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We have calculated X-ray powder-diffraction data for schoepite, [(UO,)30,(OH);,]J(H,0),,, using
unit-cell and atomic parameters from the crystal structure (a 14.337, b 16.813, ¢ 14.781, Z=4,
D,=4.87gcm™®). Schoepite crystallizes in space group P2,ca but is strongly pseudo-
centrosymmetric, and observed reflections (/,;>0.1%) conform to space group Pbca. The six
strongest reflections for schoepite are [d(A), hkl (relative intensity)] 7.365, 002 (100), 3.253, 242
(55), 3.626, 240 (36), 3.223, 402 (25), 3.683, 004 (20), 2.584, 244 (18). The calculated intensities
of reflections that distinguish space group Pbca from space group Pbna (the space group of
metaschoepite), i.e., h0! with 4 odd and [ even, are weak, and may not be evident in experimental
powder patterns. The a axis of schoepite (14.34 A) is significantly longer than that of synthetic
metaschoepite (13.98 A), and the two phases can best be distinguished by their unit-cell parameters.
However, potential overlap of the strongest reflections can make identification and unit-cell
determination difficult, especially for fine-grained material. Natural samples commonly contain
intergrowths of schoepite, metaschoepite, and dehydrated schoepite. The calculated powder pattern
for schoepite agrees well with data reported for natural schoepite (PDF 13-241) but shows
discrepancies with the data from synthesis products. Data for ‘‘synthetic schoepite’’ indicate that
this product was a mixture. Powder data labeled ‘‘paraschoepite’” in the Powder Diffraction File do
not correspond to the mineral of that name. © 1997 International Centre for Diffraction Data.
[S0885-7156(97)00303-5]
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I. INTRODUCTION

Hydrated uranium(VI) oxy-hydroxides form in oxidizing
U-rich meteoric waters and are common weathering products
of uraninite, UO,,, (Frondel, 1958; Finch and Ewing,
1992). These minerals occur at many oxidized uranium de-
posits, where they play an important role in the paragenesis
of secondary uranyl minerals that form where uraninite has
been exposed to oxidizing meteoric water (Frondel, 1958;
Deliens, 1977; Finch and Ewing, 1992; Finch et al., 1992).
These and related phases have also been identified as corro-
sion products of synthetic UO, and spent UO, nuclear fuel
(Finch and Ewing, 1991; Forsyth and Werme, 1992; Wronk-
iewicz et al., 1992, 1996) and may impact on the long-term
corrosion behavior of spent nuclear fuel in a geologic reposi-
tory.

The crystal structures of the uranium(VI) oxy-
hydroxides are based on polyhedral sheets of the form
[(U0,),0,(0H),]?* 2¥=2) (Evans, 1963; Miller et al.,
1996; Burns et al., 1996). Most contain divalent cations in
interlayer sites, but several have electrostatically neutral
sheets and contain no interlayer cations. In this latter group,
H,O groups may occupy interlayer sites, bonding adjacent
sheets together through H bonds (Finch ef al., 1996a). Of the
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uranium(VI) minerals without interlayer cations, three are
chemically and  structurally  similar: schoepite,
[(UO,)s0,(0OH),,](H,0),,, metaschoepite, UO5-2H,0 (),
and paraschoepite UO;-(2—x)H,0 (?) (Christ and Clark,
1960; Christ, 1965; Finch etal., 1996a). Ianthinite,
[(U**),(US*0,),06(0OH),(H,0),](H,0)5, and *‘dehydrated
schoepite,” [(UO;)Og25-(OH) | 544,] (0=x=<0.15), are
also structurally related to the aforementioned minerals and
are commonly intergrown with them (Christ and Clark,
1960; Pearcy et al., 1994; Finch er al. 1996a, 1996b). Of
these five minerals, the crystal structures are known for only
two: schoepite (Finch et al., 1996a) and ianthinite (Burns
et al., 1997). Two uranyl peroxides are also known: studtite,
UO,-4H,0 (Walenta, 1974; Cejka et al., 1996), and meta-
studtite, UQ,-2H,0 (Deliens and Piret, 1983); however, both
peroxides are readily identified by conventional methods and
are not discussed here.

The polycrystalline nature of many uranyl compounds
makes X-ray powder diffraction the preferred method of
phase identification, which is commonly done by matching
experimental powder patterns with those reported in the
Powder Diffraction File (PDF). Similarities in unit-cell pa-
rameters (Table I) and X-ray powder-diffraction patterns
among these phases can make correct phase identification
difficult. These problems are compounded by disparities
among the five patterns for schoepite and related phases re-
ported in the PDF. The aim of this paper is to provide some
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TABLE 1. Unit-cell parameters reported for schoepite and related phases (A).

Schoepite Schoepite Schoepite Metaschoepite Metaschoepite Paraschoepite Ianthinite
Ref. 1 Ref. 2 (syn) Ref. 3 Ref. 2 (syn) Ref. 4 Ref. 2 Ref. 5
a 14.337 14.33 14.36 13.99 13.977 14.12 7.178
b 16.813 16.79 16.66 16.72 16.696 16.83 11.473
c 14.731 14.73 14.74 14.73 14.672 15.22 30.39
P2\ca Pbca Pbca Pbna Pbna Pbca P2ca

References: 1—Finch er al. (1996a); 2—Christ and Clark (1960); 3—Peters (1967); 4—Debets and Loopstra (1963); 5—Burns et al. (1997).

clarification of the discrepancies among these powder pat-
terns. Toward this end, we calculated the X-ray powder-
diffraction pattern for schoepite by using recent structural
data (Finch et al., 1996a). The calculated powder pattern is
compared to experimental powder patterns reported for
schoepite and related phases in the PDF.

Il. SCHOEPITE AND RELATED UO; HYDRATES

The International Mineralogical Association recognizes
three hydrated uranium(VI) oxy-hydroxide minerals with
compositions represented by the formula UO;-(2*x)H,0
(x<1) (Nickel and Nichols, 1992). Schoepite
[(U0,)30,(0H),,](H,0),, (or 4U0O;-9H,0) was originally
described by Walker (1923), and the crystal structure was
reported by Finch e al. (1996a). Schoep and Stradiot (1947)
described the related mineral paraschoepite,
5U0;-9 1/2H,0, but provided few data. Christ and Clark
(1960) reported paraschoepite in a sample mixture that also
contained schoepite and ‘‘dehydrated schoepite.”” Paraschoe-
pite was originally thought to form by partial dehydration of
schoepite (Christ and Clark, 1960), but Christ (1965) sug-
gested that schoepite and paraschoepite are polymorphs with
different arrangements of O atoms in their structural sheets.
Christ and Clark (1960) also described a third related min-
eral, metaschoepite, formed by the incomplete dehydration
of schoepite. Schoepite, metaschoepite, and paraschoepite
are structurally and chemically distinct from the four syn-
thetic uranyl hydroxides, a-UOQO,(OH),, B-UO,(OH),,
¥-UO,(OH),, and U;04(OH), (Hoekstra and Siegel, 1973),
none of which contains structurally bound H,O groups. As
the name implies, ‘‘dehydrated schoepite’’ is a naturally oc-
curring dehydration product of schoepite with a structure that
can be described as a defect derivative of the synthetic phase
a-UO,(OH), (Christ and Clark 1960; Finch er al., 1996b).

There has been debate as to the actual number of struc-
turally unique hydrated uranyl oxy-hydroxide polymorphs
(Hoekstra and Siegel, 1973). Most X-ray powder-diffraction
studies of synthetic UO;3 hydrates indicate only one phase,
equivalent to schoepite (Hoekstra and Siegel, 1973). On the
other hand, infrared spectroscopy and thermogravimetric
analyses commonly suggest two structurally related phases
(Hoekstra and Siegel, 1973). The X-ray powder-diffraction
patterns of schoepite and metaschoepite are almost indistin-
guishable (Hoekstra and Siegel, 1973; Finch et al., 1992),
because the U atoms, which contribute most strongly to the
diffraction intensities, occupy structurally similar positions
in both minerals. Nevertheless, Christ and Clark (1960) were
able to identify both minerals and to estimate their unit-cell
parameters from precession photographs of single crystals of
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schoepite with intergrown metaschoepite (Table I). By using
their single-crystal data, Christ and Clark (1960) indexed an
X-ray powder pattern from a sample mixture of schoepite
and metaschoepite (PDF 13-241). Metaschoepite has a
smaller unit-cell volume than schoepite, a reflection of the
smaller a cell dimension in metaschoepite (Table I). Schoe-
pite crystallizes in space group P2;ca but is strongly
pseudocentrosymmetric, with apparent space group Pbca
(Finch er al., 1996a). The space-group symmetry reported
for metaschoepite is Pbna (Christ and Clark, 1960; Debets
and Loopstra, 1963).

The synthesis of hydrated uranyl oxy-hydroxides has
been reported by numerous authors, and most of these stud-
ies used X-ray powder diffraction to identify the run prod-
ucts. Experimental patterns are compared with the five pow-
der patterns reported in the PDF for hydrated uranyl oxy-
hydroxides. Because synthesis near room temperature tends
to produce a poorly crystalline product (Bruno and Sandino,
1989), most of the reported syntheses have been conducted
between approximately 40 and 90 °C. Most of the products
synthesized in this temperature range display powder-
diffraction patterns that closely resemble the powder pattern
of metaschoepite reported by Debets and Loopstra (1963).
Above approximately 100 °C, schoepite and metaschoepite
dehydrate in water to dehydrated schoepite (Hoekstra and
Siegel, 1973), and most syntheses above 100 °C report
mixed run products, usually including one or more of the
four known uranyl hydroxides in addition to dehydrated
schoepite (Hoekstra and Siegel, 1973).

Three of the five powder patterns in the PDF correspond
to synthetic preparations, identified as ‘‘schoepite, syn.”
(PDF 29-1376), ‘‘metaschoepite, syn.”” (PDF 43-364), and
“‘paraschoepite, syn.”” (PDF 23-1461), and we briefly de-
scribe the syntheses of these three phases here.

Peters (1967) reported synthesizing schoepite by hydro-
lyzing an aqueous suspension of UQO; and heating the prod-
uct for several hours (temperature unknown). The powder
pattern obtained resembles that of the natural sample mixture
of schoepite and metaschoepite reported by Christ and Clark
(1960). Peters (1967) indexed the powder pattern for the syn-
thetic material as a single phase; however, the unit-cell pa-
rameters reported by Peters differ significantly from those of
natural schoepite, especially the b cell dimension (Table I).

Cordfunke (1962) synthesized metaschoepite in aqueous
solution at 40 °C, shaking the reaction mixture for 1-4
weeks in order to ‘‘improve crystallinity.”” Debets and Loop-
stra (1963) indexed the powder pattern obtained from Cord-
funke’s sample, and the powder-diffraction pattern and unit-
cell parameters are closely similar to those reported for
metaschoepite by Christ and Clark (1960).
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Synthetic paraschoepite is unknown. The powder pat-
tern, PDF 23-1461, is erroneously labeled ‘‘paraschoepite,’’
causing much confusion. These data correspond to a mixed-
valence uranium oxide, UO,g4-1.5H,0, structurally and
chemically similar to ianthinite (Cordfunke er al., 1968). The
phase UO, g¢- 1.5H,0 is not paraschoepite as described either
by Schoep and Stradiot (1947) or by Christ and Clark (1960).
The powder pattern for UO, gs-1.5H,O resembles those of
schoepite and metaschoepite (Table III), but this is true of
powder patterns for many of the uranyl oxide hydrates, ow-
ing to close structural similarities among these phases (Burns
et al., 1996).

lil. THE CALCULATED POWDER PATTERN FOR
SCHOEPITE

A powder-diffraction pattern for schoepite was calcu-
lated for Cu Ka X-radiation (\=1.5418 A) with the pro-
gram POWD (VAX version 12.7; Smith, 1989). Interplanar
spacings are reported for 26 values from 5° to 60° only for
reflections with calculated relative intensities 0.5% or greater
(Table II).

The calculated relative intensity I,;,(rel) of each reflec-
tion is given by

Inio(rel) = kM LpAT|F |,

I (rel) is the diffracted intensity on a relative scale, k is a
scale factor used to place the data on the relative scale, My,
is the multiplicity factor, LP is the Lorentz-polarization fac-
tor (LP=[1+cos®26]/sin® @cos 6, where @ is the Bragg
angle), A is the absorption factor (see below), T is the
Debye—Waller temperature factor [T=exp(—B sin? 6/\2);
where B is the displacement factor and A is the X-ray wave-
length], and F,,, is the structure factor. Each I(rel) is
scaled such that the strongest intensity is equal to 100; for
schoepite, this is the 002 interplanar spacing, equivalent to
the layer spacing in the schoepite structure.

For a diffractometer, the absorption of X-rays by a flat
specimen is independent of scattering angle for a specimen
of infinite thickness, and the absorption factor is A=1/2u
(Cullity, 1981). A sample can be assumed to be infinitely
thick if wt>2.5 (u=effective absorption coefficient; ¢
=sample thickness). The linear absorption coefficient for
schoepite is 36.47 mm ™! (Finch et al., 1996a), and, assuming
a powder with 50% packing efficiency, infinite thickness cor-
responds to approximately 0.14 mm. To calculate the dif-
fracted intensities for cylindrical Debye—Scherrer samples,
the tables of cylindrical absorption factors in terms of u and
r, the sample radius, in the International Tables (1969) are
used. When using cylindrical samples of moderate absorbers,
absorption causes the front reflection peaks to be relatively
weaker then those in the backreflection region, and heavily
absorbing samples may split forward reflected beams into
two parts. Schoepite may be considered a moderate absorber,
and the latter effect has not been reported for schoepite pow-
der patterns.

Schoepite is noncentric, space group P2,ca, and
anomalous dispersion is accounted for by generating nega-
tive Miller indices, (-h-k-1) for each hkl normally gener-
ated. The intensity pairs are then averaged and listed under
one index. Complex neutral scattering factors are used
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TABLE II. Calculated powder pattern for schoepite, 1,4=1% (Cu-Ka ra-
diation: 2 8<60°).

hki do I (INT) I (DS) 1 (PK) 26 (PK)
020 8.406 1 0 1 10.52
002 7365 100 69 100 12.02
021 7301 1 1

211 6.019 2 2 2 14.72
21 5.115 1 1 1 17.32
222 4383 0 1

123 4.066 0 1

041 4,042 1 1 1 21.98
213 3938 1 1 1 22.56
232 3.787 0 1

004 3.683 20 31 15 24.16
223 3.649 0 1

240 3.626 36 56 27 24.54
400 3.584 17 27 13 24.82
104 3.567 0 1

142 3538 0 1

410 3.505 1 1

411 3410 0 1

242 3.253 55 100 41 27.40
402 3223 25 46 19 27.66
043 3.193 0 1

323 3.172 0 I 1 28.18
412 3.165 1 1

431 2.958 2 3 1 30.18
511 2.776 0 1

061 2.753 1 1

125 2.730 0 1

144 2.720 0 1

351 2.703 0 1

215 2.690 0 1

441 2,682 0 1

062 2.619 0 1

260 2.610 0 1

244 2.584 18 46 12 34.70
162 2.576 0 1

433 2.572 1 2 7 34.78
261 2.570 1 2

404 2.569 9 2 7 34.90
522 2.547 0.5 3

414 2.539 0 1

262 2.460 0 1

006 2.455 5 13 3 36.58
063 2.434 0 1

106 2.420 0 1

451 2419 0 1

116 2.395 0 1

443 2.384 0 1

611 2.336 2 7 2 38.52
126 2326 0 1

263 2.305 0 1

362 2297 0 1

621 2271 0 1

271 2251 1 3 1 40.02
064 2.230 0 1

460 2.208 1 3

630 2.198 0 1

453 2.194 0 1

461 2.183 1 4

631 2.174 0 1

363 2.169 0 1

316 2.166 0 1

613 2.131 1 4 1 42.38
264 2.129 0 1

462 2.115 0 1

435 2.109 0.5 1

632 2.106 0 1

080 2.102 5 17 3 43.00
146 2.097 0 1 2 43.12
623 2.082 0 1

640 2.077 9 33 6 4354
273 2.066 0 1

027 2.041 0 1

515 2.040 0 1

336 2.035 0 1

246 2.033 13 47 8 44.54
065 2.030 0 1
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TABLE II. (Continued.) (Cromer and Mann, 1968) with corrections for anomalous
dispersion (Cromer and Liberman, 1970). Anisotropic dis-

. dese Ao 4CS) GHEK) 26,6 placement parameters are used for the U atoms and isotropic
406 2.026 6 22 5 44.68 displacement parameters are used for the O atoms; these val-
ég; %83} g 213 6 482 ues are tabulated in Finch ef al. (1996a). Refraction is ig-
463 2.013 1 2 2 44.92 nored. Preferred orientation is also ignored, although this
416 2.011 0 1 may be an important factor in experimental patterns, thereby
égg ;'852 g i enhancing 00/ reflections. The calculated powder pattern is
217 2:005 0 1 giVCl’l in Table II.

445 2.001 0 1

642 1.9993 12 44 8 45.32

281 1.9981 1 3

525 1.9961 0 1

265 1.9536 0 1 IV. SCHOEPITE AND THE PDF

650 1.9478 0 1

651 1.9310 0 1 . . . i

464 1.8935 05 2 Five experimental X-ray powder-diffraction patterns for
634 1.8874 0 1 schoepite and related phases are reported in the PDF: schoe-
455 1.8848 0 1 pite (natural and synthetic), metaschoepite (synthetic), and
g;g :'gg% (l) % paraschoepite (natural and synthetic). The powder patterns
283 1.8655 05 5 for all but synthetic metaschoepite are from film data, and
506 1.8649 0 1 the film data for the minerals were not corrected for film
066 1.8466 0 ! shrinkage (Christ and Clark, 1960). These five powder pat-
gég ::gﬁg ; 143 ) 4946 terns are compared to the powder pattern calculated for
356 1.8315 0 1 schoepite in Table IIL.

108 1.8264 0 1 The hk! indexing in Table III is for the calculated schoe-
??g :gfg; (5) 210 : 49.92 pite pattern (cf. Table II). Interplanar spacings are listed for
480 1.8130 4 17 2 50.28 calculated relative intensities greater than 0.4%. The most
644 1.8093 8 36 6 50.40 intense reflection for each experimental powder pattern is
275 1.8018 0 1 2 50.52 indicated by a subscript x. Additional hk! indices reported
ggg i:;gé; g ? ! 1 for synthetic metaschoepite (PDF 43-364) and synthetic
810 1.7820 0 1 schoepite (PDF 29-1376) are also given, and schoepite re-
811 1.7691 0 1 flections with calculated intensities of 0% are indicated in
ggg i;g% g f Table III by an asterisk (*). The indexing for the mixed-
482 1.7604 7 32 4 51.90 phase sample of natural schoepite and metaschoepite is from
802 1.7413 3 14 2 52.52 Christ and Clark (1960) and not from PDF 13-241. The in-
138 1.7365 0 1 dexing for paraschoepite (labeled schoepite, PDF 13-407)
i;'z/ {gg; 095 ; also corresponds to that of Christ and Clark (1960) for a
654 1.7218 0 1 (second) mixed-phase sample. The indexing for synthetic
318 1.7093 0 1 schoepite is that given in PDF 29-1376. Interplanar spacings
23} {gggg % 2 due to impurities of dehydrated schoepite are in parentheses.
067 1.6827 0 1

813 1.6751 0 1

pA A 0 { A. Natural schoepite (13-241)

(2):3(5)1 }:gggg 8 } This sample contained a mixture of schoepite and met-
527 1.6630 0 1 aschoepite (Christ and Clark, 1960). Despite the mixed-
565 1.6571 0 1 phase nature of the sample, the powder pattern is indexed as
672 1.6509 0 ! a single phase in the PDF. The revised indexing does not
744 1.6468 0 1 . : .
338 1.6428 0 i agree with that proposed by Christ and Clark (1960) and is
248 1.6418 7 36 incorrect, as indicated by the relative intensities of the calcu-
466 1.6416 0 ! lated pattern. On the other hand, the indexing proposed by
0102 1.6391 0 1 . T .

267 16382 0 1 Christ and Clark (1960) is in excellent agreement with the
408 1.6379 4 18 calculated pattern if the reflections due to metaschoepite are
g?go :-gggﬁ 8 1 considered (Table III). By using the indexing of Christ and
418 1:6303 0 i Clark (1960) for each mineral and considering each phase
2101 1.6269 1 4 separately, we refined the unit-cell parameters for schoepite
484 1.6265 5 25 (P2,ca): a 14.30(1), b 16.77(2), ¢ 14.659(8) A; the refined
ggi ::gi%g ; g unit-cell parameters for metaschoepite (Pbna) are: a
673 16014 1 4 14.00(1), b 16.64(3), ¢ 14.67(1) A. These values agree well
2102 1.5972 0 2 with the reported unit-cell parameters (Table I). Some dis-
222 :'gggg g ;‘1* crepancy is expected for this film data, because they were
2103 1.5529 i 4 obtained from a mixed-phase sample and uncorrected for

film shrinkage (Christ and Clark, 1960).
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TABLE III. Comparison of X-ray powder-diffraction patterns of schoepite and related phases. (Cu K a radiation: 5<28<607).

Ss Ref. 2 Sy Ref. 1 Schoepite MS; Ref. 3 IMSy Ref. 1 PSy Ref. | IAN,, Ref. 4 PSg Ref. 5
dobs dobs dcnlc hkl dobs dnbs dobs d obs dohs
8.7669 111 8.64
8.4065 020 8.33
7.59 7.63, 7.53,
737, 7.35, 7.3655, 002 7.33, 7.35, 7.28,
7.3013 021
6.5062 121 6.439
6.65" 6.5941 210
6.1044 112 6.055 5.90 5.92
6.0186 211
5.5399 022 5510
5.4546 220 5.364 535 532
5.1152 221 5.035
(5.08) 5.07
4.9200 131 4.871
4.46 44777 113 4.452 4.46 443
4.3835 222 4.326
4.3882 311 4.291 4.26
4.2033 040 4.174
4.0419 041 4.013 4.02
3.9384 213
2.8997 312 3.829
3.78 3.81 3.76
3.69 3.66 3.6828 004 3.667 3.66 3.66
3.62 3.6259 240 3.583 3.58 3.59
*3.6186 322 3.559 3.59 3.56
3.59 3.58 3.5843 400 3.493 3.49 351
3.52 3.5304 331
*3.5208 241 3482
3.5055 410
(3.44)
3.4102 411 3.330 (3.39) 3.35 332
*3.3558 313 3.307
3.235 3.24 3.2531 242 3.220 3.21 322 3.24 3.22
3.2229 402 3.156 3.162 3.162 3.17
3.170 3.1958 151
3.1653 412
*3.0195 430 2.959 2.95 2.961
2.985 2.9916 152
2.9580 431
2.9169 243 2.889 2.920
(2.885)
2.8443 115 2.832 2.839
2.8281 234 2.804
2.810 2.8135 252
2.780 2.7759 511
2.7528 061 2.734
2.7034 351 2.668 2.69 2.665
2.6817 441 2.634 2.645
2.6099 260 2.585 2.61 2.587
2.580 2.5838 244 2.563
2.5721 433
2.571 2.5686 404 2.529 2.530
2.550 2.5698 261
2.5465 522
2.5391 414 (2.539)
2.5152 531 2.462 2.53 2.513
(2.481) 2.490
2.4565 424 2.420
2.455 2.446 2.4552 006 2.445 2.446 2.450
2.3953 116 2.383 2.39 2.384
2.3657 610 2.3068 2.31 2.363
2.31 2.3358 611
2.285 2.2967 362
2.2892 335 2.2674
2.260 2.2774 270
2.2710 621 2.30 2.273
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TABLE III. (Continued.)

Ss Ref. 2 Sy Ref. 1 Schoepite MS; Ref. 3 MSy Ref. 1 PSy Ref. 1 IAN,, Ref. 4 PSs Ref. 5
dobs d obs dcalc hkl dobs dohs dobs dobs d obs
2.2554 415 2.2259 2.24 2.259
*2.2524 612 22010
2.2507 271 2219
2.1900 155 2.1771
2.1832 461 2.1528 2.169
2.1335 173 2.1184 2.15 2.158
2.1313 613 2.129
(2.110)
2.090 2.1016 080 2.0863 2.090
2.090 2.0972 146
2.060 2.0806 081 2.0661
2.0773 640 2.0342
2.040 2.0590 181 (2.053) 2.07 2.053
2.0330 246 2.0195 2.03 2.040
2.0255 406 2.0038
2.0210 082 2.0072
2.000 2.0167 280 (2.018)
2.0110 463 1.9888 1.992 2.005
1.9993 642 1.9599 1.972
1.980 1.9923 174 1.956
1.9321 083 1.9194 1.929 1.935
1.9259 472 1.9030 1.899
1.9310 651 1.8951
*1.9131 643 1.8775
1.8771 554 1.8496
1.849 1.8555 563
1.8414 008 1.8348
1.8253 084 1.8140 1.842 1.822
1.823 1.8247 446
*1.8201 247 1.8089
1.8024 1.8130 480 1.7925
1.8093 644 1.7789 1.794 1.779
1.7921 800 1.7474
1.7739 427 1.7566 1.770
1.7691 811 1.7263
1.7604 482 1.7412 1.746 1.723
1.7413 802 1.6998
*1.7332 193 1.7208
*1.7007 483 1.6819
1.6956 831
1.6880 517 1.6681
1.6829 671 1.6559 1.681 1.687
1.6418 248 1.6326 1.661
1.6379 408 1.6250
1.6269 2101 1.6137
1.6265 484 1.6098 1.622
1.6123 833
1.6115 804 1.5774
1.6014 673 1.609
1.5966 086 1.5869
1.5858 646 1.5644 1.582 1.585
1.580
1.5529 2103 1.5414

References: 1—Christ and Clark (1960); 2—Peters (1967); 3—Debets and Loopstra (1963); 4—Guillemin and Protas (1959); 5—Cordfunke ef al. (1968).
Notes: Sy=natural schoepite, Ss=synthetic schoepite, MSy=natural metaschoepite, MSg=synthetic metaschoepite, PSy=natural paraschoepite, IANy
= natural ianthinite; PS¢= synthetic *‘paraschoepite’” (UQ, g6 1.5H,0). Indexing is for the calculated schoepite pattern (Table 11); d spacings indicated for all
I.2c>0.4% plus additional diffraction maxima for synthetic metaschoepite (PDF 43-364) and synthetic schoepite (PDF 29-1376). Indexing for (natural)
schoepite, metaschoepite, and paraschoepite are from (Christ and Clark, 1960); indexing for synthetic schoepite is from the PDF 29-1376. The most intense
reflection for each pattern is indicated by a subscript x; d spacings for ‘‘dehydrated schoepite’ (UO;-0.75H,0) are in parentheses.

*Schoepite reflections with calculated intensities less than 0.01%.
Data for natural schoepite (Sy) and metaschoepite (MSy) are from the same sample (Christ and Clark, 1960).
"This d spacing does not agree well with the reported unit-cell parameters of schoepite or metaschoepite (Table D).
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B. Synthetic schoepite (29-1376)

This sample is reported to be a single phase (Peters,
1967), and the powder pattern resembles that of the natural
sample of mixed schoepite and metaschoepite described
above (Christ and Clark, 1960). However, the reported unit-
cell parameters differ significantly from those of schoepite;
the b cell dimension is particularly short (Table I). Several d
spacings and their relative intensities are also at variance
with schoepite powder patterns reported elsewhere (Table
III). The indexing reported in PDF 29-1376 is not that pro-
posed by Peters (1967) and has been revised from his origi-
nal indexing.

This powder pattern can be reindexed as a mixture of
schoepite and metaschoepite. Seven diffraction maxima can
be indexed on the schoepite unit cell, giving refined cell
parameters a 14.35(3), b 16.71(2), ¢ 14.74(1) A (P2,ca),
and eight diffraction maxima can be indexed on the met-
aschoepite unit cell, giving refined cell parameters: a
14.08(1), b 16.71(1), ¢ 14.74(1) A (Pbna) (note that some
diffraction maxima can be indexed on both unit cells).
Eleven diffraction maxima cannot be attributed uniquely to
either phase: 6.65, 2.985, 2.285, 2.260, 2.060, 2.040, 2.000,
1.980, 1.849, 1.823, and 1.8024 A. Given the extensive over-
lap of schoepite and metaschoepite reflections, the poor fit
for those diffraction maxima with values less than ~2 A is
probably a result of overlapping peaks from both phases. The
two low-intensity diffraction maxima, 2.985 and 2.285 A,
may correspond to overlapped metaschoepite diffraction
peaks (Table III). The 6.65 A d spacing (20% relative inten-
sity) is most problematic, as no diffraction maxima are re-
ported (or calculated) with this d spacing for schoepite or
metaschoepite (Tables II and IIT). Furthermore, a d spacing
of 6.65 A for the 210 reflection does not even agree with the
unit-cell parameters reported by Peters (1967). We conclude
that the 6.65 A d spacing is spurious and not representative
of either schoepite or metaschoepite.

C. Synthetic metaschoepite (43-364)

This powder pattern and reported unit-cell parameters
are closely similar to those of natural metaschoepite (Christ
and Clark, 1960) (Table I). Although the powder pattern of
synthetic metaschoepite also closely resembles that of schoe-
pite (Table III), there are important differences that can be
used to distinguish between metaschoepite and schoepite
with powder-diffraction data. Nine diffraction maxima in the
powder pattern of synthetic metaschoepite correspond to in-
terplanar spacings with zero intensity in the calculated pat-
tern for schoepite (Table III): 322, 241, 313, 430, 612, 643,
247, 193, and 483; and each is marked with an asterisk in
Table III. The 241 refiection of metaschoepite (10% relative
intensity) is the strongest of these nine reflections; the rela-
tive intensities of the other eight reflections are at or below
5%. X-ray powder-diffraction data obtained from samples
that contain metaschoepite may display these diffraction
maxima, although the 241 reflection may be the only one
observed in most experimental patterns.

D. Natural paraschoepite (13-407)

This powder pattern was obtained from a mixture of
paraschoepite, schoepite, and dehydrated schoepite (Christ
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and Clark, 1960). Nonetheless, the powder pattern is labeled
schoepite and is indexed as a single phase in the PDF (Table
III). Reindexing only those diffraction maxima that can be
unambiguously assigned to either schoepite or metaschoepite
[d(A), hkl:7.28, 002; 4.43, 113; 3.66, 004; 3.162, 402;
2.450, 006] allows us to refine the unit-cell parameters, giv-
ing @ 14.03(3), b 16.70(5), ¢ 14.67(2) A (Pbna). These are
in good agreement with the unit-cell parameters of met-
aschoepite (Table I). Of the 11 remaining diffraction
maxima, nine can be assigned to dehydrated schoepite
(shown in parentheses in Table III and noted in PDF 13-
407), and two can be assigned to ianthinite (several ianthinite
diffraction maxima also overlap with diffraction maxima for
dehydrated schoepite and metaschoepite). Ianthinite is a
common precursor of schoepite (Schoep and Stradiot, 1947;
Finch and Ewing, 1992; Pearcy et al., 1994; Burns et al.,
1997), and oriented inclusions of ianthinite within crystals of
schoepite are common (Schoep and Stradiot, 1947). Al-
though Christ and Clark (1960) identified paraschoepite from
single-crystal precession photographs, we have obtained pre-
cession photographs of metaschoepite with oriented inter-
growths of ianthinite or becquerelite that closely mimic the
data reported for paraschoepite (our unpublished results). We
conclude, therefore, that the sample described by Christ and
Clark (1960) as paraschoepite was a mixture of metaschoe-
pite, dehydrated schoepite, and ianthinite, as proposed by
Finch er al. (1992).

E. “Synthetic paraschoepite” (23-1461)

Synthetic paraschoepite is unknown, and the mislabeling
of this powder pattern has caused confusion. These data were
obtained from a mixed-valence uranium oxide,
UO, g6+ 1.5H,0, similar to ianthinite (Cordfunke et al.,
1968). The phase UO, g5-1.5H,0 is not paraschoepite as de-
scribed by either Schoep and Stradiot (1947) or Christ and
Clark (1960). The powder pattern for UO,g4-1.5H,0 re-
sembles those of schoepite and metaschoepite (Table III), but
the X-ray powder patterns of many uranyl oxide hydrates are
similar because of their close structural similarities. As noted
above, the apparent match with paraschoepite is possible
only if diffraction maxima in the paraschoepite powder pat-
tern that correspond to dehydrated schoepite are also in-
cluded (Table III). Although Cordfunke et al. (1968) did not
index this powder pattern or report unit-cell parameters, the
PDF data are indexed and unit-cell parameters are reported
there. The unit-cell parameters are different from those of
known uranyl oxide hydrates, and this indexing is probably
in error; the unit-cell parameters of UO, g¢-1.5H,0 are prob-
ably similar to those of ianthinite (Guillemin and Protas,
1959) (Table III).

V. DISCUSSION

Between 5° and 80° 246, there are 1119 allowed reflec-
tions in the calculated X-ray powder-diffraction pattern of
schoepite. Most of these reflections (~95%) have calculated
intensities below 1%, and will be difficult to observe above
background, unless enhanced by preferred orientation. Also,
in this range, all reflections that are not in accord with the
extinction conditions of the b glide in space group Pbca
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(0kl, k=2n) have calculated relative intensities below
0.1%. Additional hk! reflections, which would be systemati-
cally absent in Pbna but allowed in Pbca (h0!, with h odd
and / even) have calculated intensities below 1% (Table II).
Schoepite powder data are approximately consistent with
Pbna symmetry, and it is only with difficulty that X-ray
powder diffraction for schoepite and metaschoepite can be
used to distinguish between space groups Pbca, Pbna, and
P2 na. In the absence of single-crystal methods, the most
reliable way to distinguish schoepite and metaschoepite from
their X-ray powder-diffraction data is to compare their unit-
cell parameters (Table I).

An additional difficulty in distinguishing between data
for schoepite and metaschoepite is that several of the most
diagnostic reflections overlap. Of the most intense reflec-
tions, five occur between 24° and 28° 26; 004, 240, and 400
are within 1.4° 26 of each other, and 242 and 402 are within
1.0° 26 (Table II). Overlap of diffraction peaks will be most
severe for fine-grained or poorly crystalline samples due to
peak broadening, a problem that is common among synthesis
products and uranium minerals. Profile-fitting programs may
be used to decompose overlapping peaks and are especially
useful for examining samples that may be mixtures (Finch
et al., 1992),

The temperature of synthesis can be another important
consideration in distinguishing between synthetic schoepite
and synthetic metaschoepite. Schoepite is stable in water be-
low approximately 40 °C, whereas metaschoepite is stable
between approximately 40 and 90 °C (Cordfunke, 1962;
Finch et al., 1996b). Natural schoepite crystals alter sponta-
neously in air to metaschoepite by losing some molecular
H,0 (Christ and Clark, 1960), and many natural samples are
mixtures of schoepite and metaschoepite (Christ and Clark,
1960; Finch er al., 1996b). Schoepite may also decompose
directly to dehydrated schoepite:

[(U0,)50,(0H);,](H0)1,=8[(UO,)Oq ,5(0H), 5]+ 12H,0,

and the three-phase mixture, schoepite + metaschoepite
+ dehydrated schoepite, is common in natural samples
(Finch et al., 1996b). Other minerals that occur intergrown
with schoepite or metaschoepite include ianthinite, becquer-
elite, fourmarierite, and vandendriesscheite. Inclusions of
these minerals and dehydrated schoepite with schoepite
and/or metaschoepite can give rise to X-ray powder patterns
similar to that attributed to paraschoepite (PDF 13-407;
Christ and Clark, 1960).

V1. CONCLUSIONS

(1) The X-ray powder-diffraction pattern of schoepite is
consistent with Pbca symmetry and differs little from
that of metaschoepite with Pbna symmetry. Thus
powder-diffraction patterns of schoepite are difficult to
distinguish from those of metaschoepite, based on peak
positions and intensities alone.

(2) The calculated powder pattern for schoepite shows good
agreement with the experimental powder pattern of natu-
ral schoepite in the PDF (13-241), provided that addi-
tional diffraction maxima due to metaschoepite are con-
sidered. Intensity variations in experimental powder
patterns of schoepite are common due to preferred (001)
orientation.
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(3) The powder pattern for natural ‘‘paraschoepite’’ (PDF
13-407) is a composite pattern from a three-phase mix-
ture of metaschoepite + dehydrated schoepite + ianthin-
ite.

(4) The powder pattern for ‘‘synthetic schoepite’” (PDF 29-
1376) is a composite pattern from a two-phase mixture
of schoepite and metaschoepite. Furthermore, the 6.65 A
210 d spacing (20% relative intensity) is spurious and
not characteristic of either schoepite or metaschoepite.

(5) The powder pattern for ‘‘synthetic paraschoepite” (PDF
23-1461) is mislabeled, and these data are from a mixed-
valence uranium oxide, UO, g 1.5H,0, related to ian-
thinite.
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