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Geigerite, the Mn analogue of chudobaite: Its description and crystal structure
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Ansrnlcr

Geigerite, a new manganese arsenate mineral, was found in the abandoned manganese
ore mines near Falotta, Oberhalbstein (Canton of Grisons, Switzerland). From the struc-
ture determination and from microprobe analysis, the following formula was derived:
Mnr(HrO)r(AsOrOH)r(AsO)2.2H2O. The mineral is triclinic, space group PT, with a :
7 .944(l), b : 10.691(1), c : 6.770(l) A, a : 80.97(l), P : 84.20(l), r : 81.85(l), V :
560.3(l) A,, and Z: 1. Density is 3.05(10) (meas.) and 3.00 g/cm3 (calc.). The eight
strongestl inesofthepowder-difractionpattern are(doo"inA,(hkl), I/I l :10.45,(010),100;
3.051,(012),24; 3.507 ,(201),21; 3.340,(002,220),20; 3.01l,(022),17; 2.7 86,(230),14;
7.85,(100),13; and 4.89,(101),12. Geigerite forms platy, partly triangular crystals of rose-
red color up to 0.5 mm in length. They are flattened on (010) and have a perfect cleavage
along this direction. The luster is vitreous to pearly and the streak is white. Microhardness
VHN is 105-ll5 kg,/mm2, corresponding to a Mohs hardness of about 3. The mineral is
optically biaxial negative with a : 1.601(2), P : 1.630(2), and 7 : 1.660(2) for 589 nm;
2V"o, is large, 2V"," : 89". The pleochroism is weak, from colorless to rose-red, and
a b s o r p t i o n i s Z > Y = X .

As for other rare manganese and arsenate minerals at Falotta (brandtite, sarkinite, tilas-
ite, manganberzeliite, grischunite, etc.), the formation of geigerite is closely related to
Alpine metamorphism, by which the pre-Alpine manganese ores in the radiolarites became
transformed and partly remobilized. From examining the crystal-structure data and the
chemical formula, geigerite is found to be the Mn equivalent of chudobaite.

The crystal structure was solved by direct methods and refined using 2567 independent
reflections measured by a single-crystal X-ray diffractometer. The final R index is 0.028
for all the observed data. The structure contains an equal number of AsOo and AsOTOH
ions sharing corners with octahedra centered on Mn atoms; some analogy with hur6aulite
can be observed, but no cavities containing acid H are present; one water molecule is not
directly linked to any metal atom. A remarkable structural feature of geigerite is the
presence of a complicated network of hydrogen bonds, whose number exceeds the number
of the H atoms.

INrnooucrrox

The old manganese mines in the Oberhalbstein region
(Canton of Grisons, Switzerland), abandoned since World
War II, have attracted the interest of local mineral col-
lectors since the early 1970s. Among the materials found
at the locality Falotta by the so-called "Strahler," a num-
ber of rare and uncommon minerals such as tilasite, sar-
kinite, manganberzeliite, and brandtite have been iden-
tified in addition to some completely new species such as
grischunite (Graeser et al., 1984; Bianchi et al., I 987) and
geigerite (this paper). The existence of the latter species
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was discovered when the rose-red color ofan unknown
mineral on samples from Falotta attracted the attention
of the finder, Walter Cabalzar, who sent the mineral to
one of us (S.G.) for closer inspection. The LAngban min-
eral bergslagite, published as a new mineral by Hansen
et al. (1984), was observed and studied simultaneously
and independently by us on samples from Falotta. Two
additional new Mn minerals are still under investigation.
Geigerite is named for Dr. Thomas Geiger, Wiesendan-
gen, Switzerland, who studied Falotta manganese ores in
his 1948 doctoral thesis. Type material is deposited at
the Natural History Museum, Basel, and at the Miner-



Fig. I . Geigerite from Falotta. Typical triangular crystals with
well-developed {0 10} faces and a perfect cleavage along this face.
A second cleavage is indicated parallel to the c axis (see Fig. 2).
The length of the scale units is 10 pm.

alogical Institute, University of Basel. The mineral and
the name geigerite have been accepted by the Commis-
sion on New Minerals and Mineral Names, IMA prior to
publication.

Oprrcll AND PHysrcAL pRopERTTES

The new mineral covers the rock in minute crystals,
rarely exceeding 0.5 mm in length, on areas of the order
of I cm'?. The color is very faint, and isolated single crys-
tals appear almost colorless. The crystals are platy on
{010}, with striation parallel to the c axis, and have a
perfect cleavage parallel to {010} (Figs. l-2). The mor-
phology appears clearly triclinic. During the investiga-
tion, another type of geigerite was observed, that con-
sisting of massive, fine-grained to fibrous aggregates up
to I cm in length.

Geigerite crystals are completely transparent under the
polarizing microscope, with weak pleochroism in thicker
fragments. Some specimens have a milky translucent as-
pect, presumably owing to an alteration process. Optical
properties were determined only on fresh, transparent
material. The optical orientation was derived from a
crystal previously studied by single-crystal X-ray work.
Optical and physical data of geigerite are given in Table l.

The mineral is extremely brittle and quite soft. Micro-
hardness was determined by aLeitz Durimet microscope.
The VHN values, in the range of 105-115 kg,/mm,, cor-
respond to a Mohs hardness of about 3.

The density was measured for geigerite aggregates using
heavy liquids. The sample used was checked for purity
by means of Gandolfi X-ray photographs. The consider-
able uncertainty range of the determination might be due
to the aggregate form and is perhaps a consequence of
intergrowth with small amounts of other minerals. Not-
withstanding this, the agreement with the corresponding
calculated value (see Table l) is quite satisfactory.
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Fig. 2. An idealized sketch of a geigerite crystal showing the
optical orientation.

Crrnrvrrc,l,l, coMPosITIoN

The preparation of geigerite material for microprobe
work was quite difficult because of its brittleness and per-
fect cleavage. From preliminary qualitative determina-
tions by an EDs probe on a scanning electron microscope
(snvr laboratory, Geological Institute, Basel), it became
obvious that geigerite was a manganese arsenic oxide
mineral.

A small sample of the mineral was studied on a Perkin-
Elmer asr-rn spectrophotometer. The resulting infrared
spectrum (Fig. 3) yielded the following main absorption
maxima (in cm ', transmittance in percent): 3428 (27.6),
r643 (7 4.5), 824 (27 .6), 7 14 (6r.r), 400 (48.3), and 370
(47.3). This is typical of an arsenate mineral with a dom-
inant vibratio\ at 824 cm-'. The vibrations at 3428 and
1643 cm*'prove the presence of water, and the intensity
of the vibration at 1643 cm-' indicates that it is present
mainly as HrO rather than as OH goups.

The final quantitative determinations were performed
on an ARL microprobe. The following materials were used
as standards: scorodite, stranskiite, olivenite, and syn-
thetic AlAsOo (for AsrO,); manganite, metallic Mn, and
pyroxmangite (for Mn); and wollastonite (for Ca). As the
small amount of material did not permit using analytical
methods other than the electron microprobe and IR spec-
troscopy, HrO had to be calculated by difference. From

Trele 1. Optical and physical properties of geigerite

Biaxial, negative
a :  1  601 (2 )
B : 1.630(2)
"y : 1.660(2)

a : 0.059

(all data for 589 nm)
2V"*:  large
2 V " . , :  9 9
Pleochroism: very weak,

colorless to rose-red
Absorot ion:  Z> Y= X

Or ien ta t i on :  X=  b .Y=  a .Z=  c .
on {010}:  Z A c:  15,  X almost  normal  to {010}
o n { 1 0 0 } : Z n c : 6 '

Color: rose-red
Luster: vitreous to pearly
Hardness: VHN(r5) 105 kg/mm'z

VHN{so) 115 kg/mm,
Cleavage: pedect on {010}
Density (meas.): 3-05(10) g/cm3 (heavy liquids)
Density (calc.): 3.00 g/cm3

Streak: white
Nonfluorescent
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Fig. 3. Infrared spectrum of geigerite. The dominant absorption maximum at 824 cm ' is characteristic of an arsenate mineral.
Two other maxima (at 3428 and 1643 cm-') prove the presence of HrO.
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the large number of analyses performed on geigerite crys-
tals, five are compiled in Table 2. A previous calculation
of the mineral formula from the analytical data without
the help of structural information caused considerable
difficulties, as it was not possible to derive a proper for-
mula either for a Mn2* arsenate or for a Mn3+ arsenate.
Because the presence of arsenate groups was confirmed
by the IR study, we tried to achieve a balanced mineral
formula by assuming a Mn2+/Mn3+ ratio of 3/ I . This pro-
cedure turned out to be in error, as proved by subsequent
structure determination (see below). From the structural
data, it became evident that a balanced formula could be
achieved by introduction of an acid AsOTOH group in-
stead of varying the Mn valence.

X-uv PowDER DATA

The powder-diffraction data for geigerite from Falotta
led to the conclusion that the mineral was new because
they were not identifiable with any known mineral species;
they are reported in Table 3. Unit-cell parameters, deter-
mined from Weissenberg and precession photographs and
refined by fit to the powder data arc also reported in
Table 3; from these parameters the triclinic symmetry of
the mineral is evident. From the unit-cell parameters and
the compilation of arsenate mineral data (Strunz, 1977),
a possible relationship to the mineral chudobaite, de-
scribed by Strunz (1960), appeared possible; this rela-
tionship was fully confirmed by structure determination
(see below).

TABLE 2. Chemical analyses (wt%) of geigerite from Falotta

CaO 0 .14  0 .12
MnO 39.86 39.74
Mn.O"
As,O. 50.20 50.57
H.O (9.80) (9.57)

OccunnnNcE AND pARAGENESTs oF GErcERrrE

Geigerite is found in small vugs in the Mn-bearing ra-
diolarites in the Oberhalbstein region, Canton of Grisons,
associated by other manganese arsenate minerals such as
brandtite, sarkinite, grischunite, bergslagite, manganber-
zellite, etc. Just as for grischunite, another manganese
arsenate recently discovered in the same locality (Graeser
et al., 1984), and for numerous other minerals, geigerite
represents a product of Alpine metamorphism of pri-
mary, pre-Alpine manganese ores (braunite, psilome-
lane). Greenschist-facies metamorphism of the man-
ganese ores in radiolarites produced a considerable
number of uncommon manganese and/or arsenate min-
erals by remobilization of the primary manganese ores
and reaction with abundant As in the surrounding sedi-

TABLE 3. X-ray powder diffraction data for geigerite

10.45 1 0.4s
7,85 7.85
5.94 5.93
5 28 5.29
4.89 4.898
4.41 4.392
3.92 3.925
3.837 3.838
3.507 3.503

3.340 3:3i3
3.158 3.157
3.051 3.052
3.011 3 .011
2.961 2.963
2.866 2.874
2.786 2.787
2.691 2.686
2.448 2.449
2.015 2.01 6
1 .9755 1.9752
1.6844 1.6839

ivotei Debye-Scherrer camera, MnJiltered FeKa radiation. Intensities
determined by densitometer. Indexing based on parameters refined from
oowder data: a : 7.952, b : 1 0.664, c : 6.767 A, 4 : 81.1 5, A : 84.42,
r y : 81 .96 ' .

ilh

0 . 1 1
39.36

49.38
(1 1.1 5)

0.08
39.17

49.87
(10.88)

3s.04

45.51
19.55

30.55
1 1 . 3 3
49.50
8.62

0 . 1 3
40.44

cu.co
(8.87)

0 1 0
1 0 0
1  - 1  0
0 1 - 1
1  0  - 1
1  1  - 1
2 0 0
2 1 0
2 0 1
0  0  2 1
2  2  0 l
1 0 2
0 1 - 2
0 2 2
2 - 2 0
1 - 3 - 1
2 3 0
1 - 2 - 2
2 0 - 2
1 - 2 - 3
3 - 3 0
3 - l  3

100
1 3

e

1 2
4
I
I

21

20

4
24
1 7
6
U

1 4
I

5

Nofe.' Columns 1-5, individual analyses of geigerite; 6, MniSMn?3-
(AsO4)4j sH,O (original interpretation); 7, Mn"(H,O)"(ASO3OHL(ASO;.2H,O
(from structure).
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TABLE 4. Unit-cell data for geigerite and chudobaite
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Geigerite triclinic Pl Chudobaite triclinic Pl

a (A)
D(A)
c(A)
a (')

Bf)
r (")
z
v(A.)

7.944(1\
1 0.691(1 )
6.770(1 )

80 97(1 )
84.20(1)
81 .85(1)

1
560.3(1)

Mn5(HrO)s(AsOsOH)lAsO.),. 2H,O

7.797(9)
10.48s(5)
6.616(3)

80.53(1 )
84.23(1 0)
82.1 2(1 0)
1

s26.8(1 0)

(Mg,Zn)u(H.O)r(AsOoOH)r(AsOr,. 2H,O

ments, as is consistent with ore concentrations on active
ocean ridges (Bostrtim and Valdes, 1969).

DgrBnvlN,l,TIoN oF THE srRUcruRE

From a fragment of a crystal measuring about 125 x
100 x 40 pm, a new determination of the unit-cell di-
mensions was performed, using a Nonius cnp-+ diffrac-
tometer. The final results have been refined from reflec-
tions with 20 around 50o, using MoKa radiation (tr :
0.71069 A); ttrey are slightly different from the original
data and are reported in Table 4. The Laue symmetry of
the reciprocal lattice is I (C,). and no syslematic extinc-
tions are present. The existence of a center of symmetry
was proved by solution of the crystal structure, and the
space group is therefore PI.

Of 2567 independent reflections that were collected us-
ing the c^lp-+ difractometer, 2102 for which 1 > a(I) were
used in the refinement. Owing to a marked irregularity of
the shape of the crystal fragment, an empirical absorption
correction was introduced, using the method of Walker
and Stuart (1983). The structure was solved by direct
methods using the MULTAN package (Germain et al., 197l;
Main, 1977). From the E-map, all peaks corresponding
to the heavier atoms (excluding water oxygen atoms) were
easily identified. The remaining oxygen atoms and all the
H atoms were located from a difference-Fourier map.

The refinement was carried out by least-squares, using
weights equal to 4l/o'z(D. The variance ofeach reflection,
o'z(I), was assigned according to the formula o'z(I): ol.Q)
+ 0.00041'?, where ol. is the variance derived from the
counting statistics. The atomic form factors for neutral
atoms were taken from Cromer and Waber (1965). and
the anomalous dispersion corrections Af' and A/' were
taken from Cromer (1965). A secondary extinction coef-
ficient (1.6 x l0') was derived from the least-squares
refinement.

The refinement converged at an R index of 0.030 for
all the observed reflections (the weighted R index was
0.031). After inclusion of all the H atoms in the structure-
factor calculations, a difference-Fourier synthesis re-
vealed an additional peak ofabout0.6 e/A' near the oxy-
gen atom O(9). This peak (here called H*) is located at
(0.141, 0.834, 0.584) and gives bond distances and angles
in reasonable agreement with a water H atom (O-H :
0.75 A; H-O-H ranging from 86" to 121"). The most

reasonable interpretation is that there is substantial dis-
order of the H atom associated with the water oxygen
O(9), a point that causes no surprise in view of the ex-
tensive disorder of the H atoms in ice and many hydrated
salts.

Besides the disordered H atom, the highest residuals
are of the order of 0.6 e/A' and may correspond to the
"lone pairs" of some oxygen atoms. The final R index is
0.028 for all the observed reflections, and the weightedR
is 0.029. The final list ofobserved and calculated struc-
ture factors is reported in Table 4A.' The atomic coor-
dinates and the equivalent isotropic thermal parameters
are given in Table 5; the anisotropic thermal parameters
are shown in Table 6. A projection of the structure along
the c* axis is shown in Figure 4, and the packing of poly-
hedra along c* and a is shown in Figures 5-6. The pro-
grams oRrEp-u (Johnson, 1976) and srRUPLo'84 (Fischer,
1984) were used, respectively, to prepare these diagrams.

The bond distances and angles geigerite are reported in
Table 7; the estimated standard deviation for the M-O
distances is about 0.003 A, and that for the bond angles
is about 0.1". Such standard deviations derive from the
residuals and the inverse matrix of the least-squares nor-
mal equations; no correction for systematic errors due to
thermal libration was made. The latter might result in
bond-length estimates that are systematically shorter by
about 0.005 A. tne shndard deviation for the H-O bond
lengths is about 0.06 A, and that for the angles about 6".

Srnucrunn DESCRTPTIoN

Of the two independent arsenate ions in geigerite, one
is an acid AsO,OH group. The As-OH bond (l.75 t A) is
considerably longer than the As-O bonds (average: 1.681
A;. Suctr values are in good agreement with the averages
(1.739 and 1.674 A,respectively) of Ferraris (1970). The
As(2FO(7) bond, which belongs to a normal AsOo group,
is also markedly longer than the other As-O bonds. This
effect is due to a strong hydrogen bond to O(1) (see be-
low). Within each arsenate group, all the other bond dis-
tances are remarkably constant, which implies a virtual

' A copy of Table 4,{ may be ordered as Document AM-89-
408 from the Business Office, Mineralogical Society of America,
1625 I Street, N.W., Suite 414, Washington, D.C. 20006, U.S.A.
Please remit $5.00 in advance for the microfiche.
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Tmle 5. Final atomic coordinates and equivalent isotropic thermal parameters (4,) in geigerite

u*
As(1)
As(2)
M(1)
M(2)
M(3)
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(e)
o(10)
o(11)
o(12)
o(13)
H(1)'.
H(91)'
H(92)"
H(101r
H(1 02r
H( l11) '
H(1 12)-
H(121)' .
H(122l-'
H(131)r
H(132r

0.36967(5)
-0.03902(s)

0.00000
0.08271 (8)
0.361 70(7)
0.1 860(3)
0.5037(3)
0.4383(3)
0.3152(3)

-0.1 173(3)
-0.0480(3)

0.1 677(3)
- 0.1 525(3)

0.1 579(4)
0.5324(4)
0.0863(4)
0.2321(4)
0.5542(5)
0.1 79(9)
0.27o(71
0.125(7)
0.s27(9)
0.636(9)
0.032(7)
0.1 86(7)
0.333(9)
0.241(71
0.528(8)
0.554(1 6)

0.36543(4)
0.333s0(4)
0.00000
0.59s57(6)
0.43412(61
0.30s1(3)
o.2372(31
o.4425(3)
0.4618(3)
0.1 969(3)
0.4268(3)
0.3012(3)
0.4094(3)
0.7851(3)
0.2478(31
0.0436(3)
0.0620(3)

-0.0647(4)
0.310(7)
0.778(6)
0.805(6)
0.227(81
0.230(71
0.074(6)
0.056(6)
0.033(7)
0.1 37(6)

-0.104(6)
-0 .138(11)

0.40344(6)
-0.07716(6)

0.00000
0.59920(9)

-0.10853(9)
0.3571(4)
0.4864(4)
0.1 821(4)
0.5776(4)

-0.0900(5)
-0.3016(4)
-0.0190(4)

0.1 035(4)
0.5152(5)

-0.1 198(5)
0.27s1(5)

-0.1616(6)
-0.2428(6)

0.21 1(1 1)
0.s43(s)
0.375(9)

-0.234(10)
-0.1 1 1(9)

0.371(1 1)
0.274(el

-0 .1910 0)
- 0.1 46(9)
-0.320(8)
-0.127(21)

0.0086(1 )
0.0068(1 )
0.0141(2)
0.0101(2)
0.01 00(2)
0.01 3s(8)
0.0151(9)
0.01 24(8)
0.01 1 1(8)
0.0132(8)
0.0107(8)
0.01 1 1(8)
0.01 15(8)
0.01 86(9)
0.0181(9)
0.027(11
0.036(1 )
0.044(1 )
0.09(3)
o.07(2)
0.1 0(3)
0.1 0(3)
0.05(2)
0.0s(2)
0.0s(2)
0.11(3)
0.05(2)
o.o7(21
0.33(8)

Nofei Atoms marked with'were refined isotropically. The equivalent isotropictemperaturefactors aredefined as Uq=W,ra2 + ... + 2Babc(@s
d)ll6r'?.

independence from external influences, with the excep-
tion of hydrogen bonding. Although this observation is
at the limit of significance, considering the standard de-
viation, it su ggests good accuracy ofour results. The three
shorter bonds in the AsOTOH ion are definitely shorter
than the three shorter bonds in the AsOo group. This is
in agreement with bond-strength theory. The average of
the four As-O bond lengths is nearly the same (1.691 vs.
1.689 A, respectively) for the two groups, and the differ-
ence might not be significant.

Tmu 6. Anisotropic thermal parameters (4,) in geigerite

The three independent Mn atoms are each linked to
six oxygen atoms in an essentially regular octahedral co-
ordination. The average Mn-O distance is 2.186 A, com-
pared to the average of 2.21 A reported in the literature
for Mn2* (e.g., the International Tables for X-ray Crys-
tallography, MacGillavry and Rieck, 1968). This virtual-
ly excludes the presence of Mn in the 3+ oxidation state.
If the concept of "bond strength" as defined by Pauling
is used and the bond strengths are estimated according to
Brown and Wu (1976), their sums to the cations in the

UasU,IUpU""U,,

As(1)
As(2)
M(1)
M(2)
M(3)
o(1)
o(2)
o(3)
o(4)
o(5)
o(6)
o(7)
o(8)
o(s)
o(10)
o(11)
o(12)
o(13)

0.0085(2)
o.0072(2)
0.01 s0(4)
0.0106(2)
0.0095(2)
0.00s(1 )
0.013(1)
0.013(1)
0.012(1)
0.012(1)
0.01 5(1 )
0.008(1 )
0 .01  1(1)
0.01 5(1)
0.014(1)
0.032(2)
o.024(2)
0.032(2)

0.0098(2)
0.0061 (2)
0.0093(4)
0.0102(3)
0.01 17(3)
0.01 7(1)
0.012(1)
0.01 6(1)
0.013(1)
0.007(1 )
0.01 0(1 )
0.012(1)
0.012(1)
0.020(2)
0.019(2)
0.026(2)
0.020(2)
0.041(2)

0.0076(2)
0.0073(2)
0.0176(4)
0.00e4(3)
0.00s0(3)
0.016(1)
0.019(1)
0.008(1 )
0.009(1 )
0.021(1)
0.007(1 )
0.013(1)
0 .01  1(1)
0.020(2)
0.021(2)
0.026(2)
0.061(3)
0.067(2)

-0.0015(2)
-0.0008(2)
-0.0006(3)
-0.0011(2)
- 0.001 8(2)
-0.003(1)

0.003(1 )-0.006(1)
-0 .001(1)
-0.004(1)
-0.004(1)
- 0.002(1)

0.002(1 )-0.004(1)
0.001(1 )-0.008(1)

-0.006(1)
0.004(2)

-0.0004(2)
-0.0007(1)
-0.0021(4)
-0.0007(2)
-0.0010(2)
- 0.003(1 )-0.006(1)

0.000(1 )-0.002(1)
- 0.003(1 )- 0.004(1 )-0.004(1)

0.001(1)
- 0.002(1 )-0.002(1)
-0.004(1)

0.017(2)
- 0.012(2)

-0.001 1(1)
- 0.0008(1 )-0.0011(4)
- 0.001 8(2)
- 0.001 4(2)
-0.002(1)

0.001(1)
0.002(1 )-0.003(1)

- 0.001(1)
0.001(1)
0.001(1)

-0.003(1)
0.001(1 )-0.005(1)

- 0.009(1 )-0.008(2)
-0.033(2)

/Votei Thermal parameters are of the form expf-2r2(lJ,,a,2lf + ... + 2uxa'f'hkl.
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TABLE 7. Bond distances (A) and angles (') in geigerite
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As(1Fo(1)
-o(3)
-o(4)
-o(2)

mean

o(1Fo(2)
o(1Fo(3)
o(1)-o(4)
o(2)-o(3)
o(2)-o(4)
o(3)-o(4)
o(1)-H(1)
As-O-H

M(1FO(s)A(x 2)
-O(11) (x 2)
-o(12) (x 2)

mean

o(5Fo(11)
o(5)-o(11)B
o(5FO(12)
o(5FO(12)B

o(11Fo(l2)
o(11FO(12)"

M(3)-O(10)E
-O121"
-o(8)'
-o(3',)'
-o(4)
-o(s;e

mean

o(3)-o(3',)
o(3Fo(7)
o(3Fo(8)
o(3Fo(10)
o(3')-o(4)
o(3')-o(8)
o(3')-o(10)
o(4Fo(7)
o(4Fo(8)
o(4Fo(10)
o(7Fo(8)
o(7FO(10)

As(1 )O!(OH) tetrahedron
1 .752(3) 1.740-
1.672(3) 1.67s.
1 .671(3) 1 .671 -
1 .671(3) 1 .669-
1.691 1.689'

2.719(3) 2.699-
2.719(4) 2.709',
2.770(4) 2.777',
2.794(3) 2.798'
2.766(4) 2.751'
2.78s(4) 2.792.
1.02(71

M(1) octahedron
2.197(2) 2.1 19r
2.186(3) 2.075-
2.179(3) 2.068-
2.196 2.087'

As(2)01 tetrahedron
1.702(2) 1 .699.
1.688(2) 1.684-
1.684(3) 1.680-
1.683(2) 1.679',
1.689 1.686'

Angle at As(1)
1 05.2(1) 104.7'
105.1(1)  1 05.0 '
108.1(1)  1 09.0 '
113 .3 (1 )  113 .6 '
1 1 1 . 7 ( 1 )  1 1 0 . 9 '
1 1 2 . 8 ( 1 )  1 1 3 . 1 '

1 10(4)

As(2)-o(7)
-o(8)
-o(s)
-o(6)

mean

o(5)-o(6)
o(5)-o(7)
o(5)-o(8)
o(6)-0(7)
o(6)-0(8)
o(7)-o(8)

M(2)-o(1)
-o(6)
-o(4)"
-o(s)
-o(e;o
-o(6'f

mean

o(1)-0(6)
o(1)-0(6')
o(1)-o(8)
o(1)-o(e)
o(4)-o(6)
o(4)-o(6')
o(4Fo(8)
o(4Fo(e)
o(6Fo(6',)
o(6')-o(e)
o(8Fo(e)

2.742(3)
2.776(41
2.764(41
2.7s7(31
2.769(3)
2.745(3)

M(2) octahedron
2.258(21 2.169.
2.190(3) 2.091 .
2.',t77(2) 2.092'
2.168(3) 2.062"
2.132(31 2.051.
2.116(3) 2.043'
2.173 2.085'

Angle at As(2)
2.739" 109.0(1)  109.3.
2.76' t '  110.1(1)  109.6 ' ,
2 . 759 -  110 .1 (1 )  110 .2 -
2.747- 109.0(1)  108.9 '
2.767'  110.4(1)  110.7 ' ,
2.739' 108.2(1) 108.2'

3.000(s) 2.905'
3.193(4) 3.024'
3.215(4) 3.037.
2.972(4) 2.882'
3.0s1(5) 2.898-
3.120(5) 2.960.

M(3) octahedron
2.252(31 2.1s8r
2.219(31 2.148'
2.186(21 2.114'
2.177(31 2.091-
2.161(3) 2.073'
2.136(3) 2.044'
2.189 2.1 05-

2.730(s) 2.s99-
3.303(4) 3.184'.
3.210(3) 3.095-
3.107(4) 2.978'
3.043(4) 2.948'
3.219(3) 3.188',
3.309(4) 3.123'.
3.198(3) 3.078',
2.844(41 2.073'
3.24s(3) 3.140'
3.044(4\ 2.739'
2.905(3) 2.764',

A / o t e i S y m m e t r y t r a n s t o r m a t i o n s a r e ( A ) x - 1 , y , 2 ; ( B ) - x , - y ,  - z ;  ( C ) 1 - x , - y ,  1 - z ;  ( D ) 1 - x , - y , - z ; ( E l x , y , 1 + z i ( n 1 - x ,  1 - y , 1
- z. Esd's are in parentheses.

. Corresponding distances and angles for chudobaite.

Angle at M(1)
86.4(1) 87.7-
93.5(1) 92.3-
94.5(1) 93.0-
8s.6(1) 87.0'
88.7(1) 88.8.
91.3(1) 9't.2',

Angle at M(2)
2.792- 81 .4(1) 81 .9.
3.0061 91 .8(1) 91 .o',
3.195' 97.5(1) 98.4-
2.881" 86.20) 8s.8-
2.887', 87 .4(11 87.7'
2.899' 86.0(1) 88.6',
2.703', 82.6(1) 81.4.
3.287', 106.4(1) 104.6'
2.801. 87.4(',tl 8s.3'
3.010' 94.1(1) 94.3'
2.919', 90.4(1) 90.4'

2.e01(4)
3.143(4)
3.302(3)
3.024(4)
2.967(3)
2.977(31
2.844(4)
3.480(4)
2.s76(5)
3.13s(4)
3.051(4)

Angle at M(3)
78.5(1) 77 .9'
98.6(1) s8.8'.
9s.9(1) 96.2'.
90.10) 90.2'
89 .1(1)  90 .1-
es.1(1) 98.6.
96.7(1) 94.6-
93.8(1) 93.6'.
81 .7(1) 80.4-
94.7(1) 9s.8-
87 .4(1) 87.1'
81 .0(1) 79.9.

structure are remarkably close to a value of 2. They range,
in fact, from 1.96 to 2.09. This also confirrns the exis-
tence of Mn in the 2+ oxidation state, exclusively.

Hydrogen bond O...O distances are given in Table 8.
All the H atoms in the structure are involved in hydrogen
bonding, and such bonds range ftom2.572 to 3.154 A in
length. Still longer distances (3.264 to 3.373 L, or more),
whose geometry is compatible with hydrogen bonds, are
present, but they are at the limit between true hydrogen
bonds and normal nonbonded O. ..O contacts. For this
reason, they are not reported in Table 8.

Of the hydrogen bonds in this structure, O(lfO(7) is

particularly strong, being2.572 A. ttrls shortness is not
exceptional in acid compounds, and here the donor is the
acid H of the AsO3OH group. The angle O-H. . .O is large
(174'), in agreement with previous observations for strong
hydrogen bonds (Hamilton, 1962; Pedersen, 1974; Brown,
1976). The effect ofsuch a strong hydrogen bondjoining
the two crystallographically independent arsenate ions is
quite evident also in the normal AsOo group: the As(2F
O(7) distance (1J02 A) is significantly longer than the
average of the other As(2fO distances, in agreement with
similar observations (see, for instance, Donnay and All-
mann, 1970). No statistical distribution of the hydrogen
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Fig. 4. The geigerite structure, as seen along the c* axis.

between O(l) and O(7) is observed, since no minor peak
is found close to O(7) in the final difference-Fourier map.
Therefore the "acid" and the "normal" arsenate groups
are quite independent in the crystal structure.

Another remarkable feature of geigerite is the presence
of a particular network of hydrogen bonds, whose num-
ber exceeds the number of H atoms present. In fact, all
the hydrogen bonds longer than 2.80 A are multiple [with
the only exception of O(13) as donorl, and the list of
multiplicities would substantially increase if the O. ..O
contacts from 3.2 to 3.4 A were considered. According to
many authors, such hydrogen bonds are called bifurcat-
ed, but Chiari and Ferraris (1982) consider bifurcated
hydrogen bonds to be only those in which the two bonds

have comparable strength. The additional weak bonds
are called second weak contacts. In geigerite, all the lon-
gest bonds involve weak contacts of this kind, and the
only bifurcated bonds in the strict sense might be, for
instance, the ones concerning H(92). Therefore, it seems
that hydrogen-bonding capability can be exhausted by
making a single strong bond, or two weak ones, or a mod-
erately strong bond plus a very weak one. This is in agree-
ment with recent observations (Brown , 197 6; Chiari and
Ferraris, 1982). There is also agreement with the electro-
static explanation of the hydrogen bond, if the effect of
induced charge is taken into account.

Some O'..O hydrogen bonds can take place statisti-
cally through different atoms. For instance, the O(9FO(I l)

Fig. 6.
4 axls.

Fig. 5. Polyhedra in the geigerite structure, as seen along the
c* axis.

Polyhedra in the geigerite structure, as seen along the
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TABLE 8. Hydrogen bond distances (A) and angles (") in geigerite
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o(1)-o(7r
o(9)-o(2)"

o(10)-o(2f
o(12)-o(13r
o(13)-O(2)o
o(10)-o(s)E
o(12)-o0r
o(11FO(13)o
o(11FO(g)F
o(sFo(11)
o(sFo(sf

o(12)-O(5r
o(13)-O(10)D
o(9)-o(11)-

o(1 1)-O(12)A
o(9)-o(6)G

o(1 1)-O(1r
o(11)-O(1)

2.572(4)
2.664(4)
2.720(5)
2.766(5)
2.772(6)
2.780(4)
2.835(5)
2.880(s)
2.89s(s)

2.902(5)
2.972(4)
2.s78(5)
2.989(4)
3.051(5)
3.1 35(5)
3 1 54(s)

o(1)-H(1)
o(s)-H(sl)

o(10)-H(101)
o(12)-H(121)
o(13)-H(131)
o(10)-H(102)
o(12)-H(122)
o(11FH( l12)
o(11) -H(111)
o(sFH'
o(gFH(92)

o(12YH(122)
o(13)-H(132)
o(s)-H(e2)

o(11)-H(112)
o(eFH(92)

o(11) -H(111)
o(11)-H(112)

1.02(8)
0.92(6)
0.85(7)
0.84(7)
0.78(7)
0 83(7)
0.84(6)
0.82(6)
0.82(71
o.74(14)
0.se(6)
0.84(6)
1.02(12)
0.es(6)
0.82(6)
0.se(6)
0.82(7)
0.82(6)

H o(7)
H. .  O(2)
H o(2)
H.  O(13)
H. O(2)
H . . . O ( 5 )
H. '  'o(7)
H.  O(13)
H . . . O ( 9 )
H . . . O ( 1 1 )
H. . .o (s )
H. . .o (5)
H . . . O ( 1 0 )
H . . . O ( 1 1 )
H .O(12)
H .0(6)
H .o (1)
H.  .O(1)

1.ss(8)
1.78(6)
1.90(7)
1.94(7)
2.00(71
1.96(7)
2.06(6)
2.06(6)
2.1 5(6)
2 29(12)
1.e4(6)
2.83(5)
2.00(12)
2.52(6)
2.93(6)
2.76(6)
2.89(6)
2.81(6)

174(7)
1 62(6)
1 62(8)
1 69(7)
1 67(6)
177(81
1 53(5)
171(6)
1 s0(7)
139(13)
1 63(5)
s1(4)

1 59(1 0)
1 09(4)
s1(4)

1 03(4)
101(5)
108(4)

2.535.
2.647'
2.664',
2.756'
2.744'
2.797'
2.824'
2.880',
2.886'

2.852',
2.882'
2.926'
3 .01  1 '
2.898"
3 .010-
3 147',

N o t e i S y m m e t r y t r a n s f o r m a t i o n s a r e ( A ) x , y , z ; ( B \ 1 - x ,  1 - y ,  1 - z i ( C ) x , y , z - 1 ; ( D ) 1 - x , - y , - z i ( E l x + 1 , y , z i ( F )  - x ,  1 - y ,  1 - z ;
(G) -x, 1 - y, -zi (H) x, 1 + y, z. Esd's are in parentheses.

- Corresponding O-O distances in chudobaite.

bond can alternatively use either O(9) or O(l l) as donors
(see Table 8). The residual peak in the difference-Fourier
map (mentioned as H* in Table 8) is very probably due
to a disordered distribution of the H atoms arouond O(9),
a situation that is similar to that in ice. In other cases
[such as O(l l). . .O(l)] the same hydrogen bond can take
place using two different H atoms; however, the distance
is so large that we are at the limit between true bonds
and weak contacts.

Rrr,lrroNsrrrP To orHER MTNERALS

Apart from an excess of water, geigerite might be con-
sidered to be essentially the arsenate equivalent of the
well-known phosphate hur6aulite, Mnr(HrO)o(PO3OH)r-
(POJ,. In this mineral (Moore and Araki, 1973), all the
water molecules are bonded to the metal, and no zeolitic
water molecules are present. In spite of a much larger
water content, only one (independent) molecule in gei-
gerite is not bonded to metal atoms, i.e., the one including
O(13), which can be called zeolitic. For this reason, the
geigerite formula can best be written as Mnr(HrO)r-
(AsOrOH)r(AsOo)r. 2HrO. Unlike hur6aulite, the oxygen
atom of the OH group in the AsOTOH ion is bonded to
a Mn atom [Mn(2)].

As with hur6aulite, the possibility of having empty cav-
ities (Moore and Araki, 1973) in the structure was ex-
amined. For this purpose, the program orrc (Gavezzotti,
I 98 3) was used. A single cavity was indeed found centered
at x : 0.2, y : 0.2, z : 0.7,which is about 2.3 A away
from the nearest oxygen atoms and 1.8 A away from the
nearest H atom. However, whereas in hur6aulite the acid
H seems to be associated with this cavity, here all the H
atoms that are near to the cavity are water hydrogens. No
similarity between the two structures in this respect is
therefore evident.

Such a cavity might be, at least in principle, a good
"hiding place" for some extraneous cations; however, no
peak in the final difference synthesis occurs in the cavity,

and even the presence of light elements such as Li or Be
should be revealed under these conditions. Therefore, any
residual uncertainty about the chemical formula can be
ruled out.

A thorough inspection ofall the data concerning natural
arsenates reveals a close connection ofgeigerite with the
very rare species chudobaite. Although Strunz (1960) gave
the formula of chudobaite as (Na,K,Ca) (Mg,Zn,Mn)'-
H(AsOo)r. 4HrO, a revised formula, (Mg,Zn)rHr(AsOo)o'
lOHrO, was proposed by Dorner and Weber (1976), who
determined the structure of the mineral. The latter can be
rewritten as (Mg,Zn)r(HrO)'(AsO'OH)r(AsOo)r' 2H'O, in
excellent agreement with our proposed formula for gei-
gerite. In view of the similarity of the ionic radii of Mn'z*
and Mg2*, an isotypic relationship between the two min-
erals is very likely to exist. The unit cell for chudobaite
reported by Dorner and Weber can be transformed into
an equivalent one \Mith a : 7 .7 97, b : 10.485, c : 6.61 6
A, o : 80.53', P : 84.23,and 7 : 82.12' (the transfor-
mation matrix ofcoordinates is (- 100/010/0- I 1), in close
agreement with the unit cell of geigerite (see Table 4). The
structural work by Dorner and Weber on chudobaite was
critized by Fleischer (1977), apparently on the basis that
the original analysis (and formula) given by Strunz (1960)
showed the presence of nonnegligible amounts of Na, K,
and Ca, whereas they are absent in the new formula. How-
ever, the very low value ofthe final discrepancy factor R
(2.4o/o) andrhe number of collected data (2682 reflections)
leave little doubt about the validity ofthe structure and
of the new formula. The analogy with the geigerite struc-
ture, which was solved by us independently, is another
point in favor of the results. Moreover (see above), no
residual peak corresponding to possible neutralization of
the acid H atom by alkali metals or alkaline earths is
evident in the final difference-Fourier map of geigerite.

Although we consider Fleischer's criticism of the work
of Dorner and Weber (1976) to be excessive, the results
reported by those authors are not entirely satisfactory. In
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particular, the published coordinates do not lead to an
acceptable geometry, and no bond lengths and angles are
given. Some outright errors are evident: for instance, by
comparison with geigerite, we found that all the minus
signs (where needed) in the atomic coordinates are omit-
ted. Starting from the isotypic relationship of the two
crystal structures, it was possible to correct all the coor-
dinates ofchudobaite. They are reported in Table 2,A, (see
footnote l), referred to the new unit cell proposed by us.
By using the corrected coordinates, the bond lengths and
angles in chudobaite become reasonable and close to the
corresponding ones in geigerite. For instance, the acid
AsOTOH group is linked to the normal AsOo group by a
very strong hydrogen bond (2.535 A;, which is even
stronger than in geigerite.

The other bond lengths and angles for chudobaite are
reported in Table 7, next to the corresponding values for
geigerite. Such a comparison is interesting and useful, es-
pecially because no list of bond distances and angles is
reported in the paper by Dorner and Weber. As one might
expect, the similarity is striking in the geometry of the
arsenate groups, whereas the metakxygen distances of
chudobaite (average 2.092 A) are smaller than those of
geigerite. The average M-O distance reported in the lit-
erature (see, for instance, the International Tables for
X-Ray Crystallography, MacGillavry and Rieck, 1968) is
2.07 (or 2.10 A) for sixfold-coordinated Mg, or 2.10 A
for Zn. This is in excellent agreement with Dorner and
Weber's structure and explains the difference with gei-
gerite. The decrease in the unit-cell parameters and in the
metal-oxygen bonds on going from geigerite to chudobaite
is also an indirect proof of the analytical results and of
the consequent nonidentity between the two species.
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