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Abstract. Macraeite, [(H2O)K]Mn2(Fe2Ti)(PO4)4[O(OH)](H2O)10 · 4H2O, is a new monoclinic member of the
paulkerrite group, from the Cubos–Mesquitela–Mangualde pegmatite, Mangualde, Portugal. It was found in
phosphate nodules of weathered triplite, heterosite, and lithiophilite. Associated minerals are strengite, triplite,
bermanite, phosphosiderite, and switzerite.

Macraeite forms colourless to light-greenish-yellow pseudo-rhombic dodecahedral-shaped crystals up to
0.15 mm. The crystals are equant with forms {010}, {001}, {111}, and {111}. The calculated den-
sity is 2.39 g cm−3. Optically, macraeite crystals are biaxial (+), with α = 1.605(3), β = 1.611(3), γ =
1.646(3) (measured in white light), and 2V (meas)= 45(3)°. The empirical formula from electron microprobe
analyses and structure refinement is A1[(H2O)0.83K0.17]61.00

A2[K0.65(H2O)0.35]61.00
M1(Mn2+

1.98� 0.02)62.00
M2(Fe3+

1.09Al0.31Ti4+0.52Mg0.08)62.00
M3(Ti4+0.66Fe3+

0.34)61.00 (PO4)4
X[O0.87F0.53(OH)0.60]62.00(H2O)10 · 4H2O.

Macraeite has monoclinic symmetry with space group P 21/c and unit-cell parameters a = 10.562(2)Å,
b = 20.725(4)Å, c = 12.416(2)Å, β = 90.09(3)°, V = 2717.8(9)Å3, and Z = 4. The crystal structure was re-
fined using synchrotron single-crystal data to wRobs = 0.065 for 4990 reflections with I>3σ(I). Macraeite is
isostructural with the paulkerrite-group minerals rewitzerite and paulkerrite, with ordering of K and H2O at dif-
ferent A sites (A1 and A2) of the general formula A1A2M12M22M3(PO4)4X2(H2O)10 · 4H2O, whereas in the
orthorhombic member, benyacarite, K and H2O are disordered at a single A site.

1 Introduction

The Cubos–Mesquitela–Mangualde pegmatite formation,
Portugal, is an important locality for secondary phosphate
minerals, with Mindat listing 107 valid minerals reported
from the locality of which 67 are phosphates, including
the three type-locality minerals jahnsite-(CaMnMn), rittman-
nite, and zodacite. No minerals of the paulkerrite group

(Peacor et al., 1984; Fransolet et al., 1984; Demartin et
al., 1997; Grey et al., 2023a) have been reported from
this locality, although members of the group have been
reported from the nearby Folgosinho pegmatite (Keck et
al., 1998; Schnorrer and Tetzer, 2005). Specimens of phos-
phate nodules collected by one of the authors (Christian Re-
witzer) from the Mangualde pegmatite mine dump were re-
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cently analysed using scanning electron microscopy (SEM),
energy-dispersive X-ray analysis and powder X-ray diffrac-
tion (XRD) and were found to contain crystals of a min-
eral belonging to the paulkerrite group. More detailed stud-
ies on the Mangualde specimens, involving electron micro-
probe analyses and single-crystal XRD, confirmed that the
crystals corresponded to a new species, the Fe analogue
of the monoclinic paulkerrite-group member rewitzerite,
K(H2O)Mn2(Al2Ti)(PO4)4[O(OH)](H2O)10 · 4H2O (Grey et
al., 2023b), with Fe replacing Al. The mineral and its name
have been approved by the International Mineralogical Asso-
ciation (IMA) Commission on New Minerals, Nomenclature
and Classification (CNMNC), IMA-2023-065.

The name honours Colin MacRae (born 1961) for his im-
portant contributions to the characterisation of new mineral
species using electron microprobe techniques. Since 2010,
he has conducted electron microprobe analyses on 40 miner-
als, all of which were approved as new mineral species. As
head of the Microbeam Laboratory at CSIRO Mineral Re-
sources, Clayton, Victoria, Australia, he has been responsi-
ble for the development of new techniques that are of ben-
efit to the analysis of highly hydrated, beam-sensitive sec-
ondary minerals. This includes the integration of liquid ni-
trogen cold-stage technology into the electron microprobe
to reduce beam damage and modifications to the raw-data
processing software to include water in the matrix correc-
tion. Colin MacRae has given his permission for the mineral
name.

The holotype specimen is housed in the mineralogical
collections of the Natural History Museum of Los Angeles
County, catalogue number 76293. A co-type, from which
the images in Figs. 1 to 3 were taken, is in the Bavarian
State Collection for Mineralogy, Munich, registration num-
ber MSM 38050.

2 Occurrence and associated minerals

The locality for macraeite is a phosphate pegmatite within
a pegmatite formation now called Cubos–Mesquitela–
Mangualde. It is located near the village of Mesquitela close
to Mangualde, in the district of Viseu in the northern centre
of Portugal (40°35′13.7′′ N, 7°45′04.3′′W). A mining con-
cession at the pegmatite, Chão do Castanheiro, has been op-
erated by the Carolino family since 1935, mining for quartz
and feldspar and also Be, Li, and Ta. Specimens containing
macraeite were collected in 1984 on the dumps of the mine
site. The specimens were in the form of phosphate nodules
of weathered triplite, heterosite, and lithiophilite. Associated
minerals are deep reddish-purple crystals of strengite, tan
deeply etched triplite, reddish-brown bermanite, inky-blue
phosphosiderite, and occasional switzerite.

Figure 1. (a) Isolated crystal of macraeite associated with red-
brown bermanite on specimen MSM38050. Field of view (FOV)
0.55 mm. Photo by Christian Rewitzer. (b) Crystal drawing of
macraeite. Clinographic projection.

Figure 2. Macraeite crystals associated with red-brown bermanite
and purple strengite on specimen MSM38050. FOV 1.3 mm. Photo
by Christian Rewitzer.

3 Physical and optical properties

Macraeite occurs as light-greenish-yellow equant euhedral
crystals with relatively uniform sizes from sub-100 to
∼ 150 µm. Individual crystals have a pseudo-rhombic dodec-
ahedral shape (Fig. 1) although the crystals are more com-
monly aggregated and form complex intergrowths (Figs. 2,
3) with dimensions of up to 0.5 mm. The crystal forms are
{010}, {001}, {111}, and {111} as shown in Fig. 1. The cal-
culated density, for the empirical formula and single-crystal
unit-cell volume, is 2.39 g cm−3.

Optically, macraeite crystals are biaxial (+), with α =

1.605(3), β = 1.611(3), and γ = 1.646(3) (measured in
white light). The measured 2V from extinction data analysed
with EXCALIBR (Gunter et al., 2004) is 45(3)°, and the cal-
culated 2V is 25.8°. Dispersion is strong with r<v. The opti-
cal orientation is X = b, Y = c, Z = a. The Gladstone–Dale
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Table 1. Analytical data (wt %) for macraeite.

Constituent Mean Range SD Standard

K2O 4.14 3.70–4.89 0.37 Adularia
MnO 14.63 13.33–15.91 0.86 MnSiO3
MgO 0.35 0.21–0.55 0.12 Spinel
Al2O3 1.65 0.23–3.68 0.96 Berlinite
Fe2O3 11.80 10.24–13.66 0.86 Hematite
TiO2 9.85 8.65–11.10 0.83 Rutile
P2O5 29.55 26.20–32.01 2.20 Berlinite
F 1.04 0.39–2.03 0.47 Fluorite
H2Ocalc 28.90
–O≡F −0.44

Total 101.47

compatibility index (Mandarino, 1981) is 0.020 (excellent)
based on the empirical formula and the calculated density.

4 Chemical composition

Crystals of macraeite were analysed using wavelength-
dispersive electron microprobe (EMP) spectrometry on a
JEOL JXA-8500F Hyperprobe operated at an accelerating
voltage of 15 kV and a beam current of 2.2 nA. The beam
was defocused to 10 µm. Analytical results (average of 17
analyses on 17 crystals) are given in Table 1. There was
insufficient material for direct determination of H2O, so it
was based upon the crystal structure. The analyses were af-
fected by dehydration of the specimen in the high vacuum of
the microprobe. The dehydration was accompanied by strong
cracking of the crystals, as shown in Fig. 3. This resulted in
increasing analysis totals with increasing time in the vacuum.
The totals shown in Table 1 cover the range 96.4 to 108.8.
This behaviour is common to highly hydrated paulkerrite-
group minerals, as noted by Sejkora et al. (2006), who re-
ported EMP analysis totals in the range of 115 % to 119 %
for their analyses of benyacarite.

The empirical formula, normalised to 4P and 34
(K+O+F), is
K0.84Mn1.98Mg0.08Al0.31Fe3+

1.42Ti4+1.18P4.00F0.53O32.63H30.92.
The least-squares programme OccQP (Wright et

al., 2000) was used to obtain optimised site assign-
ments for the M1 to M3 sites based on the refined
bond distances and site scattering and the chemical
analyses, giving the empirical formula in structural
form as A1[(H2O)0.83K0.17]61.00

A2[K0.65(H2O)0.35]61.00
M1(Mn2+

1.98� 0.02)62.00
M2(Fe3+

1.09Al0.31Ti4+0.52Mg0.08)62.00
M3(Ti4+0.66Fe3+

0.34)61.00 (PO4)4
X[O0.87F0.53(OH)0.60]62.00

(H2O)10 · 4H2O, where the A-site occupancies are from the
structure refinement.

Figure 3. Scanning electron microscope back-scattered electron im-
age of intergrown macraeite crystals, showing crystallographically
controlled parallel cracking due to dehydration in the microscope
vacuum.

The simplified formula is
[(H2O),K] [K,(H2O)] (Mn2+)2(Fe3+,Al,Ti4+,Mg)2
(Ti4+,Fe3+) (PO4)4[O,(OH),F]2(H2O)10 · 4H2O.

The ideal end-member formula based on
the dominant constituents at each site is
[(H2O)K]Mn2(Fe2Ti)(PO4)4[O(OH)](H2O)10 · 4H2O,
which requires K2O 4.75, MnO 14.31, Fe2O3 16.11, TiO2
8.06, P2O5 28.63, and H2O 28.14, with total 100 wt %.

Note that the (OH) is only marginally higher than F in the
empirical formula calculated from the mean F content. The
individual F analyses span a wide range from 0.39 wt % to
double the mean F content. The higher-F analyses would give
F>OH in the empirical formula, corresponding to a fluor-
macraeite.

The empirical formula shows considerable mixing of the
major constituents, Ti and Fe3+, between the crystallo-
graphically similar M2 and M3 sites such that changes in
the location of minor constituents between the sites can
change the dominant constituents. This problem is com-
mon to paulkerrite-group minerals, and to overcome it the
compositions at the M2 and M3 sites are merged and an
unambiguous end-member can be obtained using the site-
total-charge method (Bosi et al., 2019a, b). This approach
has been approved by the IMA CNMNC, revised proposal
22-K-bis. It is illustrated for macraeite in Fig. 4, which
shows possible end-member compositions and their phase-
fields based on occupation of the merged (M22M3) sites
by Al, Ti, and Fe3+. For macraeite, the composition at the
merged sites is M2+M3(Fe3+

1.43Ti1.18Al0.31Mg0.08). Removing
the minor amount of Mg and scaling to 3(Fe3+

+Ti+Al)
gives Fe1.46Ti1.22Al0.32. This composition, shown by the
cross in Fig. 4, sits in the Fe2Ti end-member composi-
tional field. Thus, for macraeite, the dominant-constituent
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Figure 4. Ternary diagram for (M2)2M3 site Al–Ti–Fe3+ com-
positions, showing end-member compositions (Al2Ti, Ti2Al, etc.)
and location of the empirical composition for macraeite. For com-
parison, the published empirical compositions are shown for the
paulkerrite-group minerals benyacarite (Demartin et al., 1997),
paulkerrite (Peacor et al., 1984), mantienneite (Fransolet et al.,
1984), rewitzerite (Grey et al., 2023b), pleysteinite (Grey et al.,
2023c), and hochleitnerite (Grey et al., 2023d). Red crosses cor-
respond to minerals with Mn atM1, and blue crosses correspond to
minerals with Mg at M1.

approach for individual M2 and M3 sites using OccQP
(Wright et al., 2000) and the merged-site approach give the
same end-member (M22M3) composition. The empirical
M22M3 compositions for other paulkerrite-group minerals
are shown in Fig. 4.

5 Raman spectroscopy

Raman spectroscopy was conducted on a Horiba XploRA
PLUS spectrometer using a 532 nm diode laser, 200 µm
slit, and 1800 grooves mm−1 diffraction grating and a 100×
(0.9 numerical aperture) objective. The spectrometer was cal-
ibrated using the 520.7 cm−1 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 examined after the spectrum was recorded to
verify that no thermal damage had occurred. The spectrum
is shown in Fig. 5. The O–H stretch region has a broad
band centred at 3460 cm−1 with shoulders at 3580, 3460,
and 3250 cm−1. The H–O–H bending-mode region for wa-
ter has a band at 1645 cm−1. The P–O stretching region has a
band at 955 cm−1 with shoulders at 1005 and 980 cm−1 cor-
responding to symmetric stretching modes and two weaker
bands at 1125 and 1077 cm−1 corresponding to antisymmet-
ric stretching modes. Bending modes of the (PO4)

3− groups
are manifested by a band centred at 595 cm−1 and a pair of

Figure 5. Raman spectrum for macraeite.

bands at 465 and 450 cm−1. Peaks at lower wavenumbers
are related to lattice vibrations. An intense pair of bands at
830 and 780 cm−1 can be assigned to Ti–O stretch vibrations
for short M2–O bonds that occur in linear trimers of corner-
connected octahedraM2–M3–M2 in the structure. The same
bands are present in the Raman spectra of all paulkerrite-
group minerals that have had spectra reported (Grey et al.,
2023b, c, d), and they are consistent with published Raman
data for titanates that have short Ti–O distances (Bamberger
et al., 1990; Tu et al., 1996; Silva et al., 2018).

6 Crystallography

6.1 X-ray powder diffraction

X-ray powder diffraction data were recorded using a Rigaku
R-Axis Rapid II curved-imaging-plate microdiffractome-
ter with monochromatised MoKα radiation. A Gandolfi-
like motion on the φ and ω axes was used to randomise
the sample. Observed d values and intensities were de-
rived by profile fitting using JADE Pro software (Materi-
als Data, Inc.). Data are given in Table 2. Refined mono-
clinic unit-cell parameters (space group P 21/c(#14)) are a =
10.56(3)Å, b = 20.70(3)Å, c = 12.39(3)Å, β = 90.1(5)°,
V = 2708(11)Å3, and Z = 4.

6.2 Synchrotron single-crystal diffraction

A crystal of macraeite measuring 0.10×0.10×0.02 mm was
used for a single-crystal diffraction data collection at the
Australian Synchrotron microfocus beamline MX2 (Aragao
et al., 2018). Intensity data were collected using a Dectris
EIGER 16M detector and monochromatic radiation with a
wavelength of 0.7109 Å. The crystal was maintained at 100 K
in an open-flow nitrogen cryostream during data collections.
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 an approximate phi angle of
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Table 2. Powder X-ray diffraction data (d in Å) for macraeite (Icalc>1.5).

Iobs dobs dcalc Icalc hkl Iobs dobs dcalc Icalc hkl

94 10.38 10.3485 70 0 2 0 1.9643 2 −5 2 2

64 7.51 7.4890 66 1 1 1 1.9456 4 −4 7 1

6.3519 2 −1 2 1 19 1.9299 1.9275 4 3 6 4

75 6.25 6.1965 100 0 0 2 1.9183 6 0 4 6

5.3485 2 −1 0 2 15 1.8809 1.8903 9 2 2 6

5.2820 19 2 0 0 1.8721 9 5 1 3

50 5.24 5.2373 10 −1 3 1 1.8582 4 2 8 4

5.1743 15 0 4 0 16 1.8418 1.8404 7 −2 10 2

11 4.73 4.7463 4 1 2 2 1.8193 2 3 5 5

4.7046 6 2 2 0 1.7881 4 −2 7 5

4.0166 5 2 0 2 15 1.7867 1.7828 4 −3 0 6

37 3.984 3.9711 30 2 3 1 1.7771 2 4 7 3

3.7845 3 −1 1 3 1.7356 5 4 6 4

69 3.736 3.7495 47 −2 2 2 24 1.7278 1.7248 11 0 12 0

3.6963 7 2 4 0 1.7173 3 4 9 1

11 3.435 3.4495 3 0 6 0 1.7024 2 5 7 1

12 3.284 3.3615 5 −1 3 3 1.6931 3 −1 3 7

3.1759 3 −2 4 2 1.6856 2 −3 4 6

100 3.150 3.1503 58 2 5 1 1.6794 7 2 6 6

3.0982 26 0 0 4 28 1.6778 1.6739 4 −2 1 7

3.0595 11 3 0 2 1.6668 10 6 4 0

46 3.030 3.0395 3 3 3 1 1.6616 3 0 12 2

3.0140 9 0 6 2 20 1.6476 1.6396 2 2 12 0

2.9718 19 1 0 4 1.6291 5 4 10 0

2.9449 6 −2 3 3 1.6142 2 0 8 6

67 2.901 2.9339 2 3 2 2 23 1.6137 1.6085 14 −4 2 6

2.8882 29 2 6 0 1.5997 2 −4 9 3

33 2.849 2.8563 9 1 2 4 15 1.5758 1.5751 7 4 10 2

2.8189 14 −1 5 3 1.5682 3 6 6 0

2.6743 6 −2 0 4 8 1.5474 1.5412 4 4 7 5

25 2.655 2.6582 3 0 4 4 12 1.5211 1.5297 3 6 0 4

2.6362 16 −3 4 2 1.5207 4 4 11 1

2.6186 15 −2 6 2 1.5070 3 0 12 4

39 2.607 2.5871 5 0 8 0 8 1.4919 1.4998 2 −5 5 5

2.5770 6 1 4 4 1.4840 6 0 4 8

2.5639 14 −4 1 1 1.4724 4 −4 6 6

33 2.532 2.5262 14 −2 7 1 18 1.4684 1.4688 5 −6 4 4

2.4963 6 3 3 3 1.4620 3 0 10 6

8 2.383 2.3874 2 0 8 2 1.4556 2 6 8 0

2.3757 3 −2 4 4 13 1.4470 1.4494 3 −2 12 4

17 2.340 2.3640 6 4 2 2 1.4425 2 −4 10 4

2.3284 10 1 8 2 9 1.4183 1.4373 3 4 3 7

2.2321 2 −2 1 5 1.4094 4 −2 10 6

12 2.200 2.2002 5 −4 4 2 6 1.3908 1.3851 4 3 12 4

2.1919 3 −4 5 1 3 1.3641 1.3554 4 2 9 7

8 2.130 2.1350 3 −2 3 5 11 1.3326 1.3371 2 −4 0 8

2.1135 3 −2 6 4 1.3273 6 2 15 1

2.0970 3 4 6 0 13 1.3118 1.3181 3 −6 8 4

15 2.089 2.0784 4 2 9 1 1.3106 8 −8 1 1

2.0655 8 0 0 6 4 1.2953 1.2987 2 1 15 3

9 2.018 2.0114 5 −4 0 4 4 1.2787 1.2785 4 4 10 6

34 1.9840 1.9856 21 4 6 2 6 1.2514 1.2549 2 8 1 3
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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
(Petříček et al., 2014). Refined unit-cell parameters and other
data collection details are given in Table 3.

A structural model for macraeite was obtained in space
group P 21/c using SHELXT (Sheldrick, 2015). The model
was found to have the same topology as for rewitzerite
(Grey et al., 2023b), so the rewitzerite atom coordinates
were used as a starting model to maintain the same
atom labelling. Twinning was implemented with 2-fold
rotation about [001]. The general structural formula for
monoclinic paulkerrite-group members may be written as
A1A2M12M22M3(PO4)4X2(H2O)10 · 4H2O (Grey et al.,
2023a). Manganese, Fe, and Ti were assigned as site scat-
terers to the M1, M2, and M3 sites, respectively; their oc-
cupation factors were refined; and a mix of K and O (for
H2O) was assigned to the A1 and A2 sites. After refinement
the M-site scattering values were used in OccQP (Wright et
al., 2000) to optimise the site assignments. This showed that
minor elements Al and Mg were confined to the M2 sites
with Fe and Ti, while only Fe and Ti were at the M3 sites.
In the next stage of the refinement, the amount of Al from
the EMP analyses was allocated to the M2 sites and fixed,
while the Ti and Fe contents were refined at the M2 and M3
sites. Approximately two-thirds of the possible H atoms were
located in difference Fourier maps. Their positions were in-
cluded in the atom list but not refined. Refinement of all non-
H atoms with anisotropic displacement parameters and with
a group isotropic displacement parameter for the H atoms, in
Jana2006 (Petříček et al., 2014), converged at Robs = 0.047
for 4979 reflections with I>3σ(I).

Details of the data collection and refinement are given in
Table 3. The refined coordinates, equivalent isotropic dis-
placement parameters, and bond valence sum (BVS) values
(Gagné and Hawthorne, 2015) from the single-crystal refine-
ment are reported in Table 4. Selected interatomic distances
are reported in Table 5, and H bonds are given in Table 6.

6.3 Laboratory single-crystal diffraction

A diffraction dataset was collected at 300 K using an Xta-
LAB Synergy four-circle diffractometer equipped with a
Dualflex HyPix detector and using MoKα radiation. Pro-
cessing of the data using CrysAlisPro (Rigaku, 2022) gave
the monoclinic unit-cell parameters a = 10.5383(4)Å, b =
20.7316(7)Å, c = 12.4658(5)Å, and β = 90.144(5)°. The
structure was refined using the same procedure as described
for the synchrotron dataset in Sect. 6.2, with the published
atomic coordinates for rewitzerite (Grey et al., 2023b) as
starting coordinates. Refinement with isotropic displacement
parameters using Jana2006 converged at Robs = 0.078 for
3163 reflections with I>3σ(I) and gave the refined oc-
cupancies at the A sites as 0.12(1)K+ 0.88O at A1 and
0.75(2)K+ 0.25O at A2, similar to values obtained from

Figure 6. The (001) section through the macraeite crystal structure
at z= 1/4.

Figure 7. The (001) section through the macraeite structure at z=
0. On the left-hand side of the figure, H bonding involving located H
atoms (Table 6) is shown by solid red lines and inferred H bonding
based on O· · ·O separations is shown by dotted lines. On the right-
hand side, the in-section bonds to A1 and A2 are shown by the blue
lines.

the synchrotron data refinement (Table 4). Attempts to re-
fine with anisotropic displacement parameters were not
successful, resulting in several non-positive values, and H
atoms could not be unambiguously located in difference
Fourier maps, so the following discussion will refer to the
synchrotron data refinement results. The laboratory-based
single-crystal study, however, confirmed that macraeite has
monoclinic symmetry at ambient temperature and is not due
to a transition from the orthorhombic Pbca benyacarite-type
structure (Demartin et al., 1993) to monoclinic P 21/c type
at below room temperature.
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Table 3. Crystal data and structure refinement for macraeite.

End-member formula [(H2O)K]Mn2(Fe2Ti)(PO4)4[O(OH)](H2O)10 · 4H2O

Formula weight 991.46

Temperature 100 K

Wavelength 0.7107 Å

Space group P 21/c (#14)

Unit-cell dimensions a = 10.562(2)Å
b = 20.725(4)Å
c = 12.416(2)Å
β = 90.09(3)°

Volume 2717.8(9) Å3

Z 4

Absorption correction Multiscan, µ= 2.74 mm−1

Tmin 0.563, Tmax 0.746

Twinning 2-fold rotation about c
Twin vols. 0.367(3), 0.633

Crystal size 0.10× 0.10× 0.02 mm

Theta range for data collection 1.91 to 31.95°

Index ranges −14≤ h≤ 14, −27≤ k ≤ 27, −17≤ l ≤ 17

Reflections collected 49 554

Independent reflections 5296 (Rmerg = 0.035)

Reflections with Io>3σ(I) 4990

Refinement method Full-matrix least squares on F

Data/restraints/parameters 5296/0/376

Final R indices [I>3σ(I)] Robs = 0.047, wRobs= 0.063

R indices (all data) Robs = 0.049, wRobs = 0.064

Largest diff. peak and hole 1.13 and −1.52 eÅ−3

7 Discussion

Macraeite is isostructural with paulkerrite (Grey et al.,
2023a) and rewitzerite (Grey et al., 2023b). The structures
of the three minerals correspond to small distortions of the
orthorhombic benyacarite Pbca structure (Demartin et al.,
1993). In the monoclinic P 21/c structures, the Pbca atom
sites are each split into pairs of sites at x, y, z and 1/2+ x,
1/2− y, −z. The A-site constituents, K and H2O, are or-
dered in separate A1 and A2 sites in the monoclinic min-
erals, whereas they are disordered at a single A site in or-
thorhombic benyacarite. In contrast to the A-site ordering,
there are only minor variations in the compositions between
the pairs of M sites in the monoclinic structures. In particu-
lar, the compositions at the pairs of M1 and M2 sites in all
three monoclinic minerals are the same within experimental

error. There is, however, a reasonably strong site preference
for Ti at theM3a sites and trivalent cations Fe3+ and Al3+ at
theM3b site as shown by theM3a andM3b site occupancies
and BVS values for macraeite in Table 4. The same prefer-
ence of Ti for the M3a site was found for paulkerrite (Grey
et al., 2023a).

The crystal structure of the paulkerrite-group miner-
als is quite complex and can be described in differ-
ent ways that give emphasis to different features (De-
martin et al., 1993; Grey et al., 2023a, b). The most
general description, using the terminology of Hawthorne
(Hawthorne, 1992; Hawthorne and Schindler, 2008), is in
terms of a structural unit plus an interstitial complex. For
macraeite, the structural unit is a 3D anionic framework of
corner-connected octahedra and tetrahedra, with composi-
tion [Mn2(Fe3+

2 Ti)(PO4)4[O(OH)](H2O)10]1−, while the in-
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Table 4. Refined atom coordinates, equivalent isotropic displacement parameters (Å2), and bond valence sums (BVSs, in valence units) for
macraeite.

Site x y z Ueq BVS

M1a 0.49453(5) 0.74657(3) 0.24480(4) 0.02077(15) 2.09
M1b 0.99609(5) −0.24686(3) −0.24286(4) 0.02077(15) 2.08
M2a 0.66057(7) 0.50265(3) 0.74639(5) 0.01990(12) 3.32
M2b 1.16022(7) −0.00248(3) −0.74466(5) 0.01990(12) 3.18
M3a 0.5 0.5 0.5 0.02132(14) 4.02
M3b 1 0 −0.5 0.02132(14) 3.54
P2a 0.58649(11) 0.59045(5) 0.29502(8) 0.0181(3) 4.94
P2b 1.08635(11) −0.09074(4) −0.29605(8) 0.0189(3) 5.01
P1a 0.90731(11) 0.59515(4) 0.80124(8) 0.0183(3) 4.96
P1b 1.40878(11) −0.09538(4) −0.80260(8) 0.0185(3) 4.96
A1 0.7173(2) 0.85227(9) 0.05951(15) 0.0287(7) 0.80∗

A2 1.22219(13) −0.35395(5) −0.05701(10) 0.0279(4) 0.86∗

X1 0.6416(3) 0.50268(10) 0.5965(3) 0.0187(4) 1.41
X2 1.1429(3) −0.00392(10) −0.5959(3) 0.0187(4) 1.36
O1a 0.9040(3) 0.66903(11) 0.8064(2) 0.0223(8) 1.69
O1b 1.4024(3) −0.16825(12) −0.8049(2) 0.0225(8) 1.75
O2a 1.0251(3) 0.57228(13) 0.7374(2) 0.0178(8) 1.62
O2b 1.5269(3) −0.07182(13) −0.7408(2) 0.0239(9) 1.66
O3a 0.9101(3) 0.56781(13) 0.9147(2) 0.0236(8) 1.86
O3b 1.4103(3) −0.06799(12) −0.9194(2) 0.0215(7) 1.82
O4a 0.7857(3) 0.57196(13) 0.7426(2) 0.0219(8) 1.74
O4b 1.2872(3) −0.07114(13) −0.7470(2) 0.0209(8) 1.82
O5a 0.5955(3) 0.66352(12) 0.2909(2) 0.0219(8) 1.72
O5b 1.0947(3) −0.16405(12) −0.2906(2) 0.0243(8) 1.72
O6a 0.4652(3) 0.56718(13) 0.2371(3) 0.0234(9) 1.70
O6b 0.9684(3) −0.06696(13) −0.2346(2) 0.0192(8) 1.69
O7a 0.5860(3) 0.56674(12) 0.4131(2) 0.0206(7) 1.87
O7b 1.0815(3) −0.06882(13) −0.4125(2) 0.0234(8) 1.96
O8a 0.7061(3) 0.56331(13) 0.2387(2) 0.0207(8) 1.71
O8b 1.2068(3) −0.06296(13) −0.2406(2) 0.0227(9) 1.70
O9a 0.3450(3) 0.68463(13) 0.1771(2) 0.0297(9) 0.36
O9b 0.8470(3) −0.18619(13) −0.1763(3) 0.0294(9) 0.35
O10a 0.5791(3) 0.74226(13) 0.0782(3) 0.0264(8) 0.32
O10b 1.0839(3) −0.24177(13) −0.0763(3) 0.0292(9) 0.39
O11a 0.6426(3) 0.80781(13) 0.3136(3) 0.0284(8) 0.35
O11b 1.1469(3) −0.30876(13) −0.3057(3) 0.0303(9) 0.36
O12a 0.3997(3) 0.75071(13) 0.4066(3) 0.0278(8) 0.38
O12b 0.9033(3) −0.25244(13) −0.4076(3) 0.0267(8) 0.30
O13a 0.6656(3) 0.50382(11) 0.9129(3) 0.0249(9) 0.38
O13b 1.1624(4) −0.00022(11) −0.9184(3) 0.0262(10) 0.30
O14a 0.2572(3) 0.63990(13) 0.44072(19) 0.0288(9) 0.00
O14b 0.7582(3) −0.14179(14) −0.4413(2) 0.0317(9) 0.00
O15a 0.5400(4) 0.40855(14) 1.0164(2) 0.0390(10) 0.10
O15b 1.0248(3) 0.09439(16) −1.0100(2) 0.0402(10) 0.02
Ha1a 0.647 0.8709 0.0083 0.072(4)
H9a1 0.2531 0.6963 0.1891 0.072(4)
H9a2 0.387 0.6395 0.1932 0.072(4)
H9b1 0.8799 −0.1305 −0.182 0.072(4)
H9b2 0.7464 −0.1909 −0.176 0.072(4)
H10a1 0.6302 0.7154 0.0726 0.072(4)
H11a1 0.7285 0.8049 0.3089 0.072(4)
H11a2 0.6101 0.8508 0.2894 0.072(4)
H11b1 1.2387 −0.2997 −0.3054 0.072(4)
H11b2 1.1357 −0.3556 −0.2891 0.072(4)
H12a1 0.3699 0.7086 0.4104 0.072(4)
H12b1 0.864 −0.2215 −0.4107 0.072(4)
H13a1 0.6188 0.4736 0.953 0.072(4)
H13a2 0.747 0.5074 0.931 0.072(4)
H13b2 1.1141 0.0308 −0.9549 0.072(4)
H14a1 0.2493 0.6233 0.3917 0.072(4)
H14a2 0.3106 0.606 0.4915 0.072(4)
H14b1 0.7722 −0.1082 −0.3938 0.072(4)
H15a1 0.4529 0.4058 0.9827 0.072(4)
H15b1 0.9968 0.0809 -1.087 0.072(4)
H15b2 0.9462 0.0908 −0.9729 0.072(4)

M1a=Mn, M1b= 0.985(4)Mn, M2a= 0.15Al+ 0.70(2)Fe+ 0.15(2)Ti,
M2b=0.15Al+ 0.67(2)Fe+ 0.18(2)Ti, M3a= 0.99(2)Ti+ 0.01(2)Fe; M3b= 0.32(2)Ti+ 0.68(2)Fe,
A1= 0.174(6)K+ 0.826(6)O, and A2= 0.650(6)K+ 0.350(6)O. ∗ BVS for A1 and A2 based on full
occupation by K.
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Table 5. Polyhedral bond lengths [Å] for macraeite.

M1a – O1b 2.108(3) M1b – O1a 2.088(3)
– O5a 2.104(3) – O5b 2.094(3)
– O9a 2.201(3) – O9b 2.179(3)
– O10a 2.256(3) – O10b 2.268(4)
– O11a 2.187(3) – O11b 2.190(3)
– O12a 2.248(3) – O12b 2.270(3)

Avg 2.184 Avg 2.181

M2a – X1 1.872(3) M2b – X2 1.856(3)
– O2b 2.018(3) – O2a 2.044(3)
– O4a 1.953(3) – O4b 1.955(3)
– O6a 1.975(3) – O6b 1.996(3)
– O8b 1.954(3) – O8a 1.964(3)
– O13a 2.068(4) – O13b 2.158(3)

Avg 1.973 Avg 1.995

M3a – X1 ×2 1.915(3) M3b – X2 ×2 1.926(3)
– O3b ×2 1.971(3) – O3a ×2 1.999(3)
– O7a ×2 1.976(3) – O7b ×2 1.989(3)

Avg 1.954 Avg 1.971

P1a – O1a 1.533(3) P1b – O1b 1.512(3)
– O2a 1.550(3) – O2b 1.543(3)
– O3a 1.519(3) – O3b 1.558(3)
– O4a 1.551(3) – O4b 1.543(3)

Avg 1.538 Avg 1.539

P2a – O5a 1.518(3) P2b – O5b 1.524(3)
– O6a 1.546(3) – O6b 1.543(3)
– O7a 1.546(3) – O7b 1.516(3)
– O8a 1.551(3) – O8b 1.556(3)

Avg 1.540 Avg 1.535

A1 – X1 3.145(3) A2 – X2 3.100(3)
– O4a 2.855(4) – O4b 2.907(3)
– O7a 2.835(4) – O7b 2.828(3)
– O9b 3.331(4) – O9a 3.280(4)
– O10a 2.718(4) – O10b 2.756(3)
– O11a 3.382(4) – O11b 3.322(4)
– O12b 2.882(4) – O12a 2.881(3)
– O15b 3.003(4) – O15a 2.800(4)

Avg 3.019 Avg 2.984

terstitial complex is [K(H2O)(H2O)4]1+, where the first H2O
(transformer type; Hawthorne, 1992) corresponds to O15a
coordinated to K at A2 and the four other H2O are involved
only in H bonding. These comprise O14a, O14b, O15b, and
A1 in Table 4. The structural unit is built from (001) het-
eropolyhedral layers,M12M22(PO4)4X2(H2O)10, centred at
z= 1/4 and 3/4. The layer at z= 1/4 is shown in Fig. 6.
The layers contain [100] kröhnkite-type chains (Hawthorne,
1985) of four-member rings of corner-connected PO4 tetra-
hedra and M2O4X(H2O) octahedra. Each PO4 tetrahedron
also shares a corner with M1O2(H2O)4 octahedra along

[010]. The corner-shared linkages form eight-member rings
of alternating octahedra and tetrahedra. Layers as shown in
Fig. 6 are interconnected into an open 3D framework (the
structural unit) by corner sharing of the M2O4X(H2O) octa-
hedra with M3O4X2 octahedra located at z= 0 and 1/2.

The interstitial complex is located in (100) sections cen-
tred at z= 0 and 1/2. The section at z= 0 is shown in Fig. 7.
In addition to the interstitial constituents, the section con-
tains isolatedM3O4X2 octahedra and water molecules coor-
dinated toM1 (O10 and O12) and toM2 (O13). Rows of uni-
formly spaced water molecules are oriented along < 110>.
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Table 6. H bonds in macraeite.

D–H–A D–H (Å) H· · ·A (Å) D· · ·A (Å) D–H· · ·A (°)

O9a–H9a1–O5b 1.012(3) 1.819(3) 2.708(5) 144.63(17)
O9a–H9a2–O6a 1.055(3) 1.795(3) 2.844(4) 172.47(19)
O9b–H9b1–O6b 1.206(3) 1.744(3) 2.877(4) 154.01(17)
O9b–H9b2–O5a 1.067(3) 1.740(3) 2.727(4) 151.73(17)
O10a–H10a1–O14b 0.778(3) 2.047(3) 2.824(4) 177.4(2)
O11a–H11a1–O1a 0.911(3) 1.931(3) 2.803(5) 159.71(18)
O11a–H11a2–O2b 1.002(3) 1.866(3) 2.859(4) 170.5(2)
O11b–H11b1–O1b 0.987(3) 1.853(3) 2.741(5) 148.11(18)
O11b–H11b2–O2a 0.999(3) 1.926(3) 2.832(4) 149.4(2)
O11b–H11b2–O4b 0.999(3) 2.266(3) 2.986(4) 128.0(2)
O12a–H12a1–O14a 0.929(3) 1.894(3) 2.779(4) 158.3(2)
O12b–H12b1–O14b 0.765(3) 2.029(3) 2.789(4) 172.0(3)
O13a–H13a1–O15a 0.941(3) 1.770(3) 2.704(4) 172.0(2)
O13a–H13a2–X2 0.892(4) 2.365(3) 3.044(5) 133.0(2)
O13a–H13a2–O3a 0.892(4) 2.138(3) 2.903(5) 143.34(19)
O13a–H13a2–O7b 0.892(4) 2.415(3) 3.066(5) 130.10(18)
O13b–H13b2–O15b 0.936(3) 1.759(3) 2.691(5) 173.4(2)
O14a–H14a1–O8b 0.704(2) 2.112(3) 2.809(4) 170.5(2)
O14a–H14a2–O3b 1.100(3) 1.717(3) 2.801(4) 167.54(17)
O14b–H14b1–X2 0.925(3) 2.493(2) 3.228(4) 136.6(2)
O14b–H14b1–O8a 0.925(3) 2.015(3) 2.819(4) 144.4(2)
O15a–H15a1–O14b 1.012(4) 2.491(3) 3.446(5) 157.07(18)
O15b–H15b1–O2a 1.038(3) 1.890(3) 2.908(4) 165.8(2)
O15b–H15b1–O13b 1.038(3) 2.372(3) 2.916(5) 111.4(2)
O15b–H15b2–O14a 0.953(3) 2.411(3) 3.242(5) 145.5(2)
A1–HA1a–O7a 1.050(2) 1.866(3) 2.835(4) 151.79(15)

Figure 8. The < 110> projection of the crystal structure of
macraeite showing channels containing the interstitial constituents.
The c axis [001] is vertical. The coloured polyhedra are as labelled
in Figs. 6 and 7.

A < 110> projection of the crystal structure in Fig. 8 shows
that the interstitial species occupy < 110> channels in the
structural unit. The H bonding involving the H atoms lo-
cated in the refinement is given in Table 6. Libowitzky (1999)
has classified H bonds according to the donor–acceptor sep-
aration as being strong for donor–acceptor distances in the
range 2.50 to 2.70 Å and weak for distances above 2.70 Å.
In macraeite, only O9, coordinated to M1, and O13, coordi-
nated to M2, are donors that participate in strong H bonds.
Most of the bonds are from water molecules to oxygen atoms
O1 to O8, shared between M-centred octahedra and PO4
tetrahedra. As seen from the BVS values in Table 4, these
bridging oxygens are all undersaturated with BVS values
typically from 1.7 to 1.8, and their bond valence saturation
is met by them being acceptor atoms for H bonds. Addition-
ally there are in-section bonds between coordinated water
molecules of the structural unit and those of the interstitial
complex, the strongest being from O13, coordinated to M2,
and O15. The O13 molecules have trifurcated H bonds to an-
ions X, O3, and O7, which form a face of the M3-centred
octahedra, shown in Fig. 7. In addition, O11, O14, and O15
act as donors forming bifurcated H bonds as given in Table 6.

The in-section coordination of the constituents at the A1
and A2 sites is shown in Fig. 7, and their complete (8-fold)
coordination is given in Table 5. The coordination polyhedra
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Table 7. Comparison of rewitzerite and macraeite.

Rewitzerite Macraeite

Ideal formula K(H2O)Mn2(Al2Ti)(PO4)4[O(OH)] [(H2O)K]Mn2(Fe2Ti)(PO4)4[(O(OH)]2
(H2O)10 · 4H2O (H2O)10 · 4H2O

Crystal system monoclinic monoclinic
Space group P21/c P 21/c
a (Å) 10.444(2) 10.562(2)
b (Å) 20.445(2) 20.725(4)
c (Å) 12.2690(12) 12.416(2)
β (°) 90.17(3) 90.09(3)
V (Å3) 2619.8(6) 2717.8(9)
Z 4 4
Strongest 10.26 (53) (020) 10.38 (94) (020)
lines in 7.44 (55) (−111) 7.51 (64) (111)
X-ray 6.16 (92) (002) 6.25 (75) (002)
powder 5.19 (40) (200) 5.24 (50) (200, −131)
pattern 3.958 (32) (−231) 3.984 (37) (231)
D (I) (hkl) 3.703 (57) (−222) 3.736 (69) (−222)

3.111 (97) (−251) 3.150 (100) (251)
2.862 (100) (260) 2.901 (67) (260)

Dcalc (g cm−3) 2.33 2.39
Opt. character biaxial (+) biaxial (+)
α 1.585(2) 1.605(3)
β 1.586(2) 1.611(3)
γ 1.615(2) 1.646(3)
2Vmeas (°) 25(2) 45(3)
Reference Grey et al. (2023b) this study

for the two sites are very similar with the meanA–O distance
differing by only 0.035 Å. The major difference is associated
with the water molecule O15, which is 0.2 Å closer to the
K-dominant A2 site than to the H2O-dominant A1 site. The
factors determining the ordering of K at one A site and H2O
at the other are very subtle and probably depend as much
on establishing the most favourable H bonding as on locally
matching the structural unit’s negative charge because the
large 8-coordinated K+ has a low bond valence of 0.125,
comparable to bond valence contributions from the medium-
to weak-strength H bonds listed in Table 6. The K ordering
in macraeite is far from full ordering; with 0.17 K at A1 and
0.65 K atA2, this corresponds to a mixture of 60 % full order
(0.82 K at A2) + 40 % complete disorder (0.41 K at A1 and
A2). The low degree of A-site order reflects the low degree
of ordering of trivalent and tetravalent cations at the M2 and
M3 sites of the structural unit.

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