) x 2  O4-As-06 = 110.3(9)
06 0.246(5) 0.139(3) 0.611(2) 0.033(6) M1-03 =2.04(2) x 2  M2-04=227(2) x 2  mean 109.4°
- Sample 8.0.376. 03-M1-02 = 88.5(7)  01-M2-02 = 84.0(7)

** For B, single-atom model yields x = 0.2077(5), y = 0.3114(3), z =
0.3917(2), U,, = 0.0480(5).
T M1 = Fe*+, M2 = Cu?* + Fe?+.

tometer using MoKa radiation (graphite monochroma-
tor). X-ray precession photographs showed additional
weak intensity, which obviously stems from intergrown
small crystallites. All computations were made using the
SHELXTL package of programs (Sheldrick 1990) and its
empirical absorption correction. The positions of the cat-
ions were found by Patterson synthesis, and the positions
of the O atoms were obtained from difference-Fourier
maps. For the least-squares refinement, only the most
significant 1124 unique reflections with intensity greater
than 60(F,) were used to avoid contamination of the data
set with the additional intensity caused by intergrown
small crystallites. Complex scattering factors for fully ion-
ized atoms were taken from the International Tables for
X-ray Crystallography, volume IV (Ibers and Hamilton
1974).

Refinement of positional and individual atomic dis-
placement parameters (Table 5) in space group P1 using
unit weights gave R = 0.093, leaving some residual elec-
tron density in the vicinity of the Bi** ions. In addition,
the U,, parameter of Bi*+ was about three times larger
than the U,, and U,, parameters (Table 6). Split-site re-

08-M1-04 = 87.9(7)
02-M1-04 = 83.7(7)

01-M2-04 = 88.3(6)
02-M2-04 = 77.7(7)

*M1 = Fe**, M2 = Cu?* + Fe?+.

finement for the Bi*+ ion resulted in R = 0.079. The split
positions are separated by a distance of 0.463(5) A. Re-
finement of the site-occupancy factors indicates a 50%
probability for the location of Bi*+ on each position. For
the split-atom model, the isotropic displacement factors
of Bi*+ are reduced by about 50% in comparison with the
single-atom model, and the anisotropic displacement el-
lipsoids are almost spherical (Tables 5 and 6). A similar
effect has been noted for isoelectronic Pb%* in magneto-
plumbite, PbFe,,0,, (Moore et al. 1989), pseudoboleite,
Pb;, Cu,,Cl,,(OH),, (Giuseppetti et al. 1992), and nealite,
Pb,Fe(AsO,),Cl, - 2H,0 (Giuseppetti et al. 1993). Refine-
ment in space group P1 was attempted but did not yield
a significantly lower R value in spite of more variables.
Observed and calculated structure-factor amplitudes are
reported in Table 7.! The data given in Tables 5-9 refer
to the split-atom model with a site-occupancy factor of
50% on each position.

DESCRIPTION OF THE CRYSTAL STRUCTURE

The crystal structure consists of chains of edge-sharing
octahedra of Fe*+Q,(OH), and (Cu?*,Fe2* )O,(OH), run-

TABLE 6. Anisotropic atomic displacement parameters of medenbachite

Atom U Uz Uss Uss Uy U,

Bit* 0.0221(15) 0.0249(14) 0.0257(12) 0.0044(9) —0.0060(14) 0.0028(14)
Bi2* 0.0190(14) 0.0208(12) 0.0274(13) 0.0063(8) —0.0054(15) 0.0006(13)
M1 0.0197(25) 0.0205(21) 0.0297(25) 0.0095(18) 0.0019(19) 0.0009(18)
M2+ 0.0202(21) 0.0179(17) 0.0262(20) 0.0102(14) 0.0012(16) 0.0008(15)
As 0.0205(12) 0.0209(10) 0.0254(12) 0.0096(8) 0.0006(9) 0.0006(9)
o1 0.0207(86) 0.0196(71) 0.0305(85) 0.0123(62) 0.0022(68) —0.0042(62)
02 0.0090(71) 0.0283(77) 0.0343(93) 0.0130(69) -0.0031(65) —0.0054(60)
03 0.0251(96) 0.0195(72) 0.0370(97) 0.0036(66) —0.0080(75) 0.0017(66)
04 0.0190(86) 0.0211(72) 0.0312(87) 0.0038(62) 0.0098(69) 0.0021(61)
05 0.0179(88) 0.0321(94) 0.0454(116) —0.0081(80) —0.0022(80) —0.0006(74)
06 0.0326(111) 0.0388(104) 0.0251(87) 0.0094(77) —0.0063(77) 0.0005(85)

Note: Atomic displacement parameters in the form exp(—272ZZUhha; a))

* For Bi, single-atom modei yields U,, 0.0815(12), U,, 0.0287(5), U,; 0.0275(6), U, 0.0023(4), U,; —0.0152(6), and U,, 0.0213(6).

** M1 = Fe®+, M2 = Cu?* + Fe?*.
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TaBLE 9. Bond-valence values for medenbachite (H atoms
excluded)
o1 02 03 04 o5 06 IV
Bi1* 0.11 0.09 0.08 0.79 0.34 141
Bi2* 0.22 0.06 0.10 095 0.23 1.56
M1+ 0.52x2— 0.47*2— 0.55*2— 3.08
M2+ 0.3472—> (.49%2 - 0.20%2 — 2.06
As 1.22 1.24 1.25 1.30 5.01
Vv 1.89 1.16 1.89 2.00 1.74 1.87

Note: Calculated from the parameters of Brese and O’Keeffe (1991).

* Because of the 50% site-occupancy factor of Bi1 and Bi2, the bond-
valence sums must be added [Z V (Bi) = 2.97].

** Based on M1 = Fe3+ and M2 = Cu?+.

ning along [010] (Fig. 3). The chains of octahedra are
corner linked by As’*O, tetrahedra to form Fe?+(Cu,
Fe?+ )(OH),(AsO,), layers parallel to (001) (Fig. 4). The
Bi atoms are asymmetrically coordinated by seven O at-
oms with Bi-O distances of 2.12-2.87 A (Table 8); these
are in the expected range of Bi-O bond lengths, as deter-
mined on chemically related minerals like paulkellerite
and mrazekite (Grice and Groat 1988, Effenberger et al.
1994). The irregular Bi*+Q, coordination polyhedra are
joined by OS5 atoms to form zigzag bands arranged in
(001) and running parallel to [100]. They connect the
Fe3+(Cu,Fe?+ }(OH),(AsO,), layers across (001). On the
basis of bond-valence calculations (Table 9), 02 [1.16 vu,
ideal 1.0 for (OH)] and O5 [1.74 vu, ideal 1.5 for (O,OH)]
are probably OH.

DiscussioN

Fe atoms in oxysalt minerals are often sixfold coordi-
nated by O atoms in more or less distorted octahedra
with mean Fe?*-O markedly smaller than Fe?+-O. Typ-
ical values estimated from the data of Brese and O’Keeffe
(1991) are 2.01 and 2.14 A for Fe*+-O and Fe?*-O, re-
spectively. Therefore, the smaller and less distorted M 10,
octahedron (mean M1-O = 2.01 A) is believed to be oc-
cupied by Fe*+. The bond distances vary between 1.98
and 2.04 A, resulting in negligible distortion of the M10,
octahedron (Table 8). Nearly identical Fe**+-O bond dis-
tances (1.987, 1.991, and 2.041 A; mean Fe-O = 2.006)
were found in the chemically related mineral paulkellerite
(Grice and Groat 1988).

The environment of ©Cu atoms is usually the tetrag-
onal dipyramid (4 + 2 coordination). Octahedrally co-
ordinated Cu?* spontaneously induces a local distortion
caused by the Jahn-Teller effect. The resulting elongated
octahedra exhibit a strong bimodal distribution of Cu-O
distances with equatorial bond lengths mainly between
1.90 and 2.10 A (maximum at 1.97) and axial bond lengths
between 2.20 and 2.80 A (maximum at 2.45) (Eby and
Hawthorne 1993). In medenbachite, the larger and more
distorted octahedron M20, (mean M2-O = 2.09 A) shows
equatorial bond lengths of 1.94 (M2-02) and 2.08 A (M2-
Ol), and distinct elongation of the axial M2-O4 bonds
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Ficure 3. Polyhedral model of medenbachite viewed along
[001]; large spheres represent Bi atoms, small spheres are O5
atoms; the M2 octahedron (Cu?*, Fe2+) is slightly darker than
the M1 octahedron (Fe3+).

(2.27 A). Therefore, the M2 site is believed to be occu-
pied mainly by Cu?+ and minor amounts of Fe?+ present
in medenbachite. This is in agreement with the distortion
of the coordination octahedron expected from the Jahn-
Teller effect and is also confirmed by the bond-valence
sums, which are close to the expected values for trivalent
cations on the M1 site and divalent cations on the M2
site (Table 9).

The partial solid solution of Cu and Fe, indicated by
the microprobe data, is probably limited to the M2 site.
From the literature, several examples of a Cu?*  Fe2+
substitution are known, such as poitevinite-szomolnokite
[(Cu,Fe)SO,-H,0; Giester et al. 1994], siderotile-chal-
canthite [(Fe,Cu)SO,-5H,0; Jambor and Traill 1963],
melanterite-boothite [(Fe,Cu)SO,-7H,0; Keating and
Berry 1953}, and possibly Cu-bearing vesuvianite
[Ca,,Al,(Cu,Fe)(Al,Mg,Zn),Si,; O (OH,F),,; Fitzgerald et
al. 1986}, whereas proven cases of solid solution involv-
ing Cu?* and Fe’* are unknown. Consequently, we as-
sume that the M1 site is always completely occupied by
Fe3+, whereas occupation of the M2 site may vary be-
tween nearly complete occupation by Cu?* to subequal
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Ficure 4. Polyhedral model of medenbachite viewed along
[010] showing the Fe3*+(Cu,Fe?+ )(OH),(AsO,), layers connected
by BiO5 zigzag bands; large spheres represent Bi atoms, small
spheres are O5 atoms.

occupation by Cu?+ and Fe?* ions. The present data do
not allow an unequivocal conclusion regarding the oc-
cupation of the M2 site with either Cu?*-Fe?+ or Cu?+-
Fe2+.Fe?+, If Fe3+ is introduced in the M2 site, it would
also contribute to the Cu-Fe solid-solution series. Charge
balance could then be achieved by changing the O/OH
ratio of the crystallographic position O5, being 1 with
only divalent cations on the M2 site and >1 with the
introduction of Fe?+. Therefore, the general chemical for-
mula of medenbachite can be written as Bi,Fe*+(Cu,Fe?+,
Fe** )(O,0H),(OH),(AsO,),.

The unit-cell parameters may vary slightly with the Fe:
Cu ratio. For increasing Cu content the ¢ parameter de-
creases, whereas a and b increase; the unit-cell volume
remains nearly constant. The values of Table 4 (based on
measurements with a STOE STADI P transmission pow-
der diffractometer) were confirmed by measurements on
additional samples using a Philips PW1710 powder dif-
fractometer. In comparison with Cu?+ (0.73 A), the ionic
radius of Fe** (0.64 A) is distinctly smaller and that of
Fe?* (0.77 A) is only slightly greater (Shannon and Prew-
itt 1969). The effect of a Cu?*+ ~ Fe?+ substitution should
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be clearer with respect to the variation of the M2-O dis-
tances. The crystal used for the structure determination
was taken from sample 8.0.376 with an Fe/Cu ratio near
1.1:0.9, and therefore only a small amount of Fe?* would
be expected in the M2 site. Unfortunately, a crystal with
higher Fe content suitable for structure determination
could not be found.
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