
A

f
i
i
g
(
g
o
p
C
a
m
©

K

1

s
t
C
i
a
o
t
d
t
s
a

0
d

Journal of Alloys and Compounds 444–445 (2007) 584–589

Alteration of UO2+x under oxidizing conditions,
Marshall Pass, Colorado, USA

A.P. Deditius ∗, S. Utsunomiya, R.C. Ewing
Department of Geological Sciences, University of Michigan, 1100 N.

University Avenue, Ann Arbor, MI 48109-1005, United States

Received 20 September 2006; received in revised form 11 January 2007; accepted 3 February 2007
Available online 23 February 2007

bstract

As a natural analogue of the processes and products of spent nuclear fuel (SNF) alteration, we have examined the sequence of phases that
orm during the alteration of natural UO2+x in a U-deposit at Marshall Pass, Colorado. We have determined the paragenesis of U(VI)-phases
ncluding the fate of trace elements: W, Mo, As, Sb, Cu, Ba, Ce, Y, Pb and Th. Enrichment of trace elements, especially W and Mo,
n this system resulted in a unique alteration sequence: uraninite → amorphous U-oxyhydrate gel → schoepite(I)/vandendriesscheite/comprei-
nacite → uranophane → schoepite(II)/“dehydrated” schoepite(I) → Ba–Mo–W–U phase/U-arsenates/U–Sb phase → “dehydrated schoepite”
II) → soddyite/swamboite. In this sequence, the Ba–Mo–W uranyl phase and U–Sb phase are newly characterized phases. These results sug-
est that the UO2+x alteration, involving higher concentrations of certain radionuclides and metallic compounds, may lead to a different paragenesis
f U(VI)-phases, as compared with the expected alteration sequence of UO2 interacting with a typical groundwaters. This was also noted in a
revious study of the alteration of Pb-rich uraninite [R.J. Finch, R.C. Ewing, J. Nucl. Mater. 190 (1992) 133–156]. Some trace elements, such as

aO 2.08 wt.%, PbO 1.69 wt.%, WO3 1.39 wt.%, As2O3 0.50 wt.% and MoO3 0.41 wt.%, can locally concentrate, but still form uranyl phases. As
consequence, the mobility of U and radionuclides is governed by the stability of these metal-uranyl phases, such as Pb-oxide hydrates, Ba-uranyl
olybdates/ tungstates and U-antimonate.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Under oxidizing conditions, the alteration and corrosion of
pent nuclear fuel (SNF) leads to the release of actinides and
he fission products such as: U, Np and Mo, Tc, Ru, Rh, Pd, Rb,
s, Ba, Zr, Sr, and Nb. The released elements may be mobile

f they remain in solution, or they may be incorporated into the
lteration phases by co-precipitation or sorbed onto the surfaces
f corrosion products and minerals [2–4]. Thus, it is important
o evaluate the fate of these radionuclides under repository con-
itions. The structure and composition of the SNF is similar

o young low-Pb uraninites (UO2+x) [5], and there are many
imilarities in the sequence of U(VI)-phases that form during
lteration [6–9]. Thus, studies of natural systems in which urani-
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ite has been altered provide information about the long-term
lteration of UO2.

The uranium deposit at Marshall Pass, Colorado, formed
long a pre-Tertiary fault system as a result of the interactions
etween migrating hydrothermal fluids and host rocks. Com-
lex tectonic deformation caused thrusting of the Proterozoic
rystalline rocks (gneisses, granites) over the Paleozoic sed-
mentary sequence (quartzite, dolomite). This assemblage is
ncomformably covered by Tertiary tuffs and andesite, which
re suggested to be the main source of uranium [10]. Primary
raninite was formed under reducing conditions in veins con-
rolled by the pattern of faults. The UO2+x formed with Cu, Zn,
b, Sb, Ag and As sulfides and sulfosalts, such as tetrahedrite
(Cu,Fe,Ag,Zn)12Sb4S13], covellite [CuS], chalcocite [Cu2S],

halcopyrite [CuFeS2], galena [PbS], and sphalerite [ZnS] [11].
he hydrothermal U-ore deposit is located close to the surface
nd has reacted with subsurface ground water, mixed with oxi-
izing meteoric waters. As with the Nopal I deposit [8] and
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aboratory experiments of SNF corrosion [6,7], the Marshall
ass deposit is in the unsaturated zone under oxidizing condi-

ions.
The U(VI)-minerals typically consist of sheet-like structures

f edge-sharing UO2
2+ polyhedra. The complexity of the U(VI)-

ineral structures provides many possibilities for coupled-sub-
titutions of trace metals and radionuclides [2,12,13]. Recently,
ubstantial attention has been focused on U(VI)-phases and their
apacity for the incorporation of trace elements as a mecha-
ism that may reduce the mobility of certain radionuclides once
eleased from SNF [3,4,14]. In this study, we examined the alter-
tion of natural UO2+x in order to understand the sequence of
(VI)-phases that form under oxidizing conditions in a rather
nique chemical system, which includes: W, Mo, As, Sb, Cu,
a, Ce, Y, Pb and Th.

. Analytical methods

Five samples, with different degrees of alteration, were ana-
ysed using scanning electron microscopy/energy dispersive X-
ay spectrometry (SEM/EDS, Hitachi S3200N) and electron
icroprobe analysis (EMPA, a Cameca SX100). EMPA point

nalyses were completed using an accelerating voltage of 20 kV
nd beam current of 40 nA. A counting time of 120 s was used
o improve the statistics of the count rates. The standards used
or the calibration were: zircon (ZrSiO4) for Zr (L�), scheelite
CaWO4) for W (M�), andradite (Ca3Fe2Si3O12) for Si (K�),
a (K�) and Fe (K�), albite (NaAlSi3O8) for Al (K� and K�),
enitoite (BaTiSi3O9) for Ba (L�), synthetic UO2 for U (M�),
ynthetic KTaO3 for K (K�), synthetic YPO4 for Y (L�), syn-
hetic KTiO3 for Ti (K�), thorite (ThSiO4) for Th (M�), cerussite
PbCO3) for Pb (M�), synthetic CaMoO4 for Mo (L�), synthetic
PO4, LaPO4 or CePO4 for P (K�), synthetic covellite CuS for
u (K�).

High-resolution transmission electron microscopy (HRT-
M), analytical electron microscopy (AEM), and high-angle
nnular dark-field scanning transmission electron microscopy
HAADF-STEM) were conducted using a JEOL JEM2010F.
he spherical coefficient Cs is 1.0 mm. In STEM mode, the probe
ize was 1.0 nm, and the collection angle of the HAADF detector
as 50–110 mrad. The size of condenser aperture was 20 �m.

. Results and discussion

.1. Sequence of uranyl alteration phases in Marshall Pass

The chemical composition of primary colloform uraninite,
etermined by EMPA, is 85.2–89.0 wt.% UO2, 0.82–2.84 wt.%
aO, 0.97–2.51 wt.% PbO, 1.04–2.15 wt.% WO3, 0.32–1.30
rO2 and 0.15–1.7 wt.% As2O3, with minor amounts (<1 wt.%)
f Ti, REE, Mo, Si, P and Fe (Table 1). These primary uraninites
ormed in fluids with a relatively high concentration of W, which
s incorporated into the interstitial sites of uraninite structure.
The first stage of alteration was caused by penetration of oxi-
izing fluids containing Pb and Mo. The oxidation of U may
ave caused shrinkage of the uraninite unit cell, which, in turn,
reated microfractures. Uraninite grains are brecciated (Fig. 1a). Ta
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Fig. 1. BSE images of colloform uraninite and paragenesis of U(VI)-phases. (a) Fragment of the colloform uraninite within kaolinite (k) with rim consisting of
a mixture of schoepite, vandendriescheite and compreignacite; uraninite grain is cut by vein with uranophane which was subsequently replaced by schoepite (II)
and U-arsenates; (b) uraninite replaced by amorphous U-oxide hydrate gel phase associated with fractures filled with silica; (c) Ba–Mo–W uranyl phase within the
colloform uraninite; (d) coexistence of U-arsenates and Ba–Mo–W uranyl phase replacing a primary K-feldspar; (e) U-arsenate replacing schoepite in the void of
c vein fi
U ipitat

S
a
A
fl
[

b
E
O

g
w
c
[
E

olloform uraninite growing on the U-amorphous phase; (f) tetrahedrite cut by
-arsenates; (h) swamboite precipitated at the expense of DS (II). Note the prec

ulfides and sulfosalts are unstable under oxidizing conditions,
nd the dissolution of the sulfides released Pb, As, Cu, Zn, Sb,
g and S, acidifying the fluids. The presence of Mo in the
uids with released Pb resulted in precipitation of wulfenite
PbMoO4].
The sequence of U(VI) phases that formed during alteration
egan with yellowish U-oxide hydrous gel (identified by HRT-
M) and then a dark yellow to brownish rim of schoepite [(U
2)8O2(OH)12·12(H2O)] surrounding the uraninite + U-oxide

g
o
y
W

lled with U–Sb phase; (g) secondary “dehydrated schoepite” (DS II) replacing
ion of soddyite between DS(II) and swamboite.

el, followed by “dehydrated” schoepite (I), which is intergrown
ith rare Pb-uranyl oxide hydrates, most likely vandendriess-

heite [Pb1.57(UO2)10O6(OH)11(H2O)11] and compreignacite
K2(UO2)6O4(OH)6(H2O)7] (Fig. 1a, Table 1). However, the
MPA does not allow for the definite identification of these inter-

rown phases. Subsequently, mats of fine-grained platy crystals
f a Ba–Mo–W–U phase formed with chemical composition var-
ing in the range: 54.7–62.6 wt.% of UO2, 8.04–19.03 wt.% of
O3, 8.61–16.4 wt.% of MoO3, 4.06–5.07 wt.% of BaO,
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.02–2.75 wt.% of TiO2, 0.87–1.89 wt.% of Fe2O3, 0.34–0.96
t.% of CaO, and 0.31–0.71 wt.% of Ce2O3, (Table 1; Fig. 1c).
At the next stage of alteration, fluids containing Si and

a caused the precipitation of uranophane [Ca(UO2)2(SiO3
H)2(H2O)5], followed by precipitation of uranyl arsen-

tes, mainly trogerite [(UO2)3(AsO4)2(H2O)12], as well as a
esser amount of (meta)zeunerite, [Cu[(UO2)(AsO4)]2(H2O)8]
Fig. 1a, d and e). A different paragenesis was observed in the
reas where sulfides and sulfosalts are adjacent to uraninite.
he Cu-bearing minerals, which are unstable under oxidiz-

ng conditions (tetrahedrite, covellite, chalcocite, chalcopyrite),
issolved, as evidenced by corrosion rinds, and this provided
arious trace metals such as Cu, As and Sb for the subse-
uent precipitation of uranyl minerals (Fig. 1f). As a result
meta)zeunerite precipitated replacing uraninite and the Cu-
inerals. A thin layer (2–5 �m) of a fine-grained unknown phase
as found between uraninite, U-arsenate and tetrahedrite. The
nknown phase is optically transparent and enriched in UO2
50.6–55.8 wt.%) and Sb2O3 (26.9–31.3 wt.%).

The last stage of alteration was caused by reaction with
eteoric water. U-arsenates and silicates were replaced by

dehydrated schoepite” (II) (Fig. 1g). Finally, the “dehy-
rated schoepite” was altered to swamboite [U6+(UO2)6(Si
3OH)6(H2O)30] via soddyite [(UO2)2(SiO4)(H2O)2] (Fig. 1h,
able 1). This sequence is in good agreement with thermo-
ynamic estimates for the SiO2–UO3–CaO–H2O system by
ef. [15], which illustrated that swamboite and dehydrated

choepite are separated by the stability field of soddyite [(UO2)2
SiO4)(H2O)2].

.2. Comparisons with occurrence at Nopal I, Peña Blanca,
exico and laboratory results

A chart of the paragenesis of U(VI) phases characterized in
his study is summarized in Fig. 2 and compared with previous
tudies [12,13,16]. In general, the first stages of the U(VI)-phase
aragenesis in the Marshall Pass deposit are comparable to that
bserved in the Nopal I deposit (Mexico) and laboratory corro-
ion experiments: uraninite → uranyl oxide hydrates → uranyl
ilicates → alkali + alkali earth uranyl silicates [7,8]. The differ-
nces in paragenesis are mainly caused by chemical composition
f the primary uraninite and the chemistry of oxidizing fluids.
here are trace amounts of Si, Ca, K, S and Na in the hydrother-
al uraninites at the Nopal I deposit [8], but no Mo and REEs,
hich are typical fission product elements found in SNF. The
roundwater in Nopal I is reported to be enriched in SO4

2−,
a2+, Na+ and Si4+ [8]. The starting material in the corrosion
xperiments [7] was synthetic UO2, which was reacted with the
imulated Yucca Mountain groundwater, EJ-13 enriched in, Na,
i, Ca and K [7]. On the contrary, the primary UO2+x in Mar-
hall Pass is enriched with W, Mo, Zr and As and also contains
elatively small amounts of Ce and Y (Table 1).

The first difference between the Marshall Pass deposit, Nopal

deposit, and laboratory results is the formation of the amor-
ous U-oxide gel, which can be considered to be part of the initial
uranyl oxide hydrate stage” [7–9]. The K+ in the system resu-
ted in local precipitation of compreignacite, similar to the

(

p
w

rado, with the Nopal I, Peña Blanca, and laboratory corrosion experiments
7,8,16].

bserved conversion of schoepite to compreignacite in the UO2
rip tests [7]. Radiogenic Pb2+ from the uraninite and sul-
des precipitated vandendriesscheite [Pb1.57(UO2)10O6(O
)11(H2O)11], which is consistent with [1,17]. Predominance
f uranophane, sklodowskite [Mg(UO2)2(SiO3OH)(H2O)6],
a-boltwoodite [K(UO2)2(SiO3OH)(H2O)1.5], and weeksite

K1−xNax(UO2)2(Si5O13)(H2O)4] observed in previous studies
7,8] was not observed in Marshall Pass deposit. The absence
f the aforementioned phases is attributed to the relatively low
a, Na and Si activities in the fluids during the early stage
f alteration. This is consistent with the very rare occurrence
f uranophane, and its replacement by secondary schoepite
Fig. 1a).
The main stage of alteration in the present samples was the
recipitation of the uranyl arsenates and a Ba–Mo–W–U phase,
hich replaced the pre-existing phases. The only corresponding
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hases in the Nopal I deposit are abernathite [K2[(UO2)2(AsO4)]
(H2O)8] and billetite [Ba(UO2)6O4(OH)6(H2O)8], respecti-
ely, which are present as minor phases in the alteration
equence [6]. In the oxidative corrosion experiments of
NF, Cs–Ba uranyl molybdate [(Cs0.8Ba0.6)(UO2)5(MoO2)
4(OH)6(H2O)n] was identified [6,16]. This Cs–Ba uranyl
olybdate phase may closely correspond to the Ba–Mo–W–U

hase in the present study. We have also characterized a U–Sb
hase that precipitated in the vicinity of tetrahedrite, which is
newly reported phase in the UO2 alteration sequence. This

ccurrence confirms the importance of WO2
2+ and MoO2

2+

omplexes in the retardation of uranium at the Marshall Pass
eposit.

The final stages of alteration, which include the formation
f dehydrated schoepite and the sequence from dehydrated
choepite through soddyite to swamboite, have not been pre-
iously reported. The later sequence from dehydrated schoepite
o swamboite via soddyite is similar to the first stages of UO2
lteration in the previous studies [6–8], where schoepite and
ehydrated schoepite are altered to soddyite followed by uranyl
lkaline silica hydrates.

.3. New uranyl phases

The chemical formula of the Ba–Mo–W–U phase, norma-
ized to eight oxygen atoms is: (Ba2+

0.23K+
0.17Fe3+

.13Ca2+
0.10Cu2+

0.08Ce3+
0.02Pb2+

0.01)0.74Ti4+
0.24(Mo6+

0.63W6+

.43O4.00)1.06(UO2)1.68(OH)11.64(H2O)n. The simplified for-
ula is: Ba2(UO2)5Ti[(Mo,W)O4]3(OH)12(H2O)n.The Ba2+ is

he major interlayer cation, while K, Rb and Ti provide links
etween sheets of the Ba–Mo–W–U phase. The only known
a–W-rich uranyl mineral is orthorhombic uranotungstite

18] [(Ba,Pb,Fe2+)(UO2)2(WO4)(OH)4(H2O)12]. However,
6+ 4+
either Mo nor Ti was reported in this mineral, and its

tructure has not yet been fully determined [18]. The cleavage
tructure of the Ba–Mo–W–U phase (Fig. 1c) indicates that
his phase is a sheet-type uranyl phase. The position of Ti4+ is

ig. 3. Negative linear correlation between Mo [apfu] plotted against W [apfu]
n the Ba–Mo–W uranyl phase.
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roblematic in this Ba–Mo–W–U phase. The relatively high
alence state of Ti(4+) requires the Ti atoms to occupy the
ctahedral sites of the structure, which occur in the uranyl
ompound [(UO2)TiNb2O8] [2,19].

A negative correlation between Mo and W in Ba–Mo–W–U
hase suggests a possible substitution, according to MoxW1−x,
n the structure of this phase (Fig. 3). The ratio of U:Mo(+W)
s a useful parameter for determining the Ba–Mo–W–U phase
toichiometry. The ratio is approximately 5:3 for the present
hase, while most uranyl molybdates have a U:Mo ratio
f ≥1:1. The structure of tungstates and molybdates are
onstrained to the anion topology of sheet structures that
onsist of triangles, squares and pentagons; thus, this ratio
ecomes ≥2:1 [2]. The Mo ↔ W substitution in this phase is
upported by the closely related structures of two uranyl com-
ounds, [Tl2[(UO2)2O(MoO5)] and [(K,Rb)2[(UO2)2O(WO5)]
2,20,21]. Both structures are based on [(UO2)2O(WO5)]
heets with the same topology. MoO5 polyhedra have tetrag-
nal pyramidal and trigonal bipiramidal geometry [20], while
O5 polyhedra occur only as distorted square pyramids [21].
lekseev et al. [22] also reported the same WO5 polyhe-
ra and proposed that the replacement of Mo6+ by W6+ can
ause some distortion of coordination polyhedra. The present
a–Mo–W–U phase is also comparable to the synthetic com-
ound [(Ag,Na)10[(UO2)8O8(Mo5O20)], which belongs to the
ölsendorfite anion-topology [12]. Mo and W are located

n the MoO6 and WO6 octahedra in the structure of the
ynthetic compounds, forming Mo5O20 or W5O20 clusters
2,21,23].

Consideration of the chemical composition and possi-
le crystal-chemistry of Ba–Mo–W–U phase reveals two
nteresting aspects of the SNF alteration process. First, the
a–Mo–W–U phase may retard migration of U and fis-

ion products, such as 137Ba, 93Mo and minor amounts of
EE3+. Second, the U:(Mo + W) ratio of 5:3 in the present
hase is comparable to the U:Mo ratio of 2:1 in (Cs0.8Ba0.6)
UO2)5(MoO2)O4(OH)6(H2O)n, which is the phase previously
bserved during SNF corrosion tests [16]. The structure of
he Cs–Ba–Mo uranyl oxide hydrate characterized in the
NF corrosion experiments has two unique uranyl oxide
heets: (i) one sheet with edge sharing Urϕ5 polyhedra
ith the composition of (UO2)6O4(OH)6 and another sheet,

UO2)4(MoO2)2O4(OH)6, possessing Urϕ5 and Urϕ4 pen-
agonal bipiramids and octahedra [16]. The large Cs+ and
a2+ ions occupy interlayer positions and are coordinated
y at least seven ligands that contain H2O and OUr (apical
xygen of uranyl ion) [12].

The second new uranium phase found in this study is a U-
ntimonate phase. The U:Sb atomic ratio in the U–Sb phase
s about 1:1. Some uncertainties are introduced by the rela-
ively high concentrations of CuO (3.35 wt.%), PbO (3.51 wt.%),
s (2.06 wt.%), and Fe2O3 (1.20 wt.%). USbO5 was previously

ynthesized [24,25], and the oxidation state of U was determined

o be 5+, which suggests that U is coordinated by seven O into
entagonal bipiramids, and Sb5+ is located in the center of SbO6
ctahedra. Thus, Sb can play a key role in stabilizing UO2

+ ion
n anoxic, U-rich waters.
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. Conclusions

Oxidizing fluids of different compositions caused a com-
lex sequence of alteration phases in Marshall Pass, Colorado,
esulting in significant differences in the paragenesis of sec-
ndary uranyl mineral as compared with previous results of the
aboratory corrosion tests of SNF and in the Nopal I deposit,

exico. The differences are as follows: (i) Amorphous U-oxide
el formed during the initial “uranyl oxide hydrate stage”; (ii)
ormation of Ba–Mo–W uranyl phase after the hydrous uranyl-
xides stage. This phase may incorporate fission products such
s 137Ba, 137Cs, 93Mo, 90Sr and REE3+ [2,22]; (iii) Locally high
oncentrations of Sb resulted in precipitation of a new U–Sb
hase, which suggest that Sb can also stabilize the UO2

+ ion; (iv)
ranyl arsenates are major phases in this system, having been

eplaced by meta-stable U-oxide hydrates, and subsequently, by
oddyite and swamboite.
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