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Abstract:Kenngottite, Mn2þ3 Fe3þ4 (PO4)4(OH)6(H2O)2, is a new phosphate mineral from the Krásno ore district near Horní Slavkov,
Czech Republic. It occurs in association with phosphosiderite, fluorapatite, Mn-rich dufrénite, frondelite, rockbridgeite, morinite,
beraunite, strengite, natrodufrénite, fluorite and a K–Mn oxide. It forms brown aggregates up to 3 mm across in tiny cavities of
hydrothermally altered black rockbridgeite-group minerals. These aggregates are composed of imperfect laths to fibrous crystals up
to 0.5 mm in size. Kenngottite has a light brown streak and a vitreous to pearly lustre. It does not fluoresce under either short- or
long-wave ultraviolet light. Its aggregates are opaque; individual crystals or tiny fragments are translucent to transparent. Cleavage is
not directly observed, probably parallel to {100}, the Mohs hardness is ~4–5 (by analogy with souzalite and gormanite), and the
mineral is brittle with an uneven, stepped fracture. The calculated density is 3.40 g/cm3. Kenngottite is optically biaxial positive, the
indices of refraction are a = 1.785(1), b = 1.790(5), c = 1.810(2), and 2Vmeas. is 50(10)�. Kenngottite is monoclinic, space group
P2/a, a = 13.909(10), b = 5.186(4), c = 12.159(9) Å, b = 98.88(1)�, V = 866.5(11) Å3, Z = 2. The eight strongest lines in the X-ray
powder diffraction pattern are as follows: d (Å)/I(hkl): 4.87/47(20�2,110); 3.458/89(40�1,310); 3.209/100(203,311,11�3,013,31�2);
3.023/31(113,004); 2.623/46(11�4,204,020); 2.429/49(510,220,31�4); 1.9506/28(024,22�4) and 1.5772/34(62�4). The chemical analyses
by electron microprobe yielded (in wt%) Na2O 0.03, MnO 17.82, CaO 0.31, ZnO 0.32, Fe2O3 35.30, Al2O3 2.71, P2O5 30.80, As2O5

0.15, SiO2 0.08, H2Ocalc. 9.60, total 97.12. The resulting empirical formula on the basis of 24 O atoms per formula unit (apfu) is
(Mn2.29Fe0.53Ca0.05Zn0.04Na0.01)R2.92 (Fe3.51Al0.49)R4.00 [(PO4)3.96(AsO4)0.01(SiO4)0.01]R3.98(OH)6.42(H2O)1.66. The crystal structure
of kenngottite was solved using single-crystal X-ray diffraction data and refined to wRobs = 0.088 for 350 reflections with I > 2r(I).
The structure contains trimeric clusters of face-shared octahedra (Mn–Fe–Mn) that are connected into chains along [001] by sharing
edges with Mn-centred octahedra. The chains are corner-connected along [100] to linear corner-shared trimers of Fe-centred
octahedra and along [010] via corner-connected PO4 tetrahedra. Monoclinic kenngottite is structurally related to triclinic souzalite
and gormanite. It is named in honor of the prominent mineralogist Prof. Gustav Adolf Kenngott (1818–1897) from the University of
Zürich (Switzerland) for his contributions to systematic mineralogy.

Key-words: kenngottite; new mineral; phosphate; manganese iron phosphate hydroxyhydrate; crystal structure; Raman
spectroscopy; Krásno near Horní Slavkov; Czech Republic.

1. Introduction

During our investigations of late hydrothermal and super-
gene F-rich phosphate assemblages from Krásno ore district,
Czech Republic, a number of rare and unusual minerals
have been discovered (Sejkora et al., 2006a, b). One of this
suite was a probably new Fe–Mn phosphate described as an
unnamed mineral phase UNK9 by Sejkora et al. (2006c)
with X-ray powder diffraction data and chemical composi-
tion close to those published for the unnamed Fe–Mn
“dufrénite-like” mineral from Buranga, Rwanda, by von
Knorring & Sahama (1982). New investigations (including
a determination of the crystal structure) revealed this mineral
to be structurally related to souzalite and gormanite and pro-
vided the ideal formula Mn2þ3 Fe3þ4 (PO4)4(OH)6(H2O)2.

The new mineral is named kenngottite in honour of the
prominent mineralogist Prof. Gustav Adolf Kenngott
(1818–1897) from the University of Zürich (Switzerland)
for his contributions to systematic mineralogy. Prof.
Kenngott was an author of a series of successful colour-plate
mineralogy books and also published the description of the
first new mineral from Krásno, carpholite (Kenngott, 1851).
The name kenngottite was used in the past as a synonym for
plumboan miargyrite (Haidinger, 1856 in Palache et al.,
1944) or as a name for the amorphous variety of arsenolite
(de Fourestier, 1999). Both invalid names have not been
used for more than 50 years.
The new mineral and name have been approved by the

Commission on New Minerals, Nomenclature and Classifi-
cation of the International Mineralogical Association
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(IMA 2018-063). The holotype specimen is deposited in the
collections of the Department of Mineralogy and Petrology
of the National Museum in Prague, Cirkusová 1740, Praha
9, Czech Republic, catalogue number P1P 26/2018. Crystals
from the holotype are deposited as a cotype in the collec-
tions of the Natural History Museum of Los Angeles
County, 900 Exposition Boulevard, Los Angeles, CA
90007, USA, catalogue number 66795.

2. Occurrence

Kenngottite occurs at the Krásno ore district near Horní Slav-
kov, Slavkovský les area, Czech Republic. The Krásno ore
district belongs to one of the most important areas of tin
and tungsten mining in central Europe (Beran & Sejkora,
2006). The district is represented by greisen mineralization
in several granite cupolas of the large Krušné hory
(Erzgebirge) granite batholith underlying metamorphic rock
(mainly gneisses). The largest Sn–W deposit in this district
is the Huber stock. In the past, it was mined via the Huber
open pit and Huber (Stannum) shaft down to 200 m under
the surface (5th level at 425 m a.s.l.). The stock is bell-shaped
in section, similar to a blunt cone. At 100 m beneath the pre-
sent surface, the stock is 200� 100 m in cross-section, while
at 150 m beneath the surface, the stock extends NE–SW and
is about 400 � 250 m in cross section. The Huber stock
consists of autometamorphosed Li-mica–topaz granite with
a variable degree of greisenization. It is assumed that the
entire apical part of this cupola was formed by greisen and
quartz with rich ore mineralization (Beran & Sejkora,
2006). Detailed descriptions of the mineralogy (more than
230 mineral species) of the Krásno ore district were
published by Beran & Sejkora (2006) and Sejkora et al.
(2006a–c). More recently, the new minerals tvrdýite (Sejkora
et al., 2016), krásnoite (Mills et al., 2012), and iangreyite
(Mills et al., 2011) were described from this locality, which
also hosts the second world occurrences of kunatite (Mills
et al., 2008) and plimerite (Sejkora et al., 2011).
Kenngottite samples were found at the 5th level of the

Huber shaft (50�0702200N 12�480200E), at the well docu-
mented phosphate accumulation (Sejkora et al., 2006b).
This accumulation consists of dominant fluorapatite and
triplite aggregates from 10 cm to 1 m in size, located in
coarse-grained white quartz in the Huber stock. Aggregates
of dark Fe–Mn phosphates with predominant frondelite
occur along contacts of these phosphate accumulations with
white quartz and cavernous corroded portions carrying
younger phosphates (iangreyite, strengite and minerals of
the chalcosiderite–turquoise series). Kenngottite from
Krásno was originally described as an unnamed mineral
phase UNK9 by Sejkora et al. (2006c).
The new mineral kenngottite is intergrown with phospho-

siderite, fluorapatite and Mn-rich dufrénite in association
with rockbridgeite-group minerals (rockbridgeite–frondelite)
and relics of triplite in quartz gangue (holotype sample).
In other samples, microscopic aggregates of kenngottite
were observed in association with morinite, beraunite, stren-
gite, natrodufrénite, fluorite and a K–Mn oxide.

3. Morphology, physical properties
and optical data

Kenngottite occurs as brown aggregates (Fig. 1) in tiny
cavities of hydrothermally altered black rockbridgeite-group
minerals (rockbridgeite–frondelite) which have nearly com-
pletely replaced earlier triplite. Tabular aggregates up to
3 mm across are composed of imperfect laths to fibrous
crystals probably elongated along [010] and flattened on
{100}, up to 0.5 mm in size (Figs. 2 and 3). Kenngottite
has a light to dark brown colour. Its aggregates are opaque;
individual crystals or tiny fragments are translucent to
transparent. It has a light brown streak and a vitreous to
pearly lustre. It does not fluoresce under either short- or
long-wave ultraviolet light. Cleavage is not directly
observed, probably parallel to {100}, the Mohs hardness
is ~4–5 (by analogy with souzalite and gormanite), and
the mineral is brittle with an uneven, stepped fracture. The
density could not be measured because of the small size
of crystals and their intergrowths with other minerals. The
density Dcalc = 3.40 g/cm3 was calculated on the basis of
the empirical formula and unit-cell volume from the sin-
gle-crystal data; for the ideal formula, the calculated density
is 3.47 g cm�3.
Kenngottite is optically biaxial positive, with a = 1.785(1),

b = 1.790(5) and c = 1.810(2) (measured in white light) and
2Vmeas. = 50(10)� based on visual estimation from indistinct
interference figure; 2Vcalc. = 53.6�. Dispersion, r < v, is
extreme and becomes manifest in anomalous interference
colours. Kenngottite exhibits the following pleochroism: X
brown-yellow, Y blue-green, Z olive-brown; X < Z < Y.
Orientation could not be determined because of indistinct
shape and poor quality of crystals. The Gladstone-Dale
compatibility index 1� (KP/KC) is 0.063 (“fair”) based upon
the empirical formula, the density calculated using the single-
crystal unit-cell and the measured indices of refraction
(Mandarino, 1981). The fair compatibility probably reflects
the fine-scale porosity which leads to lower-than-expected
indices of refraction.

4. Chemical composition

Samples of kenngottite were analyzed with a Cameca
SX-100 electron microprobe operating in the wavelength-
dispersive mode with an accelerating voltage of 15 kV, a
specimen current of 10 nA and a defocussed beam diameter
of 5 lm. The following lines and standards were used: Ka,
hematite (Fe), sanidine (Al, Si), fluorapatite (P, Ca), ZnO
(Zn), albite (Na), rhodonite (Mn); La, clinoclase (As).
Counting times on peak were 20 s for main elements and
60 s for minor elements, half of these values on each
background. The raw intensities were converted to the con-
centrations using the PAP (Pouchou & Pichoir, 1985)
matrix-correction software. Checks for F gave no measur-
able values above background. Water could not be analysed
directly because of the minute amount of material available,
and was calculated on the basis of 16 O plus 8 (H2O + OH)
groups, taking into account charge balance, from the
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crystal-structure analysis. All iron is reported as Fe3+ based
on the bond-valence calculations (see below).
Table 1 gives the chemical composition of the kenngottite

holotype sample from Krásno (mean of twelve determina-
tions). The results of the chemical analyses correspond
with the ideal formula Mn2þ3 Fe3þ4 (PO4)4(OH)6(H2O)2, in
which dominant Mn2+ in the two non-equivalent Mn sites
is partly substituted by Fe3+ (up to 1.1 apfu – Fig. 4) and,
in the three Fe sites, prevailing Fe3+ by Al (up to 0.7 apfu –

Fig. 5). Minor contents of other elements (Zn, Ca, Na)
do not exceed 0.04–0.14 apfu. In the tetrahedrally
coordinated site, only minor Si (up to 0.08 apfu) and As
(up to 0.03 apfu) substitute for P. The empirical formula,
normalised to 24 O atoms, is Mn2þ2:29Ca0.05Zn0.04Na0.01Fe

3þ
4:04

Al0.49P3.96As0.01Si0.01O24H9.73. The structural formula
is (Mn2.29Fe0.53Ca0.05Zn0.04Na0.01)R2.92(Fe3.51Al0.49)R4.00
[(PO4)3.96(AsO4)0.01(SiO4)0.01]R3.98(OH)6.42(H2O)1.66. The
simplified structural formula is (Mn2þ2:5Fe

3þ
0:5)Fe

3þ
4 (PO4)4

(OH)6.5(H2O)1.5. The ideal end-member formula is
Mn2þ3 Fe3þ4 (PO4)4(OH)6(H2O)2 which requires MnO 23.49,
Fe2O3 35.24, P2O5 31.33, H2O 9.94, total 100.00 wt%.

5. Raman spectroscopy

Kenngottite was investigated with a DXR dispersive Raman
Spectrometer (Thermo Scientific) mounted on a confocal
Olympus microscope. The Raman signal was excited by a
green 532 nm diode-pumped solid-state laser and detected
by a CCD detector. The experimental parameters were:
50� objective, 10 s exposure time, 100 exposures, 400
lines/mm grating, 25 lm pinhole spectrograph aperture
and 6 mW laser power level. Spectra were recorded between
30 and 4200 cm�1 (Fig. 6). The instrument was set up by a
software-controlled calibration procedure using multiple
neon emission lines (wavelength calibration), multiple
polystyrene Raman bands (laser frequency calibration) and
standardized white-light sources (intensity calibration).
Spectral manipulations were performed using the Omnic 9
software (Thermo Scientific).

Fig. 2. Aggregates of kenngottite crystals, Krásno. Field of view
1800 lm; Back-scattered electron image, J. Sejkora and J. Plášil.

Fig. 3. Back-scattered electron image showing lath-like crystals of
kenngottite (light grey) with phosphosiderite (P), fluorapatite grains
(F) and finely fibrous Mn-rich dufrénite (D). Field of view 500 lm;
picture J. Sejkora and R. Škoda.

Fig. 1. Photomicrograph of brown kenngottite aggregates in cavity
of rockbridgeite-group minerals. Field of view 0.8 mm; photo J.
Sejkora.

Table 1. Chemical composition of kenngottite from Krásno (wt%).

Oxide Mean of 12 analyses Range SD

Na2O 0.03 0–0.13 0.05
MnO 17.82 14.42–20.74 1.94
CaO 0.31 0.11–0.87 0.24
ZnO 0.32 0.16–0.45 0.09
Fe2O3 35.30 31.67–38.89 2.14
Al2O3 2.71 1.79–3.83 0.57
SiO2 0.08 0–0.52 0.15
As2O5 0.15 0–0.44 0.15
P2O5 30.80 30.13–31.57 0.41
H2O* 9.6
Total 97.12

*Calculated on the basis of 16 O plus 8 (H2O + OH) groups with
charge balance, from the crystal-structure analysis. All iron is
reported as Fe3+ based on the structure analysis.
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The main bands observed are (in wavenumbers): 3570,
3374, 1579, 1101, 1056, 994, 963, 691, 612, 575, 451,
373, 317, 288, 260, 235, 174, 144, 112, 84, 81 and
46 cm�1. The dominant bands in the 1200–800 cm�1 region
can be assigned to stretching vibrations of (PO4) groups
(bands at 1101 and 1056 cm�1 to m3 antisymmetric stretch-
ing and those at 994 and 963 cm�1 to m1 symmetric stretch-
ing vibrations). The m4 (PO4) bending vibrations are
connected with the bands at 691, 612 and 575 cm�1, and
the m2 (PO4) bending vibration with the band at
451 cm�1. The bands 373, 317, 288, 260 and 235 cm�1

may be related to the metal-oxygen stretching vibrations
(Elliott et al., 2009; Frost et al., 2013; Sejkora et al.,
2016). The bands below 200 cm�1 are attributed to lattice
modes. A broad OH-stretching band running from 3800 to
2800 cm�1 with a maximum at 3374 cm�1 and a sharp band
at 3570 cm�1 is assigned to the vibration of (OH) groups.
A weak, broad band at 1579 cm�1 is connected with
m2 (d) bending vibrations of water molecules.

6. X-ray powder diffraction

Powder X-ray diffraction data for kenngottite were obtained
using a Rigaku R-AXIS Rapid II curved-imaging-plate

microdiffractometer, with monochromatised MoKa radia-
tion (50 kV, 40 mA). A Gandolfi-like motion on the u
and x axes was used to randomise the sample. Observed
d values and intensities were derived by profile fitting using
JADE 2010 software (Materials Data, Inc.). Data (in Å for
MoKa) are given in Table 2. Unit-cell parameters of ken-
ngottite refined from the powder data using JADE 2010 with
whole-pattern fitting are: a = 13.919(9), b = 5.180(9),
c = 12.159(10) Å, b = 98.905(14)� and V = 866.1(18) Å3.

7. Single-crystal X-ray diffraction

A thin blade of kenngottite (0.09 � 0.04 � 0.02 mm)
was used for a data collection on a Rigaku R-Axis Rapid
II curved-imaging-plate microdiffractometer utilising
monochromatised MoKa radiation (50 kV, 40 mA).
Kenngottite presented particular difficulties for crystal struc-
ture analysis due to the irregular intergrowth (Fig. 3) and
poor diffracting quality of the fibrous crystals, giving diffuse
reflections and strong streaking of the spots. Many crystals
were inspected before one was found that gave indexable
single-crystal patterns. It was indexed with a primitive mon-
oclinic cell with the parameters reported in Table 3. The data
resolution was limited to 1.2 Å, but it was adequate to obtain
a structure solution using SIR2011 (Burla et al., 2012) in
space group P2/a. During the course of the structure refine-
ment, it was found that two metal atoms, Fe2 and Fe3 were
each distributed over two sites (Fe2a/Fe2b and Fe3a/Fe3b,
respectively), and an anion coordinated to these atoms,
O12, was similarly split into two sites (O12a and O12b).
The occupancies of the atom pairs were allowed to refine
independently. The structure was refined using JANA2006
(Petříček et al., 2014), with anisotropic displacement param-
eters for the metal atoms and isotropic displacement param-
eters for the anions (hydrogen atoms could not be located).
The refinement converged to wRobs = 0.088 for 350 reflec-
tions with I > 2r(I). Further details of the data collection and
crystal-structure refinement are given in Table 3.

Fig. 4. A plot of Fe3+ vs. Mn contents at Mn1 + Mn2 sites of
kenngottite.

Fig. 5. A plot of Fe3+ vs. Al contents at Fe1 + Fe2ab + Fe3ab sites
of kenngottite.

Fig. 6. Raman spectrum of kenngottite (split at 2000 cm�1).
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Refined atom coordinates, equivalent isotropic displace-
ment parameters and bond-valence sums (BVSs, Gagné &
Hawthorne, 2015) for kenngottite are given in Table 4 and
polyhedral bond distances in Table 5. The BVS values are
consistent with trivalent cations ordered in Fe1 to Fe3 and
predominantly divalent cations ordered in Mn1 and Mn2.
Good agreement with mean bond distances and BVS values
was obtained on the basis that the minor Fe in the Mn1 and
Mn2 sites was Fe3+, with the Mn being divalent. The M–O
mean distances for Fe1 and Fe2a sites are shorter than
expected for Fe3+, consistent with minor Al also occupying
these sites. The low BVSs for O9 to O12 are consistent with
these being predominantly OH�. Charge balance in the
simplified formula for kenngottite, (Mn2þ2:5Fe

3þ
0:5)Fe

3þ
4 (PO4)4

(OH)6.5(H2O)1.5, requires 1.5 H2O pfu and from the BVS
values in Table 4, these are most likely distributed over
the O10, O11 and O12b sites.

A projection of the structure of kenngottite along [010] is
shown in Fig. 7. It contains Mn2–Fe1–Mn2-centred
h-clusters (Moore, 1970) of face-shared octahedra that are
linked by edge-sharing with Mn1-centred octahedra to form
chains along [001]. The chains are linked by corner-sharing
with PO4 tetrahedra to form layers parallel to (100). These
layers alternate along [100] with layers containing the
Fe2- and Fe3-centred octahedra. Groups of three corner-
connected octahedra, centred by Fe3–Fe2–Fe3, are con-
nected into chains along [001] by corner-sharing with PO4
tetrahedra. The chains are stacked along [010] as shown
in Fig. 8. The Fe2a- and Fe3a-centred octahedra that have
~75% occupancy alternate along [010] with Fe2b- and
Fe3b-centred octahedra that have ~25% occupancy.
Kenngottite has the same stoichiometry as souzalite,

(Mg,Fe2+)3(Al,Fe
3+)4(PO4)4(OH)6(H2O)2 (Le Bail et al.,

2003), with Mn2+ replacing Mg and Fe3+ replacing Al.

Table 2. Powder X-ray diffraction data (d in Å) for kenngottite. Note that the calculated intensities have been scaled such that the total of the
intensities of the lines contributing to the strongest observed line is 100. Only calculated lines with I � 2 are included.

Iobs dobs dcalc Icalc hkl Iobs dobs dcalc Icalc hkl

8 12.04 12.0133 7 0 0 1 2 2.306 2.2933 2 2 2 �2
22 6.90 6.8711 23 2 0 0 6 2.2167 2.2147 4 5 1 �3

6.4058 4 2 0 �1 8 2.1620 2.1662 3 2 0 5
26 5.16 5.1860 18 0 1 0 4 2.1345 2.1410 3 3 1 4
47 4.87 4.9137 3 2 0 �2 13 2.1180 2.1152 2 6 1 �1

4.8520 18 1 1 0 2.1079 7 1 1 5
6 4.56 4.5866 4 1 1 �1 13 2.0811 2.0721 9 4 2 �1
8 4.40 4.4161 7 1 1 1 2.0697 3 4 2 0
18 4.194 4.2116 9 2 0 2 24 2.0362 2.0285 5 5 1 �4

4.1393 14 2 1 0 2.0266 11 2 2 3
8 4.056 4.0307 3 2 1 �1 6 1.9763 1.9741 3 6 0 �4
3 3.961 4.0044 9 0 0 3 28 1.9506 1.9627 5 0 2 4

3.8792 5 1 1 �2 1.9396 18 2 2 �4
10 3.727 3.7185 9 2 0 �3 1.9126 2 4 2 �3

3.6777 7 1 1 2 12 1.8541 1.8554 4 7 1 �1
89 3.458 3.4468 15 4 0 �1 1.8400 2 4 0 5

3.4332 68 3 1 0 1.8389 3 2 2 4
100 3.209 3.2485 18 2 0 3 7 1.7810 1.7738 6 5 1 4

3.2046 48 3 1 1 14 1.7378 1.7385 6 8 0 �1
3.1745 2 1 1 �3 1.7276 2 6 2 �1
3.1695 3 0 1 3 14 1.7179 1.7162 8 0 0 7
3.1414 28 3 1 �2 1.7034 2 6 2 �2

31 3.023 3.0090 21 1 1 3 16 1.6751 1.6725 3 6 2 1
3.0033 6 0 0 4 1.6624 2 2 2 5
2.9225 2 2 0 �4 1.6600 2 5 1 �6

7 2.876 2.8706 6 4 1 �1 16 1.6494 1.6483 2 6 2 �3
2.8641 3 4 1 0 1.6398 2 4 0 �7

6 2.809 2.8017 4 4 0 2 18 1.6228 1.6242 5 4 0 6
2.7530 2 2 1 3 1.6173 3 3 3 0

46 2.623 2.6183 29 1 1 �4 27 1.5995 1.6023 7 6 2 2
2.6081 2 2 0 4 1.6015 2 8 0 �4
2.5930 12 0 2 0 1.5914 2 3 3 1

13 2.490 2.4936 5 1 1 4 1.5880 3 8 0 2
11 2.457 2.4691 5 3 1 3 34 1.5772 1.5707 17 6 2 �4

2.4569 4 4 0 �4 23 1.5206 1.5155 6 6 2 3
2.4460 7 5 1 �1 12 1.4954 1.5045 3 2 2 6

49 2.429 2.4285 11 5 1 0 1.5019 2 1 3 �4
2.4260 13 2 2 0 25 1.4679 1.4633 2 5 3 0
2.4024 17 3 1 �4 1.4612 2 4 0 �8
2.3856 2 2 0 �5 11 1.4469 1.4571 4 1 1 �8
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The structures of the two minerals are closely related.
Souzalite has triclinic symmetry with a = 7.222,
b = 11.780, c = 5.117 Å, a = 90.16, b = 109.94, c =
81.33�. The triclinic cell for souzalite is related to the

monoclinic cell for kenngottite by the transformation
(0.5 0.5 0/0 0 �1/0 �1 0). The main difference between the
two structures is that the [001] chains containing the trimeric
clusters of corner-connected M3–M2–M3–centred octahedra
(M = Fe, Al) lie in (010) planes in kenngottite, but in (110)

Table 3. Crystal data and structure refinement details for kenngottite.

Simplified formula (Mn2þ2:5Fe
3þ
0:5)Fe

3þ
4 (PO4)4

(OH)6.5(H2O)1.5
Temperature 293(2) K
Wavelength 0.7107 Å
Space group P2/a
Unit-cell parameters a = 13.909(10) Å

b = 5.186(4) Å
c = 12.159(9) Å
b = 98.880(10)�

Volume 866.5(11) Å3

Z 2
Absorption coefficient 5.87 mm�1

Crystal size 0.09 � 0.04 � 0.02 mm3

h range for data collection 3.0–17.2�
Index ranges �11 � h � 11, �4;� k � 4,

�10 � l � 10
Reflections collected 4711
Independent reflections 517 [Rint = 0.18]
Reflections with Io > 3r(I) 350
Completeness to 17.2� 99.0%
Refinement method Full-matrix least-squares on F
Constraints/restraints/parameters 13/0/113
Goodness-of-fit on F2 1.96
Final R indices [I > 2r(I)] Robs = 0.089, wRobs = 0.087
R indices (all data) Robs = 0.135, wRobs = 0.091
Largest diff. peak and hole 0.94 and �1.13 e Å�3

Table 4. Refined atom coordinates, equivalent (Fe, Mn and P sites)
or isotropic (O sites) displacement parameters (Å2) and bond
valence sum (BVS) values for kenngottite.

x y z Ueq BVS

Fe1 0.25 0.2408(16) 0.5 0.064(3) 3.23
Fe2a* 0.5 0.5 0 0.062(5) 3.35
Fe2b* 0.5 1 0 0.062(5) 2.65
Fe3a* 0.5453(5) 0.4764(14) 0.3060(6) 0.054(3) 3.11
Fe3b* 0.4539(17) 0.996(5) 0.691(2) 0.054(3) 2.50
Mn1 0.25 0.2593(16) 1 0.055(3) 2.16
Mn2 0.2138(4) 0.2536(11) 0.7260(4) 0.059(3) 2.19
P1 0.3155(7) 0.748(2) 0.8564(8) 0.055(4) 5.09
P2 0.3831(7) 0.737(2) 0.4409(8) 0.061(5) 5.17
O1 0.3915(14) 0.749(4) 0.9564(15) 0.048(6) 1.95
O2 0.3589(13) 0.752(4) 0.7481(15) 0.047(6) 1.82
O3 0.2553(14) 0.998(5) 0.8604(16) 0.056(7) 1.97
O4 0.2460(15) 0.511(5) 0.8598(18) 0.067(7) 1.96
O5 0.4340(14) 0.724(4) 0.5572(17) 0.058(6) 1.98
O6 0.3182(13) 0.981(4) 0.4205(15) 0.045(6) 2.04
O7 0.4523(15) 0.744(4) 0.3524(16) 0.064(6) 1.69
O8 0.3138(14) 0.511(5) 0.4164(16) 0.056(7) 2.17
O9 0.3435(13) 0.248(4) 0.6392(14) 0.046(6) 1.26
O10 0.4343(15) 0.229(5) 0.2558(16) 0.073(7) 0.91
O11 0.5926(12) 0.759(4) �0.0423(14) 0.044(6) 0.92
O12a* 0.516(3) 0.582(11) 0.155(4) 0.078(17) 1.30
O12b* 0.516(4) 0.75(2) 0.159(5) 0.078(17) 0.66

*Site occupancies: Fe2a/Fe2b = 0.75(2)/0.20(1); Fe3a/Fe3b = 0.75
(1)/0.201(8); O12a/O12b = 0.68(7)/0.36(6).

Table 5. Polyhedral bond distances (Å) for kenngottite.

Fe1–O6 �2 1.98(2)
Fe1–O8 �2 2.02(2)
Fe1–O9 �2 1.97(2)
Av. 1.99

Fe2a–O1 �2 1.99(2) Fe2b–O1 �2 2.00(2)
Fe2a–O11 �2 1.98(2) Fe2b–O11 �2 1.92(2)
Fe2a–O12a �2 1.92(4) Fe2b–O12b �2 2.31(8)
Av. 1.96 Av. 2.08

Fe3a–O2 1.97(2) Fe3b–O2 2.03(3)
Fe3a–O5 1.94(2) Fe3b–O5 2.13(3)
Fe3a–O7 2.03(2) Fe3b–O7 2.00(3)
Fe3a–O9 2.14(2) Fe3b–O9 2.04(3)
Fe3a–O10 2.03(2) Fe3b–O10 1.97(3)
Fe3a–O12a 1.90(4) Fe3b–O12b 2.23(9)
Av. 2.00 Av. 2.07

Mn1–O3 �2 2.18(2) Mn2–O3 2.12(2)
Mn1–O4 �2 2.14(3) Mn2–O4 2.10(2)
Mn1–O11 �2 2.17(2) Mn2–O6 2.26(2)
Av. 2.16 Mn2–O8 2.17(2)

Mn2–O9 2.22(2)
Mn2–O10 2.11(2)
Av. 2.16

P1–O1 1.48(2) P2–O5 1.48(2)
P1–O2 1.53(2) P2–O6 1.55(2)
P1–O3 1.55(2) P2–O7 1.55(2)
P1–O4 1.57 (1) P2–O8 1.52(3)
Av. 1.53 Av. 1.52

Fig. 7. [010] projection of the crystal structure of kenngottite; only
Fe2a- and Fe3a-centred octahedra (“Fe2”, “Fe3”) are shown for
clarity.
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planes in souzalite (indices relative to the monoclinic cell).
The M2- and M3-centred octahedra in souzalite are fully
ordered and alternate with vacant sites along the 5 Å axis,
whereas in kenngottite there is a 0.75/0.25 disorder of these
sites along the 5 Å axis. In the structurally related mineral
rockbridgeite, there is complete disorder of the corner-con-
nected octahedra in successive sites along the 5 Å axis
(Moore, 1970).

8. Relation to other species

Kenngottite is structurally related to souzalite Mg3Al4
(PO4)4(OH)6�2H2O (Pecora & Fahey, 1949; Le Bail et al.,
2003) and gormanite Fe3Al4(PO4)4(OH)6�2H2O (Sturman
et al., 1981). A comparison of their crystallographic
parameters and physical properties is shown in Table 6.
Kenngottite is identical with unnamed phase UNK9 (Sejkora
et al., 2006c) and probably also with the unnamed Fe–Mn
“dufrénite-like” mineral from Buranga, Rwanda (von
Knorring & Sahama, 1982). It is a member of Nickel –
Strunz class 8.DC: Phosphates, etc. with additional anions,
with H2O; with only medium-sized cations, (OH, etc.):
RO4 = 1:1 and <2:1.
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