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Summary. The oxidative alteration of uraninite and the
fate of trace elements (Y, LREE, Zr, and Th) in a granite-
hosted uranium ore deposit in north Guangdong province,
China, were investigated to understand the geochemical be-
havior of spent UO, fuel and associated fission products and
transuranium elements under oxidizing conditions. In light of
the paragenetic relationship of the alteration products, two
alteration series of uraninite were identified: one is the sili-
cate series with a mineral paragenesis of uraninite — uranyl
oxide hydrates — Si-rich uranyl phase — uranophane
(Ca[(UO,)(Si0s0H)],(H,0)s), and the other is the phosphate
series with a mineral paragenesis of uraninite — uranyl oxide
hydrates — autunite (Ca[(UO;)(PO,)],(H,0)s) — yingjiangite
((K3, Ca)(UO,)7(PO4)4(OH)s(H,0)¢). In contrast to the wide
distribution and abundance of uranophane and the uranyl
phosphate minerals, uranyl oxides were only occasionally
found in the ore samples, suggesting that the uranyl silicates
and phosphates should be the predominant alteration products
of UO, under oxidizing conditions, although uranyl oxide
hydrates would be the solubility-limiting phase of uranium in
the very early stage of alteration. Furthermore, the interlayer
cation of the uranyl phases in the Xiazhuang uranium ore field
is dominated by Ca?", indicating that the release of uranium
and other radionuclides will be limited mainly by uranophane
and autunite during the oxidative alteration of spent UO,
fuel in underground repositories where enhanced calcium
concentration is expected due to cement/water reactions.
Compositionally, the cation atomic ratios in uranyl phases
often deviate considerably from their respective stoichiometric
values as indicated by the nominal formulae, but the com-
positional variation does not result in significant structural
change as indicated by X-ray diffraction patterns. This obser-
vation indicates that the structure of U minerals may easily
be adjusted to accommodate impurity elements including
crystallographically compatible radionuclides. Compared with
the primary uraninites, the secondary minerals are slightly
enriched in light REE, but significantly depleted in Y3+ prob-
ably due to its cation-radius mismatch with interlayer Ca?*.

*Author for correspondence (E-mail: frchen@gig.ac.cn).

The apparent enrichment of Zr*+ in uranophane and uranyl
phosphates relative to uraninite may result from the coupled
substitutions: Zr*t < U%* and REE3* < Ca?*"(K™*). Because
an adequate charge-balance mechanism and significant dis-
tortion of the coordination polyhedra are required for the
substitution An*t <> U®*, this type of substitution may not be
common.

1. Introduction

Nuclear fuel consists predominantly of UO, with approxi-
mately 4% fission products and actinides after a burn up of
40 MWd/kg U [1,2]. UO, is unstable in an oxidizing en-
vironment, especially that involving radiolytically produced
oxidants, and will rapidly alter to form a wide variety of
U+ phases [3-6]. Thus, large amounts of long-lived ra-
dionuclides would be released in a very short period due to
the rapid alteration of spent UO, fuel. Therefore, predict-
ing the geochemical behavior of radionuclides during the
oxidative alteration of spent UO, fuel has long been a ma-
jor interest for the performance assessment of nuclear waste
repositories [7-11].

The possible incorporation of long-lived radionuclides
into secondary uranyl phases has been discussed by a few
authors [12-14]. The resultant near-field immobilization
would enhance confidence in the concept of geological iso-
lation for spent nuclear fuel, and is important to the source-
term estimation for performance assessment of spent fuel as
a waste form. Both the solution concentration of uranium
and the secondary phase immobilization of actinides and fis-
sion products depend largely on the structure and stability
of the secondary phases formed. Hence, it is important to
predict the paragenesis of uranyl phases that would form
in the near-field geochemical environment. One of the most
challenging aspects of nuclear waste isolation is the extrap-
olation of short-term laboratory data to the long periods
(thousands to millions of years). Fortunately, the alteration
and paragenesis of natural minerals can be used as an ana-
logue to predict the long-term behavior of waste forms and
associated radionuclides [15]. The use of uraninite, UO,,,,
together with its impurities as a chemical and structural ana-
logue for the analysis of the long-term behavior of UO, fuel
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has been examined by many authors [16, 17], and its alter-
ation products have been studied in a variety of geochemical
environments [18-23]. The uranium ore in the Xiazhuang
region of Guangdong province, China, is hosted by granitic
rocks [24]. We examined and characterized the alteration of
uraninite and the immobilization of trace elements by the
secondary uranyl minerals in the Xiazhuang uranium ore de-
posit, the aim of which was to (1) promote our confidence in
predicting the behavior of UO, fuel in granite-hosted repos-
itories, and (2) improve our knowledge of the possible cap-
acity and mechanisms of incorporation of radionuclides into
the uranyl phases.

2. Geology

The Xiazhuang uranium ore deposit is located in the east-
ern part of the Guidong intrusive complex. This deposit
is one of the largest granite-hosted uranium ore fields in
China and is composed of several deposits (e.g., 330, 331,
332, 333, 337). Frequent magmatic activities in the late
Mesozoic era resulted in the emplacement of the Guidong
intrusive complex which extends E—W and is composed
of a granitic batholith, two granitic stocks and numer-
ous basic-intermediate dikes. The age of the batholith
and the granitic stocks is 180-194 Ma and 145-155 Ma,
respectively, while that of the basic-intermediate dikes
is 90-110 Ma [25].

The Xiazhuang uranium ore deposit is of hydrothermal
origin related to the late-phase Mesozoic magmatism, with
the uranium mineralization being favored by the intersec-
tion of NNE- and EW-trending faults. The mineralization
was tentatively divided into an early high-temperature stage
(122-138 Ma) and a late intermediate-low temperature stage
(54-96 Ma) [26, 27], and the major uranium mineralization
occurred in the late stage [25]. The high-temperature min-
erals include uraninite, scheelite, fluorite, epidote, chlorite,
tourmaline, rutile, zircon, apatite, biotite and pyrite [28],
while the intermediate-low temperature hydrothermal activ-
ity is responsible for the formation of the mineral assem-
blage of uraninite, pyrite, chalcopyrite, galena, sphalerite,
hematite and quartz [25].

Intensive alteration has developed on the uraninite in the
Xiazhuang ore field due to groundwater infiltration. In add-
ition to the uranyl oxide hydrates and uranyl silicates that are
commonly found as oxidative alteration products, abundant
uranyl phosphates have been found. Thus, the Xiazhuang
uranium ore field is an ideal site for studying the behavior of
UQO; in a natural, oxidizing environment.

3. Sampling and analytical methods

Eighteen uranium ore samples that experienced different de-
gree of oxidative alteration were obtained from 4 deposits.
Polished sections of these samples were examined using
optical microscopy, back-scattered electronic (BSE) images
and electronic microprobe analysis (EMPA) to identify ura-
nium minerals, analyze their paragenetic relationship and
chemical composition. EMPA data and BSE images were
obtained using a JEOL JXA 8800 M Superprobe operated
at an accelerating voltage of 20 kV and a sample current of

20 nA. Appropriate silicate, oxide, and phosphate standards
were used for calibration of the intstrument. The chemical
formulae of uranium minerals were calculated based on the
EMPA data using the procedure developed by Zhao and Ew-
ing [21], except that Pb?* in the secondary U®+ minerals was
not considered to be radiogenic because these minerals are
believed to be formed within no more than a few thousand
years. In addition, some uranium minerals were character-
ized by X-ray diffraction analysis (XRD).

4. Resultsand discussion
4.1 Characterization of uranium minerals

The uranium minerals examined and analyzed in this study
include uraninite, schoepite, becquerelite, calciouranoite,
fourmarierite, uranophane, autunite and yingjangite. The
uranyl minerals can be grouped into different types (uranyl
oxide hydrates, uranyl silicates and phosphates). Average
electron microprobe analysis of bulk composition for the
primary and secondary uranium minerals, together with the
calculated formulae, is listed in Table 1, and the average
trace element content is listed in Table 2.

4.1.1 Uraninite

The uraninite in Xiazhuang uranium ore field occur as a pri-
mary uranium mineral in veinlets of less than 2 mm wide
or as disseminated grains, and was observed in 5 samples.
Uraninite is usually associated with primary calcite, fluorite,
apatite, pyrite, galena and sphalerite, and is often replaced
by secondary uranyl minerals along grain boundaries and
fractures. The uraninite often has embayed grain bound-
aries, pits and web-like fractures, and sometimes occurs as
alteration relicts (Figs. 1a, 2a), indicative of intensive oxida-
tive alteration and dissolution. Many disseminated uraninite
grains are surrounded by brownish halos which were pro-
posed to result from gamma radiolysis [29].

Uraninite has a nominal composition close to UO,,,
and contains varying amounts of ThO,, ZrO,, REE,O; and
some other metal oxides as impurities [17, 30]. The oxida-
tion state of uranium which is indicated by U(IV)/U(VI)
ratio, varies significantly for the uraninite in the Xiazhuang
ore field with its composition ranging from UO,, to U;0q
as calculated using EMPA results. Similar phenomena have
also been observed in many other deposits, such as Oklo of
Gabon, the Athabasca Basin of Saskatchewan and the Col-
orado Plateau [21, 29, 31]. Crystallographic evidence sug-
gests that uraninites are most probably a mixture of two
phases, UO, q—207 and UO, 355 [32], while naturally oc-
curring uraninite formed at low-temperatures usually has
compositions ranging from U,s to U;Og [33]. Thus, the
large variation in the oxidation state of uranium may result
from the large variation of temperature at which uraninites
formed. Lead content varies from 0.06 to 2.89 wt. %, and
is assumed to be radiogenic due to uranium decay. The
uraninites have incorporated Y and lanthanides as impurities
with Y,0; content averaging 0.35wt. % (0.28 ~ 0.47%),
while the content of ThO, and ZrO, is very low and usually
below detection limits (~ 0.01 wt. %).
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Tablel. Bulk chemical composition of uranium minerals.

Mineral No. of Content uo, Ca0 PbO Sio, P,0Os Na,O K,O Al,O; 31 32 >3
analyses (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Uraninite 38 range 88.82-95.42 0.73-5.37 0.06-2.89 0.00-0.28 0.01-0.42 0.03-0.32 - 0.00-0.15 94.88-98.65 95.18-99.05 100
average 91.10 252 1.39 0.11 0.36 0.19 - 0.07 95.74 96.02 100
Schoepite 4 range 85.42-90.29 0.00-2.86 0.65-3.72 0.00-0.46 0.00-0.12  0.00-0.40 - - 89.58-94.06 94.11-99.37
average 88.75 0.96 1.86 0.18 0.06 0.18 - - 92.38 97.64
Becgerelite 3 range 85.71-87.50 3.32-3.93 1.47-1.79 0.00-1.21 0.03-0.05 0.16-0.25 - - 93.53-94.54 98.03-99.03
average 86.65 3.60 1.66 0.42 0.04 0.21 - - 93.89 99.03
Calcioranite 4 range 80.59-83.26 6.04-9.49 2.18-4.11 0.00-0.40 0.00-0.03 0.04-0.28 - - 92.24-93.43 96.21-99.04
average 81.89 7.14 2.94 0.10 0.01 0.19 - - 92.73 97.58
Fourmarier- 4 range 74.49-79.63 0.95-2.13 9.12-16.45 0.05-0.17 0.08-0.19  0.01-0.05 - 0.00-0.01 92.69-95.26 94.23-99.23
ite average 78.91 1.74 12.77 0.08 0.14 0.02 - 0.00 94.24 98.91
Si-rich 4 range 80.01-81.80 5.63-6.02 0.33-1.59 0.80-5.85 0.11-0.15 0.06-0.26 - - 94.01-95.43 98.10-99.33
uranyl average 81.41 5.83 1.15 5.28 0.14 0.04 - - 94.75 98.57
phase
Uranophane 40 range 66.11-73.15 4.51-7.05 0.02-0.87 12.26-20.35 0.01-0.94  0.00-0.05 0.00-1.53  91.44-95.96 95.36-99.95
average 68.12 6.04 0.31 17.72 0.48 0.03 0.07 0.41 93.18 97.22
Autunite 42 range 66.25-68.40 5.24-6.85 0.00-0.03 0.00-1.50 16.45-19.67 0.01-0.25 0.00-0.52 0.00-0.03 89.57-95.67 93.56-99.72
average 67.25 6.17 0.11 0.36 17.70 0.07 0.14 0.02 91.82 95.81
Yingjiangite 29 range 72.43-75.14 146-2.29 0.01-0.20 0.00-1.88 10.35-10.93 0.01-0.22 0.07-1.20 0.00-0.20 86.13-91.40 90.44-96.69
average 73.24 214 0.11 0.50 10.67 0.08 0.64 0.06 87.44 91.87

>~ 1 all oxides from EMPA,;

>~ 2 after Pb in uraninite converted to UO,;
>3 after UO, recalculated to UO, and UOj;
— undetected item.

Table2. Content of selected trace elements for uranium minerals.

Phase No. of  Content Y,0; ZrO, La, 04 Ce, 0, Pr,0; Nd, 04 Sm,0, Eu,0, Gd,0; > LREE
analyses (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Uraninite 38 range 0.28-047  0.00-0.01  0.00-0.00  0.02-0.17  0.01-0.07  0.05-0.10  0.00-0.09  0.00-0.14  0.06-0.23  0.32-0.56
average 0.31 0.00 0.00 0.10 0.01 0.07 0.02 0.08 0.13 0.41

Uranyl 15 range 0.11-046  0.00-0.03  0.00-0.00  0.05-0.13  0.00-0.13  0.03-0.16  0.00-0.08  0.04-0.16  0.02-0.43  0.29-0.93

Hydroxide average  0.18(0.20)  0.01(0.01)  0.00(0.00)  0.10(0.11)  0.05(0.05) 0.05(0.05) 0.03(0.03)  0.08(0.09)  0.14(0.15)  0.45(0.50)

Uranophane 40 range  0.01-0.07  0.00-0.03  0.00-0.00 002-026 000-0.10  0.00-0.13  0.00-011  0.00-0.19  0.03-027  0.20-1.00
average  0.03(0.04)  0.01(0.02) 0.00(0.00) 0.08(0.10) 0.04(0.05 0.06(0.08) 003 (0.04) 0.07(0.10) 0.09(0.13)  0.37(0.50)
Autunite 43 range  0.00-0.06  0.02-005  0.00-0.00 0.01-0.08 000-009 001-011 0.00-010 002-0.18 0.02-026  0.07-0.65
average  0.02(0.03)  0.03(0.04) 0.00(0.00) 0.04(0.068) 0.06(0.08) 0.04(0.08) 0.04(0.05) 0.08(0.11) 0.10(0.13)  0.36(0.49)
Yingjiangite 29 range  0.02-0.10  0.01-003 0.00-0.15 0.04-022 0.00-005 004-044 0.00-004  003-0.08 0.02-0.10  0.20-0.96
average  0.04(0.06)  0.02(0.03)  0.03(0.04) 0.10(0.12)  0.03(0.04) 0.09(0.12)  0.02(0.02) 0.04(0.06) 0.06(0.07)  0.37(0.47)

The numbers in the parentheses are uranium normalized average contents.

Fig. 2. Backscattered electron images of uraninite and its alteration
products of phosphate series in Xiazhuang ore deposit. (a) urani-
nite residual in autunite. (b) yingjiangite at the margin of autunite.
a-uraninite, b-autunite, c-yingjingite.

4.1.2 Uranyl oxide hydrates

Fig. 1. Backscattered electron images of uraninite and its alteration ~ Jranyl oxide hydrates are occasionally found in the studied
products of silicate series in Xiazhuang ore deposit. (a) fractured urani- ore samples as alteration products of uraninite, and have
nite partially replaced by uranyl hydroxide (calciouranoite). (b) Si-rich been found to consist of schoepite, becquerelite, cal-
uranyl phase partially replaced by uranophane. (c) uranophane replac- ciouranoite and fourmarierite. These minerals generally

ing Si-rich uranyl phase along fractures, with residual becquerelite in . .. . . g
the Si-rich uranyl phase. (d) uraninite that is partially replaced by replace primary uraninite along grain boundaries and frac

calciouranoite and uranophane. a-uraninite, b-Calciouranoite, ¢-Si-rich tures (Fig. 1a), and are replaced by uranophane (Figs. 1c
uranyl phase, d-uranophane, e-becquerelite. and d).
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Metaschoepite

The nominal composition of schoepite is [(UO,)sO,(OH)y,]-
(H,0)4,. schoepite is a common alteration product of urani-
nite, but was identified only in sample 330-8 of this study.
The schoepite is fine grained with a maximum grain size of
2 ~ 4 um. Its average EMPA total is 97.64%, and the UO;
content is 94.01%, belonging to strongly dehydrated poly-
types of schoepite. The average content of PbO and CaO is
1.86% and 0.96%, respectively, and that of SiO,, P,0s and
Na,O are less than 0.2%. The Gd,0; content is significant
(up to 0.14%), while other trace elements are low or below
detection limits.

Becquerelite

Becquerelite, Ca[(UO,);0,(0OH);s],(H,0)g, is the most abun-
dant naturally occurring calcium uranyl oxide hydrate.
A Ca-bearing uranyl phase was found in sample 330-1. It has
a Ca: U atomic ratio of 1 : 5.1, which is close to that of bec-
querelite. This phase contains an average of 1.66 wt. % PbO,
up to 0.46 wt. % Y,0;, up to 0.43 wt. % Gd,0O; and minor
(< 0.2 wt. %) SiO,, P,O5 and Na,0.

Calciouranite

A Ca-rich uranyl oxide hydrate with a (Pb+ Ca) : U atomic
ratio of 1 : 2.2 was identified in sample 337-2. Its (Pb+Ca) :
U atomic ratio is close to that indicated by the nominal com-
position of calciouranoite, (Ca, Ba, Pb)U,0;(H,0)s, and it
is chemically similar to the calciouranoite identified by Zhao
and Ewing (2000), with high PbO (2.96 wt. %) content.

Fourmarierite

Fourmarierite, Pb[(UO,),0;(0OH),](H,0),, is a common
uranyl phase due to the high Pb content in uranium ores.
A Pb-rich uranyl oxide hydrate was found only in one sam-
ple of this study, the average Pb : U atomic ratio of which
is 1:5. Considering the high content of CaO (1.74 wt. %)
which likely replaces PbO in the crystal structure, this
phase is chemically closest to fourmarierite of all the Pb-
rich uranyl oxide hydrates. The fourmarierite contains Y,O;
0.11%, Ce,0; 0.12%, Eu203 0.16%.

4.1.3 Uranyl silicates

Uranophane

Uranophane is one of the most abundant uranyl minerals
in the studied ore deposit and was identified in 5samples
exhibiting different degree of alteration. It occurs as crys-
talline yellow powder in hand specimens, while BSE im-
ages show that radial aggregates are common. The dis-
tribution of uranophane around uranyl oxide hydrates or
along the polygonal fractures in uranyl oxide hydrates
and a Si-rich uranyl phase (see below) has been observed
(Figs. 1b and c). Dehydration contraction of uranophane
is evidenced by the appearance of web-like fractures in
coarse grains, and confirmed by the high EMPA total of
91.44 ~ 95.96 wt. %. The bulk composition is 12.26 ~
20.35wt. % SiO,, 66.11 ~ 73.15wt.% UO,, and 4.51 ~
7.05wt. % CaO, with Ca: Si: U atomic ratios in the range

of (0.29 ~0.52) : (0.74 ~ 1.36) : 1.0, closest to those of
uranophane, Ca[(UO,)(SiO;0H)],(H,0)s, of all uranyl sili-
cates. A uranyl silicate phase in sample 333-0 has an average
Si: Uratio of 1.33 : 1, but exhibited identical XRD pattern to
uranophane. As compared with uraninites and uranyl oxide
hydrates, the uranophane has higher Ce,O; (up to 0.26%)
and Gd,O;(up to 0.11%) contents and significantly lower
PbO and Y,0; contents.

4.1.4 Si-rich uranyl phase

This phase was found in sample 330-1 (Figs. 1b and c¢) and
is associated with uranophane. Meanwhile, relicts of uranyl
oxide hydrates were observed, and two types of fracture
were developed in this phase. Of the two fracture groups,
one is filled by uranophane and the other extends into the
uranophane. These observations indicate that it formed prior
to uranophane by replacing uranyl oxide hydrates. This
phase contains 4.80 ~ 5.75 wt. % SiO,, 80.01 ~ 83.53 wt. %
UO, and 5.63 ~ 6.02 wt. % CaO, with significant amount
of PbO (0.83 ~ 1.59%), Y,0; (0.50 ~ 0.55%) and P,Os
(0.11 ~ 0.15%). It is compositionally intermediate to bec-
querelite and uranophane, and could be crystallographically
transitional.

4.1.5 Uranyl phosphates

The Xiazhuang uranium ore field is characterized by the
wide distribution of uranyl phosphates that are dominated by
autunite and yingjangite. These two uranyl phosphates were
identified in 10 of the 18 samples and show higher abun-
dance close to the fractures intersecting the uranium ore.
Other uranyl phosphates were not found in this study. They
usually associate with uraninite and uranyl oxide hydrates,
but have never been observed to associate with uranyl sili-
cate minerals. Relicts of uraninite or uranyl oxide hydrates
were found within autunite, and yingjangite occurs in in-
tergranular spaces of autunite (Fig. 2b). These observations
suggest that autunite formed prior to yingjangite at the ex-
pense of uranyl oxide hydrates and uraninites.

Autunite

A green sheet mineral was found filling faulted fractures
and cavities, the XRD pattern of which is identical to that
of autunite. A morphologically and compositionally simi-
lar phase was also identified in the ore matrix of at least
5 samples by BSE images and EMPA. The chemical com-
position of the autunite is UO, 66.25 ~ 68.4%, P,O5 16.9 ~
19.67% and CaO 5.86 ~ 6.85%, with the Ca: P : U atomic
ratios (0.42 ~ 0.49) : (0.97 ~ 1.09) : 1, very close to the
stoichiometric ratios of autunite, Ca[(UO,)(PQO,)],(H,0)s.
In addition, minor SiO, (up to 1.50wt. %), Nd,O, and
Gd,O; are incorporated into the structure of the autunite, and
PbO is generally below the detection limit.

Yingjangite

Yingjangite, (K, Ca)(UO,);(P0O,)4(OH)s(H,0)q, was first
discovered by Chen et al. (1990) [34] in the Yingjiang region
of Yunnan province, China, and was reported to occur in the
Xiazhuang uranium ore field by Zhang et al. (1992) [35].
The bright yellow and saffron yellow acicular crystals in
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samples 330-4 and 330-7 are yingjangite as identified by
XRD analysis in this study. Meanwhile, EMPA data indicate
that it occurs also in a few of other samples. The major com-
ponents of yingjiangite include UO,, P,0s, Ca0, and K,O
(Table 1), with their contents similar to the data for yingjian-
gite reported by Chen et al. (1990) and Zhang et al. (1992),
except that the K,O content is lower. The yingjiangite con-
tains high SiO, (up to 1.88%), low PbO (0.05 ~ 0.11%),
high Ce,0; (up to 0.22%) and Nd,O; (up to 0.44%).

4.2 Paragenesis of uranyl minerals

The occurrences of the uranyl minerals in the Xiazhuang
ore field demonstrate that they are alteration products of
uraninite in an oxidizing environment caused mainly by the
infiltration of aerated groundwater. During the alteration, the
oxidized uranium was initially hydrolyzed to form schoepite
and calcium uranyl oxide hydrates. The uranyl oxide hy-
drates were penetrated and partially replaced by uranophane,
or occur as relicts in the Si-rich uranyl phase and autu-
nite. The association of uranyl silicates with uranyl phos-
phates was not observed, which suggests that the oxidative
alteration of uraninite could be divided into a silicate se-
ries and a phosphate series in the Xiazhuang ore deposit
depending on the local geochemical environment of alter-
ation. The penetration of uranophane in the Si-rich uranyl
phase indicates that uranophane is the most stable phase in
the silicate alteration series, and the observation that ying-
jangite occurs in intergranular spaces of autunite suggests
that yingjangite should be the most stable phase in the phos-
phate series. Therefore, the paragenetic sequence of the sil-
icate and phosphate alteration series could be summarized,
respectively, as: uraninite — uranyl oxide hydrates — Si-
rich uranyl phase — uranophane, and uraninite — uranyl
oxide hydrates — autunite — yingjiangite. This observation
agrees with the general recognition that an initial decompos-
ition of UO,,, to uranyl oxide hydrates was followed by the
formation of more stable uranyl silicates or, in phosphorus-
rich groundwaters, the formation of uranyl phosphates [3, 4].
Thermodynamic considerations also demonstrate that the
groundwaters from crystalline rocks plot in uranyl sili-
cate stability fields in the SiO,-Ca0-U0O;-H,0 system [36].
A further examination of the data reveals that (1) uranyl
silicate and uranyl phosphate dominate the alteration prod-
ucts of uraninite in the Xiazhuang ore deposit with minor
uranyl oxide hydrates each occurring only in one or two
samples; and (2) Ca?* is the predominant interlayer cation in
the uranyl minerals.

In summary, uranyl oxide hydrates are unstable but may
be kinetically favored early during the corrosion of urani-
nite. The existence of metastable phases has largely com-
plicated the uranyl mineral assemblages in natural systems
and lessened our confidence in predicting the predominant
phase(s) that would form as alteration products of spent UO,
fuel in underground repositories. Another major source of
uncertainty in the prediction based on natural analogue stud-
ies may be the compositional difference between uraninite
and spent UO, fuel. As an example, in contrast with the
spent UO, fuel, natural uraninites, especially those hundreds
of millions years old, usually contains significant amount of
radiogenic lead, which may result in the formation of a large

amount of lead-bearing uranyl phases and prohibits the for-
mation of the uranyl phases that would have formed in the
absence of radiogenic lead.

According to thermodynamic considerations, the kinet-
ically favored metastable phases can only partially be pre-
served at locations that are not accessible by groundwater.
This argument is confirmed by the predominance of thermo-
dynamically stable uranyl phases in the alteration products
of uraninite observed in this study and many other studies.
Uranyl silicates have been observed to form within two years
in the alteration experiments of UO, at 90 °C which is close
to the temperature expected in nuclear waste repositories
when the waste package fails [37]. Moreover, autunite has
been observed to directly replace uraninite with the absence
of metastable mineral phases. Thus, the metastable uranyl
phases may control the solubility of uranium only in the very
early of less than a few years after the exposure of spent UO,
fuel to groundwater. In addition, Pb-bearing uranyl phase
can be precluded in the alteration products of UO, fuel due
to low lead content in the near-field. Considering the pre-
dominance of Ca-bearing uranyl minerals in the alteration
products of uraninite in the Xiazhuang ore-field and the el-
evated calcium concentration expected in the near-field of
nuclear waste repositories due to cement/water reaction, Ca-
bearing uranyl silicate (uranophane) and uranyl phosphate
(autunite) should be the predominant alteration products al-
most as soon as the exposure of spent fuel to groundwater in
an oxidizing environment.

4.3 Compositional variation of uranyl phases

The major compositions of the uranyl minerals in the Xi-
azhuang ore field usually deviate considerably from their re-
spective nominal compositions. For example, the Ca: Si: U
atomic ratios of uranophane in samples 333-0 and 333-12
are 0.51:1.33:1 and 0.49:1.36: 1, respectively, with the
Si content 30% higher than its stoichiometric value. For the
yingjiangite in samples 330-4 and 330-7, the K,O content is
only about 1/3 of that indicated by its structural formula.

On the other hand, XRD patterns indicate that the compo-
sitional variation of the uranyl phases does not result in sig-
nificant structural change. Actually, based on the previously
reported composition data, the cation atomic ratios of nat-
ural uranyl phases often deviate significantly from their re-
spective stoichiometric values [19, 21, 31, 35, 38]. Moreover,
synthesized U+ phases, though confirmed using XRD, often
do not have the desired composition [39-41]. These obser-
vations demonstrate that significant compositional variation
in uranyl minerals is a common phenomenon, although the
exact mechanisms causing the observed compositional vari-
ation are not well understood. Theoretically, the main mech-
anisms include structural defect, isomorphous substitution
and dehydration. Thus, the structure of U®* minerals would
easily be adjusted to accommodate impurity elements.

In uranyl phases, the U®" cation usually occurs as part
of an approximately linear (U%*0,)?* uranyl ion, and the
uranyl ion is coordinated by four, five or six anions in an
approximately planar arrangement essentially perpendicular
to the linear uranyl ion, giving square (Urd,), pentagonal
(Urds) and hexagonal bipyramids (Urds), respectively [42].
The uranyl-ion oxygens (Oy,) located at two apices of the
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bipyramids obtain bond-valences of about 1.79 valence units
(vu) from U —0Oy, bond [43], thus the bonding require-
ments of the Oy, anions are largely satisfied by the Us*—Qy,
bond. However, the equatorial anions receive only ~ 0.5,
~ 0.4 and 0.33 vu from the U%* cation at the center of Urd,,
Urds and Urdg polyhedra, respectively. As such, the equa-
torial anions are often bonded to other cations (U®*, Si**, or
P*+) of high bond-valences, resulting in the polymerization
of high bond-valence polyhedra dominantly in two dimen-
sions [42,43]. As a consequence, all the uranyl minerals
found in Xiazhuang ore-field contain sheets that are formed
by the polymerization of high bond-valence polyhedra, and
the sheets are connected by interlayer low-valence cations
and/or hydrogen bonds. Thus, substitution and vacancies
may occur at the interstitial sites [44], which may account
for the variation of interstitial cations in the structures of the
U minerals.

Burns et al. (1996) [42] have proposed a structural hier-
archy for U%* minerals and inorganic phases and, based on
106 phases with sheet structures, grouped the sheets accord-
ing to the topological arrangement of anions in the sheet.
Based on this research, sheets that are compositionally quite
different may have similar connectivity. For example, the
anion topology of the sheets in schoepite and fourmarierite
is the same and resembles that of «-U;O4 based on which
the sheets of becquerelite and protasite forms; moreover,
sixteen structures including uranyl silicates, phosphates, ar-
senates etc., contain sheets that are based on uranophane
anion-topology, and the connectivity of the sheets in urano-
phane and ulrichite, Cu[Ca(UQO,)(PO,),](H,0),, are strik-
ingly similar. The similarity in the connectivity of sheets
with quite different compositions could facilitate the com-
positional variation of uranyl phases while maintaining their
respective structure types.

4.4 Trace element behavior during
thealteration of uraninite

In addition to the oxidation of U*+ to U®*+, which takes more
oxygen into the structure, a significant amount of H,O is
added to the uranyl phases formed during the oxidative al-
teration of uraninite. Moreover, as the prevailing secondary
phases change from uranyl oxide hydrate to uranyl silicates
or phosphates, more and more cation oxides (CaO, SiO,
or P,Os) other than UO; will be added into the structure.
As a result, the alteration process has a dilution effect on
the concentration of both uranium and trace elements, i.e,
even if the total amount of uranium and trace elements from
the uraninites are transferred into uranyl phases, they will
still have a lower content after alteration. Consequently, it
is inadequate to determine the mobility of trace elements by
directly comparing their contents in uraninite and in the al-
teration products. Thus, the trace element content in uranyl
minerals was normalized using uranium content in this study
to reveal their mobility relative to uranium. The uranium-
normalized content of a metal (Me) is calculated using the
following formula:

Me
Me—N=—xU;
Us
where Me — N is the uranium-normalized content of Me; Me
is the EMPA content of Me; U, is the average EMPA content

of uranium in the primary uraninites and Us is the EMPA
content of uranium in secondary minerals.

Lead in uraninite is mainly produced by the radioac-
tive decay of uranium and is incompatible in the struc-
ture [29]. Because the oxidative alteration took place most
recently when the ore bodies became shallowly buried,
and the half-life for the nuclides of uranium is very long
(7.0366 x 10® years for 2°U and 4.4673 x 10° years for
28), little radiogenic lead is produced in the uranyl phases,
which accounts for the much lower content of lead in
most secondary phases except for a few structures (four-
marierite, calciouranoite) which essentially contain signifi-
cant amounts of lead.

Th, Zr and rare earth elements (REE) are chemical ana-
logues widely used in studying the geochemical behavior
of actinides present in high level nuclear waste [45-47],
i.e, Th*, Zr*+ and Ce*" are analogues of An** (An: ac-
tinides) and the trivalent REEs are analogues of An®**. In
general, the content of Zr and Th is close to or below the
EMPA detection limit in the uranium minerals from the
Xiazhuang ore field, while that of Y and LREE is higher
(Table 2). Yttrium content in uraninite is relatively high with
an average of 0.35wt. % and decreases significantly in the
alteration products (0.18% in uranyl oxide hydrate, 0.03%
in uranyl silicate and phosphate). However, the contents of
Sm3*, Nd**, Eu** and Gd** have a large variation, with the
highest contents in the uranyl minerals considerably higher
than their respective highest contents in the uraninites, and
the uranium-normalized > LREE in the secondary uranyl
phases is slightly higher than that in uraninite. Zirconium is
usually below the EMPA detection limit in the uraninite, but
is detectable in some uranyl phases with the highest content
in yingjiangite up to 0.05wt. %. Thorium is usually below
detection limits in both uraninite and its alteration products.
According to the variation of uranium normalized contents
of these trace elements in the uranium-minerals from the
Xiazhuang ore deposit (Table 2), it could be concluded that
Y3+ is progressively depleted, and Zr** and LREES are en-
riched as the alteration proceeds from uraninite sequentially
to uranyl oxyhydroxide and uranyl silicate or phosphate.
The geochemical behavior of these cations can be explained
based mainly on their crystallo-chemistry in uranyl phases.

Based on crystal-chemical considerations, Burnsetal. [12]
suggested that An®* and An** might be incorporated into
U®+ phases as impurities by substituting for U+, while An®*
might substitute for the large cations at interstial sites. Thus,
Zr*+ and Ce* most probably substitute for U+, and Y3+ and
trivalent REE would occupy the interlayer sites in the struc-
ture of the sheet uranyl minerals. The coupled substitutions
Zr+ (Ce**) < — U and REE®* < — Ca?* are proposed
to be the major mechanism to maintain the charge balance
in the structure. The compatibility of a specific cation in
the U®* mineral structure would depend on its ionic radius
which is provided by Shannon [48].

The interlayer cation of the U®" minerals in the Xia-
zhuang ore field is dominated by Ca?". The ion radius of
Ce®*t, Pr3* and Nd** in the trivalent REE cations are clos-
est to that of Ca?*, suggesting that the incorporation of these
cations into the uranyl minerals might occur easily. On this
account, the much smaller ionic radius of Y3+ should be re-
sponsible for the progressive depletion of yttrium during the
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alteration processes. The geochemical behavior of REE**
depends largely on ionic radius which decreases as atomic
number increases due to the lanthanide contraction. Yttrium
is grouped with the REE due to its close similarity to lan-
thanides in geochemistry and can be placed between Dy and
Er according to its ionic radius in depicting REE distribution
patterns. The depletion of yttrium in U%* phases may imply
that incorporation of heavy REE into the uranyl phases is
not favored in the structures. Therefore, U®* phases are most
probably characterized by selective enrichment of LREE.

Natural zircon usually contains significant amount of
U*, suggesting the similarity of Zr*t and U* in crystal-
lochemistry of zircon. The radius of Zr**, however, is sig-
nificantly different from that of U** and is similar to that of
U®*, resulting in a higher Zr**+ content in U%* phases than in
uraninite.

In addition to the general similarity in the geochemistry
of An®* and REE®*, the ionic radii of Am3+, Cm3* and Pu3*
are very close to those of trivalent LREE and Ca?*, sug-
gesting that these actinide ions would easily be incorporated
into calcium uranyl oxide hydrates, uranophane and autu-
nite which are expected to dominate the alteration products
of spent UO, fuel by replacing the Ca?* at interlayer sites.
On the other hand, the U%*—Oy, bond length is less than
1.90 A [43], while the ionic distance obtained by summing
the crystal radius of U%* and O% is in the range of 2.17 A
and 2.22 A. Therefore, U%" can hardly be substituted by
larger ions. The ionic radius of An** is significantly larger
than that of US*, thus the substitution An*t < US* requires
both an adequate charge-balance mechanism and a signifi-
cant distortion of the coordination polyhedra. Consequently,
this kind of substitution is not expected to occur in any sig-
nificant amount.

5. Conclusion

1. Abundant uranyl mineral phases occur as alteration prod-
ucts of uraninite in the Xiazhuang uranium ore deposit,
China. The alteration products are predominated by the
most stable minerals (uranophane for silicate series, au-
tunite and yingjiangite for phosphate series) with mi-
nor metastable uranyl oxide hydrates being occasionally
found.

2. In granite-hosted nuclear waste repositories where en-
hanced calcium concentration is expected due to cement/
water reactions, uranophane and autunite should be the
predominant alteration products of spent UO, fuel under
oxidizing conditions.

3. The compositions of uranyl phases usually deviate con-
siderably from their respective nominal formulae, sug-
gesting that the structure of uranyl phases, especially
those with uranophane anion-topology, might easily be
adjusted to accommodate crystallographically compati-
ble elements as impurities.

4. Compared with the primary uraninites, the secondary
uranyl minerals would accommodate a little bit more
LREE, but significantly less Y3+ probably due to its
cation-radius mismatch with interlayer Ca**. Because the
ionic radius of Am3*, Cm** and Pu®* is close to that
of trivalent LREE and Ca*", these actinide ions would

substitute for the Ca?" at interlayer sites. However, an
adequate charge balance mechanism and significant dis-
tortion of the coordination polyhedra are required for the
substitution An*+ <> U%*, so that this type of substitution
may not be common.

5. During the oxidative alteration of spent UO, fuel, the re-
lease rate of An®* is expected to be similar to or slightly
lower than that of uranium, while An** would release at
a higher rate than uranium.
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