Micro-Scale Heterogeneity in Biogeochemical Uranium
Cycling

Matthew Ginder-Vogel', Wei-Min Wu" Shelly Kelly?, Craig S. Criddle',
Jack Carley3, Phillip J ardine’, Kenneth M. Kemner”, Scott Fendorf®

! Stanford University, Stanford, CA 94305; 2 Argonne National Laboratory, Argonne, IL 60439;
7 Oak Ridge National Laboratory, Oak Ridge, TN 37831

Abstract. One method for the in sifu remediation of uranium contaminated subsurface environments is the removal of
highly soluble U(VI) from groundwater by microbial reduction to the sparingly soluble U(IV) mineral uraninite. Success
of this remediation strategy will, in part, be determined by the extent and products of microbial reduction. In
heterogeneous subsurface environments, microbial processes will likely yield a combination of U(IV) and U(VI) phases
distributed throughout the soil matrix. Here, we use a combination of bulk X-ray absorption spectroscopy (XAS) and
micro-focused XAS and X-ray diffraction to determine uranium speciation and distribution with sediment from a pilot-

scale uranium remediation project located in Oak Ridge, TN.
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INTRODUCTION

One legacy of the Cold War is uranium
contamination of surface water and groundwater at
mining and nuclear processing sites throughout the
United States. The mobility of uranium in the
environment will in part be controlled by its oxidation
state. In oxic groundwater, uranium is generally found
in the hexavalent oxidation state and readily forms
soluble complexes with carbonate, a common
groundwater ligand. Conversely, U(IV) tends to be
sparingly soluble and thus relatively immobile.

Numerous common, dissimilatory metal and sulfate
reducing bacteria (DMRB and SRB, respectively)
couple the oxidation of organic matter and H, to the
reduction of U(VI), resulting in the precipitation of
uraninite (UQ,) [1]. Thus, microbial U(VI) reduction
may play an important role in the biogeochemical
cycling, particularly in the natural attenuation of
uranium. Current research is exploring the potential of
in situ uranium remediation using native metal
reducing bacterial populations stimulated by carbon
addition [2].

For thirty-one years, trillions of gallons of acidic,
uranium-bearing waste was generated at the Y-12

Facility, Oak Ridge, TN and discharged into the
unlined S-3 Ponds, resulting in the contamination of
groundwater. The U.S. Department of Energy has
established a Field Research Center (FRC) adjacent to
this former waste disposal site to asses the potential of
in situ biological uranium reduction and precipitation
as a means to limit uranium mobility in subsurface
environments. After five years of operation, a pilot-
scale system has reduced dissolved uranium
concentrations several orders of magnitude through in
situ biological uranium reduction [2]. Twenty-five to
fifty percent of the solid-phase uranium in wells
receiving ethanol was in the tetravalent oxidation state.

Given the complex chemistry of uranium in
subsurface systems, it is important to determine not
only its average oxidation state but also its micro-scale
distribution. Here, we present a detailed analysis of
sediment retrieved on October 5, 2005, from well
FW102-3 in Area 3 of the FRC. We use bulk X-ray
absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopy
to determine the bulk oxidation state and chemical
speciation of uranium. We then complement these
techniques with micro-focused XANES spectroscopy
and X-ray diffraction (XRD) to show that reduced
uranium is heterogeneously distributed throughout the



sediment and that rutherfordine (UO,CO;) is one
remnant U(VI) phase after eight months of sample

aging.
MATERIALS AND METHODS
Site Description and Sediment Retrieval

Since August 2003, we have performed in situ
biological uranium remediation experiments in the
FRC Area 3, immediately adjacent to the former S-3
Ponds. Wu et al. [2] provides a detailed description of
the field site and its operation to achieve the in situ
biological uranium reduction.

The sediment was collected from well FW102-3
[2] then stored anaerobically at 4 °C until analysis.
The bulk uranium oxidation state in a sample collected
on October 5, 2005 (day 774) was examined both one
month and eight months after collection. Micro-scale
distribution and speciation of uranium was examined
eight months after sample collection.

Bulk X-ray Absorption Spectroscopy

X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS)
spectroscopy were used to determine the oxidation
state of uranium. Bulk XANES data was collected at
beamline 11-2 at the Stanford Synchrotron Radiation
Laboratory (SSRL). Fluorescence spectra were
recorded by monitoring the U Ly, with either a 13-
(APS) or a 30- (SSRL) element Ge semiconductor
detector. The energy range studied was -200 to +800
eV around the Lyjj,-edge of U (17.166 keV).

XAS data were processed using the SixPACK [3]
interface to IFEFFIT [4]. XANES data were
background-subtracted and normalized to a unit-edge
step. The relative amount of reduced uranium in
samples was determined by comparison of the half
height edge position of each sample to a standard
curve obtained from samples with varying known
mole ratios of UIV)/U(VI). After background
subtraction and normalization, the EXAFS data were
extracted. Phase and amplitude functions for shell-by-
shell fitting were generated using FEFF 7 [5] and the
crystallographic atomic positions of rutherfordine.
Models were fit to the data using the SixPACK
interface to IFFEFFIT, which performs error analysis
and calculates goodness-of-fit parameters.

Solid-phase Micro-analysis
Synchrotron micro-X-ray fluorescence (U—XRF)

Mapping and micro-X-ray absorption spectroscopy
. (L—-XAS) and micro-X-ray diffraction (u-XRD)

measurements were performed on GSE-CARS
beamline 13-ID-C at the Advanced Photon Source
(APS, Argonne, IL). The incident X-ray beam was
focused to a size of 2 x 2 um using two Si mirrors in
Kirkpatrick-Baez geometry. Sediments were mounted
and analyzed as described in Ginder-Vogel et al. [6] .

Micro—XRD patterns were collected on select areas
in transmission geometry using monochromatic
radiation (20 keV) and a MAR 3450 image plate and
analyzed as previously described [6].

RESULTS AND DISCUSSION

The sediment samples retrieved from well 102-3 on
October 5, 2005 were dark-green in color, indicative
of reducing conditions, and contain 857 mg/kg
uranium. The aqueous phase contained: sulfide, 11.4
mg/L; sulfate, 42 mg/L; and residual organic carbon
electron donor, 85 mg/L as COD. XANES analysis of
the sediments within one month of sample collection
confirms uranium reduction, with 30% of the uranium
present in the U(IV) state (Figure 1). Allowing the
samples to age under anaerobic conditions, at 4 °C for
eight months results in the accumulation of an
additional 30% of reduced uranium (Figure 1).

@ 1.8

c 1.6 1

3

2 1.4 1

L 124

o)

U_::’ 1.0 -

5 0.8 ; U(lv) STD

o) R~ U(vl) STD

N 0.6 1 ; .

-V 8 months aging

£ 0.4 1 - 60% U(IV)

S 0.2 1 month aging

Z 50! ‘ ‘ -30% U(lv) |
17140 17160 17180 17200 1722(

Energy (eV)

FIGURE 1. U Lj; XANES analyses confirming uranium
reduction in sediment samples obtained on October 5, 2005.
Samples were analyzed after one or eight months of aging.

The low coordination number (0.57) for the axial
oxygen, obtained from analysis of the EXAFS spectra,
confirms the presence of reduced uranium after eight
months of aging (Figure 2). Furthermore, the EXAFS
analysis reveals the presence of a split equatorial
oxygen shell, with oxygen atoms present at 2.32 and
2.52 A and a carbon atom at 2.93 A (Figure 2), which
may be indicative of a mixture of an uraninite-like
phase and an U(VI)-carbonate phase. However, due to
the lack of uranium-uranium scattering, it is not
possible to further constrain solid-phase uranium
speciation using EXAFS spectroscopy.



Synchrotron micro-X-ray fluorescence (uU-XRF)
mapping of the uranium distribution reveals that
uranium is present throughout the sediment. However,
there are several spots, ranging from 50 to 100 um in
diameter, with approximately 3 times more uranium
counts than the background (Figure 3). Uranium
XANES analysis of these spots reveals that at least
90% of the uranium is present in the hexavalent
oxidation state, while more U(IV) is present in areas of
lower uranium concentration (data not shown). Micro-
X-ray diffraction (u-XRD) patterns collected from ten
areas of high uranium concentration reveal the
presence of quartz and rutherfordine (UO,COs)
(Figure 3). Micro-XRD patterns collected from areas
of lower uranium concentration reveal solely the
presence of quartz (data not shown). Interestingly,
uraninite diffraction peaks were not observed—neither
in areas of high nor low uranium concentration.
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FIGURE 2. Averaged )((k)-k3 (left) and Fourier transform
(right) of x(k)-k3 data (line) and fit (circles) from sample
102-3 after 8 months of aging. Data were fit simultaneously
at k-weights of 1, 2 and 3 with a single E; of -3.5 eV from 0-
4 A, parameters derived from fitting are inset in the Fourier
transform.
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FIGURE 3. XRD pattern obtained from an area of high
uranium(VI) concentration. Minerals identified in the pattern
include quartz and rutherfordine. Inset; microanalysis of
uranium distribution in sediment retrieved from well 102-3
and aged for 8 months. Darker colors indicate more U
fluorescence, with white indicating ~ 1,000 counts per
second and black indicating ~7,000 counts per second.

The success of biological uranium remediation will
be determined, in part, by the extent of solid-phase
uranium reduction. Initially, 30% of the solid-phase
uranium is present in the U(IV) oxidation state. The
proportion of reduced uranium increases to 60% with
seven months of aging. Microanalysis of the sediment
after aging reveals localized areas of predominantly
U(VI), identified as rutherfordine using micro-XRD.
Residual microbial activity due to the presence of
residual electron donor and sulfate and elevated sulfide
levels are likely responsible for the increase in U(IV).
Additionally, it is likely that elevated carbonate
concentrations in the aged sediments result in the
precipitation of rutherfordine. Despite the presence of
60% U(IV) in the sample, uraninite is not detected
using EXAFS spectroscopy or u-XRD, likely due to
the microcrystalline nature of biologically precipitated
uraninite.

ACKNOWLEDGMENTS

This work was funded by the Office of Science
Biological and Environmental Research ESRP
Program, U.S. Department of Energy (DOE) under
grant DOEAC05-000R22725. Portions of this work
were performed at GeoSoilEnviroCARS (Sector 13),
Advanced Photon Source (APS), Argonne National
Laboratory. GeoSoilEnviroCARS is supported by the
National Science Foundation-Earth Sciences (EAR-
0217473), Department of Energy-Geosciences (DE-
FG02-94ER14466) and the State of Illinois. A portion
of this work was conducted at Stanford Synchrotron
Radiation Laboratory, a national user facility operated
by Stanford University on behalf of the U.S.
Department of Energy, Office of Basic Energy
Sciences.

REFERENCES

1. J.K. Fredrickson; J.M. Zachara.; D.W. Kennedy; M.C.
Duff; Y.A. Gorby; SSM.W Li,; K.M. Krupka. Geochim.
Cosmochim. Acta 2000, 64, 3085-3098.

2. W. Wu.; J. Carley; T. Gentry; M. Ginder-Vogel; M.
Fienen; T. Mehlhorn; H. Yan; S. Caroll; M. Pace; J.
Nyman; J. Luo; M. Gentile; M.W. Fields; R. Hickey; D.
Watson; O. Cirpka; J. Zhou; S. Fendorf; P. Kitanidis; P.
Jardine; C. Criddle. Environ. Sci. Technol. 2006, 40, In
Press.

3. S.M. Webb. Sixpack: Physica Scripta 2005, T115, 1011-
1014.

4. M. Newville. J. Synchrotron Radiation 2001, 8, 322-324.
10. P.M. Bertsch; D.B. Hunter. Environmental Science
and Technology 1994, 28, 980-984.

5. A.L. Ankudinov; J.J. Rehr. Phys. Rev. B: Condens.
Matter 1997, 15, R1712-R1715.

6. M. Ginder-Vogel; T. Borch; M.A. Mayes; P.M. Jardine;
S. Fendorf. Environ. Sci. Technol. 2005, 39, 7833-7839.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


