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ABSTRACT

Hylbrownite, ideally Na3MgP3O10·12H2O, the second known triphosphate mineral, is a new mineral

species from the Dome Rock mine, Boolcoomatta Reserve, Olary Province, South Australia, Australia.

The mineral forms aggregates and sprays of crystals up to 0.5 mm across with individual crystals up to

0.12 mm in length and 0.02 mm in width. Crystals are thin prismatic to acicular in habit and are

elongate along [001]. Forms observed are {010}, {100}, {001}, {210} and {201}. Crystals are

colourless to white, possess a white streak, are transparent, brittle, have a vitreous lustre and are non-

fluorescent. The measured density is 1.81(4) g cm�3; Mohs’ hardness was not determined. Cleavage is

good parallel to {001} and to {100} and the fracture is uneven. Hylbrownite crystals are

nonpleochroic, biaxial (�), with a = 1.390(4), b = 1.421(4), g = 1.446(4) and 2Vcalc. = 82.2º.

Hylbrownite is monoclinic, space group P21/n, with a = 14.722(3), b = 9.240(2), c = 15.052(3) Å, b =

90.01(3)º, V = 2047.5(7) Å3, (single-crystal data) and Z = 4. The strongest lines in the powder X-ray

diffraction pattern are [d(Å)(I)(hkl)]: 10.530(60)(101̄,101), 7.357(80)(200), 6.951(100)(111̄, 111),

4.754(35)(103̄, 103), 3.934(40)(022), 3.510(45)(303̄, 303), 3.336(35)(411̄, 411). Chemical analysis by

electron microprobe gave Na2O 16.08, MgO 7.08, CaO 0.43, P2O5 37.60, H2Ocalc 38.45, total

99.64 wt.%. The empirical formula, calculated on the basis of 22 oxygen atoms is

Na2.93Mg0.99Ca0.04P2.99O9.97·12.03H2O. The crystal structure was solved from single-crystal X-ray

diffraction data using synchrotron radiation (T = 123 K) and refined to R1 = 4.50% on the basis of 2417

observed reflections with F0 > 4s(F0). [Mg(H2O)3P3O10] clusters link in the b direction to Naf6

octahedra, by face and corner sharing. Edge sharing Naf6 octahedra and Naf7 polyhedra form Na2O9

groups which link via corners to form chains along the b direction. Chains link to [Mg(H2O)3P3O10]

clusters via corner-sharing in the c direction and form a thick sheet parallel to (100). Sheets are linked

in the a direction via hydrogen bonds.
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Introduction

HYLBROWNITE occurs on two specimens collected

from the Dome Rock mine, which is situated on

Boolcoomatta Reserve, a former sheep station that

is now a Bush Heritage reserve, 42 km north of

the railway siding of Mingary and ~470 km

northeast of Adelaide, South Australia. It is not

known when the specimens were collected;

probably during the 1980s when the mine was

being worked for mineral specimens. The Dome
* E-mail: peter.elliott@adelaide.edu.au
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Rock mine is well known for a suite of secondary

arsenate minerals, including agardite, arseniosi-

derite, clinoclase, erythrite, lavendulan, metazeu-

nerite, olivenite, scorodite and smolianinovite

(Bayliss et al., 1966; Kleeman and Milnes,

1973; Ryall and Segnit, 1976; Segnit, 1978). It

is the type locality for cobaltaustinite (Nickel and

Birch, 1988) and the new mineral domerockite

(IMA2009-016). One secondary phosphate

mineral has previously been recorded, fluor-

apatite, which occurs as colourless, tabular to

short prismatic microcrystals that are commonly

seen scattered on earlier formed arsenates (Ryall

and Segnit, 1976).

The new species is named for Henry Yorke

Lyell Brown (1844–1928), Government Geologist

of South Australia from 1882 to 1912. Brown

made the first recorded observations of much of

the interior of the state of South Australia and the

Northern Territory and produced the first

geological map of the whole colony in 1899. He

documented the mineral resources of South

Australia and published numerous reports, four

editions of The Records of the Mines of South

Australia (Brown, 1908) and also the Catalogue

of South Australian Minerals (Brown, 1893).

Hylbrownite has a synthetic analogue

(Rakotomahanina et al., 1972). The new mineral

and mineral name have been approved by the

IMA Commis s ion on New Mine ra l s ,

Nomenclature and Classification (IMA 2010-

054). The holotype specimen is preserved in the

collection of the South Australian Museum,

Adelaide, South Australia, (Registration number

G33088).

Occurrence

The Dome Rock deposit comprises several small,

independent, lenticular orebodies at shallow

depth, situated in Lower Proterozoic metasedi-

ments of the Willyama Complex on the northern

flank of an E�W striking range which is

composed mostly of granitic rocks (Dickinson,

1942). The ore-bodies are interpreted as being

hypergene in origin and most likely related to the

invasion of metasediments by granite intrusives.

Mineralizing solutions gained access to the

sediments along channels formed either by

minor faults or along favourable rock contacts.

The suite of secondary arsenate minerals

formed by oxidation of primary sulphides,

principally chalcopyrite, chalcocite, arsenopyrite

and cobaltite, under low-temperature conditions.

The secondary phosphates hylbrownite and

fluorapatite formed later than the arsenate

minerals. No primary P minerals have been

recorded from the Dome Rock mine, however, a

number of P-bearing pegmatites are located

nearby and these may have been the source of P

for the phosphate minerals.

The synthetic analogue of hylbrownite was

prepared at room temperature by titration of

sodium triphosphate with a solution of an Mg salt

(Rakotomahanina et al., 1972) so natural samples

almost certainly crystallized at ambient (~25ºC)

temperatures.

On the holotype specimen, hylbrownite occurs

in a thin seam as aggregates and sprays of

crystals, overgrowing aggregates of pale green

conichalcite, crusts of chrysocolla and crusts of a

black, amorphous Cu-Mn-Co silicate. The matrix

comprises grey quartzite with very minor goethite

and muscovite. On a second specimen, hylbrow-

nite crystal sprays occur on an iron oxide-stained

quartzite matrix associated with cuprite, mala-

chite, azurite and goethite.

Appearance, physical and optical properties

Hylbrownite occurs as aggregates and sprays of

crystals to 0.5 mm across with individual crystals

up to 0.12 mm in length and 0.02 mm in width

(Fig. 1). Crystals are thin prismatic to acicular in

habit, elongate along [001]. Forms observed are

{010}, {100}, {001}, {210} and {201}. The

mineral is colourless to white, the streak is white,

and the lustre is vitreous. Mohs’ hardness was not

determined due to the small size of the crystals.

The density, measured by the sink-float method in

an aqueous solution of sodium polytungstate is

FIG. 1. SEM photomicrograph showing acicular crystals

of hylbrownite. The scale bar is 50 mm long.
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1.81(4) g cm�3, whilst the calculated density from
the empirical formula is 1.82 g cm�3. Tenacity is

brittle. Cleavage is good parallel to {001} and to

{100} and the fracture is uneven. The mineral is

nonpleochroic, biaxial (�), with a = 1.390(4), b =

1.421(4), g = 1.446(4) and 2Vcalc. = 82.2º. The

Gladstone-Dale compatibility index (Mandarino,

1981) is 0.066, categorized as fair.

Chemical composition

Crystals of hylbrownite were analysed using a

Cameca SX-51 electron microprobe operating in

wavelength dispersion mode, with an accelerating

voltage of 15 kV, a specimen current of 10 nA,

and a beam diameter of 20 mm. An energy-

dispersive scan indicated the absence of any other

elements with atomic number greater than 8, in

quantities greater than 0.05 wt.%. The data were

reduced and corrected by the ‘PAP’ method of

Pouchou and Pichoir (1985). The presence of H2O

groups was established by crystal-structure

solution and infrared-absorption spectroscopy. A

good polish for the electron microprobe work

could not be obtained, and this coupled with

extreme instability under the electron beam

resulted in analytical results that are very variable.

The mean analytical results are reported in

Table 1; the empirical formula based on

22 oxygen atoms is Na2.93Mg0.99Ca0.04P2.99O9.97

·12 .03H2O. The simplified formula is

Na3MgP3O10·12H2O, which requires (in wt.%)

Na2O 16.53, MgO 7.17, P2O5 37.86, H2O 38.45,

total 100.00 wt.%.

TABLE 1. Compositional data for hylbrownite.

Constituent Wt.% Range Stand. Dev. Probe Standard

Na2O 16.08 15.11�17.15 0.70 albite
MgO 7.08 5.56�8.94 1.17 almandine
CaO 0.43 0.18�0.63 0.16 hydroxylapatite
P2O5 37.60 35.7�40.28 1.67 hydroxylapatite
H2O* 38.45

Total 99.64

Number of analyses = 9.
* calculated from the ideal formula based on structure determination.
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FIG. 2. FTIR spectrum of powdered hylbrownite.
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TABLE 2. X-ray powder diffraction data for hylbrownite.

Iobs dobs Icalc dcalc h k l Iobs dobs Icalc dcalc h k l

60 10.530 { 74 10.526 1 0 1̄ 10 2.860 8 2.862 1 2̄ 4̄
57 10.524 1 0 1 15 2.855 21 2.851 0 3 2

20 7.869 16 7.875 0 1 1

25 2.831 {
16 2.828 4 2 1̄

10 7.526 0 0 2 13 2.826 4 1̄ 3̄
80 7.357 100 7.361 2 0 0 7 2.825 4 1 3

100 6.949 { 95 6.944 1 1 1̄ 5 2.691 8 2.689 4 2 2
40 6.944 1 1 1

5 2.669 { 6 2.668 2 1̄ 5̄
30 5.835 41 5.835 0 1 2 7 2.668 2 1 5

5 5.425 1 1̄ 2̄ 10 2.627 13 2.625 0 3 3
6 5.377 2 1 1 10 2.574 16 2.570 3 3 1

35 4.754 { 26 4.749 1 0 3̄ 7 2.531 4 1̄ 4̄
38 4.749 1 0 3 5 2.530 4 1 4

25 4.628 42 4.620 0 2 0 7 2.509 0 0 6

10 4.579 { 12 4.573 2 1 2̄ 20 2.474 12 2.472 3 1 5
12 4.573 2 1 2 5 2.450 5 2 1̄

10 4.416 { 8 4.417 0 2 1 5 2.386 2 2 5
17 4.408 1 2 0

25 2.376 { 31 2.375 2 0 6̄

5 4.170 { 5 4.165 3 1̄ 1̄ 19 2.374 2 0 6
9 4.165 3 1 1 8 2.310 0 4 0

40 3.934 32 3.937 0 2 2 5 2.267 2 3 4̄

5 3.800 { 9 3.804 1 2 2̄ 5 2.267 2 3 4
9 3.804 1 2 2 7 2.259 4 1 5

5 3.751 9 3.756 3 1 2̄ 15 2.184 5 2.181 2 4 1

45 3.510 { 25 3.509 3 0 3̄ 15 2.142 5 2.144 6 1 3
57 3.508 3 0 3 6 2.137 4 3 3
8 3.485 0 1 4 10 2.109 8 2.107 2 3 1̄
7 3.472 2 2̄ 2̄ 8 2.105 5 0 5

15 3.392 { 19 3.399 0 2 3 10 2.078 9 2.077 1 4̄ 3̄
5 3.392 1 1̄ 4̄ 10 2.047 7 2.048 5 3 2
7 3.364 3 2 0 10 2.02 7 2.018 2 4 3̄

10 3.345 12 3.351 2 0 4̄ 6 1.970 3 0 7̄

35 3.336 { 46 3.334 4 1 1̄ 5 1.940 7 0 3
3.334 4 1 1 5 1.926 3 1̄ 7̄

15 3.310 {
18 3.312 1 2 3 15 1.840 27 1.840 8 0 0
10 3.307 4 0 2̄ 5 1.802 4 1.804 5 4 1
5 3.306 4 0 2 5 1.720 5 1.718 3 5̄ 1̄

5 3.288 {
10 3.283 3 2 1̄ 5 1.684 5 1.692 7 3̄ 2
5 3.283 3 2 1 5 1.662 1 0 9
16 3.280 3 1̄ 3̄ 5 1.640 6 2̄ 6̄

10 3.154 { 18 3.150 2 1̄ 4̄ 5 1.640 6 2 6̄
12 3.150 2 1 4 5 1.557 5 1.5568 5 5̄ 1

10 3.118 { 17 3.113 4 1̄ 2̄ 5 1.502 7 1.5052 0 0 10
16 3.113 4 1 2 5 1.449 5 1.4485 6 5 2
5 3.018 0 3 1 5 1.241 5 1.2412 4 5 8̄

15 2.880 19 2.879 4 2 0

Intensities estimated visually. Icalc calculated with program LAZY PULVERIX (Yvon et al., 1977); only reflections
with Icalc >4 are listed.
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X-ray powder diffraction data

X-ray powder-diffraction data (Table 2) were

obtained using a 100 mm Guinier-Hägg camera

using CuKa radiation (l 1.54060 Å) and silicon

(NBS SRM 640a) as an internal standard.

Intensities were estimated visually and the

calculated intensities were obtained from the

structural model (Yvon et al., 1977). The

Guinier-Hägg film was scanned using an Epson

film scanner, the powder-diffraction profile over

the 2y range 10 to 90º was extracted and the unit-

cell parameters were refined using the Le Bail

profile-fitting method (Le Bail et al., 1988;

Hunter, 1998) starting from the unit-cell para-

meters determined from single-crystal techniques.

The unit-cell parameters refined from the powder

data are a = 14.716(2), b = 9.247(2), c =

15.034(2) Å, b = 89.89(2)º, V = 2045.9(2) Å3,

which agree with those refined using single-

crystal methods.

Infrared spectroscopy

The infrared spectrum (Fig. 2) of hylbrownite was

obtained using a Nicolet 5700 FTIR spectrometer

equipped with a Nicolet Continuum IR micro-

scope and a diamond-anvil cell. A crystal

aggregate was crushed in the diamond cell and a

spectrum recorded in the range 4000 to 650 cm�1.

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

Crystal data
Space group P21/n
a,b,c (Å) 14.722(3), 9.2400(18), 15.052(3)
b (º) 90.01(3)
V (Å3), Z 2047.5(7), 4
F(000) 1151.0
m (mm�1) 0.474
Crystal dimensions (mm) 0.05560.00660.006

Data collection
Diffractometer ADSC Quantum 210r
Temperature (K) 123
Wavelength 0.774867 Å
y range (º) 10.63�23.10
Detector distance (mm) 85.32
Rotation axes f, o
Rotation width (º) 2.0
Total no. of frames 180
Collection time per frame (s) 10
h,k,l ranges �16 ? 16, –9 ? 9, –16 ? 16
Total reflections measured 21200
Unique reflections 2417 (Rint = 0.0373)

Refinement
Refinement on F2

R1* for F0 > 4s(F0) 4.50%
wR2{ for all F0

2 10.70%
Reflections used Fo > 4s(Fo) 2313
Number of parameters refined 344
Extinction factor 0.016(2)
(D/s)max 0.000
Drmin, Drmax (e/Å3) 0.361, -0.399
GoF 1.086

* R1 = S||Fo|-|Fc|| / S|Fo|
{ wR2 = Sw(|Fo|2�|Fc|2) 2 / Sw|Fo|2)1/2; w = 1/[s2(F o2) + (0.042 P)2 + 12.60 P];
P = ([max of (0 or F0

2)] + 2Fc2)/3

HYLBROWNITE, A NEW TRIPHOSPHATE MINERAL FROM SOUTH AUSTRALIA
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The spectrum shows PO4 vibrational modes

analogous to those for other condensed phos-

phates (e.g. Rulmont et al., 1991); asymmetric

stretching vibrations of PO3 groups (at 1254,

1118, 1022, 995 and 906 cm�1), O�P�O
stretching vibrations (at 742 and 906 cm�1),
O�P�O bending vibrations (at 692 and

658 cm�1). A prominent band centred on

3278 cm�1 is due to OH-stretching vibrations

and bands at 1670 and 1643 cm�1 correspond to

H�O�H-bending of H2O groups. Based on the

correlation between O�H-stretching frequences

(vOH) and O�H...O distances (Libowitzky,

1999), nOH values from ~3179 to 3573 cm�1

are predicted for hylbrownite, which fall within

the range of observed values.

Crystal structure solution and refinement

Single-crystal X-ray data collection

X-ray data were collected at the Australian

Synchrotron facility using an ADSC Quantum

210r detector. Data were measured using a

crystal of dimensions 0.05560.00660.006

mm, with monochromatic MoKa X-radiation (l
= 0.774867 Å), a crystal-to-detector distance of

85 mm and by scanning in f and o with frame

widths of 2º and 10 s spent counting per frame.

Data were integrated and corrected for Lorentz,

polarization and background effects. Normalized

structure-factor statistics and systematic

absences indicated space group P21/n, with

verification provided by the successful solution

of the structure. Crystal structure solution by

direct methods using SHELXS-97 (Sheldrick,

2008) found the positions of three Na, one Mg

and three P atoms. Fourier and difference Fourier

syntheses (SHELXL-97, Sheldrick, 2008)

located the positions of 22 O atoms and

subsequent difference Fourier maps revealed all

24 H atoms belonging to the water molecules.

The O�H distances were restrained to 0.95 Å

and H�H distances of water molecules were

restrained to 1.50 Å, in each case with standard

deviations of 0.05. A full-matrix least-squares

refinement on F2 with anisotropic displacement

parameters for all non-H atoms converged to an

R1 of 4.50%. Table 3 contains data-collection

parameters and refinement results, Table 4 lists

the atom coordinates and displacement para-

meters for all atoms, Table 5 gives selected

interatomic and Table 6 lists the calculated

bond-valence sums (Brown and Altermatt,

1985; Brown, 1996).H
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Description of the structure

The hylbrownite structure contains three unique Na

atoms, one Mg atom and three P atoms. The Na1

and Na3 atoms are each [6]-coordinated by five

H2O groups and one O2� anion to form distorted

[Na(H2O)5O] octahedra. The octahedra are highly

distorted, with intra-octahedral angles deviating by

14.7º and 26.0º from ideal angles for the Na1 and

Na3 sites respectively. The Na2 atom is coordi-

nated by four H2O groups and one O2� anion

forming ‘‘strong’’ bonds, with Na�O distances in

TABLE 5. Selected interatomic distances (Å) for hylbrownite.

Na1 OW14 2.384(4) Mg O7 2.056(4)
O9 2.392(4) O2 2.063(3)
OW15 2.401(4) OW11 2.093(3)
OW16 2.406(4) OW12 2.109(4)
OW17 2.408(4) OW10 2.127(3)
OW18 2.565(4) OW13 2.146(4)
<Na–O> 2.426 <Mg–O> 2.099

Na2 O21 2.377(4) P1 O1 1.513(4)
O9 2.387(4) O2 1.518(3)
OW18 2.390(4) O3 1.527(3)
OW15 2.408(4) O4 1.633(3)
O22 2.424(4) <P–O> 1.548
OW17 3.131(4)
O4 3.172(4) P2 O5 1.507(4)
<Na–O> 2.613 O6 1.513(4)

O7 1.534(3)
Na3 OW19 2.349(4) O8 1.634(3)

O20 2.359(4) <P–O> 1.547
OW10 2.418(4)
OW12 2.419(4) P3 O9 1.482(3)
OW13 2.458(4) OW10 1.493(4)
OW11 2.657(4) O8 1.596(4)
<Na–O> 2.443 O4 1.600(3)

<P–O> 1.543

O2�Mg�OW11 92.42(14) O5�P2�O6 114.44(19)
O2�Mg�OW12 92.79(13) O5�P2�O7 111.83(19)
O2�Mg�OW10 89.00(13) O5�P2�O8 106.53(19)
O7�Mg�O2 94.61(14) O6�P2�O7 112.46(18)
O7�Mg�OW11 92.37(14) O6�P2�O8 103.15(19)
O7�Mg�OW10 89.70(13) O7�P2�O8 107.64(17)
O7�Mg�OW13 90.46(14) <O�P2�O> 109.34
OW10�Mg�OW13 86.44(13)
OW11�Mg�OW12 91.77(13)
OW11�Mg�OW13 91.95(13) O8�P3�O4 101.23(19)
OW12�Mg�OW10 85.97(13) O9�P3�O4 105.66(17)
OW12�Mg�OW13 81.81(14) O9�P3�O8 108.37(18)
<O�Mg�O> 89.94 O9�P3�OW10 120.18(19)

OW10�P3�O8 109.33(18)
O1�P1�O2 112.31(18) OW10�P3�O4 110.38(18)
O1�P1�O3 113.49(19) <O�P3�O> 109.19
O1�P1�O4 105.89(18)
O2�P1�O3 114.36(19)
O2�P1�O4 107.35(17)
O3�P1�O4 102.35(18)
<O�P1�O> 109.29
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c

a
FIG. 3. The crystal structure of hylbrownite viewed along [010]; Naf6 octahedra are dark purple; Naf5 polyhedra are

pale purple; Mgf6 octahedra are blue; PO4 tetrahedra are yellow; H atoms are shaded grey. The unit cell is outlined.

Hydrogen bonds are shown as dotted lines. All structure drawings were completed using ATOMS (Shape Software

1997).

c

b
FIG. 4. The crystal structure of hylbrownite viewed along [100]. Legend as in Fig. 3.
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the range 2.377(4)�2.424(4) Å (Table 5). The Na2

atom is also weakly bonded to two anions, with

Na�O distances of 3.131(4) and 3.172(4) Å.

The Mg site is coordinated by four H2O groups

and two O atoms in an octahedral arrangement.

The [Mg(H2O)4O2] octahedron is reasonably

regular in geometry, with Mg�O distances in

the range 2.056 to 2.146 Å and angles in the range

81.81 to 94.61º.

The Mg site refines to slightly greater than full

occupancy [1.025(14)] and the Na sites to slightly

less than full occupancy (0.955(14), 0.986(15)

and 0.949(15) for Na1, Na2 and Na3 respec-

tively), suggesting that the minor Ca detected in

the chemical analysis is located at the Mg site.

The P1, P2 and P3 sites are each tetrahedrally

coordinated by four O atoms, at mean distances of

1.548, 1.547 and 1.543 Å respectively. The three

PO4 tetrahedra form a P3O10 trimer by the sharing

of vertices, with the P1O4 and P3O4 tetrahedra

sharing the O4 vertex and the P2O4 and P3O4

tetrahedra sharing the O8 vertex. The PO4

tetrahedra, in particular the P3O4 tetrahedron,

show considerable angular distortion (Table 5).

The P1 and P2 cations coordinate to three and the

P3 cation to two non-bridging O atoms with P�O
distances of 1.482(3) to 1.534(3) Å and to one (P1

and P2) or two (P3) bridging O atoms with longer

P�O distances (1.596(4), 1.600(3), 1.633(3) and

1.634(3) Å). The bridging anions, O4 and O8, are

each bonded to two P atoms hence require less than

the average P�O bond-valence of 1.25 v.u. from

each bridging bond which are, as a consequence,

significanly longer than the terminal P�O bonds.

Each PO4 tetrahedron shares one vertex with a

Mgf6 octahedron to form an [Mg(H2O)3P3O10]

cluster (Fig. 3). The Mgf6 octahedron shares a

face with an Na3f6 octahedron, which also links

TABLE 7. Details of hydrogen bonding in hylbrownite (Å, º).

D�H···A D�H H···A D···A ffD�H···A

O11–H1...O1i 0.94(4) 1.82(5) 2.746(4) 170(6)
O11–H2...O6i 0.95(4) 1.80(4) 2.714(4) 163(6)
O12–H3...O21ii 0.94(4) 1.79(4) 2.715(5) 167(6)
O12–H4...O7i 0.93(4) 1.85(4) 2.779(4) 175(6)
O13–H5...O2i 0.93(4) 1.88(4) 2.793(4) 168(6)
O13–H6...O16iii 0.93(4) 1.82(4) 2.747(5) 176(6)
O14–H7...O22iv 0.94(4) 1.85(5) 2.776(5) 169(7)
O14–H8...O3v 0.93(4) 1.92(5) 2.802(5) 158(6)
O15–H9...O20iv 0.92(4) 2.01(4) 2.920(5) 170(6)
O15–H10...O14 0.93(4) 1.89(4) 2.798(5) 166(7)
O16–H11...O5 0.92(4) 1.85(5) 2.762(5) 170(6)
O16–H12...O5iii 0.91(4) 1.84(5) 2.742(5) 174(7)
O17–H13...O19iv 0.92(4) 1.94(4) 2.854(5) 172(6)
O17–H14...O9vi 0.94(4) 2.25(5) 3.098(5) 150(6)
O18–H15...O7vii 0.93(4) 2.13(5) 2.982(5) 152(6)
O18–H16...O1viii 0.93(4) 1.89(5) 2.810(5) 169(6)
O19–H17...O3ii 0.97(4) 1.78(4) 2.773(5) 168(6)
O19–H18...O1ix 0.95(4) 1.80(4) 2.709(5) 159(6)
O20–H19...O6ix 0.93(4) 1.86(5) 2.761(5) 160(7)
O20–H20...O5iii 0.97(4) 1.74(4) 2.697(5) 169(6)
O21–H21...O3 0.93(4) 2.10(4) 3.014(5) 170(6)
O21–H21...O4 0.93(4) 2.43(6) 3.020(5) 122(5)
O21–H22...O3ii 0.95(5) 1.77(5) 2.716(5) 170(9)
O22–H23...O6vii 0.94(5) 1.82(5) 2.762(5) 173(7)
O22–H24...O20iv 0.95(5) 2.16(6) 3.015(5) 149(7)
O22–H24...O17 0.95(5) 2.59(7) 3.103(5) 114(6)

Symmetry codes: (i) �x+3/2, y�1/2, �z+1/2; (ii) �x+2, �y+1, �z+1; (iii) eqiv $6 �x+1, �y+1, �z+1; (iv) �x+3/2,
y+1/2, �z+3/2; (v) x�1/2, �y+3/2, z+1/2; (vi) �x+3/2, y�1/2, �z+3/2; (vii) x+1/2, �y+3/2, z+1/2; (viii) �x+2,
�y+2, �z+1; (ix) x, y�1, z
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to other [Mg(H2O)3P3O10] cluster, in the c

direction, via corner-sharing. Na1f6 octahedra

and Na2f5 polyhedra share edges to form Na2O9

groups, which link via corners (the O9 anion) to

form a chain with a staggered geometry that

extends along the b direction (Fig. 4). The chains

of Na2O9 groups link the [Mg(H2O)3P3O10]

clusters in the c direction, via corner-sharing, to

form a thick sheet parallel to (100). Linkage in the

a direction is via hydrogen bonds only.

Hydrogen bonding

All O atoms not bonded to P are in H2O groups.

All H2O groups are hydrogen-bond donors and

OW14, OW16, OW17, OW19, OW20, OW21 and

OW22 are both hydrogen-bond donors and

hydrogen-bond acceptors. Incident bond-valence

sums (Table 6) indicate that six of the eight

anions bonded to P must be hydrogen-bond

acceptors. An extensive network of hydrogen

bonds (Figs 3, 4) can be divided into those within

the sheets and those that provide linkage between

the sheets. Details of the hydrogen bonding is

given in Table 7. Hydrogen bonds between the

sheets, directed toward the O1, O3, O5 and O6

atoms of the P3O10 trimer adjacent in the a

direction, are provided by H8, H12, H16, H17,

H20, H22 and H23. Further hydrogen bonds

between the sheets are provided by H3, H6 and

H15, which hydrogen bond to OW21, OW16 and

O7, respectively. The remaining hydrogen bonds

occur within the sheets. Bifurcated H-bonds are

provided by the H21 atom of OW21, to adjacent

O3 and O4 anions, and by the H24 atom of

OW22, to adjacent O17 and O20 anions. All

hydrogen bonds are medium strong to very weak

in strength, with O...O distances between 2.697(5)

and 3.103(5) Å (Libowitzky, 1999).

Relationships to other minerals and
inorganic compounds

Hylbrownite is the Mg analogue of kanonerovite,

MnNa3P3O10·12H2O, (Popova et al., 2002)

(Table 8). No structural study of kanonerovite

has been completed; however, the structure of

synthetic MnNa3P3O10·12H2O is known

(Lightfoot and Cheetham, 1987). In the literature,

two other crystal-structure refinements of

M2+Na3P3O10·12H2O-type compounds are avail-

able; CdNa3P3O10·12H2O (Lutsko and Johansson,

1984) and CuNa3P3O10·12H2O (Jouini et al.,

1984). As was mentioned above, hylbrownite is
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(Å

)
1
4
.7
2
2
(3
)

1
4
.7
1
(1
)

1
5
.0
5
2
(8
)

1
4
.8
3
5
(1
2
)

1
5
.0
1

1
5
.0
3

1
5
.1
3

1
5
.0
6

b
(Å
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the natural analogue of MgNa3P3O10·12H2O, a

synthetic compound that was synthesized by

Rakotomahanina et al., (1972) along with other

triphosphates of the type M2+Na3P3O10·12H2O,

with M2+ = Ni, Co, Mn, Zn and Cd. Unit-cell

parameters for these compounds were refined

from powder X-ray diffraction data (Table 8),

however, they were not characterized structurally.

Hylbrownite is the fourth example of a condensed

phosphate mineral after kanonerovite (Popova et

al., 2002), and the pyrophosphates canaphite

CaNa2P2O7·4H2O (Peacor et al., 1985; Rouse et

al., 1988) and wooldridgeite Na2CaCu22(P2O7)2
·10H2O (Hawthorne et al., 1999; Cooper and

Hawthorne, 1999). Hylbrownite is the third

known phosphate of Na and Mg, after panethite,

(Na,Ca,K)4(Mg,Fe2+,Mn)4(PO4)2, (Fuchs et al.,

1967) and bakhchisaraitsevite, [Na2(H2O)2]

{(Mg,Fe)5(H2O)5(PO4)4} (Liferovich et al.,

2000; Yakubovich et al., 2000).
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