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Metahewettite was encountered in hypergene crusts in Paleozoic carbon–silica schists included in the carbon mélange 
matrix at Hodzha–Rushnai–Mazar in southern Kirgizia. Schist outcrops are marked by multicolored yellow, orange, 
brown and green crusts of vanadates and sulfates of chalсoalumite group, volborthite, V-bearing phosphates, Cr–V-bearing 
members of alunite subgroup, members of the pascoite group and vanadium-bronze oxides, including metahewettite. 
Metahewettite is acicular with individual crystals up to 1 mm in length, and forms radial aggregates 2–3 mm in diam-
eter, or flattened aggregates in narrow fissures. Crystals are dark-brown to reddish-brown with a golden sheen. The 
crystal structure of metahewettite, Ca(V5+

6O16)(H2O)3, monoclinic, a = 12.208(5), b = 3.6011(15), c = 18.358(7) Å, β = 
118.538(8)°, V = 709.0(8) Å3, Z = 2, A2/m, was refined to an R1 index of 2.4 % based on 1047 unique observed (Fo > 
4σF) reflections. Electron-microprobe analysis (EDS) showed no detectable constituents apart from Ca and V, and the 
scattering from each site in the structure is conformable with the ideal composition Ca(V6O16)(H2O)3. There are three 
V sites in the structure with scattering in accord with their complete occupancy by V. The V(1) site is [5]-coordinated by 
O2– anions with a <V–O> distance of 1.823 Å and a [2 + 3] arrangement of vanadyl <1.67 Å> and equatorial (<1.925 
Å>) bonds. The V(2) and V(3) sites are coordinated by O2– anions with <V–O> distances of 1.934 and 1.916 Å and 
[2 + 2 + 2] and [1 + 4 + 1] arrangements of vanadyl <1.652 Å>, equatorial <1.906 Å> and trans <2.237 Å> bonds, 
respectively. The V(1) square pyramids share edges and vertices to form chains extending parallel to b with a repeat 
distance of 3.6 Å. The V(2) and V(3) octahedra share edges and vertices to form ribbons also extending parallel to b. 
The chains and ribbons link by sharing polyhedron corners to form sheets of V polyhedra parallel to (001). These sheets 
are linked by interlayer Ca that occupies two interstitial Ca sites, and by (H2O) groups.
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1. Introduction

Evans and Hughes (1990) divided the known vanadium-
bronze minerals into three groups: (1) the hewettite group, 
(2) the straczekite group, and (3) other structure types. 
The hewettite group includes hewettite and metahewet-
tite (Hillebrand et al. 1914; Bachmann and Barnes 1962), 
barnesite (Weeks et al. 1963; Ankinovich and Podlepaeva 
1986), hendersonite (Lindberg et al. 1962) and grantsite 
(Weeks et al. 1964), all of which have structures similar 
to that of Li3V6O16 (Wadsley 1957; Evans 1989). These 
structures, some of the fibrous vanadium-bronzes (fiber 
spacing 3.6 Å), consist of lateral linkages (into sheets 
or frameworks) of two types of vanadate chains: (1) a 
[V2O6]n chain consisting of alternating square pyramids, 
and (2) a [V4O12]n chain consisting of four highly con-
densed single chains of octahedra. Experimentally, these 
minerals are rather difficult to deal with as they show 
reversible hydration–dehydration with accompanying 

order–disorder giving poorly resolved diffraction patterns 
and hence poorly resolved structures. In addition, helical 
distortion of the fibrous crystals around their length is 
common, further decreasing resolution in the diffraction 
patterns. There may be Ca–Na disorder (Barnes 1955) 
and Ca–Sr substitution (Evans and Hughes 1990), further 
reducing the diffraction quality of the crystals. 

Hewettite and metahewettite are conventionally writ-
ten as Ca(V5+

6O16)(H2O)9 and Ca(V5+
6O16)(H2O)3, respec-

tively, although Qurashi (1961) reported an intermediate 
phase Ca(V5+

6O16)(H2O)6. The cell dimensions are as 
follows: hewettite: a = 12.27, b = 3.60, c = 11.17 Å, β = 
97.2° (averaged from the data of Bayliss 1982 and Evans 
1989), and metahewettite: a = 12.15, b = 3.61, c = 9.22 × 
2 Å, β = 118.2° (Evans 1989). Thus the cell dimensions 
of each mineral are fairly distinct, but detailed work by 
Hillebrand et al. (1914) and Qurashi (1961) has shown 
that these minerals are very sensitive to the ambient 
humidity.

http://dx.doi.org/10.3190/jgeosci.167
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2. Occurrence

Metahewettite was encountered in hypergene crusts in 
Paleozoic carbon–silica schists included in the carbon 
mélange matrix at Hodzha–Rushnai–Mazar in southern 
Kirgizia (Batken region, Isfairam River basin). It is part 
of a chain of olistolite blocks along the south part of the 
Fergana Valley with high trace-element contents of U, 
V, Mo, Ni, Zn and Cu. This location was initially ex-
plored by the Radium Expedition of 1911–1918 headed 
by V. I. Vernadsky in connection with surveying the 
famous Tuya–Muyun U–V–Ra deposit. Later work was 
done by the Commission on Investigation of Natural 
Productive Forces of Russia (KEPS) (Scherbakov 1924; 
Fersman 1928). Some of the olistolite blocks (Kara–
Chagyr, Okhna) were prospected for U in 1940–1950, 
and the largest (Kara–Tangi) was mined for U in the 
1970s. 

Schist outcrops are marked by multicolored yellow, 
orange, brown and green crusts, which were called “ko-
lovratites” by early geologists as they often contained 
Ni and V, which are the main components of kolovratite, 
a mineral first described from Kara–Chagyr (Vernadsky 
1922). Recent work (Karpenko 2010) showed that the 
compositions of these crusts are very complicated. They 
consist of vanadates and sulfates of the chalсoalumite 
group (Hawthorne and Cooper 2013): alvanite (Pertlik 
and Dunn 1990), ankinovichite (Karpenko et al. 2004a), 
nickelalumite (Karpenko et al. 2004b; Uvarova et al. 
2005), kyrgyzstanite (Agakhanov et al. 2005), volbor-
thite, V-bearing phosphates, Cr–V-bearing members of 
the alunite subgroup, members of the pascoite family, and 

vanadium-bronze oxides including metahewettite. Meta-
hewettite was collected from the old exploration trench 
at Hodzha–Rushnai–Mazar, 2 km east of the village of 
Valakish (40º10'15"N  72º 06'33"E).

Metahewettite is acicular with individual crystals up 
to 1 mm in length (Fig. 1), and forms radial aggregates 
2–3 mm in diameter, or flattened ones (Fig. 2) in narrow 
fissures. Crystals are dark-brown to reddish-brown with 
a golden sheen. Crystals used for structural investigation 
show no visible inclusions or heterogeneity. Metahewet-
tite is associated with vanadium-bearing phosphates 
(V2O3 from 0 to 5 wt. %): nevadaite (Fig. 3), leuco-
phosphite, kingite, minyulite, fluellite and variscite, plus 
aggregates of alunite–jarosite (V2O3 up to 4.5 wt. %, 
Cr2O3 up to 4.0 wt. %), pascoite-group minerals (hum-
merite, magnesiopascoite(?) and an unknown K–Ca–V 

Fig. 1 Metahewettite spherulite (1 mm diameter). SEM photo by L. A. 
Pautov and V. Y. Karpenko.

Fig. 2 Crystals of metahewettite with V-bearing alunite–jarosite (yellow, 
orange). Field of view: 5 × 7 mm. Photo by N. A. Pekova.

Fig. 3 Acicular crystals of metahewettite on nevadaite. SEM photo by 
L. A. Pautov and V. Y. Karpenko.
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mineral), gypsum, calcite, opal and hemimorphite 
(Karpenko et al. 2009; Karpenko 2010).

3. Experimental

The sample of metahewettite examined here is a radiat-
ing mass of deep reddish-brown flattened fibers, with 
individual fibers often displaying helical twists. The unit 
cell for metahewettite was first reported as monoclinic 
A-centered with a = 12.25, b = 3.615, c = 2 × 9.27 Å, 
β = 118°, from Weissenberg film data on a poor-quality 
single-crystal with streaked reflections (Qurashi 1961). 
The unit cell was later refined from X-ray powder-
diffraction data conformable with the space group A2/m, 
and giving a = 12.15(1), b = 3.607(3), c = 18.44(1) Å, 
β = 118.03(5)° (Bayliss and Warne 1979). As noted 
above, these values are quite distinct from those of 
hewettite and initially served to identify our sample as 
metahewettite.

3.1. X-ray data collection

An ultra-thin fiber ~2 μm thick was used for collection 
of X-ray intensity data. It was highly uniform in color, 
transparency and extinction, with a barely detectable 
fiber twist (variable over its length). It was attached to a 
tapered glass fiber and mounted on a Bruker D8 three-
circle diffractometer equipped with a rotating-anode 
generator (MoKα X-radiation), multilayer optics and an 
APEX-II detector. Although some minor elongation was 
present within the spot profiles (presumably due to the 
extreme variation in physical dimensions of the crystal), 
the general diffraction pattern was of remarkably high 
quality (i.e., no streaking, no splitting, no satellites or 
additional diffraction spots, only crisp spots with sharp 
boundaries belonging to a single metahewettite crystal 
domain). This diffraction behavior is very atypical of 
natural vanadium-bronze structures (e.g., Evans 1989); 
even synthetic substituted analogues of hewettite show 
elongated diffraction spots (Oka et al. 1998). We note 
that on our diffractometer, the X-ray beam-diameter is 
approximately 120 μm, and that only about ¼ of the 
crystal length was exposed to the X-ray beam during 
collection of the X-ray intensity data. The crystal was 
positioned in the X-ray beam such that the helical twist 
of the fiber in the beam path was at a minimum; this was 
done by carefully observing the reflectance details of a 
bright light reflecting off the crystal surface upon crystal 
rotation, and resulted in a superior-quality diffraction 
pattern. In excess of a Ewald sphere of diffraction data 
was collected (12219 intensities) to 60° 2θ using 30 
s frames, a 0.3° frame width and a crystal-to-detector 
distance of 5 cm. Empirical absorption corrections 

(SADABS; Sheldrick 2008) were applied and equivalent 
reflections were averaged, resulting in 4091 individual 
reflections within the Ewald sphere, and 1182 unique 
reflections in the Laue group 2/m. A large number of 
intensities (12,219) were collected, several times the 
number of reflections in the Ewald sphere (4091, Tab. 1). 
This high degree of overdetermination allows accurate 
correction for absorption, crystal shape and the variable 
amount of the crystal in the X-ray beam with crystal 
orientation. The general observance of higher angle data 
was reasonable from such a small diffracting volume 
(i.e., the mean I/σI for all reflections out to 55° 2θ was 
in excess of 20), and the observance of this higher angle 
data helped to provide greater spatial detail in our refined 
structure model. 

3.2. Structure solution and refinement

The structure was solved by direct methods in the space 
group A2/m, with all atoms initially refining on a mir-
ror plane at y = (0, ½). Conversion to an anisotropic-
displacement model in the later stages of refinement 
showed large atom displacements at the Ca(1) and 
OW(2) sites. The Ca(1) site was allowed to refine off 
its initial 2d position (½, 0, 0 with site symmetry 2/m) 
and converged just off the 2-fold axis (but still on the 
mirror) at the 4i position (0.5139, 0, 0.0073). The Ca(1) 
site lies 0.32(3) Å from its symmetrically equivalent 
counterpart Ca(1)′ on the other side of the 2-fold axis, 
and hence only one of two locally associated Ca(1) and 
Ca(1)′ sites can be occupied. The refined site-occupancy 
for the Ca(1) site is 0.25; thus half of the locally as-
sociated Ca(1)–Ca(1)′ pairs are occupied by Ca and  
(or  and Ca) and half by  and . The Ca(2) site 
refined to a 4i position (0.1056, ½, 0.03623), signifi-
cantly displaced from the 2b position (0, ½, 0 with site 
symmetry 2/m). The Ca(2) site lies on the mirror, and 
is 2.267 Å from the Ca(2)′ site to which it is related by 

Tab. 1 Miscellaneous information for metahewettite

a (Å) 12.208(5) crystal size (μm3) 2 × 8 × 460
b 3.6011(15) Radiation MoKα

c 18.358(7) No. of reflections 12219
β (°) 118.538(8) No. in Ewald sphere 4091
V (Å3) 709.0(8) No. unique reflections 1182
Sp. Gr. A2/m No. with (Fo > 4σF) 1047
Z 2 Rmerge % 2.4

R1 % 2.4
wR2 % 6.7

Cell content: 2 [Ca(V5+
6O16)(H2O)3]

R1 = Σ(|Fo| – |Fc|) / Σ|Fo|
wR2 = [Σw (Fo

2 – Fc
2)2 / Σw (Fo

2)2 ]½, 
w = 1 / [σ2(Fo

2) + (0.0242 P)2 + 2.44 P] 
where P = (Max(Fo

2,0) + 2Fc
2) / 3
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the 2–fold axis; this close approach does not allow lo-
cal occupancy of adjacent Ca(2) and Ca(2)′ sites. The 
refined site occupancy for the Ca(2) site is 0.25; thus 
half of the locally associated Ca(2)–Ca(2)′ pairs are oc-
cupied by Ca and  (or  and Ca) and half by  and 
. Thus both Ca sites gave refined site-occupancies of 
0.25 within the reported standard deviations, and the 
two site-occupancies were fixed at this value in the final 
stages of refinement. 

We also analyzed a metahewettite crystal by electron-
microprobe analysis (EDS), and found Na to be below 
detection limit (~0.1 wt.% Na2O), negating the possibil-
ity of a potentially more complex site-occupancy involv-
ing Na + Ca + vacancy. On a per-formula-unit (pfu) 
basis, the two Ca sites each provide 0.5 Ca pfu to give a 
total of 1 Ca pfu. The H2O group at the OW(2) site was 
allowed to refine off its initial 2a position (0, 0, 0 with 
site symmetry 2/m), and refined off both the 2-fold axis 

and the mirror plane at the adjacent 8j position (0.0110, 
0.044, 0.0089). This results in four equivalent OW(2) 
sites 0.31–0.44 Å from each other around (0, 0, 0). The 
refined occupancy for the OW(2) site is 0.25; thus, one 
of these four OW(2) sites is locally occupied. The fully 
occupied OW(1) position contributes 2 H2O groups pfu, 
and the ¼ occupied OW(2) site contributes 1 H2O group 
pfu, to give a total of 3 H2O groups pfu. The unit-cell 
dimensions were obtained by least-squares refinement 
of the positions of 4069 reflections with I > 10σI and 
are given in Tab. 1, together with other information 
pertaining to data collection and structure refinement. 
The structure was refined to a final R1 index of 2.4 % 
for 1047 observed (|Fo| > 4σF) reflections and 3.0 % for 
all 1182 data. Refined atom coordinates and anisotropic-
displacement parameters are listed in Tab. 2, selected 
interatomic distances in Tab. 3, and bond valences in 
Tab. 4.

Tab. 2. Atom positions and displacement parameters (Å2) for metahewettite

Site Occ.       x/a       y/b       z/c     Ueq     U11     U22     U33    U23     U13    U12

Ca(1) 0.25  0.5139(15)      0 0.0073(13) 0.0187(19) 0.024(7) 0.0191(11) 0.010(6)     0 0.006(4)     0
Ca(2) 0.25  0.1056(3)     ½ 0.03623(19) 0.0283(4) 0.0358(16) 0.0235(16) 0.0225(15)     0 0.0115(12)     0
V(1)  0.02216(5)     ½ 0.19006(3) 0.01103(13) 0.0137(2) 0.0052(2) 0.0170(3)     0 0.0096(2)     0
V(2)  0.39980(5)      0 0.16948(6) 0.01001(13) 0.0126(2) 0.0037(2) 0.0145(3)     0 0.00710(19)     0
V(3)  0.31311(5)     ½ 0.27707(3) 0.1379(14) 0.0158(3) 0.0094(3) 0.0208(3)     0 0.0124(2)     0
O(1) –0.0934(2)     ½ 0.09774(16) 0.0224(5) 0.0205(11) 0.0226(14) 0.0222(12)     0 0.0085(10)     0
O(2)  0.2712(2)      0 0.08403(16) 0.0218(5) 0.0167(11) 0.0238(14) 0.0222(12)     0 0.0071(9)     0
O(3)  0.2582(2)     ½ 0.34076(16) 0.0216(5) 0.0235(12) 0.0229(13) 0.0243(13)     0 0.0163(10)     0
O(4)  0.1530(2)     ½ 0.17620(14) 0.0141(4) 0.0152(10) 0.0096(11) 0.0189(11)     0 0.0092(9)     0
O(5)  0.5113(2)      0 0.13539(14) 0.0140(4) 0.0142(9) 0.0113(11) 0.0174(11)     0 0.0083(8)     0
O(6)  0.32830(19)      0 0.25564(14) 0.0131(4) 0.0145(10) 0.0058(10) 0.0211(12)     0 0.0103(9)     0
O(7)  0.0353(2)      0 0.22528(15) 0.0150(4) 0.0241(11) 0.0045(10) 0.0245(12)     0 0.0181(10)     0
O(8)  0.4160(2)     ½ 0.20396(14) 0.0128(4) 0.0173(10) 0.0037(9) 0.0206(11)     0 0.0116(9)     0
OW(1)  0.6319(3)     ½ 0.01589(19) 0.0365(7) 0.0385(16) 0.0379(16) 0.0317(16)     0 0.0158(13)     0
OW(2) 0.25  0.0110(10) 0.044(3) 0.0089(7) 0.032(2)

Tab. 3. Selected interatomic distances (Å) in metahewettite

V(1)–O(1) 1.606(3) V(2)–O(2) 1.604(3) V(3)–O(3) 1.602(3)
V(1)–O(3) 2.888(3) V(2)–O(5) 1.749(2) V(3)–O(4) 1.947(2)
V(1)–O(4) 1.733(2) V(2)–O(6) 2.141(2) V(3)–O(5) 1.971(2)
V(1)–O(7) 1.894(1)  ×2 V(2)–O(8) 1.887(1)  ×2 V(3)–O(6) 1.871(1)  ×2
V(1)–O(7) 1.987(2) V(2)–O(8) 2.337(2) V(3)–O(8) 2.234(2)
[5]<V(1)–O> 1.823 <V(2)–O> 1.934 <V(3)–O> 1.916

Ca(1)–O(3) 2.847(13) Ca(2)–O(1) 2.392(4) Ca(1)–Ca(1)′ 0.32(3)
Ca(1)–O(3) 3.158(13) Ca(2)–O(1) 3.130(4) Ca(2)–Ca(2)′ 2.267(7)
Ca(1)–O(5) 2.37(3) Ca(2)–O(2) 2.530(3)  ×2
Ca(1)–O(5) 2.49(3) Ca(2)–O(4) 2.349(4) OW(2)A–OW(2)B 0.31(2)
Ca(1)–OW(1) 2.264(14)  ×2 Ca(2)–OW(2)A 2.327(12)  ×2 OW(2)A–OW(2)C 0.31(2)
Ca(1)–OW(1) 2.422(14)  ×2 Ca(2)–OW(2)B 2.205(10)  ×2 OW(2)A–OW(2)D 0.44(2)

Ca(2)–OW(2)C 2.070(10)  ×2
Ca(2)–OW(2)D 1.932(12)  ×2
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4. Description of the 
structure

4.1. (V5+O6) polyhedra

There are three V sites, each 
of which is fully occupied by 
V. The V(2) and V(3) sites are 
octahedrally coordinated by 
anions and show variations in 
individual bond-lengths char-
acteristic for [6]V5+. Schindler 
et al. (2000a, b) have examined 
the variation in V–O bond-
lengths for V4+ and V5+ in both 
[5]- and [6]-coordination, and 
showed that the vanadyl, equa-
torial and trans bonds have 
typical ranges: 1.54 ≤ vanadyl 
≤ 1.78, 1.78 ≤ equatorial ≤ 
2.12, 2.12 ≤ trans ≤ 2.60 Å, 
and characteristic stereochemistries (trans bonds are 
trans to the vanadyl bonds). Octahedrally coordinated 
V5+ shows two characteristic patterns of [vanadyl + 
equatorial + trans] bonds: [1 + 4 + 1] and [2 + 2 + 2]. 
Inspection of Tab. 3 shows that the V(2) octahedron 
has a [2 + 2 + 2] configuration: [1.60, 1.75 + 1.89 × 2 
+ 2.14, 2.34], and the V(3) octahedron has a [1 + 4 + 
1] configuration: [1.60 + 1.87 × 2, 1.95, 1.97 + 2.23]. 
All bond-lengths fall in the characteristic ranges for [6]

V5+. The V(1) site is somewhat different. The arrange-
ment of anions around the central cation is octahedral 
(Fig. 4a) and strongly resembles the arrangements 
around V(2) and V(3) (Fig. 4b–c). However, the V(1)–
O(3) distance of 2.888 Å (Tab. 3) is much longer than 

the range for trans bonds defined by Schindler et al. 
(2000a): 2.12–2.60 Å, and the associated bond-valence 
of 0.05 vu (valence units, Tab. 4) is too weak to be nor-
mally considered as a bond. Its inclusion or omission in 
the incident bond-valence sums of the structure is not 
significant: the sum around V(1) is in accord with the 
valence-sum rule, and the sum around the O(3) anion is 
low (omitting any possible contribution from hydrogen 
bonds). Thus the V(1)–O(3) bond-length and associated 
bond-valence suggest that V(1) is [5]-coordinated: a 
square pyramid. The pattern of bond-lengths is as fol-
lows: [1.61, 1.73 + 1.89 × 2, 1.99] which is conformable 
with the [2 + 3] arrangement typical of many [5]-coor-
dinated V5+ (Schindler et al. 2000a).

Tab. 4. Bond-valence (vu) table for metahewettite

V(1) V(2) V(3) Σ Ca(1) Ca(2)   Σ*

O(1) 1.68 1.68 0.32
0.04 2.04

O(2) 1.69 1.69 0.22 ×2↓ 1.91

O(3) 0.05 1.70 1.75 0.09 ×½→ 1.82

O(4) 1.20 0.67 1.87 0.04 ×½→ 0.36 2.23

O(5) 1.14 0.63 1.77 2.06

O(6) 0.40 0.82 ×2↓→ 2.04 0.34 ×½→ 2.04

O(7) 0.77 ×2↓→
0.60 2.14 0.24 ×½→ 2.14

O(8) 0.79 ×2↓→
0.23 0.31 2.12 2.12

OW(1) 0 0.45 ×½→ ×2↓
0.29×½→×2↓ 0.37

OW(2) 0 (0.38 / 0.53) ×½→ ×2↓ 0.45

Σ 5.07 5.04 4.95 2.19 1.92 / 2.22
* summation includes a single Ca contribution
V–O: Tytko et al. (1999); Ca–O: Brese and O’Keeffe (1991)

(a) (c)

V1

O1

V2

V3

O7

O4

O7

O7

O3
O8

O2

O8

O6

O5

O8

O3

O6

O5

O4

O6

O8

Fig. 4 The three (V5+O6) coordinations in metahewettite. Thick line: strong vanadyl bond, thin line: weak trans bond, medium-weight line: equato-
rial bond, orange circle: V5+ cation, grey circle: O2– anion.
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4.2. Anions

The bond-valence table (Tab. 4) confirms that all V is 
pentavalent. The sites O(1) to O(8) have incident bond-
valence sums in the range 1.77–2.33 vu, in accord with all 
of these sites being occupied by O2-. Two sites, labelled 
OW(1) and OW(2), have incident bond-valence sums 
of ~0.40 vu, and must be (H2O) groups. The resulting 
formula: Ca(V5+

6O16)(H2O)3, is neutral and is in accord 
with the nominal formula of metahewettite. 

4.3. Polyhedron linkage

The V(1) square pyramids share edges and vertices to 
form chains extending parallel to b with a repeat dis-

tance of 3.6 Å. The V(2) and V(3) octahedra share edges 
and vertices to form ribbons also extending parallel to 
b (Fig. 5a–b). The chains and ribbons link by sharing 
polyhedron corners (Fig. 5b) to form sheets of V poly-
hedra parallel to (001) (Fig. 6). These sheets are linked 
by interlayer Ca and (H2O) groups (Fig. 6).

4.4. Interlayer Ca and H2O

The Ca(1) atom is octahedrally coordinated by four 
(H2O) groups at the OW(1) site and two O(5) anions, and 
there are two additional long contacts to the O(3) anion 
(Fig. 7a). The bond valence requirements of the Ca atom 
at the Ca(1) site are met without the inclusion of the two 
long Ca(1)–O(3) contacts. The Ca atom at the Ca(2) site 

Fig. 5 The (V5+
6O16)

2– sheet in meta-
hewettite: ball-and-stick representation 
(a) and polyhedron representation (b). 
Legend as in Fig. 4; (V5+O6) polyhe-
dra: orange shaded. Perspective view 
of the (001) plane slightly rotated from 
the plane of the page.
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Fig. 7 The coordination of Ca(1) (a) 
and  Ca(2) (b) in metahewettite. Leg-
end as in Figs 4 and 5, dashed circle/
dashed line: associated site vacancy, 
OW(2) positionally disordered local A, 
B, C, D site about the central 2a (0, 0, 
0) position. The numbers indicate bond 
valences in vu.

Fig. 6 The (V5+
6O16)

2– sheets and inter-
layer Ca–H2O groups in metahewettite, 
projected down [010]. Unit-cell cor-
ners are marked in red. Ca atoms: yel-
low circles, H2O groups: blue circles. 
The mean OW(2) and mean Ca(1) sites 
are displayed; of the paired Ca(2) sites 
shown on both sides of OW(2), only 
one Ca(2) atom is present locally; 
central numbers are anion labels.
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is coordinated by two O(2) anions, an O(1) anion, and an 
O(4) anion from 2.392 to 2.530 Å, a distant O(1) anion 
at 3.130 Å and two OW(2) anions (Fig. 7b). The separa-
tion between Ca(2) and OW(2) in Fig. 8a is shown with 
a solid line directed toward the centre (at 0,0,0) of the 
cluster of four disordered OW(2) sites, and has a calcu-
lated bond-valence of 0.65 vu. Incorporating the value of 
0.65 vu into the incident bond-valence at Ca(2) results 
in a sum of 2.46 vu, too high for occupancy of Ca(2) by 
Ca. Of the four disordered OW(2) sites (A, B, C, D), 

three plausible schemes of local order are shown in Fig. 
8. If (1) the two OW(2)A sites, or (2) the two OW(2)
B sites, or (3) one OW(2)A and one OW(2)B sites, are 
locally occupied, the incident bond-valence sum at the 
Ca(2) site is in reasonable accord with the valence-sum 
rule for complete occupancy of Ca(2) by Ca (Fig. 8a–c). 
The OW(2)C–Ca(2) and OW(2)D–Ca(2) pairs, with as-
sociated bond valences of 0.76 and 1.10 vu, respectively, 
lead to strong violation of the valence-sum rule at the 
Ca(2) site if it is occupied by Ca, and also at the OW(2) 
site if occupied by an H2O group. We therefore conclude 
that where the Ca(2) site is locally occupied by Ca, both 
OW(2)C and OW(2)D sites are locally vacant.

4.5. Local order in the interlayer

The considerable vacancy at the Ca sites and positional 
disorder at both the Ca and OW sites greatly complicate 
the development of a feasible local ordering pattern of Ca 
and H2O through the interlayer region. When evaluating 
hydrogen-bond acceptors around each H2O group, there 
is the additional complexity that more than one feasible 
hydrogen-bond geometry is usually possible, and no elec-
tron density corresponding to possible H positions could 
be reliably identified in the difference-Fourier map. This 
general character of the interlayer in metahewettite gives 
some insight as to why the vanadium-bronzes in general 
are plagued with streaky and problematic X-ray diffrac-
tion patterns. Examination of the bond-valence sums at 
the O atoms shows that the bond-valence requirements of 
the O(1)–O(5) anions are not satisfied from the V5+ con-
tributions alone (Tab. 4), and these anions must receive 
additional bond-valence from either a nearby Ca atom, or 
one or more hydrogen bonds from the interlayer region. 
The bond-valence table was completed by considering 
only Ca-anion interactions (and does not show how the 
bond-valence requirements of the O(1)–O(5) anions are 
satisfied via hydrogen-bonding coupled to local Ca va-
cancy). The O(1)–O(5) anions are labelled in the central 
region of Fig. 6; the O(6), O(7) and O(8) anions lie along 
the ‘central spine’ of the V(2)–V(3)–V(1) trimer in Fig. 6 
and do not bond to the interlayer species. Note that for a 
locally associated Ca(2)–Ca(2) pair shown in Fig. 6, only 
one of the two Ca(2) sites will be locally occupied, and 
that for simplicity, only averaged Ca(1) and OW(2) sites 
are shown. The interlayer components Ca(1)–OW(1) and 
Ca(2)–OW(2) alternate along [100] in Fig. 6 and extend 
as columns along [010] in Fig. 9. In this figure, we have 
depicted an arbitrary alternating pattern of Ca occupancy 
of the Ca(1) and Ca(2) sites that is consistent with the 
refined Ca site-occupancies, and the OW(2) clusters show 
all four OW(2) symmetry-related sites disordered about 
(0, 0, 0), with no attempt to indicate a ordered pattern of 
local occupancy.
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Fig. 8 Possible local OW(2) arrangements about the Ca(2) site in me-
tahewettite. Legend as in Fig. 4.
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