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Abstract. Manganrockbridgeite, Mn§+Feg+(PO4)3(OH)4(H20), is a new member of the rockbridgeite group,
from the Hagendorf-Siid pegmatite, Oberpfalz, Bavaria. It occurs in association with frondelite, kenngottite,
hureaulite and hematite. It forms compact intergrowths and clusters of shiny greenish black blades up to
200 ym long and 20 um wide but only a few micrometres thick. The crystals are elongated on [100] and
flattened on {001}, with perfect cleavage parallel to {001}. Individual thin blades are green in transmit-
ted light and red under crossed polars. The calculated density is 3.40 gcm™3. Manganrockbridgeite is bi-
axial (4/—), with o =1.795(5), B =1.805(calc), y = 1.815(5) (white light) and 2V (meas.) =90(2)°. The
empirical formula from electron microprobe analyses, Mossbauer spectroscopy and crystal structure refine-
ment is (Mn%RFe(z)ngegjé)z1.92(Fe3+)2‘gg(P04)3(OH)3'64(H20)1.44. Manganrockbridgeite has monoclinic
symmetry with space group P2;/m and unit-cell parameters a = 5.198(2), b = 16.944(5), ¢ :7.451(3)/0\,
B =110.170(9)°, V = 616.0(4) A> and Z = 2. The crystal structure was refined using both laboratory and syn-
chrotron single-crystal diffraction data. Whereas other rockbridgeite-group minerals have orthorhombic symme-
try with a statistical distribution of 50 % Fe>* / 50 % vacancies in M 3-site octahedra forming face-shared chains
along the 5.2 A axis, monoclinic manganrockbridgeite has full ordering of Fe3t and vacancies in alternate M3

sites along the 5.2 A axis.

1 Introduction

The isostructural minerals rockbridgeite (Frondel, 1949)
and frondelite (Lindberg, 1949) were determined by Lind-
berg (1949) to have B-centred orthorhombic symmetry,
with a~ 139, b=~ 17.0, c~52A and with formulae
M 2+F€Z+ (PO4)3(0OH)s, where M = Fe for rockbridgeite and
Mn for frondelite. The crystal structure for rockbridgeite
in space group Bbmm was solved by Moore (1970) with

the structural formula M 1(M?2),(M3),(PO4)3Xs5, X =OH,
O, HyO. It contains linear trimers of face-shared octahe-
dra, M2-M1-M2, that are connected into [010] chains
by edge-sharing of the M2-centred octahedra, and into
(100) planes by corner-sharing with POy tetrahedra. These
planes alternate with (100) planes containing dimers of
corner-connected M 3-centred octahedra. The dimers share
faces along the 5.2 A axis with very short (2.6 A) M3-M3
distances. This physically unreasonable situation is over-
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come by having statistical half-occupancy of the M3 sites.
Moore (1970) reported that Fe3t occurred at M3, while a
mixture of Fe?t and Fe3* occurred at the M2 and M3 sites.
In contrast, a more recent combined single-crystal struc-
ture refinement and Mdossbauer study of a Mn-bearing rock-
bridgeite (Redhammer et al., 2006) showed that divalent
cations were confined to the M2 site, and this was confirmed
in a single-crystal structure refinement for plimerite, the Zn
analogue of rockbridgeite, that showed Zn ordering at M2
(Elliott et al., 2009). Since there are two M2 cations per for-
mula unit, we proposed a general formula for stoichiomet-
ric rockbridgeite-group minerals, A;B3(PO4)3(OH,H;0)s,
where A corresponds to the M2 site and B to the M1
plus M3 sites. The formula and the establishment of the
rockbridgeite group was approved by the IMA Commission
on New Minerals, Nomenclature and Classification (CN-
MNC), as was the naming of a new member, ferrorock-
bridgeite, with dominant Fe>* at M2 (Grey et al., 2019a).
Subsequently a fully oxidised form of rockbridgeite, with
2Fe’* replaced by 1.33Fe’t +0.67 vacancy at M2, was
characterised and approved as a new member of the group,
ferrirockbridgeite, (Fej £500.33)2(Fe>*)3(PO4)3(OH)4(H>0)
(Grey et al., 2019b).

We report here the remaining member of the Fe?T—Fe3t—
Mn?* rockbridgeite-group, which has dominant Mn?* at
M?2, manganrockbridgeite. In a recent study on new sec-
ondary mineral occurrences at the Hagendorf Siid pegmatite,
Bavaria (Keck et al., 2022), it was identified as the greenish
black matrix mineral underlying fibrous yellow tufts of the
rare mineral kenngottite, Mn§+Fei+(PO4)4(OH)6(H20)2,
and was flagged as a potential new mineral. It was subse-
quently fully characterised and the mineral and name have
been approved by the IMA CNMNC (IMA 2022-122). The
holotype Hagendorf specimen, Hag510, is in the Miner-
alogical State Collection, Munich, catalogue number MSM-
38033. Portions of the holotype that were used for optical and
single-crystal diffraction studies are deposited as a cotype in
the collections of the Natural History Museum of Los An-
geles County, 900 Exposition Boulevard, Los Angeles, CA
90007, USA, catalogue number 76281.

2  Occurrence

Manganrockbridgeite was identified in specimens collected
in the 1970s by Erich Keck from the 76m level of
the Hagendorf-Siid pegmatite mine, Hagendorf, Oberp-
falz, Bavaria, Germany (49°39'1”N, 12°27'35”E). The
manganrockbridgeite-bearing specimen, Hag510, consists of
densely packed greenish black laths of manganrockbridgeite
intergrown with platelets of hematite and as radiating sprays
of thin laths (Fig. 1). Zoning of some laths into frondelite
occurs. Voids in the manganrockbridgeite are filled with
pinkish intergrown crystals of hureaulite up to 5 mm. Open
voids with coarse crystallised manganrockbridgeite and free
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Figure 1. Manganrockbridgeite laths. Field of view: 0.7 mm. Photo
by Christian Rewitzer.

Figure 2. Manganrockbridgeite associated with hematite and ken-
ngottite. Field of view: 6 mm. Photo by Christian Rewitzer.

platelets of hematite show clusters of yellowish to olive-
green needles of kenngottite up to 0.1 mm (Fig. 2). Other
associated minerals include quartz, correianevesite, tavorite,
switzerite, bermanite, jahnsite-group-minerals, stewartite,
laueite and pseudolaueite.

3 Physical and optical properties
Manganrockbridgeite forms compact intergrowths and clus-

ters of shiny greenish black blades that are up to 200 um
long and 20 um wide but are only a few micrometres thick
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Figure 3. Back-scattered electron image of manganrockbridgeite
laths.

(Fig. 3). The crystals are elongated on [100] and flattened
on {001}, with perfect cleavage parallel to {001}. Individ-
ual thin blades are green in transmitted light and red un-
der crossed polars. The mineral has a greyish-green streak,
and crystals have a vitreous to pearly lustre. The density
was not measured because of finely intergrown hematite.
The calculated density for the empirical formula and powder
X-ray diffraction (PXRD) unit-cell volume is 3.40 gcm™3.
Manganrockbridgeite crystals are biaxial (4/—), with o =
1.795(5), B =1.805(calc), y = 1.815(5) (white light) and
2V (meas.) =90(2)° from extinction data using EXCALIBR
(Gunter et al., 2004). Dispersion was extreme but the sense
could not be determined. The optical orientation is X = b,
Z=a.

Pleochroism is X blue-green, Y yellow-brown, Z light
yellow-brown; X>Y>Z. The extreme dispersion produces
an intense red anomalous interference colour under crossed
polars. The Gladstone—Dale compatibility index (Mandarino,
1981) is 1 — (Kp / Kc) = 0.054 (good) based upon the em-
pirical formula, calculated density and the measured indices
of refraction.

4 Maossbauer spectroscopy

The Mossbauer spectrum for manganrockbridgeite was taken
using a conventional constant acceleration drive with a sym-
metrical sawtooth waveform (Wissel). The source of >’Co
in thodium was maintained at room temperature. The spec-
trum is shown in Fig. 4. In addition to doublets due to man-
ganrockbridgeite, the spectrum shows weak peaks of a sex-
tet corresponding to hematite impurity. The amount of the
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Figure 4. Fitted Mossbauer spectrum for manganrockbridgeite,
x2=10.90.

impurity was determined by Rietveld quantitative analysis
of the PXRD pattern for the powder used for the Moss-
bauer experiment, obtaining 94 wt % manganrockbridgeite
plus 6 wt% of hematite impurity. The spectrum was fit-
ted using three Lorentzian doublets for manganrockbridgeite
(two for Fe3t and one for Fe?) plus sextet modelling
of the hematite peaks. The ratio of the ferrous-to-ferric
doublet areas for manganrockbridgeite gave 81.5 % Fe’™ to
18.5 % Fe>*. These values were used with the electron mi-
croprobe (EMP) analyses to establish the formula for man-
ganrockbridgeite. The fitting parameters for the manganrock-
bridgeite doublets and the hematite sextet are given in Ta-
ble 1. The doublet site assignments were made by analogy to
the Mossbauer study of the closely related manganoan rock-
bridgeite (Redhammer et al., 2006).

5 Chemical composition

Crystals of manganrockbridgeite were analysed using wave-
length dispersive spectrometry on a JEOL JXA-8500F Hy-
perprobe operated at an accelerating voltage of 15kV and a
beam current of 4 nA. The beam was defocused to 5 pm for
compact regions of crystals and to 2 um for thin laths. A to-
tal of 30 analyses were made for Mn, Fe and P, each on a
different region of the polished mount. Checks were made
for the presence of other elements including Zn, Mg and Ca,
but they were below detection limits. Analytical results are
given in Table 2. The average FeO / Fe,O3 ratio was deter-
mined from Mossbauer spectroscopy. The large standard de-
viations (SDs) for MnO and Fey, expressed as Fe, O3 are
due to Fe / Mn substitution at the M2 site. This is shown in
Fig. 5 by a plot of atoms of Mn versus atoms of Fe at site
M?2 (i.e. total Fe with 3Fe at M1 4+ M3 subtracted). The plot
shows a negative correlation with a slope of —1. The results
in Fig. 5 show [Mn] > [Fe] at the M2 site for all but 4 of the
30 analyses.

The analyses consistently show a metal-to-P atomic ra-
tio less than the 1.67 required for the stoichiometric rock-
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Table 1. Mossbauer parameters for manganrockbridgeite and hematite, isomer shift §, quadrupole splitting A, half width at half maximum

(HWHM), and relative areas of the doublets and sextet, A.

8 A HWHM A Atomsper Assignment
mms~!  mms~! mms~! (%) formula
3-Lorentzian fit, x2 =0.90
0.395(6) 0.48(1) 0.182(7) 59.0 248 Fe3t at M3+ minor M1
0.52(5) 0.69(8) 0.232) 13.0 0.55 Fe3T at M1+ minor M2
1.044(8)  2.99(2) 0.23(1) 163 0.69 Fe2t at M2
0.380(8)  0.100(8) 0.13(1) 11.6 Hematite*
* Hyperfine field B =51.51(6) T.
12 A Gandolfi-like motion on the ¢ and w axes was used
° ° to randomise the sample. Observed d values and intensi-
0 oo o W ties were derived by profile fitting using JADE Pro soft-
LS ° ° ° ware. Data (in A for MoKw) are given in Table 3. Unit
% ' °° .;""-.. Py cell parameters refined from the powder data in space
2 o o e group P21 /m(#11) using JADE 2010 with whole pattern fit-
ki L ting are a =5.210(5), b =16.981(5), c=7.52005) A, B =
£ o4 ¢ . 110.73(4)° and V = 622.2(8) A3.
02 6.2 Single-crystal studies
Y 00 10 1 12 13 1« A thin blade of manganrockbridgeite (0.010 x 0.010 x
[Mn] (apfu) 0.080 mm) was used for a data collection at ambient temper-

Figure 5. Plot of EMP results as atoms per formula unit (apfu) of
Mn versus [Felota1 — 3 (i-e. total Fe with 3 Fe atoms at M1+ M3
sites subtracted).

bridgeite composition, due to cation vacancies. Scaling the
analyses to 3P atoms, and with a uniform distribution of
vacancies over the M1 to M3 sites, the empirical for-
mula is (Mn} {;Feg foFeq o)51.02(Fe? 255 (PO4)3(OH)3.64
(H20)1 44, where the atoms in the first bracket occupy site
M?2 in the rockbridgeite-type structure and the atoms in the
second bracket occupy the M1 and M3 sites (Grey et al.,
2019a).

The simplified formula is (Mn>*, Fe?*, Fe3t, O),(Fet,
[1)3(PO4)3(0OH, H,0)s5, L1 = vacancy.

The ideal (end-member)
Mn; " Fe3t (PO4)3(OH)4(H>0).

The latter requires MnO 21.88, Fe,O3 36.95, P,Os 32.84,
H,0 8.33, total 100.00 wt %.

formula is

6 Crystallography
6.1 Powder X-ray diffraction (PXRD)
X-ray powder diffraction data were obtained using a Rigaku

R-AXIS Rapid II curved imaging plate microdiffractome-
ter, with monochromatised MoK « radiation (50kV, 40 mA).
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ature on the same Rigaku diffractometer with the same radi-
ation as used for the PXRD collect. The Rigaku CrystalClear
software package was used for processing the diffraction
data, including the application of an empirical absorption
correction using the multi-scan method (Higashi, 2001). Due
to the small crystal dimensions, the weak diffraction data
were restricted to a resolution of 1.0 A. A structural model
for manganrockbridgeite in space group P2 /m was obtained
using SHELXT (Sheldrick, 2015). The scattering curve for
Fe was used for the M1 and M3 sites and that for Mn for the
M2 site. Application of TWINROTMAT in WinGX (Farru-
gia, 1999) indicated that twinning by 2-fold rotation about c*
was present. The twinning was implemented in JANA2006
(Petticek et al., 2014) and refinement with isotropic displace-
ment parameters converged at w Rops = 0.061 for 431 reflec-
tions with />30 (I). Further details of the data collection and
refinement are given in Table 4. The refined fractional co-
ordinates, isotropic displacement parameters, site occupan-
cies and bond valence sums (BVSs) (Gagné and Hawthorne,
2015) are reported in Table 5. Polyhedral bond distances are
given in Table 6.

Several thin blades of manganrockbridgeite were also
checked for diffraction quality at the Australian Synchrotron
MX2 microfocus beamline (Aragao et al., 2018). The diffrac-
tion patterns showed multiply split spots due to diffraction
from subparallel and splayed lamellae as shown in Fig. 3.
The crystal showing the cleanest diffraction was used for a
data collection. Intensity data were collected using a Dec-

https://doi.org/10.5194/ejm-35-295-2023
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Table 2. Analytical data (wt %) for manganrockbridgeite.

Mean Range SD  Probe standard
MnO 11.64 8.86-14.52 1.37 rhodonite
Feior as Feo O3 (45.64) 40.61-49.76  2.09 hematite
FeO? 7.60
Fep 0§ 37.18
P,05 32.61 31.47-33.84 0.57 berlinite
H,0P 9.0
Total 98.03

4 Allocated based on Mdssbauer spectroscopy. b Water based on the structure.

299

Table 3. Powder X-ray data (d in A) for manganrockbridgeite compared with those calculated from the structure. Only calculated lines with

1 > 4.5 are listed.

Tobs dobs deale  Iealc hkl ‘ Tobs dobs deale  Icalc hkl
6 8.36  8.4525 5 020 ‘ 7 2.118  2.1131 7 080
21 7.01 7.0562 34 001 ‘ 8 2.083 2.0805 8 211
61 4880 4.8839 30 100 ‘ 2.0728 § 213
32 4734  4.6920 27 110 10 2.055 2.0552 6 043
4.4032 5 031 26 19742 1.9796 28 250
16 4.232  4.2263 14 040 4 19330 1.939%4 6 180
3.6852 11 —131 5 19212 19103 8§ =261
32 3.638 3.6257 35 041 1.8771 6 —-104
71 3.458 3.4810 51 —-102 3 1.8515 1.8600 5 —-163
3.4537 48 012 24 1.8494 1.8426 17 =262
30 3.404 3.4095 40 -112 1.8128 5 082
3.2559 5 022 1.7640 7 004
100 3.209 3.2296 100 121 7 17492  1.7289 15 —-173
3.1958 22 140 10 1.7280 1.7155 8§ —144
7 3.064 3.0491 19 051 11 17128 1.7112 9 222
12 2.990 2.9903 6 032 7 1.7027 1.7047 g§ 224
2.8175 9 060 9 1.6891 1.6905 9 0100
26 2784  2.7799 28 150 ‘ 16 1.6566 1.6580 12 092
4 2,692 2.7084 7 042 ‘ 7 1.6229 1.6279 13 044
11 2.596  2.5990 19 =201 ‘ 20  1.6094 1.6148 23 2472
70 2435 2.4581 14 112 49  1.5961 1.6094 20 —-244
2.4501 5 —-113 1.5979 17 280
2.4405 46 160 1.5923 9 342
2.4253 26 —152 1.5719 7 083
2.4108 11 =212 23 1.5508 1.5523 7 252
6 2.281 2.2849 10 071 ‘ 1.5475 10 -254
16 2.191  2.1900 11 —-162 ‘ 8 14909 1.4888 8 290
4 2172  2.1648 10 170 ‘ 1.4850 5 262
6 2.141 2.1418 14 142 ‘ 26 14696 1.4674 19 -362
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Table 4. Single-crystal X-ray data collection and refinement details.

Ideal formula

Mn3* Fe; " (PO4)3 (OH)4(H20)

Data collection

Rigaku R-Axis Rapid II diff.

Synchrotron microfocus MX2

Temperature 293K 100K
Wavelength, A 0.7107 (Mo) 0.7109 (synchrotron)
Space group P2y{/m P2{/m

a=5.1982) A
b=16.944(5) A
c=74513)A

Cell parameters

a=5.1984) A
b =16.905(6) A
c=7.510(12) A

B =110.170(9)° B =110.02(3)°
Volume, A3 616.0(4) A3 620.0(11) A3
VA 2 2
Absorption correction Empirical multi-scan Multi-scan

Tinin = 0.554, Tipax = 1.000

Tnin = 0.519, Tinax = 0.746

Crystal size, mm 0.01 x 0.01 x 0.08

0.005 x 0.015 x 0.10

Theta range, ° 3.09 to 20.63

2.41to 31.59

Index ranges

—5<h<4,-16<k<16,-7<I1<7

—5<h<5-20<k<22,-10<1<10

Reflections collected 2799

4197

Independent reflections 668 [Rin = 0.14]

1069 [ Ry, = 0.10]

Reflections I >30 (1) 431

1008

Refinement method

Full-matrix, least squares on F

Full-matrix, least squares on F'

restraints/constraints/parameters.  0/2/65

0/0/57

R indices, 1>30 (1)

Rops = 0.065, wRops = 0.061

Robs = 0.076, wRops = 0.099

R indices, all data

Rops = 0.111, wRyps = 0.068

Robs = 0.094, wRops = 0.103

Largest A F peaks +1.17, —1.16e A—3

+1.77, =1.73¢ A=3

tris Eiger 16 M detector and monochromatic radiation with a
wavelength of 0.7109 A.The crystal was maintained at 100 K
in an open-flow nitrogen cryostream during the data collec-
tion. The diffraction data were collected using a single 36s
sweep of 360° rotation around ¢. The resulting dataset con-
sists of 3600 individual images with an approximate ¢ angle
of each image being 0.1°. The raw intensity dataset was pro-
cessed using XDS software to produce data files that were
analysed using SHELXT (Sheldrick, 2015) and JANA2006
(Petticek et al., 2014). The data collection and refinement
conditions are given in Table 4. Refined fractional coordi-
nates, isotropic displacement parameters, site occupancies
and bond valence sums (BVS) (Gagné and Hawthorne, 2015)
are reported in Table 5. Polyhedral bond distances are given
in Table 6.

Both the Rigaku and the synchrotron datasets were limited
by the very small crystal sizes and the diffraction quality, as
reflected in the relatively high merging Ry factors and the

Eur. J. Mineral., 35, 295-304, 2023

refinement Ryps values (Table 4). Nevertheless, both datasets
gave crystallographically consistent models, and the average
polyhedral bond distances for both models in Table 6 are in
close agreement.

It was not possible to obtain unambiguous location of hy-
drogen atoms in difference-Fourier maps for manganrock-
bridgeite. The BVS values close to 1 in Table 5 are consis-
tent with O8, O9 and O10 being hydroxyl ions. The low BVS
value of 0.82 for O9 suggests that HyO substitution for OH™,
required for charge balance in the empirical formula, occurs
predominantly at this site.

6.3 Description of crystal structure

A projection of the manganrockbridgeite crystal structure
along the 5.2 A a axis is shown in Fig. 6. The M 1- and M2-
centred octahedra form face-sharing trimers, M2-M1-M?2,
and these connect into chains along [010] by edge-sharing
between the M2-centred octahedra and into (001) planes by

https://doi.org/10.5194/ejm-35-295-2023
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Table 5. Fractional atom coordinates, isotropic displacement parameters (A2), site occupancies and bond valence sums (BVSs, valence units)

for manganrockbridgeite.

Occupancy X y z Uiso BVS
Rigaku dataset
M1 0.937(16) 1 0.5 0.5 0.023(2) 2.93

M2 0.926(13) 1.0500(11)  0.84358(17) 0.6383(6) 0.0248(16)  2.33
M3a 0.084(6) 0.080(9) 0.637(2) 0.146(6) 0.0217(14)  2.61
M3b 0.871(13) 0.5494(9) 0.6390(2) 0.1435(7) 0.0217(14) 295
Pl 1 0.467(2) 0.75 0.4670(12) 0.023(2) 5.02
P2 1 0.3700(16) 0.4561(3) 0.2137(8)  0.0241(17) 4.87
0O1 1 0.770(6) 0.75 0.600(4) 0.037(7)  2.05
02 1 0.404(4) 0.6756(7) 0.344(2) 0.022(4) 1.81
03 1 0.282(6) 0.75 0.589(4) 0.045(8) 2.11
04 1 0.290(4) 0.3928(7) 0.0553(18) 0.022(4) 1.74
05 1 0.181(4) 0.4437(8) 0.332(2) 0.029(5)  2.07
06 1 0.679(4) 0.4402(8) 0.342(2) 0.024(5) 2.08
o7 1 0.349(3) 0.5398(7) 0.139(2) 0.024(4) 1.88
08 1 —0.081(4) 0.6046(7) 0.345(2) 0.0304) 1.16
09 1 0.184(4) 0.6753(7) —0.062(2) 0.026(4) 0.82
O10a 0.16(4) —0.13(3) 0.75 0.13(2) 0.023(7) 1.46
O10b 0.84(4) —0.323(6) 0.75 0.116(4) 0.023(7)  0.96
Synchrotron dataset

M1 0.978(14) 1 0.5 0.5 0.0136(9) 2.87
M2 0.882(11) 1.0493(4)  0.84365(10) 0.6378(2) 0.01248) 2.14
M3 1 0.5499(4)  0.63937(9) 0.1443(2) 0.0125(5) 2.94
Pl 1 0.4678(10) 0.75 0.4659(6) 0.0114(8) 4.99
P2 1 0.3746(7)  0.45587(14) 0.2151(4) 0.0111(7) 4.87
O1 1 0.770(3) 0.75 0.5983(17) 0.015(2) 2.01
02 1 0.4041(18) 0.6761(4) 0.3453(11) 0.0142(18) 1.84
03 1 0.283(3) 0.75 0.5941(19) 0.023(3) 1.95
04 1 0.2912(19) 0.3923(4) 0.0544(11) 0.0114(15) 1.68
(0K} 1 0.1810(18) 0.4449(4) 0.3348(13) 0.0157(17)  1.98
06 1 0.6715(17) 0.4393(4) 0.3425(11)  0.0108(16)  2.12
o7 1 0.3567(16) 0.5387(4) 0.1360(12) 0.0143(16) 1.90
08 1 —0.0921(19) 0.6051(5) 0.3468(12)  0.0206(19)  1.16
09 1 0.1775(17) 0.6755(4) —0.0624(12) 0.0120(17)  0.73
o10 1 —0.323(3) 0.75 0.1208(19) 0.0193) 1.01

corner-sharing with POy tetrahedra. These planes alternate
with (001) planes containing dimers of corner-connected
M3-centred octahedra that share faces along [100]. In the
Bbmm rockbridgeite-type structure, Fig. 7a, the M3 sites are
statistically half-occupied to avoid the physically unreason-
able situation of M3—M3 distances of 2.6 A (=0.5a). In the
P2, /m manganrockbridgeite structure the M3 sites are split
into pairs of sites, M3a and M3b at x ~ 0 and x = 0.5, re-
spectively, shown in Fig. 7b. There is a corresponding split-
ting of anion Ojg into Ojg, coordinated to M3a and Ojgp,
coordinated to M3b as shown in Fig. 7b. The results of site
occupancy refinements are given in Table 5. Refinement of
the crystal used for the Rigaku collect gave only 9 % occu-
pancy at site M3a and 86 % occupancy at site M 3b, whereas
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refinement of the crystal used for the synchrotron data col-
lection gave full occupancy of the M 3b site.

7 Discussion

Manganrockbridgeite is a member of the rockbridgeite
group, with a general formula for stoichiometric members
of Ay B3(PO4)3(OH,H>0)s (Grey et al., 2019a). The letter A
corresponds to the M2 crystallographic site, which contains
all divalent cations, while B corresponds to the M1 and M3
sites, which contain predominantly Fe3. The different mem-
bers are distinguished by the dominant cations at the M2
site. The members are plimerite, with Zn dominant at the M2
site (Elliott et al., 2009); ferrorockbridgeite with Fe2* domi-
nant at M2 (Grey et al., 2019a); rockbridgeite and frondelite
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Table 6. Polyhedral bond distances in manganrockbridgeite.

L. E. Grey et al.: Manganrockbridgeite a new member of the rockbridgeite group

Rigaku  Synchrotron | Rigaku  Synchrotron

M1-05 x2  2.042)  2.023(11) | M2-O1 2.103(19) 2.098(9)
M1-06 x2  1.962(15) 1.997(8) | M2-03 2.102)  2.089(11)
M1-08 x2  2.077(12) 2.082(9) | M2-0O5 2.133(17) 2.138(9)
Avg 2.026 2.037 | M2-06 2.131(17) 2.143(8)
M2-08 2220(15)  2.228(11)

M?2-09 2.125(15) 2.143(11)

Avg 2.137 2.140

M3a-02 1.93(4) M3b-02 1.987(19) 2.005(11)
M3a-04 2.05(4) M3b-04 2.008(18) 2.010(11)
M3a-07 2.17(5) M3b-O7 1.970(14) 1.966(8)
M3a-08 2.02(6) M3b-0O8 2.073(16) 2.043(9)
M3a-09 1.92(5) M3b-09 2.079(15) 2.115(9)
M3a-010a 2.18(8) M3b-O10b  2.029(14) 2.012(6)
Avg 2.045 Avg 2.036 2.025
P1-O1 1553)  1.546(12) | P2-O4 1.542(13) 1.562(8)
P1-02 1.528(13) 1.512(8) | P2-05 1.54(2) 1.573(12)
P1-02 1.528(13) 1.512(8) | P2-06 1.582(18) 1.538(9)
P1-03 1.53(4) 1.576(18) | P2-O7 1.515(13) 1.511(8)
Avg 1.534 1.536 | Avg 1.545 1.546

Figure 6. [100] projection of the manganrockbridgeite crystal struc-
ture.

(Frondel, 1949; Lindberg, 1949) with co-dominant trivalent
and divalent cations at the M2 site; and ferrirockbridgeite,
(FCO 67|:|() 33)2(FC3+)3(PO4)3(OH)4(H20) The latter mem-
ber is nonstoichiometric with a mix of Fe3* and vacancies
at the M2 site (Grey et al., 2019b). The ideal formulae and
unit-cell parameters for the rockbridgeite-group minerals are
given in Table 7.

The phase fields for Mn—Fe?T—Fe** rockbridgeite-group
minerals, based on molar occupancies of the M2 site, are
shown in Fig. 8. The mean composition for manganrock-
bridgeite obtained from the EMP analyses and Mdssbauer
spectroscopy is shown for specimen Hag510 in the mangan-
rockbridgeite phase field in Fig. 8. The other experimentally
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Figure 7. Comparison of the M3 sites in (a) orthorhombic
rockbridgeite-group minerals with (b) monoclinic manganrock-
bridgeite.

measured compositions, marked with crosses, are from Grey
et al. (2019a, b).

Manganrockbridgeite is the only member of the rock-
bridgeite group with monoclinic symmetry. The equations
converting the monoclinic unit-cell parameters for mangan-
rockbridgeite to the Bbmm orthorhombic unit-cell parame-
ters for other rockbridgeite minerals are given by the matrix
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Table 7. Ideal formulae, Ay B3(PO4)3 X5, and unit-cell parameters for rockbridgeite-group minerals.
Formula SG a b c B vV, A3 Reference
Rockbridgeite (Fej tFed t)2Fes T [PO4]13(OH)s Bbmm 13783 16.805 5.172 1198.0  Moore (1970)
Frondelite (Mngngegfg)zFngr[Po4]3(0H)5 Bbmm 1389  17.01 521 12310  Lindberg (1949)
Ferrorockbridgeite Fe%+Feg+(PO4)3(OH)4(H20) Bbmm  14.008 16.808 5.190 1222.0  Grey et al. (2019a)
Ferrirockbridgeite (Fe§f57DO,33)2(Fe3+)3(Po4)3(0H)4<H20) Bbmm 13853 16928 5.192 1217.5  Grey et al. (2019b)
Manganrockbridgeite  Mn3 " Fe3 ™ (PO4)3(OH)4(H,0) P2;/m 5198 16944 7451 110.17 6160 This study
Plimerite ZnyFe t (PO4)3(OH)4(H0) Bbmm  13.865 16.798 5.151 1199.7  Elliott et al. (2009)
A=Fe3* ysed the data and wrote the paper. ARK did the optical characterisa-
tion of manganrockbridgeite and collected both powder- and single-
Type ferrirockbridgeite crystal diffraction data for the mineral. CMM conducted the EMP
analyses. SB collected and processed the SR SC data. JDC collected
Type rockbridgeite <, 1GC89 and processed the Mossbauer data. WGM helped analyse the single-
Type frondelite crystal diffraction data.
0.5
Competing interests. The contact author has declared that none of
rockbridgeite | frondelite the authors has any competing interests.
Hag510 . S, . Lo .
ferrorockbridgeite X Disclaimer. Publisher’s note: Copernicus Publications remains
1690, }( |)((; c2d  manganrockbridgeite peu?ral_wnh reggrd. to jurisdictional claims in published maps and
9) A An2e institutional affiliations.
A=Fe?* Ref. 1/ A=Mn

Figure 8. Rockbridgeite-group mineral phase fields, based on the
occupation of the M2 site by Mn2t, Fe?t and Fe3*t (Grey et al.,
2019b).

(102, 010, —100). Applying this to the Rigaku single-crystal
parameters in Table 4 gives the pseudo-orthorhombic pa-
rameters 13.988, 16.944, 5.198 A, 90, 90.24 and 90°, show-
ing a small monoclinicity and a volume of 1232 A3. For
comparison, published unit-cell parameters for orthorhombic
rockbridgeite-group minerals are reported in Table 7. Mono-
clinic manganrockbridgeite has long-range ordering of Fe3*
and vacancies in alternate sites along the 5.2 A axis, whereas
the orthorhombic rockbridgeite group minerals have only a
local, short-range order of Fe3* and vacancies at the M3
sites, manifested by broad humps in the PXRD patterns, as
discussed by Grey et al. (2018).

Data availability. Crystallographic data for manganrockbridgeite
are available in the Supplement.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/ejm-35-295-2023-supplement.
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