American Mineralogist, Volume 85, pages 1294—1297, 2000
The structure of agrinierite: a Sr-containing uranyl oxide hydrate mineral
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ABSTRACT

The structure of agrinierite, K,(Cay6551035)[(UO,);05(OH),],-5H,0, orthorhombic, F2mm, Z =
16, a = 14.094(2), b = 14.127(2), ¢ = 24.106(4) A, V = 4799.6(1) A3, was solved by direct methods
and refined by full-matrix least-squares techniques to an agreement factor (R) of 6.55% and a good-
ness-of-fit (S) of 0.851 using 2710 independent observed reflections collected with MoK X-radia-
tion and a CCD-based detector. This layered material contains four unique U® positions, each of
which is part of a nearly linear (UO,)** uranyl ion. The U®* cations are further coordinated by five
anions occupying the equatorial vertices of pentagonal bipyramids that are capped by the uranyl ion
O atoms. The uranyl polyhedra are linked by the sharing of equatorial vertices and edges in a fashion
topologically identical to the o-U;Oy sheet found in billietite, protasite, becquerelite, richetite,
compreignacite and masuyite. The arrangement of hydroxyl anions within the sheets varies in these
minerals; that of agrinierite is identical to protasite. The cations (Ca, Sr, and K) and H,O reside in the
interlayer region of the structure. The inclusion of Sr in the structure of agrinierite suggests that the
release of radioactive **Sr may be impacted by incorporation into this phase if it forms in a geologi-

cal repository for nuclear waste.

INTRODUCTION

Uranyl (U) oxide hydrate minerals often form as alter-
ation products of uraninite (UO,,,) and commonly occur in the
oxidized portions of U deposits, mine tailings piles, and soils
contaminated with actinides. In addition, experimental studies
have shown that these phases form due to alteration of spent
nuclear fuel (mainly UO,,,) and natural and synthetic uraninite
when subjected to moist oxidizing conditions similar to those
found at the proposed nuclear waste repository at Yucca Moun-
tain, Nevada (Burns et al. 1999; Finch et al. 1999a, 1992; Finn
et al. 1996; Pearcy et al. 1994; Wronkiewicz et al. 1992, 1996;
Wronkiewicz and Buck 1999). These investigations have also
shown that fission products such as '’Cs and *Sr and actinides
such as »'Np and **Pu are retarded with the alteration prod-
ucts, although the mechanisms are largely unknown (Finn et
al. 1996). Thus, the formation of uranyl minerals in a geologi-
cal repository may impact the release of radionuclides into the
surroundings of the storage site.

Agrinierite was described in 1972 by (Cesbron et al. 1972),
but was not heretofore characterized structurally. It forms
in association with rameauite, becquerelite, billietite,
compreignacite and schoepite. As some of these (and other) U-
O-H materials are also found in the laboratory studies of spent
fuel oxidation, it is possible that agrinierite may also form un-
der similar conditions.

EXPERIMENTAL METHODS

A sample of agrinierite from Mine de Margnac II, France
was obtained from the Canadian Museum of Nature (Sample
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Number CMNMC 81102). From this, a single crystal was se-
lected and mounted on a glass fiber and diffraction data were
collected on a Bruker SMART 1K CCD with a crystal-to-de-
tector distance of 5.0 cm. A hemisphere of three-dimensional
data was collected using a frame width of 0.3° and MoKo. X-
radiation. The unit cell was refined from 794 reflections using
least-squares techniques. The data were reduced and corrected
for Lorentz, polarization and background effects via the Bruker
program SAINT (Bruker-AXS 1998a). An empirical absorp-
tion correction (XPREP; Bruker-AXS 1998c) was performed
by modeling the crystal as a (010) plate and discarding reflec-
tions with a plate-glancing angle of less than 3.0° (12 reflec-
tions). This reduced the R;, of 369 reflections with />156 from
0.24 to 0.079. This procedure has been used extensively in cor-
recting for the effects of highly absorbing species such as U®*
and has been discussed at length in Finch et al. (1999b) and in
the SHELXTL software suite (Bruker-AXS 1998b). Details of
the collection and refinement are given in Table 1.

STRUCTURE SOLUTION AND REFINEMENT

Structure solution and refinement were carried out with
SHELXS and SHELXL respectively within the Bruker suite of
programs SHELXTL (Bruker-AXS 1998b). Systematic ab-
sences were consistent with space groups F2mm, Fmmm, and
F222. Solutions were attempted in all of these space groups,
including the different axes choices for F2mm. Spacegroup
F2mm (number 42) was pursued initially based on the lowest
R-factor immediately post solution. Straightforward and suc-
cessful refinement and subsequent re-investigation of other
space group possibilities confirmed this choice. The initial
model contained the U positions, while the anions and interlayer
cations (Ca, Sr, and K) were located in difference-Fourier maps
calculated following later stages of refinement. The occupan-
cies of Ca and Sr were initially assigned to be consistent with
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the chemistry reported by Cesbron et al. (1972) and were sub-
sequently refined with the total occupancy restrained to 1.0.
Trials involving refinement of K* site occupancy factors re-
vealed no substantial deviation from full occupancy. Refine-
ment of the final model, which included all atomic positional
parameters, anisotropic displacement parameters for the cat-
ions (excluding H and M?*), and a refined weighting scheme of
the structure factors resulted in a final R of 6.55% and an S of
0.851 for the 1453 observed reflections. Atomic parameters
(positions and anisotropic displacement) are in Tables 2 and 3,
respectively. Table 4 contains selected inter-atomic distances
and angles, whereas the observed and calculated structure fac-
tors are in Table 5.!

RESULTS

The structure of agrinierite (Fig. 1, Tables 2 and 3) contains
sheets of uranyl polyhedra that share their edges and vertices.

'For a copy of Table 5, document item AM-00-050, contact the
Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. De-
posit items may also be available on the American Mineralo-
gist web site (http://www.minsocam.org).

TaBLE 1. Crystal data and structure refinement for agrinierite
K2(Cao 65, Sr0.35)[(UO2)303(OH),]2 5H,0

Empirical formula*

Formula weight 2008.97

Temperature 294 K

Wavelength 0.71073 A

Diffractometer Bruker SMART Platform CCD
Crystal system Orthorhombic

Space group F2mm

a=14.094(2) A
b=14.127(2) A

Unit cell dimensions

c=24.106(4) A
Volume 4799.6(1) A®
V4 8
Density (calculated) 5.562 Mg/m?
Absorption coefficient 41.74 mm™
F(000) 6660.4

Crystal size, color, habit

Theta range for data collection

Reflections collected

Independent reflections 2710 [R, = 0.1356]

Observed reflection 1453 (E > 40)

Completeness to theta = 28.37° 94.7 %

Refinement method Full-matrix least-squares on F?

Weighting Scheme w = [6%(F?) + (ap)? + bp]™', where
p=(F+2F)/3,

125 x 65 x 40 mm? pale yellow, blade
1.69 to 28.37°
25536

a=0.0598
b=0.0
Data / restraints / parameters ~ 2710/1/110
Goodness-of-fit on F? 0.851

Final R indices [/>25(/)]
Rindices (all data)

R1=0.0655, wR2 = 0.1353
R1=0.1357, wR2 = 0.1552
Largest diff. peak and hole 3.895 and —4.672 e.A=

ARy ARlADY A
s=[Z[wlr-r)]rn-p)"]

wre =[S [l - ) rEwEY]|

* Formula obtained by initially setting the occupancies to be consistent
with the chemical analysis reported by Cesbron et al. 1972. Subsequent
refinements constrained the total occupancy on each site to 1.0.

Notes: F’

-|]
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TABLE 2. Atomic coordinates (x10*) and equivalent isotropic dis-
placement parameters (A2 x 10°) for agrinierite

X y z Ueq
U1 3723(2) 2336(2) 5000 15(1)
u2 5803(1) 2710(1) 5903(1) 14(1)
UK] 6160(2) 2500 7500 14(1)
U4 3279(1) 2402(1) 3399(1) 14(1)
M1* 6753(8) 0 6584(5) 26(3)
K2 4930(2) 5000 5000 39(7)
K3 6541(2) 5000 6699(1) 41(5)
K4 5629(2) 0 5000 27(5)
)] 2994(2) 3629(2) 3508(1) 7(5)
02 5579(2) 3972(2) 5847(1) 17(7)
OH4 7434(2) 3036(2) 5646(1) 23(7)
05 5420(3) 2640(3) 5000 27(1)
06 4300(2) 2429(2) 4128(1) 25(7)
o7 6700(2) 2025(2) 8338(1) 12(6)
OH8 4817(2) 2908(2) 3095(1) 21(6)
09 8980(3) 3900(2) 5000 13(9)
010 6098(2) 1446(2) 5937(1) 19(7)
o1 2810(3) 2500 2500 12(9)
012 3558(2) 1180(2) 3281(1) 22(7)
013 6146(2) 1255(2) 7231(1) 20(7)
014 3400(3) 3590(3) 5000 28(1)
ow1 4640(4) 5000 6860(2) 50(1)
ow2 2950(3) 5000 7400(2) 26(1)
Oows3 2390(3) 5000 5628(2) 21(1)
ow4 5020(3) 0 6420(2) 38(1)
OW5 7760(3) 5000 5750(2) 38(1)

Note: U(eq) is defined as one third of the trace of the orthogonalized Uj;
tensor.
* M1 = Srozs,Cages-

TABLE 3. Selected bond lengths (A) and angles (°) for agrinierite

U1-09* 1.78(3) M1-OW4 2.47(5)
U1-014 1.83(4) M1-OW3# 2.47(5)
U1-06 (x2) 2.26(3) M1-013 (x2) 2.51(3)
U1-05 2.43(4) M1-OW2# 2.59(5)
U1-OH4 (x2) 2.45(3) M1-01 (x2) 2.62(2)
U2-02 1.81(2) M1-010 (x2) 2.73(3)
U2-010 1.84(2) K2-02 (x4) 2.67(3)
U2-061 2.16(3) K2-014 (x2) 2.93(5)
U2-05 2.244(1) K2-05 (x2) 3.41(4)
U2-07¢ 2.25(3) K3-OW1 2.70(6)
U2-OH4 2.42(3) K3-OW5 2.86(6)
U2-OH8t 2.80(3) K3-02 (x2) 2.86(3)
U3-013 (x2) 1.87(2) K3-07 (x2) 2.87(2)
U3-07 (x2) 2.26(3) K3-OW2** 2.94(6)
U3-011§ 2.33(4) K3-013 (x2) 3.18(3)
U3-OH8 (x2) 2.44(3) K3-012 (x2) 3.30(3)
U4-012 1.79(3) K4-09 (x2) 2.79(4)
U4-01 1.80(2) K4-OW3 (x2) 2.90(4)
U4-011 2.269(1) K4-010 (x4) 3.12(3)
U4-06 2.27(3) 09*-U1-014 177.5(2)
U4-071l 2.29(2) 02-U2-010 176.6(1)
U4-OH8 2.40(3) 013-U3-013% 178.7(2)
U4-OH4* 2.66(3) 012-U4-01 179.3(1)

Notes: Symmetry transformations used to generate equivalent atoms:
*x=1/2,-y+1/2,-z+1 tx,y-z+1

I x,-y+1/2,-z+3/2 § x+1/2,y,z+1/2

IIx—-1/2,y,z-1/2 #x+1/2,y-1/2,z
*x+1/2,-y+1,-z+3/2

TaBLE 4. Anisotropic displacement parameters (A2 x 103)for

agrinierite

UH U22 U33 U23 U|3 U12
U1 13(2) 17(1) 14(2) 0 0 0(1)
u2 8(1) 14(1) 19(1) 2(1) -1(1) 1(1)
u3 11(1) 15(1) 17(2) 4(1) 0 0
U4 8(1) 15(1) 17(1)  -3(1) 2(1) 1(1)
K2 61(2) 43(1) 11(2) 0 0 0
K3 48(1) 21(8) 54(2) 0 9(10) 0
K4 18(1) 42(1) 22(1) 0 0 0

Note: The anisotropic displacement factor exponent takes the form:
—21°[ h?a*2U;; + ... + 2hka* b* U, ].
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The sheets are identical to those found in the inorganic phase
a-U;05 (Loopstra 1977), billietite, protasite, becquerelite
(Pagoaga et al. 1987), richetite (Burns 1998b), compreignacite
(Burns 1998a), and masuyite (Burns and Hanchar 1999). Each
of four symmetrically unique U®* positions are part of a nearly

linear (UO,)** uranyl ion (designated Ur), with U-Oy, bond

lengths of ~1.8 A, as is typically observed for U** minerals.
The presence of (UO,)** uranyl ions and the bond-valence sums
(Table 6) are consistent with all U in agrinierite being U®*. The
uranyl ions are each coordinated by two (OH) groups and three
O atoms arranged at the equatorial vertices of pentagonal

bipyramids that are capped by the Oy, atoms. The location of

the hydroxyl groups was determined via bond-valence sum-
mation (Brese and O’Keefe 1991; Burns et al. 1997) at all O
positions (Table 6). The mean <U®*-¢,,> bond-lengths (¢.,: un-
specified equatorial anion, O or OH) for U1, U2, U3, and U4
are 2.37, 2.37, 2.35, and 2.38 A respectively, and are consis-
tent with the average of 2.37(9) A for this coordination poly-
hedron in numerous well-refined structures (Burns et al. 1997).
The Ur¢s pentagonal bipyramids are linked by sharing equato-
rial edges and vertices to form o-U;Og type sheets that are
stacked along (010), with the uranyl ions directed roughly be-
tween, or perpendicular to the sheets.
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FIGURE 1. Polyhedral representation of the structure of agrinierite.
(a) The sheet of uranyl polyhedra projected along [010] with unit cell
outlined; (b) The structure projected along [100]. Black and grey circles
are K* and M?* atoms respectively. H,O groups are not shown for clarity.

The cations K, Ca, and Sr as well as the H,O groups reside
in the interlayer region of the structure of agrinierite. K cations
occupy three unique positions (K2, K3, and K4; Table 2) and
are coordinated by 8, 11, and 8 ligands respectively. K2 is bound
to six Oy, atoms [O14 (x2) and O2 (x4)] at a mean distance of
2.76 A that contribute a total of 1.16 bond-valence units to the
K1 cations. A second shell of coordination containing two O5
atoms at 3.41 A contributes only 0.06 bond-valence units. At
distances less than 3.0 A, K3 is coordinated to three H,O groups
(OW1, OW2, and OWS5), two Oy, atoms (02), and two O, at-
oms (O7), giving a bond-valence sum of 1.01. Two additional
Oy, atoms (O12 and O13) at 3.30 and 3.18 A respectively, con-
tribute 0.23 bond-valence units. K4 is bound to six Oy, atoms
[O9 (x2) and O10 (x4)] and two H,O groups [OW3 (x2)] at
distances of 2.79, 3.12, and 2.90 A, respectively for a bond-
valence sum of 0.86. Ca and Sr share a single, fully occupied
unique site (Table 2) with individual fractions equal to 0.648
and 0.352 respectively. The coordination of this site consists
of three interlayer H,O molecules (OW2, OW3, and OW4) and
six O atoms from the U-O sheets [O1 (x2), O13 (x2), and O10
(x2)]. Bond lengths range from 2.47 to 2.73 A with a mean of
2.58 A. The bond-valence sum of this site (2.09) was weighted
based on the fraction of Ca and Sr (Table 6).

The formula of agrinierite based on the crystal structure
analysis is Ky(Cay 5,519 35)[(UO,);03(OH),],-5H,O. This can be
re-written in the oxide form as 2(K,0,Sr0,Ca0)-6UO;12H,0.
This is in agreement with that determined by Cesbron et al.
(1972) via microprobe and wet chemical methods with the ex-
ception of H,O; Cesbron et al. Reported eight H,O groups.

DISCUSSION

The structure of agrinierite is closely related to minerals that
contain of the o-U;Os-type sheet, notably becquerelite, billietite,
protasite (Pagoaga et al. 1987), richetite (Burns 1998b), masuyite
(Burns and Hanchar 1999), and compreignacite (Burns 1998a).
The distribution of hydroxyl groups varies in 0-U;Og-type
sheets in minerals; that of agrinierite is identical to protasite.
The interlayer regions differ considerably, however. Protasite,
Ba[(UO,);0;(0OH,)]'3H,0, has a single unique cation position
and three unique H,O sites (Pagoaga et al. 1987), whereas
agrinierite has four unique cation sites (three monovalent and
one divalent) and five unique H,O group positions. The ratio
of the interlayer cation charges to the U charge is identical in

TABLE 6. Bond valence sums™* at cation and anion positions in the
structure of agrinierite

U1 5.89 o7 2.08
U2 5.93 OH8 1.19
us 5.62 09 1.85
U4 5.97 010 1.56
M1 2.09 o1 1.86
K2 1.22 012 1.69
K3 1.21 013 1.47
K4 0.86 014 1.64
O1 1.82 oW1 0.21
02 1.96 ow2 0.33
OH4 1.23 Oows3 0.43
05 1.86 Oow4 0.30
06 2.10 [ 0.14

* Calculated using the parameters of Brese and O’Keeffe (1991) for K*
and M2+(Ca,Sr) and Burns et al. for U (1997).
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both minerals; protasite has one M?* cation for three U at-
oms, or 2:18. Agrinierite has one divalent and two monovalent
cations for every six U atoms, or 4:36. There are six U cat-
ions for every five H,O groups in agrinierite, whereas protasite
has a 1:1 ratio.

The structures of several U-O-H minerals are known:
richetite (Burns 1998b), billietite, becquerelite, protasite
(Pagoaga et al. 1987), compreignacite (Burns 1998a), masuyite
(Burns and Hanchar 1999), agrinierite, fourmarienite (Piret
1985), schoepite (Finch et al. 1996), wolsendorfite (Burns
1999), vandendriesschite (Burns 1997), vandenbrandeite
(Rosenzweig and Ryan 1977), curite (Taylor et al. 1981), and
sayrite (Piret et al. 1983). In this listing, richetite through
agrinierite all contain the a-U;Og sheet type; each differing only
in (OH)" distributions (Fig. 2). Thus it is apparent that the o.-
U,04 sheet type is compliant not only to a range of anion ar-
rangements, but also to a variety of interlayer species. The other
minerals listed (except for schoepite and fourmarierite) each
have a unique sheet topology. As the structures of more U-O-H
minerals are determined however, additional representatives
of each structure type may be found.

Agrinierite is the first reported U-O-H mineral to contain
Sr. Further, radionuclide release fractions as determined from
drip tests on spent nuclear fuel indicate that *°Sr is either incor-
porated into or adsorbed onto alteration products (Finn et al.
1996). Thus it is conceivable that agrinierite could impact the
release of *Sr if it forms under repository conditions.
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