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ABSTRACT

The crystal structure of kingite, Al;(PO,),(F,OH),-8(H,O,0H), a secondary mineral from a
Cambrian-Precambrian phosphate deposit at Tom’s Quarry, near Kapunda, South Australia, has
been determined from a powder sample using synchrotron X-ray diffraction data. The structure

was determined ab initio by direct methods and refined to Ry,,,, = 0.022 and R

= 0.039 using the

wp

Rietveld method. The triclinic structure was solved and refined in the space group P1, a = 9.377(1),
b=10.113(1), c = 7.138(1) A, o = 97.60(1), B = 100.88(1), y= 96.01(1)°, V = 653.0(1) A3, Z=2.
The structure of kingite contains finite strings of three corner sharing Alds octahedra (where ¢
represents O, OH-, F-, or H,0). These strings are cross-linked via PO, tetrahedra to produce layers
that are perpendicular to [100]. The layers are linked via hydrogen bonding through H,O located
in the interlayer space. Kingite is shown to have a different stoichiometry to that reported earlier.
The relationship of kingite to the structures of wavellite, Al;(PO,),(OH);-5H,0, and mitryaevaite,
Als(PO,),[(P,S)O5(OH,0)],F,(OH),(H,0);-6.48H,0, are briefly discussed.

INTRODUCTION

The crystal structures of many minerals have been deter-
mined in detail using single crystal X-ray diffraction meth-
ods [see Gaines et al. 1997 and ICSD 2001 (Bergerhoff et al.
1983) for references] and this has enabled the stoichiometry
and crystal chemistry of these minerals to be fully established.
However, a number of minerals have, by virtue of their oc-
currence as microcrystalline masses, remained intractable to
structure elucidation by single crystal methods. In some cases,
when the symmetry is high, it has been possible to establish
the crystal structure from the powder diffraction data. There
remains, however, a group of microcrystalline minerals, of
orthorhombic, monoclinic, and triclinic symmetry, for which
crystal structures have not been determined.

The recent development of profile-fitting methods for X-
ray powder diffraction analysis, together with the develop-
ment of new software to accurately extract intensity data from
these patterns has made possible the ab initio determination
of the structure of microcrystalline inorganic compounds, for
example, Ga,(HPO,);, (Morris et al. 1992), B-Ba;AlF,, (Le
Bail 1993), Bi(H,0),(0OS0O,CF;);, (Louér et al. 1997),
(UO,);(HOsPC4Hs),-H,0, (Poojary et al. 1996), and recently
the mineral tinticite, Fes(PO,),(OH),7H,O (Rius et al. 2000).
These developments have also been enhanced by the avail-
ability of high-intensity synchrotron sources that permit high-
resolution powder diffraction patterns to be obtained from small
powder samples. Louér (1998) presents a review of the meth-
ods, problems and structure solution strategies for ab initio
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determination of the structure of microcrystalline compounds.

As part of an on-going program we are investigating the
crystal structures of a number of phosphate and borate miner-
als that occur only in microcrystalline masses and we report
here the crystal structure of kingite.

PREVIOUS WORK

Kingite was first described by Norrish et al. (1957) from
the Fairview phosphate working near Robertstown, 150 km
N.N.E. of Adelaide, South Australia, where it occurs as small
fine grained nodules in soils formed from the weathering of
Cambrian-Precambrian limestones during the Tertiary period
(see also Mumme et al. 1984). Norrish et al. (1957) deter-
mined the formula to be Al;(PO,),(OH,F);-9H,0, by elemen-
tal analysis, and measured the specific gravity to be 2.27, but
were unable to index the powder diffraction pattern. They
noted that kingite undergoes partial dehydration between 120
and 160 °C and forms “meta-kingite,” Al;(PO,),(OH,F);-4H,0,
and they also noted a small amount of F replacing OH (less
than 1 wt% F) in their elemental analysis (see below). The
powder diffraction pattern was indexed with the aid of elec-
tron diffraction patterns by Kato (1970) on a triclinic cell
with a = 9.15(1), b = 10.00(1), ¢ = 7.24(2) A, o = 98.6(1), B
=93.6(1), y=93.2(1)°, and V = 652(2) A%. Kato (1970) noted
that the individual platelet-like crystals of kingite are between
0.5 and 1.0 um in diameter at the type locality. Kingite has
since been found at a number of other phosphate deposits
(Anthony et al. 2000), most notably at Tom’s quarry near
Kapunda, approximately 90 km N.N.E. of Adelaide, South
Australia, where it occurs in some abundance as nodules up
to 50 cm in diameter. At all localities, kingite occurs only as
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microcrystalline masses and therefore has not been suitable for
investigation by single crystal X-ray diffraction methods.

EXPERIMENTAL METHODS

A sample of kingite from Tom’s quarry was obtained from the
collections of the South Australian Museum, Adelaide (G12979).
Wavelength dispersive electron microprobe analysis was under-
taken using a Camebax SX51 instrument with a 15 kV operating
voltage, 20 nA beam current, a 20 second count time, and a par-
tially defocused beam. There was some evidence of loss of volatiles.
The standards used were: Al,O; (Al), hydroxylapatite (P), wollas-
tonite (Ca), Fe,O; (Fe), microcline (K), and arsenopyrite (As). The
mean of eight analyses gave: P,0531.17; Al,O;, 36.41; Ca0O, 0.02;
and FeO 0.61 wt%. The following elements were sought, but not
found in the electron microprobe analysis: Na, K, and As. Fluo-
rine was determined separately by microchemical analysis and the
mean of four determinations gave 7.13 wt%. Combining these
analyses and taking water by difference gives the following com-
position: Al;,(PO,),(F;,0H,3)-7.5(H,0,0H) (calculated on the
basis on two PO, groups).

A pure sample for powder diffraction study was scraped
from the bulk sample and was loaded into a 0.3 mm diameter
silica glass capillary without further crushing. The diffrac-
tion pattern was recorded using synchrotron radiation in a
high-resolution powder diffractometer at the Australian Na-
tional Beamline Facility (ANBF) BL-20B at the Photon Fac-
tory (KEK), Tsukuba, Japan (Garrett et al. 1995). Partial
diffraction rings were collected on three adjacent image plates,
located 573 mm from the axially spinning sample. Data were
collected at a wavelength of 1.79475(2) A, calibrated using
an alumina reference standard (NBS 674). The data were ex-
tracted from the image plates and processed using the pro-
gram Python PDA (Hester et al. 1999). The angular range of
the data was 9.40-44.00°, 44.75-84.10°, and 84.30-110.40°,
in steps of 0.010° of 26. Even though the image plates are
butted together a small gap (~0.3°) occurs. For the structure
analysis and refinement the RIETICA (Hunter 1998),
SIRPOW.92 (Altomare et al. 1994), and GSAS (Larson and
Von Dreele 1994) packages were used. Attempts to index the
pattern using the cell data of Kato (1970) were unsuccessful
and a new triclinic cell was obtained using the program ITO
(Visser 1969). The cell parameters were refined by fitting the
whole data set. A cell of higher metric symmetry could not be
found by cell reduction (Le Page and Flack 1995). The unit
cell from Kato (1970), although having the same volume, does
not have a simple relationship to that used here, but we note
that d, is the same length in both cells. The space group was
assumed to be P1 and this choice was proved to be correct by
the successful structure solution and refinement.

STRUCTURE SOLUTION AND REFINEMENT

Intensity data were extracted from the powder pattern in
the form of F?,, values using a Le Bail profile fit within
RIETICA. The cell parameters, zero errors, scale factor, and
peak profile parameters for each of the three histograms were
refined. A pseudo-Voigt function was used to model the profile
shape with coefficients being refined simultaneously whilst
being constrained to be equal for all histograms. This data ex-

traction afforded 1078 reflections that were subsequently in-
put into the direct methods program SIRPOW.92 in the form:
hkl, FWHM, F?,. A chemically plausible structural model con-
taining all non-H atoms was obtained from the direct methods
solution. The structure was then refined by the Rietveld method
(Rietveld 1969), again using the pseudo-Voigt peak-shape func-
tion. Three data sets were used, one for each of the image plates.
The image plates, each of which have different characteristics
(Fujii et al. 1991), were read over a total time period of about
30 min. These differences were taken into account by refining
a separate histogram scale factor for histograms 2 and 3; the
histogram scale factor for histogram 1 was held constant. An
absorption correction, based on a cylindrical sample shape, was
applied before the backgrounds were fitted by Chebyshev type
1 polynomials. The number of polynomial terms used was 12,
6, and 3, for histograms 1, 2, and 3, respectively. This back-
ground function allowed the amorphous silica capillary to be
properly modeled. An isotropic displacement parameter (Bj,)
was refined for each different atom type; the O atoms were
further grouped as either H,O O atoms bound to Al, unbound
H,O, or phosphate O atoms. We note here that the displace-
ment parameters for F are much larger than those for the other
ligand atoms. We have no explanation for this. Attempts to re-
duce these values failed, e.g., replacing F with O produces no
significant difference. The peak-shape-parameters were con-
strained as described for the peak extraction. The phase scale and
the zero shifts were refined, as were all atomic coordinates.

The Rietveld refinement converged to Rp,,,, of 0.022. Details of
the data collection, structure solution and refinement are summarized
in Table 1. The refined powder patterns are shown in Figure 1.

This solution gives a formula for kingite of Al;(PO,),
(F,OH),-8(H,0,0H), which is at variance with Norrish et al.
(1957). In the structure description below, where the coordi-
nating species is undefined it is referred to as “¢,” which rep-
resents either O, OH-, F-, or H,O. We used the program
PLATON (Spek 1997) to search for solvent-accessible (H,O)
voids in the structure and found none. We therefore conclude
that the formula has 18 anions, two less than proposed by
Norrish et al. (1957), and the number of protons in the struc-
ture is assigned to achieve charge balance. This is also in ac-
cord with the chemical analysis of kingite presented above.
The presence of fluorine in kingite is discussed below.

TaBLE1. Summary of crystallographic data and refinement condi-

tions for kingite

Alg(PO,),(F,OH),8(H,0,0H) uR 1.42

a(A) 9.377(1) no. of profile parameters 6

b (A) 10.113(1) no. of structural parameters 77

c(A) 7.138(1) no. of reflections 1047

o (°) 97.60(1) no. of data points 9962

B () 100.88(1) profile function pseudo-Voigt

v (°) 96.01(1) background function Chebyshev
type |

Vv (A?) 653.0(1) D5 (9/cm3)* 2.27(2)

D..i (g/cm?®) 2.286 x3(total) 5.77

Rsagq(total)t  0.022 R.po(total)t 0.052

R.p(total)t§ 0.039 R.(total)t 0.031

Ry(total)t § 0.030 Rupo = Z((I1o = Lol Ho=lo1)/16)/Z 1|

4 2 Rop = ((Ew((lo = 1) (Io = 1)/1)2)/Zw (1, — 1)?)
* Measured by flotation in a mixture of diiodomethane and chloroform.
1 For a definition of these terms see Bish and Post (1989).

} Calculated with background excluded.

§ Calculated with background included.
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FIGURE 1. The powder
diffraction pattern of kingite
with the three histograms
combined. The observed (+)
and calculated (-) patterns are
shown, as are the Bragg
markers with the difference
pattern below these. The y-
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The atomic coordinates and displacement parameters are listed in
Table 2; selected inter-atomic distances are presented in Table 3.

STRUCTURE DESCRIPTION

The structure of kingite consists of layers, perpendicular to
[100], that are composed of corner-linked tetrahedra and octa-
hedra (Fig. 2). Within each layer discrete chains of three cor-
ner-linked Alds octahedra (triads) traverse the layers parallel
to [214]. The central octahedron of each triad links to the two
others via opposite vertices and the latter octahedra are tilted
such that two pairs of adjacent apices form edges of PO, tetra-
hedra (Fig. 3). This basic unit of three octahedra and two tetra-
hedra is then propagated by the four unique centers of symmetry
and translational symmetry in the (100) plane to give the infi-
nite layers shown in Figure 4. Two apices of every tetrahedron
link to one triad and the other two links to two other triads, one
along [010] and the other within the {010} plane. All phos-

TABLE 2. Atomic coordinates, displacement parameters and
atomic site occupancies for kingite

X y z B(A»)  Occupancy
Al 0.6816(7) 0.8460(6) 0.6141(8) 1.6(1) 1
A2 04478(7) 0.7115(6) 0.1779(9)  1.6(1) 1
A3 002287(6) 0.6214(6) -0.2936(8)  1.6(1) 1
P1  0.3344(5) 0.8675(5) 0.5187(7) 1.1(1) 1
P2 05737(5) 0.6031(6) -0.1866(8) 1.1(1) 1
F1*  0.6025(11) 0.7295(9)  0.3806(14) 3.6(1) 1
F2*  0.2874(12) 0.6934(9) -0.0324(14) 3.6(1) 1
o1 0.4932(12) 0.9032(10) 0.6597(14) 1.0(1) 1
02 0.7213(10) 0.9887(10) 0.4907(14) 1.0(1) 1
03  0.6838(11) 0.7109(9)  0.7596(13) 1.0(1) 1
041t 0.7621(10) 0.9823(10) 0.8760(14) 0.2(1) 1
05t  0.8893(11) 0.8283(10) 0.6131(15) 0.2(1) 1
06  0.3262(11) 0.7954(9)  0.3191(14) 1.0(1) 1
o7 0.5703(12) 0.6366(9) 0.0233(15) 1.0(1) 1
08  0.3701(10) 0.5431(9) 0.2327(15) 1.0(1) 1
09*  0.5118(11) 0.8825(9)  0.1089(13) 0.2(1) 1
010 0.2528(11) 0.7952(9) —0.3504(13) 0.8(1) 1
O11  0.4177(11) 0.5941(10) -0.3091(15) 0.8(1) 1
012" 0.0376(11) 0.6314(9) -0.2652(13) 0.2(1) 1
013t 0.1696(10) 0.5467(9) -0.5565(13) 0.2(1) 1
O14t 0.1884(9)  0.4405(9) -0.2281(14) 0.2(1) 1
015t 0.9014(10) 0.9460(10) 0.2122(13) 1.0(1) 1
016t 0.9723(10) 0.2906(9) —-0.1172(13) 1.0(1) 1

* Possible hydroxyl O atom.
1 Possible water molecule O atom.

80 90 100 110

phate O atoms are coordinated to Al, three each to All and Al2,
and two to Al3, leaving the remaining ligand sites to be occu-
pied by F and O from water or hydroxide ions. The layers are
linked by H bonds as indicted by interatomic distances between
coordinated (F, OH~, and H,0) species. Two uncoordinated water
molecules in the inter-layer space are H bonded to both adjoining
layers. No attempt has been made to develop a model for the H-
bonding in kingite on the basis of the current refinement as a pow-
der neutron diffraction study of deuterated kingite is in progress,
from which we hope to find the hydrogen atom positions.

The Al-O/F distances in the Al octahedra range from
1.82(1) to 1.99(1) A except for the Al1-O4 distance, which is
2.13(1) A (Table 3). O4 is trans to the bridging F1 atom, which
might be significant, but we note that the corresponding Al3-
013 distance is not unusual. The phosphate groups are approxi-
mately tetrahedral (P2 is better than P1), but the wide range of
P-O distances, which would be expected on chemical grounds
to be nearly the same, compared to the quoted standard uncer-
tainties, is an indication of the well-known underestimation of
errors by the Rietveld method. Nevertheless, the interatomic
distances are similar to those reported for other aluminum phos-
phates. For example, in wavellite (Araki and Zoltai 1968) the

TABLE 3. Bond distance summary

d(A) d(A)
AR-O1  1.99(1) P1-O1 1.61(1)
AH-02  1.83(1) P1-02 1.60(1)
AH-03  1.82(1) P1-06 1.50(1)
A-04  2.13(1) P1-010  1.53(1)
AH-05  1.98(1)

AH-F1 1.88(1) P2-03 1.56(1)
P2-07 1.50(1)
Al2-F1 1.82(1) P2-08 1.64(1)
Al2-06  1.86(1) P2-011 1.54(1)
Al2-07  1.88(1)
Al2-08  1.89(1) 015-02  2.86
AI2-09  1.93(1) 015-04  2.60
Al2-F2  1.89(1) 015-05  2.83
015-016  2.84
AIZ-F2  1.87(1)
AI3-010 1.86(1) 016-07  2.88
AI3-011  1.84(1) 016-012 276
AI3-012  1.85(1) 016-014 2.70
AI3-013  1.88(1) 016-015  2.84
AI3-014  1.96(1)
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FIGURE 2. The crystal structure of kingite viewed down b. The
Alds octahedra and the PO, tetrahedra are striped and crosshatched,
respectively. Interlayer H,O molecules are shown as black circles.

Al-¢ distances range from 1.776(4) A to 1.984(5) A, with a
mean of 1.89 A, and the P-O distances range from 1.518(4) A
to 1.531(4) A, with a mean of 1.525 A. In the closely related
mineral mitryaevaite (Cahill et al. 2001) the Al-¢ distances
range from 1.834(3) A to 1.976(6) A, with a mean of 1.89 A,
and the P-O distances range from 1.529(2) A to 1.554(3) A,
with a mean of 1.54 A. In an attempt to find a minimum with
more acceptable P-O and Al-O distances the structure was re-
fined with soft constraints on these parameters using GSAS.
This refinement converged, but when the constraints were released
the coordinates returned to the original solution. We have elected
to present the results of the unconstrained refinement in this paper.
No attempt was made to locate H atoms or to develop an H-
bonding network, but of the non-phosphate O atoms all except
009 are within a reasonable H-bonding distance of at least two
potential H-bond acceptors. The bridging anions of the triads
are assigned as F atoms as they are not within a reasonable H-
bonding distance of potential H-bond acceptors. O9 is within
H-bonding distance of only one potential acceptor and is prob-
ably an OH molecule. Each of the two interlayer water mol-
ecule O atoms (O15 and O16) are surrounded by an
approximately tetrahedral environment of four O atoms
[015(02, 04, 05, 016) 2.59-2.83 A, subtending angles rang-
ing between 94-127° at O15; 016(06, 012, 014, O15) 2.70-
2.84 A, subtending angles ranging between 91-129° at O16].
We believe that the main features of the structure proposed herein

010’
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FIGURE 3. An Alfstriad with the crystallographically independent
phosphate groups attached, shown with atomic labeling, where (')
indicates symmetrically equivalent atoms.

011

for kingite are well established, although some of the details of indi-
vidual interatomic distances and angles are less reliable.

REVISION OF THE KINGITE COMPOSITION

The crystal structure analysis reported here shows that
kingite has nominally two less water molecules than the origi-
nal formula of Norrish et al. (1957). The high water total
found in the earlier analysis could be associated with the pres-
ence of F, which was greatly underestimated in the original
analysis of Norrish et al. (1957). Fluorine was overlooked in
our original electron microprobe analysis of the kingite used in
this study, due to a faulty probe standard. Problems with the
structural refinement prompted us to analyze for F, and a pre-
liminary EDS analysis indicated the presence of significant
amounts of F. Not trusting the available F electron microprobe
standards, F was determined by microchemical analysis us-
ing a commercial analytical service. Four analyses were un-
dertaken ranging from 7.07 to 7.25 (mean 7.13 wt%), giving
1.7 F atoms per formula unit and making the kingite from
Tom’s quarry F dominant. This finding prompted a re-exami-
nation of kingite from Fairview Quarry, Robertstown, South
Australia. Microchemical analysis of some of the type mate-
rial obtained from Dr. Norrish showed variable amounts of F.
The four analyses gave 5.81, 5.94, 8.01, 8.29, mean 7.01 wt%.
It appears that type kingite is also F dominant over OH and a
formal redefinition is currently in preparation.

RELATIONSHIP TO OTHER MINERALS

The crystal chemistry and topology of phosphate mineral
structures has been extensively reviewed and classified (Moore
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FIGURE 4. An Al;(PO,),(F,OH),-6(H,0,0H) layer in kingite viewed
down a. Stripes on the Alfs octahedra and crosshatching on the PO,
tetrahedra highlight one triad within the layer.

1970; Hawthorne 1992; Hawthorne 1998). In a recent paper,
Cahill et al. (2001) reported the crystal structure of mitryaevaite,
Al5(PO,),[(P,5)05(0OH,0)],F,(OH),(H,0)5-6.48
H,0, and presented an overview of the crystal chemistry and
hierarchical classification of phosphate and sulfate minerals.
The relationship of mitryaevite to other aluminum phosphate
minerals was discussed in detail and will not be reproduced
here. Mitryaevite contains finite chains of five Als octahedra
similar in topology to the triads of kingite. As observed in
kingite, the chains in mitryaevite are cross-linked by PO, tetra-
hedra to form layers, which are in turn linked to others, by H-
bonding through H,O in the interlayer spacing.
Stoichiometrically, kingite is similar to wavellite
Al;(PO,),(OH);-5H,0, however wavellite has a framework
structure based on infinite string of Alds, (¢ = O, OH, or H,0)
octahedra cross linked by PO, tetrahedra to form rings and chan-
nels similar to a zeolite structure (Araki and Zoltai 1968).
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