Incorporation of Oxidized Uranium into Fe (hydr)oxides during Fe(ll)

Catalyzed Remineralization

Peter S. Nicd’, Brandy D. Stewart’", and Scott Fendorf
'Earth Sciences Division, Lawrence Berkeley National Laboratory, Bgrk6A 94720; 510-

486-7118; 510-486-5686 (fax); psnico@Ibl.gov
Environmental Earth System Science, Stanford University, Star@&x@4305

"Present address: Chemical and Biological Engineering, Montana Statesiipj\&ozeman,
MT 59717

Abstract

The form of solid phase U after Fe(ll) induced anaerobic reminerahzaf ferrihydrite
in the presence of aqueous and absorbed U(VI) was investigated under both abloandatc
biotic flow conditions. Experiments were conducted with synthetic ground watersaugta
0.168 mM U(VI), 3.8 mM carbonate, and 3.0 mMCaln spite of the high solubility of U(VI)
under these conditions, appreciable removal of U(VI) from solution was observed indoth t
abiotic and biotic systems. The majority of the removed U was determined to beutedb sis
oxidized U (U(VI) or U(V)) into the octahedral position of the goethite and etagrformed
during ferrinydrite remineralization. It is estimated that betwa®érand 6% of octahedral
Fe(lll) centers in the new Fe minerals were occupied by U(VI). Thispetafie substitution is
distinct from the non-specific U co-precipitation processes in which uranyaunds, e.g.
uranyl hydroxide or carbonate, are entrapped with newly formed Fe oxides.eViaéepce of
site specific U incorporation under both abiotic and biotic conditions and the fadidhat t

produced solids were shown to be resistant to both extraction (30 mM Kt@®oxidation (air



for 5 days) suggest the potential importance of sequestration in Fe oxides as anstabl

immobile form of U in the environment.

Introduction

Hazardous levels of uranium in soils, sediments, and watersesenpthroughout the world
as a result of natural deposits, mining activities, and nucleapamsaproduction. Uranium
speciation is dominated by two oxidation states with markedlyerdiit properties.
Uranium(VI), as the uranyl ion US, is the thermodynamically stable form of U in solution
under oxic conditions. Uranyl adsorption onto solids such as Fe (hydr)oxides can lo&hbfggre
but the process subject to changes in aqueous conditions and largekiblevlr-5]. In
particular, C@", especially in combination with &aor, to less extent, Mg suppresses
adsorption (or enhances desorption) and increases mobility of U(VI) [1, 6-11].

Because reduction of U(VI) to U(IV), which forms the sparinglgiuble solid U@
(uraninite), also decreases dissolved U concentrations, apprecisddectehas been devoted to
understanding and exploiting this process for remediation purposes [1Bd®Ever, the extent
of U(VI) bioreduction decreases dramatically and its tendenogaxidize increases by coupled
complexation with CgF and C&" [11, 15-19]. Furthermore, common oxidants, ranging from
Fe(lll) to NGs” to O, can reoxidize microbially produced YQ19-22]. Thus, although large
guantities of soluble U(VI) can be (temporarily) bioreduced and adbiimed as UGQ,
maintaining a high concentration of reduced U over the long-téecafles to centuries) remains
technically challenging.

Alternatively, U has been shown to coprecipitate with Fe in negawyronments and over a
wide range of time scales including: Egyptian Fe deposits, 150-4100akaiian soils, Fe

nodules down gradient of the Australian Koongarra U deposit, and the @aBERidge site
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(where uranium bearing goethite was identified) [23-26]. Ingastins of U(VI) reaction with

Fe(0) provide further evidence for the importance of the iron cogtaioon pathway for the
uptake of U [27]. Infrared analysis indicates U associatett Wwé (hydr)oxide corrosion
products is probably co-precipitated as a U-Fe (hydr)oxide ga@s@8]. Thus, both field and
laboratory studies indicate that co-precipitation of U(VI) witlystalline Fe oxides formed
during biotic or abiotic transformation of Fe (hydr)oxides maybetaralaattenuation pathway
that can be stable on geologic time scales. However the detaitss process and of the
products formed are largely unknown.

In many of the studies described above, U is co-precipitagedistinct uranyl (UG
phases, e.g. uranyl hydroxide or carbonate, entrapped by the hostdEe blawever, there is
also evidence of a site specific incorporation of non-uranyl petlJ into the Fe oxides. Dulff,
et al. [29] reported the incorporation of U(VI) a§"Wuring laboratory synthesis of hematite
(albeit under elevated temperatures’C)0 Herein, we determine whether this site specific
substitution of U into Fe oxides can be achieved during the abiotibiatid Fe(ll) catalyzed
recrystallization of the amorphous Fe oxide ferrihydrite. Tehgerimental conditions
approximating field environments were employed to determinéeafspecific U substitution

could be a significant natural process.
MATERIALS AND METHODS

Uranium(VI) Incorporation Experiments

Batch systems contained ferrihydrite-coated sand (1% Feelghty 4.8 +0.1 nfg’; see
Supporting Information for preparation details), PIPES (Piperazinbid(2-ethanesulfonic acid)
buffered distilled-deionized (DDI) water, uranyl acetate,Clga KHCO;, and varying
concentrations of ferrous sulfate. Solutions were made anoxic bggband cooling under a

stream of N (80%):CQ (20%) gas and reactions were performed under anoxic conditions in a
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glovebag (Coy Laboratory Products) with a(86%):H, (5%) atmosphere. Each 125 mL serum

vial contained 1.0 g of ferrihydrite-coated sand (10 mg Fe) andrl06f media buffered at pH
7 with: 3.8 mM KHCQ, 0.168 mM uranyl acetate, and 3.0 mM GaCIAll systems were
allowed to pre-equilibrate for 1 h prior to the addition of Fe(l$) k@SQ) at concentrations of 3
or 10 mM. Initial Fe(ll) to Fe(lll) molar ratios were 1.7 t@add 5.6 to 1 for the 3 mM Fe(ll) and
10 mM Fe(ll) treatments respectively. Batch systems wesenabled in a glovebag and then
shaken at 85 rpm at 25°C outside of the glovebag. All experimentaiogt Fe(ll) were
conducted in duplicate. Systems were maintained under anoxic condidnslb, 30, or 90 d
(anoxic phase) before being aerated for 5 d (oxic phase). Sardsremoved from vials, rinsed
with DDI water, and dried. Solids from duplicate systems werebined to provide sufficient
volume for analysis. Solids were extracted with 30 mM bicarboftat®4 h to remove a
significant fraction of the adsorbed U(VI). Initial method ¢een ferrihydrite and goethite
showed 64% + 6(Cds) removal of the absorbed U. A portion of each solid was digested w
concentrated trace metal grade HCI to quantify total uranium, iron, and calCBrROES).
Column Design and Flow Conditions

The flow experiment was conducted using a plexiglass column packed with fatehydr
coated sand and inoculated with dissimilatory iron reducing bac8aaaatella putrefaciens
CN32) that were supplied with anaerobic synthetic groundwater containing 0.168 mMayVv
uranyl acetate), 4 mM €5 3 mM lactate, and buffered at pH 7 with 3 mM bicarbonate. The
column was operated for 16 d at a flow rate of approximately 3 pore volumes per dayeatjuiva
to a pore water velocity of ca. 0.6 rif dnd under conditions that allowed for significant Fe
reduction and biomineralization while preventing U reduction (as verified by NE& through
complexation with C& and carbonate [17]. Upon harvesting, solids were divided into four sub-

samples based on distance along the flow path: 1.5 to 5.0 cm, 5.0 to 10.5 cm, and 10.5 to 14.5
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cm, and 14.5to 17 cm. Solid phase analysis was conducted as described above, except that they

were not extracted with 30 mM KHGO
Solid Phase Analysis

The solid Fe speciation was determined by linear combination fitting of F&EXata as
used previously [30] and described in more detail in the Supporting Information. Uranium
EXAFS scans were processed using the computer programs Athena [6, 31, 32], SF8BACK
and Feff7 [34] (Supporting Information). The conceptual physical model of uranitirase
systems consists of three components: uranium is either i) adsorbed to Fex{gdsyirfaces,
ii) incorporated into Fe (hyrd)oxide structure, or iii) reduced to U(IV) agdydrrom these three
physical scenarios, four crystallographic models were constructed. Qmibeesurface
adsorption of U(VI), two describe a mixture of adsorption and incorporation undenslightl
different conditions, and the fourth describes reduced uranium as TH@se fitting models
were compared to the data and were found to provide good fits. Details of the fatietsrare
presented in Supporting Information, Tables S1-3.

The Adsorbed model was constructed from previously published results of U adsorption
onto Fe (hydr)oxides [1, 3, 5, 6, 35]. It consists of an axial O sbethining two atoms, a split
equatorial shell containing four shorter and two longer U-O bonds;b@mate shell, and an Fe
shell.

The Adsorbed and Incorporated model 1 consists of two sub-models and includes all
paths from theAdsorbed model other than the Fe shell which was removed, and the carbonate
shell which was increased from 2 C to 3 C’s per U. In additlmmmodel includes the paths
expected from U substituted for Fe in a goethite or magrsttiteture. The additional paths for
the Incorporated portion of the model were generated by taking the crystapbgradata for

goethite or magnetite [36] and substituting Fe with a U atommadgnetite, the octahedral Fe
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was replaced with U. The coordination numbers (CNs) withinuhensodels were constrained

to ideal values based on either known crystal structures [32, 36]woysky published models
[1, 3, 5, 6, 35]. The Debye Waller factors’) were grouped by distance from the central atom
and identity of the scattering atom. Because of the sinyilafithe octahedral site in goethite
and magnetite, a single first shell oxygen distance was used for both irtedpsub-models.

The Adsorbed and Incorporated model2 is identical to the modél except that the split
equatorial oxygen shell for adsorbed U was consolidated into a sihgle containing six
oxygens. All three of these models include the appropriate neuligdtter paths (MS) for the
axial O’s associated with the W0 ion as well as for the octahedral O site in the Fe oxides.
CN’s, R’s, andb?s of the MS paths are constrained to ideal values based on the appropriate single
scattering path.

The Reduced model consists of the O and U scattering paths expected fgg UQOnlike
the previous models, the CNs asfs were allowed to vary freely in this model. In all cases, the

total amplitude (§) was set to 0.9, while the

energy offset (), the appropriate CNs, and the 0.18

bond distances were allowed to vary. % 0.12 3
X-ray microprobe data were collected at tt &
£ 0.06 |
GSECARS beamline 13-ID at the Advanced Phot:
. . 0 7 ‘ 8
Source (APS) using standard data collection a 0 10

5
. _ _ Fe(ll) initial (mM)
processing approaches as described in uie Figure 1: Aqueous phase U as a function

of added Fe(ll) and reaction time.

Supporting Information. Linear combination fitting Dashed line indicates initial
_ concentration of aqueous U. Diamonds:

_ _ day; Circles: 90 de
Sixpack [33] and spectra from: (i) the 5 d no Fe(ll)

reduced solid, representing U(VI) adsorbed to the surface of/digdiide, (i) the 5 d 3 mM
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Fe(ll) oxidized solid, representing U incorporated into Fe (foydde structure, and (iii) U(IV)

standard comprised of pure Ll@epresenting reduced uranium.
RESULTS AND DISCUSSION

Abiotic U(VI) Incorporation
Agueous Phase

At circumneutral pH, Fe(ll) induces ferrihydrite transfotima to goethite (or
lepidocrocite) at low Fe(ll) loadings and magnetite at high fagd[37]; for the conditions used
here, reaction with 3 mM Fe(ll) results in goethite formatind magnetite with 10 mM Fe(ll).
Upon reaction of Fe(ll) (3 or 10 mM) with ferrihydrite under anaoaditions for periods up to
90 d, Uaq) concentrations decrease (Figure 1); under these reaction con@&ionmsM Ca and
3.8 mM KHCQ) the ternary Ca-U®CO; complexes comprise >99 % of total dissolved U(VI)
[11, 18]. In systems with 3 mM Fe(ll),dd) decreases from 0.168 mM to below detection limit
(BDL) within 15 d. At 10 mM Fe(ll) W) decreases to BDL within 5 d. In both casegqU
concentrations remain BDL with prolonged (90 d) incubations. Without) Fe)kq) decreases
from 0.168 mM to 0.11 mM within 5 d, without further changes for periods @9 d. Agueous
phase Fe concentrations were similar for the 5, 15, and 30 day samapieg only between 2.3-
2.4 mM for the 3 mM treatment and 6.5-6.8 mM for the 10 mM treatmeotvekkr, by 90 days
agueous Fe(ll) had decreased to 1.6 mM and 2.4 mM in the 3mM and 10ntMetresa
respectively see Supporting Information, Figure S1.
Solid Phase
Linear combination fitting of iron EXAFS spectra show that additiofreffl) induced changes
in Fe mineralogy (Supporting Information: Table S5). Goeth#tethe only detectable
transformation product after 5 d of reaction with 3 mM Fe(ll) at 2@% the remainder being

unreacted ferrihydrite. While not detected by Fe EXAFS,dyssem did show visual darkening
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implying the presence of trace amounts of magnetite. When yiiens is aerated for 5 d,

lepidocrocite becomes dominant at 31% and goethite decreases .ttnl@%trast, with 10 mM
Fe(ll) for 30 d, both goethite and magnetite are detected, 18% ande€éctively, and 5 d of
aeration causes a decrease in magnetite to 15% and an increase in lepedinonocltto 21%.

Solid phase U after reaction with 3 mM Fe(ll) ranges from ©.2.8 mmol kg,
decreasing to 0.84 to 1.4 mmolkgf U in the 10 mM Fe(ll) treatment (Table 1). There is a
general trend toward increased solid state U concentrationsneffasing anaerobic incubation
time. However, this trend does not hold for the 3 mM Fe(ll)-reac®dd experiment—
potentially an indication that the solid phase transformation has finished.

Table 1: Solid Phase U values after 5 days of aeration and extraction with 30 mM KHCO

Anaerobic Solid Phase U (mmol kg) U to Fe Mole Ratio
Reaction Time
(Days) 3 mM Fe(ll) | 10 mM Fe(ll) | 3 mM Fe(ll) | 10 mM Fe(ll)
5 1.2 0.84 0.01 0.006
15 1.7 0.84 0.01 0.006
30 2.3 0.91 0.01 0.005
90 2.2 1.4 0.02 0.005

Chemical and Sructural Sate of Solid Phase U

The U EXAFS spectra from the 5 d no Fe(ll) solid sample had aal&e (energy at 50%
normalized XANES edge height) of 17,176.0 eV and are well fit wittAtserbed model
(Figure 2; Table 2). In this model, U is coordinated by 2 axial O at ~1.8 A, a splibegustell
of approximately 4 O at 2.32 A and 2 O at 2.46 A, as well as a carbonate shell repreg@rted b
at 2.98 A, and finally an Fe at 3.42 A. The fit CN and bond distances correspond well with

published values [1, 3, 5, 6, 35].
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In contrast, solid phase U in the 10 mM Fe(ll) systems hag aal&e 17,174.2 eV and

is best represented by tReduced model representing Ug) (Figure 2E); U atoms are

coordinated by a nearest neighbor oxygen shell consisting of approximately 112230 A,
consistent with an expected 8 O at 2.37 A inldCand a next nearest neighbor shell of roughly

5U at 3.82 A. The resultant CN of 5 is less than the expected 12 U and is likely due to the small
size of the newly formed UQ) The dominance of UQ)and magnetite in the 10 mM Fe(ll)
systems is supported by TEM images showing distinct regions with thetdatic lattice

spacings of U@s and magnetite, 3.19 and 4.85 A, respectively, (Supporting Information: Figure
S2) and confirming that in spite of the high®Cand carbonate concentrations U(VI) is reduced

to U(IV) in the presence of 10 mM Fe(ll).

The U EXAFS from the 3 mM Fe(ll) treatment had arv&lue of 17,176.4 eV and is best

A ) y ‘.4
‘.‘.‘:‘ y ;.'
% h.g- g |
VAR W 0 mM Fe(ll)
B '."' Y Vi 7Y / Y R
zaﬂ%“t‘,'/ G
) 2, 3 mM Fe(ll)
C 2N
"';.vu oy
N, 3 mM Fe(ll) Extragted
PR ".\,M“\";.‘ U‘.; -.. D
D O A -
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R v 3 mM Fe(ll) Oxidized
E v
\ 1 .W-\ A ‘ il A
VR r T
T T T

35 55 75 95
chi(k)*k3 (A1) R (A)

Figure 2: Uranium EXAFS data and fits for chi(k) and chi(R) functions. Solid
lines represent experimental data and open circles the associated §t value
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fit by the Adsorbed and Incorporated model 1 (Figure 2B). This model allows for solid state

U to be partitioned between two environments: U adsorbed as the uranyl ion on sundiddes a

incorporated into the octahedral position of Fe oxides. The percentage of U in eachaphaese ¢

estimated by comparing fit CNs to the ideal first shell coordination fomthelifferent phases

(i.e. 2 uranyl oxygens at 1.8 A for U adsorbed and 6 O at 2.09 A for U incorporated into goethite

or magnetite). The CN of 1.6 + 0.5 for the uranyl at 1.82 A implies that between 55% and 100%

of the U in this system is in the adsorbed phase (Table 2). Similarly, U incodpintate

goethite can be distinguished from U incorporated into magnetite based on the betdret s

ideally there are 2 Fe at 3.02 A for U in goethite and 6 Fe at 2.97 A for U in magiiétite

nearest Fe distance for magnetite (0.4 + 1 Fe at 2.8+1 A), albeit within treeafagor, implies

that of the U incorporated into Fe oxides up to 23% of it could be incorporated into magnetite.

Given the small percentage of U incorporated into magnetite even tracet@mf magnetite,

i.e. below the Fe EXAFS diction limit, would be sufficient to accommodate this amount of U
After extraction with 30 mM KHC®the characteristic features of the incorporated U can

more easily be distinguished (Figure 2, Table 2). These data hayevalué&of 17,175.0 eV and

are fit best with thé\dsorbed and Incorporated model 2. The decrease in fraction of adsorbed U

is noted by the decrease in the U-O CN (0.7 O at 1.83 + 0.01 A)aiimdjchat only ~35% of the

U in these solids is in the adsorbed phase with the remaining 65% ibebrporated into Fe

oxides. This 56% decrease in the amount of absorbed U is consistenheviéxpected ~64%

efficiency of the carbonate extraction. In addition, on the lwdglise 0.9 £ 0.5 Fe at 2.89 £ 0.03,

between 7 and 23% of the incorporated U is bound in magnetite and thademacorporated

into goethite. These results are also consistent with goethitg bee dominant secondary

mineral product in the 3 mM Fe(ll) system.
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Table 2: Coordination numbers (CN), bond distances (A) for uranium EXAFS fitting. afedd in the
first column identify the scattering paths associated with differeiat gbhse forms of U. Since the first
scattering shell is the same for U incorporated into goethite or nitegigis shell is only listed once.
Estimated errors are shown in parentheses. Values without errordyardemved from other variables.
Full fitting parameters in Supporting Information (Tables S2 and S3).

Pathways for | Ideal Values 0 mM Fe 10mM Fe 3 mM Fe 3 mM Fe 3 mM Fe
Different From Eo=2(1) Eo =5(2) Eo=2(1) Eo=0(2) Eo=0(2)
Forms of U Literature (Ext) (Ext. and Ox.)
Adsorbed CN | Distance| CN | Distance| CN | Distance| CN Distance| CN | Distance| CN | Distance
Uranyl
U-O,y 2 1.8 1.9(1) 1.794(5)| ----—--| - 1.6(5)| 1.82(1) 0.7 1.83(1) 0.8 1.83(1
U-Ocqs 4 | 2.25-2.43 3.8 2.32(2) | -] - 3.2 2.26(3 2 2.31(3) 2.4 2.32(3
U-Ogq; 2 | 242-252 1.9 246(2) | -] - 1.6 R e el - —
U-C 2-3| 2.86-2.91 1.9 298(3) | -] - 2.3 2.9(1) 1 2.8(1 1.2 2.8(1)
U-Fe 1 | 3.41-348 0.5(7)| 3.42(4) | -] === | mmmemm | mmmemm | emmeme | e el B
Uraninite
U-O 8 237 | -] - 11(2) 2.30(2) | === | mmmmem | mmmeem | s | | e
U-U 12 387 | -] - 5(3) 3.82(2) -] mmemem | mmemp e | mmmeem | e
U Incorporated in Goethite or Magnetite (First Shell)
U-0 | 6 | 209 | - T e | - | 2(1) | 2.092) 3.9(42.12(2) | 3.6(3)] 2.12(2)
U Incorporated in Goethite (Second shell)
U-Fe 2 3.02 | ------ 0.7 3.1(1) 1.0 3.08(3) 0.9 32)8
U-O 1 e e e 0.3 3.23 0.5 3.23 0.5 3.23
U-Fe 2 328 | ------ 0.7 3.2(2) 1.0 3.2(1 0.p 3)2(
U-Fe 4 346 | ------ 13 3.4(1) 2.0 3.58(4) 19 3458
Incorporated in Magnetite (Second shell)
U-Fe | 6| 297 | - | | | | 0.4(1.0) 2.8(1) | 0.9(5) 2.89(3) | 0.8(4) 2.89(3)

Lastly, 5 d of aeration prior to extraction with 30 mM KH{€uses a small shift in the
Eo value to 17,175.4 eV but no notable alterations in the local U structudetarmined by
EXAFS fitting (Figure 2, Table 2) indicating that the incorpedaV is unaffected by changes in
redox conditions. Interestingly, there is a small decrease i2.42eA peak (indicated by arrows,
Figure 2C and D) and a corresponding decrease in the CN assowidtethe Fe shell for U
incorporated into magnetite, consistent with the oxidative dissolafioragnetite. However, the
change is minor and within the associated error estimates (0.9 £ 0.5 verses 0.8 £ 0.4).

Biotic Flow Experiments
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To determine if the U incorporation mechanism identified above is loleetender more field

relevant conditions, we conducted a biological reduction experiment ulusercobnditions.

Iron(ll) production increases steadily

throughout the experiments, but always
maintains a profile characterized by a peak
concentration between 10 and 12.5 cm
(Figure 3). Progress of the U front within

the column was relatively constant at ~1
cm per day, except when the U front

reaches the 10 to 12.5 cm region of the
column at day 8, after which there was no
detectable progression of U until day 14
(Figure 3). Uranium break-through was

observed on day 16 at which point pore
water concentrations throughout the first 10
cm of the column had reached values
>0.150 mM, thus approaching the influent
concentrations of 0.168 mM. Uranium

concentrations beyond 10 centimeters were
<0.100 mM.

Solid Phase

The biogenic iron products vary
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— M- -Day 10
2.5 1 —e—Day 14
0 ‘ ‘ — X - Day ]‘.6
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B17.5 = — — -Day 3
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e—— a
512.5 ~-< \\:-—-Da¥16
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S
% 7.5 {\
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0

Uranium(VI) (uM)
Figure 3: Pore water concentrations of A) Fe
and B) U. Along the column flow path distance
is relative to inlet. Port positions of 0 cm and
17.5 cm are up gradient and down gradient,
respectively, of the Fe containing regions of the
columns.

along the column length, with magnetite production being maxitri2.& cm, driven by greater
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Fe(ll) concentrations in this section, Figure 0 Tm0| U2kg'1 .
[37]. The concentration of solid phase U shows 17.5 1 1 1
similar profile to biogenic magnetite, peaking 15
12.5 cm, and since no reduction of U wi
observed by U XANES [17], suggests that 12.5
incorporation is also operable in the biot E 10
GJ ]
flowing experiment. The lack of U reduction i & "
S 5 X A
- B AGE |
the biotic systems as compared to the abic / ' \
systems is likely due to the fact that tf 5 \ \'\
maximum Fe(ll) concentration in the column is o 7 A
. . . ' —&— % Magnetite
fraction of that seen in either of the abiot --X- - 0/gGogthite
0 — & — mmol U ka-1
treatments. Adsorption of U onto fine grai | |
0 10 20 30
biogenic oxides could present an alternati Percent Composition

explanation for the correlation between magnet Figure 4: Solid state U (upper X axis),
and percentage biogenic magnetite and

formation and solid state U; however, U adsorptir goethite (lower X axis). Data points
represent center of region over which

studies using Fe oxides containing 0 to 57% bioge column solids were homogenized: 3.25
cm (1.5t0 5.0 cm); 7.75cm (5.0 to

magnetite revealed no or perhaps a slightly negat 10.5 cm); 12.5 cm (10.5 to 14.5 cm);
15.75cm (14.5t0 17 c
correlation between U uptake and solid phase biogenic magnetite catioean{Supporting
Information Table S5).
Elemental maps of Fe and U distribution from the 12.5 cm section confirm the strong
spatial correlation expected between U and Fe (Supporting Informationdditioa, a linear
combination reconstruction ofitaXANES spectrum taken at a U hot-spot using Incorporated U,

Sorbed U, and reduced U (Yas standards indicates that ~32% of the U in this location is

incorporated into Fe oxides with the remainder adsorbed to oxides surfaces. Thame wa
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evidence of U(IV). TEM images, complimented with EDS analysis of trese solids,

confirm the presence of magnetite with high concentrations of U, U/Fe niioke naging from
~2-5% (Supporting Information). Lastly, solids from the 3.25 cm and 12.5 cm sections of the
column were magnetically separated and analyzed for Fe and U. In bothiuaseagnetite
fraction showed an increased U/Fe ratio over the bulk material from the satienlde#%
verses 2.0%, respectively, for the 1.5 to 2.5 cm section, and 4.1% verses 2.8%, respectively, for
the 8.5 to 13.5 cm section, further confirming the importance of the U substitution igihetitey
Structural Constraints on Incorporation

The reported gvalues for the incorporated treatments lie in the range expected of
compounds containing U(V) or U(VI). Farges, et al. [38] determined that, unfofyribte is
no systematic difference in the XANES edge position between known U(V) and U(VI)
containing compounds. However, using the valence bond parameters of Burns et al. [39] and the
incorporated U-O octahedral bond lengths (Table 2),the calculated U ved@iges from 5.25
to 5.57, raising the possibility of a mixture of U(V) and U(VI) centers. Howeusnwhese
solids underwent aeration, no changes in U-O bond length or other structural charges
detected. It would be expected that U(V) centers within the Fe matrix wouldbarexidized
under such conditions resulting in a change in local structure. The absence ofusuictabtr
changes argues for U(VI) being the dominant form of incorporated U. However, some
contribution of U(V) cannot be ruled out.

Increased structural charge resulting from substitution of U(VI)(d) tbr an Fe(lll)
must be accommodated either through cation vacancies, decreased protonation,sedincrea
surface adsorbed anions. In the case of magnetite, cation site vacamdi@stcsthose in
maghemitey-Fe03), could serve to maintain the charge balance. An increase in vacancies was

similarly observed upon incorporation of As(V) into the magnetite struptOte In addition, the
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deprotonation of hydroxyl groups in goethite or the reduction of near neighby €&fters

could offset the charge imbalance in goethite. However, in spite of these miexhanis likely
that the incorporated U center creates significant local structural iistarid that there is an
upper limit to the amount of U that can be substituted into any Fe structure. Hplaser on
the 4.1 to 5.4% U/Fe from the magnetite extractions and the 2-5% U/Fe fromNREDS, this
value is relatively high imply that incorporation into Fe oxides could be a sigriiozk for
oxidized U.

The results reported here identify incorporation of U into Fe oxides asespiog which
appreciable quantities of U may be sequestered under conditions where Fex{tgdrare
transforming to more crystalline phases. Incorporated U’s resistancéntodobbnate extraction
and air oxidation implies that it could potentially to be stable over long tinedge If so, such
a process could help to explain the strong, and long lasting, associations of U wittiesarox

surface and subsurface environments.
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