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Abstract

Uranium fragments from the Sandia Sled Track were studied as analogues for weapons
components and depleted uranium buried at the Greater Confinement Disposal (GCD) site in
Nevada. The Sled Track uranium fragments originated as weapons mockups and counterweights
impacted on concrete and soil barriers, and experienced heating and fragmentation similar to
processes thought to tiect the Nuclear Weapons Accident Residues (NV/AR) at GCD.
Furthermore, the Sandia uranium was buried in unsaturated desert soils for 10 to 40 years, and
has undergone weathering processes expected to tiect the GCD wastes. Scanning electron
microscopy, X-ray diffraction and microprobe analyses of the fragments show rapid alteration
from metals to dominantly VI-valent oxy-hydroxides. Leaching studies of the samples give
results consistent with published U-oxide dissolution rates, and suggest longer experimental
periods (ea. 1 year) would be required to reach equilibrium solution concentrations.
Thermochemical modeling with the EQ3/6 code indicates that the uranium concentrations in
solutions saturated with becquerelite could increase as the pore waters evaporate, due to changes
in carbonate equilibria and increased ionic strength.



TABLE OF CONTENTS

1.0 INTRODUCTION ................................................................................................................................................1

2.0 BACKGROUND ...................................................................................................................................................2

3.0 EXPERIMENTAL ................................................................................................................................................2

3.1 CHAWCTERIZATION OF ALTERATION PHASESANDSOILMINEWM..................................................................3
3.2 VOLUBILITYEXPENMENTS..................................................................................................................................4

3.2.1 ExperimentaIDui@ ..................................................................................................................................4
3.2.2 Water Chemis~ .........................................................................................................................................6

4.0 RESULTS ..............................................................................................................................................................6

4.1 SEM/EDS ANALYSES.......................................................................................................................................6
4.2 ELECTRONMICROPROBE(EMP)ANALYSES......................................................................................................7
4.3 X-RAYDIFFRACTIONANALYSES......................................................................................................................l5

4.3.1 SoiIMinerals ............................................................................................................................................l5
4.3.2 Uranium Phasu .......................................................................................................................................l5

4.4 VOLUBILITYEmENMmTs................................................................................................................................l8
4.4.I Experiment 1- SoiIWater .........................................................................................................................l8
4.4.2 Experiments 2 and 3- Soil~ater/Uranium ..............................................................................................l8

5.0 DATA INTERPRETATION ..............................................................................................................................24

5.1 EMPIRICALOBSERVATIONS..................................................................~...........................................................24 .
5.2 MODEL~G........................................................................................................................................................26

6.0 SUMMARY ......................................................................................................................................................... 29

7.0 CONCLUSIONS .................................................................................................................................................30

. . .

8.0 REFERENCES ...................................................................................................................................................31



LIST OF FIGURES

FIGURE1.SLEDTRACKURANIUMSAMPLES,BACKSCATPEREDSEMIMAGE.THEBRIGHTAREASAREURANIUM
ALLOYS,ANDTHEDARKERGRAYREGIONSARE URANIUMOXY-HYDROXIDES.NUMBERS REFERTO
SEM/EDS ANALYSISPOINTSDISCUSSEDINTEXT.FIGURElB ISA CLOSE-UPOFFIGURE1A.........................5

FIGURE2.SAME SAMPLEASFIGURE1A,BUTIMAGEDUSINGSECONDARYELECTRONS..........................................7
FIGURE3.BACKSCATTEREDELECTRONMICROGRAPH OFTHE SAMPLEUSEDFORELECTRONMICROPROBE

ANALYSES(TABLE1).THE ANALYSISPOINTSAREDESIGNATED“O” FOROXIDEPHASE,AND “M” FOR
METALLICPHASE.................................................................................................................................................8

FIGURE4.ELECTRON MICROPROBEELEMENTAL MAPS,CORRESPONDINGTO SAMPLEINFIGURE3.BRIGHTER
AREASCORRESPONDTO HIGHERCONCENTRATIONSOFTHE INDICATEDELEMENT.......................................10

FIGURE5.X-RAYDIFFIOKTIONTRACESOFFINESDRIFTEDONTO A GLASSSLIDE(5A, TOP)AND PACKEDINTOAN
ALUMINUM WELL SLIDE(5B, BO~OM) ............................................................................................................17

FIGURE6. EXPERIMENT#2:CATION(6A,TOP),ANION(6B, MIDDLE)AND TOTALURANIUM (6C, BOITOM)
CONCENTRATIONSINAQUEOUSPHASEASFUNCTIONSOFTIME.LEF_RLINEARY-AXIS.RIGHT:LOGY-AXIS.
...........................................................................................................................................................................19

FIGURE7.EXPERIMENT#3:CATION(7A,TOP),ANION(7B,MIDDLE)AND TOTALURANIUM (7C, BOTTOM)
CONCENTRATIONSINAQUEOUSPHASEASFUNCTIONSOFTIME.LEFR LINEARY-AXIS.RIGHT:LOGY-AXIS.
................................................................................................................................................ ............................ 20

FIGURE8. CALCULATED METALS CONCENTRATIONS(LINES)AND CONCENTRATIONSDETERMINEDIN
EXPERIMENTS2 AND 3 (SYMBOLS);SQUARES=CA,STARS=NA,FILLEDCIRCLES=~ AND RABBITS=U.THE
CA,NA AND K EXPERIMENTALVALUESARE INREASONABLEAGREEMENT WITHTHE CALCULATIONS,BUT

THE URANIUMEXPERIMENTALVALUESARE .1.5ORDERSOFMAGNITUDELOWER THAN THE PREDICTIONS.27

LIST OF TABLES

TABLE1. MICROPROBEANALYSESOF UMNIWP~SEs .........................................................................................12
TABLE2.FLUIDANALYSIS&SULTS...........................................................................................................................2l
TABLE3.EVAPORATIONRATIOSFOREXPERIMENTS2AND 3.....................................................................................24

TABLE4.CALCULATEDTIMESTODISSOLVEALLSCHOEPITE,T=25 <, 0.2ATM 02.................................................28

. . .
111

.-. .. ———. -



Acknowledgennents

The authors wish to acknowledge the support of the Greater Confinement Disposal project and
the U.S. Department of Ener=q under Contract DE-AC04-94AL85000 to Sandia National
Laboratories.

. .

iv



1.0 INTRODUCTION

In the United States, there are many actinide-contaminated wastes that are associated with
classified processes; included are plutonium- and uranium-tainted residues horn nuclear weapons
accidents, and fi-ommanufacture and disassembly of weapons. These wastes may not be placed
in commercial or federal sites that require fill disclosure. Furthermore, the actinide content
requires special methods to assure safe long-term disposal. One method considered by the U.S.
Department of Energy is the Greater Confinement DisposaI concept (GCD; Chu and Bernard,
1991), which places the waste in deep (37 m) boreholes in unconsolidated alluvium at the
Nevada Test Site (NTS). This site is dry (= 13 cm precipitation / yr), and the water table is =200
m below the boreholes. Existing GCD boreholes contain =4 kg plutonium, and at least 103kg
uranium.

Federal regulations for the disposal of transuranic waste require completion of aperfornzance
assessnzent (PA). The PA identifies processes and events that aflect the disposal system, models
those events and processes, and ultimately estimates the impact to groundwater, doses and the
cumulative release of radionuclides from the site, along with the associated uncertainties, for
periods of =104years (Retard, 1995). To complete a PA for the GCD site, it is necessary to set
limits on the behavior of the actinide source term, particularly the dissolution rates and ~
solubilities of the components. However, little has been published on the nature of actinides
from nuclear weapons accidents; most of the waste descriptions are classified, or vague and
incomplete. Thus it is difficult to predict the degradation rates of weapons components in the
GCD soils, or even to know the chemical form of the waste. In addition, the large amount of
buried uranium has the potential to affect plutonium chemistry indirectly, by consuming oxygen
and altering pore water chemistry. .

One possible solution is to obtain degradation rates and waste behavior from analogues. Most
“natural analogues” -- such as uranium ores -- are probably inappropriate, because they are so
unlike weapons accident residues. Ores tend to be near equilibrium with their environments,
reflecting the local oxidation potential, and have formed fhirly insoluble materials by interaction
with decay lead and vanadate, phosphate and molybdate. In contrast, the accident residues and
GCD uranium waste were initially reactive, low-valent oxides or metals (zero-valent), and were
placed amid relatively oxygen-rich sediments, where they are grossly out of chemical
equilibrium.

There are, however, a few man-made analogues that probably match the GCD conditions quite
well. At the Sled Track site in K.irtland Air Force Base (KAFB, in Albuquerque, New Mexico),
weapons mock-ups were fired at solid targets. The metallic uranium from these tests experienced
explosions and fi-agmentation (analogous to processes affecting accident residues at GCD), and
has been buried in desert soils for up to 40 years. The report discusses the fate of the sled track
uranium, including the corrosion phases formed, and the volubility and dissolution rates, as
measured from lab experiments. The experimental data are compared against the results of the
EQ3/6 reaction path code (Wolery, 1992; Wolery and Davelar, 1992), and the implications for
fhture modeling and experimental work are discussed.
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2.0 BACKGROUND

The depleted uranium (DU) used in this investigation originated as nose cone counterweights and
mock ordinance in the sled track experiments in Technical Area III at Sandia National
Laboratory (SNL). These tests have continued intermittently since 1951. Release of the depleted
uranium (and other associated metals) occurred as a result of the sled payload and test equipment
impacting into a soil berm or concrete barrier. Although the area was subsequently remediated, at
the time of this study (1993) a contaminated area still existed that covered a roughly circular
region approximately 2700 feet in radius at the south end of the track (SNLA, 1993). Debris
released in the tests ranged from large pieces to dust sized particles. Subsequent to this dispersal
a significant fraction of the uranium has oxidized. In this regard the material being studied is
thought to resemble the bulk of the uranium and plutonium inventory at the GCD site.

Traditional studies of uranium in the environment focus on the chemistry of weathering ore
deposits (l?earcy et al., 1994; Garrels and Christ, 1965). DOE disposal sites differ from ore
deposits in that: (1) natural uranium occurrences have had many centuries to equilibrate with
near-surface environniental conditions; (2) uranium ores have more complex chemistries than
materials dispersed by various military activities; and (3) weapons components often contain
metallic (zero-valent) actinides, whereas the lowest oxidation state normally found in ores is
U(N). However, since both classes of materials will be affected by oxidation in near surface
environments the fate of weathered uranium ores can, in some circumstances, give a long term
perspective to the fate of dispersed U ordinance.

In particular, studies on weathered uranium deposits attest to the general mobility of dissolved
uranium in oxidizing ground waters, and highlight formation of the carbonate complexes as a
cause of enhanced volubility. These studies also demonstrate that when uranium-rich fluids
encounter abundant organic materials, reduction of ~ to U4+will effectively precipitate the
uranium from solution. Under less reducing conditions uranium mobility may be limited by a
number of sparingly soluble uranyl minerals typically involving an alkali earth cation, and
possibly other anions derived from the uranium ore (VO~-, PO:-, AsO~- and CO,~

3.0 EXPERIMENTAL

Several methods were use to assess the fate of the uranium dispersed through the sled-track soils.
These methods can generally be subdivided into “characterization” activities and lab bench
“simulation” studies. Oxidized uranium metal from the sled track was characterized by several
non-destructive analytical techniques. Then, uranium mobility in the soils was simulated
experimentally by leaching mixtures of soil and sled track uranium. Variations in dissolved
uranium concentrations and general fluid chemistry were monitored over time.
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3.1 Characterization of Alteration Phases and Soil Minerals

Samples of the corroded uranium were hand-picked from soils collected at the south end of the
“long sled track” described by SNLA (1993). In 1993, there was a concrete and earthen barrier
at the south end of the track; we reference sample locations relative to this barrier. These
uraniurn-contaminated soils were obtained from a raised soil platform =1Oto 30 m east of the
barrier. The uranium occurred as irregularly shaped nuggets ranging in size from< lrnm to 1 cm
in diameter. TWically nugget surfaces were coated with a fine-grained irregular yellow powdery
material, while the interior contained relics of the original uranium metal. Several mm-to cm-
sized pieces were mounted in epoxy, ground and polished with 1 pm to 0.05 pm alumina to
expose cross sections of the nuggets. These mounts were analyzed using both a scanning
electron microscope (SEM) and electron microprobe (EMT).

The energy dispersive spectrometer (EDS) on the SEM was used to determine an approximate
bulk composition for the primary uranium oxide alteration products and to determine if silicate
or carbonate alteration phases were present. The samples were also examined in backscattered
mode (BSM) with’the object of determining the spatial distribution of the alteration products
with respect to the residual uranium metal. The backscattered signal is sensitive to the average
atomic number of the spot being examined. Thus, zones rich in heavy elements (e.g. uranium
metal) show up as white or light qay in ihe backscattered image, and zones with high oxygen or
water contents shoy up in shades of darker gray. “

These same mounts were also analyzed by EMP. The EMT can provide quantitative bulk
chemical compositions to aid identification of the alteration phases. In addition, ~lemental-maps
of the samples were obtained to determine the spatial distribution of the uranium alteration
phases in the sample. The EMP also suffers from an inability to analyze light elements so the
presence of oxygen had to be estimated based on the assumed valence of the metals that were
detected. However, the analysis procedtye can provide a self-consistency check, in that iteration
of the instrumental corrections (which account for adsorption, fluorescence and atomic number
differences relative to the standards) should produce analytical totals of 100’%o.

Bulk phase identification was accomplished by X-ray diffraction (XRD). The uranium samples
were prepared for XRD using two techniques. One sample was ground lightly, in a mortar with
acetone, to concentrate selectively the fie-grained alteration material. The coarser, harder
pieces were removed. The fines were then settled out of the acetone slurry solution onto a glass
slide for analysis (this technique is sometimes called “drifting”). This method results in a thin
mount with a relatively low surface profile for analysis, bpt the coarser pieces of the sample are
not represented. A second mount was prepared in which the bulk sample was ground coarsely to
obtain a more complete representation of the sample. No effort was made to segregate the
particles by size. This roughly-ground material was then packed directly into an aluminum well
slide for analysis. The disadvantage to this appqoach is that the stiace of the sample is
somewhat irregular so that the peaks could be broadened, or be displaced from the true 2e
positions, particularly in the low-angle region of the diffraction trace. In addition, XRD traces
were also obtained for samples of the sled track”area soil from the same general location as the
oxidized uranium samples. For the latter samples, ~ patterns were obtained both before and
after treatment with dilute hydrochloric acid to discern the presence of solid carbonates.

3



3.2 Volubility Experiments

3.2.1- Experimental Design

Three experiments were performed to study soil-water interactions. In each case the experiment
involved placing about 100 g soil with 500 g of deionized water. In experiment 1, no uranium
was present. In experiment 2 only sled track uranium was added while in the third experiment a
piece of uranium metal wire augmented the sled track area uranium. In all three cases, air was
bubbled through the soil mix the fluids and maintain the ambient C02 pressure.

The first experiment was carried out primarily to test analytic and sampling procedures.
Representative, surficial soil was obtained =26 m west of the sled track barrier (impact area).
Prior to starting this experiment it was noticed that the soil contained fiagrnents of plant material,
the larger pieces of which were removed from the soil by hand. The soil was then sterilized and
dehydrated by heating it in an open container for 72 hours at 100 “C. A slurry was then prepared
horn deionized water (505.2 g initially) and dried soil (100.2 g). Air was bubbled continuously
through the mix to agitate the slurry and prevent the build-up of carbon dioxide. In an attempt
to minimize evaporation, the beaker was sealed at the top with parafilm. In addition, the sample
was weighed daily before and after sample removal and the weight of water lost to evaporation
was determined and replaced. Leachate samples (1OmL) were taken daily. Samples were taken
daily for 5 days and then less ilequently for the following 6 days. The samples were withdrawn
by pipette, passed throughO.25 rnicron.filters to remove particulate, and collected in sealed
sample containers. The pH of the slurry was measured immediately after disconnecting the
stirring apparatus each time a sample was withdrawn. The pH was measured in-situ using a
microprocessor-based pH probe with an ISFET sensor (UniFETm) with automatic temperature
compensation. The sensor was calibrated with two standard solutions (Fisher brand, pH 4.00 and
7.00) before each measurement.

Depleted uranium was added to the second and third experiments. To minimize contamination,
the soil was obtained by digging back =30 cm into the bank of an arroyo located 15 m southwest
fi-omthe impact barrier. Soil masses (100.4 g for experiment 2,100.2 g for experiment 3) and
water masses (503.4 g for experiment 2, and 503.8 g for experiment 3) were similar. No
macroscopic plant fiagrnents were noted in these soils. Ground sled track uranium fragments
were mixed with the soil in both experiments prior to adding the water. The fragments were
obtained by crushing nuggets from the sled track with an alumina mortar and pestle; the oxide
coatings readily disaggregated, probably along cracks like those visible in figure 1. A small
piece of depleted uranium wire (1.527 g) was added to experiment 3, as a test of metallic
corrosion rates on a well-defined geome~, however, due to funding and ES&H (environmental
safety and health) constraints, the wire was never analyzed. For both experiments 2 and 3, the
sampling and pH measurements were similar to experiment 1, but the flasks were sealed with
rubber stoppers rather than covered with parafilrn. To reduce the evaporation observed in
experiment 1, air was first bubbled through a column of deionized water before being passed
through the soil-water slurry; the intent was to pre-saturate the air with water. However, there
was still considerable evaporation of the fluid phase. Thus, these experiments may mimic the
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chemical changes expected during periodic wetting and drying of desert soils.

. ..-

.

Figure 1. Sledtrack uranium samples,backscatteredSEM image. The bright areas are
uranium alloys, and the darker gray regions are uranium oxy-hydroxides. Numbers refer
to SEM/EDS analysis points discussed in text. Figure lB is a close-up of figure 1A.
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3.2.2 Water Chemistry

The pH, anion and cation concentrations are the primary factors affecting uranium mobility.
Cation concentrations in the liquid were determined using direct current plasma (Spectraspan-7
DCP) and the anion concentrations using ion chromatography (IC). Approximately 5 mL of
leachate was used for DCP analysis and <1 mL for IC analysis. The methods used follow GCD
operating procedures for these instruments (Kimball and Stockman, 1992; Kn.unhansl, 1992).
The samples were not diluted before analysis. Dissolved carbonate was not determined directly
but was evaluated using two approaches. In the first approach, charge balance in the fluid was
used to calculate bicarbonate. In the second approach, bicarbonate was calculated based on the
presumption of equilibration with atmospheric carbon dioxide and calcite.

Samples were also analyzed for uranium by instrumental neutron activation analysis (lNM).
The INAA analyses were conducted by an outside Iirm (XlL4L Services, Ann Arbor, Michigan)
with a reported sensitivity of 0.1 ppm. The samples were prepared by pipetting 1 mL of the
liquid into a low-background polyethylene vial. Analyses involved counting 23~p, a garnma-
ernitting daughter of ‘T, which was in turn produced by activation of 23SU.The analyses
assumed a daughter ratio of UZ8/UZ5to be that of naturally occurring uranium material (99.3
percent). Depleted uranium has a slightly different ratio (99.5-99.6 percent) but the difference is
insignificant relative to the sensitivity of the measurements. XRAL uses international rock
standards for calibration.

4.0

4.1

RESULTS ~-

SEM/EIX Analyses

The polished, mounted samples were examined under the SEM in both the normal and
backscattered electron mode, at an accelerating potential of 20 KV. The latter mode provides the
clearest definition of sample chemistry (figures 1 A,B). In this mode the brightest areas have the
highest net atomic weight, and hence are ascribed to uranium metal alloys. Progressively darker
areas presumably represent successively higher oxygen or water contents. These figures show
the relationship of uranium metal to the alteration material. Various shades of gray are evident in
the regions surrounding the relatively unaltered, “white” metal. These gradations in intensity
presumably indicate differences in the degree of hydration and alteration of the uranium. In
addition to varying degrees of oxidation, these studies reveal that the samples are dissected by a
network of cracks that may result from the multiple hydration-dehydration cycles, or just volume
increases that accompanied oxidation of the uranium metal. The larger primary cracks extend
across the sample and in some places separate pieces of uranium fi-omthe main section. The
secondary cracks are smaller and more numerous and appear to be filled with amorphous or
microcrystalline alteration phases. Figure 2 shows the same samples in “normal” SEM mode
(imaged with secondary electrons, instead of backscattered electrons); in this mode, the smooth,
polished uranium-rich areas appear dark. The rougher areas represent alteration minerals filling

6



the cracks and gaps between the metallic portions.

Figure 2. Same sample as figure 1A, but imaged using secondary electrons.

Inferences regarding the relative oxidation states observed in the backscattered electron
photographs were confirmed using the energy dispersive (EDS) capabilities of the SEM. The
EDS produces a spectrum of X-ray peaks with energies that correspond to elements in the
sample. The height of a peak is roughly proportional to the abundance of the corresponding
element. In particular, it was possible to note systematic differences in the relative peak heights
of uranium and oxygen for the various locations noted in figures 1A and lB. Locations (2) and
(5) in the lighter regions have high U/O peak height ratios, thus supporting the conclusion that
these regions are relatively unaltered uranium metal. Points (1) and (6) are located in the highly
fractured region and have U/O peak height rations of-3. Analyses of the points ((4),(7)) from the
highly altered material bordering the cracks have U/O peak height ratios of-1. Point (3), located
in a region of intermediate intensity between that of the metal and the darker gray material ((l),
(6), (4), (7)) has a peak height ratio of -4.

4.2 Electron Microprobe (EMP) Analyses

Further quantitative analysis of a single polished sample was conducted on the EMP in the Earth
and Planetary Sciences Department at the University of New Mexico. The locations of analyses
are shown on the map in figure 3. This is the same region of the sample analyzed by the SEM,
although the image is rotated 180° relative to that in figurel; the image is once again taken in the
backscattered mode (i.e. U metal lightest). The analyses calculated in terms of the major element
oxides are shown in table 1. The two uranium metal analyses (M-1, M-2) have low totals,
suggesting that even the areas that appear as uranium metal are partially oxidized; this result is

7

———-.. —-—I



— —

expected, since polished uranium samples oxidize rapidly. Approximately 5 percent niobium is
present in the least oxidized portion of the sample. Records (SNLA, 1993) indicate that niobium
was a normal component of the alloy used in testing.

.

analyses (table 1). The analysis points are designated “O” for oxide phase, and “M” for
metallic phase.

8



The oxide analyses were initially calculated with uranium assumed to be in the form of UO~.
The results indicate that the sample contains <1 weight percent SiOz with most locations having
<<1 weight percent. Niobium contents range fi-om c 1 weight percent to 17.3 percent with a
mean value of 5.3 weight percent. The variation of niobium contents shows little correlation
with position or backscatter image intensity within the sample. The highest niobium
concentrations were found in the densely cracked portion in the lower region of the map in figure
3, consistent with the elemental maps of figure 4. The irregular distribution may reflect
compositional inhomogeneities in the original U-Nb alloy.

..
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The calcium oxide (CaO) contents are less than 2 weight percent for all locations, with no clear
correlation between calcium content and position in the sample (except that the metallic alloy is
relatively Ca-fi-ee). Thus, it appears that the bulk of the altered material consists mostly of
uranium (and niobium) oxides. In the relatively Ca-rich regions, Ca could be present as CaC03,
or as a structural component of the ur@un oxides. In particular, becquerelite
(CaO@03),”l 1H20) contains only 2.8% CaO by weight, and fonqs readily from alteration of
uranium oxides (Sandiano and Grambow, 1994; Sowder et al. 1996). The average CaO content
in table 1, 0.915 0/0, could imply that 1/3 of the oxidized uranium is present as bequerelite.
Points (7), (8), (17), and (18) have elevated weight percent calcium and low overall weight
percent totals; however, bequerelite contains about 10% water, which would not be detected
directly in the analysis. .,

In table 1, the weight percent of the oxides is determined assuming all uranium occurs as U03.
The analyses for points (9)- (11) and (20)- (23) calculated in terms of UOq gave totals
significantly in excess of 100 percent. Several of these were recalculated ass~ng instead that
the uranium is present as UOZ and the resulting totals were less than 100 percent. At these
locations where the totals are low, when calculated assuming U02, and high when calculated
assuming UO~, it appears that the uranium occurs as hydrous UOz or aSUoz+x,compo~ds,
where x <0.25.

-.
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Table 1. Microprobe Analyses Of Uranium Phases

Uranium Metallic Alloys Expressed as Weight Percent of the Elements

Point # Al Si Ca Nb u o* Total

1 nd 0.01 nd 4.86 91.37 nd 96.23

2 0.006 0.01 nd 5.19 91.17 nd 96.36
P t I 1 I ! 1

Uranium Oxides Expressed as Weight Percent of the Elements

Point # AI Si Ca N-b u o*

1 nd 0.02 0.258 5.17 73.5 17.1

2 0.19 nd 0.45 3.98 71.6 16.5

3 nd 0.08 0.43 5.27 74.3 17.5

4 0.04 0.03 0.22 2.08 77.7 16.7

5 0.02 0.16 nd 0.06 80.3 16.4

6 0.07 0.03 0.35 4.38 71.1 16.6

7 nd 0.05 1.40 0.68 74.5 “ 15.9

8 0.001 ,0.03 1.14 3.87 75.1 17.3

9 0.05 0.14 nd 1.06 82.8 17.3

10 nd 0.02 nd 1.52 84.6 17.7

11 0.04 nd 0.23 1.80 80.8 17.2

12 nd nd 0.28 3.93 75.9 17.1

13 nd 0.01 0.66 5.51 73.4 17.4

14 0.004 0.06 0.63 2.39 75.1 16.5

15 0.01 0.11 nd 0.73 84.5 17.5
16 0.003 0.03 0.54 1.19 68.2 14.5

17 0.002 0.05 1.05 12.11 62.3 18.3

18 nd 0.05 1.09 11.67 61.2 17.9

198 0.004 0.04 0.46 7.41 52.6 14.0

20 0.08 0.29 1.12 2.06 82.1 18.3
21 0.12 0.42 0.97 4.83 82.0 19.6
22 nd 0.06 nd 2.16 81.8 17.5

23 nd nd nd 1.91 83.3 17.6

Total II
96.03 II

=+

93.7

97.5

96.8

96.8 II

92.4 II

+

92.6

97.4

101.4

103.8 II

100.0 II

+

97.2

97.0

%-l
84.5 II
93.8 II

=4
91.9

74.5

103.9

107.9 II

101.5 II
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(Table 1, continued)
Uranium Oxides Expressed as Weight Percent of Oxide Componl

Point # AlzO~ SiOz CaO m,o~

nts

Total

96.0

U03

117 I nd I 0.04 I 0.35 I 7.40 88.3

86.52 0.36 nd 0.62 5.69

3 nd 0.16 0.61 7.54

92.7

89.2 97.5

96.8

96.8

92.4

4 0.07 0.07 0.30 2.98

0.33 nd 0.09

93.4

96.4

85.4

0.045

6 0.14 0.06 ] 0.49 I 6.26

7 nd 89.6 92.6

8 0.001 90.2 97.4

101.49

10

11

0.09

nd

99.5

101.7 103.80.04 I nd I 2.17 I,
nd I 0.31 I 2.57 97.1 100.00.07

91.2 97.2212 I nd I 0.39 I 5.63

13 nd 0.02 0.92 7.88

14 :. , 0.01 0.13 0.87 3.42

15 0.02 0.24 nd 1.05

88.2

90.3

101.5

82.0.

97.01

94.7

102.8

16 0.005 0.07 0.76 1.70 .

17 0.004 0.11 1.48 17.3

18 nd 0.11 1.52 16.7

84.5

93.874.9

73.6 91.9

19 0.007 0.08” 0.64 10.6

20 0.14 0.61 1.56 2.95

63.2. 74.5

103.998.6

98.521 0.22 0.89 1.36 6.91

22 nd 0.14 nd 3.09

23 nd nd nd 2.74

107.9 -

101.598.2

100.1 102.9

I

1

i

I

13
I
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(Table I, COI
Uranium Ox

tinued)
de Composi ons Expressed as Atoms per 5 Oxygens

Si Ca Nb u o Cation
Totals

Point # Al .

, 1 I , ,

0.003 I 0.03 I 0.26 I 1.44 I 5.00 I 1.73nd

nd I 0.05 I 0.21 I 1.46 I 5.00 I 1.75II2 0.03

E
3

4

5

6

7

nd 0.01 I 0.05 I 0.26 11.43 I 5.00 I 1.75

0.006 0.006 0.03 0.11 1.56 5.00 1.71

0.03 nd 0.003 1.65 5.00 1.68

0.005 0.04 0.23 1.45 5.00 1.74

0.004

0.01 [ 1 1 1 ,

0.008 I 0.18 I 0.04 I 1.57 I 5.00 I 1.79nd

E
8

9
10

11

12

13

14

15

16

0.001 0.004 I 0.13 I 0.19 I 1.46 I 5.00 I 1.79

0.008 0.02 nd 0.05 1.60 5.00 1.69

0.003 nd 0.07 1.060 5.00 1.68

nd 0.03 0.90 1.58 5.00 1.70

nd

0.007 , 1 , 1 t

nd I 0.03 I 0.20 I 1.49 I 5.00 I 1.72nd

nd 0.002 I 0.07 I 0.27 I 1.41 I 5.00 I 1.76

0.001 0.01 0.08 0-13 1.53 5.00 1.74

0.02 nd 0.04 1.62 5.00 1.68

0.006 0.07 0.07 1.58 5.00 1.73

0.002

0.005

0.003II 17 0.008 I 0.12 I 0.57 I 1.15 I 5.00 I 1.84

18 nd 0.008 I 0.12 I 0.56 I 1.15 I 5.00 I 1.84

19 0.008 0.007 ] 0.07 I 0.45 I 1.26 I 5.00 I 1.79

20

21

22

0.012 0.04 0.12 0.10 1.51 5.00 1.79

0.06 0.10 0.21 1.41 5.00 1.80

0.01 nd 0.11 1.57 5.00 1.69

0.018

nd
1 , i I ,

nd nd I 0.09 I 1.59 15.00 11.68II23 nd

14



4.3 X-ray Diffraction Analyses

All XRD patterns were reduced to peak 20 values and the corresponding interplanar spacings
(“d”, in ~gstroms). The d values were then compared against the card file from the Joint
Committee on Powder Diffraction Standards (JCPDS, 1992).

4.3.1 Soil Minerals

The soil used for experiment 1 was analyzed by X-ray diffraction, before and after treatment with
dilute HC1. The purpose of the HC1 treatment was to determine whether calcium carbonate was
present in the sample. When treated with HC1 and water, the soil sample effervesced, a positive
indication for the presence of carbonate. The XRD patterns were expected to support this
observation but were inconclusive. ~The primary diffraction peak for calcite occurs at 2Clvalues
of 39.4° (d=3.035 ~) with lesser peaks at 29.4° (d=2.285 ~), 43.1° (d=2.095 ~), 47.5° (d=l .913
~) and 48.5° (d=l.875 ~). Diffi-action peaks are present at these values of 2Elin the soil sample
that was not treated with HC1. However, the peaks do not disappear in the XRD pattern for the
sample treated with HC1. The amount of HC1 added was calculated to be a ten-fold excess over
the amount required to dissolve 10% calcite by weight; however, kinetic constraints may have
prevented larger calcite pieces from dissolving. The chief soil minerals were quartz and feldspar,
and several feldspar peaks overlap the calcite peaks, and the overlap makes a rigorous analysis
impossible. No clay was found via X-ray diffraction, but given that this is an unoriented mount,
clay could still be present in up to 10°/0and not be detected.

.
I

4.3.2 Uranium Phases

The XRD patterns fi-omthe two uranium samples are shown in figures 5A and 5B. Figure 5A is
the pattern for the fine powder, suspended in acetone, which was “drifted” as a thin layer onto a
glass slide; figure 5B is the pattern for the inhomogeneous sample packed into the aluminum
well slide. Both patterns indicate the unambiguous presence of schoepite (UO~”2HzO)in the
samples. The primary schoepite peaks in the sample occurs at a 2e value of 12.0° (d=7.35 @ and
12.3° (d=7.18 ~) in figures 5A and 5B respectively, compared with d=7.28 ~ in JCPDS card #
13-407. However, the position of the low angle diffractions maybe somewhat inaccurate for
these samples as a result of surface irregularities. The secondary peziks occur at 2e values of
24.3° (d=3.65 ~), 27.9° (3.19 ~) and 36.7° (d=2.45 @ in figure 5A and at 24.1° (d=3.68 ~),
27.8° (d=3.20 @ and 36.3° (d=2.47 @ in figure 5B.

The sample mounted on the glass slide (figure 5A) also appears to contain U02. The primary
peaks are at a 2Elvalue of 28.8° (d=3.09 @ with secondary peaks at 32.0° (d=2.72 @, 46.9°
(d=l.94 @ and 56.4° (d=l.68 ~). Both samples appear to have uranium metal in small amounts.
The primary peak in figure 5A is at 37.9° (d=2.37 ~), 39.0° (d=2.31 @ and 34.8° (d=2.57 ~) is
at 38.2° (d=2.35 ~) with secondary peaks at 34.9° (d=2.56 @ and 38.3° (d=2.35 ~). The primary
peak in figure 5B is at 38.2° (d=2.35 @ with a secondary peak at 34.9° (d=2.56 ~).

The possible presence of several other cornpcmcis (including UQ+x, bqu=lite
(CaU,0,9.1 lH,O), UO,, hydrous UO~ and Uqo,) is suggested from fie patterns, but it WaSnot
possible to identi~ these compounds with certainty. For these compounds, the peaks were

!

1

15



——.—.

present at the correct locations but the relative peak heights did not appear correct, or one or
more diffraction peaks could not be located. Some of these peaks may reflect the presence of
compounds other than uranium alteration products. Alternatively they may represent poorly
crystalline uranium phases or uranium oxides that have been hydrated to varying degrees. In
particular, when becquerelite dehydrates, its peaks broaden (Finch and Ewing, 1992), and
intensity ratios probably change as interlayer waters are lost, so it is undoubtedly difficult to
detect small amounts of this phase in X-ray patterns.

16



18

16

0

18

16

a 14
--”Z

c 12
a)
~ 10
■-
a)8
>*-
~

6

g4

2

0

5 10 15 20 25 30 35 40 45 50
,

.i

Ii

1

I I , , , It, I ,,, I , I,,, 1’ , , , I , , i , , i’ , I

5 10 15 20 25 30 35 40 45 50

- degrees2(l

A

..-.-. . .

B

Figure5. X-ray diffractiontraces offinesdrifted onto agIassslide(5A,top) andpacked
intoanaluminum well slide(5BJbottom).

I
,

.-. ——-.—. —..



4.4 Volubility experiments

4.4.1 Experiment 1- Soil/Water

The leachate samples from the initial soil-water experiment were analyzed to determine cation
and anion concentrations as a fimction of time (table 2.). Over the relatively short 10 day period
of this “control experiment” little change was observed in the cation concentrations. The only
noteworthy features are the small excursion on day 8 for Fe, Ca, Mg, Na and K, (though the
cause is unclear), and the slow increase of Ca over time. In addition, the relative concentrations
of the various dissolved components are roughly in the range to be expected. Chloride and
fluoride concentrations decreases slightly over the 10 day experiment but the overall change is
less than 0.5 ppm. The chloride trend exhibits some oscillations, whereas the fluoride trend is
relatively smooth. The sulfate concentration, on the other hand, increases over the 10 day period
from =3.25 to 4.5 ppm. Finally, after an initial drop, the pH stabilizes at the levels to be
expected for air equilibrated with calcite (=8.4; Krauskopf, 1967). Thus, these results suggest
that carbonate dissolution and clay-water ion exchange processes will approach equilibrium

n

within a matter of just a few days.

4.4.2 Experiments 2 and 3- Soil/Water/Uranium

The results of the volubility experiments for the soil-water-uranium systems are shown in figures
6A-C and 7A-C. Major cation, anion and uranium concentrations are plotted versus time. The
only intentional difference between these two experiments was the addition of a piece of DU
wire (1.527 g) for experiment #3. In both experiments #2 and #3, bromide concentrations are
negligible until the final day of measurement. In both experiments, the concentrations of Cl, Na,
~ Cl and F anions remain relatively constant out to the 21st day of the test. Beyond that time
most elemental concentrations show a distinct increase that becomes particularly marked after
day 25. C%NO~-, SOq=,and U show a different behavior in that their concentrations rise
continuously during the test and increase markedly afier day21 of the test.
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Table 2. Fluid Aual.ysis Results

U and UHvalues

Expt. 1 Expt. 1 Expt. 2 Expt 2 Expt.2 Expt 3 Days Expt. 3
Days pH Days U ppm pH U ppm

1 I 8.6 11 I 4.0 I 8.6 11 I 2.9

2 8.6 2 1.4 8.3 2 1.6

3 8.8 3 2.0 8.3 3 2.2

4 8.8 5 3.0 8.2 5 3.1

7 8.5 7 4.0 8.2 7 3.8

8 8.5 8 4.2 8.4 8 4.4

10 9 4.6 8.4 9 4.4

10 5.2 7.9 10 5.5
1 I I ,

I 12 I 6.6 I 8.3- I 12 I 7.1

I I 14 I 2.0 I 14 I 8.4

I I 16 I 9.6 ‘I 8.3 I 16 I 7.8

21 15.8 8.5 21 11.0

25 26.7 8.4 25 13.9-

32 89.7 8.3 32 35.4

. . ..

.

21

Expt.3 pH II

8.6 II

a8.3

8.4

8.3

8.3

8.3

8.4 II
8.3 “ II
8.3 II
8.4 II

.— —..— —. ... -.—.



—— .—— —.

(Table 2, continued)
Cations
Days, Expt. 1 B ppm Mg ppm Ba ppm Cappm K ppm Na ppm Li ppm Fe ppm

1 0.13 3.4 0.07 18.9 5.3 3.7 0.10 0.06

2 0.18 3.9 0.09 22.2 5.2 3.9 0.12 0.02

3 0.12 4.7 0.09 22.4 5.2 3.9 0.13 0.01

4 0.13 4.9 0.09 23.3 5.3 4.0 0.13 0.02

7 0.12 5.4 0.10 24.3 5.0 4.0 0.15 0.02

8 0.14 6.3 0.13 29.7 5.8 4.1 0.16 2.28

10 0.09 5.5 0.08 23.1 5.1 4.4 0.15 0.06

Days,Expt.2 B ppm Mg ppm Ba ppm Cappm K ppm Na ppm Li ppm Feppm

1 3.24 4.2 0.02 7.3 1.8 2.5 nd 0.16

3 0.04 4.4 0.05 8.6 3.0 2.1 0.03 4.54

7 0.03 5.1 0.01 11.2 1.4 2.2 0.04 0.27

9 0.04 3.0 0.01 13.0 1-4 2.4 0.04 0.16

12 0.11 4.2 0.02 14.9 1.6 2.8 0.05 0.35
16 0.04 4.4 0.02 16.6 1.7 3.0 0.06 0.12

21 0.51 5.6 0.02 21.1 1.8 4.6 nd 0.19

25 0.32 7.4 0.03 29.5 2.2 6.0 nd 0.31

32 0.64 12.9 0.09 62.0 7.2 11.5 0.01 1.20

Days,Expt3 B ppm Mg ppm Ba ppm Cappm K ppm Na ppm Li ppm Fe ppm

1 0.13 5.1 0.09 8.0 4.8- 2.1 0.03 9.9

2 0.11 3.0 0.02 8.7 1.6 2.0 0.02 1.6

3 0.05 3.1 0.02 9.8 1.3 2.1 0.03 0.80

7 nd 3.4 0.01 12.3 1.1 2.2 0.03 0.12

9 0.06 3.7 0.02 13.6 1.1 2.6 0.05 0.09

12 0.07 5.8 0.05 14.2 3.1 2.8 0.05 5.55
21 0.23 4.7 0.02 16.8 1.7 4.0 nd. 0.52

I25 0.13 4.9 0.02 18.5 1.5 4.3 nd 0.06
I32 0.12 6.6 0.03 26.4 1.9 5.7 nd 0.47
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Table 2, coutiuued
Anions

Days,Expt. 1 I Fppm Cl ppm SOqppm

0.82 3.2

1.16 3.5

0.47 3.8

0.59 4.0

1 1.01

2 . . 1.05

3 0.80

4 0.79

7 0.72

8 0.71

0.47 I 4.3

0.47 I 4.5

10 I 0.69 0.52 I 4.8

Days,Expt 2 F ppm Cl ppm Br ppm N03 ppm SO. ppm

1 0.32

2 0.42

0.62

0.37

nd I 3.1 1.3

nd I 2.6 1.2

5 I 0.61 0.41 ‘“ “ nd I 3.8 I 1.6

8 I 0.69 I 0.55 I nd I 3.2 I 1.4
I , , ,

9 I 0.50 I 0.53 nd I 5.7 I 1.4

10 I 0.55 I nd I 3.5 I 1.4

14 I 0.51 I 0.53 I nd I 2.0 I 1.2

1.77 nd

nd

7.1

12.2

2.5

3.72.70

7.71 0.99 36.8 10.2

Cl ppm Br ppm N03 ppm

1.1

SOqppm

1.1

Days,Expt3 F ppm

0.63 nd

0.41 nd 2.9 1.1

1.00.45 I nd 2.7
1 I ,

5 I 0.54 I 0.34 nd I 3.9 I 1.3

7 I 0.49 I 0.51 nd 14.0 I 1.3

8 0.69 0.49 nd 2.4 1.4

10 0.74 0.46 nd 3.2 1.3

21 0.52 0.77 nd 5.3 , 2.0

25 10.41 I 0.74 nd I 6.0 I 2.3

32 I 0.38 I 1.28 I 0.33 I 10.5 I 3.4
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5.0 DATA INTERPRETATION

The solution analyses presented in table 2 can be interpreted at several levels. In the following
discussion two approaches are followed: first, empirical relationships in the solution data are
discussed. The insights gained fi-omthese discussions are largely based on the ratios of different
ions and serve to generate a qualitative model of the system behavior. The second approach
taken involves “reaction path” calculations based on equilibrium thermodynamics (and a limited
amount of rate data) to predict the behavior of idealized model systems at times corresponding to
various stages of the experiment. These predictions are then compared to the experimentally
determined solution chemistries in order to evaluate the success of the model, or elucidate
mechanisms not considered in the initial model.

5.1 Empirical Observations

Results illustrated in the concentration-time plots (figures 6 and 7) reflect a combination of
influences. For most of the elements the increased concentration later in the test (experiments 2
and 3) probably reflects the continued evaporation of the fluid. In fact, during the experiment
significant decreases in water level (other than those arising from sampling) were noted. Table 3
contains concentration factors for the principal ions in both experiments. Two columns are listed
for experiment 2, the first reflecting the fill (and rathefextreme) degree of evaporation at the end
of the experiment and the second entry reflects a degree of evaporation (attained after 25 days)
that is comparable to that experienced by experiment 3 during the fill 32 days. Differences in
evaporation rates are thought to reflect differences in the delivery rate of air bubbles to the two
experiments.

Table 3. Evaporation Ratios for Experinlents 2 and 3

Element

Na

Ca

ME

u

NO,

so,
) The day 8 chloride val

Experiment 2 Experiment2

32 Days/3Days ! 25 Days/3Days

5.5 2.9

7.2 3.4

2.9 1.7

36* ! 10.8
21 (14) I 5.2

14 I 3.5

8 I 2.6

~e appears more representative of the early behavior

Experiment3

32 Days12days

2.8

3.0

2.1

11

3.1
3.6

3.1

>fthe experiment.
* The early uranium signal is noisy so the day 1-3 average was used to compute baseline
concentrations.
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For moderate degrees of evaporation the clearest picture of system evolution is presented by
experiment 3 (though with somewhat more noise these trends are supported by experiment 2,
third column, table 2). For most of the ions an evaporation ratio of =3 is suggested. Exceptions
are magnesium (low), nitrate (high) and U (high). The Mg deficit can be ascribed to either ion
exchange properties (on either clays or carbonates), or to the precipitation of a number of
sparingly soluble hydroxide-carbonate salts. The source of the slight excess in nitrate can
probably be attributed to the slow breakdown of natural organic material. The two uranium
values (10.8 and 11) are close enough to suggest the uranium wire in experiment 3had no
influence the overall aqueous chemistry of that system (consistent with the low specific surface
area of the wire). However, to explain the generally higher U evaporation will require more
detailed modeling of the system.

The first column of Experiment 1 (Table 3) suggests that as evaporation progresses additional
processes come into play. Evaporation ratios for all the cations now lag significantly behind
those for the anions and there is also a significant difference between the behavior of chloride or
nitrate, and that of sulfate. The relative behavior of cations and anions can be explained by the
fact that cation exchange is readily possible in soils but anion exchange capacities are limited. It
is likely that as evaporation progressed some cations were sorbed onto the clays.

Two variations on the cation exchange process are possible. In the first case the clay is assumed
to filly saturated with Na and Ca prior to the start of the experiment. As evaporation progressed
the amount of sorbed Na increases relative to Ca in order to satisfy the constraints imposed by
mathematics of the ion exchange equilibria equations. This would alter the solution composition
such that the apparent evaporation ratio for Na would be lower than for C% which is in fact
observed.

Alternatively, other ions such as ~ might also participate in the exchange process. The pH drop
associated with this process would complement that arising from other processes that may also
have occurred as evaporation progresse~ e.g., schoepite dissolution (to form uranyl carbonate
complexes) or magnesium carbonate precipitation. Thus, for a variety of reasons, as the salini~
increased a pH drop might expected. This was not observe~ instead the pH.remained relatively
constant (= 8.4) throughout the experiment. The likely explanation is that other dissolved
components acted as buffers. A cursory examination of the cation: anion ratios Table 2 reveals a
gross excess of cations (+/– early= 9.3, +/–late = 2.2). Given that these slurries were made
using desert soil it is likely that bicarbonate is the missing anion. The levels of bicarbonate
needed to achieve charge balance are about 50 ppm initially and about 140 ppm for the last
sample (assuming uranium is present initially as UOz(COq)z2-and at the end as UOz(CO~)~A).
This modest amount of bicarbonate is sufficient to maintain the pH.

Support for the bicarbonate acting as a buffer can be found in the observation that at the end of
the experiment, calculated system carbonate only triples (or quadruples if one counts the
carbonate associated with the U) while the other anions are concentrated by much larger factors.
While acting as a buffer the bicarbonate would be converted to carbon dioxide and would
subsequently be removed by the air stream being used to agitate the experiment. Thus, the
apparent selective removal of bicmbonate supports the idea that this ion is providing the
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buffering that appears to be taking place as evaporation progresses.

5.2 Modeling

The preceding interpretation was largely empirical. To proceed fhrther requires a quantitative
tool able to handle the complex interactions that evidently took place during the experiment. To
deal with such situations geochemists have developed computer codes such as EQ3/6 (Wolery
and Daveler, 1992) which compute equilibrium assemblages (solid phases and liquid
compositions) as reactants are added, or in this case subtracted, in a step-wise manner. Ion
exchange reactions and the kinetic aspects of the problem are not readily treated by these codes,
in large measure because the supporting databases are fragmentary. The code does allow clay
solid solutions to form, however, and the compositional changes in clays roughly mimics ion
exchange.

The particular model constructed for these experiments fixes the COZpartial pressure at that of
normal air (10-3”5atm). In the first step a water composition similar to the early experimental
water was equilibrated with an schoepite UOZ(OH)Zand an excess of calcite. This equilibration
had the effect of converting the uranium to the more thermodynamically favored phase
assemblage of becquerelite (CaO.(UO~)G.11H20) plus compreignacite (KzO.(UO~)G.11H20). At
the same time bicarbonate and pH levels in this water were fixed by the equilibration of calcite
and the atmospheric C02.

In the second step of the model this fluid was isolated from the solids with which it had
equilibrated. Water was then removed in small increments until at the end 95 percent of the
water had been removed. After each removal step the equilibrium state of the system (minerals
present and coexisting solution compositions) was recomputed. Precipitation of well-crystallized
CaUOAwas suppressed because it is unlikely that it could form in the short time of the
experiment (Seine et al., 1996, found amorphous CaUOq formed over weeks of interaction). In
addition, calcite precipitation had to be suppressed in the calculations, else the calcium
concentrations dropped to unreasonably low values. The suppression of calcite is justified
because it is likely that the presence of Mg would seriously inhibit calcite precipitation, even at
several times oversaturation (Sturnm and Morgan, 1981).

Figure 8 compares the modeled solution compositions (lines) with concentrations measured
during experiment #2 and #3 (symbols). In preparing this figure the experimental data were
overlain assuming a linear relationship between reaction progress and time (e.g. in both cases the
experiments started when no moles of water had been removed and were done when 53 out of a
possible 55.85 moles of water had been removed). In general, modeled and experimental Na, K,
and Ca concentrations agreed reasonably well. In contrast, predicted Mg (not shown)
concentrations were not close to those observed experimentally. However, as mentioned earlier,
Mg was probably involved in a variety of ion exchange mechanisms, or possibly phase
precipitation events, that were not evaluated by the code. Thus, this disagreement in Mg
concentrations is not a serious drawback.
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l’he Ca, Na and K experimental values are in reasonable agreement with the calculations,

mt the uranium experimental values are S1.5 orders of magnitude lower than the
~redictions.

Of more direct concern is the ability of the EQ3/6 code to model uranium behavior, at least under
the assumption of equilibrium. In general, a significant de~ee of undersaturation is evident for
all the experimentally-determined uranium concentrations, even those representing a significant
degree of evaporation. If schoepite is substituted for becquerelite as the volubility-limiting phase
(perhaps more consistent with the X-ray diffraction analyses), the degree of under.$aturation
would have been even larger. The failure to achieve saturation suggests that there is a kinetic
aspect of the problem that cannot be modeled by a purely equilibrium-based approach, at least on
the time scale of the experiments. It is notable, however, that the equilibrium calculations are
generally conservative here, tending to overestimate dissolved uraniuin concentrations.

Although the data on dissolution rates of uranium compounds are fragmentary (table 4), they are
adequate to demonstrate that even though the uranium oxy-hydroxides were immersed in water
for a month, one might still expect to see the degree of undersaturation observed in our
experiments. The rates in table 4 represent the relative times required for complete dissolution of
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representative particles assuming that initial dissolution rates (g”cm-2”sec-])hold throughout the
process. We have assumed particle diameters from 0.001 to 0.01 cm (10 to 100 pm), based on
the spacing of cracks in figures 1-3 (crushing the samples in the mortar and pestle did little more
than disaggregate the sled track material along existing cracks). The assumption of constant
ptiicle diameter generally leads to underestimation of the time for complete particle dissolution,
since the surface areas of real particles usually decrease as they dissolve, slowing dissolution.
However, the solution analyses for experiments#2 and #3 indicate that only about 0.3% of the
initial uranium oxide dissolved in the course of the tests, so the end-stage system behavior is
unimportant in the present analysis.

In compiling these rate data it became apparent that the partial pressure of carbon dioxide and
solution pH were critical variables. The implication is that uranyl caibonate complexes play a
significant role in the overall rate. Probably the most representative times are in the lower half
of table 4 (i.e. 50 to 2.2x104 days). Assuming these rates, one calculates 4 hours to 66 days to
dissolve 0.3% of the uranium in our experiments (the amount required to yield the observed
experimental concentrations). Since the total experiment time was only 32 days, there is a strong
possibility that our experiments were kinetically limited, and not volubility limited.

Table 4. Calculated times to dissolve all Schoepite, l_=25 <, 0.2 atm Oz

Dissol.Rate (g.cm-z-sec-’)and run DissolutionTime,averageparticle Dissolutiontime, averageparticle
conditions diameter= 0.01 cm diameter= 0.001 cm

DR=1.14.10+ 83 days 8.3 days
pH=8.06,pCO@.011 atm ‘A)

DR=l.lO.lO- . 86 days 8.6 days
pH=8.6,pCOz=0.02atm ‘B)

DR=l.88.10-’0 5.0.102days 50 days
pH=9.0,pC02=0.002atm (B)

DR=4.25.10-]2 2.2.104days 2.2.103days
pH=9.82,pCOz=X atm ‘A)

‘) Nguyen et al., 1992; ‘B)Personal comm. Steven A. Steward, LLNL, Sept. 5,1996.

For comparison with our experimental results, the dissolution experiments pefiormed by Casas et
al. (1994) may be the most appropriate. Casas et al. determined schoepite dissolution rates for a
single groundwater composition with a pH of 8.0and containing about 20°/0of our initial
calcium concentrations and four times our initial (calculated) bicarbonate concentrations; the
C02 l%gacitywas that of normal air, =10-35 atrn. Casas et al. found dissolution progressed by a
two step process. The early rapid rate persisted for about 20 days and was thought to represent
dissolution of a more reactive phases (possibly fine particles). Then, for the remainder of their
test (583 days), the rate slowed by a factor of 16. It is thought that this later rate reflects
dissolution of schoepite with grain sizes in the 10 to 100 pm diameter range. We see no
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indication of an early rise in our dissolution data so it is likely that the rates on the later (coarser
grained material) data are more appropriate. The particle sizes in our samples seem very similar
to those used by Casas et al. (based on a comparison of SEM photographs), so we make no
correction for specific surface area. Correcting for differences in sample weight, the Casas et al.
rate data suggests that in 32 days about 2.1X10-3grams of uranium should have dissolved. A
three fold concentration of the initial 500 ml of fluid (due to evaporation) results unpredicted
final concentrations of 12.5 ppm U (experiment 3) and a 14 fold concentration results in a 58
ppm U concentration (experiment 2). Actual final concentrations in our experiments were 90 “
and 25 ppm U for experiments 2 and 3, respectively. Considering all of the uncertainties in the
analysis it is surprising that there is only a factor of =2 difference between calculation and
experiment. This discrepancy could be readily accommodated by differences in surface areas
between the two samples (as illustrated by table 4), or by the fact that the natural material used
by Casas, et al., 1994 was more crystalline than the relatively young material derived fi-omthe
sled track. Using twice the rate supplied by Casas et al. (1994), and assuming an absence of
evaporation, one calculates 290 days for the system to reach becquerelite saturation (about 10-3”5
molar U, figure 1). Once again, this calculated time is significantly longer than that allotted for
the experimental part of this program (32 days). Unfortunately, these rate data were not available
when the experiment was planned in early 1993.

In short, the literature strongly supports the possibility that the U concentrations in our
experiments are the combined result of evaporative concentration and the continuous dissolution
of the uranium source material. No evidence suggests that the uranium had equilibrated-with any
phase. As a consequence it is not surprising that the EQ3/6 modeling of the system failed to
produce an exact match. The computational models do, however, illustrate why saturation is not
achieved even with a 14 fold increase in concentration due to evaporation. As the ionic strength
rises it is noted that the volubility of the source phase also increases. Thus, although the highest
data point on the right side of Fig 10 approaches a value that would have achieved saturation
early in the experiment, the volubility of the becquerelite source material under those conditions
has also risen. In large measure this change reflects the decrease in activity coefficients
computed for the divalent and tetravalent uranyl carbonate complexes as the overall ionic
strength increases.

6.0 SUMMARY

Experimental studies and chemical analyses were used to gain insight about the behavior of
metallic uranium in near-stiace settings, such as the Sandia Sled Track and the GCD site at
NTS. This work demonstrates that even in arid environments the buried metal will quickly alter
to hydrous hexavalent uranium oxides that principally resemble the mineral schoepite. If other
lower valent compounds are present they are restricted to the surfaces of residual metallic
granules and have little effect on the mobility of uranium in theses environments. There is
circumstantial evidence in the chemical analyses that some of the schoepite may have altered to
Ca-uranates such as becquerelite. Other experimental studies (Seine et al., 1996; Sandino and
Grambow, 1994) repoti Ca-uranates fo-g over days to weeks, and thermodynamic modeling
and the general literature on uranium ore deposits suggest the Ca-uranates are ultimately more
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stable than schoepite in most near-surface environments.

To quanti@ the mobility o~uranium in wetted desert soils, a pair of month-long uranium oxide-
soil slurry experiments were ctied out. At various times fluid samples were extracted for
analysis. During the experiments a portion of the water evaporated in a manner that would
mimic the drying of soil after a rainy season. At an empirical level these analyses revealed that
-10 to -100 ppm uranium could be mobilized in the pore waters of freshly wetted soils.

Two types of models wereused to help interpret the experimental results. The computer code
EQ3/6 uses equilibrium thermodynamics to compute stable phases assemblages as reactions
progress (while the code is capable of modeling kinetic dissolution, it was not used in that
capacity for the present study). In this case the principal reactions modeled were the
simultaneous subtraction of water from the system (evaporation) and there-equilibration of the
new fluid with the solids present, notably the uranium mineral becquerelite. This modeling
demonstrated that a number of minerals such as calcite and dolomite probably had not
precipitated during the course of our experiments even though they had achieved significant
degrees of supersaturation. It also demonstrated that the uranium levels remained below
saturation during the entire course of the experiment.

The second modeling effort involved simple kinetic calculations of schoepite dissolution; we
wanted to know if our experimental solutions could remain undersaturated for such a prolonged
period of time. If the kinetic data suggested that saturation should have been achieved, it would
imply that we had failed to identi@ the major mechanism controlling uranium mobility in such
systems. However, there was reasonable agreement between the predictions based on the
literature and the laboratory results, given the uncertainty in effective particle sizes. Thus, it was
concluded that we should not have expected equilibration in the one month time allotted for the
experiments. Lastly we can infer that equilibrium (non-kinetic) EQ3/6 calculations are more
likely to represent reality when used to model uranium-soil-water interactions that take place
over periods of years instead of weeks.

7.0 CONCLUSIONS

The main objective of this study was to evaluate uranium transport from a metallic source in a
near surface environment such as the GCD site in Nevada. A significant finding is that the
metallic phase did not impose reducing conditions on the near-field chemical environment,
possibly because the high porosity of the soil allowed rapid air influx. Hence, uranium volubility
was controlled by hexavalent solids such as schoepite or becquerelite. Depending on the overall
chemistry, tens or hundreds of ppm uranium maybe found in pore waters. This uranium may
subsequently precipitate on the surfaces of other mineral grains as the soil finally dries.

A secondary objective of this study was to test the usefidness of various computational tools in
modeling (and predicting) uranium mobility. This effort met with a qualified success. Reaction
path modeling with EQ3/6 in non-kinetic mode seemed to have the potential for predicting
uranium concentration in solution, given the initial state of the system. This assessment proved
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to be overly optimistic, because the short term dissolution was kinetically limited. Of note were
the ion exchange properties of the soil and a lack of equilibrium in the carbonate and uranium
mineral systems. However, with the EQ3/6 results serving as a baseline, these complicating
factors were readily identified and compensated. Thus, in the end an overall picture evolved that
incorporated semiquantitative assessments of both equilibrium and kinetic aspects of the
problem. With this level of understanding it is apparent that EQ3/6 predictions may be used to
provide forecasts of system behavior for times that cannot be readily addressed experimentally.
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