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Phosphovanadylite: A new vanadium phosphate mineral with a zeolite-type structure
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ABSTRACT

Phosphovanadylite, whose simplified formula is (BaCakK,Na),[(V,Al),P,(O,0H),]
-12H,0, is a new vanadium phosphate zeolite mineral found in the Phosphoria Formation
at Monsanto’s Enoch Valley Mine, Soda Springs, ldaho. Its formula in more detail is
(Ba().ascaO.ZOKO.OBN80.02)20.66[PZ(VS.MA|0.46)213.90010.34(OH)5.66]'12H2O' The drUSy mineral occurs
as pale greenish-blue euhedral cubes (2050 wm edge) coating phosphatic, organic-rich
mudstone. The chemical composition determined by electron microprobe is (in weight
percent) V-28.02, P-9.91, Al-1.97, Ca-1.31, Ba-8.28, Cd-0.09, Zn-0.34, Na-0.15, K-0.73,
0-46.57, and F-0.03. The index of refraction is n, = 1.566 (4) and specific gravity is 2.16
(3). The X-ray powder pattern shows strong reflections at 3.16 A (422), 2.58 (600), 2.44
(620), and 7.73 (200), which are indexed on the basis of a cubic body-centered unit cell
with a = 15.470 (4) A. From the single-crystal structure analysis, its space group was
determined to be 143m, Z = 6, and its structure consists of V,0,, octahedral clusters linked
to each other by P atoms to form a cubic lattice, creating cavities 7.0 and 5.5 A in diameter
where mainly H,O resides. Final residual indexes are R = 0.066, R, = 0.061, goodness-

of-fit = 0.75, and 93 observations and 24 parameters.

INTRODUCTION

Phosphovanadylite, a new mineral species, was found
while examining a newly dug trench located in one of
the deepest areas of an open-pit mine at Monsanto’s En-
och Valley Phosphate Mine (42°53'N, 111°25'W), Soda
Springs, Idaho. It occurred as a thin, richly colored min-
eral coating on a small cluster of dark brown to black
phosphatic organic rich mudstone rocks.

GEOLOGIC SETTING

The mineral and the mined phosphate ore are in sedi-
mentary layers of the Meade Peak Member of the Perm-
ian Phosphoria Formation. This member consists of in-
terbedded pelletal phosphorite, phosphatic mudstone, and
shale with a few layers of dolomite (McKelvey et a.
1959). The upper and lower parts of the Meade Peak
Member consist of phosphorite and phosphatic shale,
which are separated by a middle part of shale that has a
relatively low phosphate content.

Notable within the Meade Peak Member are discrete
beds enriched in vanadium containing as much as 1 wt%
V,0O, (McKelvey et a. 1986). One group of contiguous
beds, called the vanadiferous zone, has been mapped and
studied extensively for its economic potential. It is 0.6 to
4.5 m thick and is 1.5 to 3 m below the upper phosphatic-
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enriched part of the Meade Peak Member (Love 1961,
McKelvey et a. 1986). It extends over an area of about
11600 square kilometers in western Wyoming, south-
eastern ldaho, and northeastern Utah. Secondary vana-
dium minerals, sincosite [green, Ca(VO0),(PO,),-5H,0],
hewettite (red, CaV,0,;6H,0), and pascoite (orange,
Ca,V,,0,-17H,0), have been identified from this zone
(McKelvey et a. 1986). Other beds in the Meade Peak
Member are aso enriched in vanadium, but they are not
as continuous nor as enriched as the vanadiferous zone
(Medrano and Piper 1992, 1995; Piper and Medrano
1994).

The mineral identified in this study occurs in a thin
discrete bed (no more than 15 cm in thickness) within
the upper part of the lower phosphate beds, and it is con-
siderably lower in the section than the vanadiferous zone.
Sincosite was also identified in close proximity in the
same thin bed.

PHYSICAL PROPERTIES

Phosphovanadylite is light greenish blue, transparent,
with a non-metallic vitreous luster, and a very pale green-
ish-blue streak. Its color changed from light greenish blue
to greenish black over a matter of a few months presum-
ably due to oxidation of vanadium during exposure to air.
The euhedra crystals are small cubes about 20 to 50 pum
on edge (Fig. 1). Grain mounts show complete extinction
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Ficure 1. Scanning electron microscope micrographs show-
ing the cubic habit of phosphovanadylite.

between crossed polars, confirming the mineral to be iso-
tropic. The index of refraction, determined by oil immer-
sion, is n, = 1.566 (4). Specific gravity of 2.16 (3) was
determined by the sink-swim method using a mixture of
lithium metatungstate and water. A centrifuge was used
because the crystals are very small.

X-RAY STUDY

An X-ray powder diffraction pattern was obtained with
a Philips X-ray powder diffractometer, using monochro-
matic CuKa radiation (\ = 1.5418 A), operating at 35
kV and 15 mA (Table 1). The pattern was indexed on the
basis of a cubic body-centered unit cell with all reflec-
tions satisfying h + k + | = even. The lattice parameter
was refined from 25 reflectionsto a = 15.470(4) A (Burn-
ham 1962). Reflections existed with d < 1.87 A, but they
were weak, diffuse, and partially overlapping.

CHEMICAL ANALYSIS

Single mineral grains were quantitatively analyzed
with a ARL SEMQ electron microprobe equipped with
eight wavelength spectrometers with an analytical range
from Be to U. The operating voltage was 15 KeV at 30
nA, as measured on MgO. All the data were corrected
for beam drift and standard count drift in rea time, and
the matrix was corrected using the PROBE CITZAF Phi-
Rho-Z corrections (Donovan et al. 1992). All data were
corrected for background using an iterative polynomial
mean atomic number background correction. The count
timewas 10 s.

Due to the numerous and overlapping peaks in the mi-
croprobe scan, the scan was compared with the results
from a qudlitative bulk analysis by energy-dispersive X-
ray fluorescence (XRF) of the rock coated by the mineral.
The bulk analysis established those elements possibly
present in the mineral in the 0.001 to 100% range. Using
the microprobe analysis in conjunction with the XRF bulk
analysis, it was determined that the mineral contains V,
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TaBLE 1. X-ray diffraction powder pattern of
phosphovanadylite
hkl s (A) Crae r
110 10.8 10.939 29
200 7.73 7.735 34
211 6.33 6.315 6
220 5.47 5.469 6
310 4.90 4.892 9
222 4.47 4.466 19
321 4.14 4.134 9
400 3.88 3.867 6
411 3.66 3.646 8
332 3.302 3.298 13
422 3.164 3.158 100
431 3.038 3.034 25
521 2.827 2.824 28
440 2.738 2.735 29
600 2.582 2.578 37
611 2.508 2.509 25
620 2.445 2.446 36
622 2.330 2.332 14
444 2.230 2.233 14
710 2.188 2.188 15
633, 721 2.106 2.105 17
642 2.065 2.067 7
800 1.933 1.934 24
554, 811 1.903 1.904 9
644, 820 1.873 1.876 17

* The intensity was determined from the peak height, then normalized
to the largest peak (422).

P Al, Ba, Ca, K, Na, Zn, Cd, and F The absence of U is
notable as this element is significant in other vanadium
minerals and is present in the host rock in the 10 to 100
ppm range.

Nine standards were used: (1) vanadium meta for V,
(2) synthetic chlorapatite for P and Ca, (3) orthoclase
MAD-10 for Al and K, (4) barite UC 5393 for Ba, (5)
Cazadero albite for Na, (6) synthetic fluor-phlogopite for
F (7) ZnO for Zn, (8) CdS for Cd, and (9) MgO for O.

The results (Table 2) indicate the minera is essentialy
avanadium phosphate hydrate with minor amounts of Ca,
Al, and Ba and traces of K, Na, Zn, Cd, and F The ele-
ments sum to 97.13 wt%. The balance is attributed to H+
in H,O, which is required for charge balance. Each col-
umn of data represents an average of four to six analyses

TaBLE 2. Electron microprobe analyses in weight percents

Grain  Grain  Grain Grain  Grain  Grain

Element no. 1 no. 2 no. 3 no. 4 no. 5 no. 6 Average
\% 28.23 28.75 27.34 28.15 27.44 2824  28.02
P 9.69 10.24 9.83 10.14 9.52  10.06 9.91
Al 1.93 1.94 221 1.95 1.85 1.94 1.97
Ca 1.71 1.64 0.88 1.10 1.29 1.24 1.31
Ba 8.41 8.81 7.79 8.40 7.68 8.58 8.28
Cd 0.06 0.01 0.15 0.11 0.18 0.00 0.09
Zn 0.10 0.04 0.90 0.20 0.80 0.00 0.34
Na 0.07 0.09 0.15 0.18 0.27 0.15 0.15
K 0.57 0.85 0.71 0.86 0.65 0.76 0.73
Oo* 46.51 4575 47.02 4537 47.84 46.95 46.57
F 0.00 0.05 0.08 0.05 0.02 0.00 0.03

Total 97.29 96.63 96.95 96.53 9753 97.87 97.13

* These O analyses are semiquantitative due to interference from VLal
and LB1 lines.
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Ficure 2. Two representations of the V,O, group, which links through phosphate groups to form the three-dimensional

framework.

on each of six crystal grains from the polished section.
The last column is an average of the averages for the six
separate crystal grains.

Due to the carbon coating on the polished section, the
scan displayed a small C peak. To eliminate the possibil-
ity that the deficiency in the totals could be attributed to
C in the minera, the scan of the CKa peak from our
sample was compared to the CKa peak of a minera
known not to contain C. It is concluded that the mineral
contains no C.

Quantitative analysis for O is precluded by a significant
interference between the OKa, VLal, and LB1 lines, de-
spite applications of several correction factors. Neverthe-
less, the qualitative O data confirm that O is present in
excess of that needed to balance the charge of cations
present, even if the V were totally in the +5 valence state.
With the elimination of the possible presence of C com-
pounds and N compounds (from the initial scan), we as-
sume then that the excess O must be charge balanced by
H in the form of either H,O or OH-.

STRUCTURE ANALYSIS

One crystal with dimensions 0.04 x 0.04 x 0.02 mm3
was mounted for X-ray intensity measurements on a
NONIUS CAD4 automatic diffractometer. Because of the
small size of the crystal, diffraction intensities were very
weak, and were measured only to 26 < 40°, using MoK«
radiation. An entire hemisphere in the reciprocal lattice
was covered, yielding 3382 reflections. By carefully ex-
amining and comparing the reflections for symmetrical
and statistical significance, it was established that the
Laue symmetry is not m3 but m3m, thus limiting the pos-
sible space group to be either Im3m, 143m, or 1432. In-
tensities were reduced to F values in the usual manner,

but without absorption corrections (. = 20 cm-2, mini-
mum transmission 0.93). Setting the minimum intensity
for processing at 20 (F) (based on counting statistics)
yielded a data set of 182 observations. These data proved
to be troublesome, producing ambiguous statistical aver-
ages and leading to a completely false structure on sta-
tistical phase analysis. Eventually, the whole data set was
again thoroughly analyzed and culled by hand, making
use of the fact that reflection redundancy was high, up to
22 times. Standard deviations were established on the ba-
sis of this averaging process and were then used rather
than those based on counting statistics, which were found
to be completely inadequate. In this way, 197 observa-
tions were listed, of which 93 were used for a new struc-
ture analysis.

Eliminating space group Im3m, which could not ac-
commodate the 24 vanadium atoms predicted by the mea-
sured density, statistical methods (SIMPEL, Hall and
Stewart 1988) led directly to a plausible but entirely un-
expected structure in 143m. A phosphovanadate frame-
work emerged consisting of V,0,, clusters (Fig. 2) that
are joined to each other by P atoms to form a cubic lat-
tice. The clusters are located at the face centers and edge
centers of the unit cell, leaving alarge cavity at the origin
(Fig. 3). This cavity is occupied zeoliticly by cations and
H,O molecules (see Fig. 4).

Among the remaining cations, Al was assigned to the
vanadium site (see Table 3), thus filling the occupancy of
this site. By Fourier analysis, three interframework sites
were found for 56 H,O molecules. One of these, O(4),
on refinement became non-positive definite, thus indicat-
ing partial replacement by Ba. Ancther, O(5), attained a
rather low U parameter, so Ca was deposited here. The
atom O(6) adopted a higher value of U characteristic of



892

Ficure 3. The cubic unit cell of the phosphovanadylite
structure in polyhedral representation showing the framework
only.

zeolitic water. In the final model, O(4) contains Ba and
K, and O(5) contains Ca. The population parameters for
Al, Ba, Ca, and K were all constrained to be consistent
with the analytical data (Table 4) and were not refined.
Although these assignments are rather arbitrary, the dis-
placement parameters all attained consistent and reason-
able values.

Thus, about 52 H,O molecules were accounted for.
This number was less than expected, but a large space
remained around the origin in which several small peaks
were observed in the electron density map; this region is
probably occupied by water in some sort of disorder. The
density and analytical sum deficiencies suggest a total of
about 72 H,0.

Under the conditions described above, refinement con-
verged (not including anisotropic terms for P and V) to
the following critical points: R = 0.066, R, = 0.061,
goodness-of-fit = 0.75, and 93 observations and 24 pa
rameters. Anisotropic refinement of V and P led to area-
sonable result: P nearly isotropic, and V vibrating around
an axis passing through the center of the V, cluster, with
an axial ratio of about 0.5. As the parameter-observations
ratio is quite low (0.3), the model was not elaborated
further. (An attempt to refine in 1432 led to no reasonable
result.) All parameter shift/esd ratios were reduced to less
than 0.1.

Table 3 shows the results of the structure analysis, and
Table 5 shows the significant interatomic distances. The
list of observed and calculated structure factors (Table 67)
has been deposited together with a table of bond angles
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Ficure 4. Projection of the framework of the phosphovan-
adylite structure down the cubic body-diagonal direction showing
the large open passages.

(Table7?). All calculations were carried out with the pro-
grams of XTAL 2.4 (Hall and Stewart 1988) on a SUN
4/10 workstation.

CRYSTAL CHEMISTRY

The P,V 0, cluster that forms the building block of the
zeolitic framework in this mineral is evidently unique for
vanadium. Nevertheless, the coordination of vanadium is
entirely characteristic of octahedral V+4 with V displaced
from the center of the octahedron toward one apex O,
thus forming one short bond (1.59 A) and one opposite
long bond (2.3 A, Table 5). Several questions concerning
this new structure arise, which are discussed in the fol-
lowing sections.

Vanadium valency

The sum of the bond valencies s (Brown and Aldermatt
1985) in the VO, octahedron is 4.3, strongly indicating a
reduced valence state for V atoms. Significantly, the crys-
tals are a transparent blue color, characteristic of +4 va
lency. The crystals slowly become dark and opague black
on exposure to air through oxidation. We may safely as-
sume that vanadium is in a purely quadrivalent state in
fresh phosphovanadylite.

* For a copy of Tables 6 and 7, Document AM-98-013, contact
the Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. Deposit
items may also be available on the American Mineralogist web
site at http://www.minsocam.org.
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TaBLE 3. Atomic coordinates and isotropic temperature factors for phosphovanadylite

Atom Site X y z u* pt

Vv 24(g) 0.4294(5) 0.4294 0.0828(8) 0.13(2) 0.87
P 12(d) 0.25 0.5 0.0 0.14(2)

0(1) 48(h) 0.435(3) 0.307(2) 0.050(2) 0.16(3)

0(2) 24(g) 0.420(2) 0.420 0.184(2) 0.17(3)

0o@3) 24(g) 0.558(2) —0.558 0.066(3) 0.13(4)

O(4) 24(g) 0.257(5) 0.257 —0.028(4) 0.30(4) 0.85
O(5) 8(c) 0.340(5) 0.340 0.340 0.32(11) 0.92
0(6) 24(g) 0.148(4) 0.148 0.314(6) 0.41(19)

Al 24(g) Same as V 0.13
Ba(5) 24(g) Same as O(4) 0.07
Ba(6) 8(c) Same as O(5) 0.08

* u is root-mean-square atomic displacement in angstroms.
1 pis occupancy factor.

Role of aluminum

The microprobe analysis gives only about 21 V out of
the expected 24; but three Al atoms are also found (Table
4). The Al most probably substitutes for V in the frame-
work, in a comfortable octahedral environment (a normal
Al-O distanceis 1.95 A). This substitution confers a small
additional negative charge on the framework, which
would otherwise be —6 per [P,V,0,¢] group. This charge
is balanced by the cations and OH groups replacing O in
the framework (see below). This arrangement was as-
sumed in the structure analysis (Table 3).

Cation distribution

The cation counts in the structure, based on the chem-
ical analysis (Table 3), conform well with the site require-
ments in the crystal structure within the limitations of the
structural and analytical uncertainties. The cations Ba and
K are located in the model replacing H,O at O(4), which
is surrounded on three sides by framework O atoms, two
O(2) atoms at 3.0 A, and four O(3) atoms at 3.1 A. Ca
is placed with O(5), which isin contact with three frame-
work atoms, and O(2) at 3.0 A. Thus, the cations are all
associated with the framework, lining the cavity at the
origin.

TABLE 4. Recalculation for phosphovanadylite

Oxide Wwit%o* Mt Ot Fw
V.0, 45.6(2) 20.6(1) 41.2(1) 1710
Al,O, 3.7(2) 2.7(2) 4.1(3) 139
P,Oq 22.7(6) 12.0(3) 30.0(8) 851
BaO 9.2(5) 2.3(1) 2.3(1) 345
K,O 0.9(1) 0.7(1) 0.4(1) 34
cao 1.8(4) 12(3)  1.2(3) 69
Na,O 0.2(2) 0.2(2) 0.1(1) 7
ZnO 0.4(4) 0.2(2) 0.1(1) 4
Cdo 0.1(1) 0.0 0.0
O total 79.5(4)
Add framework H,O 16.5 297
Subtotal 96 3473
Add zeolitic H,0 72 1296
Total formula weight (FW) 4769

* Calculated from Table 2.
T Metal atoms per unit cell.
$ O atoms per unit cell.

Oxygen and water

In the P,V,0,; framework 96 O are needed per cell,
but the cation chemistry provides only 79. Therefore it is
necessary to add 17 H,O to complete the complement.
The framework must therefore carry 34 OH groups, but
their locations can be only indirectly inferred. The 48
O(1) atoms are each shared between V and B, and are
nearly saturated (s = 1.9). The 24 O(2) atoms are as-
sociated with a single V atom in a short bond, (s = 1.7),
which cannot accommodate an H atom. The 24 O (3)
atoms are each shared with three V atoms and the valence
sum for this O atom is 1.3; thus these atoms are available
for 24 H atoms in the cell. The remaining 10 OH groups
may be partly accounted for by terminal OH groups as-
sociated with the six Al atoms in the framework, but al-
together the particular H locations are unclear.

CoNcLUSIONS

The simplest formula for phosphovanadylite that can
be derived from the structure analysis and chemical anal-
ysis (neglecting Zn and Cd) is (BaCakK,Na),
[(V,Al),P,(O,0H),s] -12H,0.

In more detail the formula becomes

(Ba0.38caO.20K0.06NaJ.OZ)EO,SG
[PZ(V3.44A|0.46)23.90010.34 (OH)SGG] .12HZO

TAaBLE 5. Interatomic distances in phosphovanadylite
Atoms d, A Atoms d, A
Framework

V-O(1) X2 1.94(3) O(1)-0(1) x2 2.51(5)

V-0(2) 1.58(4) 0(1)-0(1)’ 2.52(5)

V-O(3) X2 2.01(3) O(1)-0(2) 2.71(5)

V-O(3) 2.32(5) O(1)-0(3) 2.81(4)
0(1)-0(3)’ 2.75(5)

P-O(3) x4 1.54(3) 0(2)-0(3) x2 2.82(5)
0O(3)-0(3) x2 2.72(6)

Water molecules

0O(4)-0(1) x2 3.10(8) O(5)-0(2) x3 2.97(9)

O(4)-0(1) x2 3.18(8) O(5)-0(4) x3 2.94(10)

0(4)-0(2) x2 3.00(8)

0O(6)-0(1) x2 3.47(6)

0O(6)-0(3) 2.69(9)

0O(6)-0(4) x2 3.30(9)

O(6)-0(4)’ 3.21(10)
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where the number of H,O molecules varies depending on
ambient humidity.

The crystal structure we find for phosphovanadylite is
based on a zeolitic framework of V,0,; groups, which
consist of four condensed VO, octahedra joined to each
other by phosphate groups (Fig. 2). These groups lie at
the edge centers and face centers of the unit cell, thus
forming a three-dimensional framework containing large
open cavities at the origin and body center of the cell
(Figs. 3 and 4). These cavities, about 7 A in diameter, are
occupied by H,O molecules plus a small number of cat-
ions in zeolitic fashion. The passages along the body di-
agonal of the cell connecting the cavities are about 5.5 A
in diameter.

The zeolitic structure found for phosphovanadylite is un-
precedented for vanadium. Much work has been done on
vanadophosphate chemistry in connection with catayst re-
search (see review by Beltran-Porter et al. 1991) All phases
reported until now have P/V ratios of one or greater. Among
the phases known for the phosphates of the early transition
elements (V, Ti, Nb, Mo, W, see review by Borel et d.
1991), a close analog to our structure is found in the dark
red-brown cubic compound [(CH.),N],s(H.O),,[M0,O,
(PO,).]-2H.,0O (Haushdlter et a. 1989). It conssts of a net-
work of Mo,0,, groups of the type shown in Figure 2 linked
by phosphate groups in a cubic arrangement (a = 15.05 A,
143m) enclosing an open cavity occupied by large tetra-
methylammonium groups and oxonium ions. The frame-
work is identical with that of the vanadophosphate structure
found here. In this molybdenum compound, the Mo-Mo dis-
tance in the Mo,0,; group is 2.61 A, short enough to lead
Haushalter et al. (1989) to propose that there is considerable
Mo-Mo bonding present. In the corresponding VO, cluster
in phosphovanadylite, the V-V distance is 3.09 A, too large
for V-V bonding. The molybdenum compound was pre-
pared hydrothermally at 200 °C, but phosphovanadylite was
clearly formed under much milder conditions. A Smpler
analog was found earlier by Haushalter (1987) for the com-
pound Cs;Mo,P,0,,, which is cubic, space group P43m, a
= 7.728 A. The framework is the same, but without the
large cavity at the origin in the doubled body-centered struc-
ture described above. This structure was first proposed by
Zemann (1948) for pharmacosiderite K[Fe,(OH),(ASO,).]-
6H,0, and refined by Buerger et a. (1967) (space group
P43m, a = 7.98 A.) The mineral compound is zeolitic with
varying water and cation content.

Sodium enneagermanate (Na,Ge,0,,) also hasasimilar
structure (Ingri and Ludgren 1963; Fleet 1990). This te-
tragonal compound consists of Ge,0,, groups identical in
geometry to the V,0,s groups in phosphovanadylite,
joined into a framework by tetrahedral GeO, groups. The
framework linkage is different and more compact, but the
analogy is striking. The Ge-Ge distances in the Ge,O,,
groups are 2.92 and 3.03 A, thus showing no tendency
for cation-cation bonding, as is not expected. The stability
of this type of structure with M,O,, groups joined by XO,
groups is evidently not only related to the chemical nature
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of its components, but also some more general lattice
principle.

Phosphate mine companies only mine where the phos-
phate has been concentrated and made friable by weath-
ering out of both organic matter and carbonates. By com-
parison, a completely unweathered section of the
Phosphoria Formation contains abundant pyrite, organic
matter, and carbonates. Phosphovanadylite was found in
the bottom of an open pit mine where mining had ceased.
It is assumed that the mineral was found in an interme-
diate zone between unweathered and weathered rock.

Vanadium is profoundly sensitive to two environmental
conditions; acidity and oxidation (Evans and White
1987). Vanadium can be reduced to V4* under near neu-
tral pH conditions by the presence of organic matter,
whereas V3+ is stable under acidic conditions caused by
the presence of pyrite (Wanty and Goldhaber 1992). Py-
rite probably was weathered out, but there was still ample
organic matter and carbonate, as evidenced by the black-
colored and indurated matrix rocks. Under these condi-
tions, the pH was probably near neutral, yet the organic
matter was sufficient to reduce the V to a +4 state. Ac-
cording to theoretical equilibrium phase diagrams relating
pH and Eh, V4 minerals are stable at Ehs of —0.1 to 0.5
volts (Evans and Garrels 1958).
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