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ABSTRACT

Anorthominasragrite, V4* O (SOy) (H20)s, is anew mineral species from Temple Mountain, Emery County, Utah, U.SA. It
occurs as blue-green crusts and spherical granular aggregates (up to ~1 mm across) in afossil (Triassic) treg; individual crystals
are <0.1 mm and are intimately intergrown. Anorthominasragrite has awhite streak, a vitreous luster, and no observable fluores-
cence under ultraviolet light. It has no cleavage or parting. The Mohs hardness is ~1, and the calculated density is 2.12 g/cm®.
Anorthominasragrite is biaxial positive, with « 1.548, B 1.555, y 1.574, al +0.002, 2V(obs.) = 86(1)°, 2V(cac.) = 63°, non-
pleochroic, X /\ ¢ ~ 18° (in B obtuse), Y = a, Z /\ b ~ 19° (in v obtuse). Anorthominasragrite is triclinic, space group P1, a
7.548(3), b 7.805(2), ¢ 7.821(3) A, o 79.03(4), B 71.94(3), vy 65.31(3)°, V 397.1(2) A3, Z = 2. The strongest seven linesin the X -
ray powder-diffraction pattern [d in A(1)(hkl)] are: 6.617(100)(100), 7.053(80)(010), 4.116(80)(110), 3.712(80)(121,002,211),
3.206(70)(221), 2.934(50)(112,102), 5.314(30)(011). Chemical analysiswith an electron microprobe gave VO, 33.93, SO3 30.78,
H,0 (calc.) 35.52, sum 100.23 wt.%,; the amount of H,O was determined by crystal-structure analysis. The resulting empirical
formula on the basis of 10 anions (including 5 H20) is V1,04 So.98 Os (H20)s; the end-member formulais V O (SO4) (H20)s.
Anorthominasragrite isthe triclinic polymorph of V O (SO4) (H,0)s. The crystal structure of anorthominasragrite was solved by
direct methods and refined to an R index of 3.2% for 673 observed (|Fo| > 50°F) reflections measured with an automated four-
circle X-ray diffractometer using MoKa X-radiation. There is one V site occupied by V4* and surrounded by three O atoms and
three (H,0) groupsin an octahedral arrangement, with one short vanadyl bond (1.587 A), four similar equatorial bonds (<2.013
A>), and one longer V-0 bond (2.253 A) trans to the vanadyl bond. The structure consists of (V#*dg) (b: unspecified anion)
octahedra and (SOy) tetrahedra that corner-share O?~ vertices to form (V4*0), (H20)s (SO4)2 groups [as in bobjonesite, V4* O
(SO4) (H20)5], with two additional isolated (H,O) groups.

Keywords: anorthominasragrite, new mineral species, crystal structure, minasragrite, orthominasragrite, bobjonesite, vanadate,
Temple Mountain, Utah.

SOMMAIRE

L’ anorthominasragrite, V4* O (SO,) (H20)s, est une nouvelle espéce minérale découverte au mont Temple, comté o’ Emery,
Utah, aux Etats-Unis. Elle se présente en encroutements bleu-vert et en aggrégats sphériques atteignant ~1 mm de diamétre dans
unarbrefossilisé d’ agetriassique; lescristaux individuels sont moinsde 0.1 mm et intimement enchevétrés. L’ anorthominasragrite
possede un rayure blanche, un éclat vitreux, et semble sans fluorescence en lumiére ultra-violette, sans clivage et sans plan de
séparation. La dureté de Mohs est environ 1, et la densité calculée est égale & 2.12 g/cm?®. L’ anorthominasragrite est biaxe
positive, avec o 1.548, B 1.555, vy 1.574, tous +0.002, 2V(obs.) = 86(1)°, 2V(cac.) = 63°, non-pléochroique, X /\ ¢ =~ 18° (B
obtus), Y= a, Z /\ b= 19° (y obtus). Il s agit d’un minéral triclinique, groupe spatial P1, a 7.548(3), b 7.805(2), ¢ 7.821(3) A, a
79.03(4), B 71.94(3), v 65.31(3)°, V 397.1(2) A3, Z = 2. Les sept raies les plusintenses du spectre de diffraction (méthode des
poudres) [d_en_A(1)(hkl)] sont: 6.617(100)(100), 7.053(80)(010), 4.116(80)(110), 3.712(80) (121,002,211), 3.206(70)(221),
2.934(50)(112,102), et 5.314(30)(011). Une analyse chimique avec une microsonde é ectronique adonné: VO, 33.93, SO3 30.78,
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H,0 (calc.) 35.52, total 100.23% (poids); la quantité de H,O a été déterminée par ébauche de la structure cristalline. Laformule
empirique qui en résulte, exprimée sur une base de 10 anions (y inclus 5 H,0) est V104 So.08 Os (H20)s, €t laformuleidéale est V
0 (SO,4) (H20)s. L"anorthominasragrite est le polymorphe triclinique de V O (SOy) (H20)s. Sa structure cristalline a été résolue
par méthodes directes et affinée jusgu’a un résidu R de 3.2% pour 673 réflexions observées (JFo| > 50F), mesurées avec un
diffractométre automatisé & quatre cercles utilisant un rayonnement MoKa. Il y aun site V ol logele V4*, entouré de trois atomes
d’ oxygéne et trois groupes (H20) dans un agencement octaédrique, avec une liaison vanadyle courte (1.587 A), quatre liaisons
équatoriales semblables (<2.013 A>), et uneliaison V—O pluslongue (2.253 A) en position trans par rapport alaliaison vanadyle.
La structure contient des octagdres (V#*dg) (¢b: anion non spécifié) et des tétraédres (SO,4) qui partagent des vertex O? pour
former des groupes (V4 0), (H20)s (SO4)2 [comme C'est le cas dans |a bobjonesite, V4* O (SO,) (H20)3], avec deux groupes

(H,0) additionnels isolés.

(Traduit par la Rédaction)

Mots-clés: anorthominasragrite, nouvelle espece minérale, structure cristalline, minasragrite, orthominasragrite, bobjonesite,

vanadate, mont Temple, Utah.

INTRODUCTION

The Temple Mountain region of Utah contains some
novel vanadium sulfate minerals associated with fossil
trees of Triassic age. Recently, as a result of the suc-
cessful solution and refinement of its crystal structure,
weidentified anorthominasragrite asanew mineral spe-
cies.

Anorthominasragrite, orthominasragrite (Hawthorne
et al. 2001) and minasragrite (Schaller 1917, Smith &
Marinenko 1973) aretriclinic, orthorhombic and mono-
clinic, respectively, and are polymorphs of V4* O (SO,)
(H20)s. The new mineral and mineral hame were ap-
proved by the Commission on New Minerals and
Mineral Names of the International Mineralogical As-
sociation (IMA 2001-040). The name denotes its rela-
tion to minasragrite: it isthe triclinic polymorph of V4*
O (SO4) (H20)s. The holotype specimen of anorthomi-
nasragrite is stored in the collection of the Canadian
Museum of Nature, Ottawa, Canada, catal ogue number
CMNMC 83924.

PARAGENESIS

Anorthominasragrite wasfound (by PH) at the North
Mesa mine group, Temple Mountain mining district,
Emery County, Utah. The mine group is located in the
west 5, southwest 4 of section 35, Township 24 South,
Range 11 East. The host rock is the Shinarump con-
glomerate member of the late Triassic Chinle Forma-
tion. Anorthominasragrite occursin asilicified tree that
is approximately 46 cm wide by 30 cm high, with an
undetermined length; there is arim of coa around the
tree that is 625 mm thick. Anorthominasragrite occurs
with orthominasragrite (Hawthorne et al. 2001) and
bobjonesite (Schindler et al. 2003), and a full descrip-
tion of the paragenesis is given in those papers.

PHysicaL PROPERTIES

Anorthominasragrite occurs as blue-green crustsand
spherical granular aggregates (< 1 mm across) of irregu-

lar grains. Individual grains are <0.1 mm and are inti-
mately intergrown crystals. The grains are pale blue
(paler blue than orthominasragrite), the streak is white,
the luster vitreous, and no cleavage or parting was ob-
served. The Mohs hardness is difficult to measure be-
cause of the minute size of individual crystals, but it is
approximately 1. The density could not be measured
because of the intimate association with other minerals
of identical appearance; the calculated density is 2.12
g/em®,

Optical properties were measured with a Bloss
spindle stage for the wavelength 590 nm using agel fil-
ter. Anorthominasragrite is biaxial (+) with indices of
refraction « 1.548, B 1.555, v 1.574, all + 0.002,
(+)2V(meas.) 86(1)°, 2V(calc.) 63°. The optical
orientationisX /\ c~ 18° (in 3 obtuse), Y~a,Z/\ b=
19° (in y obtuse), and there is no observed pleochroism.

CHemicaL ComPOSITION

Crystals were analyzed with a Cameca SX-50 elec-
tron microprobe operating in wavelength-dispersion
mode, with an accelerating voltage of 15 kV, a speci-
men current of 5 nA, and a beam diameter of 20 pm.
The following standards were used: VP,0; (V) and an-
hydrite (S). The crystals broke down rapidly under the
electron beam. The data were reduced and corrected by
the PAP method of Pouchou & Pichoir (1984, 1985).
The presence and quantity of (H,O) groups were estab-
lished by crystal-structure solution and refinement
(Hawthorne & Grice 1990). The resultant chemical
composition is given in Table 1, together with the for-
mulaunit based on 10 anions[including 5 (H,0) groups]
pfu (per formula unit).

X-Ray PowbpeR DIFFRACTION

The powder-diffraction pattern was recorded with a
Debye-Scherrer camera using Ni-filtered CuKa X-ra-
diation. Table 2 lists the X-ray powder-diffraction data
and refined unit-cell dimensions for anorthomi-
nasragrite. The unit-cell dimensions were also deter-
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diffractometer (Table 3).

TABLE 1. CRYSTAL COMPOSITION
(wt.%) AND UNIT FORMULA* (apfu)
FOR ANORTHOMINASRAGRITE

Vo, 33.93 v 1.04
S0, 30.78
H,0 (3552 s* 098
Sum  100.23
o 5
HO 5

*Calculated on the basis of 5 oxygen
atoms and 5 (H,0) groups.

SINGLE-CRYSTAL DIFFRACTION

A small crystal was attached to a glass fiber and
mounted on a Bruker P4 automated four-circle
diffractometer equipped with a serial detector and
MoKa X-radiation. Eight reflections visible on athree-h
rotation photograph were automatically aligned, and the
cell dimensions and orientation matrix were determined
by least-squares refinement of the setting angles; the
values are given in Table 3. A total of 1127 reflections
was measured to 45°26 using a fixed scan speed of
0.3°26/min, withindex ranges7<h<8,8<k<7,0<
| < 8; nosignificant diffraction was present beyond 26 =
45°. The data were corrected for Lorentz, polarization
and background effects, and reduced to structure fac-
tors. Psi-scan data were collected for two strong reflec-

TABLE 2. X-RAY POWDER-DIFFRACTION DATA FOR ANORTHOMINASRAGRITE

log  Oops g h kI lost  Cops eae h k | lost Aops dae h kI
20 7437 7417 001 30 2555 255 1 3 1 5B 1.809* 1814 3 4 1
80 7.053 7074 010 10B 2.493* 2509 1 2 1 g " 1804 1 4 2
100 6.617 6625 100 " " 2487 2 3 1 20 1779 1780 4 3 1
10 5732 5732 101 5 2438 2441 3 2 1 Y “ 1779 3 4 2
30 5314 53089 011 10 2385 238 3 1 O " © 1778 1T 4 1
5 4976 4948 0 T 1 10 2360 2358 0 3 O 20 1765 1764 3 1 1
80 4.116 4111 T 10 " " 2358 2 1T 2 " ” 1763 0 T 4
10 3787 3782 1 20 " v 2357 31 2 5 1748 1748 0 4 1
80 3712 3721 1 21 20B 2.308* 2322 3 2 2 5 1733 1732 3 2 2
" " 3709 0 02 " " 2315 3 2 O 10 1693 1695 4 1 3
! " 3707 2 11 " 2312 2 3 2 " “ 1694 0 4 1
10 3420 3426 7T 1 1 " " 2300 13 2 8 1692 0 2 4
10 3383 3384 0 12 " "229% 2 2 3 10 1678 1677 T 0 4
5 3287 3284 0 21 20 2242 2240 1 T 3 5 1658 1661 2 1 3
70 3.206 3207 2 21 10 2205 2208 3 0 O " “ 165 4 0 O
20B 3.091* 3101 T 21 “ 2204 2 0 2 1656 3 4 3
" " 3079 220 5 2133 2133 2 3 1 10 1641 1642 0 4 2
50 2934 2934 1712 20 1990 19%0 2 1T 3 10 1617 1618 4 1 1
" " 2929 7102 10 1950 1949 T 3 2 " © 1615 3 2 0
10 2873 2884 2 7T 1 " © 1948 3 T 1 10 1606 1607 4 4 1
" " 2866 2 02 5 1926 1929 0 3 2 " " 1603 4 4 2
10 2819 2823 71T712 " To1923 7 2 1 10 1577 1577 4 0 3
5 2717 2717 1 20 10 1892 1891 2 4 0 10 1552 1554 2 1 5§
10 2640 2636 2 10 5B 1.852* 1861 2 4 2 10 1531 1532 T 4 1
10 2585 2595 1 21 " " 185 2 2 4 " " 1531 1 F 1
" “ 2579 113 " " 1850 4 1 1 10 1505 1505 3 5 2

114.6 mm Debye-Scherrer powder camera; Cu radiation, Ni filter (A = 1.5418 A). Intensities visually estimated; not

corrected for shrinkage and no internal standard. B = broad line. Calculated powder pattern from single-crystal

refinement was used to aid indexing. Observed lines marked with an asterisk were not used for unit-cell parameter
refinement. Indexed with a 7.548(3), b 7.805(2), ¢ 7.821(3) A, & 79.03(4), B 71.94(3), y 65.31(3)°, V 397.1(2) A*.
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tions, and the intensity data were corrected for absorp-
tion effects by modeling the crystal as an elipsoid; of
the 1035 symmetrically distinct reflections, 673 were
considered as observed (JFo| > 50F).

STRUCTURE SOLUTION AND REFINEMENT

Scattering curves for neutral atoms were taken from
the International Tables for Crystallography (Ibers &
Hamilton 1992). R indices are of the form given in
Table 3, and are expressed as percentages. The Bruker
SHELXTL PLUS (PC version) system of programswas
used for this work.

The structure was solved by direct methods in the
space group P1. Two cation sites were identified by a
combination of site-scattering values and local stereo-

TABLE 3. MISCELLANEOUS INFORMATION FOR
ANORTHOMINASRAGRITE

a(A) 7.533(2) crystal size (um) 20 x 20 x 50
b 7.792(2) radiation MoKa/Gr

c 7.818(2) No. of reflections 1127

o (°) 78.96(2) No. of unique reflections 1035

B 71.86(2) No. |F,| > 50{F| 673

v 65.41(2) Renerge % 1.1

Vv (AY 395.5(2) Rops % 3.2

Dee (glem®) 2,12 WRops % 338

Space Group PT

Cell content: 2 [V O (SO,) (H,0)s]

R=2(FI-IF) 1 2IF|
WR = [SW(|F,|=| F.|)? | SF%, w =1
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chemistry. All anions were assumed to be oxygen
(Z = 8), and the scattering power of cations indicated
that the two cation sites are occupied by V (Z = 23) and
S(Z = 16). Thelocal stereochemistry isin accord with
this assignment. The structure refined rapidly to an R
index of ~4% for amodel with ani sotropic-displacement
factorsfor al non-hydrogen atoms. At this stage, adif-
ference-Fourier map allowed identification of some of
the H-atom sites. The hydrogen bonding in anortho-
minasragrite is more complicated than that in the previ-
ously described vanadium sulfate hydrates. Therefore,
we first examined the hydrogen bonding in the earlier
structuresto hel p establish morerigorous crystal-chemi-
cal criteriato unravel the complete hydrogen-bonding
pattern for anorthominasragrite. Full-matrix |east-
sguares refinement of all atoms (with fixed isotropic-
displacement factors for all the H atoms) converged to
an Rindex of 3.2%. Positional and displacement param-
eters for the constrained refinement are given in Table
4, selected interatomic distances are listed in Table 5,
details of the hydrogen bonds are listed in Table 6. Ob-
served and calculated structure-factors are available
from The Depository of Unpublished Data, CISTI, Na-
tional Research Council, Ottawa, Ontario K1A 0S2,
Canada.

HYDROGEN BONDING IN THE PREVIOUSLY
DETERMINED VANADIUM SULFATE HYDRATES

Known vanadium sulfate hydrates V4* O (SO,)
(H20)x (0 < x < 6) arelisted in Table 7; the structural

TABLE 4. ATOM POSITIONS AND DISPLACEMENT FACTORS IN ANORTHOMINASRAGRITE

X y Z Ui Up Uss Ups Uss Uiy Ueq

V(1) 0.12488(18) 0.70127(17) 0.81162(16) 0.0146(7) 0.0130(7) 0.0131(8) 0.0001(5) -0.0019(5) —0.0058(5) 0.0139(6)
S(1) -0.0759(3)  0.4323(2) 0.7700(2) 0.0184(10) 0.0151(11) 0.0119(10) 0.0007(8) -0.0044(8) -0.0088(9) 0.0144(8)
O(1)  -0.0080(7) 0.2446(7) 0.7111(6) 0.030(3) 0.018(3) 0.021(3) -0.002(2) -0.009(2) -0.013(2) 0.021(2)
0O(2) -0.1980(7) 0.4410(7) 0.9629(6) 0.017(3) 0.024(3) 0.010(3) 0.001(2) -0.000(2) -0.010(2) 0.017(2)
O(3) —-0.2048(7) 0.5789(7) 0.6653(6) 0.027(3) 0.023(3) 0.014(3) 0.005(2) -0.009(2) -0.010(2) 0.022(2)
0(4) 0.1068(7)  0.4700(7) 0.7551(6) 0.024(3) 0.019(3) 0.018(3) -0.007(2) -0.000(2) -0.009(2) 0.021(2)
0O(5) -0.1087(7) 0.8167(7) 0.8944(7) 0.019(3) 0.028(3) 0.027(3)  -0.007(2) -0.005(2) -0.008(2) 0.025(2)
OW(1) 0.2351(8) 0.8909(7) 0.8350(7) 0.030(3) 0.020(3) 0.024(3) -0.003(2) -0.007(2) -0.015(3) 0.023(2)
OW(2) 0.1474(8) 0.8043(8) 0.5510(7) 0.035(3) 0.030(3) 0.017(3) 0.004(2) -0.014(2) -0.018(3) 0.024(2)
OW(3) 0.4535(7) 0.5275(7) 0.6937(7) 0.013(3) 0.020(3)  0.025(3) -0.000(2) -0.006(2) -0.005(2) 0.020(2)
Ow(4) -0.3629(8) 0.9818(7) 0.6052(7) 0.029(3) 0.030(3) 0.035(3) 0.007(3) -0.005(3) -0.017(3) 0.032(3)
OW(5) 0.5236(8) 0.1867(8) 0.9212(8) 0.031(3) 0.025(3) 0.048(4) —0.003(3) -0.007(3) -0.005(3) 0.037(3)
H(1) 0.325(10)  0.883(13) 0.906(10) 0.05*

HZ)  0.163(11) 1.027(2)  0.814(12)  0.05*

H(3) 0.113(13)  0.774(12) 0.453(8) 0.05*

H(4) 0.214(12)  0.893(9) 0.496(11) 0.05*

H(5) 0.563(9) 0.568(12) 0.685(11) 0.05*

H(6)**  0.495(21) 0.407(10) 0.766(16) 0.05*

H(7)™ 0.460(34) 0.528(34) 0.567(9) 0.05*

* Fixed during refinement.
** Site occupancies: H(6) = 0.6, H(7) =
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complexity of thisrelatively smple chemical systemis
quite surprising. Prior to the discovery of anortho-
minasragrite, the structures of four vanadium sulfate
hydrates (x = 3) were known (Table 7).

Bond valence associated with the V-O bond

The short vanadyl bond is a very strong bond, and
onesignificant issue with the structures of the vanadium
sulfate hydrates is whether the bond-valence require-
ments of the vanady| O-atom are met solely by V4* (i.e.,
isthere a[1]-coordinated O-atom?), or whether this O-
atom is a hydrogen-bond acceptor. For example, there
have been two different hydrogen-bonding schemes pro-
posed for the orthorhombic polymorph of V4 O (SO,)
(H20)s (orthominasragrite) (Tachez & Théobald 1980b,
Hawthorne et al. 2001). Hawthorne et al. (2001) re-
ported a V—O distance of 1.580(6) A and assigned two
weak hydrogen bonds to this vanadyl O-atom. Tachez
& Théobald (1980b) reported adlightly longer V-O dis-
tance [1.591(5) A] and did not assign any hydrogen
bonds to the vanadyl O-atom. In the case of thetriclinic
polymorph of V4 O (SO,) (H.0)s reported here
(anorthominasragrite), the V—O distance [1.587(4) A]
falls between the two valuesreported for the orthorhom-
bic polymorph. It is of interest to be able to accurately
assess the need for hydrogen bonding at the vanadyl O-
atom in these structures. What vanadyl bond-length is
required to completely satisfy the bond-valence require-
ments of the vanadyl O-atom? Assessment of the
vanady| bond associated with V4* in[1 + 4 + 1] coordi-
nation for well-refined structures gave a range of dis-
tances, 1.48t01.74 A, withamean at 1.60 A (Schindler
et al. 2000). Using the bond-valence parameter of
Brown & Altermatt (1985), the minimum V4—O dis-
tance, 1.48 A, gives a bond valence of 2.27 w; is this
reported distance, 1.48 A\, too short?1sthe bond-valence
curve of Brown & Altermatt (1985) overestimating the
bond-valence contribution? If the bond-val ence param-
eter is accurate, an observed distance of 1.527 A would
provide the necessary 2.00 vu needed to satisfy the
bond-valence requirements of the vanadyl O-atom.

TABLE 5. SELECTED INTERATOMIC DISTANCES
(A) IN ANORTHOMINASRAGRITE

S-0(1)  1.450(6) V-O@2)a  1.997(5)
S-0(2)  1.499(4) V-0(4)  2.002(6)
S-O(3)  1.460(5) V-0(5)  1.587(4)
S-0(4)  1.489(7) V-OW(1)  2.031(7)
<5-0>  1.475 V-OW(2)  2.024(5)
V-OW(3)  2.253(4)
<V-0> 1.982
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Wedecided to further investigate very short vanadyl
bondsin 10 well-refined structures (R < 6%) containing
12 independent vanadyl bonds (< 1.65 A) (Table 8). All
of the compounds are anhydrous and fully ordered, and
seven of the ten structures were published after 1985.
Thevanadyl (V—0O) bond-length was plotted against the
bond-valence received by the vanadyl O-atom from
other neighboring cations (black circles, Fig. 1). The
data point with an incident valence of 0 vu is from the
only compound in which the vanadyl O-atom must be
[1]-coordinated; the other eleven data-points are for
vanadyl O-atoms receiving one or two additional weak
bonds from Na, Mg, K, Caor V4 (Table 8). Linear re-
gression gave an intercept value of 1.563(6) A. Using
the bond-valence curve of Brown & Altermatt (1985), a
V40 distance of 1.563 A givesabond valence of 1.82
wu; the curve of Zachariasen (1978) givesavalue of 2.04
vu. Hence we have adopted the curve of Zachariasen
(1978) for all bond-valence calculations involving V4*
and O in this paper, and the curves of Brown &

TABLE 6. DETAILS OF HYDROGEN BONDS, () (*), IN
ANORTHOMINASRAGRITE

OW(1)-H(1) 0.98(9) H(1)..OW(5)j 1.85(9)
OW(1)-H(2) 0.98(3) H(2). 0{1)b 1.86(6)
2.847(10 DW(1)-H(1) . OW(5)] 164(7)
2.787(8) OW(1)-H(2).0(1)b 156(8)
Hi1)=H(2) 1.54(11)
H(1)-OW{1)-H(2) 104(8) QW(S)-OW(1)-0(1)b  127.4(3)
OW(2}-H(3) 0.98(9) H(3).0(1)c 1.76(9)
OW(2}-H(4) 0.98(9) Hi4). OW(4)g 1.70(9)
OW(2)-0(1)c 2.723(9) OW(2)-H(3).0{1)c 169(8)
OW(2)-OWid)g  2.673(9) OW(2)-H(4). OW(d)g  171(6)
H(3)-H(4) 1.58(15)
H(3)-OW(2)-H(4) 106(T) O(1)c—OW(2)-0W(4)g  106.1(2)
OW(3}-H(5) 0.98(9) H(5)..0(3)d 1.74(8)
OW(3}-H(8) 0.98(8) | 1.88(9)
OWI(3)-H(T) 0.98(14) 2.01(9)
166(7)
W(3)-H(5) .OW(5) 170(6)
OW(3)-H(T) OW(3)e 164(10)
1.51(15)
(6) 101(10) QO 3)d—0OW(3)-0W(5) 99.1(2)
H(5)-H(7) 1.52(28)
H{5-0OW(3)-H(7) 102(10) O(3)d-0OW(3)-0OW(3)e 952(2)
OW{4)-0(3) 2.B58(7)
OW({4)-0OWi4)h 2.916(14) O 3)-0W(4)-0Wi(4) GB.2(3)
OW(4)-OW(5)i 2.906(9) O(3)-OW(4)- 115.0(2)
OW(5)-0(5)a 3.016(8)
OW(5)-0W(3) 2.B47(T) 104.8(2)
OW(5)-0W(4)f 2.906(9) 101.6(3)
ax,y+1,z42, bix, y+l,z, cox,y+1, 241, dixtl, y, z, e x#l, y+l
ZH1 foxtt, p=1,2, g, y+2, 241 hox=1, y+42, 241, Dx=1,y41, 2

jiax#l, ye1 z42
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Altermatt (1985) for al other bonds. It should be noted
that some of the incident bond-valence contributions to
the vanadyl O-atomin Figure 1 includelong trans bonds
to V#*: if one uses the curve of Brown & Altermatt

1.66
[ ] . /
1.64 o -~
/ .
162 o o
= ._/
o 1604 e .
> e
1.58 : ()
//.'/
1.56 1
1.54 4 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Incident bond-valence (v.u.)

Fic.1. VariationinV-O (vanadyl) bond-length asafunction
of bond valence incident at the vanadyl O-atom from adja-
cent cations (omitting V of the vanadyl bond) calculated
from the curve of Zachariasen (1978) for V4*—O and Brown
& Altermatt (1985) for all other bonds; black circles: anhy-
drous V4*-bearing structures; red circles: vanadium sulfate
hydrate structures V4* O (SO4) (H20)x, 3< X < 6.
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(1985) to plot the relevant data-points, the resulting re-
gression line is only marginally affected [the intercept
passes through 1.559(7) A]. The data in Figure 1 pro-
vide convincing evidencefor asatisfied vanadyl O-atom
at 1.563 A from a V#* cation. The observed vanady!
bond-lengths for the refined structures of the vanadium
sulfate hydrates V4* O (SO,) (H20)x [3 < x < 6] range
from 1.576(3) to 1.591(5) A and have associated bond-
valences ranging from 1.96 to 1.87 vu, respectively
(Table 9). We recognize that these values may be
dlightly high, asthe curve of Zachariasen (1978) seems
to dightly overestimate the bond valencefor afully satu-
rated vanadyl bond (i.e., 1.563 A = 2.04 wu). All of the
vanadyl O-atoms of the vanadium sulfate hydrates are
therefore marginally bond-valence-deficient from the
V4 contribution alone, and must receive at least one
weak hydrogen-bond. However, the final decision to
assign such hydrogen bonds will need to involve addi-
tiona criteria: (1) the positions of H atoms, if located,
(2) reasonable (H,0) geometry, and (3) reasonable ge-
ometries for hydrogen-bond acceptors. Proposed
schemes of hydrogen-bonding for the previously re-
ported vanadium sulfate hydrates V4* O (SOj) (H20)x
[3 < x< 6], using the bond-valence curves recommended
above, are presented in Figures 2-6.

For several of the structures, H positions were re-
ported at distances too close (generally 0.7 t0 0.9 A) to
the donor O-atom (Op). It is well known that H posi-
tionsrefined freely using X-ray intensity datawill typi-

TABLE 7. VANADIUM SULFATES OF THE FORM V* O (S0,) (H,0),

X a(d)y bR cA a) BE v V(A% Symmetry Z Dg.(gcm®) Ref Mineral Name

0 6.261 6.261 4.101 160.8 P4in 2 3.37 [1]* (polymorph &)

0 7.376 6.269 7.082 3275 Pnma 4 3.31 [2)*  (polymorph B)

0 ? ? ? ? ? ? ? ? ? ? [3] (polymorph y)

1 9.54 6.36 7.20 436.9 orth 4 2.75 4]

1 6.26 6.26 6.10 239.0 orth? 2 2.51 {5]

1 11.2 627 7.0 498.6 orth 4 2.41 (6]

1.5 7.77 6.07 6.34 299.0 orth 2 2.1 4]

2 6.29 6.29 6.92 273.8 orth? 2 2.41 71

2 8.913 893 7.80 924 620.3 mono 4 2.13 [8]

2 7.75 6.92 6.29 337.3 orth 2 1.96 4

3 8.980 9.026 7.776 630.3 P2,2,2 4 2.29 [8]

3 7.387 7.401 12.046 106.57 631.2 P2,in 4 2.28 [9)* (syn-bobjonesite)
7.3940 7.4111 12.0597 106.55 633.5 P2./n 4 2.28 [10]* bobjonesite

5 7533 7792 7818 7896 7186 6541 3955 PT 2 212 [11}* anorthominasragrite

5 6.976 9.716 12.902 110.90 816.9 P2/c 4 2.06 [12]* (syn-minasragrite)

5 7.234 9304 6.184 416.2 Pmn2, 2 2.02 [13]* (syn-orthominasragrite)
7.242 9319 6.192 417.9 Pmn2, 2 2.01 [14]* orthominasragrite

5 16.12 2112 12.22 4160.4 Pm*n 20 2.02 [15]

6 7.473 10.137 6.202 10190 9554 9212 456.8 PT 2 1.97 [16]* (syn-stanleyite)

* Structure refinement.
References: [1] Longo & Arnott (1970); [2] Boghosian et al. (1995); [3] Tudo & Laplace (1977); [4] Tachez & Théobald (1976);

[5] Ladwig (1969); [6] Tudo (1965); [7] Tachez et al. (1982b); [8] Schneider et al. (1982), [9] Tachez & Théobald (1980a);

[10] Schindier et al. (2003); [11] this work; [12] Tachez et al. (1979); [13] Tachez & Théobald (1980b); [14] Hawthorne et al. (2001); [15]
Ballhausen et al. (1968); [16] Tachez & Théobald (1980c).
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caly refine too close to Op. We have therefore derived
bond valences for hydrogen bonding based on the dis-
tance between the donor O-atom and acceptor O-atom
(Op—0a) using the plot of Oa...H bond-valence versus
Op—Oa from Brown & Altermatt (1985). Bond valences
for the hydrogen bonds were defined at 0.05 vu incre-
ments that correspond to the following ranges in Op—
Oa: 0.25vu (2.56-2.66 A), 0.20 vu (2.66-2.80 A), 0.15
VU (2.80-2.94 A), 0.10vu (2.94-3.05A), 0.05 vu (3.05-
3.23 A). The proposed hydrogen-bonds were examined
for the vanadium sulfate hydrates, paying particular at-
tention to the region surrounding the vanadyl O-atom.
The resulting relation between vanady! bond-length and
incident bond-valence (via hydrogen bonding) for the
vanadium sulfate hydrates, V4 O (SO,4) (Ho0)x[3< x<
6], islisted in Table 9 and shown in Figure 1 with red
circles. There is good overall agreement between (1)
both the bond-valences for hydrogen in vanadium sul-
fate hydrates and weak bonds from the cation (anhy-
drous vanadium sulfate structures) to the vanadyl
oxygen, and (2) the V-O distance.

Monoaclinic V** O (S0O4) (H20)3 (bobjonesite): At an
observed distance of 1.577(3) A, the vanady! oxygen at
O(1) isnearly satisfied (1.95 vu) from the V#* contribu-
tion alone (cf. Figs.1, 2d). There are three crystal-struc-
ture refinements reported for the monoclinic polymorph
of V4 O (SO, (H20)2: (1) asingle-crystal X-ray study
of the synthetic compound (Tachez & Théobald 1980a),
(2) apowder neutron-diffraction study of the deuterated
synthetic compound (Tachez et al. 1982a), and (3) a
single-crystal X-ray study of bobjonesite (Schindler et
al. 2003). All three structural modelsarein close agree-

TABLE 8. SELECTED COMPOUNDS WITH SHORT
VANADYL (V* = O) BONDS

Compound v#*=0 (A) O-X(A) X Ref.
VL (VF0) (P,0,),  1.557 - - M
Zn, (V*0) (PO,), 1569  2.950 V"  (2)
(V“0) SiP, O, 1.581 2.492 V' (3)
K, (V70), (SO,)s 1.580 2.704 K (4)
1.584 2,726 K (4)
1.588 3.044 K (4)
3.574 K (@)
B-(V*°0) (SO,) 1508 2271 V" (5)
Ca (V"0), (PO,),  1.599 2.121 vt ()
CaVv*,0, 1.608 2.446 Ca (7)
Na (W*0) (AsO,) 1.629 2,167 L (&)
: 2,338 Na (8)
Ca (V*,0.) 1.645 2.540 x2 Ca 9)
Mg v O, 1650 1947 Mg  (10)

X = Additional weakly bonded cations.

References: (1) Johnson et al. (1988), (2) Lii & Tsai
(1991), (3) Rice et al. (1976), (4) Fehrmann ef al. (1989);
(5) Boghosian et al. (1985), (6) Lii et al. (1992),
(7) Bouloux & Galy (1973), (8) Haddad et al. (1992),

(9) Onoda & Nishiguchi (1996), (10) Bouloux et al. (1978)
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ment (Fig. 3a) for the non-H positions, but there are sig-
nificant differences for the H-atom positions belonging
to the (H,O) group H(1)-O(2)-H(2), which forms a
trans bond with the V4* cation. Thisdistinction isshown
in Figure 3b, where H-atom positions for the three stud-
iesare plotted relative to the mean positionsfor the non-
H sites. The H positions of the two latter studies
(Position 11) agree with each other, and are displaced in
a clockwise fashion relative to the positions indicated
in the earliest study (Position ). The details of the dif-
ferent hydrogen-bonding geometries are given in Table
10. For Position 11, the H atom at H(2) is closer to the
acceptor O(7), and forms a straighter hydrogen-bond.
For Position |, the H atom at H(1) forms a nearly sym-
metrical bifurcated hydrogen-bond to O(1) and O(7)'.
For Position |1, there is a pronounced asymmetry in the
bifurcated geometry of this hydrogen-bond from H(1),
with apossibleweak interaction between H(1) and O(1).
Position || must be favored as the more likely arrange-
ment on both experimental and crystal-chemical
grounds. We cannot rule out a weak hydrogen-bond
contribution to O(1), so we retain the bifurcated hydro-
gen-bond from H(1) (Fig. 2a) and note that the bond
geometry israther extreme (Table 10), i.e., close to the
geometrical limits for such an interaction. The details
of the hydrogen-bonding are of key interest, as in this
particular compound, the vanadyl O-atomisvery nearly
satisfied from the V4* cation alone. As all the other va-
nadium sulfate structures contain longer vanadyl bonds,
we anticipate that all these structureswill contain at least
one weak hydrogen-bond to the vanadyl O-atom.
Orthorhombic V4* O (SO.) (H,0)s (orthominasrag-
rite): The next shortest vanadyl bond [1.580(6) A] oc-
curs in orthominasragrite (Hawthorne et al. 2001), the
orthorhombic polymorph of V4* O (SO4) (H20)s (Table
9). The local environment in the vicinity of the vanadyl
O-atom O(1) is shown in Figure 4. Hawthorne et al.
(2001) assigned two weak hydrogen-bonds from H-
atoms [H(1) and H(2)] lying on the mirror plane (x = 0)
to the vanadyl O-atom at O(1). They noted that the
H(1)-O(2)—H(2) angle of 62° isunreasonably small, and
proposed a disordered hydrogen-bond model involving

TABLE 9. STEREOCHEMICAL DETAILS OF VANADYL O-ATOMS IN
VANADIUM-SULFATE HYDRATES V** O (S0,) (H,0), [3 < x < 6]

x sym.* mineral \fg\? X/_U()) :g:;og(\?;) Fig. Ref.
3 M syn-bobjonesite 1.576(3) 1.986 - - M
3 M bobjonesite 1.577(3) 195 005 2a (2)
5 0 orthominasragrite 1.580(6) 1.93 0.05 2b (3)
5 0O syn-orthominasragrite  1.591(5) 1.87 - - (4
5 M syn-minasragrite 1.584(1) 1.91 0.15 2¢ (5)
5 T anorthominasragrite 1.587(4) 1.89 0.10 8 (8)
6 T syn-stanleyite 1.586(2) 1.80 0.15 2d (7)

* Symmetry: T = triclinic, M = monoclinic, O = orthorhombic.

References: (1) Tachez & Théobald (1980a), (2) Schindler et al. (2003),
(3) Hawthorne et al. (2001), (4) Tachez & Théobald (1980b), (5) Tachez et
al. (1979), () this work, (7) Tachez & Théobald (1980c).
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H(1) and H(2) [H(2) is labeled as H2* and H(1) is ab-
sent in Fig. 4] . Further evaluation of this disordered
model revealsthat areasonable (H,0) geometry cannot
occur for any local configuration. The earlier structural
model of Tachez & Théobald (1980b) for the synthetic
analogue was based on a single ordered H(2) site lying

(a) Bobjonesite

THE CANADIAN MINERALOGIST

off the mirror plane (i.e,, H1* in Fig. 4), gave areason-
able (H,O) geometry [an H(2)—-O(2)—H(2)' angle of
106°], and resulted in moderate hydrogen-bond-valence
directed toward the O-atom at O(5). From a geometri-
cal standpoint, the model of Tachez & Théobald (1980b)
is preferred. From a bond-val ence perspective, the O(1)

vV s H1 H2 !H3 H4 !H5 H6 %
o(1) 1.95 0.05 i | 2.00
I t
i 1
0@2) 022 0.85) (0.80)1(0.15 5 2.02
| i
O(3) 047 : (o.ao)g 212
O(4) 0.45 5 1(0.80) (0.80) 2.05
1 1]
O(5) 051 1.50 E g 2.01
] ]
0®) 051 1.46 | i 1.97
. 4 vy R /
o(7) 154 (0.10) (020} 1(0.20) 2.04
] L ! v
[} 1
o(8 1.58 | (0.20)1 (0.20) 1.98
®) | :
£ 411 608 100 1.00 {100 100100 1.00
(b) Orthominasragrite
V. S H1 H2 [H3 H4 [H5 H6 =
T T
o(1) 1.93 0.05)! i 1.98
O(2) 0.25 (0.85) (0.95)! | 2.05
] 1
[} t
} !
O(3)x2|0.47 ilo.zso] (o.soli 2.07
] t
O(4)x2}0.49 : {(0.80) (0.80) 2.09
A 4 I vy i
o(5) x3}1.50 (0.15) 1(0.20) (020} 2.05
1 | A 4
0(6) 1.56 | i (0.20) 1.96
! |y >
o(7) 1.47 : 1(0.20) 1.87
i | X2
) 410 603 100 100 100 100 1.00 1.00

Fic. 2. Bond-valence tables for (a) bobjonesite, (b) orthominasragrite, (c) synthetic
minasragrite, and (d) synthetic stanleyite, calculated asin Figure 1.
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atom should receive aweak hydrogen-bond. Using the
diffraction data of Hawthorne et al. (2001), the el ectron
density in the vicinity of O(2) was re-evaluated, with
the following results: (1) there is prominent electron-

TABLE 10. DETAILS OF HYDROGEN BONDING IN

MONOCLINIC V** O (SQ,) (H,0),

Tachez & Théobald

Position |

Position 1l

Tachez

Schindler

_ : 5 (1980a) et al. (1982a) et al. (2003)
density on the mirror plane (x = 0) at the H(2) site; (2)
thereisless prominent electron-density on the mirror at O@)-H(1) 0.81(13) 1.00(1) 0.98(2)
the H(1) site and off the mirror plane near the H(2) site :E:; 88; 2228‘5‘; ;ggg; : fig;
of Tachez & Théobald (1980b). Severa different refine- O@-H(1).0(1)  128(14) 10101) 1'12(3)
ment models incorporating the el ectron density at these 0@)-H(1).0(7y  128(14) 158(1) 148(3)
three sitesweretried (e.g., fixed or refined occupancies,
fixed or refined isotropic-displacement parameters, free o@-H@ 999(10) 1oom 89869
¢ op Sp P -ELS, H(2)..0(7) 1.88(9) 1.81(1) 1.81(2)

and distance-constrained refinement). In addition, the 0@)-HR.OT)  149(9) 188(1) 169(3)
electron density was contoured for slices along the b HO-O@RHE)  114012) 10201 )
axis. These refinement resultsindicate that a disordered
model involving the ordered H(2) position of Hawthorne
et al. (2001) lying on the mirror may combine with a
positionally disordered H(2) position of Tachez &
Théobald (1980b) lying off the mirror. To resolve the

(c) syn-Minasragrite

\Y% S H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 £

o) 191 2.06

0(2) 0.29 1.89

0(3) 053 0.15) 2.08

A

O(4) 0.50 2.05

0(5) 0.49 2.09

0®B) 051 2.06

o(7) 2.01

0®) 2,01

0(9) 1.96

O(10) 0.85) 210

z 423 608 100 100:100 100100 100100 1001 1.00 1.00
(d) syn-Stanleyite
\ S H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 | H11 H12 X

o(1) 1.0 2.05

0O(2) 047 0.80) |0.80 2.07

0O(3) 048 (0.80) 2.03

O@4) 048 2.08

0(5) 0.31 1.91

o) 0.51 2.06

o(7) 0.80 2.05

[o16)] 152 197

0(9) 1.52 0.25 1.97

O(10) 1.54 (0.20 1.94

O(11) 1.40 0.20 0.20 0.20 2.00

z 415 598 1.00 100100 100 ;100 1.001i 100 100, 100 1001100 1.00

967



968

THE CANADIAN MINERALOGIST

Fic. 3. Perspective view of the arrangement of atoms in bobjonesite. (a) View of the
(Vde) (blue) and (SO4) (yellow) polyhedra with associated (H,O) groups (H atoms
shown as grey circles); Op—H bonds are shown as full linesand H ... O4 bonds are
shown as broken lines. (b) Perspective view of the different models for the hydrogen-
bond arrangement; large pink circles: O atoms; bluecircles: V atoms; small red, yellow
and green circles: H atoms. The red arrows indicate the sense of rotation of the (H,O)

group from position | to position I1.

ambiguity in H-position labeling, we have relabeled the
two positions (Fig. 4) as follows: (1) the ordered H-po-
sition on the mirror planeis H2*; (2) the disordered H-
position off the mirror plane is H1*. To arrive at the
most reasonable geometry, the H1* and H2* positions
were refined using the soft constraint that they remain
0.98 A from the donor O-atom [O(2)], the positional
parametersfor the well-resolved H2* position werethen
fixed, and the constraint that the separation between H1*
and H2* remain at 1.55(1) A was imposed. These con-
straints were necessary in order to achieve a fully con-
vergent refinement that includes the more poorly
resolved H1* site. This new model for the hydrogen
bonding in orthominasragrite provides: (1) aweak hy-
drogen-bond to the vanadyl O-atom at O(1), (2) amod-
erately strong hydrogen-bond to O(5), (3) satisfactory
incident bond-valence sums at al sites (Fig. 2b), and
(4) (H20) groups and hydrogen-bonds with reasonable
geometries (Fig. 4).

Monoclinic V¥ O (S04) (H20)s (minasragrite): A
vanadyl-bond length of 1.584 A was observed by
Tachez et al. (1979) for this structure (Table 9). The H-
atom positions reported for the isolated (H,O) group at
0O(10) are consistent with a simple hydrogen-bonding
scheme involving a hydrogen bond of moderate bond-
valence directed toward the vanadyl O-atom at O(1)
(Fig. 2c). For this arrangement, typical bond-angles are
observed (Fig. 5).

V* O (S04) (H20)e (stanleyite): The vanadyl bond
observed for triclinic V4 O (SO,) (H,0)s is 1.586 A,
and has a bond valence of 1.90 vu (Fig. 2d). The re-
ported H-atom positionsfor the isolated (H,O) group at
O(7) areshownin Figure 6. A bifurcated hydrogen-bond
from H(12) is directed toward two symmetry-related
vanadyl O-atoms[O(1) and O(1)"]. The O(7)-O(1)' dis-
tance is rather long [3.37 A], and the bond valence of
the associated hydrogen-bond from H(12) to O(1)' must
be very small (i.e., < 0.05 vu); we have therefore ex-
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(b)

O(2)

| ¥
o) ’L.@\? H1
£= - \
> H2

P~
11

AN

cluded this contribution in the bond-valence table
(Fig. 2d). The O(7)-O(1) distance is 2.88 A, and we
have assigned a bond valence of 0.15 vu for the associ-
ated hydrogen-bond from H(12) to O(1).

Summary

Details of the hydrogen bonding for the four previ-
ously determined vanadium sulfate hydrate structures
are given in the bond-valence tables (Figs. 2a-2d), and
the various hydrogen-bond acceptors are summarized
in Figure 7. There are up to three types of acceptor O-
atoms present: Oy = vanadyl O-atom; Ot = terminal
sulfate O-atom; and Og = bridging O-atom. For all struc-
tures, Oy is mildly bond-valence-deficient considering
bonds from the V4*—O interaction alone, providing
strong justification for aweak hydrogen-bond directed
toward Oy. The terminal O-atom of the (SO4) group,
Or, receives either two or three hydrogen bonds. The
bridging O-atom, Og, that is corner-shared by V4" and
S, may receive asingle hydrogen-bond. There are up to
three types of (H,O) groups present: We = equatorial
(H20) group, Wt = trans (H,0) group, and W, = iso-

969

0(1)

/
!

\
\
<
 O(7)

Tachez & Théobald (1980a) ; single crystal , x-rays

Schindler et al. (2003) ; single crystal , x-rays

Tachez ef al. (1982a) ; powder , neutrons

lated (H>O) group. None of the structures contain hy-
drogen bonds directed toward any equatorial (H,0)
group (WEg). Those containing isolated (H,O) groups
have two hydrogen bonds directed toward the W,
groups. There may be a single hydrogen-bond directed
toward a trans (H20) group (Wr).

DESCRIPTION OF THE STRUCTURE
OF ANORTHOMINASRAGRITE

Coordination of the cations

There is one S site, occupied by S and surrounded
by four O atomsin atetrahedral arrangement with a<S—
O> distance of 1.475 A, close to the grand <S-O> dis-
tance of 1.473 A reported for sulfate minerals by
Hawthorne et al. (2000). There is one V site, occupied
by V and surrounded by six O atoms in an octahedral
arrangement. There is one very short V-O distance of
1.587 A, four intermediate-length V—O bonds in the
range 1.997-2.031 A and approximately orthogonal to
the short V-O bond, and onelong bond of 2.253 Atrans
to the short V-0 bond. The short V-O bond isavanadyl
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bond, the intermediate-length bonds are equatorial
bonds, and the long bond isatransbond. This[1 + 4 +
1] geometry is characteristic of [€V4*, as discussed by
Schindler et al. (2000).

| dentity of the anions

The bond-valencetable (Fig. 8) indicatesthat the V4
cation bondsto three (H,O) groups, OW(1), OW(2) and
OW(3). The O(1), O(3) and O(5) atoms receive 1.60,
1.56 and 1.89 vu from the S and V atoms, and hence
these anions must be O atoms. The O(2) and O(4) at-
oms each bond to both V4* and S, with incident bond-
valence sums of 1.92 and 1.95 vu from these cations;
hence O(2) and O(4) aso are O atoms. There are two

= A9

> a
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other anions in the structure, OW(4) and OW(5); these
do not bond to the principal cations of the structure, and
hence they must be isolated (H,O) groups. Details of
the hydrogen-bonding scheme are given in Table 6 and
Figures 8 and 9. Hydrogen-bond valenceswere assigned
in the same manner as for the other vanadium sulfate
hydrates.

H sites located from difference-Fourier maps

Well-resolved electron-density peaks from the dif-
ference-Fourier map were assigned to H-positions for
the (H,0) groupsat OW(1), OW(2) and OW(3). TheH-
positions H(1) through H(4) are fully ordered and be-
long to OW(1) and OW(2) (Fig. 8). Hydrogen atoms at

m (=o

Fic. 4. The hydrogen-bond arrangement in orthominasragrite showing the H1* and H2*
sites derived in the present study, together with the resulting bond-lengths and angles.

Legend asin Figure 3a
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Fic.5. Thehydrogen-bond arrangement around the O(10) anion in minasragrite, showing
the associated bond-angles. Legend asin Figure 3a.

Fic. 6. The hydrogen-bond arrangement around the O(7) anion in synthetic stanleyite,
showing the associated bond-angles. Legend as in Figure 3a.

H(1) and H(4) form hydrogen bonds with the isolated
(H20) groups OW(5) and OW(4), respectively. Hydro-
gen atoms at H(2) and H(3) form hydrogen bonds to a
terminal O-atom of the (SO4) group, O(1). Three sig-
nificant electron-density peaks [H(5), H(6) and H(7)]
were located near the O-atom at OW(3); these peaks
conform to the H-atoms of a positionally disordered
(H20) group. Site-occupancy refinement of H(5), H(6)
and H(7) showed that the H(5) site is fully occupied,
and that the H(6) and H(7) sites are each approximately
half occupied. The H(5) siteisfully ordered with a hy-
drogen bond to the terminal O(3) atom of the (SOg4)

group. Wherethe H(6) siteis occupied, ahydrogen bond
is formed with the O-atom at OW(5); where H(7) is
occupied, aneighboring OW(3)' site, related though the
center of symmetry, receives a hydrogen bond. The ge-
ometry and associated hydrogen-bond angles at the
OW(3) site, namely H(5)-OW(3)-H(7) [OW(3) in Figs.
8 and 9], H(5)-OW(3)-H(6) [OW(3)' in Figs. 8 and 9]
and the OW(3) (H20O)-groups are reasonable (Table 6).
In the final refinement model, the H(5), H(6) and H(7)
occupancieswerefixed at 1.0, 0.6 and 0.4, respectively.
All H positions [H(1) through H(7)] were refined with
the soft constraint that O—H is approximately equal to
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Fic. 7. Summary of the possible hydrogen-bond linkagesin
vanadium sulfate hydrates; V and S denote cation sites, Og
denotes the anion bridging between the (V¢g) and (SO,)
polyhedra, Oy isthe vanadyl O-atom, Oy isatermina O-
atom, We isan equatorial (H,O) group, Wrisatrans (H;0)
group, W, isan isolated (H,O) group. Broken red lines de-
note required hydrogen-bonds; broken red lines in paren-
theses indicate possible hydrogen-bonds.
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0.98 A. Note that in Figure 8, al bold entries are asso-
ciated with fully ordered sites; positionally disordered
H-sites and their associated hydrogen-bond valences
appear as non-bold entries. The use of non-bold and
non-italicized labels and entries, in combination with
those that are non-bold and italicized, allows easier iden-
tification of inter-dependent local hydrogen-bonding
associated with the disordered H-positions (asis appar-
ent when comparing Figs. 8 and 9).

Inferred H positions

Hydrogen positions could not be reliably located in
thedifference-Fourier map for theisolated (H,O) groups
at OW(4) and OW(5). In Figures 8 and 9, the associated
H-positions [H(8)] through [H(13)] are enclosed in
square brackets to denote that those sites are inferred,
rather than located on difference-Fourier maps. After
assigning hydrogen bonds for the H-atoms at H(1)
through H(7), it is clear from the bond-valence table
(Fig. 8) that the following anions (bonded to either V4*
or S%) are still bond-valence-deficient: O(3), O(5) and
OW(3). On the basis of the analysis of hydrogen bond-
ing in the other vanadium sulfate hydrates (Fig. 7), we
expect that (1) at least two hydrogen-bonds are directed
toward the terminal O-atom of the (SO,4) group at O(3),
(2) a weak hydrogen-bond is directed toward the

Anorthominasragrite
V.S Mt Hz [H3 H4 [HS M6 H7 |[H8] [H9] [H10]} [H11] [H12] [H13] %
o(1) 1.60 @ :@ ; 2.00
0@2) 052 1.40 1.92
0(3) 1.56 @ @1_5) 1.91
O@4) 051 1.44 . 1.95
o) 1.89 | : g@) 1.99
OW(1) 0.47 (0.85) (0-80) E 212
OW(2) 0.48 (0:80) : ' 2.08
OW(3) 0.23 : 1.98
i 2.08
OW(3)' |
owa G2 o
ow(ay '
OW(5) 515 | 2.05
. 2.05
£ 410 600 100 100|100 100|100 100 100|100 100 100!100 1.00 1.00

Fic. 8. Bond-valence table for anorthominasragrite; bold entries denote ordered arrangements, and non-bold entries denote

positionally disordered arrangements. Legend asin Table 2.
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Fic. 9. Sketch of locally ordered (short-range) arrangement L |

of hydrogen bonds in anorthominasragrite; atoms are : O(1)
shown by their symbols, (H,0) groupsare highlighted with

blue shading, hydrogen bonds along the vertical axis are

shown as broken orange lines, and hydrogen bonds off the

vertical axis are shown as broken black lines.



974

vanadyl O-atom at O(5), (3) a possible hydrogen-bond
isdirected toward the trans (H,O) group at OW(3), and
(4) two hydrogen-bonds are directed toward the isolated
(H20) groups at OW(4) and OW(5).

The inferred H-positions, [H(8)] through [H(13)],
were developed from the following considerations: (1)
The remaining bond-valence requirements for each
bond-valence-deficient anion must be satisfied via hy-
drogen bonds from (H,0) groups with reasonable ge-
ometries (i.e., reasonable Op,—OW-0O, angles and
Op—0Op distances). (2) The patterns of hydrogen bond-
ing in the previously determined vanadium sulfate hy-
drates should apply to the disordered hydrogen-bonding
in anorthominasragrite. (3) Hydrogen bonding involv-
ing disordered H-positions must satisfy local bonding
regquirements; hydrogen bonding need not adhere to
long-range symmetry. (4) Hydrogen bonds must ema-
nate from OW(3) in two distinct ways.

Details of short-range hydrogen-bonding

A locally ordered arrangement of hydrogen bonding
in anorthominasragrite is shown in Figure 9, in which
the (H20) groups are highlighted with blue shading. The
disordered H-positions [H(6), H(7), H(9), H(10), H(12)
and H(13)] associated with the (H>O) groups OW(3),
OW(4) and OW(5) are presented in a locally ordered
configuration along the vertical axis of Figure 9. All H-
positions lying either to the left or right of the vertical
axis are fully ordered. Note that the hydrogen bonding
along the vertical axis (shown in orange) is necessarily
unidirectional. Near thetop of Figure 9, the (H,0) group
at OW(3) is shown associated with the H(5) and H(7)
sites. The H-atom at H(7) is hydrogen-bonded to a
nearby OW(3)' anion, whichisrelated to thefirst OW(3)
site by a center of symmetry (note that the short-range
stereochemical details need not conform to the long-
range symmetry, i.e., the center of symmetry). The
(H20) group at OW(3)' is associated with H-atoms at
the H(5) and H(6) sites. The positional disorder between
the H(6) and H(7) sites must occur because two neigh-
boring H(7) sites (related by a center of symmetry)
would approach each other too closely. The same con-
dition also exists between the neighboring OW(4) and
OW(4)' sites related through a center of symmetry
(Fig. 9). The hydrogen-bond arrangement in anortho-
minasragrite does not conform to 1 symmetry. Thisdis-
tinction in local hydrogen-bonding as a function of
H-disorder can be followed through the bond-valence
table (Fig. 8) by differentiating italicized from non-itali-
cized entries.

Sructure topology

The structural unit in anorthominasragrite is a
[(V#0), (SO4)- (H20)g] group, formed by corner-shar-
ing of (SO,) tetrahedra and (V ¢g) octahedra about an
inversion center (Fig. 10a). This same structural unit is
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also present in bobjonesite, the monoclinic polymorph
of V4 O (SO,) (H20)s (Tachez & Théobald 1980a,
Schindler et al. 2003) (Fig. 10b). The stagger of the
(V#0)2 (SO4)2 (H20)s groups differs between the two
structures; in anorthominasragrite, they are al oriented
in the same sense (Fig. 11a), whereas in bobjonesite,
successive rows of [(V40), (SO4)2 (H20)g] groups
along [010] are related by 2;-screw axes along b (Fig.
11b). Openings among adjacent [(V#*0), (SO.);
(H20)6] groups in anorthominasragrite contain the iso-
lated (H2O) groups OW(4) and OW(5) that provide ad-
ditional structural cohesion via hydrogen bonding (Fig.
11a).

The formulae and structures
of vanadium sulfate hydrates

From the above comparison of anorthominasragrite,
V4 0 (SO4) (H20)s, and bobjonesite, V4* O (SOy)
(H20)3, it is not apparent from their simple formulae
that they are structurally similar. All the vanadium sul-
fate hydrates contain V#* octahedrally coordinated by
(2) avanadyl O-atom, (2) atrans (H»O) group, and (3)
four equatorial anions that are either (H,O) groups or
O-atoms that also bond to an S-atom. A more informa-
tive formula can be written by identifying the structural
unit in brackets[i.e., including (H»O) groups bonded to
V#, and the interstitial complex in braces[i.e., includ-
ing isolated (H,O) groups] (Table 11).

From the new formulae, the various linkages be-
tween structural components areimmediately apparent.
Each V** is coordinated by one vanadyl O-atom and x
(H20) groups. The remaining (5 — x) anions bonded to
V# are O-atoms of the (SO4) group, as shown in Figure
12. The structures of bobjonesite and anorthominas-
ragrite are based on a[V4* O (SOy) (H,0)4] cluster that
bonds to a neighboring identical cluster to form a
[(V#0), (SO.)2 (H20)g] group, with an additional two
isolated (H,O) groupsin anorthominasragrite (Figs. 12a,
b). In minasragrite, a[V4* O, (H,0),] octahedron links
to asingle (SO4) group to form a[V4* O (SO,) (H20)4]
group, with a single additional isolated (H,O) group
(Fig. 12c). The orthominasragrite and stanleyite struc-
tures are based on isolated [V4* O (H,0)s] and (SOj)
groups, with one isolated (H,O) group in stanleyite
(Figs. 12d, €)

The structures of the vanadium sulfates

The crystal structures of two of the three polymor-
phs of anhydrous vanadium sulfate (x = 0) have been
determined (Table 7). These structures contain —S-O—
V—chainswith additional weaker connectionsvia short-
vanadyl — long-trans bonds (V=0-V). The a-structure
consists of sheets of corner-sharing (V ¢e) octahedraand
(SO,) tetrahedra that further connect via interlayer
V=0-V linkages (Longo & Arnott 1970). The -S-O—
V- chains in the B-structure form a three-dimensional
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(b)

Fic. 10. Perspective views of the structural units in (a) anorthominasragrite, (b)

bobjonesite. Legend asin Figure 3a.

network (Boghosian et al. 1995). There are seven re-
ported compoundsin therange (1< x < 3) (Table 7), but
none are of known structure as yet. Tachez & Théobald
(1976) proposed that (1) for x < 3, the structures are
based on —-S-O-V- chains and belong either to the a-
VO(SOy) or to the B-VO(SO,) family of structures; (2)
for x = 3, the structures contain fragmented units of
(V e) octahedraand (SO,) tetrahedrathat are linked by
hydrogen bonds. For the x < 3 structures, if the V#* is
constrained to be in [1 + 4 + 1] coordination, (H,O)
groups can occur as (1) adistant trans ligand bonded to
asingle V4, or (2) isolated (H,0) groups. In Figure 13,
we show the number of (H»O) groups in the formula

unit as afunction of the calculated density for the vana-
dium sulfate hydrates in Table 7. There are two well-
established trends. For x < 3, thereisarapid decreasein
calculated density with increasing number of (H,0)
groups, as compared to the (x = 3) compounds. This
behavior is consistent with simple insertion of (H,0)
groups between —S-O-V—chainsfor (x < 3) compounds
and with major structural rearrangement involving
(V de) octahedra, (SO,) tetrahedraand (H.O) groupsfor
(x = 3) compounds. For the orthorhombic polymorph of
V4 O (SO4) (H20)3, Schneider et al. (1982) proposed a
structural model based on sheets of corner-sharing
(V dbe) octahedraand (SO,) tetrahedra, somewhat resem-
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Fic.11. Thecrystal structuresof (a) anorthominasragrite and (b) bobjonesite; legend asin
Figure 3a. In anorthominasragrite, the isolated (H,O) groups are shown as red circles.

bling the structure of a-VO(SOy), withintertitial (H,0)
groups. Moreover, they noted that the measured H,O
content varies among samples, from x = 2.4tox = 3.5.
In Figure 13, we have plotted the data (open circles) of
Schneider et al. (1982) for x = 2.4, 3.0, 3.5 and their
reported cell parameters. It isinteresting that for x = 3,
the data fall within the (x = 3) field, very near the posi-
tion for the monoclinic polymorph of V4" O (SOy)
(H20)3. Thissuggeststhe following question: Isit struc-
turally feasible to order three interlayer (H2O) groups
between sheets of corner-sharing (V ¢g) octahedra and

(SO,) tetrahedraand produce adensity analogousto that
of the fundamentally different monoclinic polymorph?
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