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abstract

Liversidgeite, ideally Zn6(PO4)4·7H2O, is a new mineral from Block 14 Opencut, Broken Hill, 
New South Wales, Australia. The mineral occurs as white, thin, bladed crystals and as hemispherical 
aggregates of radiating crystals in cavities in sphalerite-galena ore. Associated minerals are anglesite, 
pyromorphite, greenockite, sulfur, and an unknown Zn phosphate sulfate. Individual crystals are up 
to 0.1 mm in length and 0.05 mm across. Liversidgeite is transparent to translucent, with a vitreous 
luster and a white streak. It is brittle with an irregular fracture, the Mohs hardness is ~3–3.5, and the 
observed and calculated densities are 3.21(2) and 3.28 g/cm3, respectively. Chemical analysis by elec-
tron microprobe gave ZnO 54.62, MnO 0.49, PbO 0.18, P2O5 32.62, As2O5 0.65, SO3 0.35, H2O 14.04, 
total 102.95 wt%, with H2O content derived from the refined crystal structure. The empirical formula 
calculated on the basis of 23 O atoms is Pb0.01(Zn5.86Mn0.06)Σ5.92(P4.01As0.05S0.04)Σ4.10O16.20·6.8H2O. Liver-
sidgeite is triclinic, space group P1, with a = 8.299(1), b = 9.616(1), c = 12.175(1) Å, α = 71.68(1), β = 
82.02(1), γ = 80.18(1)°, V = 905.1(2) Å3 (single-crystal data), and Z = 2. The six strongest lines in the 
X-ray powder diffraction pattern are [d(Å), (I), (hkl)]: 8.438 (80) (011), 3.206 (60) (013), 2.967 (75) 
(212, 114), 2.956 (75) (212), 2.550 (85) (233, 213), 2.537 (100) (221, 014, 311). The crystal structure 
of liversidgeite was refined to an R1 index of 5.95% based on 3054 observed (Fo > 4σFo) reflections 
measured with MoKα X-radiation. The structure is based on two distinct, infinite zigzag chains of 
edge-sharing Znφ6 (φ = unspecified anion) octahedra that extend in the a direction. The chains link 
to each other via common corners and also via corner-sharing PO4 tetrahedra, forming sheets parallel 
to the (011) plane. The sheets link via [Zn2φ8] dimeric building units, comprising edge-sharing Znφ5 
trigonal bipyramids and Znφ4 tetrahedra, resulting in an open framework. Large ellipsoidal channels 
extend along the a direction and are occupied by interstitial H2O groups and the H atoms of the H2O 
groups that coordinate to the Zn cations. An extensive network of hydrogen bonds provides additional 
linkage between the sheets in the structure, via the interstitial H2O groups. The topology of the liver-
sidgeite structure is identical to that of synthetic, monoclinic Zn2Co4(PO4)4(H2O)5·2H2O.

Keywords: Liversidgeite, new mineral species, zinc phosphate, crystal structure, Broken Hill, 
New South Wales, Australia

introduction

The Broken Hill Pb-Zn-Ag deposit is one of the world’s 
most famous mineral localities and is well known for providing 
mineral specimens of both great aesthetic and scientific value. 
Almost 300 mineral species are known to occur in the ore-
body, and Broken Hill is the type locality for 12 species (Birch 
1999). Between the mid-1970s and the early 2000s, as a result 
of opencut mining operations to recover remnant oxidized ore 
from the old South Mine leases, some 75 mineral species new 
to Broken Hill were identified, principally from the Kintore 
and Block 14 Opencuts (Birch and van der Heyden 1988, 1997; 
Birch 1990). In 2000, a specimen of a secondary Zn phosphate 
mineral was collected from stockpiles of ore mined from the 
Block 14 Opencut. The powder X-ray diffraction pattern did 
not match that of any known Zn phosphate, either mineral or 
synthetic compound, and subsequent studies confirmed the 

presence of a new mineral species. Liversidgeite is named for 
Archibald Liversidge (1846–1927), Professor of Geology and 
Mineralogy, and later Professor of Mineralogy and Chemistry 
at the University of Sydney. The name is in recognition of his 
contributions to the study of the mineralogy of New South Wales, 
in particular that of the Broken Hill deposit, and also recognizes 
his contribution to science education, especially in mineralogy 
and chemistry. The mineral and its name have been approved by 
the IMA Commission on New Minerals, Nomenclature and Clas-
sification (IMA 2008-048). The type specimen of liversidgeite is 
lodged in the South Australian Museum collection (registration 
number G32512).

occurrence

The Broken Hill Pb-Zn-Ag deposit, the largest base metal 
orebody in the world, consists of a series of parallel, stratigraphi-
cally controlled Ag-Pb-rich and Zn-Pb-rich lenses. The sulfides 
and enclosing metasedimentary, pegmatitic, and metavolcanic * E-mail: peter.elliott@adelaide.edu.au
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rocks have undergone several high-grade metamorphic and de-
formation events (Willis et al. 1983). The orebody has a long and 
complex history of erosion and weathering, which has resulted 
in an extensive oxidized zone that reaches a depth of 100 m and 
is notable for the complexity of its mineralogy (e.g., Birch and 
van der Heyden 1997; Birch 1999). The lower portion of the 
oxidized zone grades into Ag-rich supergene mineralization, 
comprising coronadite, quartz, kaolinite, and goethite (van der 
Heyden and Edgecombe 1990). Between this and the sulfide 
zone is an irregular zone of cerussite, whose boundary with the 
sulfide zone is marked by a band of leached sulfides. 

The specimen containing liversidgeite came from a zone 
of highly weathered sulfide ore in the Block 14 Opencut and 
comprises leached, coarse-grained sphalerite and galena with 
minor chalcopyrite, quartz, and fluorapatite. The new mineral 
has formed in cavities as a result of the release of Zn and P from 
the breakdown of sphalerite and fluorapatite. Associated miner-
als are crusts of yellow-orange greenockite, pale-yellow sulfur 
crystals, colorless-to-white prisms of pyromorphite, colorless 
crystals of anglesite and colorless, bladed crystals of an unknown 
Zn phosphate sulfate.

aPPearance, Physical and oPtical ProPerties

Crystals of liversidgeite are thin bladed in habit (Fig. 1) and 
typically develop in compact radial aggregates and hemispheres. 
Liversidgeite is white, transparent to translucent, with a vitreous 
luster and a white streak. It is brittle, has an uneven fracture and a 
Mohs hardness of ~3–3.5. Cleavage was not observed. Individual 
crystals are up to 0.1 mm in length and 0.05 mm across. The 
density, 3.21(4) g/cm3, was determined by the sink-float method 
using a Clerici-water solution, and the calculated density from the 
empirical formula is 3.28 g/cm3. Optically, liversidgeite is biaxial 
negative and nonpleochroic. Only one, suitably large single crys-
tal, which was used for single-crystal X-ray data collection, was 
available for determination of the optical properties. Crushing 
of a globule did not provide any suitable optically homogenous 
fragments. Only nβ [1.642(5)] of the flat lying crystal could be 
measured. The calculated n using the Gladstone-Dale relationship 
(Mandarino 1981) is 1.612. 

chemical analysis
A fragment of liversidgeite was embedded in epoxy, pol-

ished, and carbon coated. Wavelength-dispersive analyses were 
obtained using a Cameca SX51 electron microprobe operating 
at 15 kv and 10 nA. Data were reduced using the φ(ρZ) method 
of Pouchou and Pichoir (1985). The results, as well as the 
standards used, are shown in Table 1. High analytical sums are 
due to the instability of the analyzed grain under the electron 
beam. Dehydration was significantly reduced by defocusing the 
beam to 20 µm and by micromovement of the grain during the 
analysis. Elements searched for but not detected were Mg, Al, 
Ba, Na, and F, and elements detected in amounts <0.05 wt% 
were Si, Cl, Ca, Fe, Cu, Cd, and K. The empirical formula cal-
culated on the basis of 23 O atoms and water content calculated 
from the ideal formula from the crystal-structure solution is 
Pb0.01(Zn5.86Mn0.06)Σ5.92(P4.01As0.05S0.04)Σ4.10O16.20·6.8H2O and the 
ideal formula is Zn6(PO4)4·7H2O, which requires: ZnO 54.35, 
P2O5 31.60, H2O 14.04, total 100.00 wt%.

raman sPectroscoPy
raman spectra of crystals of liversidgeite were recorded 

in the range from 4000 to 200 cm–1 with a renishaw rM1000 
confocal micro-raman Imaging System using a 17 mW HeNe-
laser at 632.8 nm and excitation through a Leica DMLM optical 
microscope [50×/0.75 N.A. objective, 180° backscatter geometry, 
1200 lines/mm grating, spectral resolution (apparatus function) 
4 cm–1, minimum lateral resolution ~2 µm, thermo-electrically 
cooled CCD detector, random sample orientation]. The spectrum 
(Fig. 2) shows bands (strong bands italic) due to OH-stretching 
vibrations (broad bands 2830–2995 cm–1 centered on 2895, and 
3095–3380 cm–1 centered on 3220 cm–1), H-O-H bending vibra-
tion (at 1645 cm–1), ν1 and ν3 vibrations of the PO4 tetrahedra (at 
1142, 1050, 1004, 986, and 958 cm–1), and overlapping bands of 
the ν4 and ν2 vibrations of the PO4 tetrahedra, vibrations of the 
Zn(O,H2O)6 octahedra and lattice modes (at 610, 584, 476, 464, 
430, 244, and 210 cm–1). The O···O donor-acceptor distances 
of the O-H···O hydrogen bonds agree reasonably well with the 
positions of the OH raman bands according to the regression 
curve of Libowitzky (1999).

FiGure 1. SEM photomicrograph showing bladed crystals of 
liversidgeite. The field of view is 100 µm across.
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Fig. 2FiGure 2. Single-crystal laser-raman spectrum of liversidgeite.



ELLIOTT ET AL.: LIvErSIDGEITE, A NEW ZINC PHOSPHATE MINErAL 399

X-ray Powder diFFraction data

The X-ray powder-diffraction pattern for liversidgeite (Table 
2) was recorded on a 100 mm Guinier-Hägg camera using 
monochromatic CrKα radiation (λ = 2.28970 Å). The film was 
scanned using a film scanner, the powder-diffraction profile was 
extracted and peak positions were calibrated using an internal 
silicon standard (NBS SrM 640a). The unit-cell parameters, a 
= 8.302(1), b = 9.624(1), c = 12.180(1) Å, α = 71.66(2), β = 
82.01(2), γ = 80.17(3)°, V = 906.4(6) Å3, were refined from the 
powder data using the Le Bail profile-fitting method (Le Bail 
et al. 1988), starting from the unit-cell parameters determined 
from single-crystal techniques. The axial ratios calculated from 
these cell parameters are 0.8626:1:1.2656. 

sinGle-crystal X-ray diFFraction

Single-crystal X-ray data were collected using a Bruker 
APEX II KappaCCD diffractometer at room temperature using 
MoKα radiation. Unit-cell parameters, a = 8.299(1), b = 9.616(1), 
c = 12.175(1) Å, α = 71.68(1), β = 82.02(1), γ = 80.18(1)°, V = 
905.1(2) Å3, were obtained from least-squares refinement and 
are in good agreement with the parameters derived from X-ray 
powder data (see above). The data were reduced and corrected 
for Lorentz, polarization, and absorption effects. Conditions for 
the data collection and subsequent refinement are summarized 
in Table 3.

structure solution and reFinement

Scattering curves for neutral atoms, together with anomalous 
dispersion corrections, were taken from International Tables 
for Crystallography (Wilson 1992). There were no system-
atic absences of reflections indicating that the space group 
lacks translational symmetry operators, and intensity statistics 
(mean |E2 – 1| = 0.953) clearly indicated the centrosymmetric 
space group P1. Crystal structure solution by direct methods 
(SHELXS-97, Sheldrick 1997a) yielded the positions of six Zn 
and four P atoms. The positions of 23 O atoms were located by 
successive cycles of least-squares refinement and difference-
Fourier synthesis (SHELXL-97, Sheldrick 1997b). At this stage 
of the refinement, the difference-Fourier map revealed the coor-
dinates of 14 H atoms, belonging to the H2O molecules, which 
were refined with constrained isotropic-displacement parameters 
and restraints on the O-H distances (~0.95 Å). refinement of 
all parameters gave R1 = 5.95% for 3054 data with Fo > 4σ(Fo), 
for a model with anisotropic-displacement parameters for all 
non-H atoms.

The final atomic positional parameters and displacement 
parameters are given in Table 4, and selected interatomic 

Table 1.  Compositional data for liversidgeite
Constituent wt% Range Stand. dev. Probe standard
ZnO 54.62 49.66–57.32 2.28 sphalerite
MnO 0.49 0.33–0.75 0.11 rhodonite
PbO 0.18 0.00–0.37 0.21 galena
P2O5 32.62 31.98–32.44 0.60 hydroxylapatite
As2O5 0.65 0.42–1.04 0.28 gallium arsenide
SO3 0.35 0.30–0.53 0.08 chalcopyrite
H2O* 14.04
 Total 102.95
Note: Number of analyses = 13. 
* Calculated from structure determination.

Table 2.  X-ray powder diffraction data for liversidgeite
Iobs dobs Icalc dcalc h k l Iobs dobs Icalc dcalc h k l
30 11.507 34 11.510 0 0 1 15 2.483 { 2 2.484 0 3 4
30 9.051 52 9.045 0 1 0   2 2.480 3 2 0
80 8.438 100 8.437 0 1 1 20 2.462 { 5 2.458 2 0 4
25 6.962 12 6.954 1 0 1   2 2.452 3 1 1

30 6.522 { 1 6.521 1 1 1   1 2.432 2 2  3
  15 6.505 1 1 0 10 2.410 9 2.409 0 1 5
10 6.384 6 6.380 1 0 1 5 2.395 3 2.394 0 3 2

20 5.686 { 19 5.683 1 1 0 10 2.355 { 3 2.356 0 4 1
  5 5.682 0 1 2   4 2.355 0 2 5
  2 4.916 1 0 2 10 2.303 3 2.302 0 0 5
5 4.867 11 4.863 1 1 1   3 2.281 2 3 0
5 4.509 7 4.510 1 0 2 5 2.275 2 2.275 2 1  4
  6 4.319 1 1  2 5 2.262 5 2.261 0 4 0
5 4.218 8 4.218 0 2 2   2 2.255 2 0 4

10 3.985 { 2 3.984 0 1 3 5 2.194 { 2 2.200 3 2 0
  12 3.980 2 1 1   3 2.190 3 2  1
5 3.956 { 4 3.954 2 0 1 10 2.168 { 1 2.168 3 3 0
  2 3.838 0 2 1   4 2.166 2 3 1
5 3.816 { 6 3.819 1 1 3 

15 2.101
 { 2 2.104 0 4 1

  2 3.815 1 1 2   4 2.101 2 4 0
5 3.802 2 3.803 1 1 2   3 2.098 3 1  1
5 3.592 2 3.590 1 2 1 40 2.085 { 4 2.085 1 2 4
5 3.534 1 3.539 2 1 0   4 2.081 1 2 4
5 3.481 1 3.485 2 1 1 40 2.074 3 2.072 4 1 1
40 3.414 27 3.419 2 1  1 5 2.046 2 2.040 2 4 4
15 3.265 9 3.260 2 2 2 10 2.035 1 2.036 4 0 0
60 3.206 16 3.206 0 1 3   2 2.005 1 3  5
  1 3.156 0 3 1    2 1.992 0 2 6
5 3.130 3 3.132 0 2 2 5 1.969 4 1.970 3 2  3
25 3.122 26 3.123 1 3 1 15 1.962 { 2 1.963 2 1  1
  2 3.096 2 1 3   5 1.961 3 4 2
5 3.005 2 3.005 1 2  3 10 1.941 1 1.943 3 2 5
  1 2.967 1 2 2   2 1.928 3 4 3

75 2.967 { 11 2.966 2 1 2 10 1.910 { 5 1.909 2 2 6
  3 2.965 1 1 4   2 1.907 3 3  1
  2 2.961 1 3 0 10 1.904 2 1.904 1 4 2
75 2.956 11 2.954 2 1 2 5 1.893 1 1.894 0 3 6
35 2.933 { 3 2.930 2 2 3 10 1.871 { 2 1.875 0 5 1
  3 2.929 2 0 3   1 1.873 2 4 0
5 2.920 3 2.918 2 2 1 

10 1.865
 { 2 1.869 3 3  2

5 2.883 2 2.878 0 0 4   4 1.869 3 3 5
20 2.846 16 2.841 1 2 4   1 1.866 3 4 0
5 2.792 8 2.791 1 3  1 10 1.837 1 1.838 4 1 2
15 2.726 9 2.725 0 3 1  1.828 1 1.828 0 3 4
5 2.701 1 2.708 2 3 2 5 1.813 2 1.813 2 5 1
20 2.678{ 15 2.683 2 2  2 5 1.802 1 1.800 2 0 6
  2 2.674 2 0 3 5 1.775 1 1.774 1 3 4
5 2.606 1 2.604 2 1 4 5 1.759 1 1.758 3 4 1
5 2.598 2 2.597 2 3 0 5 1.699 2 1.698 3 1 5

85 2.550
 {

 13 2.556 2 3 3 
5 1.688

 { 1 1.688 3 5 3
  6 2.554 2 1 3   5 1.687 0 5 5
  4 2.548 1 2  4   2 1.684 3 2 4
  8 2.547 3 0 2 5 1.673 2 1.674 4 2 2

100 2.537
 { 14 2.537 2 2 2   2 1.667 0 3 7

  2 2.533 0 1 4   2 1.642 5 1 0
  9 2.532 3 1 1       
Note: Intensities estimated visually. Calculated intensities were obtained using 
the program LAZY PULVERIX (Yvon et al. 1977).

distances and angles are given in Table 5. Table 6 contains the 
bond-valence analysis (Brown and Altermatt 1985; Brese and 
O’Keeffe 1991; Brown 1996). Table 7 presents the details of the 
hydrogen bonding.

crystal structure

Cation coordination
The structure of liversidgeite contains six symmetrically 

independent Zn atoms, each occupied by Zn plus minor Mn. 
Each of the Zn1, Zn2, Zn3, and Zn4 positions is coordinated by 
four O2– anions, and two H2O molecules in cis configuration, in 
a distorted octahedral arrangement. Interatomic distances (Zn-O 
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distance of 1.964 Å compares favorably with the [4]Zn-O length 
(1.97 Å) calculated using the ionic radii of Shannon (1976), and 
with the grand mean value of 1.958 Å reported by Baur (1981). 
The Zn5O4 tetrahedron is somewhat distorted, with two short 
and two long Zn-O distances. A fifth O atom is 2.82 Å from the 
Zn5 atom and, if included in the coordination polyhedron, would 
form a considerably distorted square-pyramid. The Zn6 atom 
is coordinated by five anions in a distorted trigonal-bipyramid 
with three short equatorial bonds and two elongate axial bonds 
(range = 1.946–2.338 Å).

The structure contains four nonequivalent P sites, each coor-
dinated by four O atoms in a tetrahedral arrangement. The P1O4 
and P4O4 tetrahedra show a fairly regular geometry, with P-O 
bond distances of 1.530, 1.531, 1.540, and 1.542 Å, and 1.521, 
1.529, 1.531, and 1.538 Å, respectively. By contrast, the P2O4 
and P3O4 tetrahedra have a less regular geometry, with the P2O4 
tetrahedron having two short (1.514 and 1.528 Å) and two longer 
(1.544 and 1.553 Å) P-O bonds, and the P3O4 tetrahedron having 
one short (1.504 Å) and three longer (1.529, 1.530, and 1.548 
Å) P-O bonds. The individual and mean P-O bond distances are 
within the range of commonly observed values in phosphate 
minerals (Baur 1981; Huminicki and Hawthorne 2002). 

Structure description
The crystal structure of liversidgeite is based on infinite 

sheets of Znφ6 (φ: O2–, H2O) octahedra and PO4 tetrahedra (Fig. 
3a), which are composed of two distinct, infinite Mφ4 chains of 
octahedra. Pairs of edge-sharing Zn1φ6 octahedra and pairs of 
edge-sharing Zn2φ6 octahedra form Zn2φ10 dimers, which link 
by edge-sharing to form zigzag Znφ4 chains that extend in the a 
direction. P1O4 and P4O4 groups link to the vertices of the shared 
edge of each dimer and also link to the corresponding vertices 
of the neighboring dimer in the chain. 

The chain links in the [011] direction, by octahedral corner-
sharing, to a second symmetrically distinct, but topologically 
identical zigzag chain which also extends in the a direction, 

Table 3. Crystal data, data collection, and refinement details
Crystal data

Formula Zn6(PO4)4·7H2O
Space group P1
a, b, c (Å) 8.299(1), 9.616(1), 12.175(1)
α, β, γ (°) 71.68(1), 82.02(1), 80.18(1)
V (Å3), Z 905.1(2), 2
F(000) 842.1
µ (mm–1) 7.954
Absorption correction Multi-scan*
Crystal dimensions (mm) 0.06 × 0.035 × 0.005

Data collection
Diffractometer Bruker APEX II KappaCCD
Temperature (K) 293
Wavelength MoKα , λ = 0.71073 Å
θ range (°) 2.50 to 33.16 
Detector distance (mm) 35
Rotation axes, width (°) φ, ω, 2
Total no. of frames 293
Collection time per frame (s) 500
h,k,l ranges –12 → 9, –14 → 14, –18 → 18
Total reflections measured 13531
Data completeness (%) 94.8
Unique reflections 6566 (Rint = 0.0830)

Refinement
Refinement on F2

R1† for Fo
 > 4σ(Fo) 5.95%

wR2‡ for all Fo
2 10.25%

Reflections used Fo
2 > 4σ(Fo

2) 3049
Number of parameters refined 355
Extinction factor 0.00017(11)
(∆/σ)max 0.0001
∆ρmin, ∆ρmax (e/Å3) 1.24, –1.35
GooF 0.934
* Bruker (2006).
† R1 = Σ||Fo| – |Fc||/Σ|Fo|.
‡ wR2 = Σw(|Fo|2 – |Fc|2)2/Σw|Fo|2)1/2; w = 1/[σ2(Fo

2) + (0.042 P)2 + 12.60P]. P = {[max 
of (0 or Fo

2)] + 2Fc
2}/3.

FiGure 3. The sheets of Mφ6 octahedra and PO4 tetrahedra in the structures of (a) liversidgeite and (b) bakhchisaraitsevite, rimkorolgite, and 
Zn2Co4(PO4)4(H2O)5·2H2O showing the difference in ordering of the M cations. All structure drawings were completed using ATOMS (Shape 
Software 1997).

= 1.992 to 2.286 Å) are in agreement with those reported in the 
literature for Zn in sixfold coordination. The Zn2O6 and Zn3O6 
octahedra show the more regular geometries, while the Zn1O6 
and Zn4O6 octahedra show stronger bond-length distortions, with 
both representing a [5+1] coordination (Table 5). The Zn5 atom 
is in tetrahedral coordination, bonded to four O2– anions with 
Zn-O distances ranging from 1.926 to 2.00 Å. The mean bond 
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Table 4.  Fractional coordinates and displacement parameters (Å2) for atoms for liversidgeite
 x y z Ueq U11 U22 U33 U12 U13 U23

Zn1 0.03028(10) 0.40116(10) 0.12441(7) 0.0119(2) 0.0105(4) 0.0141(5) 0.0102(4) –0.0015(3) –0.0002(3) –0.0042(4)
Zn2 0.42699(10) 0.39460(10) 0.12045(7) 0.01177(19) 0.0121(4) 0.0102(5) 0.0114(4) –0.0008(3) –0.0005(3) –0.0025(4)
Zn3 0.92638(10) 0.12078(10) 0.38843(7) 0.0117(2) 0.0105(4) 0.0136(5) 0.0095(4) –0.0016(3) 0.0008(3) –0.0021(4)
Zn4 0.52516(10) 0.13951(10) 0.39429(7) 0.0129(2) 0.0120(4) 0.0128(5) 0.0120(4) 0.0006(4) –0.0008(3) –0.0053(4)
Zn5 0.81612(10) 0.40022(10) 0.49691(7) 0.0132(2) 0.0163(4) 0.0131(5) 0.0100(4) –0.0032(3) 0.0012(3) –0.0037(4)
Zn6 0.64560(11) 0.33973(10) 0.74866(7) 0.0177(2) 0.0205(5) 0.0182(5) 0.0149(4) –0.0082(4) –0.0032(4) 0.0033(4)
P1 0.2086(2) 0.6991(2) 0.02141(14) 0.0078(4) 0.0079(8) 0.0081(10) 0.0075(8) –0.0025(7) –0.0008(7) –0.0011(7)
P2 0.6794(2) 0.4369(2) 0.28472(14) 0.0077(4) 0.0084(8) 0.0063(10) 0.0080(8) –0.0013(7) 0.0010(7) –0.0028(7)
P3 0.1753(2) 0.3613(2) 0.36516(14) 0.0074(4) 0.0089(8) 0.0071(10) 0.0062(8) –0.0016(7) 0.0009(7) –0.0031(7)
P4 0.2910(2) 0.9158(2) 0.37199(14) 0.0073(4) 0.0067(8) 0.0079(10) 0.0071(8) –0.0021(7) 0.0012(7) –0.0026(7)
O1 0.0677(6) 0.6148(5) 0.0218(4) 0.0132(11) 0.015(3) 0.014(3) 0.009(2) –0.001(2) 0.001(2) –0.003(2)
O2 0.2031(5) 0.8396(5) –0.0822(4) 0.0130(11) 0.009(2) 0.013(3) 0.014(2) –0.002(2) 0.001(2) 0.000(2)
O3 0.3744(5) 0.6021(5) 0.0098(4) 0.0119(10) 0.011(2) 0.012(3) 0.010(2) –0.001(2) 0.007(2) –0.004(2)
O4 0.1947(6) 0.7373(5) 0.1365(4) 0.0138(11) 0.018(3) 0.013(3) 0.010(2) –0.001(2) –0.002(2) –0.004(2)
O5 0.8043(6) 0.4742(6) 0.1804(4) 0.0162(12) 0.012(2) 0.025(3) 0.009(2) –0.002(2) 0.005(2) –0.004(2)
O6 0.6928(6) 0.5217(6) 0.3695(4) 0.0177(12) 0.023(3) 0.016(3) 0.014(2) –0.003(2) –0.004(2) –0.004(2)
O7 0.7035(5) 0.2698(5) 0.3497(4) 0.0105(10) 0.008(2) 0.012(3) 0.012(2) –0.002(2) 0.002(2) –0.007(2)
O8 0.5050(5) 0.4795(5) 0.2414(4) 0.0127(11) 0.010(2) 0.015(3) 0.014(2) –0.007(2) 0.003(2) –0.002(2)
O9 0.3076(6) 0.2489(5) 0.4275(4) 0.0121(10) 0.014(2) 0.009(3) 0.008(2) 0.0039(19) –0.003(2) 0.000(2)
O10 0.1726(6) 0.5127(6) 0.3821(4) 0.0176(12) 0.026(3) 0.012(3) 0.017(3) –0.009(2) 0.001(2) –0.004(2)
O11 0.2020(5) 0.3805(5) 0.2346(4) 0.0103(10) 0.010(2) 0.014(3) 0.007(2) –0.0022(19) 0.0004(19) –0.006(2)
O12 0.0069(5) 0.3072(5) 0.4133(4) 0.0102(10) 0.011(2) 0.013(3) 0.008(2) –0.004(2) 0.0022(19) –0.005(2)
O13 0.2963(6) 1.0072(5) 0.2447(4) 0.0128(11) 0.017(3) 0.013(3) 0.010(2) –0.002(2) –0.001(2) –0.006(2)
O14 0.1269(5) 0.9595(5) 0.4349(4) 0.0119(10) 0.012(2) 0.012(3) 0.012(2) –0.004(2) 0.001(2) –0.003(2)
O15 0.4312(5) 0.9409(5) 0.4301(4) 0.0096(10) 0.011(2) 0.009(3) 0.009(2) –0.0027(19) 0.0020(19) –0.006(2)
O16 0.3041(5) 0.7509(5) 0.3821(4) 0.0113(10) 0.013(2) 0.011(3) 0.009(2) –0.002(2) 0.003(2) –0.006(2)
H2O17 0.0070(6) 1.1697(6) 0.2131(4) 0.0137(11) 0.015(3) 0.015(3) 0.012(2) –0.003(2) –0.001(2) –0.006(2)
H1 –0.078(6) 1.148(8) 0.190(6) 0.02(2)      
H2 0.108(6) 1.124(10) 0.202(8) 0.06(3)      
H2O18 0.2664(6) 0.3276(6) 0.0254(4) 0.0133(11) 0.012(2) 0.015(3) 0.010(2) –0.001(2) –0.002(2) –0.001(2)
H3 0.293(11) 0.232(5) 0.039(7) 0.05(3)      
H4 0.259(10) 0.380(7) –0.050(4) 0.04(2)      
H2O19 0.7807(6) 0.9662(6) 0.3748(4) 0.0143(11) 0.015(3) 0.010(3) 0.014(3) 0.004(2) 0.002(2) –0.007(2)
H5 0.824(9) 0.952(8) 0.309(4) 0.03(2)      
H6 0.768(11) 0.882(7) 0.431(5) 0.05(3)      
H2O20 0.5167(6) 0.1782(6) 0.2098(4) 0.0144(11) 0.013(3) 0.011(3) 0.017(3) 0.001(2) 0.002(2) –0.006(2)
H7 0.444(10) 0.117(10) 0.212(9) 0.08(3)      
H8 0.613(7) 0.173(12) 0.171(9) 0.10(4)      
H2O21 0.4575(8) 0.2074(7) 0.8254(6) 0.0389(16) 0.035(4) 0.030(4) 0.047(4) –0.012(3) 0.019(3) –0.009(3)
H9 0.495(17) 0.128(11) 0.886(8) 0.16(5)      
H10 0.412(18) 0.180(16) 0.771(9) 0.17(5)      
H2O22 0.8697(8) 0.7764(7) 0.2441(6) 0.0396(16) 0.039(4) 0.033(4) 0.047(4) –0.017(3) 0.009(4) –0.005(3)
H11 0.827(11) 0.689(8) 0.280(9) 0.09(4)      
H12 0.977(6) 0.749(10) 0.222(8) 0.07(3)      
H2O23 0.2714(12) 0.0512(8) 0.0136(6) 0.064(3) 0.134(8) 0.039(5) 0.033(4) –0.018(3) 0.010(5) –0.046(5)
H13 0.253(13) –0.006(11) –0.031(7) 0.09(3)      
H14 0.216(13) 0.018(12) 0.085(5) 0.10(4)      
Note: The anisotropic displacement factors (Uij) are defined as exp[–2π2Σ3

i=1Σ3
j=1Uijai* aj* hihj].

and comprises dimers of edge-sharing Zn3φ6 octahedra and 
edge-sharing Zn4φ6 octahedra. Further linkage between chains 
is provided by corner-sharing P2O4 and P3O4 groups, which link 
to vertices of the shared edge between each dimer and also to two 
vertices of Znφ6 octahedra in adjacent dimers of the neighboring 
chain. The result is a complex sheet parallel to the (011) plane. 

The sheets link in the [011] direction via Zn2φ8 dimeric build-
ing units, which comprise distorted edge-sharing Zn6φ5 trigonal 
bipyramids and Zn5φ4 tetrahedra (Fig. 4). The resulting topology 
can be classified as a member of the group of phosphate minerals 
whose structures are based on infinite frameworks (Huminicki 
and Hawthorne 2002). Large ellipsoidal interstitial channels 
between the sheets extend along the a direction and are occupied 
by interstitial H2O groups H2O22 and H2O23 and the hydrogen 
atoms of the H2O17, H2O18, H2O20, H2O21, and H2O22 groups, 
which coordinate to the Zn2+ cations.

Bond-valence analysis and hydrogen bonding
There are 23 anion sites in the structure, each occupied by 

an O atom. The bond-valence sums for the O1, O3, O7, O8, 

O10, O11, O12, O14, O15, and O16 sites are within the range 
of 1.97–2.12 valence units (v.u.) (Table 6), indicating that they 
are O2– anions and it is unlikely that they accept any hydrogen 
bonds. The O4, O5, O6, and O9 atoms have bond-valence sums of 
1.75–1.83 v.u., indicating that these are somewhat underbonded 
O2– anions that are likely acceptors of hydrogen bonds. The O2 
and O13 atoms are bonded to one P atom only and have bond 
valence-sums of 1.26 and 1.30 v.u., respectively, neglecting 
contributions of hydrogen bonds, so might be expected to be OH 
groups. Both anions are, however, acceptors of strong to moder-
ate hydrogen bonds, with O···O distances of 2.550–2.809 Å. The 
O2 and O13 anions each receive bond-valence contributions from 
three H atoms bonded to three H2O groups. These contributions 
increase the bond-valence sums of O2 and O13 to 1.97 and 
2.00 v.u., respectively. Hence, these sites are considered to be 
O2– anions. In addition, O2 and O13 are involved in the short-
est P-O distances of their respective tetrahedra and it is highly 
unlikely that these O atoms are protonated, as P-OH distances 
are, in general, longer than P-O distances in monoprotonated 
phosphate groups (average P-OH = 1.581 Å; Ferraris and Ivaldi 
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Table 5.  Selected interatomic distances (Å) and angles (°) for  
liversidgeite

Zn1-O5 1.993(5) Zn2-O3 2.041(5)
Zn1-O11 2.035(4) Zn2-H2O20 2.084(5)
Zn1-O1 2.091(5) Zn2-O8 2.111(4)
Zn1-O1 2.114(4) Zn2-O3 2.120(4)
Zn1-H2O17 2.176(5) Zn2-O11 2.164(4)
Zn1-H2O18 2.280(5) Zn2-H2O18 2.172(5)
<Zn-O> 2.115 <Zn-O> 2.115
Zn3-O14 2.055(4) Zn4-O9 1.987(5)
Zn3-H2O17 2.075(5) Zn4-O7 2.009(4)
Zn3-O14 2.080(5) Zn4-O15 2.082(5)
Zn3-H2O19 2.126(5) Zn4-O15 2.093(4)
Zn3-O12 2.135(5) Zn4-H2O20 2.167(5)
Zn3-O7 2.147(5) Zn4-H2O19 2.497(5)
<Zn-O> 2.103 <Zn-O> 2.139
Zn5-O6 1.925(4) Zn6-O4 1.946(4)
Zn5-O10 1.925(4) Zn6-O8 1.987(5)
Zn5-O12 1.998(4) Zn6-O16 2.007(4)
Zn5-O16 2.000(4) Zn6-H2O21 2.110(6)
<Zn-O> 1.964 Zn6-O10 2.338(5)
  <Zn-O> 2.078
P1-O1 1.530(5) P2-O5 1.514(5)
P1-O2 1.531(5) P2-O6 1.528(5)
P1-O3 1.540(5) P2-O7 1.544(5)
P1-O4 1.542(5) P2-O8 1.553(5)
<P-O> 1.536 <P-O> 1.535
P3-O9 1.504(5) P4-O13 1.521(5)
P3-O10 1.529(5) P4-O14 1.529(5)
P3-O11 1.530(4) P4-O15 1.531(5)
P3-O12 1.548(5) P4-O16 1.538(5)
<P-O> 1.530 <P-O> 1.528
O1-P1-O2 109.5(3) O5-P2-O6 111.1(3)
O1-P1-O3 109.8(3) O5-P2-O7 110.9(3)
O2-P1-O3 108.6(3) O6-P2-O7 108.6(3)
O1-P1-O4 109.8(3) O5-P2-O8 108.4(2)
O2-P1-O4 110.7(3) O6-P2-O8 109.3(3)
O3-P1-O4 108.4(3) O7-P2-O8 108.5(3)
<O-P1-O> 109.5 <O-P2-O> 109.5
O9-P3-O10 111.9(3) O13-P4-O14 109.4(3)
O9-P3-O11 110.5(3) O13-P4-O15 110.7(3)
O10-P3-O11 107.7(3) O14-P4-O15 109.3(2)
O9-P3-O12 108.8(3) O13-P4-O16 109.8(3)
O10-P3-O12 108.6(3) O14-P4-O16 107.9(3)
O11-P3-O12 109.3(2) O15-P4-O16 109.7(3)
<O-P1-O> 109.5 <O-P1-O> 109.5

Table 6. Bond-valence analysis for liversidgeite
                         Sum Sum
 Zn1 Zn2 Zn3 Zn4 Zn5 Zn6 P1 P2 P3 P4 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14 (excl. H)  (incl. H)
O1 0.35      1.27                  1.95 1.95
 0.33                         
O2       1.26    0.30       0.23     0.18  1.26 1.97
O3  0.40     1.23                  1.96 1.96
  0.33                        
O4      0.52 1.23               0.18  0.11 1.75 2.03
O5 0.46       1.32      0.21           1.78 1.99
O6     0.55   1.27             0.12    1.82 1.94
O7   0.30 0.44    1.22                 1.96 1.95
O8  0.33    0.47  1.19                 1.99 1.99
O9    0.47     1.36       0.20         1.83 2.03
O10 0.41 0.29       1.27                1.99 1.99
O11     0.54 0.18   1.27                1.97 1.97
O12   0.31  0.45    1.21                1.97 1.97
O13          1.30  0.23     0.27       0.20 1.30 2.00
O14   0.39       1.27               2.02 2.02
   0.36                       
O15    0.36      1.26               1.97 1.97
    0.35                      
O16     0.44 0.44    1.24               2.12 2.12
H2O17 0.28  0.37        0.70 0.77             0.65 2.12
H2O18 0.21 0.28           0.79 0.79           0.49 2.07
H2O19   0.32 0.12           0.81 0.80         0.44 2.05
H2O20  0.36  0.29             0.76 0.77       0.65 2.18
H2O21      0.33             1.00 0.87     0.33 2.20
H2O22               0.19     0.13 0.88 0.82   0.00 2.03
H2O23             0.21          0.82 0.69 0.00 1.72
Sum 2.04 1.99 2.05 2.03 1.98 1.94 4.99 5.00 5.07 5.07 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Table 7.  Details of hydrogen bonding in liversidgeite (Å, °)
D-H···A D-H (Å)  H···A D···A D-H···A
H2O17-H1...O2* 0.87(4) 1.75(5) 2.550(7) 151(7)
H2O17-H2...O13 0.89(4) 1.80(5) 2.637(7) 156(9)
H2O18-H3...O23 0.87(4) 1.90(6) 2.699(9) 151(8)
H2O18-H4...O5† 0.90(4) 1.83(4) 2.698(7) 161(7)
H2O19-H5...O22 0.87(4) 2.04(6) 2.730(8) 136(6)
H2O19-H6...O9‡ 0.89(4) 1.89(4) 2.740(7) 159(8)
H2O20-H7...O13§ 0.91(4) 1.67(5) 2.569(7) 167(9)
H2O20-H8...O2† 0.87(4) 1.75(5) 2.623(6) 174(10)
H2O21-H10...O22‡ 0.92(5) 2.33(14) 2.920(10) 122(12)
H2O22-H11...O6 0.93(5) 2.04(4) 2.956(8) 169(9)
H2O22-H12...O4|| 0.91(4) 1.96(5) 2.849(8) 164(9)
H2O23-H13...O2§ 0.93(5) 1.90(6) 2.809(8) 164(9)
H2O23-H14...O13§ 0.91(5) 2.11(9) 2.743(8) 126(9)
H2O23-H14...O4§ 0.91(5) 2.60(10) 3.051(8) 111(8)
Note: Symmetry codes: * –x, –y + 2, –z; † –x + 1, –y + 1, –z; ‡ –x + 1, –y + 1, –z + 
1; § x, y – 1, z; || x + 1, y, z.

1984). The bond-valence sums for H2O17, H2O18, H2O19, and 
H2O20, which each coordinate to two Zn2+ cations, and H2O21, 
which coordinates to the Zn6 cation, are in the range 0.33 to 0.65 
v.u. and so these O atoms are H2O molecules. The H2O22 and 
H2O23 groups (v.u. = 0.00) represent interstitial H2O molecules 
not bonded to any cations, and held in the structure only by 
hydrogen bonds.

The structure of liversidgeite contains an extensive network 
of hydrogen bonds (Table 7), which can be divided into those 
located within the sheets of Znφ6 and PO4 polyhedra and those 
between the sheets and interstitial H2O groups. The hydrogen 
bonds can be classified as strong to weak, with O···O distances 
in the range of 2.550 to 3.051 Å. Hydrogen bonds of the first 
type occur between H atoms of H2O groups bonded to the Znφ6 
octahedra and O atoms of the PO4 groups. The H2O17 and H2O20 
groups each donate two such hydrogen bonds and the H2O18, 
and H2O19 groups each one hydrogen bond. Hydrogen bonds of 
the second type provide additional linkage between the sheets in 
the structure via the interstitial H2O groups. Hydrogen atoms of 
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the H2O18, H2O19, and H2O21 groups each donate one hydro-
gen bond to interstitial H2O molecules H2O22 and H2O23. The 
H2O22 group donates two and the H2O23 group donates three 
hydrogen bonds, which are accepted by O atoms of the Znφ6 
and PO4 polyhedra.

structural relations

Liversidgeite is the fifth known zinc phosphate mineral. Of 
these, the structures of hopeite, Zn3(PO4)2·4H2O (Hill and Jones 
1976), and parahopeite, Zn3(PO4)2·4H2O (Chao 1969), are based 
on infinite sheets of Znφ4 and PO4 tetrahedra, the structure of tar-
buttite, Zn2(PO4)(OH) (Cocco et al. 1966), on chains of Znφ5 bi-
pyramids, and the structure of spencerite, Zn4(PO4)2(OH)2·3H2O 
(Fanfani et al. 1972), on chains of Znφ4 and PO4 tetrahedra that 
link via Znφ6 octahedra. The only other Zn mineral, which like 
liversidgeite contains 4-, 5-, and 6-coordinated Zn in its structure, 
is warikahnite, Zn3(AsO4)2·2H2O (riffel et al. 1980).

The structure of liversidgeite is topologically identical to that 
of synthetic Zn2Co4(PO4)4(H2O)5·2H2O (Whang et al. 1995), 
which is monoclinic, P21/n, and Z = 4. Sheets of Mφ6 octahedra 
and PO4 tetrahedra topologically identical to those in liversidgeite 
are found in the structures of bakhchisaraitsevite, [Na2(H2O)2]
[(Mg,Fe)5(H2O)5(PO4)4] (Yakubovich et al. 2000), and rimko-
rolgite, Ba[Mg5(H2O)7(PO4)4](H2O) (Krivovichev et al. 2002), 
which are both monoclinic, P21/c, and Z = 4. The relationship of 
the lattice parameters of bakhchisaraitsevite, rimkorolgite, and 
Zn2Co4(PO4)4(H2O)5·2H2O to liversidgeite (li = liversidgeite) is 
a ~ ali, b ~ cli, and c ~ 2bli. In these three structures, there is only 
one type of zigzag Mφ4 chain, which runs along the a axis (Fig. 
3b) and which is composed of edge-sharing (Mg,Fe)φ6 octahedra 
(bakhchisaraitsevite), Mgφ6 octahedra (rimkorolgite), or Coφ6 
octahedra [Zn2Co4(PO4)4(H2O)5·2H2O]. Each chain links to an 
adjacent chain in the b direction, with adjacent chains related 
by a 21 screw axis parallel to the b axis. The sequence of cation 
ordering in the chains is -M1-M3-M4-M2-, while in liversidgeite 

the ordering sequence in the two Mφ4 chains is -Zn1-Zn1-Zn2-
Zn2- and -Zn3-Zn3-Zn4-Zn4-. It is this difference in ordering 
of cations that results in the lowering of the symmetry of liv-
ersidgeite to triclinic, and reduction in the unit-cell volume by 
approximately half. 

The mode of linkage between sheets differs in each of the 
structures. In bakhchisaraitsevite, linkage is provided by Mg2φ10 
dimers, which comprise two edge-sharing Mgφ6 octahedra, 
whereas in rimkorolgite adjacent sheets are separated by Ba2+ 
cations. The large interstitial channels in the framework of both 
structures extend along the b direction and are occupied by 
interstitial H2O groups plus Na+ cations (bakhchisaraitsevite) 
or Ba2+ cations (rimkorolgite). The sheets in the structure of 
Zn2Co4(PO4)4(H2O)5·2H2O are linked by Zn2φ8 dimeric build-
ing units, comprising edge-sharing Znφ5 trigonal bipyramids 
and Znφ4 tetrahedra.
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FiGure 4. The crystal structure of liversidgeite viewed along a 
direction close to [100]. Znφ6 octahedra are pale gray; Zn2φ5 pyramids 
are line-shaded; Zn3φ6 tetrahedra are dark gray; PO4 tetrahedra are cross-
shaded; O atoms of water molecules are white spheres; hydrogen atoms 
are small gray spheres. The unit cell is outlined.
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