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ABSTRACT

The crystal structures of brandtite [Ca2(Mn,Mg)(AsO4)2(H2O)2, monoclinic, a 5.877(1), b 12.957(2), c 5.675(1) Å, � 
108.00(3)°, V 411.0 Å3, space group P21/c, Z = 2], collinsite [Ca2(Mg,Fe)(PO4)2(H2O)2, triclinic, a 5.729(1), b 6.778(1), c 5.444(1) 
Å, � 97.31(3), � 108.63(3), � 107.25(3)°, V 189.8 Å3, space group P1̄, Z = 1] and fairfi eldite [Ca2 (Mn,Mg)(PO4)2(H2O)2, triclinic, 
a 5.795(1), b 6.576(1), c 5.495(1) Å, � 102.39(3), � 108.63(3), � 90.29(3)°, V 194.0 Å3, space group P1̄, Z = 1] have been refi ned 
to R indices of 2.6, 1.5 and 1.7%, respectively, based on 1200, 1089 and 1137 unique [|Fo| > 5�F] refl ections measured with an 
automated four-circle single-crystal X-ray diffractometer equipped with a serial detector and a MoK� X-ray source. The brandtite, 
collinsite and fairfi eldite structures are based on infi nite [M(TO4)2(H2O)2] chains parallel to the c axis and with a repeat distance 
of ~5.55 Å. Interstitial Ca occurs between the chains. Although brandtite, collinsite and fairfi eldite are chemically quite similar, 
differences in their hydrogen-bonding arrangements result in signifi cant structural differences. The three distinct structure-types 
are compared, with particular emphasis on the hydrogen-bonding arrangement in each structure. Several other structural arrange-
ments are examined, based on different arrangements of hydrogen bonds involving the structural unit [M 2+(T 5+O4)2(H2O)2].

Keywords: brandtite, collinsite, fairfi eldite, kröhnkite, crystal structure, hydrogen bonding.

SOMMAIRE

Nous avons affi né la structure cristalline de la brandtite [Ca2(Mn,Mg)(AsO4)2(H2O)2, monoclinique, a 5.877(1), b 12.957(2), 
c 5.675(1) Å, � 108.00(3)°, V 411.0 Å3, groupe d’espace P21/c, Z = 2], la collinsite [Ca2(Mg,Fe)(PO4)2(H2O)2, triclinique, a 
5.729(1), b 6.778(1), c 5.444(1) Å, � 97.31(3), � 108.63(3), � 107.25(3)°, V 189.8 Å3, groupe d’espace P1̄, Z = 1] et la fairfi eldite 
[Ca2 (Mn,Mg)(PO4)2(H2O)2, triclinique, a 5.795(1), b 6.576(1), c 5.495(1) Å, � 102.39(3), � 108.63(3), � 90.29(3)°, V 194.0 
Å3, groupe spatial P1̄, Z = 1] jusqu’à un résidu R de 2.6, 1.5 et 1.7%, respectivement, en utilisant 1200, 1089 et 1137 réfl exions 
uniques [|Fo| > 5�F] mesurées avec un diffractomètre à quatre cercles automatisé muni d’un détecteur en série et avec un 
rayonnement MoK�. Ces structures sont fondées sur des chaînes infi nies [M(TO4)2(H2O)2] parallèles à l’axe c, avec une période 
d’environ 5.55 Å. Les atomes interstitiels de Ca se situent entre les chaînes. Quoique la brandtite, la collinsite et la fairfi eldite 
se ressemblent du point de vue chimique, les différences dans les agencements de leurs liaisons hydrogène sont la cause de 
différences structurales importantes. Les trois variantes distinctes du point de vue structural sont comparées, avec une attention 
particulière à l’agencement des liaisons hydrogène dans chaque structure. Plusieurs autres variantes structurales dépendent de 
différents agencements des liaisons hydrogène impliquant le module structural [M 2+(T 5+O4)2(H2O)2].

 (Traduit par la Rédaction)

Mots-clés: brandtite, collinsite, fairfi eldite, kröhnkite, structure cristalline, liaisons hydrogène.
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INTRODUCTION

Minerals with the general formula X2 M(TO4)2(H2O)2 
are numerous and occur widely as minor or trace 
constituents in environments affected by hydrothermal 
alteration. They show a wide variety of octahedrally 
and tetrahedrally coordinated cations (M = Mg, Fe2+, 
Mn2+, Co2+, Ni, Cu2+; T = P, As5+, S6+), and yet the 

interstitial X cation is almost always Ca, the one excep-
tion being kröhnkite, Na2Cu2+(SO4)2(H2O)2, in which 
the interstitial cation is monovalent in order to maintain 
electroneutrality. Minerals of this general composi-
tion show three distinct structure-types (Table 1): the 
monoclinic kröhnkite group and the triclinic talmes-
site and fairfi eldite groups. The crystal structure of 
kröhnkite was solved by Dahlman (1951) and refi ned 
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by Hawthorne & Ferguson (1977). The crystal structure 
of collinsite was solved by Brotherton et al. (1974), and 
the structure of the isostructural talmessite was refi ned 
by Catti et al. (1977), who showed that the three distinct 
structure-types can be distinguished on the basis of cell 
parameters alone. The crystal structure of fairfi eldite 
was solved by Fanfani et al. (1970). In addition, the 
structures of several other minerals of this type have 
since been refi ned (Table 1). Recently, there has been 
extensive work on the synthesis and structural char-
acterization of synthetic analogues of these minerals, 
together with many other synthetic phases containing 
the [M(TO4)2(H2O)2] chain (Fleck et al. 2002a,b, 2003, 
Kolitsch & Fleck 2005) (Table 1). In particular, Fleck et 
al. (2002b) introduced a classifi cation of these structures 
based on the space-group symmetry and geometrical 
relations between the chains and between the layers of 
chains and their interstitial cations.

There has been much work in the last twenty years 
on developing structural hierarchies or classifi cations of 
oxysalt minerals (Hawthorne 1984, 1985, 1986, 1990, 
1992, 1994, 1997, Sabelli & Trosti-Ferroni 1985, Liebau 
1985, Hawthorne et al. 1996, 2000, Hawthorne & 
Huminicki 2002, Huminicki & Hawthorne 2002, Burns 
1999, Burns et al. 1996), focusing on the bond topology 
of the more strongly bonded cations (Hawthorne 1983). 
With much of this work now in place, it is important to 
focus on the bond topology of the interstitial species. It 
is these bonds that control the stability of minerals, as 
these weak bonds are more easily broken with changing 
conditions than the stronger bonds of the structural unit. 
As far as we are aware, these types of interactions have 
not been examined in terms of (1) the topology of the 
overall bond-arrangements, and (2) the geometry of 
the local interactions. Here, we examine this issue with 

regard to the structures of the minerals of the brandtite, 
collinsite and fairfi eldite groups.

EXPERIMENTAL

Provenance of the samples

The crystals used in this work come from the 
following sources: brandtite: Harstig mine, Harstigen, 
Sweden; collinsite: Rapid Creek, Yukon Territory, 
Canada; fairfi eldite: Foote mine, North Carolina, U.S.A. 
Crystal sizes are given in Table 2. Each crystal was 
mounted with epoxy on a thin tapered glass fi ber and 
mounted on a standard goniometer head.
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Collection of X-ray intensity data

The unit-cell dimensions were determined using a 
Bruker P4 automated four-circle single-crystal X-ray 
diffractometer equipped with a serial detector and a 
MoK� X-ray source. The SHELXTL PC software 
was used for data reduction and least-squares refi ne-
ment. For brandtite, 25 refl ections between 10 and 30° 
2� were centered, and a constrained monoclinic cell 
was determined from the setting angles and refi ned 
using least squares. For collinsite and fairfi eldite, 25 
refl ections between 10 and 30° 2� were centered and 
a triclinic cell was determined and refi ned in the same 
manner. Miscellaneous information on collection and 
refi nement of the data is listed in Table 2. We measured 
single-crystal intensity data from 4 to 60° 2� with a scan 
range of 1.2° and scan speeds from 2.0 to 29°/min. Psi-
scan data were measured on 20 refl ections out to 60° 
2� at 5° increments for absorption corrections, and we 
modeled each crystal as a triaxial ellipsoid. Intensities 
were subsequently corrected for Lorentz, polarization 
and background effects.

Electron-microprobe analysis

The crystals used for X-ray data collection were 
mounted in epoxy on 2.5-cm-diameter Perspex discs, 
ground, polished, carbon-coated and analyzed with a 
Cameca SX–100 electron microprobe operating under 
the following conditions in wavelength-dispersion 
mode: excitation voltage: 15 kV, specimen current: 
20 nA, beam size: 5 �m, peak count-time: 20 s, back-
ground count-time: 10 s. We used the following stan-
dards and crystals for K� X-ray lines: Mg: forsterite; 
Fe: fayalite; Mn: spessartine; Co: CoNb2O6; Ni: NiSi; 
Zn: gahnite; P: apatite; As: cobaltite; S: chalcopyrite, 

Ca: diopside. Five points on each crystal were analyzed. 
Back-scattered-electron images of each crystal show no 
sign of compositional zoning. The chemical formulae 
were calculated on the basis of ten anions with (OH) = 
4 apfu (atoms per formula unit). Chemical compositions 
and unit formulae are given in Table 3.

CRYSTAL-STRUCTURE REFINEMENT

All calculations were done with the SHELTXL PC 
Plus software package. Crystal-structure refi nements of 
brandtite, collinsite and fairfi eldite were initiated with 
the atom coordinates of roselite (Hawthorne & Ferguson 
1977), collinsite (Brotherton et al. 1974) and fairfi eldite 
(Fanfani et al. 1970), respectively. We located the H 
positions using difference-Fourier maps, and imposed a 
restraint on the refi nements such that the O–H distance 
should be close to 0.98 Å by adding extra weighted 
observational equations to the least-squares matrix. 
This procedure results in more realistic geometry for 
the hydrogen bonds. Refi nement converged to R-indices 
of 2.6, 1.5 and 1.7%, respectively. Final positional and 
displacement parameters are given in Table 4, selected 
interatomic distances are listed in Table 5, refi ned site-
scattering values (Hawthorne et al. 1995) are given 
in Table 6, details of the hydrogen bonds are listed 
in Table 7, and bond valences are given in Table 8. 
Observed and calculated structure-factors may be 
obtained from The Depository of Unpublished Data, 
CISTI, National Research Council, Ottawa, Ontario 
K1A 0S2, Canada.

DESCRIPTION OF THE STRUCTURES

The T-site atoms are normally As5+ and P, and are 
surrounded by a regular tetrahedral arrangement of O 
atoms. The M-site atoms are normally divalent and 
are surrounded by an octahedral arrangement of four 
O atoms and two (H2O) groups. The X-site atoms are 
commonly Ca and are surrounded by an irregular [8]-
coordinated polyhedral arrangement of seven O atoms 
and one (H2O) group. All three structure-types are 
based on infi nite [M(TO4)2(H2O)2] chains that extend 
in the c direction with a repeat distance of ~5.55 Å. 
These chains are linked into continuous structures by 
interstitial Ca atoms and by hydrogen bonds involving 
the (H2O) groups (Fig. 1), and it is these linkages on 
which we will focus here. For direct comparison, the 
atoms in each structure have been relabeled such that 
they are topologically equivalent (Fig. 2).

The three structures seem very similar (Fig. 1). 
However, signifi cant differences are apparent in the 
linkage of the (Ca�8) polyhedra. In all three struc-
tures, the (Ca�8) polyhedra form edge-sharing dimers; 
however, the different linkages between these dimers 
give rise to three distinctly different sheets of polyhedra 
(Fig. 3). In brandtite (Fig. 3a), dimers share edges with 
other dimers along the c direction to form zig-zag 
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chains that link in the b direction by sharing polyhedron 
corners. The resultant sheet is parallel to (100), and each 
polyhedron shares two edges and two vertices with the 
four adjacent polyhedra. In collinsite (Fig. 3b), dimers 
share edges with other dimers along the [011] and [011̄] 
directions to form a sheet in which all linkages involve 
sharing of polyhedron edges. This sheet is parallel to 
(11̄0), and each polyhedron shares three edges with the 
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three adjacent polyhedra. In fairfi eldite (Fig. 3c), dimers 
share edges with other dimers along the c direction to 
form zig-zag chains, and the polyhedra of these chains 
share edges with the polyhedra of chains adjacent in the 
b direction, again forming a sheet in which all linkages 
occur through polyhedron edges. The resultant sheet 
is parallel to (100), and each polyhedron shares three 
edges with the three adjacent polyhedra.

INTERSTITIAL LINKAGE

The interstitial interactions are particularly inter-
esting in these groups of minerals, as the structural units 
are topologically identical in all three groups. There are 
three distinct factors involved in the interstitial linkage 
of the chains: (1) the attitude and offset of the adjacent 
chains, (2) the coordination of Ca by anions of adjacent 
chains, and (3) the arrangement of hydrogen bonds. As 
noted above, the differences in these three aspects of 
these structures are of considerable interest, not least 
because of the topological identity of the structural units 
in all three groups.

Attitude of adjacent chains

In brandtite, the upper faces of the octahedra of 
adjacent chains [when the structures are viewed perpen-
dicular to (011)] point in alternate directions (see red 
arrows, Fig. 1a), whereas in collinsite and fairfi eldite, 
the corresponding faces of octahedra of adjacent chains 
point in the same direction (Figs. 1b, c). In brandtite, the 
chains adjacent in the b direction are tilted in opposite 
directions, imparting a wave-like modulation to the 
sheet of (Ca�8) polyhedra (Fig. 1d). In collinsite, the 
chains adjacent in the b direction are tilted in the same 
direction; when combined with the relative displace-
ment of adjacent chains (Fig. 1e), this results in the 
sheet of (Ca�8) polyhedra being parallel to (101̄). In 
fairfi eldite, the chains adjacent in the b direction are 

tilted in the same direction which, when combined 
with the absence of a relative displacement of adjacent 
chains (Fig. 1f), results in a modulated sheet of (Ca�8) 
polyhedra parallel to (100).

Interchain linkage by interstitial Ca

The linkage of adjacent chains in all three structure 
types is shown in Figure 4, where adjacent chains 
are labeled (i) through (iv). Inspection shows that in 
brandtite (Fig. 4a), Ca (highlighted by the circle) links 
chains (i), (ii) and (iii), whereas in collinsite (Fig. 
4b) and fairfi eldite (Fig. 4c), Ca links chains (ii), (iii) 
and (iv). This difference in the linkage of adjacent 
chains is a result of the difference in attitude of the 
chains in the b direction in these structures (Fig. 1). In 
brandtite, the octahedron faces of adjacent chains point 
in opposing directions (Fig. 1a). This has the effect of 
tilting the tetrahedra of adjacent chains in opposing 
directions relative to the octahedra to which they are 
linked (Fig. 4a), and the tetrahedra of chain (i) are 
within bonding range of the Ca under consideration. In 
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collinsite and fairfi eldite, the chains point in the same 
directions (Figs. 1e, 1f). This has the effect of tilting the 
tetrahedra of adjacent chains in the same direction rela-
tive to the octahedra to which they are linked (Figs. 4b, 
4c), and the tetrahedra of chain (iv) are within bonding 
range of the Ca under consideration.

So what is the difference in the interchain linkage 
by Ca in collinsite and fairfi eldite? Close inspection of 
Figures 4b and 4c shows that the linkage between Ca 
and chain (iii) is the same in both structures [Ca bonds 
to O(1)a, O(2)a, O(3)a and OW, see extracted view of 

the (Ca�8) polyhedra (�: unspecifi ed anion) for each 
structure, Fig. 4]. Furthermore, the linkage between Ca 
and chain (ii) is the same in both structures: Ca bonds 
to O(1)b, O(2)b and O(4)b (Figs. 4b, 4c). So seven of 
the eight Ca–� bonds are the same in collinsite and fair-
fi eldite. The difference between the interchain linkage 
by Ca in these two structures involves their linkage to 
chain (iv). In collinsite, Ca links to O(3)c in chain (iv) 
(Fig. 4b), whereas in fairfi eldite, Ca links to O(4)c in 
chain (iv) (Fig. 4c). The reason for this difference is 
also apparent in Figure 4. In both structures, the inter-

FIG. 2. The new atom-labeling schemes in (a) brandtite, (b) collinsite, and (c) fairfi eldite. Legend as in Figure 1, oxygen atoms 
are shown as large red circles.

FIG. 3. The layers formed by Ca polyhedra in (a) brandtite, (b) collinsite, and (c) fairfi eldite; the layers are parallel to (010), 
(1̄10) and (010), respectively.
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stitial Ca links to the same tetrahedron (Figs. 4b, c). 
However, in collinsite, chain (iii) is further along the a 
direction than it is in fairfi eldite; this has the effect of 
switching the linkage from one end of the tetrahedron 
in fairfi eldite to the other end of the tetrahedron in 
collinsite.

Interstitial hydrogen-bond arrangements

The stereochemical details of the hydrogen-bonding 
network in each structure type are given in Table 7. 
Inspection of Figures 1a, b and c shows that in all 
three structure-types, the [M(TO4)2(H2O)2] chains are 
repeated by the a translation to form layers of discon-

nected chains parallel to (100). Inspection of these 
layers (Figs. 5a, b, c) shows that the arrangement of 
hydrogen bonds is the same within these layers in each 
structure-type: the H(1) atom hydrogen-bonds to the 
O(4) anion, and the arrangement is the same in each 
case. This observation indicates that the structural 
differences among the minerals of these three groups 
must arise from differences in hydrogen-bond arrange-
ments between these layers.

The hydrogen bonds involved in linkage between 
layers can be seen in Figures 1d, e, f. Inspection of 
Figures 1e, f indicate that (1) in the layers adjacent in 
the [010] direction, the constituent octahedra “point” 
in the same direction, and (2) the interlayer hydrogen 

FIG. 4. The crystal structures of (a) brandtite, (b) collinsite, and (c) fairfi eldite, projected 
onto (001), showing the coordination of Ca by anions of different chains. Legend as in 
Figures 1 and 2. The chains are labeled (i) to (iv), and the anions are labeled accord-
ingly.
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bond links to different anions of the tetrahedron in the 
adjacent layer (Figs. 1e, f). In the projection of Figures 
1e, f, there are no other hydrogen-bond arrangements 
possible. Inspection of Figure 1d indicates that (1) 
the layers adjacent in the [010] direction “point” in 
opposite directions, and (2) the interlayer hydrogen 
bond links to the upper anion of the tetrahedron in the 
adjacent layer.

OTHER POSSIBLE HYDROGEN-BONDING 
ARRANGEMENTS

Inspection of Figure 1 and Table 7 indicates that the 
acceptor anions for the hydrogen-bond arrangements 
are invariably the O(3) or O(4) anions of the (TO4) 
tetrahedron. In terms of the atoms that are involved 
in these arrangements, the following connections are 
topologically (but not necessarily stereochemically) 
possible: (1) H(1)…O(3), H(2)…O(3); (2) H(1)…O(4), 
H(2)…O(4); (3) H(1)…O(3), H(2)…O(4); (4) H(1)…
O(4), H(2)…O(3). Arrangement (2) occurs in collinsite, 

and arrangement (4) occurs in brandtite and fairfi eldite. 
In order for the other two arrangements to occur with 
a reasonable stereochemistry, H(1) and H(2) would 
have to exchange positions, and thus the arrangements 
would be the same as those of (2) and (4), only the atom 
labeling would be different. Hence the arrangements 
observed are the only ones possible with respect to the 
current labeling of the atoms.

A possible new structural arrangement 
with P21/n symmetry

The description of the intersheet arrangements of 
hydrogen bonds given above suggests the possibility of 
another arrangement. In Figures 1e, f, we see that the 
intersheet hydrogen-bond links to the bottom and top, 
respectively, of the tetrahedron in the adjacent layer, 
whereas in Figure 1d, the interlayer hydrogen-bond 
links to the bottom of the tetrahedron in the adjacent 
layer. This arrangement suggests the possibility of inter-
layer hydrogen-bonds linking to the top anion of the 

FIG. 5. The crystal structures of (a) brandtite, (b) collinsite, (c) fairfi eldite, and (d) a 
hypothetical P21/n structure of the same stoichiometry, projected onto (010), showing 
the layers of [M(TO4)2(H2O)2] chains and the intralayer hydrogen-bonds. Legend as 
in Figure 1.
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tetrahedron in an adjacent layer in which the octahedron 
points in the opposite direction. In terms of Figure 1d, 
such a linkage would require a shift of adjacent layers 
by ~a/2. This would have the result of producing a 
monoclinic structure with an n glide (instead of a c glide 
as in brandtite). This structure arrangement is shown 
in Figure 6, using the cell dimensions for brandtite, 
and the atom positions and interatomic distances are 
given in Tables 4 and 5. The arrangement of hydrogen 
bonds within the layers of chains is the same as in the 
other structure-types (Fig. 5d), but the hydrogen bonds 
between layers link to the top anion of the tetrahedron 
in the adjacent layer [i.e., the O(4) anion (Fig. 6b) rather 
than the O(3) anion as in brandtite (Fig. 1d)]. Of course, 
the layer of X-cation polyhedra in the P21/n structure 
will also be different (Fig. 7). Although this layer 
superfi cially resembles the analogous sheet in brandtite 
(Fig. 3a), careful inspection shows that the chains of 
edge-sharing polyhedra extending in the c direction 
cross-link to different vertices of chains adjacent in the 
[010] direction (Fig. 7).

Inspection of the bond-valence tables for these 
three structure-types (Table 8) shows that the valence-
sum rule (Brown 1981, Hawthorne 1992, 1994, 1997) 
is obeyed reasonably well in all structures. We may 
evaluate the degree of agreement for each structure by 
calculating the RMS (root mean-square) deviation for 
the anions of each structure. The resulting values are 
0.056, 0.144 and 0.039 vu for brandtite, collinsite and 
fairfi eldite, respectively. Our experience with oxysalt 
structures indicates that RMS deviations are usually 

<0.15 vu, in accord with the results obtained here. For 
the P21/n arrangement derived above, the RMS devia-
tion is ~0.23 vu, suggesting that this arrangement will 
not be stable owing to excessive deviation from the 
valence-sum rule.

How can the collinsite structure accommodate two 
hydrogen-bonds to the O(4) anion and no hydrogen 
bonds to the O(3) anion, whereas the P21/n structure 
cannot? This issue involves the coordination of the 
interstitial Ca atom in each structure. In collinsite, Ca 
has two bonds to O(3) and one bond to O(4), resulting 
in O(3) and O(4) coordination numbers of [3] and [4], 
respectively (Table 8). In brandtite, Ca has one bond 
to O(3) and two bonds to O(4), resulting in O(3) and 
O(4) coordination numbers of [3] and [4], respectively 
(Table 8). In the P21/n arrangement, Ca bonds to one 
O(3) and two O(4) atoms, resulting in coordination 
numbers of [2] and [5] for O(3) and O(4), respectively. 
It is this difference in bond topology that results in the 
major deviations from the valence-sum rule for the 
P21/n arrangement.

Other possible arrangements

Another possibility of different arrangements arises 
if we consider the same labeled arrangements, but 
consider atoms in different layers. This issue is illus-
trated in Figure 8 for triclinic structures of symmetry 
P1̄. Starting from the fairfi eldite structure, the � angle 
is decreased relative to that in fairfi eldite, which has the 
effect of shifting the chains parallel to [100] relative 

FIG. 6. The crystal structure of a hypothetical P21/n structure of Ca2M 2+(TO4)2(H2O)2 
stoichiometry (a) projected onto (100), and (b) projected onto (001), showing the net-
work of inter- and intralayer hydrogen-bonds. Legend as in Figure 1.
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to each other (indicated by the arrows in Fig. 8) and 
allowing the H(1) atom to hydrogen-bond to the O(4) 
anion in the adjacent layer rather than in the same layer 
(as it does in fairfi eldite). As there are no changes in 
coordination number of any of the anions in Figure 8 
(relative to Fig. 1f), there are no obvious deviations 
from the valence-sum rule, and there is no convincing 
structural reason apparent to us why the arrangement 
of Figure 8 could not occur. Similar angular shear on 
the collinsite structure does not modify the hydrogen-
bond arrangement.

COMPOSITIONAL ASPECTS OF THE 
X2[M(TO4)2(H2O)2] STRUCTURES

Inspection of Table 1 shows there are both similari-
ties and differences with regard to the chemical compo-
sitions of the minerals in these three groups:

(1) the brandtite-group minerals are all arsenates 
(with the exception of kröhnkite, which is the only 
sulfate mineral in any of these groups).

(2) The fairfieldite-group minerals are all 
phosphates.

(3) The collinsite-group minerals are both phos-
phates and arsenates.

(4) There are no vanadate minerals in any of these 
groups.

(5) There is considerable polymorphism among the 
arsenate minerals of these groups: the compositions 
Ca2Mg(AsO4)2(H2O)2 (wendwilsonite and talmessite), 
Ca2Co(AsO4)2(H2O)2 (roselite and beta-roselite) and 
Ca2Mn2+(AsO4)2(H2O)2 (brandtite and parabrandtite) 
occur as both structure-types.

(6) All minerals (except kröhnkite) have Ca as the 
dominant X-cation.

The X-cation may be monovalent (Na in kröhnkite) 
or divalent (Ca in all the other minerals of these 
three groups). Fleck & Kolitsch (2003), Kolitsch & 
Fleck (2005) and Fleck et al. (2002b) have reviewed 
both minerals and synthetic compounds based on the 
[M(TO4)2(H2O)2] chains and have shown that there 
are a wide variety of synthetic compounds with X = 
Na, K, Rb, Cs, NH4. Curiously, there are no synthetic 
compounds with X = Ca, and no minerals (apart from 
kröhnkite) with monovalent X-cations. Hawthorne 

FIG. 7. The layer of Ca polyhedra in the hypothetical P21/n 
structure. Legend as in Figure 3.

FIG. 8. A different hydrogen-bond arrangement produced 
from the fairfi eldite arrangement by changing the � angle. 
Legend as in Figure 1.
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(1985) used the valence-matching principle (Brown 
1981) to account for the fact that no minerals of these 
structure types occur with other divalent cations (e.g., 
Ba, Sr, Pb2+) dominant at the X site. Liferovich et 
al. (2001) reported Sr up to 0.37 apfu in collinsite 
from the Kovdor carbonatite. One can account for the 
incorporation of a less-than-ideal cation (in terms of 
the valence-matching principle) into the structure by 
locally associating the cation with structural strain. 
However, where such strain fi elds interact, the structure 
may become unstable, and hence the extent of such 
substitutions will be limited. It would be of interest to 
examine this issue for (Ca,Sr) solid-solution in these 
structure types by synthesis, and characterize the rela-
tion between the compositions of the nascent solutions 
and the compositions of the crystallizing phases.

Figure 9 shows a type-II stability diagram (Shannon 
& Prewitt 1970) for these three structure-types. For the 
phosphates, the separation into two distinct fi elds is 
quite marked: minerals of the fairfi eldite group contain 

(relatively) large (> 0.76 Å) octahedrally coordinated 
cations (Fe2+, Mn2+), whereas phosphate minerals of 
the collinsite group contain (relatively) small (< 0.76 
Å) octahedrally coordinated cations (Ni, Mg, Co2+, 
Zn). For the arsenates, the situation is quite different: 
all compositions of arsenates (M 2+ = Mg, Zn, Co, Mn) 
are dimorphous and crystallize in both the brandtite- and 
collinsite-type structures. Inspection of the structures of 
these minerals (Figs. 1, 5) shows no obvious constraints 
on the sizes of the tetrahedra and octahedra within the 
structural unit itself.

We are unable to come up with a convincing expla-
nation of the fi ndings displayed in Figure 9 (cf. Keller 
et al. 2004, Kolitsch & Fleck 2005). However, we note 
that as the polyhedra link via corners, and as there are no 
linkages that could be affected by articulation require-
ments between polyhedra, these constraints on cation 
size must arise from linkage between structural units 
(i.e., either hydrogen bonds or Ca–O bonds).

FIG. 9. Type-II stability diagram for the Ca2[M(TO4)2(H2O)2] minerals; the fi elds of the 
brandtite- (circles), collinsite- (hexagons) and fairfi eldite-group (triangles) structures 
are shown in blue, pink and mauve, respectively.
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SYNTHETIC PHASES OF COMPOSITION 
X2Y (TO4)2 (H2O)2

Recently, there has been a considerable amount of 
work on a wide range of synthetic phases of general 
composition X2Y (TO4)2 (H2O)2 (Fleck & Kolitsch 2003, 
Fleck et al. 2002a, b, Kolitsch & Fleck 2005, Wildner 
& Stoilova 2003). In particular, Fleck et al. (2002b) 
introduced a classifi cation of structures based on the 
[Y (TO4)2 (H2O)2] (kröhnkite-type) chain, dividing the 
over 50 compounds with this structural motif into six 
different types labeled A to F on the basis of “differ-
ences concerning their linkage to layers as well as the 
stacking of the layers”. The brandtite, collinsite and 
fairfi eldite groups correspond to the type-D, -A and -B 
structures, respectively, in this classifi cation.

Hydrogen bonding in the type-C structure

The type-C structure corresponds to X = K, Y = 
Mn2+, Cd, T = S, Se (Peytavin et al. 1974, Fleck et al. 
2002a). In this structure type, the space group is P1̄, 
and the cell volume has approximately twice the cell 
volume of the collinsite and fairfi eldite structures, and 
hence Z = 2. Thus there are two crystallographically 
distinct (H2O) groups in the type-C structure, as distinct 
from one in the brandtite-, collinsite- and fairfi eldite-

group structures. The hydrogen-bonding arrangement is 
shown in Figure 10, where it is immediately apparent 
that the two crystallographically distinct (H2O) groups 
have different schemes of hydrogen bonding. The 
hydrogen bonds involving the H(1) and H(2) atoms 
have both acceptor O(4) anions in the same chain as 
the donor anion, a feature that does not occur in the 
brandtite, collinsite and fairfi eldite structures (cf. Figs. 
1, 10). The hydrogen bonds involving the H(3) and H(4) 
atoms are also of different character from those in the 
brandtite, collinsite and fairfi eldite structures in that 
both H(3) and H(4) bond to O(3) anions of different 
chains (Fig. 10).

Symmetrical hydrogen-bonding 
in K Fe2+ H (SO4)2 (H2O)2

Fleck et al. (2002a) showed that the H atom not 
associated with the (H2O) group in this (type-E) struc-
ture forms a symmetrical hydrogen bond (see also 
Macíček et al. 1994). Symmetrical hydrogen-bonds are 
not common, and it always is of interest to understand 
why they occur where they do. As is usually the case, 
the reason for the symmetrical hydrogen-bond is found 
in the details of the bond topology of the structure. To 
see this, it is instructive to compare the structures of K 
Fe2+ H (SO4)2 (H2O)2 (a type-E structure, Fig. 11) and 
K2 Mn2+ (SO4)2 (H2O)2 (a type-C structure) in terms of 
their bond-valence arrangements; this is done in Table 
9. Omitting the H(3) atom, the sum of the bond valence 
incident at the O(1) site in the type-E structure is 1.50 
vu. The attitude of adjacent chains is such that O(1) 
atoms of adjacent chains oppose each other at a distance 
of 2.47 Å. Each O(1) atom requires an additional 0.50 
vu to satisfy the valence-sum rule, and with a coordi-
nation number of [2], a central H(3) atom satisfi es this 
requirement. However, the potential experienced by a 
hydrogen atom in this position is of the double-well 
type, and the H atom usually occupies an off-center 
position in accord with this. Where in this off-center 
position, the incident bond-valence sums incident at the 
two coordinating O atoms are ~2.3 and ~1.7 vu, respec-
tively, deviating signifi cantly from the valence-sum 
rule; thus there is a tendency for the H atom to move 
away from the former O-atom toward the latter O-atom. 
Where in the alternate arrangement, the bond-valence 
sums are reversed, ~1.7 and ~2.3 vu, respectively, and 
the H atom moves in the reverse direction. This argu-
ment suggests that the “central” H-atom actually hops 
between the two asymmetric positions, and two centers 
of electron density are seen on the time-scale of the 
diffraction experiment. This mechanism is in accord 
with the results of Fleck et al. (2002a), who observed 
two electron-density maxima between the O(1) atoms 
at both room temperature and 110 K.

Further inspection of the bond-valence table for K 
Fe2+ H (SO4)2 (H2O)2 (Table 9) shows incident bond-
valence sums of 2.31 and 1.89 vu around the O(3) and 

FIG. 10. The crystal structure of K2Mn2+(SO4)2(H2O)2, a 
type-C structure showing the disposition of the hydrogen 
bonds. Legend as in Figure 1.
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O(4) anions. Note that according to Table 9, the O(3) 
anion receives hydrogen bonds from both H(1) and H(2), 
whereas the O(4) anion receives no hydrogen bonds at 
all. If both O(3) and O(4) each received one hydrogen-
bond, the analogous bond-valence sums would be 
2.11 and 2.09 vu, respectively. The corresponding 
H(1)–O(4) distance is 2.50 Å, and the OW–H(1)...O(4) 
angle is 120°. The former distance is fairly long for a 
hydrogen bond, but Brown (1976) has shown that H...
O interactions in the range 2.3–3.1 Å are signifi cant (in 
perchloric acid hydrates). Moreover, such long H...O 
distances in perchloric acid hydrates involve O–H....O 
angles of 80–120°, in accord with the OW–H(1)...O(4) 
angle of 120° found here. Thus bond valences suggest 
a hydrogen-bond arrangement in KFe2+H(SO4)2(H2O)2 
different from that currently proposed.
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