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Abstract. Fluormacraeite, [(HyO)K]Mny(Fe;Ti)(PO4)4[OF](H,0)10 - 4H70, is a new monoclinic member
of the paulkerrite group from the PloBberg pegmatite, Upper Palatinate, Bavaria, Germany. It was found in
specimens of magnesium-bearing triplite. Associated minerals are spherical blue phosphosiderite, pink-coloured
strengite micro-crystals, white fluorapatite globules, light-yellow leucophosphite, black—green rockbridgeite,
and reddish-brown cacoxenite. Fluormacraeite occurs as isolated pale-yellow rhombic tablets, flattened
on (010) with diameters in the range of 50 to 150 um and thicknesses on the order of 10 to 30 um. The
crystal forms are {010}, {001}, and {111}. The calculated density for the empirical formula and single-
crystal unit-cell volume is 2.39 gcm™3. Optically, fluormacraeite crystals are biaxial (4), with & = 1.610(3),
B =1.620(3), and y = 1.644(3) (measured in white light). The calculated 2V is 66.5°. The optical orientation is
X =b,Y =c, and Z = a. The empirical formula from electron microprobe analyses and structure refinement is
A1Ko.14(H20)0.76150.90 22 [Ko.79(H20)0.21 T 5.1.00 M (Mﬂf%Mgo‘zs)zz.oo M2+M 3(Fe?_§4A10.13Ti‘1L_J62Mg0.01)z3.00
(PO4)4.00 *[00.94F0.81(OH)0.25]52.00(H20) 10 - 3.90H,0. .

Fluormacraeite has monoclinic symmetry with space group P2;/c and unit-cell parameters a = 10.546(2) A,
b=20.655(1) A, ¢ = 12.405(1) A, B =90.09(1)°, V =2702.1(6) A3, and Z = 4. The crystal structure was re-
fined using synchrotron single-crystal data to wRyps = 0.0559 for 5646 reflections with >3 (). Fluorma-
craeite is isostructural with the paulkerrite-group minerals pleysteinite, macraeite, rewitzerite, hochleitnerite,
fluor-rewitzerite, sperlingite, and paulkerrite, with ordering of K and H;O at different A sites (A1l and A2) using
the general formula A1A2M 1, M2, M3(PO4)4X2(H20)10 - 4H,0O. It is the F analogue of macraeite, with OF
replacing O(OH) at the X2 sites. The general crystal-chemical properties of the monoclinic paulkerrite-group
minerals are compared.
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1 Introduction

Fluormacraeite was found in specimens of magnesium-
bearing triplite—zwieselite from the Plo3berg phosphate peg-
matite in the Upper Palatinate, northeast Bavaria. The
PloBberg pegmatite is part of the extensive aplitic and peg-
matitic igneous intrusions of the northeastern Bavarian peg-
matite province. It is located only 18km from Hagen-
dorf but differs mineralogically from the larger discordant
Hagendorf-Pleystein—Waidhaus intrusions in being baryte
and beryl bearing (Dill et al., 2011). In the first half of the
20th century, the Ploberg pegmatite was mined for feldspar
and quartz at the Lindner Mine, and the mine dumps at the
Lindner Quarry have provided a valuable source of beryl,
tourmaline, and phosphate minerals for mineralogists and
collectors. Dill et al. (2009, 2011) reported Mn-bearing flu-
orapatite, Mg-bearing triplite—zwieselite, strunzite, berau-
nite, phosphosiderite, strengite, cacoxenite, autunite, and flo-
rencite as the phosphate minerals from the locality. They also
described a close association of phosphosiderite and strengite
with the titanium-phosphate mineral paulkerrite in specimens
from the pegmatite (Dill et al., 2009).

We have recently characterized five new monoclinic
members of the paulkerrite group from the nearby Hagen-
dorf Siid pegmatite. They conform to the general formula
ALA2M 1, M2, M3(PO4)4X2(H20)10 - 4H20 (Grey et al,
2023a), with A1A2=(HyO0)K and with M1 (M2,M3)
and X2=Mn, Al3, F> in pleysteinite (Rewitzer et al.,
2024a); Mn, AlTi, O(OH) in rewitzerite (Grey et al.,
2023b); Mn, AlpTi, OF in fluor-rewitzerite (Hochleitner
et al., 2024a); Mn, TipFe, O, in hochleitnerite (Rewitzer
et al., 2024a); and (MnégFegg), Al,Ti, O(OH) in sper-
lingite (Rewitzer et al., 2024b). The crystals of all five
minerals were found on the walls of vugs in altered
zwieselite—triplite, and on this basis, a systematic scan-
ning electron microscopy/energy-dispersive spectrometry
study was initiated on zwieselite—triplite specimens in
museum collections and the private collection of one of
the authors (CR). This led to the finding of crystals in a
specimen collected from the mine dumps of the Lindner
Mine, which corresponded compositionally to macraeite,
[((H2O0)K]Mny (Fer Ti)(PO4)4[O(OH)[(H20)10 - 4H20,  but
with a higher F content. Electron microprobe analyses
subsequently showed the mineral to be the F analogue of
macraeite. The mineral and its name have been approved
by the International Mineralogical Association (IMA) Com-
mission on New Minerals, Nomenclature and Classification
(CNMNCO), IMA-2024-054.

The holotype specimen is housed in the mineralogical col-
lections of the Mineralogical State Collection, Munich, reg-
istration number MSM38573. A co-type specimen used for
the optics and the Raman spectrum is housed in the miner-
alogical collections of the Natural History Museum of Los
Angeles County, catalogue number 76422.
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Figure 1. Pale-yellow crystals of fluormacraeite on yellow—brown
magnesium-bearing triplite. Associated minerals are white fluorap-
atite and reddish-brown cacoxenite. FOV 0.39 mm. Photo by Chris-
tian Rewitzer.

2 Occurrence and associated minerals

The complete locality for fluormacraeite is the PloSberg
phosphate pegmatite, located 15 km north—northeast of Ha-
gendorf in Tirschenreuth district, Upper Palatinate, Bavaria,
Germany. Fluormacraeite is the first type mineral for the lo-
cality. The pegmatite is embedded in Moldanubian biotite—
gneisses. Tabular pegmatitic bodies up to a thickness of 2m
are embedded in these gneisses, with a significant tourmalin-
ization at the contact (Dill et al., 2011). Alkaline feldspar
and quartz occur in blocky intergrowths, sometimes with
graphic texture. Beryl in prismatic crystals up to 10cm is
embedded in the quartz. The K—feldspar shows perthitic in-
tergrowth with albite. Biotite is found at the contact with the
wall rocks in particular, where it is mainly altered to chlorite.
The main primary phosphate mineral is a magnesian mem-
ber of the triplite—zwieselite series, occurring in patches up
to 20 cm. A microprobe analysis of the triplite gave the com-
position Mng goFeq 6sMgp.43(PO4)Fp 87(OH)g.13. The triplite
is host to crystals of the new mineral, grown on fis-
sures in the otherwise very fresh and unaltered mineral
(Fig. 1). Associated minerals are spherical blue phospho-
siderite, pink-coloured strengite micro-crystals, white fluo-
rapatite globules, light-yellow leucophosphite, black—green
rockbridgeite, and reddish-brown cacoxenite.

3 Physical and optical properties
Fluormacraeite occurs as isolated pale-yellow rhombic

tablets, flattened on (010) with diameters in the range of 50 to
150 um and thicknesses on the order of 10 to 30 um (Fig. 1).
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Table 1. Chemical data (wt %) for fluormacraeite and macraeite.

171

Fluormacraeite Macraeite
(Grey et al., 2024)

Constituent ~ Mean Range SD Mean (SD)  Standard
K,O0 4.41 2.41-5.31 0.98 4.14(0.37)  Adularia
MnO 1249 11.77-13.99 0.74 14.63(0.86) MnSiO3
MgO 1.07 0.97-1.28 0.16 0.35(0.12)  Spinel
Al,O3 0.65 0.40-1.26 0.38 1.65(0.96)  Berlinite
Fezog 1474  11.87-16.60 1.91 11.80(0.86) Hematite
TiO, 8.19 6.06-10.03 1.22 9.85(0.83) Rutile
P,05 28.51 27.69-29.05 0.59 29.55(2.20) Berlinite
F 1.55 1.21-1.94 0.30 1.04(0.47)  Fluorite
HyOP . 27.13 28.90
-O=F —0.65 —0.44
Total 98.10 101.47

a Fe3* is consistent with bond-valence sum (BVS) results. b Based on H=30 apfu.

Figure 2. A crystal of fluormacraeite photographed under crossed
polarizers, showing interference colour changes due to [001] twin-
ning and sector zoning across sector boundaries, which is shown by
the dotted line for one of the boundaries. Photo by Tony Kampf.

The crystal forms are {010}, {001}, and {111}. The cal-
culated density for the empirical formula and single-crystal
unit-cell volume is 2.39 gcm™3.

Optically, fluormacraeite crystals are biaxial (+), with
o =1.610(3), B = 1.620(3), and y = 1.644(3) (measured in
white light). The calculated 2V is 66.5°. The optical orienta-
tionis X = b,Y =c¢, and Z = a. When viewed under crossed
polarizers, the fluormacraeite crystals showed colour varia-
tions due to sector twinning, as shown in Fig. 2. The [001]
twinning was particularly evident when the crystals were ro-
tated. The Gladstone—Dale compatibility index (Mandarino,
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Figure 3. Raman spectra for (a) fluormacraeite and (b) macraeite.

1981) is 0.0083 (superior) based on the empirical formula
and the calculated density.

4 Chemical composition

Crystals of fluormacraeite were analysed using wavelength-
dispersive spectrometry on a JEOL JXA 8530F Hyperprobe
operated at an accelerating voltage of 15kV and a beam cur-
rent of 2 nA. The beam was de-focused to 4 um. Paulkerrite-
group minerals have high water content and dehydrate read-
ily in the vacuum of the microprobe, giving variable analysis
totals. To minimize this effect, a cold stage cooled to liquid
nitrogen temperature was employed in the microprobe, and
the specimen was pre-cooled under dry nitrogen prior to in-
troduction into the microprobe.

Analytical results (the average of eight analyses on two
crystals) are given in Table 1, where they are compared with
the analyses for macraeite (Grey et al., 2024). There was

Eur. J. Mineral., 37, 169-179, 2025
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Table 2. Powder X-ray diffraction data (d in A) for fluormacraeite
(Icale>1.5).

T doye dee L. bkl | T, dos deye  Ta. Bk
74 10249 10328 64 020] . o Tr20/5 4 291
66 7493 7483 65 111 2079 Looss o 006
84 6209 6203 100 002 2010 5 -404

5350 2 -102| 36 1990 ( 1984 23 462
5273 17 200 L1973 6 -382
47 5208 [ 5230 11 -131 1962 2 522
5162 16 040 1942 4 471
4751 5 -122|23 1933 [ 1926 4 364
N

442 [ o0 s 230 1919 6 046
r 4021 4 202 r181 10 226
333983 1 3065 30 2311 M3 Lign 10 513
3786 3 -113 1857 4 284
61 3735 [ 3747 a3 2020 17 1840 [igs o 5o
3689 9 240 181 2 355
31443 2 060 1787 5 275
0 3373 3362 5 -133| 15 1787 [ 1783 4 306
3172 5 242 1772 4 066
100 3142 | 3145 64 251 1734 5 464
3101 30 00422 1730 [1.721 11 0120
3056 11 302 1714 3 491
3035 4 331 - 1609 2 571
51 3023 | 3010 8 062 1694 2 -137
2074 25 104 1686 2 -346
2044 8 2332 M 160 7 266
2031 2 322 1675 2 217
2883 32 260 L1670 2 -622
782884 [ Dus 1 124 - 1664 10 640
17 282 2817 16 -153 1659 4 0122
2770 2 1712 162 | 163 2 2120
4 2687 2671 6 204 L1631 2 237
2659 3 044 - 1626 3 4100
2633 19 342 1614 2 086
4268 [ s 16 62| 2% Y613 | Jeos 13 426
2579 12 -144 L1507 2 493

2
2302566 [ 50 15 411 1s 152 [1972 7 4102
2 sy [ 25216 271 : 1565 4 660
@z 2404 7 333 1551 2 446
2428 2 402 [ 1540 4 475
2384 2 o0s2| 0 ¥ Liss 3 604
2375 2 244 1518 4 4111
0 2375 [ 336 7 42211 1507 | 1505 4 o124
2341 2 173 L1499 2 555
402330 [ 250 17 182 1485 5 o048
2230 2 215| 18 1474 [ 1472 4 466
14 2200 [ 2107 5 442 1467 5 644
2188 3 451 1461 4 0106
[ 2136 4 235 (1.453 2 680
11 2122 l 2112 3 264t 10 L1.448 3 2124
2008 3 460 1441 2 4104

insufficient material for the direct determination of H,O,
the presence of which is confirmed by Raman spectroscopy,
so it was based upon the crystal structure, with 15 H,O
per 4 P. The calculated water content was included in the
in-house matrix correction procedure. Fluormacraeite has a
much higher Fe,O3 content than macraeite and also has
higher MgO and F, with lower MnO, Al,O3, and TiO;. The
fluormacraeite analyses show a strong negative correlation
between Fe; O3 and TiO; (R2 =0.82) and a weak positive
correlation between K and TiO; (R? = 0.48). No clear corre-
lation was found between F and the different M constituents.
The atomic fractions, normalized to 9(P + M1+ M2+
M3), are
KO.93Mn1.75Mg0.26A10.13Fe?§4Ti41‘.—62P4.00F0.81032.05H30-

Eur. J. Mineral., 37, 169-179, 2025

Figure 4. (001) slice through the paulkerrite-type monoclinic struc-
ture at z = 1/4.

Figure 5. (001) slice through the paulkerrite-type monoclinic struc-
ture at z = 0.

The corresponding empirical formula in structural form is
A1[Ko.14(H20)0.76150.90 2 [K0.79(H20)0.21 151,00
MI(MnThMgo2s)s2.00 Y23 (Fei t, Alo.13Ti} 5, Mgo.01)53.00
(PO4)4.00 * [00.94F0.81(OH).25]152.00(H20)10 - 3.90H;0,
where the M2 and M3 sites are grouped based on the
site-total-charge procedure (Bosi et al., 2019; Grey et al.,
2023a). The simplified formula is

[(H20).K][K,(H20)] (Mn?* Mg)(Fe* ™, ALTi*)3(PO4)4
(O,F)2(H20)10 - 4H2 0.

The ideal end-member formula based on the dominant
constituents at each site is

[(HO)K]Mn,Fes Ti(PO4)4(OF)(H0)1¢ - 4H>O, which re-
quires K,0 4.74, MnO 14.28, Fe;,03 16.07, TiO; 8.04, P,Os
28.58, H,0 27.18, F 1.91, -O =F -0.80, total 100 wt %.

5 Raman spectroscopy

Raman spectroscopy was conducted on a Horiba XploRA
PLUS spectrometer using a 532 nm diode laser, 100 pm slit,
and 1800 gmm™" diffraction grating with a 100 x (0.9 NA)
objective. The spectrometer was calibrated using the

https://doi.org/10.5194/ejm-37-169-2025
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Table 3. Crystal data and structure refinement for fluormacraeite.

End-member formula

(Hy0)KMn,Fe, Ti(PO4)4(OF)(H,0) 1 - 4H,0

Formula weight 994.46
Temperature 100K
Wavelength 0.7107 A
Space group P2/c (no. 14)

Unit cell dimensions

Volume
Z
Absorption correction

Twinning

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with />30 (1)
Refinement method
Data/restraints/parameters
Final R indices [/ >30(1)]

R indices (all data)

Largest difference peak and hole

Goodness of fit

a=10.546(2) A
b=120.655(1) A
c=12.405(1) A

B =90.09(1)
2702.1(6) A3
4

Multi-scan, u = 2.76 mm~!

Tiin 0.57, Tmax 0.75

Two-fold rotation about ¢

Twin volumes, 0.393(3) and 0.607
0.050 x 0.045 x 0.030 mm

1.92 to 32.24°
—14<h<14,-28<k <28, —-18<[<18
49470

6313 (Rmerg = 0.041)

5646

Full-matrix least-squares on F
6313/43/488

Robs = 0.0559, wRgps = 0.0700
Rops = 0.0614, wRyps = 0.0710
1.56 and —1.57e A=3

243

520.7 cm™! band of silicon. The sample was susceptible to
thermal damage at high laser power, so the spectrum was
recorded at a laser power of 4 mW. The sample was exam-
ined after the spectrum was recorded to verify that no ther-
mal damage had occurred. The spectrum is compared with
that of macraeite in Fig. 3. The spectra are very similar. The
O-H stretch region has a broad band centred at 3455cm™!,
with a shoulder at 3350 cm~!. The H-O-H bending mode re-
gion for water has a band at 1650 cm™~!. The P-O stretching
region has a band at 975 cm~!, with shoulders at 955 and
1010cm~! corresponding to symmetric stretching modes,
and two weaker bands at 1085 and 1130cm™! correspond-
ing to antisymmetric stretching modes. Bending modes of the
(PO4)*~ groups are manifested by bands centred at 595 and
480cm~!. Peaks at lower wavenumbers are related to lattice
vibrations. An intense pair of bands at 775 and 825 cm™! can
be assigned to metal-oxygen stretch vibrations for short M2—
O bonds that occur in linear trimers of the corner-connected
octahedra M2-M3—M?2 in the structure. The potassium ti-
tanyl phosphate, KTiOPOy, has chains of corner-connected
octahedra with short (1.81-1.83 A) Ti—O bonds, and the Ra-
man spectrum has an intense band at 770cm™! that has
been assigned to the symmetric Ti—O stretching vibration
(Tu et al., 1996). Strong Raman bands in the range of 800
to 900 cm ™! have been reported and assigned to Ti—O stretch

https://doi.org/10.5194/ejm-37-169-2025

vibrations for several potassium titanium oxides, which have
corner-connected TiOg octahedra involving short (~ 1.8 A)
Ti—O bonds (Bamberger et al., 1990). The M2 sites in flu-
ormacraeite similarly have the M2 atom displaced from the
centre of the octahedra towards the corner-sharing anion with
the M3-centred octahedron, giving short (1.89 A) M2-X
bonds.

6 Crystallography

6.1 X-ray powder diffraction

Powder X-ray studies were done using a Rigaku R-Axis
Rapid II curved imaging plate micro-diffractometer with
monochromatized MoK « radiation. A Gandolfi-like motion
on the ¢ and w axes was used to randomize the sample. Ob-
served d values and intensities were derived by profile fit-
ting using JADE Pro software (Materials Data, Inc.). Data
(in A for Mok «) are given in Table 2. The refined mon-
oclinic unit-cell parameters (space group P2i/c (no. 14))
are a = 10.531(17) A, b =20.652(18) A, ¢ = 12.408(17) A,
B =90.1(2)°, V =2699(6) A3, and Z = 4.

Eur. J. Mineral., 37, 169-179, 2025
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Table 4. Atom coordinates, equivalent isotropic displacement parameters (A2), and bond-valence sums (BVSs, in valence units) for fluor-
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macraeite.

Atom X y z Ueq BVS
Mla 0.49433(5) 0.74680(3) 0.24548(5) 0.0236(2) 2.13
M1b 0.99700(5) —0.24723(3) —0.24376(5) 0.0261(2) 2.12
M?2a 0.66043(7) 0.50241(2) 0.74855(5) 0.0236(3) 3.22
M?2b 1.16012(7) —0.00205(2) —0.74715(6) 0.0254(3) 3.46
M3a 0.5 0.5 0.5 0.0246(3) 3.56
M3b 1 0 -0.5 0.0249(3) 3.54
Pla 0.90763(10) 0.59542(4) 0.80130(9) 0.0235(3) 5.00
P1b 1.40856(10) —0.09523(4) —0.80206(9) 0.02413) 4.99
P2a 0.58731(10) 0.59075(4) 0.29359(9) 0.0236(3) 4.96
P2b 1.08652(11) —0.09143(4) —0.29713(9) 0.0239(3) 5.02
Al 0.7166(3) 0.85154(11) 0.0602(3) 0.0443(10) 0.10
A2 1.22143(11) —0.35416(4) —0.05857(9) 0.0298(3) 0.70
X1 0.6438(4) 0.50231(9) 0.5961(3) 0.0238(9) 1.27
X2 1.14443) —0.00438(10) —0.5962(3) 0.0238(8) 1.29
Ola 0.9043(3) 0.66876(11) 0.8050(2) 0.0256(8) 1.74
Olb 1.4018(3) —0.16897(12) —0.8038(3) 0.0285(8) 1.70
02a 1.0261(3) 0.57177(13) 0.7397(2) 0.0262(9) 1.68
02b 1.5259(3) —0.07232(13) —0.7381(2) 0.02599) 1.67
0O3a 0.9089(3) 0.56774(12) 0.9161(2) 0.0270(8) 1.75
03b 1.4126(3) —0.06917(12) —0.9178(2) 0.0274(8) 1.75
O4a 0.7858(3) 0.57217(12) 0.7437(2) 0.0248(8) 1.76
0O4b 1.2872(3) —0.07084(12) —0.7464(3) 0.0281(9) 1.86
0O5a 0.5960(3) 0.66458(12) 0.2904(3) 0.0286(8) 1.68
05b 1.0950(3) —0.16483(11) —0.2929(2) 0.0262(8) 1.73
O6a 0.4672(3) 0.56808(13) 0.2337(3) 0.027009) 1.72
06b 0.9674(3) —0.06772(13) —0.2381(2) 0.0258(9) 1.76
O7a 0.5862(3) 0.56706(12) 0.4114(2) 0.0261(8) 1.74
O7b 1.0837(3) —0.06828(12) —0.4138(2) 0.0281(8) 1.90
0O8a 0.7068(3) 0.56426(12) 0.2371(3) 0.0286(9) 1.74
08b 1.2072(3) —0.06393(12) —0.2413(2) 0.0252(8) 1.72
09a 0.3471(3) 0.68480(12) 0.1776(3) 0.03249)  0.35
0% 0.8477(3) —0.18696(13) —0.1805(3) 0.0332(9) 0.35
Ol10a 0.5775(3) 0.74297(12) 0.0796(3) 0.0315(9) 0.30
O10b 1.0851(3) —0.24125(12) —0.0777(3) 0.03099) 0.40
Olla 0.6415(3) 0.80798(13) 0.3141(3) 0.03009) 0.33
Ol11b 1.1472(3) —0.30843(13) —0.3029(3) 0.0358(9) 0.38
Ol2a 0.3993(3) 0.75055(13) 0.4056(3) 0.0316(8)  0.38
0O12b 0.9056(3) —0.25353(12) —0.4094(3) 0.0320(9) 0.28
Ol3a 0.6645(4) 0.50402(11) 0.9178(3) 0.0319(10) 0.37
O13b 1.1646(4) 0.00115(12) —0.9149(3) 0.0334(11) 0.37
Ol4a 0.2564(3) 0.63929(12) 0.4406(3) 0.0361(9) 0
O14b 0.7606(3) —0.14358(11) —0.4401(2) 0.0298(8) 0
Ol5a 0.5415(3) 0.40915(13) 1.0192(3) 0.0392(9) 0.12
O15b 1.0187(3) 0.09478(16) —1.0072(3) 0.0413(10)  0.01
H9al 0.375(3) 0.6464(12) 0.185(5) 0.050(3)

H9a2 0.267(2) 0.6851(18) 0.189(4) 0.050(3)

H9b1 0.868(4) —0.1459(12) —0.186(4) 0.050(3)

H9b2 0.768(2) —0.1916(18) —0.195(5) 0.050(3)

H10al 0.621(3) 0.7129(15) 0.054(4) 0.050(3)

H10a2 0.623(3) 0.7767(14) 0.085(4) 0.050(3)

H10bl 1.133(4) —0.2102(17) —0.062(4) 0.050(3)

H10b2 1.029(3) —0.245(2) —0.029(3) 0.050(3)

Hllal 0.721(2) 0.8042(19) 0.310(4) 0.050(3)
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Table 4. Continued.
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Atom X y Z Ueq BVS
Hilla2 0.620(4) 0.8478(12) 0.302(5) 0.050(3)
H1lbl 1.227(2) —0.3035(19) —0.304(5) 0.050(3)
H11b2 1.130(4) —0.3482(12) —0.294(5) 0.050(3)
Hi2al 0.357(4) 0.7157(16) 0.420(4)  0.050(3)
Hi12a2 0.458(4) 0.755(2) 0.452(3) 0.050(3)
Hi2bl 0.862(3) —0.2216(14) —0.403(4) 0.050(3)
H12b2 0.859(3) —0.2855(15) —0.426(4) 0.050(3)
H13al 0.631(3) 0.4726(17) 0.949(4)  0.050(3)
Hi13a2 0.741(3) 0.5064(16) 0.936(4) 0.050(3)
H13bl 1.235(3) —0.0011(17) —0.949(4) 0.050(3)
H13b2 1.114(3) 0.024(2) —0.950(3) 0.050(3)
Hi14al 0.325(3) 0.633(2) 0.474(3) 0.050(3)
H14a2 0.254(4) 0.615(2) 0.386(3) 0.050(3)
H14bl 0.783(5) —0.1177(16) —0.486(3) 0.050(3)
H14b2 0.735(5) —0.1237(17) —0.387(3) 0.050(3)
Hi15al 0.468(3) 0.404(3) 0.993(5) 0.050(3)
H15b1 0.944(3) 0.089(2) —0.983(3) 0.050(3)
H15b2 1.022(4) 0.082(2) —1.072(2) 0.050(3)
Hala 0.677(4) 0.8723(17) 0.014(3)  0.050(3)
Halb 0.740(5) 0.8763(16) 0.108(3)  0.050(3)

* Site scattering (electrons) — M 1a 22.90, M 1b 23.42, M2a 23.35, M2b 23.06, M3a 23.35,
M3b 23.09. Site occupancy — A1 =0.132(7)K + 0.768H, 0, A2 =0.794(6)K + 0.206H, O.

6.2 Synchrotron single-crystal diffraction

A crystal measuring 0.050 x 0.045 x 0.030 mm was used for
data collection at the Australian Synchrotron microfocus
beamline MX?2 (Aragao et al., 2018). Intensity data were col-
lected using a Dectris Eiger 16M detector and monochro-
matic radiation with a wavelength of 0.7107 A. The crystal
was maintained at 100 K in an open-flow nitrogen cryostream
during data collection. The diffraction data were collected
using a single 36 s sweep of 360° rotation around phi. The
resulting dataset consists of 3600 individual images, with the
approximate phi angle of each image being 0.1°. The raw in-
tensity dataset was processed using the XDS software to pro-
duce data files that were analysed using SHELXT (Sheldrick,
2015), WinGX (Farrugia, 1999), and JANA2006 (Petricek et
al., 2014). Refined unit-cell parameters and other data col-
lection details are given in Table 3.

A structural model for fluormacraeite was obtained in
space group P2i/c using SHELXT. The model had the
same atomic arrangement as macraeite, so the metal atom
and anion coordinates for the macraeite structure were used
as a starting model to maintain the same atom labelling.
[001] twinning by pseudo-merohedry, which was indicated in
TWINROTMAT within WinGX, was implemented. Based on
the close relationship to macraeite, the Mn scattering curve
was used for the M1 sites, and the Fe scattering curve was
used for the M2 and M3 sites; the occupancies were re-
fined in each case. A mixture of K and O (for H,O) was
assigned to the Al and A2 sites. Refinement of the K/O
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ratios gave a combined K content lower than the mean
EMP value, suggesting the presence of vacancies, as pre-
viously found for paulkerrite-group minerals (Rewitzer et
al., 2024a). Vacancies were included at A1, and the (fixed)
number was incrementally adjusted to obtain a closer match
to the EMP analyses for K. After refinement of all atoms
using anisotropic displacement parameters in JANA2006,
difference-Fourier maps were used to locate H atoms. The H
atoms were refined with soft restraints (O—H = 0.85(1) A and
H-O-H = 109.47(1)°) and with an overall isotropic displace-
ment parameter. The refinement converged at Rops = 0.056
for 5646 reflections with I >30 (I). Further details of the data
collection and refinement are given in Table 3. The refined
atom coordinates, equivalent isotropic displacement param-
eters, and bond-valence sum (BVS) values (parameters from
Gagné and Hawthorne, 2015) are reported in Table 4. Se-
lected interatomic distances are reported in Table 5, and the
H bonding is given in Table 6. Also included in Table 6 are
the BVS contributions of the H atoms to the acceptor atoms.
These were calculated from the O...O distances (D... A in
Table 6) using the function and parameters reported by Fer-
raris and Ivaldi (1988). The use of O...O distances in the
calculation of the H BVS contributions is more reliable than
using the O-H and H...O distances (Ferraris and Ivaldi,
1988) because the H positions determined from X-ray inten-
sity data give anomalously short O-H distances (Huminicki
and Hawthorne, 2002).
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Table 5. Polyhedral bond lengths [A] for fluormacraeite.

M1a-Ol1b 2.086(3) M1b-Ola 2.082(3)
—O5a 2.083(3) -O5b  2.083(3)
—09a 2.180(3) —-0%  2.156(3)
-010a 2.240(4) -010b  2.262(4)
—Olla 2.174(3) -O11b  2.157(3)
—O12a 2.228(4) -O12b  2.271(4)
Average 2.165 Average 2.168
M2a-X1 1.898(4) M2b-X2 1.881(4)
-02b 2.031(3) —-02a  2.024(3)
—O4a 1.957(3) -O4b  1.953(3)
—O6a 1.995(3) -0O6b  1.980(3)
-O8b 1.959(3) —-08a  1.965(3)
-013a 2.100(4) -013b  2.083(4)
Average 1.990 Average 1.981
M3a-X1x2 1.928(4) M3b-X2x2 1.938(4)
—O3b x2 1.983(3) —03a x2  1.990(3)
—O7a x2 1.989(3) -O7b x2  1.977(3)
Average 1.967 Average 1.968
Pla-Ola 1.516(2) P1b-O1b  1.525(3)
-02a 1.545(3) -O2b  1.543(3)
—O3a 1.535(3) —-O3b  1.534(3)
—O4a 1.545(3) -0O4b  1.540(3)
Average 1.535 Average 1.535
P2a-05a 1.528(3) P2b-O5b  1.519(2)
—O6a 1.540(3) —-O6b  1.535(3)
-O7a 1.541(3) -0O7b  1.524(3)
—O8a 1.543(3) —O8b  1.555(3)
Average 1.538 Average 1.533
Al-X1 3.147(3) A2-X2  3.068(2)
—O4a 2.862(4) -04b  2.883(3)
—O7a 2.849(4) -O7b  2.813(3)
-0% 3.386(5) -08a 3.313(4)
—0O10a 2.691(4) -010b  2.749(3)
-Olla 3.371(5) -Ol11b  3.269(4)
-012b 2.866(4) -0O12a 2.881(3)
-O15b 3.076(5) -Ol15a 2.788(4)
Average 3.031 Average 2.970

7 Discussion

Fluormacraeite  is  isostructural ~ with  monoclinic
paulkerrite-group minerals of the general composition
ATA2M 1, M2, M3(PO4)4X>(Hy0)10 - 4H2,O (Grey et al.,
2023a). The structure is based on an alternation of two
types of layers parallel to (001), as shown in Figs. 4 and 5.
Hetero-polyhedral layers located at z = 1/4 and 3/4 (Fig. 4)
have the composition M 1, M2, M3(PO4)4(OF)(H;0)1¢ and
are built from [100] krohnkite-type chains (Hawthorne,
1985) of four-member rings of corner-connected POg4
tetrahedra and M204X(H,0O) octahedra. Each tetrahedron
also shares a corner with M10,(H20)s4 octahedra along
[010]. The corner-shared linkages form eight-member rings
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of alternating octahedra and tetrahedra. Layers, as shown
in Fig. 4, are interconnected into an open 3D framework
by corner sharing of the M204X(H>O) octahedra with
M304X, octahedra located at z =0 and 1/2 (Fig. 5). In
addition to the M304X, octahedra, the layers at z=0 and
1/2 contain the zeolitic H>O groups O14 and O15, as well as
H,O groups coordinated with M1 cations (09 to O12) and
with M2 cations (O13). Extensive intra-plane H bonding
occurs, as shown in Fig. 5 and Table 6. The H bonding
obtained for fluormacraeite is the same as is obtained for
macraeite (Grey et al., 2024) and fluor-rewitzerite (Hochleit-
ner et al., 2024a). Noteworthy are the trifurcated bonds
associated with O13a and O13b. These water molecules
each have H bonds with three acceptor anions that form
a face of the M3-centred octahedra (X2-0O3a—O7b and
X1-03b-07a, respectively), shown in Fig. 5. The water
molecule O11b has bifurcated H bonds to an octahedral
edge, O2a—04b, of the M2b-centred octahedron. According
to the Libowitzky (1999) classification of H bonds, only
those associated with Ol0a... Al and Ol3a...015a are
considered strong bonds, with O...0<2.7 A. This is
reflected in the BVS contribution from H values of 0.23 and
0.24 vu for these bonds given in Table 6, while the weakest
bond, O15b—-H15b1...014a, has a H BVS contribution to
the acceptor atom of only 0.11 vu.

Fluormacraeite is the fluorine analogue of macraeite, with
OF replacing O(OH) at the X sites. Dill et al. (2009) gave
the composition of the mineral they described as paulkerrite
as
(H20,K)2(Mgo.36Mng 64)2Fe2 Ti(PO4)4(0,F); - 14H;0.
With Mn dominant over Mg at the M1 site, their mineral
cannot be paulkerrite, as they reported. They did not give
K or F analyses, but if their mineral contains more than 0.5
K pfu, then it would correspond to fluormacraeite.

The crystal-chemical properties of fluormacraeite are
compared with those for other monoclinic paulkerrite-
group minerals in Table 7. As discussed by Hochleitner et
al. (2024a), the magnitude of the monoclinic distortion cor-
relates positively with the difference in scattering between
the A1 and A2 sites (which measures the extent of the or-
dering of K and H,O at the A sites). A plot of 8-90 vs.
the A-site scattering difference gave R> = 0.70 for a linear
plot. The results in Table 7 show that there is also a corre-
lation between the magnitude of monoclinic distortion and
the extent of [001] twinning, where the minerals with the
greatest monoclinicity are either untwinned or have a dom-
inant twin individual, and decreasing monoclinicity is as-
sociated with a decreasing difference in the twin volumes.
This is consistent with [001] twinning by pseudo-merohedry,
where the higher symmetry corresponds to an orthorhom-
bic cell with space group Pbca. Orthorhombic symmetry
was reported for benyacarite, the first paulkerrite-group min-
eral to have its structure determined, with the cell parame-
ters a = 10.561(5), b = 20.585(8), and ¢ = 12.516(2) A (De-
martin et al. (1993). The authors obtained an excellent re-
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Table 6. Hydrogen bonding in fluormacraeite.

D-H...A D-H(A) H...AA) D...AA) /DHA(°) BVS (vu)*
09a-H9al...06a 0.85(3) 1.98(3) 2.810(4) 165(5) 0.18
09a-H9a2...05b 0.85(3) 1.88(3) 2.717(4) 167(4) 0.22
09b-H9b1...06b 0.88(3) 2.03(3) 2.859(4) 157(4) 0.16
09b-H9b2...05a 0.86(3) 1.91(3) 2.718(4) 156(4) 0.22
010a—H10al...014b 0.83(3) 2.05(3) 2.829(4) 154(4) 0.17
010a-H1022... Al 0.85(3) 1.86(3) 2.691(4) 165(5) 0.23
O10b-H10bl...Ol4a  0.84(4) 1.96(4) 2.784(4) 167(4) 0.19
O10b-H10b2...012b  0.85(3) 1.98(3) 2.823(5) 174(4) 0.18
Olla-Hllal...Ola 0.84(2) 2.02(2) 2.815(4) 158(4) 0.18
Olla-Hl1a2...02b 0.87(3) 1.99(3) 2.831(4) 164(4) 0.17
O11b-H11bl...01b 0.85(2) 1.93(2) 2.725(4) 156(4) 0.21
O11b-H11b2...02a 0.85(3) 2.03(3) 2.835(4) 159(4) 0.17
O11b-H11b2...04b 0.85(3) 2.43(3) 2.981(4) 123(3) 0.13
012a-H12al...Ol4a 0.87(4) 1.92(4) 2.782(4) 176(4) 0.19
012a-H12a2...010a 0.85(4) 2.02(4) 2.862(5) 170(4) 0.16
O12b-H12bl...014b  0.81(3) 1.99(3) 2.765(4) 161(5) 0.20
012b-H12b2... Al 0.85(3) 2.04(3) 2.866(4) 166(4) 0.16
0O13a-HlI3al...0l15a 0.84(4) 1.83(4) 2.666(5) 174(4) 0.24
013a-H13a2... X2 0.84(3) 2.33(5) 2.996(6) 136(4) 0.13
013a-H13a2...03a 0.84(3) 2.193) 2.894(5) 141(4) 0.15
013a-H13a2...07b 0.84(3) 2.42(3) 3.047(5) 132(3) 0.12
O13b-H13bl... X1 0.85(4) 2.23(4) 3.025(6) 154(4) 0.13
013b-H13bl...03b 0.85(4) 2.37(3) 2.991(5) 130(4) 0.13
0O13b-H13bl...07a 0.85(4) 2.40(3) 2.959(5) 124(3) 0.14
O13b-H13b2...015b  0.83(4) 1.91(4) 2.723(5) 164(4) 0.22
Ol4a-Hl14al...03b 0.84(3) 2.09(4) 2.808(4) 143(4) 0.18
Ol4a-H14a2...08b 0.84(4) 1.97(4) 2.789(4) 167(4) 0.19
0O14b-H14bl1...03a 0.82(3) 2.07(4) 2.844(4) 157(4) 0.17
014b-H14b2...08a 0.83(3) 1.99(3) 2.801(4) 167(4) 0.18
O15b-H15b1...014a  0.86(3) 2.41(3) 3.155(5) 146(4) 0.11
015b-H15b2...02a 0.84(3) 2.15(3) 2.960(5) 160(4) 0.14
Al-Halb...Oda 0.83(4) 2.04(4) 2.862(4) 171(4) 0.16
Al-Hala...O7a 0.83(4) 2.02(4) 2.849(4) 173(4) 0.17

* From Ferraris and Ivaldi (1988). BVS =[(D... A)/2.17]732 +0.06.

finement (Ry, = 0.040) in Pbca. However an indication that
benyacarite is only pseudo-orthorhombic is suggested by the
high reported anisotropic displacement parameters (ADPs)
for 015 (Uny = 0.05-0.06 A2). As discussed elsewhere (Re-
witzer et al., 2024a), in going from a pseudo-orthorhombic
Pbca model to a monoclinic P21/c model for paulkerrite-
group minerals, the largest atomic displacements occur for
the O15 water molecules, so the high ADPs for O15 in a
Pbca refinement could reflect local monoclinic symmetry.
The combination of high diffraction spot mosaicity, [001]
twinning, and sector zoning can make it difficult to distin-
guish between monoclinic and orthorhombic symmetry for
paulkerrite-group minerals with small monoclinicity, partic-
ularly when the intensity data collections are made with lab-
oratory diffractometers for which the diffraction is collected
from relatively large areas (hundreds of um). In the charac-
terization of the new paulkerrite-group minerals pleysteinite
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and hochleitnerite, the diffraction datasets were originally
collected using a laboratory diffractometer with a beam di-
ameter of ~ 150 ym, and in both cases the data processing
gave orthorhombic cells. However, subsequent data collec-
tion made on both minerals using a synchrotron microfocus
beam (10 x 20 um) showed them to have monoclinic symme-
try, P21/c (Rewitzer et al., 2024b), albeit with small mono-
clinicity (8 = 90.09(3)° for hochleitnerite). The clearest in-
dication of the lowering of symmetry from orthorhombic,
Pbca, to monoclinic, P2i/c, is the presence of the reflec-
tions hk0, h =2n+1, and Okl, k = 2n + 1, which are forbid-
den in Pbca due to the presence of the a and b glide planes.
For fluormacraeite, the partial R factors for these classes of
reflection are given in Table 8. It can be seen that 75 % of
the reflections forbidden in Pbca have observed intensities
of I>30(I) and that a good fit was obtained to the reflec-
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Table 7. Crystal-chemical trends in monoclinic paulkerrite-group minerals; the ideal formula is
A1A2M 1y M2y M3(PO4)4X2(H20)1¢ - 4HO.
Pleysteinite Fluor- Fluor- Paulkerrite Rewitzerite Macraeite  Hochleitnerite Sperlingite
rewitzerite macraeite

Al, A2, M1, H>O,K,Mn, H>O,K,Mn, H>O,K,Mn, H>O,K,Mg, K, H;O, Mn, H»0, K, Mn, H»0, K, Mn, H,0, K,
(M2, M3), X, (Al3),F,  (ALTi),OF  (Fe,Ti), OF  (FepTi), OF  (Al,Ti), O(OH)  (Fe,Ti), O(OH) (TipFe), O, Mn045Fe(3)§,
Al,Ti, O(OH)
K>0O (wt %) 5.20 5.78 441 5.15 3.93 4.14 4.46 2.78
TiO, 5.47 7.64 8.19 10.85 9.18 9.85 14.09 11.28
Al O3 12.14 9.27 0.65 1.29 8.37 1.65 0.14 5.69
Fe, O3 (total) 3.69 7.01 14.74 12.66 7.44 11.80 15.82 11.77
MnO 9.26 11.35 12.49 7.42 6.33 14.63 10.74 4.56
MgO 2.13 0.42 1.07 4.51 2.80 0.35 0.08 1.42
P05 31.07 30.28 28.51 30.34 30.90 29.55 30.09 30.21
F 2.41 1.88 1.55 0.99 0.87 1.04 0.18 0.39
a, A 10.440(5) 10.407(1) 10.546(2) 10.569(2) 10.442(2) 10.562(2) 10.547(2) 10.428(2)
b, A 20.588(5) 20.514(2) 20.655(1) 20.590(4) 20.445(2) 20.725(4) 20.577(4) 20.281(4)
¢, A 12.234(2) 12.193(1) 12.405(1) 12.413(2) 12.269(1) 12.416(2) 12.373(2) 12.223(2)
B,° 90.38(1) 90.49(2) 90.09(1) 90.33(3) 90.17(3) 90.09(3) 90.09(3) 90.10(3)
Twin volumes 0.91, 0.09 0.80, 0.20 0.61,0.39  No twinning 0.62,0.38 0.63,0.37 0.55,0.45 0.53,0.47
Al, A2 site scattering 7.7,18.2 8.6,17.0 8.6, 16.7 8.7,15.6 157,83 9.9,15.2 8.5,12.8 9.65, 13.6
Reference™ 1 2 3 4 5 6 1 7

* (1) Rewitzer et al. (2024a), (2) Hochleitner et al. (2024a), (3) this study, (4) Grey et al. (2023a), (5) Grey et al. (2023b), (6) Grey et al. (2024), (7) Rewitzer et al. (2024b).

Table 8. Partial R factors for fluormacraeite.

Robs  wRobs Rai wRal  nobs  Mall
hkO,h=2n+1 0.093 0.095 0.135 0.098 119 150
Okl,k=2n+1 0.101 0.100 0.143  0.105 121 168
Overall 0.097 0.098 0.139 0.102 240 318

tions with weighted R factors of 0.10, giving unambiguous
support to the monoclinic symmetry.

An example of a paulkerrite-group mineral where
only a pseudo-orthorhombic Pbca refinement of
the average structure was possible is hydroxylbeny-
acarite  (H20)2Mn(TizFe)(PO4)4[O(OH)](H20) 10 - 4H20
(Hochleitner et al., 2024b). Processing of laboratory X-ray
intensity data for this mineral gave an orthorhombic cell
with the parameters a = 10.5500(3), b = 20.7248(5), and
c=12.5023(3) A. The generation of simulated precession
images from the data, however, showed the diffuse reflec-
tions hk0, h = 2n+ 1, and Okl, k = 2n + 1, inconsistent with
the space group Pbca. Reprocessing of the data with forced
monoclinic symmetry gave the parameters a = 10.5467(3),
b =20.7222(5), ¢=12.5031(3)A, and B =90.068(2)°.
From the lengths of the diffuse forbidden reflections, the
monoclinic symmetry is limited to domains with sizes on
the scale of the unit cell, 1 to 2nm. A refinement in P2;/c
caused problems, with numerous non-positive ADPs and
unrealistically wide ranges of P—O distances. In contrast,
refinement of the average structure in Pbca gave reasonable
P-O distances and only two marginally non-positive ADPs.
It is likely that all paulkerrite-group minerals have mono-
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clinic symmetry, at least at the local level, in domains that
become smaller with a decrease in monoclinicity.

Returning to the consideration of Table 7, it is seen that
compositionally, the highest monoclinicity is associated with
high F and Al, but there is considerable scatter. The only
strong element—element correlations are negative correla-
tions between Ti and F (R? = 0.9) and Al and Fe (R? = 0.9).
There is a moderate positive correlation of Ti with Fe (R =
0.6). It is interesting that the positive Ti—Fe correlation be-
tween the different minerals in Table 7 is counter to the nega-
tive Ti—Fe correlation found for the different analyses of flu-
ormacraeite given in Sect. 4. Further discussion of crystal—
chemical trends in monoclinic paulkerrite-group minerals is
given by Hochleitner et al. (2024a).
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available in the Supplement.
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