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Abstract. The minerals of the triphylite, alluaudite, zwieselite, and graftonite groups are amongst the most
abundant of the primary phosphate minerals in granitic pegmatites. An analysis of the crystal structures of the
four groups from the perspective of the connectivity between the metal atom polyhedra and the PO4 tetrahedra
for the individual metal atom sublattices has resulted in the identification of structural motifs that are common to
the four primary mineral groups. All four structure types contain 2-polyhedra-wide ribbons formed from corner
linking ofM2(PO4)288 cyclic tetramers, oriented along [001]. The ribbons in the four structure types all have the
same topology but correspond to different geometrical isomers due to different orientations of the tetrahedra and
different pairs of polyhedral edges involved in the ribbon formation. In the alluaudite, zwieselite, and graftonite
group minerals, the polymerised cyclic tetramer (PCT) ribbons are connected along [010] by octahedral edge
sharing, giving the same topology of (100) layers, with correspondingly similar b and c unit-cell parameters
for the structures of the three mineral groups. The same PCT ribbons are also present in arrojadite–dickinsonite
group primary phosphates. The persistent presence of the same type of structural unit across several different
mineral groups is related to the high flexility of the cyclic tetramers to adjust to different crystal chemistries by
rotation and buckling about the polyhedral corner linkages.

1 Introduction

Using geometrical graph theory, Hawthorne (1983) enumer-
ated the polyhedral clusters of composition M2(TO4)28n,
for the restrictions of no polymerisation of tetrahedra, no
edge or face sharing between octahedra and tetrahedra, and
no unlinked polyhedra. In total, 14 graphical isomers were
obtained, of which 11 had more than one geometrical iso-
mer, giving a total of 38 clusters. Hawthorne was interested
in applying the results to phosphate, arsenate, and sulfate
minerals containing commonly encountered di- and triva-
lent cations. He was able to restrict the number of relevant
clusters based on the conjecture that a more stable clus-
ter will have the maximum number of anions having their
bond-valence requirement satisfied. For T = 5+, 6+ and
M = 2+, 3+, this reduced the number of clusters for con-
sideration to four, which included one isomer of each of the
compositions with 8= 6 to 9. Hawthorne noted that each

of the four clusters formed the basis for an extended hier-
archy of mineral structures, consistent with their high sta-
bility. In the case of the cluster M2(TO4)287, shown in
Fig. 1a, an unpolymerised form occurs in the mineral mori-
nite, Ca2Na[Al2(PO4)2F4(OH)(H2O)2], and various poly-
merised forms occur in many minerals including copiapite,
minyulite, olmsteadite, hureaulite, phosphoferrite, melon-
josephite, and whitmoreite (Hawthorne, 1979).

Rupture of the corner linkage between the octahedra
in M2(TO4)287 gives another of the four stable clusters,
M2(TO4)288, shown in Fig. 1b. The cluster, with a cyclic 4-
member ring, is very flexible due to the possibility of rotation
about the corner linkages between the octahedra and tetra-
hedra. Rotation about the octahedral 4-fold axes in Fig. 1b
changes the shape of the ring from rectangular to flattened
rhomboid, while rotation about the longitudinal and trans-
verse 2-fold axes gives tilting of the tetrahedra relative to the
octahedra and buckling of the tetramer. This flexibility allows
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Figure 1. (a) M2(TO4)287 cluster in morinite. (b) Ideal
M2(TO4)288 cluster with mmm point symmetry. All diagrams
were prepared using ATOMS (Dowty, 2004).

the cluster to adjust readily to different H-bonding schemes
and to interface with a wide range of other structural units.
The M2(TO4)288 cluster is best known in its linear chain
form, where individual clusters join through pairs of corner-
connected tetrahedra to giveM(TO4)2(H2O)2, as in the min-
eral kröhnkite, Na2[Cu2+(SO4)2(H2O)2] (Hawthorne and
Ferguson, 1975). In a series of reviews and updates, Kolitsch,
Fleck, and co-workers have classified dozens of natural and
synthetic compounds containing kröhnkite chains, with com-
positions AnM(TO4)2 · 2H2O, where A=Ag+, Na+, K+,
Rb+, Cs+, Tl+, NH+4 , H+ or Ca2+ (n= 1,2), M =Mg2+,
Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+ or Al3+, Fe3+,
Sc3+, In3+, Tl3+, and T =P5+, As5+ or S6+, Se6+, Cr6+,
Mo6+, W6+ (Fleck et al., 2002; Fleck and Kolitsch, 2003,
Kolitsch and Fleck, 2006). In addition to structures contain-
ing single chains, the authors have also described examples
containing double chains and sheets. Minerals with compo-
sition A2M

2+(TO4)2 · 2H2O, T =P, As and S have recently
been formally approved as belonging to the kröhnkite super-
group, composed of the kröhnkite, talmessite, and fairfieldite
groups (Hawthorne, 2025). The different groups have differ-
ent dispositions of adjacentM(TO4)2(H2O)2 chains and dif-
ferent H bonding between the chains.

2 The M2(TO4)2Φ8 cluster

Somewhat surprisingly, there does not appear to be a pub-
lished example of an unpolymerised M2(TO4)288 cluster
with T =P or As. For T =S, however, there are several min-
erals, with compositions M2+SO4 · 4H2O, M = Co, Zn, Cd,
Mg, Mn, Fe, that have structures containing isolated cyclic
tetramers, interconnected only by H bonding. The minerals
form the rozenite (M =Fe2+) group, the structure of which
was determined by Baur (1962). The monoclinic structure
(P21/n; a = 5.979, b = 13.648, c = 7.977 Å, β = 90.43°) is
illustrated in projection along [100] in Fig. 2.

While the topology of the cluster in rozenite is the same
as that for the ideal cluster with mmm point symmetry shown
in Fig. 1b, the geometry is quite different due to rotations
and tilts of the polyhedra to optimise the cluster packing and

Figure 2. [100] projection of the rozenite crystal structure.

Figure 3. [100] projection of the crystal structure of phospho-
siderite.

intercluster H bonding. The H-bonding scheme for rozenite
has been reported by Meusburger et al. (2023).

Although the isolated cyclic tetramer is not known
in phosphate minerals, the structure of phosphosiderite,
Fe3+(PO4) · 2H2O, is built from cyclic tetramers sharing cor-
ners with eight adjacent clusters (Moore, 1966), as shown in
Fig. 3. The octahedra in each cluster share a corner with the
tetrahedra of four surrounding clusters, and vice versa, re-
sulting in the elimination of 4 H2O per cluster.

If the cyclic tetramers corner-share both an octahedron and
a tetrahedron with adjacent clusters, a 2-octahedra-wide rib-
bon is obtained. This ribbon corresponds to a segment of
the pinwheel structures of 120° intersecting kröhnkite chains
as described by Moore (1973a), illustrated in Fig. 4 for the
phosphate mineral example of brianite, Na2CaMg(PO4)2,
isostructural with merwinite (Moore and Araki, 1972). This
ribbon, or derivatives of it, are found in several primary
pegmatite phosphates, including triphylite–lithiophilite, allu-
audite group minerals, zwieselite–triphylite, and graftonite–
beusite.
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Figure 4. (100) section through the crystal structure of brianite.

In the following sections we review the occurrence of
the polymerised cyclic tetramer (PCT) in the above primary
phosphate minerals. Of these, triphylite–lithiophilite pro-
vides the widest range of hydrothermal and low-temperature
secondary phosphate products. In a companion paper (Part
2) we will report on the continuity of PCTs through the alter-
ation sequences of the triphylite–lithiophilite primary phos-
phates.

3 Extended cyclic tetramers in primary pegmatite
phosphate minerals

3.1 Triphylite and other olivine-derivative structures

Moore (1982) has noted that by far the greatest num-
ber of metasomatic and secondary pegmatite phos-
phates derive from the triphylite, LiFe2+(PO4)–lithiophilite,
LiMn2+(PO4) series of primary minerals. Members of the
solid-solution series have olivine-derived orthorhombic crys-
tal structures, Pbnm, with a ∼ 4.7, b ∼ 10.3, c ∼ 6.0 Å
(Losey et al., 2004). High-temperature hydrothermal leach-
ing of lithium, with oxidation of the divalent cations, converts
triphylite to heterosite, Fe3+PO4, and lithiophilite to purpu-
rite, Mn3+PO4, which retain the same structure and space
group. Lower-temperature alteration products are generally
formed from intermediate compositions (ferrisicklerite) that
have a mixture of di- and trivalent cations and retain some
lithium. The primary mineral sarcopside, Fe2+

3 (PO4)2, has
a small monoclinic distortion of the triphylite structure
(Moore, 1972). It is related to triphylite by the cation ex-
change reaction Fe2+

+�↔ 2Li+ and results in an alterna-
tion of Fe and vacancies at the octahedral sites occupied by Li
in triphylite. Sarcopside is often found as an exsolution phase
in lamella intergrowth with triphylite (Hatert et al., 2007).

A polyhedral representation of a (100) layer of the tri-
phylite/heterosite/sarcopside structure is shown in Fig. 5.
Cyclic tetramers are linked into ribbons along [001]. Each
Fe-centred octahedron forms tetramers on cis pairs of edges,

Figure 5. (100) layer of the triphylite–heterosite-sarcopside struc-
ture. The brown circles correspond to octahedral sites occupied by
Li in triphylite, vacancies in heterosite and alternating Fe2+ and
vacancies in sarcopside.

in contrast to kröhnkite chains, where the tetramers link
through trans edges to form linear chains. In each tetramer,
the tetrahedra are rotated by 90° about their tetramer edge
relative to the ideal tetramer shown in Fig. 1b. This is a con-
straint imposed by theM and T atoms in triphylite occupying
sites in a hexagonal close-packed anion lattice.

3.2 The alluaudite supergroup minerals

The alluaudite supergroup minerals have the simpli-
fied structural formula A(2)′A(1)M(1)M(2)2(TO4)3, where
A(2)′=Na, K, �; A(1) = Na, Mn, Ca; M(1) = Mn2+,
Fe2+; M(2) = Fe2+, Fe3+, Mn, Mg, Li; and T =P, As,
and monoclinic symmetry, C2/c or P 21/n, with a ∼ 12,
b ∼ 12.5, and c ∼ 6.5 Å, β ∼ 115° (Hatert, 2019). Opin-
ion is divided over whether alluaudites are primary miner-
als or are formed as Na–Li metasomatic alteration products
of triphylite–heterosite. Moore (1971) reported alluaudites
as fine-grained replacement products from triphylite, lithio-
philite, and heterosite at numerous different pegmatite loca-
tions, and his observations were supported by other studies,
e.g. Huvelin et al. (1972), Roda et al. (1996), and Franso-
let et al. (1985). On the other hand, studies by Fransolet et
al. (1998, 2004) support the formation of alluaudites as pri-
mary minerals, and Hatert et al. (2014) have prepared single-
phase alluaudites by hydrothermal synthesis and established
their stability field. Alluaudite supergroup minerals undergo
high-temperature coupled oxidation/alkali leaching reactions
analogous to those in triphylite–heterosite, with Fe3+

+�↔
Fe2+
+ Na, and the iron oxidation occurs at theM2 site. This

has been taken into account in a new nomenclature scheme
for the alluaudite supergroup where, for example, the end-
member formula for alluaudite is �NaMnFe3+

2 (PO4)3, and
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Figure 6. (a) (100) layer ofM(2)-centred octahedra and PO4 tetra-
hedra in alluaudite structure. (b) Cleaving of octahedral edge shar-
ing to illustrate that the layer is composed of 2-octahedra-wide poly-
merised cyclic tetramers. Orientations of tetrahedra shown by+ and
−.

hagendorfite has a valency-imposed double-site occupancy
at M2, giving Na2Mn(Fe2+Fe3+)(PO4)3 (Hatert, 2019).

The crystal structure of alluaudites is usually described
in terms of [10-1] kinked chains of edge-shared M(1)- and
M(2)-centred octahedra that are interconnected into (010)
layers via corner sharing with PO4 tetrahedra. The stack-
ing of the layers along [010] results in large channels along
[001] that are occupied by the A(1) and A(2)′ cations. Moore
(1971) noted that “the alluaudite structure type is not even
remotely related to that of triphylite”. If, however, the sub-
structures associated with the sites M(1) and M(2) are sep-
arately considered, then a relationship to the triphylite struc-
ture emerges.

Figure 6a shows the M(2)-octahedral substructure. Pairs
of octahedra share an edge and the dimers corner-link with
PO4 tetrahedra to form layers parallel to (100). The arrange-
ment can be described as being built from 2-octahedra-wide
polyhedral ribbons along [001] that are fused into (100) lay-
ers by octahedral edge sharing. The ribbons are shown in
Fig. 6b. They have the same topology as the [001] ribbons
in triphylite/heterosite shown in Fig. 5. The alluaudite ribbon
is a geometrical isomer of the triphylite ribbon where the cis
pairs of octahedral edges involved in the tetrameric rings lie
in an equatorial plane of the octahedron for alluaudite but in
an octahedral face for triphylite. To go from one to the other
involves bond breaking and a rotation of the octahedra by
∼ 45°. This results in an expansion of the chain periodicity
from c ∼ 6.0 Å in triphylite type to c ∼ 6.5 Å in alluaudite
type.

The M(1) octahedral substructure is shown in projection
approximately along [001] in Fig. 7. It comprises kröhnkite-
type linear chains along [101], with no connection between
adjacent chains. The (10-1) planes of kröhnkite-type chains
are almost orthogonal (82°) to the (100) planes containing

Figure 7. Projection along approximately [001] of the M(1) octa-
hedral substructure in alluaudite, showing (10-1) planes of corner-
connected M(1)-centred octahedra and PO4 tetrahedra. Brown cir-
cles are Na atoms.

Figure 8. [001] projection of the alluaudite-type structure.

the M(2) octahedral dimers as shown in the [001] projec-
tion of the complete structure in Fig. 8. At the intersections
of the chains with the (100) layers, the M(1)-centred and
M(2)-centred octahedra both share corners with common
PO4 tetrahedra to form intersecting cyclic tetramers.

3.3 Zwieselite–triplite minerals

Solid-solution members between zwieselite, Fe2+
2 (PO4)2F,

and triplite, Mn2+
2 (PO4)F, occur as late-stage primary phases

in numerous granitic pegmatites (Vignola et al., 2014),
as well as metasomatic products (Heinrich, 1951; Moore,
1973b, Lottermoser and Lu, 1997)). The solid solutions also
incorporate Mg and Ca substitution for the divalent cations
and OH substitution for F. The minerals have monoclinic
symmetry, I2/a, with a ∼ 12.0, b ∼ 10.0, c ∼ 6.5 Å, and
γ ∼ 107°. The structure is built from mutually orthogo-
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Figure 9. [100] projection of the M2 substructure in the zwieselite
structure. A 2-octahedra-wide PCT ribbon is separated in the upper
part of the diagram. Orientations of tetrahedra shown by the sym-
bols + and −. The dark-blue circles correspond to F.

nal [001] chains of edge-shared M1-centred octahedra and
[100] zig-zag chains of edge-shared M2-centred octahedra.
The octahedral chains are interconnected into 3D frame-
works via corner sharing with PO4 tetrahedra. Where the
two types of interpenetrating octahedral chains intersect,
pairs ofM1-centred andM2-centred octahedra form approx-
imately tetrahedral clusters by edge sharing. The clusters link
into columns along [010] by further octahedral edge shar-
ing, resulting in a dense structure. The density of zwieselite,
4.09 g cm−3, is higher than the other primary phosphate min-
erals considered here, with densities in the range 3.63 to
3.79 g cm−3 (Table 1).

As in the case of alluaudite, it is instructive to analyse the
two metal atom substructures separately. TheM2-centred oc-
tahedra and associated tetrahedra are viewed in projection
along [100] in Fig. 9, and the corresponding M1-centred oc-
tahedra and connecting PO4 tetrahedra are shown in projec-
tion along [001] in Fig. 10. The M2 substructure comprises
2-octahedra-wide PCT ribbons along [001], topologically the
same as the [001] ribbons of M(2)-centred octahedra in allu-
audite (Fig. 6). The chain periodicity along [001] of 6.5 Å
is the same as that for alluaudite. The M2-based [001] rib-
bons in zwieselite are interconnected along [010] by edge
sharing of the octahera, again, analogous to theM(2) octahe-
dral substructure in alluaudite. The shorter b axis of 10 Å in
zwieselite relative to 12.5 Å in alluaudite is because the for-
mer has corner connection of cis anions on octahedral edges
with PO4 tetrahedra along [010], whereas the latter has cor-
ner connection of trans-axial anions of the octahedra with
PO4 tetrahedra.

Figure 10. [001] projection of theM1 substructure in zwieselite. A
2-octahedra-wide PCT ribbon along[100] is separated in the upper
part of the diagram. Orientations of tetrahedra shown by the sym-
bols + and −. The dark-blue circles correspond to F.

The M1 substructure in zwieselite is also built from PCT
ribbons, in this case oriented along [100] as shown in Fig. 10.
Although topologically the same as the M2 substructure rib-
bons, the orientation of the tetrahedra results in a doubling of
the chain periodicity to 2× 6.0 = 12.0 Å. The shorter half-
periodicity value of 6.0 Å, compared to theM2-based ribbon
periodicity of 6.5 Å, is due to strong tilting of the polyhedra
about [010] so that the alternating PO4 and M1O4F2 poly-
hedra form crankshaft chains along [100] compared to linear
chains for PO4 and M2O4F2. In the M1 substructure, suc-
cessive ribbons interconnect along [010] by edge sharing of
the octahedra, as shown in Fig. 10. The M1O4F2 polyhe-
dra shown in Fig. 10 are highly distorted with five bonds in
the range 2.04 to 2.14 Å and the sixth distance, to a F, much
longer at 2.63 Å. The M2 polyhedron is similar in having
five bonds at 2.04 to 2.14 Å and a sixth bond, to F, at 2.44 Å
(Yakubovich et al., 1978). Both polyhedra are more reason-
ably described as having 5+ 1 coordination.

3.4 Graftonite–beusite primary minerals

Graftonite, ideally Fe2+
3 (PO4)2, and beusite, ideally

Mn2+
3 (PO4)2, are end-members of a solid-solution series

that also incorporates significant Mg and Ca. The members
have monoclinic symmetry, P 21/c, with a ∼ 8.8, b ∼ 11.5,
c ∼ 6.15 Å, β ∼ 99.2° (Tait et al., 2013). The structural
formula is M1M2M3(PO4)2, where M1 is 7-coordinated,
with M1–O bonds in the range 2.2 to 2.8 Å, and M2, M3
are 5-coordinated (Calvo, 1968; Tait et al., 2013). Ca and
Mn are preferentially ordered at M1, up to essentially full
occupancy by Ca (Wise et al., 1990). M2 =Mn, Mg, Fe and
M3=Mn, Fe (Tait et al., 2013). The crystal structure is gen-
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Table 1. Crystal chemistry of iron-rich members of the triphylite, alluaudite, zwieselite, and graftonite group primary minerals.

Triphylite (ref 1)∗ Alluaudite (2) Zwieselite (3) Graftonite (4)

Formula Li(Fe0.89Mn0.11)(PO4) (Na1.64Ca0.13Mn1.29Fe2+
1.29

Fe3+
0.57Mg0.04)(PO4)3

Fe2(PO4)F (Fe1.65Mn0.61Ca0.58Mg0.15)
(PO4)2

Space group Pbnm C2/c I112/a P21/c

a

b

c

β or γ

4.6904
10.2855(9)
5.9871(4)

11.9721(9)
12.5899(8)
6.5029(5)
114.841(8)

11.999(3)
9.890(3)
6.489(1)
107.72(2)

8.7994(4)
11.5702(5)
6.1365(4)
99.320(4)

Density (g cm−3) 3.63 3.75 4.09 3.69

M–PO4 polymerised
cyclic tetramer (PCT)
substructures

[001] 2-octahedra-wide
PCT ribbons in (100)
planes at x = 0, 1/2

M1 kröhnkite chains along
[101].
M2 [001] PCT ribbons in
(100) plane at x = 1/4, 3/4

M1 [100] PCT ribbons
in (001) plane
M2 [001] PCT ribbons
in (100) plane at x = 0,
1/2

M1 [001] PCT ribbons in (100)
plane at x = 0
M2 [001] PCT ribbons in (010)
plane at y = 0, 1/2
M3 edge-shared cyclic
tetramers forming (100) layers
at x = 1/2

Linkage of PCT
ribbons

Via edge sharing with
Li-centred octahedra

Via edge sharing of M2
octahedra along [010]

Via edge sharing of
M1 octahedra in [001]
chains
Edge sharing of M2
octahedra along [010]

Via edge sharing of M1
polyhedra along [010]
Via pairs of PO4 forming
cyclic tetramers along [100]

Orientation of
tetrahedra in PCT
ribbons

+−+− M2 ++++ and − − −−
in successive ribbons along
[010]

M1 ++− −++−−
M2 +−+−

M1 ++++ and − − −− in
successive ribbons along [010]
M2 +−+−

∗ (1) Losey et al. (2004); (2) Redhammer et al. (2005); (3) Yakubovich et al. (1978); (4) Tait et al. (2013).

erally described as a dense 3D framework of polyhedra with
extensive edge and corner sharing between PO4 tetrahedra
and the divalent metal-centred polyhedra. As for alluaudite
and zwieselite, we consider the substructures associated with
the different metal atoms.

The M1 substructure with associated PO4 tetrahedra is in
the form of (100) layers at x = 0, 1. A view normal to the
layer is shown in Fig. 11. In this diagram theM1 polyhedron
is shown as a distorted octahedron, by considering the six
shortestM1–O bonds, in the range 2.2 to 2.5 Å. 2-octahedra-
wide PCT ribbons are oriented along [001] and are intercon-
nected along [010] by edge sharing of the M1-centred poly-
hedra.

TheM2 substructure forms heteropolyhedral (010) planes
at y = 0 and 1/2. A representation of the layer at y = 0 is
shown in Fig. 12. As for the M1 substructure, it comprises
2-octahedra-wide PCT ribbons along [001]. The ribbons are
interconnected along [100] via pairs of PO4 tetrahedra that
link into cyclic tetramers by corner sharing with the octa-
hedra in adjacent [001] ribbons. A comparison of the [001]
ribbons in Fig. 9 (M2 in zwieselite) with those for graftonite
in Fig. 12 shows that they have identical topologies as well
as the same geometry of tetrahedral orientations.

TheM3 substructure forms heteropolyhedral (100) layers,
located halfway between the M1 substructure layers. The

Figure 11. [100] view of the M1 substructure in graftonite. A
2-octahedra-wide PCT ribbon along [001] is separated above the
structure. Orientations of tetrahedra shown by the symbols + and
−.
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Figure 12. [010] view of the M2 substructure in graftonite. A
2-octahedra-wide PCT ribbon along [001] is separated above the
structure. Orientations of tetrahedra shown by the symbols + and
−.

Figure 13. [100] view of the M3 substructure layer in graftonite at
x = 1/2. One cyclic tetramer is outlined with the red ellipse.

M3 layer at x = 1/2 is shown in Fig. 13. The M3-centred
polyhedra share edges to form chains along [001]. The chains
are interconnected along [010] by pairs of PO4 tetrahedra
that form cyclic tetramers with the M3O5 polyhedra. Each
cyclic tetramer is connected to four other clusters by edge
sharing of the polyhedra.

4 Discussion

The four mineral groups chosen for study, triphylite, alluau-
dite, zwieselite, and graftonite, are amongst the most abun-
dant primary Fe–Mn phosphate minerals in granitic peg-
matites. The crystal chemistry of each of the four groups has
been discussed in detail by Losey et al. (2004) (triphylite–
lithiophilite), Moore (1971), Hatert (2008, 2019), Tait et
al. (2021) (alluaudites), Heinrich (1951), Roda-Robles et
al. (2014), Vignola et al. (2014) (zwieselite–triplite), Tait et
al. (2013), and Hawthorne and Pieczka (2018) (graftonite–
beusite).

The focus in this study of considering the connectivity
between the metal atom polyhedra and the PO4 tetrahedra
for the individual metal atom sublattices has resulted in the
identification of structural motifs that are common to the
four primary mineral groups studied. The crystal chemistry
comparisons of the four mineral groups from this perspec-
tive are summarised in Table 1. All four structure types con-
tain 2-polyhedra-wide ribbons formed from corner linking
of M2(PO4)288 cyclic tetramers. The PCT ribbons in the
four structure types all have the same topology, whereby each
polyhedron participates in two cyclic tetramers, involving cis
pairs of octahedral edges in forming the rings. Each poly-
hedron shares corners with three PO4 tetrahedra, and each
tetrahedron in turn shares three corners with polyhedra in the
ribbon, thus retaining the M /P atomic ratio of 1 as in the
isolated cluster.

Several different geometrical isomers of the ribbon topol-
ogy have been identified. These are mainly due to different
orientations of the tetrahedra in the ribbons, labelled + and
– in the figures, depending on the location of the apical an-
ion of the tetrahedra, pointing up or down relative to the rib-
bon plane. The M2 ribbons in zwieselite and graftonite have
the same tetrahedral orientation sequence +−+− as in tri-
phylite, whereas the M2 ribbons in alluaudite and the M1
ribbons in graftonite have all tetrahedra in the ribbons ori-
ented the same way. The M1 ribbon in zwieselite has the
sequence ++−−++−−, with a corresponding doubling
of the ribbon periodicity to 12 Å. Different geometrical iso-
mers of the ribbon topology also result from different cis
pairs of polyhedral edges involved in the ribbon formation,
with the pairs of edges belonging to an octahedral face in tri-
phylite and for M1 in graftonite (O–O–O angle ∼ 60°) but
to an equatorial plane of the octahedron in alluaudite and
zwieselite and for M2 in graftonite (O–O–O angle ∼ 90°).

The M2 PCT ribbons in alluaudite and in zwieselite and
the M1 PCT ribbons in graftonite are all interconnected via
edge sharing of the polyhedra along [010], giving the same
topology of the (100) layers, which thus have related b and
c cell parameters. The shorter c parameter for graftonite of
6.1 Å compared to 6.5 Å for the other two is due to the dif-
ferent cis pairs of polyhedral edges involved in the ribbon
formation as described above. The relatively large difference
in b for zwieselite, 9.9 Å compared with 11.6 and 12.6 Å for
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Figure 14. Heteropolyhedral corner linkages along [010] in
(a) zwieselite, M2 polyhedra; (b) graftonite, M1 polyhedra; and
(c) alluaudite, M2 polyhedra.

Figure 15. (010) heteropolyhedral layer at y = 1/4 in the
arrojadite-type structure. The red lines delineate a [101] 2-
octahedra-wide PCT ribbon.

the other two minerals, is due to the different modes of link-
age of adjacent ribbons. The tetrahedra in adjacent ribbons
connect via trans anions of theM polyhedra in alluaudite and
graftonite but via cis anions (polyhedral edge) in zwieselite.
This is illustrated in Fig. 14. The 1 Å difference in b between
alluaudite and graftonite is due to different degrees of buck-
ling of the heteropolyhedral linkages as shown in Fig. 14.

Although the study was restricted to the four primary min-
eral structure types, the same polymerised tetrameric clusters
are also present in related primary phosphate minerals; for
example the structures of the triploidite–wolfite series miner-
als (Waldrop, 1970) have the same clusters as the zwieselite–
triplite series described here, and the wyllieite group of pri-

mary minerals (Moore and Molin-Case, 1974) has the same
clusters as in alluaudites.

A preliminary examination has been made
of the large, complex structure adopted by the
arrojadite–dickinsonite group of primary minerals,
A2B2CaNa2+xM13Al(PO4)11(PO3OH1−x)[F,(OH)]2 (Kru-
tik et al., 1979; Tomes et al., 2018; de Wit and Mills,
2022). They have monoclinic symmetry, Cc, with a ∼ 16.5,
b ∼ 10.0, c ∼ 24.5 Å, and β ∼ 106°. A plot of the (010)
heteropolyhedral layer at y = 1/4 in Fig. 15 shows PCT
ribbons along [101]. Adjacent ribbons are interconnected by
both corner and edge sharing of the M-centred octahedra.
Further studies of structures of the granitic pegmatite
primary and high-temperature hydrothermally derived
phosphate minerals using the focus of PCT cluster formation
could be fruitful.
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