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Abstract: The crystal structure of walentaite, originally reported as a calcium iron arsenate phosphate, has been determined and the
As has been found to be predominantly in the trivalent state, as AsO3 trigonal pyramids and as As3O6 trimeric clusters. The mineral
has body-centred orthorhombic symmetry with a = 26.188(5), b = 7.360(2), c = 10.367(2) Å. The structure was solved in space
group Imma using synchrotron single-crystal diffraction data and refined to R1 = 0.054 for 1454 observed reflections. The walentaite
structure is based on the stacking of heteropolyhedral layers along [100] with the layers held together by hydrogen bonds to
interlayer hydrated cationsM(H2O)6,M = Mn2+, Fe2+, Ca2+, Na+. The layers, of composition Fe3þ3 ðP0:84As0:16O4Þ2ðO;OHÞ6, have the
same topology of corner-connected octahedra and tetrahedra as in the alunite-supergroup mineral kintoreite-1c. Unit-cell-scale
twinning of the kintoreite-like layers gives a saw-tooth aspect to the layers. The AsO3, As3O6 and (Ca,Na)O6 groups are attached to
the surface of the layers. Although the kintoreite-like heteropolyhedral layers are fully ordered in Imma, the surface-attached groups
and the interlayer hydrated cations are highly disordered, so the Imma model represents the average structure. Models for the local
ordering have been developed from interpretation of the partial site occupancies and splitting of the disordered atoms. The crystal
structure results have been combined with electron microprobe analyses to obtain a new formula for walentaite,
Fe3þ3 ðP0:84As0:16O4Þ2ðO;OHÞ6As3þ2:56Ca0:42Na0:28Mn2þ0:35Fe

2þ
0:30O6:1ðOHÞ0:9ðH2OÞ5:2, in which 89% of the As is present as As3+.
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1. Introduction

Walentaite was described as a new calcium iron arsenate
phosphate mineral from the White Elephant Mine, Pringle,
South Dakota, by Dunn et al. (1984). From Weissenberg
and precession photos they established the symmetry as
body-centred orthorhombic, with possible space groups
Imam, Ima2, Imm2, Immm, I222 or I212121. Refinement
of the powder X-ray diffraction (XRD) data gave the
parameters a = 26.24(6), b = 10.31(1) and c = 7.38(1) Å.
Dunn et al. noted the exceptionally small size of the bladed
crystals, with thicknesses of only 1–2 lm, giving very weak
XRD patterns and they were not able to proceed with a
structure determination. They determined the water content
directly by thermal analysis and the Fe valence state quali-
tatively using a micro-chemical test that indicated both
Fe2+ and Fe3+ with Fe3+ predominant. These were combined
with electron microprobe (EMP) analyses to give a unit-cell
composition of ideally H4ðCa;Mn; Fe2þÞ4Fe3þ12 ðAsO4Þ10
ðPO4Þ6 � 28H2O. The authors noted that the ‘‘formula must
be considered tentative pending structural study’’.
Using synchrotron XRD data collected on a single crystal,

we have determined the structure for walentaite and have
found that the As is present predominantly (89%) as As3+,

requiring a revision of the Dunn et al. (1984) formula. We
report here the results of the crystal structure analysis and
the resulting revised formula.

2. Experimental procedure

2.2. Sample and analyses

We were not successful in being able to obtain a sample of
the type material. Instead, the sample used for the study was
from the White Elephant Mine type locality, provided by
Christian Rewitzer. The walentaite occurs as small radial
aggregates of bright yellow blades on quartz. The crystals
used for the data collection and electron microprobe analy-
ses were obtained by lightly crushing one of the aggregates
to liberate the individual blades. The crystals were inspected
optically. Under polarized light the crystals showed very
fine-scale (sub-micrometre) colour zoning, affecting the
sharpness of the extinction.
Crystals of walentaite (7 crystals) were analysed using

wavelength-dispersive spectrometry on a JEOL JXA
8500F Hyperprobe operated at an accelerating voltage
of 15 kV and a beam current of 2.5 nA. The beam was
defocused to 4 lm. Standards were scorodite (Fe and As),
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wollastonite (Ca), albite (Na), synthetic MnSiO3 (Mn) and
AlPO4 (P). Results: Fe2O3 28.1, As2O5 38.1, P2O5 12.9,
MnO 2.69, CaO 2.55, Na2O 0.90, total 85.2 wt%. For com-
parison, Dunn et al. (1984) obtained Fe2O3 28.3, FeO 3.2,
As2O5 32.9, P2O5 12.5, MnO 3.1, CaO 2.9, Al2O3 0.5, after
scaling their analyses to 100% with the inclusion of 16.6
wt% H2O. Dunn et al. did not report a Na analysis.

2.3. X-ray data collection and structure analysis

A synchrotron single-crystal data collection was obtained on
the macromolecular beam line MX2 of the Australian Syn-
chrotron. Data were collected at 100 K using an ADSC
Quantum 315r detector and monochromatic radiation with
a wavelength of 0.7107 Å. The data set was integrated using
a primitive triclinic cell and a search for higher symmetry
gave an I-centred orthorhombic cell with parameters very
close to those reported by Dunn et al. (1984), with b and
c interchanged to correspond to the centrosymmetric
space-group setting Imma, giving a = 26.188(5), b =
7.360(2), c = 10.367(2) Å.
Structure solutions in Imma and the non-centrosymmetric

space groups Ima2, Imm2 and I212121 were obtained using
SHELXT (Sheldrick, 2015), implemented in WinGX
(Farrugia, 1999). All models had high values of R1
(>20%) and all showed the same features, comprising
heteropolyhedral slabs of corner-connected Fe3+-centred
octahedra and PO4 tetrahedra parallel to (100) with disor-
dered distributions of cations between the layers. The nor-
malised intensity statistics indicated centrosymmetry
([E2 � 1] = 0.904), compared with ideal values of 0.968
for centric and 0.736 for acentric) so the Imma model was
pursued. Two independent sites for As atoms were identified
adjacent to the surface of the heteropolyhedral slabs, both
with pyramidal coordination indicative of As3+. Addition-
ally, the observation of elongated P�O bond lengths and a

site occupancy factor greater than 1 for the P site suggested
partial substitution of As5+ for P. Difference-Fourier maps
were used to locate partially occupied interlayer atoms. From
bond-length and coordination considerations, the disordered
interlayer cation sites were resolved into separate adjacent
sites for Fe/Mn (with octahedral coordination) and Ca (with
edge-shared square antiprismatic coordination). A further
partially occupied site for Ca was located on the surface of
the heteropolyhedral slabs.
Refinement of the structure in space group Immawas made

using SHELXL (Sheldrick, 2015). Refinement with anisotro-
pic displacement parameters for all atoms except some oxy-
gen (H2O) and Ca sites with low partial occupancies
converged at R1 = 0.054 for 1454 observed reflections with
I > 2r(I). Further details of the data collection and refine-
ment are given in Table 1. Refined coordinates and equiva-
lent isotropic displacement parameters are reported in
Table 2, anisotropic displacement parameters in Table 3
and polyhedral bond distances in Table 4. Also included in
Table 4 are the short separations between disordered atoms.
In the Imma model, only the FeO6 and PO4 of the

heteropolyhedral layers are ordered and fully occupied.
The disordered sites are of two types: the two independent
As3+ sites, As2 and As3, are displaced from special posi-
tions, whereas the interlayer cations and their associated
anions occupy different independent sites, separated by
~1.3 Å, with partial occupancy so only one of the sites
can be occupied locally. The As2 site is split into pairs of
atoms displaced by 0.23 Å from the special position 8(f)
on the two-fold axis at (x 0 0), while the As3 site is split into
four atoms, each displaced by 0.88 Å from the special posi-
tion 4(d) (¼ ¼ ¼ ). Lowering the space-group symmetry to
Imm2 allows the split As2 and As3 sites to be separated into
two independent sites, but each of the two As3 sites remain
split into pairs. The highest symmetry that allows separation
of the As3 sites into four independent sites is monoclinic

Table. 1 Data collection and refinement conditions for walentaite.

Formula As2.88H11.30Ca0.42Fe3.30Mn0.35Na0.28O20.20P1.68
Formula mass 829.2
Temperature 100 K
Wavelength 0.7107 Å
Crystal system, space group Orthorhombic, Imma
Unit-cell dimensions a = 26.188(5) Å

b = 7.3600(15) Å
c = 10.367(2) Å

Volume 1998.2(7) Å3

Z, Calculated density 4, 2.756 g cm�3

Absorption coefficient 7.642 mm�1

Crystal size 0.01 · 0.02 · 0.002 mm
Data resolution 0.7 Å
Reflections collected/unique/observed 17,665/1612 [R(int) = 0.071]/1454
Completeness to h = 25.242 100.00%
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 1612/0/127
Goodness-of-fit on F2 1.154
Final R indices [I>2r(I)] R1 = 0.0537, wR2 = 0.1699
R indices (all data) R1 = 0.0578, wR2 = 0.1732
Extinction coefficient 0.0007(2)
Largest diff. peak and hole 1.53 and -0.97 e.Å�3
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Im11 (Cm). Structural models were obtained using
SHELXT in both Imm2 and Cm space groups (with merohe-
dral twinning) in an attempt to have fully ordered (unsplit)
As2 and As3 polyhedra. It was found, however, that the
other As2 and the other three As3 sites were populated with
the same electron density, mimicking the split sites of the
Imma model. This suggests that the crystals are most likely
composed of small domains with different site distributions,
so only the average structure over the different domains can
be obtained from the refinement.

3. Results and discussion

3.1. Description of the structure

Walentaite has a structure based on the stacking of
heteropolyhedral layers along [100] with a separation = 0.5a

of 13.09 Å. Hydrated cation polyhedra are located between
the layers and are H-bonded to the layers. The layers are illus-
trated in Fig. 1. The corner-connected FeO6 octahedra form
hexagonal rings (Fig. 1a) and have the same topology as a

Table 2. Refined coordinates (·104), equivalent isotropic displacement parameters (·103) and site occupation factors (sof) for walentaite.

Atom Site sof x y z Ueq (Å
2)

Fe1 4(c) 0.25 2500 2500 2500 24(1)
Fe2 8(f) 0.50 3244(1) 5000 5000 24(1)
P1 8(i) 0.421(3) 3742(1) 2500 2809(1) 28(1)
As1 8(i) 0.079(3) 3742(1) 2500 2809(1) 28(1)
As2 16(j) 0.396(3) 2121(1) 274(2) 5106(3) 30(1)
As3 16(j) 0.240(3) 2698(1) 3025(2) 6925(2) 26(1)
Mn1 4(e) 0.163(3) 5000 7500 2947(4) 59(1)
Ca1 4(e) 0.064(3) 5000 7500 1681(8) 33(3)
Ca2 8(f) 0.113(5) 1851(5) 0 5000 45(3)
O1 8(i) 0.50 4206(2) 2500 1912(5) 43(1)
O2 8(i) 0.50 3237(2) 2500 1993(5) 42(1)
O3 16(j) 1.00 3748(1) 4238(4) 3703(3) 33(1)
O4A 16(j) 0.36(5) 2656(11) 5380(30) 6280(30) 25(2)
O4B 16(j) 0.64(5) 2595(7) 5710(30) 6080(18) 25(2)
O5 8(i) 0.50 3207(2) 2500 5771(4) 28(1)
O6 8(i) 0.26(1) 2111(3) 2500 5938(10) 35(3)
OW1A 8(i) 0.22(1) 5716(5) 7500 3193(14) 40(4)
OW1B 8(i) 0.20(1) 5858(6) 7500 2577(17) 45(5)
OW2A 8(h) 0.28(1) 5000 4560(16) 2751(10) 49(3)
OW2B 8(h) 0.167(7) 5000 5160(30) 1880(20) 72(7)
OW3 16(j) 0.09(1) 5220(20) 7500 4830(50) 99(21)
OW4 4(e) 0.08(1) 0 2500 5870(40) 62(12)
OW5 16(j) 0.25(2) 4387(9) 5500(40) 280(30) 84(9)

Table 3. Anisotropic displacement parameters (x 103) for walentaite.

Atom U11 U22 U33 U23 U13 U12

Fe1 33(1) 21(1) 18(1) 0 �1(1) 0
Fe2 32(1) 18(1) 24(1) 0(1) 0 0
P1 30(1) 26(1) 27(1) 0 4(1) 0
As2 34(1) 29(1) 27(1) �1(1) 1(1) 3(1)
As3 35(1) 19(1) 25(1) 2(1) 4(1) 2(1)
Mn1 76(2) 35(2) 68(2) 0 0 0
O1 42(3) 49(3) 38(2) 0 8(2) 0
O2 33(2) 62(3) 31(2) 0 4(2) 0
O3 37(2) 23(1) 39(2) 2(1) 8(1) �1(1)
O4A 29(4) 22(5) 24(5) �3(4) �1(3) 3(3)
O4B 29(4) 22(5) 24(5) �3(4) �1(3) 3(3)
O5 39(2) 19(2) 26(2) 0 1(2) 0
O6 35(5) 22(4) 50(6) 0 12(4) 0

Table 4. Polyhedral distances and short separations between
disordered atoms (Å).

Fe1�O2 ·2 2.000(5) Fe2�O3 ·2 1.965(3) ·2
�O4A ·4* 2.05(3) �O4A ·2* 2.05(3) ·2
�O4B ·4* 1.99(1) �O4B ·2 2.10(1) ·2

�O5 ·2 2.008(2) ·2

P1�O1 1.531(5) As2�O4B 1.75(2)
�O2 1.570(5) �O4B 1.78(2)
�O3 ·2 1.580(3) �O6 1.852(5)

Mn1�Ow1A ·2* 1.89(1) As3�O4A 1.86(3)
�Ow1B ·2* 2.28(2) �O5 1.833(5)
�Ow2A ·2* 2.17(1) �O6 1.89(1)
�Ow2B ·2* 2.04(2)
�Ow3 2.04(6)
�Ow4 2.16(4)

Ca1�Ow1A ·2* 2.44(1) Ca2�O2 ·2 2.776(4)
�Ow1B ·2* 2.43(1) �O4A ·2* 2.51(3)
�Ow2A ·2 2.43(1) �O4B ·2* 2.31(2)
�Ow5 ·2 2.62(3) �O6 ·2 2.189(7)

As2�As2 0.458(3) O4A�O4B 0.36(1)
As3�As3 0.773(3) Ow1A�Ow1B 0.74(2)
As3�As3 1.580(3) Ow2A�Ow2B 1.01(2)
As3�As3 1.758(3) Ow3�Ow3 1.2(2)
Ca1�Mn1 1.319(9) Ow5�Ow5 0.93(5)
Ca2�As2 0.74(1)

*Disordered atoms nA and nB cannot be both present in same
polyhedron.
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(110) slice of the pyrochlore structure. The PO4 tetrahedra
each share three basal anions with three FeO6 octahedra, giv-
ing the same topology as in the alunite super-group mineral
kintoreite-1c, PbFe3(PO4)2(OH,H2O)6 (Kharisun et al.,
1997; Bayliss et al., 2010). The heteropolyhedral assemblage,
with composition Fe3(PO4)2U6, U = O2�/OH�, can be
described as unit-cell twinned kintoreite, with the twin plane
{001}, giving a characteristic saw-tooth layer shown in
Fig. 1b. The crystal-structure refinement gave 16% replace-
ment of P by As in the tetrahedra.
The locations of the two As3+ cations relative to the

Fe3(PO4)2U6 layer are given in Fig. 1a, showing the splitting
of As2 into pairs and As3 into quadruplets. In Fig. 2, only one
of each of the split As2 and As3 atoms is plotted, correspond-
ing to a local ordering that can be described in space group
Cm, with the As�O bonds shown. The As2O3 trigonal pyra-
mids form corner-linked dimers that share edges with succes-
sive octahedra in corner-connected octahedral chains along
[010]. The average As2�O distance, 1.79 Å and O�As2�O
angle, 94.9�, lie within the ranges reported by Hawthorne
(1985) for 11 arsenite minerals, for which <As�O> =
1.78(1) and <O�As�O> = 97(2)�. TheAs3O3 trigonal pyra-
mid shares an edge with an As2O3 pyramid of the dimer,
forming trimeric clusters of composition As22As3O6. This
unusual geometry involves all three As3+ cations sharing a
common anion, O6. The severe valency oversaturation at
O6 is accommodated by lengthening of the As2�O6 and
As3�O6 distances, see Table 4. In fact, all three As3�O dis-
tances are considerably longer than are reported for arsenite
minerals. It is worth noting however that the oxygen atoms
bonded to As3 have some large anisotropic displacement
parameters in the range 0.03–0.05 Å2 (Table 3) that corre-
spond to local root-mean-square atomic displacements up
to 0.2 Å in response to the locations of the different split
As3 positions, whereas the bond distances in Table 4 corre-
spond only to the centroids of the various displacements.
The interlayer polyhedra are of two types, depending on

whether they are centred by Mn/Fe (Fig. 3) or by Ca/Na
(Fig. 4). In both cases, the polyhedral anions bond only to

the central cation and so can confidently be assigned as
H2O. The Mn/Fe-centred hydrated species have octahedral
coordination, although the anions Ow3 and Ow4 have less
than full occupancy relative to the central cation (Mn1 in
Table 2), so that some 5-coordination probably occurs. The
Mn1�Ow bond distances (Table 4) are consistent with a
mix of Mn2+ and Fe2+ in the polyhedra. The Ca1-centred
polyhedra are square antiprisms, which share edges to form
crankshaft-like chains along [010], with composition
(Ca,Na)(H2O)4(H2O)4/2 � [(Ca,Na)(H2O)6]

n+. Edge-sharing
of Ca/Na-centred square antiprisms has been reported from a
neutron diffraction study of the zeolite thomsonite (Pluth
et al., 1985). The anions forming the shared edges, Ow5 in
Tables 2 and 4, are displaced by 0.46 Å from the special posi-
tion 8(f) (x, ½, 0). The undisplaced Ow5 would have long
bond distances of 2.99 Å to Ca/Na, whereas the displacement
results in shorter distances of 2.62(2) Å, comparable with the
distances in thomsonite.
The site occupancy factors in Table 2 indicate that the As2

sites are only ~80% occupied (0.396(3)/0.5), whereas the
As3 sites in the hexagonal rings are almost fully occupied
(0.240(3)/0.25). A difference-Fourier map gave a strong peak
located only 0.74(1) Å from As2, so it can only be occupied
when the As2 site is vacant. Assigning Ca to the site (Ca2 in
Table 2) resulted in a refined site occupancy for Ca2 of
0.113(5), consistent with Ca2 being present when the As2
site is vacant. The Ca2 atoms have one-sided coordination
as shown in Fig. 4, with six Ca2�O distances in the range
2.19–2.78 Å. A seventh distance, to Ow5, is much longer
at 3.27 Å. One-sided coordination to Ca and Na occurs in
zeolites (Mortier, 1977; Wang & Jacobson, 1999).

3.2. Compositional considerations

The site-occupancy results are consistent with there being
two types of compositional domains in the walentaite
crystals. The dominant domains, representing 80% of the
crystals, correspond to the regions where the As2 sites are
occupied and the heteropolyhedral layers have As22As3O6

Fig. 1. Heteropolyhedral layers in walentaite; (a) [100] projection, (b) [010] projection. The disordered As2 and As3 atoms in Imma are
shown.
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trimeric clusters attached. Site occupancy considerations
indicate that the interlayer region is populated with
[(Mn2+,Fe2+)(H2O)6]

2+ hydrated cations as shown in
Fig. 3. The Mn1 site occupancy factor (0.163(3)) corre-
sponds to occupancy of only 81% occupancy of the inter-
layer sites in the dominant domains; the remaining 19% of
interlayer sites in the dominant domains are either empty
or populated with [(Ca,Na)(H2O)6]

n+ hydrated cations. The
domains corresponding to the remaining 20% of the crystals
have isolated As3O3 trigonal pyramids attached to the
heteropolyhedral layers and one-sided Ca2-centred polyhe-
dra in place of the As22O6 dimers. The interlayer region
in these domains is populated with [(Ca,Na)(H2O)6]

n+

hydrated cations as shown in Fig. 4. In both domains the
heteropolyhedral layers are held together by H-bonding
from the coordinated interlayer H2O molecules to polyhe-
dral anions on the surface of the layers. The H-bonds
involve O1 (apical oxygen of PO4) and O3 (shared between
O1 and Fe2) as acceptors and Ow1/Ow1A and Ow2/Ow2A
as donors, with O. . .O distances in the range 2.71–2.86 Å.
From the structure analysis, the ideal (full cation-site occu-

pancies) compositions of the two domains are:

ð80%Þ ½Fe3þ3 ðPO4Þ2O6�½As3þ3 O�½ðMn2þ;Fe2þÞðH2OÞ6�
ð20%Þ ½Fe3þ3 ðPO4Þ2O4ðOHÞ2�½Ca2As3þO�

½ðCa2þ;NaþÞðH2OÞ6�

where the first square brackets enclose the heteropolyhedral
layer composition, the second enclose the surface groupings
involving As3+ and Ca (with possible Na), and the third
enclose the interlayer hydrated cations. The overall formula is:

½Fe3þ3 ðPO4Þ2O5:6ðOÞ0:4�½Ca0:4As3þ2:60�½ðMn2þ;Fe2þ;Ca2þ;NaþÞðH2OÞ6�:

Taking into account the structure refinement results show-
ing partial substitution of the P site by As5+, incomplete
occupancy of the interlayer hydrated cation sites by Mn2+

and Fe2+, and a total of 20.2 anions (O2� + OH� + H2O)
pfu, as well as the EMP results for minor elements Mn,
Na and Ca, the formula for walentaite is:

Fe3þ3 ðPO0:84As0:16O4Þ2As3þ2:56Ca0:42Na0:28Mn2þ0:35Fe
2þ
0:30O6:1

ðOHÞ0:9ðH2OÞ5:2; MW ¼ 829:2:

The calculated density based on this formula is
2.76 g cm�3, which agrees well with the Dunn et al.
(1984) experimental density of 2.72 g cm�3. The new for-
mula can be compared with the empirical formula given
by Dunn et al. (1984), scaled to 3(Fe3+ + Al) of:

H0:13ðFe3þ2:92Al0:08ÞðPO4Þ1:45ðAsO4Þ2:36
Ca0:42Mn0:36Fe2þ0:37ðH2OÞ7:52:

The greatest discrepancy between the two formulae is due
to Dunn et al. assuming that all As is present as As5+,
whereas the crystal-structure analysis shows that only 11%
of the As is pentavalent, substituting for P, while 89% of
the As is present as As3+ with pyramidal coordination.
Nickel (1987) has reported a tungsten-bearing walentaite

from the Griffins Find gold deposit in Western Australia.
It has the same powder pattern as walentaite and a similar
orthorhombic unit cell. Nickel gave a chemical formula,
based on EMP analyses, with all Fe assumed to be Fe3+

and with the H2O calculated from the shortfall in the
EMP oxide analyses. Scaling Nickel’s formula to 2 P gives:
Fe3þ2:73W0:54ðPO4Þ2ðAsO4Þ1:87Ca0:35ðOHÞ0:52ðH2OÞ7:68. The
mineral has W6+ substituting for Fe3+, and has a consider-
ably lower As-to-P ratio than in walentaite.

Fig. 3. Slightly offset [010] projection of the walentaite structure
showing the interlayer hydrated cations centred by Mn1 (= Mn/Fe)
in the dominant (80%) compositional domains. Dotted lines show
H-bonds.

Fig. 2. [100] view of the heteropolyhedral layer in walentaite, with
a locally-ordered arrangement of As3O6 trimeric clusters attached to
the layer.
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We have collected synchrotron diffraction data on a crystal
from the Griffins Find sample and find that, as for walentaite,
the As is present predominantly as As3+ rather than As5+. The
diffraction quality of the crystals is quite poor and they suffer
from the same disorder as occurs in walentaite with different
compositional regions. We also find that the Griffins Find
sample has dominant Na replacing Ca (Na was not analysed
for by Nickel) and so is potentially a new mineral.

4. Conclusions

Walentaite presents particular challenges in determining the
crystal structure because of compositional and atom posi-
tional disorder that could not be adequately modelled by
symmetry lowering. As a consequence, the model presented
here, in space group Imma, represents the average structure.
The Imma model completely describes the ordering of saw-
tooth layers of corner-connected FeO6 and (P,As)O4 tetrahe-
dra that are the main building blocks of the structure. The
Imma model, however, gives disordering of As3+O3 trigonal
pyramids and CaO6 polyhedra on the surface of the layers
and disordering of (Mn2+,Fe2+)(H2O)6 and (Ca2+,Na+)
(H2O)6 hydrated cations in the interlayer regions. Lowering
the symmetry to Imm2 allows positional ordering of one of
the As3+ cations (As2) but the second independent As3+

cation, As3, remains split over two positions separated by
0.77 Å. The As3 positions can be separated into independent
sites by lowering the symmetry to Cm. Refinement in the
lower-symmetry space groups, however, produced ‘‘ghost’’
atoms at the positions occupied by the split atoms in Imma.
One of the consequences of the positional disorder of As3
and its coordinated oxygen atoms is that the refinement

gives only the weighted centroids of the displaced atoms
and results in As3�O bond distances that are longer by
up to 0.1 Å than usually reported for arsenite minerals.
Regardless of the space-group symmetry used in the

refinement, the additional problem of compositional disorder
remains, in which 80% of the crystal volume has As3O6 tri-
meric clusters attached to the layer surfaces and
(Mn2+,Fe2+)(H2O)6 hydrated interlayer cations, while 20%
of the volume has isolated AsO3 pyramids and (Ca,Na)O6
polyhedra attached to the layer surfaces and
(Ca2+,Na+)(H2O)6 hydrated cations in the interlayer regions.
Preliminary structural studies on a tungsten-bearing walen-
taite from Western Australia indicate that the same problems
of compositional and atom positional disorder are present as
in the walentaite from South Dakota.
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Fig. 4. [010] projection of the walentaite structure showing the
interlayer hydrated cation polyhedra centred by Ca1 (= Ca/Na) and
surface-coordinated Ca2 in the minor (20%) compositional domains.

116 I.E. Grey et al.

Downloaded from https://pubs.geoscienceworld.org/eurjmin/article-pdf/31/1/111/4650014/ejm_31_1_0111_0116_grey_2790_online.pdf
by University of Arizona user
on 12 March 2019


	1. Introduction
	2. Experimental procedure
	2.2. Sample and analyses
	2.3. X-ray data collection and structure analysis

	3. Results and discussion
	3.1. Description of the structure
	3.2. Compositional considerations

	4. Conclusions
	Acknowledgement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [1295.433 878.740]
>> setpagedevice


