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DISTRIBUTION OF URANIUM-BEARING PHASES
IN SOILS FROM FERNALD

E. C. Buck, N. R. Brown, and N. L. Dietz, Chemical Technology Division, Argonne
National Laboratory, Argonne, IL 60439.

ABSTRACT

Electronbeamtechniqueshavebeen usedto characterizeuranium-contaminated
soilsat the FernaldSite, Ohio. Uraniumparticulateshavebeen depositedon the soil
throughchemicalspillsand from the operationof an incineratorplanton the site.The
major uraniumphaseshave been identifiedbyelectronmicroscopyas uraninite,
autunite,and uraniumphosphite[U(PO3)4]. Some of the uraniumhas undergone
weatheringresultingin the redistributionof uraniumwithinthe soil.

INTRODUCTION

The soilsfrom the Fernaldprocessingplantbecamecontaminatedwithuranium
after decadesof defense-relatedactivities[1]. Identificationof the uranium-bearingsolid
phaseswhichcontrolthe solubilityof uranium inthe environmentisnecessarybothfor
remediationefforts anddeterminingthe long-term behaviorof the _adionuclide.This
paper describeselectronbeam analysisstudyof uranium-contaminatedsoilsfromthe
Fernaldsite. These detailedcharacterizationstudieshave yieldedinteresting
observationson the nature of uraniuminsoilswhichhave implicationsfor the
transportability of uranium in the environment. Much of the uranium has been found in
particulate form, which conventional soil washing methods will not be able to remove.

Location of Contamination at Fernald

Fernald is located northwest of Cincinnati, by the Great Miami river. Surveys of
the site, conducted using a portable gamma spectrometer, have located the regions of
high uranium contamination (Fig. 1). Initial site surveys found a number of highly
contaminated regions, where the uranium content was up to 5000 ppm. These sites
have been sampled and were labeled SP4, SP2-3, SP5, and A14. Area SP4 possessed
the highest level of contamination. The contamination at these sites was caused b'.t;
product spills (SP4 and SP5) and incinerator ash (A14); SP2-3 was an area that has
been exposed to failed remediation efforts.

Soil DescriDtion and Gamma SDectroscoDicAnalysis

Fernald site soils have been size fractionated by Lee and Marsh [1], who
determined the distribution of uranium by size fraction. The largest concentration of
uranium was found with the smaller soil size-fractions, although the clay fraction
(<2 _m) did not contain the highest levels of contamination in all soil samples. Areas
SP4, SP9, and SP2-3 had the highest uranium contamination in the 2-0.053 mm sand
fraction, with about 50% of the total uranium content. In SP5 the gravel fraction was the
largest contributor to the uranium contamination. The silt and clay both had high
uranium contents but were lower than the sand fraction.
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Fig. 1 Map of Fernald
SP4, '"--'i operation site showing

the regions with the
highest uranium
contamination.
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CharacterizationStudies

The soil fractions containing the largest uraniumcontents have been further
characterized by a variety of techniques including electron beam methods [2]. Lee and
Marsh [1] performed x-ray diffraction and scanning electron microscopy (SEM) of soils
to try to describe the nature of the uranium in soils. Investigations showed that uranium
was in particulate form within the soil. These particles of uranium have been more
closely examined by analytical electron microscopy (AEM) [3]. AEM has allowed
detailed characterization of the soil, including the distribution of uranium. Morris et al.
have used Synchrotron x-ray absorption spectroscopy (XAS) to determine uranium
oxidation s_,ateof bulk soil samples from Fernald [4]. The position of the x-ray
absorption uranium Litt edge indicated that 80% of the uranium was in the [U(VI)]
oxidation state. Micro-beam XAS by Bertsch et al. [5] was more effective at determining
oxidation state of uranium in soils, as the distribution of uranium in soils is
inhomogeneous.

EXPERIMENTAL PROCEDURE

Fernald soil samples were infiltrated with a water soluble melamine resin and
uranium-rich particles were located by SEM combined with backscattered electron
(BSE) imaging. These particles were isolated and prepared into transmission electron
microscopy (TEM) thin sections by ultramicrotomy (see Fig. 2). This method of sample
preparation allowed direct comparison between SEM and TEM images, which enabled
characterization of TEM samples to be representative of the bulk sample. The samples
were analyzed in a JEOL 2000 FXll TEM operated at 200 kV and equipped with x-ray
energy dispersive spectrometers (EDS). Phases were identified by a combination of
EDS, selected area electron diffraction (SAED) and convergent beam electron
diffraction (CBED).



Fig. 2. (a) SEM/BSE micrograph showing an uranium-bearing particle, which can also
be seen in (b) the TEM image. The uranium-contaminated regions can be
identified by the white BSE contrast. The particles are similar in shape because
the SEM mount has been sectioned nearly parallel to the plane of the paper.

RESULTS AND DISCUSSION

Recent investigations have provided new information on the fate of uranium at
Fernald. SEM studies showed that uranium is contained within particles typically 1 to
100 tJm in diameter. Further analysis with AEM has shown that weathering and
redistribution of uranium resulted in the formation of secondary uranium-bearing phases
similar to those observed at naturally occurring weathered uranium depo: 's, often
described as natural analogues for waste disposal sites.

At the macroscopic level much of the uranium was associated with the small
sized fractions of the soil; however, SEM analysis revealed that uranium was in a
particulate form, and further detailed analysis with TEM showed that the uranium was
present as discrete phases. In this paper, we report on recentAEM studies concerning
the distribution of uranium phases found in some soil samples.

.Characterization of _SoilPhases

While the general mineralogy of the soil samples has been described by Lee and
Marsh [1], we sought to identify the specific phases in the current samples which would
help us to describe the distribution of uranium within the clay fraction of the soil.

Examination of the soils by TEM revealed two major components, quartz and
layer silicates. Quartz does not section well, so shattered particles of quartz were often
found displaced from their original sites. The major layer silicate minerals in SP4,
SP2-3, and SP5 were identified as illite and chlorite based on SAED and EDS analysis;
however, specific phyllosilicate minerals could not be positively identified with the
method of analysis used. Lattice images were taken with an objective aperture that
excluded all hkl reflections except the basal {00/} (Fig. 3). Other phases were found in
the soil samples, including feldspar, rutile, -naghemite, apatite, cerium phosphate, and
zirco,:.



Fig. 3a. Lattice _mages of (i)illite and (ii) chlor_te with c-axis spactr_gs of --10 ,k,and
- 15/k,, respectively.
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Uranium has been found _n a number of different forms in Ferna d so_ls [3]
Uranium has been found ir-] the fcrm of uranium s_lic_de ,"[.JS_;ti). L'rar_ur'n silicate
(soddyite), and uranium associated vv_thc3iclur]-I fluoride ;:rqd w_t._q_ror_exudes [Jr_.:_ntur'n
ts known to have a strc>ng aff_r_ty for ,.'__rJt-,::rpt_or] orate _ror; ..",x_des.part_c,._l__rlyamc)rphous
iron oxyhydroxides [6]

Urarqlum was cc>r_',mc:,r_lyf,.'.:ur_dast;oc_ated w_tt] lrq,r_oxides !r] SP4. bul was
..... ' ,.j f 5 Sam Salsofour_d intheforr'n of urar,,_rt_ oxrJc,_: see F_g. 4 [3] SP_!-3and c_, pe

contained s_gnif_cant amour_ts of urar_lur__,pho.sph_te (autunite), wh_ct_ was _solated
within the soils, as it It had precipitated from soiution The SP2-3 sample also
contained quantities of catc_um phosphate(apat_te). A14 contained uraniurn oxide.
uranium phosphate (autun_te), and parllcles of uraniL_m phosphate [U(PO3)4], a t/_r.ji_
temperature phase. ]-he uranium phosphitephasewasn©t bearr,_sens_tive(a
converged beam would not induce amorph_zatior_), suggest_r_g that this phase was
dehydrated and, thereTore, probablyforr_._edinti_e_r_cinerator Uranium has also been
found _nthe form of calc_urn urar_ium OXide, ur,?.r-llurT1s_l_c_te, and LJrQl'_iumsil_c_de

Some of these phases suggest tt_at the ur-ar_ur]_ has beer_ redtstrnbuted through
weather_ng



F_9 4 Major_._rar'lum-bear_r_g
' fl C" ---;pnd.;,e foL;r:d _rq¢P,4 _r_,

amor_,hous _ror_oxide phase
The m_crograDh shows the
arrar_ger'r-:ent of the cotlo_dal-
s_zed Lrr.br_pl_ases and clay
whtch car_ or_iy be detected
with TE M

E_!e_c.tro.n._U..ifl_ra£bo_n..g.ha a_Cte_ri_z.a! Qn_..Q!...Ur_aq}£'te

Uranlnite (UO2)_s norr'natly a non-stoLcrl_ometr_c phase (UO:::,,.×) oossesslng a
fluorite structure. UO2 wJtlreadily urtclergc) oxi.c_at_on, rest, ttLrqg_ncharqges_n the un_tcell
parameters which c_r_,be detected by use r)f x-ray d_ffractiorq [7] or electror_ diffractLorq
[8] Electror_ diffractLon data of ur:irq_t_rrqoxide part_c!es fot.'rqd _-_tFerr*_;L_idc_r_ be used to
distinguish betweer_ UO 2 arid certain oxidized forr_s i see _:_g 5,

!..gr_r/_ti!!¢a.tioo_of Aut_jr_t_ Pha!_

...._t_veir_ t_*,p,rr_i"'"o.c,cope amd w_ll undergoMany tjrarllurn mir_erals are beam ser_< , ........... .
z .... ral,ct_aracter_z_:_t_r_ difflct_lt. The f_gure belowrap_d amorpfq_ at_or_which makes struct,, " ...

shows a urar_urn !:)r_,osphate phase fc:_ur_r__r_SP2-3, wr-_cb,was ident_fiecd as tetragonal
' O] The b,* c_ f sp_rqy eedies whichautum_te, _deallv. [C_:_UO::, :!,'PO4_.,.xI4:.. , _- ,a<_:_.........(:or sts ,q r_

could be recogr _zed__n the ,<EM.__r__._,"_:_,-'j....,, F::_r_.:_Ca -liq,:_..elc,:.:tron diff,act_on, wr__staken
along the [001] zone axls {F_O 6b}

Fiq 5. [EM _mac.:l,:, of urarqium ox"4_. _. ,(:,{_.particle i(_ft) and (}BED pattern _r_0t_t).showing
fot_r-folc:l syrnmetry, taker_ alor_g ttle [010] zor_e ax_s
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uranium
,hate Fig. 7. TEM image of iron

phosphate and uranium
phosphate in A 14.

iron phosphate

Fig. 8. SEM/BSE images showing uranium
oxide, which is surrounded by a calcium
phosphate phase, undergoing alteration
into uranyl phosphates in A14.

surrounded by calcium uranium phosphate in soil sample A14 (incinerator site). TEM
analysis of similar samples (see Fig. 9) shows how the uranium phosphate phase is
attached to the uranium oxide crystallites.

Autunite is commonly observed associated with the dissolution of natural
uraninite [9, 10] but it has not been observed during the dissolution of spent fuel [11].

The distribution of uranium in Fernald soils appeared to be strongly affected by
the presence of phosphorus. This observation is similar to that made at the uranium
deposit at Koongarra [10], in spite of the apparently large differences between the Ohio
farmland site and the tropical Koongarra site.

CONCLUSION

Uranium at Fernald has been found in many diverse forms, which will impede
clean-up efforts, as any single remediation technique will probably be unable to remove
all the different forms of uranium in the soils. Over the 40-year period that the Fernald
operation site was in use, uranium, present in the soil has undergone significant
changes. Weathering of the originally deposited materials has redistributed the uranium
and changed its transportability.

Electron beam analysis of these contaminated soils has provided information on
the uranium in soils that is useful for developing innovative cleanup technologies, as it
has enabled both phase identification and relationship of the uranium-bearing phase to
other phases in the soil.



Fig.9. TEM image showing
autuniteattached to uranium
oxide insoilsampleA14.
The darkerclumpswere L_
identifiedas uraniumoxide, P
and attached to them were
uraniumphosphatecrystallites.
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