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U.S. Department of Energy—Office of Science

Subsurface Biogeochemical Research

2010 Principal Investigators Meeting

Welcome to the 2010 Subsurface Biogeochemical Research (SBR) Prinegstldators meeting.
The past year has been exciting and productive for your science and for our program. On behalf of
SBR program managers in the Climate and Environmental ScienceoDi(@itSD), Office of Biologi-
cal and Environmental Research, we are looking forward to hearing about the progeess aifyour
projects and your plans for the future.

We sponsor this meeting annually with three major goals: (1) to provide opportunitig®faction
and interchange among the SBR scientists, something that we feeted toithe overall success of the
program; (2) to provide our staff with an opportunity to evaluate the progress of eacl; jaoge(3) to
showcase our program to interested parties within DOE and to other Federakasgenc

This year, we have a very full agenda that includes a Darcy Award lectune ByrDScheibe from
the Pacific Northwest National Laboratory (PNNL) and a Birdsall-Dr&igard lecture by Dr. Susan
Hubbard from the Lawrence Berkeley National Laboratory (LBNL) on Monday afternoon.

To accommodate the large volume of posters and the limited evening time for,pesthasve added
an extra poster session after lunch on Tuesday.While we have compressed the agasmdatdorm-
clude time for the SFA sessions, we have also worked to retain the more relaxkdestdia we imple-
mented last year. We have provided opportunities for discussion and interaction amongaheres-
entations. We have also provided large blocks of time for the evening poster pi@sentach SBR-
funded project will be represented by a poster and at least one of the investigatarl.Us&ethese ses-
sions to explore the progress and plans of each project.

On behalf of the CESD program managers and staff, | thank you for attending this a@etirag.m
We are excited by your progress and anticipate more important advances in our mmissott
DOE's efforts in understanding contaminant fate and transport.. We look forwastmgreach of you
and to discussing your research plans and results.

Best Regards,
Paul E. Bayer

SBR Program Manager
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SBR Contacts

Office of Biological and Environmental Research (OBER)
Program Managers
R. Todd Anderson: todd.anderson@science.doe.gov
Paul Bayer: paul.bayer@science.doe.gov
Roland Hirsch: roland.hirsch@science.doe.gov
Arthur Katz: arthur.katz@science.doe.gov
Michael Kuperberg: michael.kuperberg@science.doe.gov

David Lesmes: david.lesmes@science.doe.gov

SBR Program Office

SBR Program Support Office
Terry C. Hazen (LBNL): TCHazen@Ibl.gov

SBR Program Administrator
Carol Valladao (LBNL): CAValladao@Ibl.gov

SBR Program Editor
Dan Hawkes (LBNL)

SBR Administrative Assistance
Theresa Pollard (LBNL)

SBR Program Document Production/Web Administration
Sam Wright (LBNL), Sherry Seybold (LBNL)
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Subsurface Biogeochemical Research
Contractor-Grantee Workshop
March 29-31, 2010
JW Marriott Hotel
Washington, DC

Preliminary Agenda

Monday, March 29

7:00-8:30am

Registration

8:30-10:15am Accomplishments and the Road Ahead

10:15-10:45am

10:45-12:15pm

12:15-2:00pm
2:00-5:00pm

5:30-8:00pm

8:30-8:45am  Dr. David Thomassen , Chief Scientist, Office of Biological and Environ-
mental Research

8:45-9:15m Mr. Paul Bayer , Climate and Environmental Sciences Division

9:15-9:45am  Dr. David Lesmes , Climate and Environmental Sciences Division
Title: Complex System Science for Subsurface Fate and Transport

9:45-10:15am Dr. Juan Meza, Lawrence Berkeley National Laboratory
Title: Advanced Simulation Capability for Environmental Management

Break
Darcy and Birdsall-Dreiss Lecturers

10:45-11:30 Dr. Timothy Scheibe, Pacific Northwest National Laboratory
Title: Darcy Lecture

11:30-12:15 Dr. Susan Hubbard, Lawrence Berkeley National Laboratory
Title: Birdsall-Dreiss Lecture

Buffet Lunch (Research Team Meetings)
Breakout Sessions: Microbiology, Biogeochemistry, and Transport (TBD)

Poster Session | — Hors d'oeuvres and Refreshments (Cash Bar)

Abstracts
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Tuesday, March 30

8:30-10:15am Plenary Session

8:30-8:45am  Dr. Anna Palmisano, Associate Director, Office of Biological and Envi-
ronmental Research

8:45-9:15am  Dr. Mary Firestone , U. of California Berkeley
Title: Using Ecological Theory to Evaluate Microbial Community Trajec-
tories During Uranium Bioremediation

9:15-9:45am  Dr. Dwayne Elias , Oak Ridge National Laboratory
Title: Progress in Understanding Mercury Biotransformations: From Mo-
lecular Modeling to Microbial Community Dynamics

9:45-10:15am Dr. Yuri Gorby, J. Craig Venter Institute
Title: Bacterial Nanowires and Extracellular Electron Transfer to Heavy
Metals and Radionuclides by Bacterial Isolates from DOE Field Research
Centers

10:15-10:45am Break

10:45-11:15am Dr. Haluk Beyenal, Washington State U.
Title: Microscale Metabolic, Redox and Abiotic Reactions in Hanford 300
Area Subsurface Sediments

11:15-11:45pm Dr. Jon Chorover, U. of Arizona
Title: Release of Aged Contaminants from Weathered Sediments: Ef-
fects of Sorbate Speciation on Scaling of Reactive Transport

11:45-12:15pm Dr. Max Boyanov, Argonne National Laboratory
Title: The Influence of Ligands on the Formation of Non-uraninite U(IV)
Phases During Biotic and Abiotic U(VI) Reduction
12:30-3:30pm Poster Session Il — Box Lunches Provided
4:00-5:00pm  Plenary Session
4:00-4:30pm  Dr. Annie Kersting, Lawrence Livermore National Laboratory
Title: Science Focus Area: Actinide Transport at Environmental Condi-
tions - Nanoscale and Picomolar
4:30-5:00pm  Dr. Don Baer, Pacific Northwest National Laboratory

Title: New Capabilities at the Environmental Molecular Sciences Labora-
tory (EMSL) — a DOE/BER Scientific User Facility

5:30-8:00pm  Poster Session Il — Hors d'oeuvres and Refreshments (Cash Bar)
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Wednesday, March 31

8:30-10:00am Plenary Session

8:30-9:00am

9:00-9:30am

9:30-10:00am

10:00-10:30am Break

12:00pm

10:30-11:00am

Dr. Yi Lu, U. of lllinois at Urbana-Champaign

Title: Development and Fundamental Understanding of Catalytic DNA
Biosensors for On-site and Real-time Detection and Quantification of Ra-
dionuclides and Metal lons

Dr. Lee Slater, Rutgers U. at Newark

Title: Geophysical Characterization and Monitoring of Groundwa-
ter/Surface-Water Interaction in the Hyporheic Corridor at the Hanford
300 Area

Dr. Andre Revil, Colorado School of Mines
Title: Advanced Self-potential and Induced Polarization Inversion: Devel-
opment and Use for Investigating Natural Recharge Processes

Dr. Thomas Johnson , U. of Illinois at Urbana-Champaign
Title: Tracing Contaminant Transformation, Immobilization, and Trans-
port Using Cr, U, and Hg Isotope Ratios

11:00 - 12:00pm Dr. Margaret Torn, Lawrence Berkeley National Laboratory

Title: Carbon Cycling in Terrestrial Ecosystems: Research Challenges
and Opportunities

Close-out and Adjournment

Abstracts
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Understanding the Subsurface Reactive Transport of
Transuranic Contaminants at DOE Sites

Grantee-Led Research
M. Barnett (PI) Auburn U; J. Saiersyale U; T. Albreact-SchmittNotre Dame U.D. Shuh LNBL

We know much less about the subsurface fate of Np and Pu than we do of their fellow D@ priori
contaminants Cr, Tc, and U. Our primary hypothesis is that transuranics can wntdracirfaces in
fundamentally different ways than other metals, metalloids, and oxyanions—yranreductive surface
precipitation from undersaturated solutions. We propose to test our hypotheses by shedgorgtion
of Pu and Np to representative heterogeneous subsurface materials from colg@fietdtsites at Han-
ford and SRNL. We will also connect our macroscopic laboratory observations atétosthe-art syn-
chrotron x-ray speciation studies to develop and quantitatively test our conceptulal mode

We are developing our experimental techniques using oxidation state analogues, fthO{y8§,
for Pu(lV) and Pu(VI), respectively. Like Pu(lV), Th(IV) is extremeaigoluble over the pH range of
natural waters, but the actual values vary widely. Thermodynamic modeliogteslihat Thejs) is ap-
proximately six orders of magnitude less soluble than Th{@Hhh). However, at pH >2.5, the dissolu-
tion of ThOy(s) is irreversible, and the solubility of Th(IV) becomes controlled by Th{@Hhkh) making
sorption and dissolved phase transport an important process. Simultaneously, procediresrhese
tablished for preparing solutions of both Np and Pu in desired oxidation states without the addition of
reagents that might interfere with subsequent reactions. Np(IV), Np(W,INBu(lIl), Pu(lV), and
Pu(V1) solutions are all available for study.

We will conduct column experiments to study transuranic transport and partitioningebhetalmid-
al, dissolved, and immobile-solid phases during steady flow and during periods of transesat@or
flow and chemistry. The column experiments will be carried out separatélywiand Np and their ana-
logues and distinguished on the basis of porewater pH, ionic strength, DOC concentration, and porous
media composition. These data will be the first of their kind and critical to adgahe development of
a mathematical model suitable for making inferences on Pu and Np mobility witfinsBdiments. We
will proceed with the theoretical development by modifying our published models fordefaltiiitated
contaminant transport to appropriately account for the mass-transfer mechidwaisregulate Pu and Np
mobility.

The activities and preparations for the synchrotron radiation (SR) investigi@ind experiments
have been under way since the recent start of the research program (August 20@8)e Ween plan-
ning and preparing for the first preliminary SR experimental charactenzaftinative soil materials by
STXM at the ALS-MES Beamline that is planned for the ALS. These are prsitedsi XM characteri-
zation experiments for examining these same soils after they have been dubjesotption with Pu and
Np. Similar hard x-ray experiments that will give the microscale plustuisons will be performed at
ALS and/or SSRL. The information to be extracted from both sets of soft and hard x-ragnerfseare
the overall composition, elemental distributions, speciation of the constituents, avetak associa-
tions present. The investigations at the ALS-MES STXM will providecadiinformation about the im-
portance of colloids in these systems.
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Measuring Channeled Flow in Fractured Bedrock: Appl ication of Harmonic
Hydraulic Interference Testing

Grantee-Led Research
M. Becker (PI)Cal State Long Beacle.P. TsofliasyJ. of Kansas

The highly non-uniform flow of water through fractured bedrock complicates renoedsaid pre-
diction of groundwater contamination. In particular, channeled flow obscures estohateface reac-
tions and matrix diffusion. Our exploratory project is to develop field methods thatpateleaf esti-
mating complex flow “connectivity” among remediation and monitoring wells, and #pgde methods
to constrain reactive transport parameters. Our two primary tools arefigrhainterference hydraulic
tests and (2) multi-tracer breakthrough tests. These tools will be confirroadl@drock research site
using surface ground penetrating radar (GPR) to image the fracture apettivetaia and the path of
tracer transport. Here, we present initial results of the hydraulicges

Field experiments were conducted at the Altona Flat Rock fractured sandstomdlisretite value
of these tests for establishing interwell connectivity. Sinusoidal headatistillvas induced in one well
and the propagation of the pressure pulse through a single fracture was measured inri@iioobse
wells. Pressure response was interpreted by nonlinear regression fittieghgtitaulic diffusion equa-
tion to drawdown. Hydraulic diffusivity (transmissivity / storativity) @rted from these tests were found
to be much more sensitive to local heterogeneity than traditional constantheit®) (€sts.

Laboratory measurements of matrix diffusion are under way. The 2010 summer fiekl wébfo-
cus on GPR measurements of fracture aperture and tracer migration. In the 2014 feelthseason, we
will complete the multi-tracer diffusion experiments.
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Microscale Metabolic, Redox, and Abiotic Reactions in
Hanford 300 Area Subsurface Sediments

Grantee-Led Research

H. Beyenal (Pl)Washington State tJJ. FredricksonPNNL; J.S. McLeanJ. Craig Venter Institute
B. Cao,Washington State {JP.D. MajorsPNNL

We are applying novel microscale experimental approaches to understand how meidriosicaand
abiotic reactions and their combined interactions control uranium mobility in the sadesatfHanford’'s
300 Area. To initially study biotic and abiotic factors controlling uranium imrgatiibn and remobili-
zation, we prepared flow-through column reactors using core samples from the Hanforeg80ERC
site. Uranium was successfully immobilized in all the columns. U L(Ill) ed§eES (in collaboration
with K. Kemner, Argonne National Laboratory via his support from the PNNL FSA) showaeda-
85% of uranium immobilized in organic stimulated sediment samples was in thevd(#vice state.
However, samples from nonstimluated columns contained solid phase-associatbd U(\l} valence
state, likely uranyl adsorbed to metal oxides as revealed by U L(lll) edg&&XA addition, Fe and Mn
were solubilized from the organic stimulated column, probably due to microbial rexidigsolution.

Microscale physiochemical conditions at the interface of sediment and grounawéheorganic-
stimulated sediments from the column reactors were studied using miclmedsctRedox potential, dis-
solved oxygen, pH, andhbrofiles in the sediments within microscale range were obtained under both
aerobic and anaerobic conditions. The effects of uranium addition into the system on thieshgimys
cal conditions were also studied. Our results showed that there were siguiiiferehces between ma-
croscale and microscale conditions near the sediment-groundwater interfafoewid/éhe presence of
H, in the sediments but not in the bulk phase. There were significant redox profilesrbétevbealk and
in the sediments. In addition, we have developed novel microelectrodes to measureamegryirations
and successfully measured uranyl concentration profil8s@wanella oneidensMR-1 biofilms.

NMR (EMSL) was used to monitor spatial and temporal metabolite concentrationsagerthl-transport
rates within live biofilms. Using pulsed-field gradient NMR methods, we uneds situ two-
dimensional effective diffusion coefficient maps of wateBiewanella oneidendsofilms, and ob-
tained surface-averaged relative effective diffusion coefficiesfilps. This variation of effective diffu-
sivity by time will be critically important in modeling uranium diffusion nés subsurface. We are cur-
rently using NMR to study the live metabolism of biofilms and the metabolic andustaiuesponse to
the influx of U(VI).

We completed the design of a reactor, which allowed us to poise an electrode surf@esir@odapo-
tential and directly image cells for quantification. The system wagdtbgtgrowing biofilms from dis-
persed single cells on electrodes (as analogs to solid-phase electron apeeptouantifying electron-
transfer rates on a per cell basis over time. Remarkably, we found that evepriesdrece of oxygen,
single cells on a surface have the ability to transfer electrons to gphake-electron acceptor. This in-
dicates that very thin biofilms could generate enough reductive activity toeetiabimilatory metal re-
duction in subsurface microenvironments even under bulk aerobic conditions. This findibgngill
new mechanistic explanations to uranium mobility in Hanford 300 Area sediments.
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Reactivity of Iron-bearing Phyllosilicates with Ura nium and Chromium

through Redox Transition Zones
Grantee-Led Research

W. Burgos (Pl)Penn State JH. Dong,Miami U. of Ohig
K. Kemner,ANL; J. ZacharaPNNL

This project will perform thermodynamic, kinetic, and mineral structural fudighe reactivity of
phyllosilicate Fe(ll/Ill) with metal-reducing bacteria, and with two intaot poly-valent DOE contami-
nants (Cr and U) that show high mobility in their oxidized state. Both of these contasranairhpor-
tant from a risk perspective at the Hanford site, while U is ubiquitous throughout théeD&ry com-
plex. We focus on Fe-bearing phyllosilicates because these are important compbtientsactive,
fines fraction of Hanford, ORNL, and INL sediments. Moreover, their complex redox pegpaniil
reactivity are not well understood, and relatively little SBR re$elaas targeted their biogeochemical
behavior. Consequently, there are no credible reaction-based models that can be sseitbéctiuie bio-
geochemical contributions of phyllosilicate redox reactions to the subsurfacéyrafdd, Cr, or other
polyvalent contaminants (including Tc), as needed to successfully meet IBB&®rm measure.

Because of the high abundance of phyllosilicates as the primary solid-phase redoatlaiffleOE
IFRC sites, the fate and transport of U and Cr will likely be controlled by tlesitivity with Fe-bearing
phyllosilicates. However, thermodynamic redox properties of phyllosilicatesétuction potential,’E
required to model the fate and transport of U and Cr are currently lacking. Both spelzisnminerals
and IFRC clay-sized fractions will be examined, in both simple background efezdrahd synthetic
IFRC groundwaters, to provide sufficient understanding of the complex redox processsnhgiwllo-
silicates and U and Cr under field-relevant conditions. Our results should impraoaeildyrto model
the fate and transport of U and Cr at the field scale.

Our proposed research is based on the following related hypotheses:

1) Thermodynamic favorability of phyllosilicate-Fe(ll) towards redoxxactiontaminants (U, Cr,

NACSs) is determined by Fe(ll) concentration and phyllosilicate physicochéprioperties.

2) Kinetic reactivity of phyllosilicate-Fe(ll) towards reduction of U(\did Cr(V1) is controlled by
the distribution of Fe(ll) within each phyllosilicate mineral (surface-cewed, interlayer-
exchanged, and structural Fe(ll) species).

3) Kinetic reactivity of U(IV) oxidation by phyllosilicate-Fe(lll) is deteined by Fe(lll) concentra-
tion and speciation within each phyllosilicate mineral.

4) Biological reduction of phyllosilicate-Fe(lll) followed by reoxidation of phyilieate-Fe(Il) will
irreversibly alter the physicochemical properties and reactivity ofbearing phyllosilicates
towards uranium and chromium.

We propose to study three specimen phyllosilicate minerals that represen¢mbénwith respect
to Fe(lll) and Fe(ll) content and anticipated reactivity towards U and Cr, azel [fFRRC clay-sized frac-
tions (two from Hanford and one from Oak Ridge) that represent critically iengortinerals for each
site. We propose to conduct bioreduction experiments with individual specimen phytesiiimeral or
IFRC clay-sized phyllosilicate fraction inoculated with a single Bef@dlucing bacterium. We propose
to conduct these experiments with Fe(lll)-reducing isolates obtained from Hantbf@bk Ridge sedi-
ments. At the end of bioreduction, cell-clay suspensions would be pasteurized, res(tii\spEcies
would be characterized and quantified, and physicochemical properties of the phatesiiould be
determined. The Hvalues for the phyllosilicates would be measured, and the reactivity of phgitesil
Fe(ll) towards U(VI), Cr(VI) and nitroaromatic compounds (NACs) would be testecediiced phyllo-
silicates would also be used in reoxidation experiments to evaluate the ibitae i phyllosilicate-
Fe(lll) & phyllosilicate-Fe(ll) a phyllosilicate-Fe(lll), and tottédse reactivity of phyllosilicate-Fe(lll)
towards U(IV) (uraninite) reoxidation.
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Designing a Spectroelectrochemical Sensor for Perte ~ chnetate Applicable
to Hanford and Other DOE Sites

Grantee-Led Research
C.S. Seliskar, W.R. Heinemad, of Cincinnatj S.A. Bryan, S. Chatterjee (PI)PNNL

The general aim of our work currently funded by DOE is the design and implementationiof a ne
sensor technology that offers unprecedented levels of specificity needed ysisaoithe complex
chemical mixtures found at DOE sites nationwide. This project involves a vexgssial collaboration
between scientists at the University of Cincinnati (UC) and sevetfa¢ &acific Northwest National La-
boratory (PNNL) and the Environmental Molecular Sciences Laboratory (EM8k)gdal of the work
is the continued development of a sensorfbe that is applicable to characterizing and monitoring the
vadose zone and associated groundwater. The single focus is pertechnetateyhicd®is considered to
be the dominant species in the vadose zone and groundwater. The sensor will have thiy éapabili
site monitoring, either by immersion in subsurface water for continuous monitoriagtbefimmediate
analysis of collected samples. The project builds on the substantial progresdledsiakéished UC-
PNNL collaboration which provides the wide range of expertise needed for suspessoscopy, elec-
trochemistry, device fabrication, thin film technology, synthetic inorganic ighemexperience with Tc,
and facilities for handling radioactive isotopes.

The sensor consists of an innovative fluorescence-based spectroelectroctenfigaration that
we have developed under our previous EMSP grants. The spectroelectrochemicdlashbsen dem-
onstrated on a variety of chemical systems, including an authentic tank wagte Bam Hanford. The
following benchmarks have been met:

« Synthesized a range of low oxidation state dioxo Re-complexes of formula(fRRD,
[ReO,(CN)4]", [ReG(PNP),]" and [ReQ(SNS),]*. These complexes can be readily synthesized
from ReQ at ambient temperatures and display fluorescence in fluid solution. The thesnis
now being extended to analogous Tc complexes.

e Synthesized lower oxidation-state Tc-complex [Tc(drjped use as a model compound for de-
veloping Tc sensors. It exhibits the important properties of solution fluoresdesrodiant
temperatures and reversible electrochemistry.

o Fluorescence spectroelectrochemistry initiated for [Tc(dghpahd preconcentration at SSEBS
with electrochemical modulation of fluorescence signal demonstrated.

e TcOy shown to preconcentrate in sensor films containing anion exchange polymers and to un-
dergo electrochemical reduction.

« Dual analyte model system developed: preconcentratédPth F&" detected by optical strip-
ping voltammetry anéh-situ ligand complexation followed by redox modulation of absorbance.

e An exhaustive study of the spectroscopy and electrochemistry of Re(diiming(}{{@l@g).

These will serve as models for the Tc(diimine)(¢@ylide) that can readily be formed from
Tc(CO)(halides). which are constituents of tank waste samples from Hanford.

o Portable instrumentation for fluorescence spectroelectrochemical sebsoated and tested.

e Study of effects of components in Hanford subsurface water on sensor performarted ivitia
evaluation of effect of total ionic strength on sensitivity.
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Release of Aged Contaminants from Weathered Sedimen  ts: Effects of Sorbate
Speciation on Scaling of Reactive Transport

Grantee-Led Research

J. Chorover (PIU. of Arizona K. Mueler,Penn State UJP. O’'Day,U. of California MercedW. Lim,
PNNL C. SteefelLBNL; A. Thompsonl. of Georgia N. PerdrialU. of Arizona H.-S. ChangPNNL
N. Rivera,U. of California-Merced C. StrepkaPenn State U.

Sediments impacted by tank leakage of caustic high level radioactive east undergone incon-
gruent silicate mineral weathering concurrent with contaminant uptake. In teatowork, we are
studying the impact of background pore water (BPW) on strontium, cesium, and iodine desorgti
transport in Hanford sediments previously reacted with simulated tank waskate (STWL) solutions.
Using lab-weathered Hanford sediments (HS) and model precipitates formedrdwieation from ho-
mogeneous STWL solutions (HN), we are (1) providing thorough characterization tafmgaoducts
over a matrix of field-relevant gradients in contaminant concentration, PCOZauimn time; (2) im-
proving molecular-scale understanding of how sorbate speciation controls contamsoapticlie from
weathered sediments upon removal of caustic sources; and (3) developing a mechsedstiive mod-
el of contaminant reactive transport under these conditions.

Characterization of STWL reaction products using EXAFS, NMR, EM and quanti¥fizeindi-
cate the importance of STWL reaction conditions on the kinetics of mineral traasifam during con-
tact with STWL (native silicates & zeolite a sodalite a cancrinited.pfesence or absence of Ll0ring
HN affects solid phase templating and growth of either zeolite X (n9 @Qodalite/cancrinite (with
CO,), either of which sequester nitrate, Sr, and Cs into distinct sites. Concentrafi@Gpato affects
calcite weathering in HS, wherein greater dissolution 6t @aabsence of C{promotes stratlingite
formation in the STWL-impacted sediments.

Saturated and unsaturated column experiments are being conducted to assess theflanatami-
nant desorption from HS and HN products upon leaching with BPW. For sediments weathered at low
contaminant concentrations, reactive transport (CrunchFlow) modeling of HS columefients is
consistent with rapid | desorption from a paucity of anion exchange sites, and stodesdafption from
illitic frayed edge sites on native illitic sediments--whereas Sorgéisn is best fit by aluminosilicate
dissolution reactions. However, results from HN column experiments and quanigivef BPW-
leached HS samples suggest that contaminant desorption from the neoformesl aedlftddspathoids
can also occur via ion exchange with minimal mineral feldspathoid dissolution. Henceghamge
reaction or contaminants within the neo-precipitates themselves need to be inedrjpdoafuture ver-
sions of the transport model.

Hanford sediments reacted for 12 months with various STWL solutions were alsoexlibpefoiur
24 h dry/wet leaching cycles with BPW. After each drying event, largepNiSes were observed in ef-
fluents, but these were not accompanied by corresponding Si pulses that would signahtettidjsso-
lution. Wetting-drying increased N@esorption 4-5 fold over continuous flow experiments. Sr and Cs
desorption is enhanced in the dry/wet cycle experiments relative to continuoutedaturansaturated
flow, except for cases where g®as eliminated from the STWL weathering reaction.

Our results to date indicate that STWL composition, R@@d reaction time strongly influence con-
taminant sequestration mechanisms and, therefore, the rate and extent of subseqbgizatEmn and
transport in Hanford vadose zone sediments.
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Evaluation of Membrane-Delivered Hydrogen for Stimu  lating In Situ Reduction
of Nitrate and Uranium

Grantee-Led Research

L. Clapp (PI), K. Jones, J. Cabezas, Y. Gamboa, W. Fernandez, S. Wang, E. Ogungbe, S. Narsing, E. Lo-
pez, D. Gulieof—Fexas A&M U—KingsvilleD. McCoig, R. Grant, C. Bartelsbranium Resources, Inc.

Using laboratory aquifer-sediment column studies and a parallel fieldggoaledwater recircula-
tion study, this project is evaluating the feasibility of delivering dissolveddagn to the subsurface to
reduce and immobilize uranium in groundwater with high nitrate concentrations. The ctldmiss
comparing the efficacy of hydrogen and ethanol for: (1) achieving denitrificattboranium reduc-
tion/immobilization, (2) avoiding porous media bioclogging, and (3) minimizing U(M)plexation and
stabilization by carbonate. The field study is evaluating hydrogen transfsf efficiencies and asso-
ciated uranium and molybdenum reduction/ immobilization efficiencies iatsitu recovery (ISR) min-
ing site. The research is being driven by the following hypotheses:

1. A sediment column supplied with membrane-delivered hydrogen will achieveicaguly high-
er nitrate and uranium removal rates than a parallel ethanol-fed sediment cohilam|so re-
sulting in significantly less bioclogging and associated decline in hydraulductivity.

2. A sediment column supplied with membrane-delivered hydrogen will have sigrifitamt
er carbon dioxide partial pressures and carbonate concentrations than willel ptiratiol-fed
column; the lower carbonate concentrations will make U(VI) less resistaeduiction and im-
mobilization, while making U(IV) more resistant to reoxidation and mobilization.

3. In the field, dissolved hydrogen can be transferred to the subsurface economiceiiyntiff
and safely using sparging in combination with groundwater injection and extractisn Tved
will stimulate growth or uranium- and molybdenum-reducing bacteria without caarginigr
bioclogging.

To test the first two hypotheses, three columns were packed with ORNL sedinkfgd aranium-
contaminated groundwater spiked with nitrate. To stimulate denitrification @/igl idduction/ immobi-
lization, the first column is supplied with membrane-delivered hydrogen, the secbrethehol, and the
third with no exogenous electron donor (as a negative control). To test the third hypoppesisnmate-
ly six pore volumes at the field site were saturated with dissolved hydrogen (-y@imgen/L at a hy-
drostatic head of 340 ft) over a two-month period, while the groundwater was reeulcatl@ flow of 44
gpm between the injection and extraction wells. A tube trailer (120,000 scf) was usadterthydro-
gen to the aquifer formation at ~1750 scf/day. A bromide solution was added to the injecteldvgteun
at 10 ppm as a tracer.

The column study results, to date, indicate that hydrogen and ethanol promoted rapid deairific
and resulted in equivalent headloss increases across the columns. The continual imaie efpeared
to inhibit U(VI) reduction and immobilization. Decreasing nitrate loading coidcidéh decreasing
headlosses and accumulation of dark precipitates in the hydrogen- and ethanol-fex$ doliitas not
yet resulted in significant uranium or molybdenum removal. In contrast, tHesfigly results, to date,
show that hydrogen delivery has coincided with a 95% reduction in dissolved uranium cdiocefura
about one pore volume of extracted groundwater. However, after an initial reduction, malybztn-
centrations have rebounded significantly.
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Microbial Activity and Precipitation at Solution-So lution Mixing Zones
in Porous Media

Grantee-Led Research

F. Colwell (P1), R. Armstrong, M. Elam, G. lltis, D. Wildenschild, B. Woo@+egon State U.
S. Bugni, R. Gerlach, A. Mitchell-Montana State \JL Guo, H. Huang, G. ReddeiNL

The transport, displacement, distribution, and mixing of one or more reactive ageqtsnsd to
enhance biological and chemical processes in the subsurface. Biological and loteawimas that oc-
cur at a molecular scale must be translated to the meter scale if such phea@ersuccessfully
achieve a desired result in porous media. Our objective is to experimentallytehaesand computa-
tionally describe the growth, evolution, and distribution of microbial activity andratif@mation in
porous media that receive two or more reactive amendments. Our model systdmexicourage mi-
crobial urea hydrolysis and the associated mineral precipitation (§a@rocess promoted as a means
to co-precipitaté’Sr and other divalent cations. Using this system, our experiments will move through
different lab scales to visualize and quantitatively describe the spdaiadnships between amendment
transport and consumption, stimulating biomass and mineral development that prelyressdifies the
permeability and heterogeneity of porous media. Initial experiments have exaharfeddibility of us-
ing different microbes to propagate calcite precipitation, while permittisgu characterization of bio-
mass growth, activity, and mass deposition in one- and two-dimensional microffoadetlls. Prelimi-
nary examination of flow cells using light and confocal scanning laser microscopyraatron-based
x-ray tomography has enabled a distinction between porous media solids, biofilm, and poré/space
are testing different mixing scenarios at progressively largerssaatewill eventually test heterogeneous
porous media and microbes native to a candidate field site. Pore-scale simwatiaddress upscale
and volume averaging of media properties. The research will define the keggbhgtsemical, and bio-
logical processes that influence the form and mobility of DOE priority contarsieut *°Co, *°Sr, U)
in the subsurface and expand our current understanding of how scaling affects the mixingyandadeli
nutrients in biogeochemically dynamic porous media systems.
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Microbial Community Trajectories in Response to Acc elerated Remediation of
Subsurface Metal Contaminants

Grantee-Led Research

R. A. Daly (PI1), C.A. Osborne, H. C. Lim, Y. Kim, D. Bradbury, D.J. Hermé&h-ef California-
Berkeley J. Wan, T.K. Tokunaga+BNL; Z. He, J. ZhoulJ. of OklahomaE.L. Brodie,LBNL;
M.K. FirestoneU. of California-Berkeley

Remediation of subsurface metal contaminants at DOE sites involves miengmhanisms of oxi-
dation/reduction or complexation, which are controlled in large part by the ecology otctio®iali
community. Recognizing and quantifying the relationships between community strdanhetion, and
key environmental factors may yield quantitative understanding that can infura flecisions on re-
mediation strategies. We have previously found that U bioreduction and maintenancegiémus U
concentrations is strongly dependent on the organic carbon (OC) supply rate. Oualssshewed
that OC supply rate had a significant effect on microbial community structure, tivhieffect of two
different OC types was secondary over the duration of the experiment. The diféedbengeen commun-
ities attributable to different rates of OC supply diminished through time, déspitact that different
rates of OC supply resulted in different environmental conditions within the columreth€ogghese da-
ta indicate that microbial communities stimulated for bioremediation mayf@iedictable trajectories.
Based on our prior work, and operating under the premise that microbial communities camdiieaont
and predicted, as well as the resulting remediation capacity, the objectivescofrent project are to:
(1) determine if the trajectories of microbial community structure, compostid function following
OC amendment can be related to, and predicted by, key environmental determinantsasses&he
relative importance of the characteristics of the indigenous microbial goitynsediment, groundwater,
and OC supply rate as the major determinants of microbial community functional eegpdnsioremed-
iation capacity. We are analyzing three sediments (Oak Ridge, TN; Ritesiénford, WA) and their
microbial communities using a reciprocal transplant experimental desigal ¢hiédracterization of the
three sediments show that they vary in mineralogy; particle size digtinbbtilk density; base cations;
CEC; SAR,; iron, manganese, phosphate, and sulfate concentrations; organic and inarganicon-
centrations; pore-water chemistry; and microbial community size and corapoSbiow-through reac-
tors, receiving simulated groundwater at two OC supply rates, are being deslysatmpled over a pe-
riod of 18 months. Microbial community trajectories are being followed using: 16S PhylaGdlysis
of community DNA (overall structure) and RNA (active members); GeoChigiturad analysis of
community DNA (functional potential) and community RNA (active functions); and-tnehscriptome
analyses to explore functional capacities not included on extant arrays. Geoclbaraeleristics of
reactor effluents and sediments are being used to model factors influencing ahicoatmunity struc-
tural and functional trajectories. These analyses will provide a framewiottkef microbial community
ecology underlying subsurface metal remediation at DOE sites.
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Geoelectrical Measurement of Multiscale Mass-Transf  er Parameters
Grantee-Led Research

F. Day-Lewis (PI)USGS-Storrs, CTK. SinghaPenn State U R. HaggertyOregon State YA. Ward,
PNNL A. Binley, Lancaster U. (U.K;)J.W. LaneUSGS-Storrs, CTR. SansonPenn State U.

The U.S. Department of Energy (DOE) faces enormous scientific and engineleailenges asso-
ciated with the remediation of legacy contamination at former nuclear weaponstjgmodaalities. Se-
lection and optimization of appropriate site remedies (e.g., pump-and-treatnblastn, or monitored
natural attenuation) requires reliable predictive models of radionuclideni@tesasport; however, cur-
rent modeling capabilities are limited by an incomplete understanding of migltisaas transfer —its
rates, scales, and the heterogeneity of controlling parameters. At manytB§)Ensiltiscale mass trans-
fer is evident as long “tailing” behavior, concentration rebound, and slower-tharntetkptanup. De-
spite the importance of mass transfer, there are significant uncertasgmsated with its controlling
parameters, for lack of experimental methods to verify and measaistit or independently of tracer
breakthrough. In this work, we are investigating the utility of two geophysidaloae--time lapse resis-
tivity and static, complex resistivity--to improve the basic and sitefspeaderstanding of mass trans-
fer. Our research objectives are to (1) develop and demonstrate geophysmsgikestta measure mass-
transfer parameters spatially and over a range of scales; and (2) providad®htpgeophysical esti-
mates of mass-transfer parameters for materials from the Hanford 390 Are

Our 3-year project began in October 2009. During our first months of funding, we have focused on
(1) the design and construction of laboratory setups for time-lapse electistlity tomography
(ERT) and complex-resistivity measurements; (2) selection of miatéracontrolled laboratory experi-
ments; and (3) selection and development of codes for data modeling and analysis.

Our 3-year research plan involves (1) numerical modeling to evaluate theafitdur approaches
for different geologic settings and experiment designs; (2) laboratory expé&sioresynthetic materials
and cores from the Hanford 300 Area; and (3) field demonstration experiments at theH206s
300 Area. Our first laboratory experiments this spring involve column tracemtesiitored with ERT,
and complex resistivity measurements on cores. Initially, we will focus omiataiteith well defined
mass-transfer parameters, i.e., zeolites and possibly vycor glass. Wienais@gamine complex resis-
tivity spectra for a range of mixtures of natural sediments from the Hanferd\&r optimizing and ve-
rifying our laboratory protocols, we will perform the same experiments on undisturledoodiected
from a low hydraulic conductivity (K) layer present in wells at the Intedrteld Challenge (IFC) well
field. In year 2 of our project, we will target this layer in field experimentsaang time-lapse geo-
physical imaging and tracer experiments.
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The Natural Enrichment of Stable Cesium and Related Alkali Metals
in the Savannah River Site (SRS) Soils

Grantee-Led Research

W. C. Elliott (PI); J. M. Wampler, S.E. Rose, E. J. Krogst&kergia State U.
B. Kahn, R. Rosson-Georgia TechD. Kaplan,SRNL
Graduate Students: L. Zaunbrecher, T. Naumann

In this proposed research, we plan to test two interrelated hypotheses about Cs sorlag¢lddogadve
micaceous materials in subsurface materials from the SRS: (1) thatstahim has become significant-
ly enriched relative to potassium in subsurface micaceous particlessdtaof chemical weathering
processes, and (2) that the Cs so present is sufficient to be a major factomitegeirei ability of the
subsurface materials to take up and hHdids. Quantification of the amounts of stable cesium concen-
trated in various sites within 2:1 phyllosilicates by natural processes iy haggwvant toward under-
standing the future sorption 6fCs by the mica, illite, vermiculite, and HIV phases present in the sub-
surface at and in proximity to SRS. Sorption and fixation of Cs in the micaceous phtsésyers po-
tentially lead to increased knowledge to the extent that stable Cs resisagxavith the strong ion ex-
change cations (Mg, Nflor even alkyl ammonium compounds) and to the extent that Cs can become
fixed over the long term. Such knowledge will help in the developmenfGs remediation strategies for
the long-term, which is a critical aspect of the SBR goals.

The clay mineralogy of the Vaucluse soils collected from surface to 70 incloes seface in SP09
consist of kaolinite and a Al-hydroxyl interstratified vermiculite (HIVieTclay mineralogy of the dee-
per sections of the 3B core is composed of kaolinite from near surface to ca 100 feefuptsloe: The
clay mineralogy of the deepest samples from the 3B cores are composed oésitiget(tr.) and kaoli-
nite. Leach experiments employing various solutions on select soils at the SRB&IK-Ar dating of
leached clay fractions, were performed on select SRS soils (OrangeburlyséaBtanton).

A long-term experiment has shown that < 20% of the Rb in five SRS soil samples undsst®s i
exchange over 2 months at room temperature in slightly acidic solution. The degresatbRit iex-
change is fairly consistent across the five SRS soil samples. Leachingfnitg acid removes K, RDb,
and Cs from these soil samples in fairly consistent proportions after thedprshsvhich exchangeable
cations are removed. Most of the Rb and Cs, but only about one-tenth of the potassium, in tme soil sa
ples is removed by leaching for a few days in 0.5 M KBt 0°C. These results, coupled with mea-
surements of radiogenic argon, indicate that most of the potassium in the soil sanmpfesa-like in-
terlayers of HIV inherited from Paleozoic muscovite, but most of the Cs and nibstRb in the soil
samples have been fixed in other sites, which are accessible by strong-dgmyldad only very slowly
accessible to isotopic exchange.
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Characterizing the Combined Roles of Iron and Transv ~ erse Mixing on Uranium
Bioremediation in Groundwater Using Microfluidic Po re Networks

Grantee-Led Research
K. Finneran (PI), T. Strathmann, C. Wertk—of lllinois at Urbana-Champaign

The primary objective of this work is to characterthe combined effects of hydrology, geochemistng biol-
ogy on the bioremediation of U(VI). Our underlyihgpothesis is that bioremediation of U(VI) in growater is
controlled by transverse mixing with an electromaoalong plume margins, and ttiain bioavailability in these
zones critically affects U(VI) reduction kineticadaU(IV) re-oxidation. Our specific objectives doe(a) quantify
reaction kinetics mediated by biological versusoipemical reactions leading to U(VI) reduction angM) re-
oxidation, (b) understand the influence of bioaasi# iron on U(VI) reduction and U(IV) re-oxidatiatong the
transverse mixing zones, (c) determine how tramsgverixing limitations and the presence of biomagores af-
fects these reactions, and (d) identify microb@bylations that develop along transverse mixingespand how the
community development is influenced by the preseriéeon and the concentration of electron donor.

These objectives will be met by testing the follegvhypotheses: (1) U(VI) will be reduced in thegemece and
absence of Fe(lll), but its reduction rate willdignificantly faster in the presence of Fe(lll)) &dsorbed Fe(ll)
will oxidize in preference to U(1V), and therefdteuffer” U(IV) re-oxidation; (3) Soluble abiotic drictants (sul-
fides and hydroquinones) will reduce U(VI) in thregence of Fe(lll) (i.e., iron catalysis), but imoits absence, the-
reby enhancing U(VI) reduction kinetics; (4) A mikbiomass / U(IV) phase will form along the tramseemixing
zone, and its transverse width and density wikktetrolled by transverse dispersion of the electtomor and U(VI)
in the absence of iron. In the presence of irombiiomass / U(1V) phase will form wherever iron angvl) are
present; (5) Biomass components will retard thexidation of U(IV), because they will limit transwe mixing of
alternative electron acceptors; (6) A continuoag; toncentration electron donor amendment will pysimulta-
neous Fe(lll) and U(VI) reduction and foster anlFefeducing microbial community; whereas a highige of elec-
tron donor will stimulate a sulfate-reducing comityiand effectively prevent U(VI) reduction; and X conti-
nuous, high concentration electron-donor amendméininore effectively promote and maintain U(VI)dection
than a single, high surge of electron donor, bezthis will maintain precipitated U(IV) along thamsverse mixing
zone.

The experimental tasks will utilize etched silicoicrofluidic pore networks (micromodels) to simelamhicro-
scale hydraulic mixing zones within aquifer mateffdese micromodels have been used previousindenstand
the influence of transverse mixing (of electron aloand electron acceptor), biomass architecture bgsgeochemi-
cal reactions on contaminant fate and transportwileise micromodels that contain Fe(lll) oxidesrsus micro-
models devoid of all iron, to assess the critiod& that total iron plays in uranium bioremediati@ve will introduce
electron donors, U(VI), and Fe(lll)-reducing cetisthe micromodels in a controlled manner, to ctigrize the me-
chanisms and kinetics of both U(VI) reduction an@M) reoxidation, and to correlate this with biafilstructure
along the transverse mixing zone(s). We will alse strictly abiotic micromodels to determine thituence of abi-
otic reductants, such as sulfides and hydroquinaret)(VI) reduction in the presence and absende@il). Fi-
nally, we will use uranium-contaminated groundwateestablish a community of native microorganigfre(l1l)
versus sulfate reducers) and characterize thetefééelectron-donor concentration and alternagetebn acceptors
(sulfate) on U(VI) reduction using 16S rRNA-FISH.

The experimental procedure outlined above willordy identify the mechanisms for reduction of U(\dhd
oxidation of U(IV) in flowing pore scale models,thuwill also determine if the mechanisms are valg in the
presence and absence of Fe(lll), by changing oriabla at a time. The data regarding electron-daooicentration
and mixing will be critical to future remediatioffats; this study will allow practitioners to optize the type and
concentration of electron donor based on spec#achemical conditions. Finally, there is still debaver the rela-
tive contribution of biological versus abiotic U(Mieduction under stimulated conditions. Althowadhinvolved
can agree that it is likely mixed biotic-abioti¢éractions promoting U(VI) reduction, it is impantgo understand
the mechanisms and kinetics of each process.
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Colloid Mobilization and Colloid-Facilitated Transpo rt of Radionuclides in a
Semi-Arid Vadose Zone

Grantee-Led Research

M. Flury (PI), J. Harsh-Washington State UF. Zhang, G. GeePNNL
P. LichtnerLANL; E. Mattson]JNL

Our general goal is to improve the fundamental mechanistic understanding and GuimtiGt
long-term colloid mobilization and colloid-facilitated transport of radionuclideéke vadose zone, with
special emphasis on the semi-arid Hanford site. Our specific objectivey swalétermine the mechan-
isms of colloid mobilization and colloid-facilitated radionuclide transport in umdietl Hanford sedi-
ments under unsaturated flow, (2) to quantifgitu colloid mobilization and colloid-facilitated radio-
nuclide transport from Hanford sediments under field conditions, and (3) to develop &dieldencep-
tual and numerical model for colloid mobilization and transport at the Hanford vadose zones drat us
model to predict long-term colloid and colloid-facilitated radionuclide transport

Recently, two large undisturbed soil cores (50 cm diameter, 60 cm height), taken out @bl
formation sediments from the 200 Area at a depth of 20 m, have been instrumented with TDRiand te
ometer sensors and are being irrigated under unsaturated flow. One core has lageoh wiily a steady-
state flow rate of 20 mm/yr, and column outflow has been collected to analyze for colloghtrations.
Outflow volume, pH, ionic strength and colloid concentrations are being analyzed inuiren anltflow.
No colloids have been detected in the column outflow so far. We will now increase thatBaw 40,

80, and finally 160 mm/year. A second core has been set up to study unsaturated, transient ¥lew, i.e
simulate large rainfall events typical for winter storms at the HanftedNo outflow has been collected
out of this core so far, since the water infiltration front has not reached the 60 cm deptthirel col-

umn will be used to study the effects of water table fluctuations on colloid mabitiza

We have instrumented the field lysimeters at the Hanford Vadose Zone FialtbltgisFacility
(Hanford 300 Area), and we applied Eu-hydroxycarbonate and polystyrene colloids torttetdysin
January 2009. The lysimeters have been irrigated with different flow rae$/imeters are exposed to
natural rainfall, the others are being irrigated regularly with multipléseohatural rainfall and are cov-
ered to prevent evaporation). Irrigation water matches the chemistry adinmaiofall at Hanford. Fiber-
glass wicks were installed at 1, 2, 4, and 7 ft below surface to collect vadose zend twatension
pulled at the wicks is 50 cm-H20, matching the water potential in the soil. Wick ousflosing ana-
lyzed for pH, electrical conductivity, colloid concentrations, electrophoreticlityplaind particle size.
Electron microscopy is being used to visualize colloidal material in the outfloNeid> have been de-
tected in the outflow, and we are currently working on exact quantification of the catiogrst We are
planning to instrument one additional lysimeter in the Hanford 200 Area in late February aai3. U
turbed soil cores that have been taken are being prepared for geocentrifuge studies.

To obtain mechanistic understanding of colloid mobilization, we have studied colloid ratiliz
by a moving air-water interface. Fluorescent polystyrene colloids were tdgpsa glass channel, and
air-water interfaces were moved over the deposited colloids at diffetenitis. Colloid removal was
quantified by confocal microscopy. Results showed that infiltration (advancimggr-interface) could
remove more colloids than drainage (receding air-water interface); but nesstlgereceding interface
still could remove colloids. These results have important implications for@atlobilization in the va-
dose zone. We have also experimentally quantified capillary and Laplace presseseat particles of
different shape and contact angles, and are using natural Hanford particles ty dquiengiction forces.

A mechanistic description of surface complexation reactions is being added to siveemasrallel
code PFLOTRAN. Allowance is made for sorption onto mobile and immobile colloids, in addition t
competitive sorption with host rock minerals. The surface complexation reactgnsbey conditions of
local equilibrium, or be described by reversible or irreversible kineticiopa@tes. Also included in the
model is colloid filtration.
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Uranium(VI) Interaction with Aqueous/Solid Interfac ~ es
Studied by Nonlinear Optics

Grantee-Led Research

F.M. GeigerNorthwestern U.

We discuss an exploratory laboratory study aimed at understanding the moleilartégactions

that govern contaminant mobility and fate when uranyl species interact with agoidusterfaces.
Our experiments yield information that is critical for the BER long-ternopednce measure to “pro-
vide sufficient scientific understanding such that DOE sites would be able to ireterpoupled physi-
cal, chemical and biological processes into decision making for environmentaliation and long-term
stewardship.” Specifically, working with G@quilibrated and C@limited aqueous solutions with pH
values where precipitation can be avoided and electrolyte concentrationsrbgtaree 100 mM, we use
nonlinear optics to

1)

2)
3)

4)

5)

6)
7

Detect uranyl species at the fluid/solid interface direatlgitu, under flow conditions, and in
real time by using resonant second harmonic generation at 306 nm

Determine the adsorption free energies and binding constants for uranyl species

Determine the absolute uranyl surface coverage via interfacial chargjeydreasurements by
using the Eisenthal chi(3) method

Elucidate the dominant speciation state of the adsorbed uranyl species from tleeicltivagge
state of the adsorption site from free adsorption energy versus interfacigligigilts deter-
mined via chi(3) charge screening studies

Image the temporal and spatial evolution of interfacial charge density over 100 xct60 m
areas in real time during U(VI) adsorption and desorption via nonlinear optical capyos

Correlate the imaging data maps with results from conventional scanning prudbes; a

Work with the Sandia geochemical modeling group to benchmark their computer sinailati
with our experimentally determined thermodynamic and spectroscopic data.
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Bacterial Nanowires and Extracellular Electron Tran sfer to Heavy Metals and
Radionuclides by Bacterial Isolates from DOE Field Research Centers

Grantee-Led Research
Y. A. Gorby (P1),J. Craig Venter InstituteM. Fields,Montana State U.

Electrically conductive extracellular appendages knowbeaterial nanowiresiave been confirmed
in organisms ranging from oxygenic, photosynthetic cyanobacteria to thermophthenogenic co-
cultures. Nanowires produced by metal-reducing bac&ebacter sulfurreducerBCA andShewanel-
la oneidensidviR-1 coordinate extracellular electron transfer to solid phase electrgut@scsuch as
iron and manganese oxides and electrodes in microbial fuel cells, at distanbesyré@s of microns
away from cell surfaces. Reduction of U(VI) and precipitation of nanocrystallarenite on bacterial
nanowires has been observed in suspensions of metal-reducing and sulfate-redwaiiag Haatce, bac-
terial nanowires provide significant potential for influencing biogeochemicalesses important for the
fate and transport of heavy metals and radionuclides in saturated subsurfacatsedime

The primary objective of this recently funded project isni@stigate the composition, conductivity

and enzymatic activity of bacterial nanowires from organisms isolated from uranium-contremai-
ronments and to evaluate their role in mitigating the transport of uranium in saturated porous media.
The project targets environmentally relevant bacteria isolated from uraeduning sediments at the

Oak Ridge Field Research Center (ORFRGRobacteirRC3Z is an iron(lll)- and uranium(VI)-

reducing bacterium whose abundance and activity at the ORFRC has been confirmeduasimglsand
functional gene analysis. FRC32oduces branched extracellular appendages in response to electron
acceptor limitation, and these "putative nanowires" are morphologicallyasitmithose produced by
Geobacter sulfurreducersirain PCA. “Putative nanowires” have also been detected in the irongtl)- a
uranium(VI)-reducing isolat&naeromyxobactefiw109-5 and the sulfate-reducing organiBesulfovi-

brio FW1012B under electron acceptor-limited conditions that promote nanowire production inrether o
ganisms.

This project is predicated on four experimentally tractable hypotheses.

1. Branched extracellular appendages produced by Geobactef, FR@eromyxobacter fw109-5
andDesulfovibrioFW1012Bunder conditions of electron-acceptor limitation are electrically
conductive.

2. Bacterial nanowires from ORFRC isolates are protein assemblages containing a combination of
structural proteins (pilin) and electron transport proteins (multi-heme cytochfomes

3. Nanowires produced by ORFRC isolates can reduce and transform heavy metals and radionuc-
lides over distances that exceed 10 microns.

4. Bacterial nanowires rapidly transform uranium into insoluble precipitates and mitigate its
transport in porous subsurface media.

We have developed a suite of approaches for completing the proposed research. Contiedled cul
tion methods are used to produce high-quality samples for conductivity and composititysdsana
Novel nanofabrication and nanoelectronic methods developed by the Pl and his collabardteirsga
applied to characterize the conductive properties of nanowires from each of étetgemisms. Mass
spectrometry-based proteomics will be used to tentatively identify nanowteins, and targeted muta-
genesis will be used to confirm these protein assignments. The contribution of nariowliefate and
transport of uranium in saturated porous media will be evaluated using sediment coleseascRtar-
geting bacterial nanowires produced by metal-reducing organisms from uramitemated subsur-
face environments will directly contribute to an improved understanding of biogeacth@mnicesses
controlling uranium migration and advance the goals of the DOE Office of BasigyEB&ences.
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Electrode-Induced Recovery of Uranium(VI) from Acid  ic Subsurfaces
Grantee-Led Research
K. B. Gregory (PI), J. Peng&arnegie Mellon U.

Poised electrodes emplaced in the subsurface have emerged as a strategtufoioremediation for
removal and recovery of heavy-metal contaminants from groundwater. EigQwtie is known about

the biological or geochemical conditions that may impact the removal and repoveegses arising as a
result of site-specific conditions. Area 3 of the Oak Ridge FRC exhibits not ohlgbigentrations of
U(VI), but also of AF*, NO,* and low pH, among other unique site-specific conditions. These studies
were initiated to better understand the underlying principles of electrode-basstiaton and the
aqueous geochemical conditions that will impact remedial design and impléorenta

Previous results demonstrated that low-pH decreases removal rates pfdu\dlso that this detri-
mental impact may be overcome by increasing the applied potential, albeitmitiistiing returns. In
addition, at low applied potentials (2.5 V between anode and cathode), the presence of patemtially
peting trivalent and divalent cations did not impair U(VI) removal rates.riReesults show similar find-
ings for monovalent cations. However, at high potential (5 V), the presenc& ahdiMd* decreased
removal rates of U(VI), whereas Niacreased rates of removal of U(VI). AQDS as a humic acid analog
did not impact U(VI) removal.

Semi-continuous removal of U(VI) at graphite electrodes was examined byegpétes of U.

The kinetics of removal were similar for all additions of U(VI). However ctygacity for removal de-
creased after each addition. This decreased capacity for removal wab/mamtiecome by increasing
the applied potential. The data suggest that a Langmuir isotherm model is apprapddtet adsorp-
tion-desorption equilibrium rather than electro-reduction is likely to be the dmme@moval process in
the absence of microbial reduction processes.

Long-term, bench-scale studies with electrodes deployed in site water andrdduine been in-
itiated to more closely modet situ conditions and evaluate the impacts of electrodes on the microbial
community at low pH. U(VI) and total radioactivity decrease rapidly at anegppbtential of 2.5 V be-
tween the anode and cathode. Moreover, results show that U(VI) and total radiosstinatal occur
before nitrate removal despite a much higher concentration of nitrate presee&i groundwater. This
finding suggests that electrode-based bioremediation is a promising alefoatiraditional bioremed-
iation, since the necessity of removing nitrate as both an alternate elecepimaand oxidant of U(IV)
may be avoided.

Ongoing results from this project demonstrate not only the feasibility but alsctimetdadvantages
of an electrode-based remedial process for U(VI) in acidic environments sids@a®bserved in Area
3 of the Oak Ridge FRC. Future work will examine microbial processes stichblafmised electrodes
and the microbial community that develops on electrodes deployed in site water arehtedim
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Assessing the Role of Iron Sulfides in the Long-Ter ~ m Sequestration
of Uranium by Sulfate-Reducing Bacteria (SRB)

Grantee-Led Research

K.F. Hayes (PI), S.P. Hyun, Y.S. Han, K. Sun, Y. Bi, J. Carpenter, T. Clancy, G. Upadhyaya,
L. Raskin—U. of Michigan B.E. Rittmann, R. Vannela, C. Zhowrizona State U.J.A. DavisUSGS
J.R. BargarStanford U; R.K. KukkadapuPNNL

This research seeks to identify the role of reduced iron sulfide minerals ontielm sequestra-
tion of uranium (U) at DOE contaminated sites treated with sulfate-reducitegibg SRB). SRB utilize
sulfate as a terminal electron acceptor and produce sulfide, which may subsesprerths a reducing
agent to produce insoluble reduced metal solids or as an anion to produce insoluble metal\Ali&de
using SRB, it is recognized that uranium concentrations can be effectivelytwaereduction of so-
luble U(VI) uranyl complexes by sulfide to produce more reduced solid forms of U(I\W) asute inso-
luble uraninite (UQ(s)). One of the possible limitations for the long-term sequestration of UBysSR
the potential for its remobilization when oxidants such as oxygen, nitrate (t)niri Fe(lll) are
formed or flow into the treated subsurface environmi&saisuch, one of the overarching goals of this re-
search is to assess the potential for mobilization of U solids formed under sulfate-reauditgpns
when subjected to re-oxidizing conditions.

Under sulfate-reducing conditions, a variety of iron sulfide minerals may forimasumackinawite
(FexS), greigite (Fe&5,), or pyrite (Fed, depending on the solution-phase composition, the type of
background solids in the subsurface, and the type of sulfate-reducing bacteria présentontextthis
research is investigating the impact of iron sulfides formed by various SRB on longdessts#ion of
U when subjected to re-oxidizing conditions.

In the first phase of this project, biogenic and synthetic versions of the iron sulidenawite, and
the reduced uranium solid, uraninite, are being produced and characterized. Xraayi@ifiXRD), X-
ray Absorption spectroscopy (XAS), Mossbauer spectrocopy (MS), and TransmissiwarElicro-
scopy (TEM) are being used to confirm the identity of the reduced iron sulfide and urandiphsskes
produced, and will also be used to characterize the oxidation products when these solids iand their
tures are subjected to the chosen oxidants.

In the case of the biogenic production of solids, two organisms have been under investigation, t
gram-positive bacteriu@esulfotomaculum nigrificang-irmicute9 and the gram-negative bacterium
Desulfovibrio vulgarigDeltaproteobacteria So far, using standard media for SRB with lactate and ace-
tate as electron donors and with dissoved Fe(ll) as the iron sourc®.bugrificansandD. vulgaris
have been found to produce mackinawite as confirmed by XRD. The recipeviolgarisis currently
being scaled-up to produce enough mackinawite to be used in batch oxidation experimentse&bgerim
are also planned to produce biogenic uraninite Ritliulgarisfor subsequent rate studies.

Batch reactor studies are planned, in which synthetic FeS(s) (mackinamdt&)Q(s) (uraninite)
will be introduced into the reactors to identify factors controlling the rate of axidas a function of
groundwater conditions, including pH, and carbonate, calcium, FeS, and oxidant concentrations. These
experiments will be used to identify the mechanism of oxidation and conditions under whighamack
wite is an effective scavenger of oxygen compared to uraninite.

Column experiments are also planned in which a ten-fold excess of mackinavtive telaraninite
will be packed with natural sand. In these experiments, the rate of oxidation of uranium &y wiyg
be compared to a control column packed with only(d2and no FeS(s) to verify the protective nature
of the presence of iron sulfide. Initial results from the biogenic studies angbals@-characterizations
of the synthically and biogenically produced solids and their oxidation reaction produidis dis-
cussed in the poster presentation.
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Biochemical Basis for Survival and Growth Advantage in Stationary Phase
Adaptation of Geobacter sulfurreducens under “Famine” Conditions

Grantee-Led Research
R. A. Helmus (PI), A. Stanley, B. Stanley, S. Brantley, M. Tiétenn State U.

Since microorganisms typically exist in the environment in a state wittediraccess to electron do-
nors and/or electron acceptors, gaining an understanding of how organisms involved indiédi@me
persist under such conditions is relevant for effective planning of bioremedidbois.€fhis work aims
to identify survival mechanisms Gfeobacter sulfurreducensder growth conditions in which electron
donor and electron acceptor are scarce. Microorganisms display five typteal st growth: lag, log,
stationary, death, and survival phases. In some species, individuals with a graavitagehadaptation
begin to emerge from a community starting in stationary phase; this adaptaéioned “growth advan-
tage in stationary phase,” or GASP.

The first objective was to determineGt sulfurreducenslisplays a GASP response, which would
enhance the selection of specific strain&osulfurreducensinder starvation conditions through an in-
creased ability to compete for limited resources. A GASP response is defirreddaytgrowth of an old-
er strain of bacteria when co-cultured with a younger strain. By co-culturifiigodictresistant strains of
G. sulfurreducensriginating from batch cultures of different ages, we determined that orgaoism
equal age rarely displayed a GASP response. However, in 86% of co-culthreaeqgual-aged strains,
a GASP response was observed, with the older strain persisting by a cell deasigast one log higher
than the younger strain.

Next, we investigated possible genetic causes of GA&R sulfurreducensMultiple genes were se-
lected for sequencing from GASP strain€ofsulfurreducenbased on their ability i&. colito induce a
GASP response via nucleotide insertion or deletion mutationgpdisgene (GSU1525) and a homolo-
gue toE. colilrp (GSU3370) were sequenced from at least five GASP strains each. No mutatens we
identified in the screening of these two genes, indicating that other genes mayebiehoto be re-
sponsible for GASP response formatiorGinsulfurreducens

Proteomic features of survival phaSesulfurreducensrganisms were then explored, with the ob-
jective of identifying proteins that are differentially expressed in sakyikiase cultures compared with
mid-log phase cultures. Sixty proteins were identified using iTRAQ analy$isiag significantly down-
regulated in survival phase organisms. These included 27 proteins involved withtiareshd protein
synthesis, five associated with electron transfer, and three involved in ndeleioisynthesis. Two pro-
teins that play a role in heme biosynthesis, the gene products of GSU3285 and GSU3458, were down-
regulated. However, preliminary results did not indicate that total hems leeet lower in survival
phase cultures compared with mid-log phase cultures.There were 74 proteinsréhsigwificantly up-
regulated in survival phase organisms. These included components of the ATP syrdH44®H de-
hydrogenase enzymes, as well as Fe (Ill) reductase subunits and all three cosngfdhertteterotrimer-
ic fumarate reductase FrdCAB. In addition, several outer membrane proteins aive [iptgiroteins
were up-regulated. These results indicate that the composition of the inner andesolbeanes of sur-
vival phaseG. sulfurreducensad drastically changed from that of mid-log ph@ssulfurreducens

The current study discovered a growth advantage in stationary phase resgansafurreducens
and identified protein-level differences in survival-phase strains thaermain howG. sulfurreducens
can survive in environments with limited electron donor and/or acceptor. The gesesabthe GASP
phenomenon and survival capacity will continue to be investigated by genomic sequencing.
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Time-Lapse Tomographic Approaches for Monitoring Re mediation Processes
Grantee-Led Research
Z. Hou (PI), N. Terry, X. Xu, A. Flaxmant- at Buffalo, SUNY

Recent studies suggest that time-lapse crosshole geophysical methods ffestilze g monitoring
subsurface hydrological and biochemical processes. These methods provide miniraaile, cost-
effective, high-resolution information previously limited to wellbore data.

Our study area is located at the 100H area of the Department of Energy (DOEdH&itgpwith bi-
ostimulation treatments performed to reduce and immobilize Cr(VI1). Time-apsshole seismic and
radar data sets have been collected in order to monitor spatio-temporal respoasesiiation
processes. Before using these field data for parameter estimation and mgihiydrobiogeochemical
processes, we are making efforts to (1) identify the critical (fleld/fransport) parameters that affect
these hydrobiogeochemical processes; (2) determine the sensitivity of geap{sesmic/radar) res-
ponses to these parameters; and (3) develop and evaluate different geophysacdlrfmeels and in-
verse strategies, through synthetic analyses.

Meanwhile, two other concerns are addressed: (1) to reduce the dimension of pafsanetsry a
reasonable level, when estimating flow/transport parameters, or spatialutiisn of dielectric permit-
tivity/electrical conductivity; (2) to take advantage of time-lapge 8§ treating the updated "posterior
pdf as a memory function, which stores all the information up to date about the stdikesatieen con-
sidering the memory function as a new prior and generating samples from it fier iwptating when
more geophysical data is available.

Preliminary results include comparison of the impacts of field/hydraulic gaeasnon geophysical
signals, estimation of hydraulic parameters using tomographic radar datetiestiof spatio-temporal
distribution of dielectric permittivity, and using combined approaches, including minielatve-
entropy, quasi-Monte Carlo, Markov-Chain Monte-Carlo, and Bayesian updating.
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Effects of Pore-Scale Physics on Uranium Geochemist  ry in Hanford Sediments

Grantee-Led Research

Q. (Max) Hu (P1),U. of Texas-ArlingtonR. Ewing,lowa State U.

At the Hanford site, an estimated 202,703 kg of uranium (U) was released to the vadoserzone ov
the course of site operations between 1940 and 1990. In the 300 Area, while groundwater U concentra-
tions range from 5 to 150 pg/L, solid-phase U concentrations in aquifer fines may ble as 249
mg/L. The fines (<53 um) comprise only 1.78% of the total sediment mass, but hold a dispmaeiyti
large fraction of the total U. We hypothesize that the mass-transfertiomitd U release at the Hanford
site is partly due to low connectivity of intragranular pores in the Hanford sedinhemt pore connec-
tivity results in porosity decreasing, and tortuosity increasing, as functiatistafce from a grain’s sur-
face. A low-connectivity pore-space would produce both concentration profiles withfésirye and an
anomalous pattern of contaminant release over time. This hypothesis offeabke tgdtysically based
explanation for the prolonged U release and groundwater contamination observed at Hanford.

The objectives of this new SBR project are to (1) reduce uncertainty iningsessediation options
in the Hanford 300 Area by measuring U(VI) concentrations at greatly increasésigor across and
within sediment size classes; (2) determine whether, and to what extent, low poticiyaéfects so-
lute diffusion in Hanford 300 Area sediments of various size classes; (3) evileauitability of poly-
phosphate as a U-immobilizer by examining the diffusion of orthophosphas®) (R Hanford 300
Area sediments; and (4) test grain-scale and core-scale scalingnsdiads relating to diffusion in Han-
ford 300 Area sediments.

To achieve these objectives, we will use state-of-the-art ICP-M$iimsiitation with dynamic reac-
tion cell technique, coupled with laser ablation (LA), to measure U concentratioanragiarf of dis-
tance from the grain surface across the range of sediment particle sgascl§Vith the same instru-
ments, we will conduct several diffusion experiments to examine scale-deperassitale porosity and
diffusivity of both U and conservative tracers. A final set of experimeititexamine scale-dependence
of porosity and diffusivity at the core scale. Experiments will also belaied at the pore network
scale, aiding analysis.

This work will examine a key scientific issue, mass-transfer lioitatat the pore scale, using both
new instruments with high spatial resolution, and new conceptual and modeling parddigrosmple-
mentary laboratory and numerical approaches connect pore-scale physics toopacmeasurements,
providing a previously elusive scale integration. This work will provide safftcscientific understand-
ing such that DOE sites will be able to incorporate coupled physical and chemicakpmoitdo decision
making for environmental remediation and long-term stewardship.
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Mercury Stable Isotopes as Indicators of the Biogeo  chemical Cycling
and Transport of Mercury

Grantee-Led Research
T.M. Johnson (PI), Gideon Bartow-of lllinois at Urbana-Champaign

Mercury (Hg) is a highly toxic contaminant with complex biogeochemical cydiagaomplicates ef-
forts to predict its environmental impact. Improved scientific understandiing girbcesses involved
and the operation of those processes at contaminated sites is needed to improveaemédits and
long-term stewardship at DOE sites. This has prompted the formation of the dg@kNRitional Labora-
tory Remediation Science Focus Area (ORNL-SFA), a research efforhthades basic research in Hg
biogeochemistry and an initial focus on East Fork Poplar Creek (EFPC) on and neak Ried2 Res-
ervation. The general goal of the research proposed here is to develop and apply agonawigjeo-
chemical tool, Hg stable isotope analysis, to enhance ORNL-SFA efforts by ingpd®tection and
guantification of key processes and fluxes.

Hg stable isotope studies have unique potential to distinguish different sourcesd@teigct and
qguantify certain biogeochemical reactions, such as breakdown of methyl mercuryg esatliEtion, and
to reveal mechanisms of those reactions. Hg has seven stable isotopes, rangsgyfiorm196 to 204.
Through two distinct mechanisms, the relative abundance of the isotopes are altsrgdibyprocesses.
The first mechanism is the kinetic isotope effect, whereby lighter isotepesmore readily during re-
duction of Hg(ll) to Hg(0), methylation, reductive demethylation, and certain othezqzex The result-
ing shifts in isotopic abundances are quantified by measurirffithg*®Hg ratio. The second mechan-
ism is the magnetic isotope effect, whereby the reaction rates of odd isotopéd$rdeptrose of the
even isotopes because of coupling of electron spins with nuclear spins, which exist in odoinfyclei
This effect causes anomalies’itHg/*®*Hg and'*Hg/**®Hg ratios, and occurs in photochemical reactions
involving radical pairs.

This project is a one-year exploratory effort that will begin to apply Hg isotopeati@ak Ridge.
The work is organized around three objectives:

1) Determine if different potential sources in the system or different genesaif Hg contamina-
tion have distinct Hg isotope ratio “signatures” that can be traced through tae siyselimi-
nary data suggest there is a str6figg/***Hg ratio contrast between contaminant Hg and back-
ground Hg found in nominally uncontaminated soils: Background ratios appear to be a few per
mil less (measurement precision ~ +0.1 per mil). There also appear to be dé$eirenc
2Hg/***Hg between different generations of Hg in the EFPC system.

2) Develop preconcentration methods that will be needed to obtain precise Hg isotopeaatio m
surements on water samples, whose concentrations are usually extremely lowpitditdata
from EFPC waters, and look for evidence of Hg(ll) reduction. Possible methods to greconc
trate and measure methyl-Hg will also be explored, though this is an extremagdhakeause
of the extremely low methyl-Hg concentrations.

3) Collect pilot data on biota sampled from EFPC and assess their ability to be usedessfpr
direct measurements of methyl mercury or indicators of biogeochemical meoesse system.

Our group at lllinois is developing ties with ORNL-SFA team members and obtaiampgles in
conjunction with existing sampling plans. In the long run, a collaborative effort usingblg sotope
data should improve understanding of Hg transport from various sources and improvendétarrof
rates of key processes, such as demethylation and Hg reduction, that affect thiabibgvand envi-
ronmental impact of contaminant Hg at DOE sites.
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Determination of Hexavalent Chromium Reduction Usin g Cr Stable Isotopes:
Isotopic Fractionation Factors for  In Situ Redox Manipulation Zones

Grantee-Led Research
A. Basu, T.M. Johnson (PI)4- of lllinois at Urbana-Champaign

Cr stable isotope measurements in groundwater can provide improved estintlagesxbént of
Cr(V1) reduction, which immobilizes the Cr and renders it less toxic. Cr isotopt@fration occurs dur-
ing Cr(VI) reduction; lighter isotopes react more readily than heavier ongedAstion proceeds, the
remaining Cr(VI) becomes enriched in heavier isotopes. We quantify this earithsnmeasuring the
*3CrfPCr ratio. The intensity of isotopic fractionation varies between reduction meaigrdepends on
biogeochemical conditions, and is expressed as a fractionation tactor,

a= Rreactarﬂ:eproduct

where Reactam@nd Ryoaucrare theCr°Cr ratios of the reactant and the reaction product flux. For conven-
ience,a is often expressed in per mil units using the symlvaheree = (o -1) X 1000%.. In order to

know the relationship between the extent of Cr(VI) reduction and obs&@edCr ratio shifts at a par-
ticular site, we must knowfor the reactions occurring at the site.

The Cr isotope method should prove useful in studying the performance of In Situ Redox Manipula-
tion (ISRM) zones--for example, to determine if Cr breaking through an ISRMbaasses through
zones of substantial but incomplete reduction or merely bypasses the barrier elgmipée, we deter-
mine the site-specific calibration facter for the ISRM, created by injecting sodium dithionite into the
subsurface at the Hanford 100-D area, from laboratory microcosm studies and exjseanitiepure
mineral phases. These results will be used to interpret Cr isotope data beictgd@ltehe ISRM bar-
rier, will be useful for other Cr(VI) ISRM projects, and more generally impoaweknowledge of Cr iso-
tope fractionation.

Sodium dithionite injection creates reduced Fe(ll) phases (sorbed Fe(ll);,Feg=2) and perhaps
other phases such as green rust) in the sediment, among which sorbed Fe(ll) is thought itoelné. dom
Isotopic fractionation factors were measured for Cr(VI) reduction in two batabhations of sediments
from the Hanford 100-D ISRM collected at two different depths from a borehole dodiesgr&tom a
dithionite injection well. Results indicatewas 3.5%.. This coincides with a preliminaryalue of 3.5 %o
for Cr(VI) reduction by synthesized FegOhe value ot for Cr(VI) reduction by synthesized green rust
is 2.7 %o, significantly lower than the ISRM sediments, suggesting that grees pusbably not a domi-
nant reducing phase. Further work will determine fractionation factors for redustiFeS and Fe(ll)
sorbed onto/into hematite particles.

So far, it appears fractionation factors for Cr(VI) reduction by ISRM sediamehtikely ISRM
phases fall within a narrow range similar to that observed in the few previousisheabstudies. This
aids in interpretation of Cr isotope data from the ISRM’s, by providing a bettbratadn of the rela-
tionship betweed>’Cr and the extent of Cr(VI) reduction.
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Limited Immobilization of Hexavalent Chromium via Re duction at
Idaho National Laboratory: Chromium Stable Isotope Results

Grantee-Led Research
A.L. Raddatz, T.M. Johnson (PI)U- of lllinois at Urbana-Champaignl. McLing, INL

Stable isotope variations in chromium (Cr) may be used to quantify reduction of mobdeCtOxi)
(hexavalent Cr) to the immobile, less toxic Cr(lll). This reaction is exiseimgportant, as it is the do-
minant mechanism of natural attenuation for Cr(VI1). Laboratory experiments shiowdhbation of
Cr(VI) causes isotopic fractionation: The Cr(lll) reaction product is erdianéghter Cr isotopes, and
the remaining Cr(VI) becomes enriched in heavier isotopes as reduction proces@srithiment is
quantified as a shift in ti&Cr/°Cr ratio; elevated ratios indicate Cr(VI) reduction. Work so far suggests
*%Crf’Cr data should be highly effective as an indicator and possibly a quantifier o @¢\ttion in
groundwater systems; we are beginning to apply this approach in field studies.

We obtained high-precisioiCr/**Cr measurements on 60 groundwater samples from Idaho National
Laboratory (INL) using a multicollector ICP-MS method. Results are exguess>°Cr values (per mil
deviations from NIST SRM-979) and carry uncertainty of £0.15%.. Analysis was chaliog some
samples with Cr(VI) concentrations as low as 0.001 mg/L.

The original contaminant Cr(VI) had*Cr values close to zero: Two archived samples of highly con-
taminated groundwater collected in 1967, when contaminant releases were occweingagizero val-
ues. This is expected; Cr ores, industrial supplies, and reagent Cr also havea&aGzeSeveral
groundwater samples from 2008 or 2009 have similasf3@r values and elevated Cr(VI) relative to
background. For example, well USGS-65, located immediately downgradient from aicantasource
has the greatest recent Cr(VI) concentration (0.098 mg/L), and its me&Sreis +0.30%.. This is
nearly identical to th&>>Cr of the original contaminant, and we conclude that little or no Cr(VI1) reduc-
tion has occurred. Two other contaminated samples have sitiarvalues. Clearly, there are some
paths through the aquifer along which reduction is insignificant.

Elevated>*’Cr values observed in several other locations strongly suggest the occurr€én@é)of
reduction. 12% of the sampling locations have values greater than 1.5%.. Some of thése eddwves
may result from mixing of lov>*Cr contaminant Cr with natural background, which exhibits a range of
8°°Cr values (0.79%2.45%o), but is present only at low concentration (0.005 + 0.002 mg/L). However,
four contaminated wells (> 0.015 mg/L) ha7&Cr values much greater than any reasonable mixture of
contaminated water with natural background water. These eleva@d/alues indicate Cr(VI1) reduc-
tion has occurred. Quantifying reduction is more difficult, but a semi-quantitativeade can be made
using a Rayleigh distillation model and a rough estimate of the magnitude of isoagpizrfation in-
duced by reduction in this setting. Using a fractionation factor of 1.0035, we estinedst&23% of the
original contaminant Cr(VI) has been removed in some places. This is probably antimderebe-
cause of known problems applying the Rayleigh model to real aquifers. Results¥eyal saulti-level
wells strongly suggest Cr(VI) reduction occurs only in a thin layer of the aguifeediately below the
water table, perhaps because the Fe(ll)-bearing minerals there have beed &xfitite saturated zone
weathering and are more reactive.

Overall, the results suggest that Cr(VI) reduction occurs in certain zorres ®hake River Plain
aquifer, despite the general presence of oxic conditions, and that contaminant Gipi)ysconverted
to the less dangerous Cr(lll) form.
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Processes Controlling Enhanced Transport of Plutoni um in Unsaturated Conditions
Grantee-Led Research

D. Kaplan (PI), C. Bagwell-SRNL. R. KukkadapuPNNL; F. Molz,Clemson U.H. Nitsche LBNL;
B. Powell,Clemson U.

The objective of this study is to understand trecpsses responsible for enhanced transport of the ivadose
zone. Previously, we demonstrated in a 11-yead faldy conducted in 51-L lysimeters at the SavarRiger Site
that Pu is extremely immobile, where <97% of ther@ained within 5 cm of the source. However, hgitvard
and downward migration of Pu away from the souras wbserved in all lysimeters. This observed nybilas
greater than the steady-statg)(eochemical models would predict using steadiesiatransient transport models.
Through laboratory and spectroscopic studies, & p@ssible to attribute some of the enhanced nipbiliPu oxida-
tion state transformations not accounted for instieady-state model. However, this accounted ftyr the down-
ward enhanced transport. Simulations indicatetidéna processes were not accounted for in our qguneémodel.
This year’s studies have focused on identifying saithese key yet-unidentified processes, spediifithe role of
biological influences (microbial and plant) and Fmineralogy on Pu redox chemistry, and incorpogatirem into
a numerical model to permit hypothesis testingefarong-term stewardship in the vadose zone.

The role that microbial organic acids may playrih@&nced Pu mobility was evaluated. Twenty soilistravere
isolated from the lysimeter sediments, of whictheggrains were down selected by starving andtiedlfor organic
acid production. Five relatively small organic aca@mpounds produced by these eight strains wentifigel and
quantified by ion chromatography. The tendency¥) to complex with these compounds were deteeainin a
related set of studies, Np(V), Pu(V), and U(VI) adged strongly onto cell surfacesRgeuodomonas putidel, a
lysimeter sediment isolate; distribution coeffideranged from ImL/g for Np(V) to 18 mL/g for U(VI) and Pu.
Differences between the Np and Pu distribution faehts were attributed to reduction of Pu(V) ta(R/) by the
cell surface or exudates. Filtration tests at 4ameh 200 nm indicated that a fraction of the aquéauand U were
associated with organic exudates, which could ssprea potentially mobile actinide organic-compprcies.

Under oxidizing conditions, surface-mediated reabuncof Pu(V) to Pu(lV) occurred in neutral pH ly®ter se-
diment suspensions, a sediment that contains ffpfborganic carbon and <0.5% Fe(ll) (by Mdssbapecsos-
copy). This result was reported by XANES (>uM Puceantrations) and wet chemistry measurements (nigoRu
centrations). This sediment was treated to redndesalubilize iron oxide and phyllosilicate/clay(Fg. Sorption
and subsequent reduction of Pu(V) correlated wighconcentration of Fe(ll) remaining within eactisent. The
correlation between Fe(ll) concentrations and Pu@d)ction demonstrates the potential impact ohghny Fe mi-
neralogy on Pu subsurface transport if subsurfaggaments are cycled between oxidizing and retyucondi-
tions.

The initial conceptual model of the transport pssc@as based on steady-state and then fully tratrsdd wa-
ter movement coupled to redox reactions betweemcemtiand oxidized Pu species. Simulations fromrtiudel
yielded reasonable below-source transport, big Eibove-source transport. The conceptual modetieasmod-
ified to include Pu sorption and uptake by plamttscand upward movement in the transpiration strésulting
simulations in the lysimeters were consistent \Withactivity concentrations in the top 20 cm of soitl suggested
Pu transport into the shoots of the annual gragseging in the lysimeters and an accumulation @nsthil surface.
Such a residue has now been verified by therm@#tioin mass spectroscopy (TIMS) isotope ratio @it this
point, it became clear that plants were an impopathway for Pu transport. This motivated labanatxperiments
with corn, which demonstrated that DFOB-complexadri®ved a million times faster in corn than redued
moved in lysimeter sediment. It suggests the prigbialvolvement of Pu complexing agents in the abtson and
transport process in plants. Recent data implyplsatts may co-metabolize Pu with Fe, elements nétdrly iden-
tical charge to ionic radii ratios and similar exrdinarily large complexation complexes with ndétitate organic
acids, such as siderophores.

Throughout this study, mathematical models werel tis@nalyze data. This analytical process carobeaived
as a type of computer-aided thinking that when daptbwith additional experiments can result in riesights.
Such an approach has been used to derive futwearobsquestions, test hypotheses and to visuaimplex, nonli-
near, property relationships. Computer-aided timigldiffers from classical prediction in that resutiust be highly
constrained by experimental data.
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Development of Enabling Scientific Tools to Charact erize the
Geologic Subsurface at Hanford

Grantee-Led Research
T.C. Kenna (PI), M.M. Herron-Solumbia U; A. Ward,PNNL

The goal of our exploratory project, recently funded under the new category of “Enabéngfteci
Tools,” is to determine the parameters necessary to translate existiraprend gamma ray borehole
log data into reservoir properties of clay content, porosity, permeability, and \amese/ater satura-
tion, following scientifically sound petrophysical relationships. These techniguedkan successfully
employed in the petroleum industry, but the approach is new when applied to subsurfaceioemediat
The optimization of well log interpretation could lead to a breakthrough, enabling tlaetelnaation of
reservoir properties that control subsurface flow and transport at signifipeiat sesolution.

The specific research objectives of our project are to:

1) Analyze core and outcrop samples from representative facies for a vaneityeoélogical,
chemical, and physical properties (in collaboration with Dr. Andy Ward-PNNL).

2) Predict the response of a variety of neutron and gamma logging tools based on these meas
ments.

3) Develop algorithms to translate log responses into useful reservoir propartiesas lithology,
matrix density, porosity, water saturation, and permeability.

Our work will lead to an improved interpretation of existing well log data. Theitlge we devel-
op can utilize available existing spectral gamma and neutron logs collectatie@paist several decades,
and the approach is applicable to recent wells with more complete suites of logarluamwprovide
guidance in selecting the most appropriate logs to run in future logging programs deperitiegle-
sired properties and the uncertainty of the estimate.

Initial work performed on eleven samples from Hanford well 399-3-18 (C4999), locatetha&0
A IFRC, indicates a significant correlation between core gamma ray datataincldy as determined by
Dual Range Fourier Transform Infrared spectroscopy (DRFT-IR). The coreajeamrdata permit cali-
bration of the existing gamma ray log into standard API units and then into total eldyragion of
depth. This is a simple example of the type of translation of existing log data intangfahréservoir
property that we will accomplish in this project. Hundreds of these gamma sagltegdy exist at Han-
ford.

This project will enable us to improve our ability to remotely define subsurfagppgsical and
flow properties, which is listed as a research priority in the ERSP Straglagi (DOE, 2006). Without
calibration of existing borehole log data, their application to the ERSP goal of undergtaubsurface
processes is limited. Significant added return on DOE investment comes fibrataat of the core data
and derivation of reservoir properties and loggable parameters that impraviethestation of well log
data already acquired. This exploratory project focuses on a single site; howea@praach may serve
as a template for application at other sites where DOE has remediagiongiedities and stewardship
challenges.
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Structure and Function of Subsurface Microbial Comm unities Affecting
Radionuclide Transport and Immobilization

Grantee-Led Research

J. E. Kostka (PI), O. Prakash, S. Green, P. Jasrétiarida State U,
L. Kerkhov,Rutgers U. K.-J. Chin,Georgia State U.M. Keller, A. Venkateswaran,
J.G. Elkins—ORNL; J.W. StuckiU. of lllinois at Urbana-Champaign

Major advances in DNA sequencing capability have begun to provide an unprecedentedtivesw of
community composition and genetic potential of the subsurface microbial world. Howeveretabolic
potential gleaned from community sequencing must be coupled to the cultivation and phosdicloayi
racterization of model microorganisms in order to effectively interragatebially mediated mechan-
isms of uranium (U[VI]) transformation. Nitrate is a critical co-contamt that intimately impacts the
fate and transport of U(VI) in groundwaters. An improved understanding of denitrifyangbial com-
munities is required to predict and control nitrate attenuation mechanisms famthgiaton of the con-
taminated terrestrial subsurface at U.S. DOE sites. Thus, the overall goalresearch is to apply a
combination of cultivation, genomic, and metagenomic approaches to elucidate ti@ahgmoups me-
diating U(VI) reduction and nitrate attenuation in subsurface sediments coromaitzd with U(VI) and
nitrate.

A diverse set of metal- and nitrate-reducing bacteria were isolated, anshemntal sequence data
indicate that these species are abundant in the contaminated subsurface of @Esiegh denitrify-
ing Betaproteobacteridave been frequently detected and previously cultivated from the contaminated
subsurface, we isolated denitrifying bacteria from the fdghaproteobacteria, Gammaproteobacteria,
Actinobacteria andFirmicutes and revealed a greater diversity than had been previously characterized.
Isolates from the phyluiroteobacteriavere complete denitrifiers, whereas the Gram positive isolates
reduced nitrate to nitrous oxide. Isolates from the g&halanobactewere shown to be members of a
large guild of denitrifying bacteria in the uranium-contaminated subsurfaceystsadf genomic data
and denitrification gene sequences from the isolates revealed that commpldyezhprimer sets have a
narrow target range and can greatly underestimate the diversity of damsitffurthermore, they cannot
be used to amplify nitrite reductase genes (nir) from members of the keyRjemadmsnobacter Similar-
ly, commonly used primer sets targeting nitrous oxide reductase genes (nos®umdrto exclusively
target nitrous oxide genes frdPnoteobacteriathough unable to amplify nosZ genes from the abundant
Rhodanobacter spjn the uranium-contaminated subsurface. In addition to denitrifying bacteria, a
Fe(Il)- and U(VI)-reducing bacterium was isolated. Based on phylogenetic andtypie differences,
Geobacter daltonii smov. strain FRC-32T was described as a novel species within the subsurface clade
of genusGeobacter Comparison of5. daltoniito closely relate@eobacterspecies indicates the re-
markable genotypic and phenotypic plasticity of bacteria within the genus. A ggeomee compari-
son ofG. daltoniito G. uraniireducensevealed not only a significant divergence in total genome size,
but also that the organisms share few genes with greater than 90% DNA sequéaicty simalyses of
Geobacteraceaspecific citrate synthase (gltA) mRNA gene sequences retrievedfrSnDOE sites at
Oak Ridge, TN, and Hanford, WA, have elucidated the aGr@bacteispecies, including. daltonii
in subsurface sediments undergoing U(VI) bioremediation.
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Design and Application of Microbial-Uranium-Reducti on Monitoring Tools
Grantee-Led Research

R. Sanford, C. Lundstom, T. Johnsobef lllinois at Urbana-ChampaigrK. Kemner, M. Boyanov—
ANL; K. Pennell,Tufts U; K. Ritalahti, F. Loeffler (PI)J. of Tennessee/ORNL

Diverse groups of microorganisms affect the oxidation state and complexatiotats aral, there-
fore, influence or control the mobility of toxic radionuclides in subsurface environmatsvant to
uranium (U) speciation are bacteria that reduce predominantly water-solubl®hitel mexavalent U,
U(VI), to U(IV), which has reduced solubility and typically forms the uraniniteenal UGQ. This re-
search project aims to enhance understanding of the microbiology controlling radiomathitiey by
developing enhanced and novel molecular and biogeochemical tools with which microbigl @mn be
better monitored and predicted. The new tools will be used to study the underpinning mechamisms ¢
tributing to metal and radionuclide reduction, and will benefit the broad scientific worynexploring
the distribution, activity and ecology of metal-reducing bacteria. Applicatidmeafi¢w tools to DOE
IFRC sites will demonstrate the value of the tools to assess, monitor, and ipredicteductive
processes--and their power to guide decision making for environmental restaadi provide long-term
stewardship at radionuclide-contaminated DOE sites.

For novel molecular tool development, the research focus is on bacteria that usadfktiwth-
supporting electron acceptor, because processes linked to the energy metalibksmicfobial cata-
lysts are most relevant for contaminant turnover in oligotrophic subsurfacereneints Anaeromyx-
obacter dehalogenaree common subsurface bacteria and gain energy for growth from U(VI) to U(1V)
reduction; however, the growth yields measured with U(VI) as electron aceep®about 10-fold low-
er than predicted from thermodynamic calculations. Knowledge of the amount of tcat#igscontami-
nated subsurface is relevant for developing predictive models, and the reasoasdaetithan-
predicted growth yields are under investigation. Reduced U is susceptible to neaxigadxidants
(e.g., oxygen) and controlling oxic/anoxic interface processes to ensure the lontaielity of the pre-
cipitated material is critical for lasting immobilizatiohnaeromyxobactespp. grow using oxygen as an
electron acceptor at partial pressures at and below 0.18 atm Artaespmyxobacteare uniquely
adapted to life at the oxic-anoxic interface, where they consume oxygen and takegedohotadized
metal species, including U(IV) as electron acceptors. Monitoringiaeromyxobactecommunity at
the Oak Ridge IFRC site using 16S rRNA gene-targeted qPCR approachesdeveaipected strain di-
versity and responses to environmental conditions (i.e., ethanol biostimulation, oxygsiomtiVhile
Anaeromyxobactet6S rRNA gene sequences increased, the 16S rRNA gene cofieshaicter lov-
leyi, a population present at this site, remained unchanged or declined following oxygen intrusion. The
combined applications of genus- and strain-level gPCR approaches, along with 16§amNAone li-
braries, provided novel information on patterns of microbial variability withirAtreeromyxobacter
group and among metal-reducing bacteria relevant to U bioremediation. Intlyoitee quantitative as-
sessment suggested that members dfrareromyxobacterlade with no cultured representatives domi-
nated the U reduction treatment zone, emphasizing the need for continued isolation efforts

The main biogeochemical tool focus is on quantifying U isotopic fractionation with regisjom
mass spectrometry. This tool identifies specific isotope enrichmentsatssoeith metabolic or abiotic
reduction or reoxidation reactions that occur in groundwater. Our analysis of saroplésdrRifle
IFRC site indicate that U(VI) becomes isotopically lighter as it becal®pleted due to reduction. The
nature of this isotopic fractionation will be evaluated under different controllediergreal settings, so
that the influence of different microorganisms, includtagaeromyxobactespp., the specific nature of
abiotic reduction reactions, and the reactions rates can be determined.
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Diagnosis of In Situ Metabolic State and Rates of Microbial Metabolism During In
Situ Uranium Bioremediation with Molecular Techniques

Grantee-Led Research

J. Yun, M. Milletto, T. Ueki, and D. Lovley (Pl)—
U. of Massachusetts-Amherst

The overall objective of these studies is to further develop molecular tools fgziagdhe activity
of the microorganisms that are importaninrsitu bioremediation of uranium-contaminated groundwater
and to use these tools to better understand the factors influencing the effecov@émegs uranium bio-
remediation at Department of Energy sites. The short-term objectivesnaxhthree years are: (1) to
determine whether quantifying the abundance of key proteins in subsGdabactercommunities can
diagnose their metabolic status and rates of metabolism; and (2) to begin extemdnudeitular diag-
nostic approach to the study of subsurface sulfate-reducing microorganismsyla@genzontribute tn
situ uranium bioremediation.

To determine whether there was a correspondence between the abundance of key proteitass and m
bolic activity of Geobacterspecies, antibodies were produced against polypeptides that were designed to
be specific for the citrate synthase, the A subunit of RNA polymerase (RpoA), or atsifbnitnogenase
(NifD) of Geobacterspecies in the subsurface clade 1, because this is the predoGeadaicterclade
in a diversity of subsurface environments. Antibody-based quantification of thesegpmotde subsur-
face clade 1 isolaté&eobacter bemidjiensislemonstrated that there was a direct correlation between the
abundance of citrate synthase and the rate of metabolism in chemostat culturess RipeA abun-
dance remained constant. NifD was abundant during growth in nitrogen-free medium, butmatrwhe
monium was available. Analysis of protein samples collected durisitu uranium bioremediation stu-
dies at the Rifle, CO, study site revealed a strong correspondence between the alnfrofiate syn-
thase and acetate availability and removal of U(VI) from the groundwidte.increased in abundance
when ammonium concentrations declined, consistent with previous detection of an increfidex-
pression in the same samples. These studies suggest that antibody-based tjoardffieay metabolic
proteins, which should be readily adaptable to standardized kits, can be diagnostibofiengttus of
subsurface microorganisms. Investigations into the abundance of other im@@tdaicteproteins that
have been difficult to detect with mass spectrometer-based methods, suchesytdaghromes and pili,
are under way.

Sulfate reduction is an important process following acetate addition at theiRiflerevious studies
have demonstrated that there is a diversity of sulfate-reducing microonggmissent, but there has been
little information on which sulfate reducers are active. Our previous pureestuudies demonstrated
that the expression of genes for dissimilatory sulfite reductase were diagridke specific per-cell
sulfate reduction rate. PCR primer sets were designed to specificallyfgtamtiranscripts of the dsrAB
genes of each of the three major groups of sulfate reducers at the Rifle sitéafaRCR assays re-
vealed that th®esulfobacteraceaeluster was the most active, as the number of dsrAB transcripts rapid-
ly increased and remained at high levels (1.0x104 transcripts/cell) duringftite sediuction phase. Al-
thoughDesulfobulbaceaandFirmicuteswere present at the site, their levels of dsrAB expression were
significantly lower (1.0x101-1.0x102 transcripts/cell) than that oDeémsulfobacteracead hese results
demonstrate that molecular analysis ofithsitu physiological status of subsurface communities can
provide important insights into subsurface bioremediation.
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BUGS Modeling: Integrating Dynamic Genome-Based Met  abolic Models with
Reactive Transport Models to Predict the Fate of Co  ntaminants in the Subsurface

Grantee-Led Research

K. Zhuang, U. of Toronto; Y. FangNNL; J. ZhaoU. of Torontg S. Dar,
M. Barlett—U. of Masscachusetts-AmherBt Mahadevar). of Toronto T. ScheibePNNL;
D. Lovley (PI),U. of Massachusetts-Amherst

One of the stated goals of the DOE Environmental Remediation Sciences Pogratavelop tools
that will make it possible to predict the fate of subsurface contaminants uri#gmeitural attenuation
or engineered bioremediation conditions, to optimize bioremediation strategies.erak ajective of
our research is to develop integrated microbial-reactive transport modetarnharedict the fate of con-
taminants in the subsurface under a wide diversity of conditions, based on first psiraipbr than em-
pirical parameter fitting. This will be accomplished by the BUGS (Bottom Umpfe Scale) Modeling
approach, in which genome-scale metabolic models of the relevant microorganescoupled with ap-
propriate geochemical and hydrological models. Our previous studies demonstratéditytio tiie
BUGS Modeling approach to predict the fate of uranium following the addition of acegr@undwater
at the Rifle, CO, study site and to predict the outcome of competition beGesdracterandRhodofe-
rax species under a diversity of geochemical conditions at the site. We havexpiacdesl this model-
ing framework to include a central metabolic modeDetulfovibrio vulgarisand a kinetic model of the
acetate-oxidizing sulfate reduc@esulfobacterbased on literature data. Simulations of the response
this microbial community to lactate additions suggest that it may be possiblato pizionged uranium
reduction byDesulfovibrioeven after the depletion of the microbially reducible Fe(lll). However, labora
tory incubations of sediments demonstrated that ferment@lostridia are also likely to compete for the
lactate, which has led to an ongoing expansion of the community modeling framework to thekele
organisms. Additional experimental evaluation revealed that, in contr@sitoacterspecies, which are
primarily planktonic during active Fe(lll) reduction, sulfate-reducing agoganisms are primarily at-
tached to sediment surfaces, demonstrating the importance of accounting fodateasbie planktonic
cells in future modeling efforts. The planktonic natur&ebbacterspecies and their associated need to
continue electron transfer while in the planktonic state was captured in a mduecapacitance capa-
bility of the c-type cytochromes. This novel mechanistic model of uranium reductssuveessfully
coupled with a column-scale reactive transport model. An extensive seysitigli/sis of biogeochemi-
cal model parameters was conducted to evaluate the effect of hydrological ngeathend microbio-
logical phenomena on the extent of uranium removal. These results suggest thatabipéwgimeters are
highly critical close to the acetate injection site, and that hydrologicahygders are more important
farther away from the injection site. To better integrate the genomersetdbolic model and the reac-
tive transport models, we developed a novel computationally efficient approachahkgsethe integra-
tion of large-scale models with minimal computing effort. These results deetenttat the strategy of
integrated, iterative modeling and experimental studies is providing inoggasophisticated tools for
predictively modeling subsurface bioremediation.
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Development and Fundamental Understanding of Cataly ~ tic DNA Biosensors for On-site
and Real-time Detection and Quantification of Radio  nuclides and Metal lons

Grantee-Led Research

Yi Lu (PI), N. Nagraj, Y. Xiang, M. Yigit, A. Brown, X. Mengt- of lllinois at Urbana-Champaign
B. Ravel,National Institute of Standards and Technology, Gaithersburg, MD

We are developing novel catalytic DNA biosensors for simultaneous detection anificpismt of
bioavailable radionuclides such as uranium, and metal contaminants such as mercag.aflgd sen-
sors are highly sensitive and selective, not only for different metal ions, bdbalifferent oxidation
states of the same metal ion (such as U(IV) vs. U(VI)). Such sensors allowdite and real-time
monitoring of concentration, speciation, and stability of radionuclides and metal cuantésrat DOE
sites. The richer information will help researchers to better understand subsuaical, chemical,
and biological processes, and to carry out more accurate modeling to explain and prediicttien ef-
fects. It will not only help assess the effectiveness of science-basedrs®lati cleanup by researchers
and engineers who perform the cleanup, but also contribute significantly to the longdsitoring of
DOE contaminated sites by DOE staff members, state and local regulaiis,and concerned citizens
around the sites.

To achieve the goal, we are employing a combinatorial method calledrd selection” to search
from a large DNA library (~ 10 different molecules) for catalytic DNA molecules that are highlyiépec
ic for radionuclides or other metal ions through intricate 3-dimensional intaracBy labeling the re-
sulting DNAzymes with fluorophore/quencher, gold nanoparticles or quantum dots, we hdoepetkve
new classes of fluorescent and colorimetric sensors. Using this approach, we amezlatatalytic
DNA sensors for Pb(ll), Hg(Il), Cu(ll) and U(VI). The uranyl sensor has a detelatnit of 45 pM or 11
ppt, and selectivity of over one million-fold over other metal ions. Application ofethgos in detecting
uranium in contaminated soil samples from SBR’s Oak Ridge Field Researier Gas also been dem-
onstrated. The novel approach of using an inactive DNAzymes variant to tune thieketege of the
sensors is also shown, and these sensors have been converted into simple “digstick ftelsl appli-
cations.

A major obstacle to using this class of sensors for practical applicationsngltheemperature vari-
ations of sensor performance. We have overcome this obstacle by demonstratingptheNAsenis-
matches in tuning the thermal stability, so that the DNAzyme Pb sensor perferoamioce constant
over a wide temperature range. Furthermore, most of the sensor research focaiseledsénsors with
fluorophores or chromophores, not only with a high cost of operation, but also with potentially weake
activity compared with unmodified analogue. We have overcome this limitationrbgluicing an abasic
site of dSpacer into DNAzymes for label-free fluorescent detection’df\ith an even lower detection
limit (4 nM) than the labeled sensor while maintaining the same selectivigflyi- we have reported a
novel liposome-based system that can detect and respond to the presence of as low asi€rcyof
the Hg MCL defined by the US EPA. In particular, we can modulate the release pfdfdechelators
by the local concentration of Hg, so that more chelators are released in regiorfscuftugntration, and
no chelators are released in regions of low concentration. This "budgeted" reté#sevgl be particu-
larly useful in situations where the local levels of Hg contamination varysacikf contamination is
time dependent.

In addition to sensor development for field applications, we are also using biocherditébphysi-
cal technigues, including luminescence and EXAFS spectroscopy, to elucidate thueadtelements re-
sponsible for high selectivity for radionuclides and metal {carsj the knowledge gained can be very
useful for designing more selective sensors as well as chelators for radiesiacid metal ions in re-
mediation.
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Effects of Pore Structure Change and Multiscale Het  erogeneity
on Contaminant Transport and Reaction Rate Upscalin g

Grantee-Led Research

W. B. Lunquist (PI)Stony Brook U.C. PetersPrincton U; W. Lim, M. Rockhold—PNNL;
K.W. Hones BNL

This project addresses the interrelationships between pore-, core-, anddielteactive transport.
Our focus is on the geochemical reactions driven by release of caustic Hadfoedttise wastes, their
impact on pore structure, and the evaluatiom aiitu, up-scaled rates for these reactions. We target four
issues central to the reactive transport scaling problem.

1) Water-rock interactions generally involve both dissolution and precipitationpthieication of
which alters pore network structure in complex ways. Systematic study of theéudagf im-
pact of this phenomenon requires controlled laboratory experimentation at the cqresuale
bined with a description of pore structure.

2) To accurately modeh situ dissolution and precipitation rates, which may occur in different re-
gions of the pore network, careful accounting for pore-scale variation in physicalrerdlng-
ical properties, flow velocities, and wetting fluid/grain surface arebhdevrequired.

3) Reaction rate parameterizations are usually developed from laboratory m\atd dem well-
mixed, homogeneous systems. Random variations in heterogeneous geologic medfeatmply t
these rate laws may have limited relevance for field-scale modeloogr#te upscaling of labor-
atory-based reaction rates will need to account for the pore scale variatoussedin 2).

4) Itis a critical question as to the extent that the net result of the interplagdmetlissolution,
secondary precipitation, and the effects in issue 2 will amplify natural heteitge bulk flow.

Our approach couples (1) reactive column experiments; (2) synchrotron X-ray comperedmogra-
phy (CMT), synchrotron micro X-ray fluorescence (XRF), backscattered@ie@SE) and scanning
electron (SEM) microscopy, and energy dispersive X-ray (EDX) spectrosaogy3) lattice-
Boltzmann, network flow, and continuum-based flow and reactive transport models.

During the past year, we have focused on the following goals.

1) Experimental investigation of where, within a network of pores and within a singlezpoiie
precipitation will occur. SEM studies of polished sections cut from the flow colummiergres
(after CMT scanning) will provide this information.

2) A new series of flow column experiments with: (1) more careful coordination in thwegytbe-
tween the column experiment and CMT scanning to reduce the closed “batch reactpg-time
riod; and (2) introduction of caustic solution with and without Al to assist in diffietent of
dissolution-only effects from those of combined dissolution and precipitation.

3) Development of a preliminary reactive network flow model which will be usedyatiiy, to
compute pore-to-core up-scaled reaction rates.

4) Extensive analysis of core up-scaled reaction rates in a reactive nétworkodel applicable to
CO, sequestration, to obtain preliminary experience with the computational techniqak as w
to benchmark general findings that may be applicable to this project.
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238/% Isotope Ratios as Tracers of Chemical Reduction:
Integrating Observations from the Rifle Field Site and U Ore Deposits

Grantee-Led Research

C.J. Bopp IV, C. Lundstrom (PI), T. Johnson, R. Sanfoed-ef lllinois at Urbana-ChampaigrK.H.
Williams, LBNL; P.E. LongPNNL

Redox reactions can greatly influence the toxicity and mobility of certain grousideattaminants.
Assessing the extent of reduction using concentration measurements alone caoubie elsbecially
when concentrations are influenced by sorption, mixing, and complex advection patterns. tattopic
measurements of redox active metals (such as Cr) provide an alternativelppmaantifying reduc-
tion and extent of immobilization. We have developed techniques to mé&sUr&U to high precision
by MC-ICP-MS/double spike methods; this provides a new tool for assessing ubtion and immo-
bilization. Here, we integrate néWU/***U data for groundwater samples from the Rifle Integrated Field
Research Challenge Site with observations of isotopic shifts occurring irediftgpes of U ore depo-
sits, to develop a consistent view of uranium isotope fractionation during subsudaceore The Rifle
project focuses on a near-surface aquifer contaminated by earlier uraniurg oplirations. This al-
luvial aquifer provides an excellent natural laboratory for studying in situ bidiatiza of U(VI) (e.g.,
Anderson et al., 2003). The Winchester Experiment investigated U(VI) reductiongartgng the in-
jection of acetate-amended groundwater. The carbon-rich groundwater stirtheageswth of native
iron-reducing bacteria, such @sobacteisp., which reduce mobile U(VI) to U(IV) and sequester it as
immobile solids. Our analyses of groundwater samples from this experiment shGRWAZEU in dis-
solved U(VI) decreases steadily with time as U(VI) reduction proceedsssalvid U(VI) concentra-
tions decrease fror200ug/L to~20ug/L, we observe a systematic change to 10%&r>*U of ~1.00%.

In contrast, analysis of a suite of natural background samples shows no systeamaeia’>*U/>*°U

with time or concentration.The shift to low&fU/***U in residual waters observed at Rifle is complimen-
tary to the isotopic signature observed in solids produced by reduction of U, such as rolefaepor
sits. For instance, systematic differencéf)/***U exists between high temperature hydrothermal ura-
nium ore deposits and those formed by low-temperature U(VI) reduction in aquifers (Bah2089;
Geology; these latter deposits have high@/**U, consistent with preferential incorporation”StJ

into the solid U@ product. Finally, new measurements8)/>*°U across the toe of a small roll front in
the Colorado front range show this same sense of fractionation.*hl&™U provides a tool for identi-
fying chemical reduction of U, free of the problems that hamper concentration nmeests.e
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Uranium Biomineralization by Natural Microbial Phosp hatase Activities
in the Subsurface

Grantee-Led Research
R.J. Martinez (PI)U. of AlabamaM. Taillefert, Georgia TechP. SobeckyyJ. of Alabama

The goal of this project is to examine the role of microbial phosphohydrolases in gaiacaliring sub-
surface microorganisms for the purpose of promoting the immobilization uranium throyglodietion
of insoluble uranium phosphate minerals. The results of our prior NABIR-ERSP (SB&jtmtemon-
strate that subsurface microorganisms isolated from radionuclide- anecomiaininated soils at the
DOE Oak Ridge Field Research Center (ORFRC) are acid-tolerant @&tdme® numerous toxic heavy
metals, including lead. In addition, many of these lead-resistant isolates ekiofghatase phenotypes
(i.e., in particular those surmised to be phosphate-irrepressible) capable ofaimelimetal toxicity by
the liberation of inorganic phosphate during growth on organophosphorus compounds, with the concomi-
tant production of a metal-phosphate precipitate. Liberated phosphate from glypbasgate was
sufficient to precipitate as much as 95% of U(VI) as low-solubility uranium-phasphiaerals in syn-
thetic groundwater containing either dissolved oxygen or nitrate as termictabelacceptor in the pH
range 5 to 7. In this current project, we have developed an experimental approach to deteethiee
the activities of naturally occurring microbial phosphatases in subsurfacgbralccommunities result in
the immobilization of uranium via the formation of phosphate minerals in contamimgted s

In collaboration with DOE LBNL investigators (G. Anderson, C. Wu, and T. Hazen), we hawve be
characterizing the subsurface microbial community responses of U(VI) anagd@aminated ORFRC
Area 2 and Area 3 soils, as well as the microbial population responses to exogenous organephosphat
additions under oxic and anoxic growth conditions, soil slurry, and flow-through reactor expgriment
conducted at pH 5.5 and 7.0. Soil slurry and flow-through reactor experiments were conducted for 36
days and 80 days at 25°C with 10 mM G2P and 15 mM &Kdhe sole C, P, and N sources, respective-
ly. Under oxic growth conditions, greater than 4 mM solublg’R@s measured at the end of the slurry
incubations, and NOwas not detected. Preliminary data obtained for anoxic soil slurry incubations indi
cated an accumulation of greater than 1mM°P@s well as the accumulation and subsequent removal of
NO,". Following triplicate incubations, 16S rDNA diversity of slurries were aralyza high-density
16S oligonucleotide microarrays (PhyloChip). Preliminary results suggésinther oxic conditions, the
microbial community structure is enriched in proteobacterial taxa at low pH gmpeofrio the diversity
of unamended soils. Analyses of slurries incubated under anoxic conditions are under waifyto ident
bacterial taxa capable of organophosphate hydrolysis under both oxic and anoxic environments. Flow
through reactor studies of soils with an initial pH of 3.7 demonstrated robust micrdbifilesconce a
pore water pH of 5.5 was achieved. Both denitrification and organophosphate hydrolysiseasveed
within 2 days of pH adjustment. Our soil slurry and column studies demonstrate the peticeaigy of
organophosphate-mediated sequestration of U(VI) by the microbial community resi@iRg-RC con-
taminated subsurface soils.
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Characterization of Microbial Communities in Subsurf ace Nuclear Detonation
Cavities of the Nevada Test Site

Grantee-Led Research

D.P. Moser (PI), J. Bruckner, J. FishelDesert Research Instityt&. Czerwinski,U. of Nevada-Las
Vegas R.E. Lindvall,LLNL; C. TussellDesert Research Instityt®l. Zavarin,LLNL

From 1957 to 1992, the U.S. DOE conducted 828 underground nuclear tests at the Nevada Test Site

(NTS). Today, the resulting cavities (sterilized by temperatures andipssufficient to melt rock)
represent a unique natural laboratory for studies of legacy waste transport aidainiecolonization of
materials altered by nuclear detonations. During the 2008 and 2009 field seasons, in coordthation w
ongoing “hotwell” monitoring by the DOE Underground Test Area Program (UGTA), ffrods five
cavities (GASCON, CHANCELLOR, NASH, ALEMAN, and ALMENDRO) and one tunfu12N)

were sampled by means of bailers or pumps. Microbial diversity was assessenhilyirzed molecular
(16S rRNA gene libraries) and cultivation-based approach. Our ongoing chaedittesizepresent the
first targeted investigation of microbial ecosystems associatedadibruclide-contaminated ground-
water at the NTS.

The presence of microorganisms was confirmed for all locations except CHANIFElwhere very
high temperatures (~95°C), 27 years after the detonation that created it, ihgidralegical isolation.
Phylogenetic analysis revealed substantially differing microbial comresiait individual sites; howev-
er, several inferred physiologies and phylogenetic groupings were common betegse@fgparticular
note were predicted iron-oxidizing and -reducing bacteria (most simigidevooxidanghiorsii andPe-
lobacter venetianygepectively) and a cluster of sequences related (at up to >98% identity) touf@mi
clones from South African gold mines (Candiddbesulforudis audaxviatQr As in the deep subsurface,
D. audaxviatoris surmised to subsist on hydrogen and sulfate produced via radiolytic cleavagerpf wa
its appearance at the NTS suggests a role for this novel microbial &fastIOE sites. Additionally,
16S rRNA gene clones most closely related to microorganisms capable of degrgdimg Delftia
acidovoran$ and phenolic compoundBlienylobacteriunspp.) were identified, as well as those puta-
tively involved in sulfur cycling@esulfovibriosp. zt31 and hioverga sulfuroxydapsselenate/selenite
reduction Azospira oryzaeand arsenite oxidatiomR@lstoniasp. 22). Selective NTS-specific media were
used to cultivate and quantify selected physiotypes including nitrate-, sulfaterpa-reducers, fermen-
tative anaerobes, and methanogens. Several isolates thus obtained are lzeidgnutélated studies.
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Resolving Biological-IP Mechanisms Using Micron-Sca le Surface Conductivity
Measurements and Column IP Data

Grantee-Led Research

S. Moysey (P)Clemson U.T. Kendall,OHSU D. NtarlagiannisRutgers U.J. WatermanQHSU
N. Hao,Clemson U.

Spectral induced polarization (SIP) measurements appear to be sensitivetwainactivity. If the
biogeochemical mechanisms that lead to charge polarization are known, theraSifferments can
be used as a diagnostic and monitoring tool for subsurface microbial activity irGgilapproach
bridges polarization and conductive force microscopy (PCFM) observations nthdenaho-to-
micron scale with column-scale IP data. Initial PCFM point measuremedesanaa simple, under-
saturated system containing 200 micron silica beads at 1 Hz show an exponentia incapaarent
surface conductivity, from a baseline of ~7.2e-13 S to 7.7e-13 S (x2e-14) at 70-75% felatidi-

ty (RH) and 1.7e-11(x1e-13) S at 90% RH. In the presence of NaCl, values exponenti&ibnrite
1.5e-12 S (+le-14) at 50% RH and 1.65e-8 (+1e-10) S at 90% RH. Current maps of the bead surface
show approximate registration betwet+ 1-5 picoAmps changes in current and nanometer-scale
surface features, including scratches and asperities. Parallel colume&iirements between 0.1-
1000 Hz show the expected decrease in phase with increasing salt concentratio@npla, et 1

Hz phase shifts decrease from 0.25 to 0.03 mrad as NaCl concentration is increaseddrd@®50 t
mg/L. A good level of reproducibility was observed in the IP measurements agthgevoeffi-

cient of variation across all frequencies was 9% and at 1Hz was 16%. Futurermeaxgeriments
will explicitly connect the effect of surface roughness on the column IP and PCFdnexeents in
preparation for probing the increased complexity of the microbe-mineral interface

Abstracts 55



Geochemical and Physical Aquifer Property Heterogen  eity: A Multiscale
Sedimentologic Approach to Reactive Solute Transpor t

Grantee-Led Research

R.M. Allen-King, U. of Buffalg C. Murray (P1),PNNL, G. WangU. of Buffalg Y.-J. Bott,
T. Scheibe-PNNL; K. Lillienthal, U. of Buffalg G. WeismannlJ. of New Mexicp
B. Bjornstad, G. Last-PNNL

This project is testing the hypothesis that sedimentary lithofacies de¢etinei geochemical and
physical hydrologic properties that control reactive solute transport. Thaeafatve geochemical and
physical aquifer properties selected for quantification in the proposed projelae gm®perties that con-
trol carbon tetrachloride (CT) transport at the Hanford Site (Ringold Formatigaidaulic conductivity
and reactivity (sorption distribution coefficient and transformation rate aot)sitWe are combining bo-
rehole grain-size data (to identify lithofacies and estimate hydraulic ciiwviduand porosity) with mea-
surements from archived and fresh core samples (for geochemical expermietatpeovide additional
constraints on the reactive transport properties) to estimate the spéatidliies of properties that con-
trol reactive solute transport in the subsurface.

We have used a surrogate compound approach to determine that (1) the CT sorptionatistributi
coefficient Kgy) is low in the Ringold formation and (2) reasondtestimates can be obtained from the
measured organic carbon conteg) (©f the sediments using the literature or reference value.far-
dependent of CT concentration. We combifigtheasurements from fresh and archive samples per-
formed for this project with existing data from the Ringold Fm. at the Hanford Sité chsasf,. data
were restricted to samples where the grain-size distribution was knovinat sbd lithofacies could be
determined. We also measutegdfor duplicate Ringold Formation samples. TheandK,. sample data
were used to estimate the avergdor the three different lithofacies.

Through analysis of the boreholes and outcrop, we determined that (1) the Ringold E unit@he pri
ry saturated zone unit contaminated by the CT plume) consists primarily of grawedéble material de-
posited by large multichannel streams, and (2) this unit is lithologicallywellahomogeneous with mi-
nor sandbody inclusions that appear to be bar-top facies. We used transition probabiatysgeabkime-
thods to simulate the three-dimensional (3D) distribution of lithofacies that haddeeified using
grain-size data from boreholes. The 3D distribution of hydraulic conductivity and gosesé generat-
ed conditional on borehole data and the previously generated realizations of lisxdaciause there
were not enough data to map #ewithin the Ringold Fm. aquifer, realizations of Kgdistribution
were generated by substituting the migfor each lithofacies into the previously generated lithofacies
realizations.

We have also begun work on reactive transport simulations that will be used to {hredigpacts of
the combined heterogeneity of the physical and geochemical aquifer attributestive teansport.
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Role of Sulfhydryl Sites on Bacterial Cell Walls in the Biosorption, Mobility,
and Bioavailability of Mercury

Grantee-Led Research
S.C.B. Myneni (Pl)Princeton U; J. FeinU. of Notre DamgB. Mishra,ANL

Bacteria are ubiquitous in a wide-range of low-temperature aqueous systems) aimdrggly affect
the distribution and transport of metals and radionuclides in the environment. Howevelg ibfemetal
adsorption onto bacteria, via the reactive cell wall functional groups, has besn targrlooked. Ma-
croscale metal sorption studies and recent molecular XAS studies have shovandirafl@and phos-
phoryl functional groups are the important metal binding groups on bacterial cellM@isver, our
preliminary XAS studies indicated that Hidpinds to sulfhydryl groups in preference to the more abun-
dant carboxyl and phosphoryl groups on cell walls when Hg concentration is submicromoldoi-The s
chiometry of these Hg-cysteine bacterial cell wall complexes also claargéunction of aqueous Hg
concentration, and the structures of such complexes can have a significant impacbtubility and
bioavailability of Hg. The overall goal of our study is to provide a quantitative &etianistic under-
standing of the impact of bacterial sulfhydryl groups on the uptake, speciation, traamspbroavailabil-
ity of Hg in the environment.

Our preliminary studies indicate that Hg adsorbs strongly on all examinedidlesuieiaces, with
nearly complete removal of Hg from aqueous solutions. The Hg-XANES spectraerttiaathe elec-
tronic state and the coordination environment of Hg complexes on bacterial celtheadtye significant-
ly as a function of Hg concentration above 0.5 micromolar, with minimal changes bedawnicentra-
tion. The Hg-EXAFS spectra indicate that Hg complexes entirely with ogstgoups at nanomolar and
low-micromolar concentrations, and with carboxyl sites at high micromolar coatiens. In addition,
the structure of the cysteine complex changes from primarily t4g8gS and HgS (S = cysteine), with
increasing Hg concentrations in the submicromolar range.

The future research plan is to estimate the concentration of these sulfhydryektive to carboxyl
and phosphoryl sites on the cell wall, the thermodynamic stability of the importdrddtigrial surface
complexes, and the conditions under which these sites affect Hg speciation. We woik éxpl these
surface sites on bacteria bind to Hg in the presence of different inorganic and tigganiis common in
the environment. The surface structures of Hg-sulfhydryl complexes will bgzadalsing XAS, and we
will make correlations between the structure of the Hg-cell surface copieHg methylation rate by
the organism. Using this information, we plan to expand this study further to evaluakeése me-
chanisms of Hg from these sites during bacterial cell lysis. This is iamgont evaluating whether the
biologically reduced or adsorbed metals are released back into the aquatis sigglease mechanisms
and rates are important for modeling the ultimate fate of metals in thesaasbetring aquatic systems.
Mercury is a common contaminant at several DOE sites, and our study providesningags on the
understanding of the ultimate fate and biological toxicity of Hg at these sites.
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Mercury Release from Organic Matter (OM) and OM-Coa ted Mineral Surfaces
Grantee-Led Research

K L. Nagy (PI),U. of lllinois-Chicago J.N. Ryan, G. R. Aiken dSGS A. ManceauCNRS and Univer-
sité Joseph FourieB. Gu,ORNL

The focus of this research is to determine mechanisms that can release dieatairy [Hg(l1)]
from natural organic matter, thus making it available for transformation ttoymercury, the dominant
mercury species taken up in the food chain. Contamination by mercury, a neurotoxin, occuss global
from coal-burning, incineration, and volcanism and locally from industrial point souncksjing the
U.S. Department of Energy’s Oak Ridge Y-12 Site where 212,000 kg of Hg were dealiesis® the
Cold War and dispersed into the floodplain of the East Fork Poplar Creek. The formswfyrrethe
flood plain now include Hg(ll) bound to natural organic matter and mercury sulfide sinétizen
strongly bound to reduced sulfur in soil or dissolved natural organic matter, orgamccoatings on
mineral surfaces, or sulfide minerals mercury(ll), may become immab#izd/or unavailable for the
methylation reaction, depending on particle size. We are learning more about how Hg isotxulfud t
and other sites in organic matter, but the rates and mechanisms of potentiabbkg frele such sites are
largely unknown. For example, how irreversible is Hg sorption to organic mattergamdmcoated
minerals, and are there natural mechanisms that can remove strongly-boundtHaglyates? The
goals of this project are to characterize the kinetics of Hg releasedibonganic matter, minerals, and
minerals coated with organic matter. Understanding these processesas iorgvaluating the potential
dispersal of Hg(ll) in soil-sediment-water systems and remediation appac

We will determine Hg release from organic matter, mineral surfacegrgadic matter-coated min-
eral surfaces as a function of likely reactants expected in oxidative and vedattiral environments.
Testable hypotheses include (1) release of Hg(ll) bound to reduced sulfur groups inesod oagter,
and clay minerals coated with organic matter and sulfide minerals, requiresthegiical agents that
reduce the Hg(ll) or oxidize the sulfur, whereas release of Hg(ll) bound to oxygemglfeactional
groups does not require redox-sensitive agents; (2) mercury bound to organic maggmaneral sur-
faces is immobilized more (i.e., is potentially less reactive to meitny)ahan Hg(ll) adsorbed to un-
coated clays; and (3) release rates are proportional to the quantity and type ofsitedeach of which
has a different molecular configuration and therefore different binding strength.

Experiments and bulk- to molecular-scale analyses, including x-ray absorptobrospepy (XAS)
of natural and experimental materials, will provide quantitative data on imeaitnh mechanisms for
mercury associated with soil organic matter and minerals. Soil organer fiatiuding humic and ful-
vic acids) isolated from ORNL's Integrated Field Research ChalleR&C{l site and redox-sensitive
reactants such as ascorbic acid or quinones will be tested for their abilityaserélound Hg(ll) under
controlled oxidation states from mercuric sulfides, phyllosilicate clays, and@téd clays characteris-
tic of the Oak Ridge site. Results will be formatted for use in models of maransport and bioavaila-
bility.

Quantitative data describing the mechanisms and rates of mercury ret@aseif organic matter,
minerals, and OM-coated minerals characteristic of the subsurface envitatriiee Oak Ridge Site is
essential to assess the extent of natural remediation and success of applitati@ntechnologies. So-
luble mercury(ll) generally is considered to be bioavailable, and the religrgibthe exchange of
Hg(ll) between aqueous species and immobilized forms is of critical impertaqeedicting the distri-
bution of mercury in the environment over short and long time scales.
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Novel Sensor for the In Situ Measurement of Uranium Fluxes
Grantee-Led Research

M. Newman (PI)U. of Florida, V. StuckerColorado School of Mineg. ChoU. of Florida; A. Peacock,
Microbial Insights J. RanvilleColorado School of Mines. Cabanisd). of New Mexicpl. Perminoval. omonsov
Moscow State U., Russisl. Annable, K. Hatfield—J. of Florida; J. KlammerFederal U. of Bahia, Brazil
J. Leavitt,U. of New Mexico

The goal of this project is to develop a novel settisat incorporates field-tested concepts of thesjve flux
meter to provide direéh situ measures of uranium and groundwater fluxes. Meheiuranium fluxes are essen-
tially the product of concentration and groundwdiiex or specific discharge. The sensor uses twbesus and
tracers to measure uranium flux and specific digghdirectly; however, sensor principles and deshyuld apply
to fluxes of other radionuclides. Flux measuremaniisassist DOE in obtaining field-scale quantéfton of subsur-
face processes affecting uranium transport (edge@ion) and transformation (e.g., uranium attéoagand fur-
ther advance conceptual and computational modefietd scale simulations. Project efforts will e our current
understanding of how field-scale spatial variationluxes of uranium, groundwater, and salientetm do-
nor/acceptors are coupled to spatial variatiomeéasured microbial biomass/community compositiffectve
field-scale uranium mass balances, attenuationstaimlity.

During the second year, laboratory studies focuseddditional sorbent testing, a redesign of tmsaeto in-
clude multiple sorbents, sensor validation in labory-scale box aquifers, advanced geochemical limgdand ini-
tial field testing in the La Quinta Gallery at tRéle IFRC site. The new sensor design used amasxchange resin
to measure uranium fluxes and activated carbonetasore water fluxes. Several anion-exchange reésuiading
Dowex 21K and 21K XLT, Purolite A500, and Lewat838, were tested as sorbents for capturing uraniuthe
sensor, and Lewatit S6328 was determined to bent®t effective over the widest pH range. Four binadcalcohols
proved useful as tracers for measuring groundwiates using activated carbon under laboratory aeld tondi-
tions. The flux sensor was redesigned to preventlibcharge of tracers to the environment, anesé¢wedesign was
tested in laboratory box aquifers and the fieldo&emical modeling of equilibrium speciation usargup-to-date
thermodynamic data base suggested Ca-triscarbonatgt complexes predominate under field conditiovisle
calculated uranyl ion activities were sensitivelanges in pH, dissolved inorganic carbon (DIC) alkdline earth
metals. Results suggested geochemical modelifgeddid Rifle site could probably use any of thendtad ionic
strength corrections, but should (1) be sure toagserate pH measurements as a constraint ane @)rb that the
thermodynamic database is up to date. In additiamuld be useful to measure DIC directly ratheart to rely
upon alkalinity titrations. Initial field tests the La Quinta gallery at the Rifle IFRC site weonducted to assess
ambient groundwater and uranium fluxes, monitorab@ml growth on the sensor during field deploymemid fur-
ther resolve any unforeseen problems evolving fiietd deployment. Ten flux sensors were deployefivia wells
(2 five-foot flux sensors in each well) for threeeks, from mid-November to early December 2009 e®tesl water
fluxes varied from 1.2 to 5.3 cm/d, while uraniuoxes ranged from 0.01 to 2.2 ugfmUranium and water flux
variations corresponded closely with changes oldgy. Uranium fluxes were typically observedrorease with
depth and in zones where natural bioreductiongpetted. Stochastic simulations were conductedtimate the
magnitude of uranium discharge over a 10°Gransect. The mean discharge was ~52 mg/d witirw 90% con-
fidence interval of £ 11%. Preliminary microbiabbiass and community composition measured on fluemser-
bents varied between well location and depth; henedata are still under review.

Future field studies in the La Quinta and othetegas will be closely coordinated with existing BBrojects
to complement data collection. For these studiesutanium flux sensor will be used in conjunctigth molecular-
biological tools to characterize microbial commurgihd active biomass at synonymous wells. Thes digorts
will be designed to quantify spatial changes imiuna flux and field-scale rates of uranium atteraratambient and
stimulated), uranium stability, and to quantitayvassess how fluxes and effective reaction ratesaupled to spa-
tial variations in mineralogy, the microbial comjiim, and active biomass. Analyses of data geadraill lead to
estimates of the uranium discharge that can be tasestimate kinetic parameters that are "effettivenature and
optimal for modeling uranium fate and transporthatfield scale. Proper development of these madelstical for
long-term stewardship of contaminated sites incthreext of predicting uranium source behavior, reiai@on per-
formance, and off-site risk.
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Microbial Community of U-Polluted Subsoil: Search f or New Bioremediation
Agents Based on In Situ Domestication and Kinetic Studies

Grantee-Led Research

N. Panikov (PI), A. Bollmann, B. Carey, B. Bell, D. Nichols, MV. Sizovdertheastern U.A.V. Pa-
lumbo,ORNL S.S. Epsteinortheastern U.

The ultimate goal of this project is to achieve a full mechanistic understandiigtiofinteractions
within microbial community of polluted subsoil, and subsequent use of this knowledge to eftioniz
remediation process. We focus on U-contaminated groundwater at several ER@nsiten building a
library of isolates and their consortia from FRC sites— including previoustytivated ones—which
could be used in bioremediation practice as bioactive reagents. Since theyro&guhisoil microorgan-
isms resist cultivation on artificial lab media, we use a novel cultivapproach based on exposure of
microorganisms to a natural environment in diffusion chambers.

Samples of groundwater (GW) and sediments were taken from the Area2 SR&t&implbt and
used for two kinds of lab experiments: (1) GW was amended with various organic compoucotse(gl
ethanol, acetate, glycerol, cysteine, yeast extract, starch) and incubiz@e€atnder oxic or anoxic
(N2) conditions with continuous recording of €f0rmation rate (IR-gas analyzer), substrate-induce mi-
crobial growth (increase in the pellet proteins, plating and direct count of ce#ll&)wWimicroscope) and
U(6)-U(4) transition with scintillation count of radioactivity in solution anddphase;( 2) isolation of
bacteria from intact and amended GW after its serial dilution and plating on norespetient media in
standard Petri dishes and in multi-well diffusion chambers (ichips) as welhasrotiter plates. Degree
of cultivability was estimated by (a) comparison of number of colony-forming W@hs) observed in
regular plates and ichips with direct microscopic count and (b) assessment okphiilodiversity (16S
RNA) of culture collection versus community.

Diffusion chambers and ichips proved to be efficient in cultivating numerous previmaiitivable
bacteria in GW. They displayed high resistance to heavy metals, nitrate @ity &ziexpected result
was that anoxic plating on the non-specific complex media (YE, cosamine agafiwetygs) @oduced 2-
3 orders lower CFU counts than oxic plating. Uptake and metabolic conversion of added attganic s
strates was also less intensive in anoxic incubations with longer lag-plasemaed with oxic condi-
tions. We conclude that GW may not be fully anoxic, and may contain aerobic micorsitesorentire
most promising bioremediation agents should be found among facultative anaerobesveibia foosn
aerobic respiration to fermentation and anaerobic respiration. At the same ¢icenmot completely
exclude the assumption that strictly aerobic species can preserve activity if they have high affinity
to dissolved oxygen. Reductive immobilization of U was found to occur either in synchitbnyiaio-
bial growth or precede accumulation of cell mass. The highest stimulatoryaffeereduction was ob-
served when adding cysteine, followed by glucose and ethanol.

We accumulated more than 1000 isolates from GW and presently are testing theanmlitéx-
onomic position based on 16S RNA sequencing and conventional taxonomic tests. An express high-
throughput technique has been developed to screen isolates for their ability to redu&etiBjlilu-
tions in microtiter plates turned out to be convenient alternatives to conventiatiad [oh the primary
isolation and screening of active strains. Some isolates were represertguldgansortia rather than
pure cultures of bacteria. With the most active pure cultures and consortia, we gd&arnent their
population dynamics in sterile and nonsterile GW enriched with C-substratesytbetber they are
able to surviven situand compete for common substrates with endogenous populations. The most robust
strains may be considered as candidates for introduction to contaminated GW for Usdedemntoval.
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Subsurface Uranium Fate and Transport: Integrated E ~ xperiments and Modeling of
Coupled Biogeochemical Mechanisms of Nanocrystallin e Uraninite
Oxidation by Fe(lll)-(hydr)oxides

Grantee-Led Research

B.M. Peyton (PI)Montana State U.T. Ginn,U. of California-Davis R. Sani South Dakota School of
Mines and Technolog\. Spycher| BNL; B. Stewart, C. GirardoMontana State UJ M. Issarangkun,
S. Sengor-Y. of California-Davis A. DohnalkovaPNNL; E. Squllace, G. Singh, M. Lasisi—

South Dakota School of Mines and TechnaléyKukkadapuPNNL

Subsurface bacteria, including sulfate-reducing bacteria (SRB), can redufdle £(VI) to inso-
luble U(IV) with subsequent precipitation of Li®However, it has been shown that SRB-mediated urani-
nite nanocrystals can be reoxidized (and thus remobilized) by Fe(lll)-(hydr)oxmesion constituents
of soils and sediments, once the electron donor is exhausted. This reoxidation has also been shown to o
cur under sulfate-reducing conditions; however, the mechanism of this process remasodved. Un-
der abiotic conditions, we have investigated the influence of siderophore compoundaiesfene B
(DFB) on reoxidation of biogenic Uy ferrihydrite, goethite, and hematite-coated quartz sand in batch
systems. Preliminary results indicate that 0.2 mM DFB increaseB fdfvhation in solution. DFB
promoted solubilization of UQand Fe(lll) minerals show an order of magnitude more Fe(lll) than U(IV)
solubilized by DFB, suggesting DFB likely promotes reoxidation through dissolutior(l8j Fenerals.

Experiments were performed wibesulfovibrio desulfurican&20 to investigate biotic influences
on the system. Following growth of G20 in lactate-limited medium containing O or 180 (vi1dand
sulfate, previously produced and cleaned biogenig W&3 added to systems without U(VI) to compare
rates of U(IV) reoxidation in the presence of hematite. Following 4 d of incubation, soij\ilewas
detected only in systems that began with U(VI) as opposed to previously produggteld®S second-
ary minerals formed during U reoxidation were analyzed using Méssbauer, XRD, MRELES, and
SEAD. Results showed that no goethite peaks were present in the samples, amhg$2@:25%) of
the hematite was transformed. HR-TEM and EDS showed various forms of iron s{pfiegsminately
amphorous), and intracellular and extracellular coexistence of uraninite and irdesuifiossbauer da-
ta suggested the presence of greigite.

Exploratory multicomponent biogeochemical simulations were executed to evakra@dynamic
and kinetic constraints affecting uranium reduction and the subsequent onset of reoxidatave\ex-
panded our previous modeling work to include the effect of Fe(ll) mineral preicipjtabtably FeS, si-
derite, and magnetite. Reoxidation by hematite and goethite thermodynamically dpexinoe suffi-
ciently high enough levels of Fe(ll) for siderite and/or magnetite to form. HAawoth of these miner-
als become thermodynamically stable when ferrihydrite is the oxidant. At pH ~7 and-8a@W U(VI)
concentrations upon reoxidation by hematite or goethite are calculated to remairoim thelbuM
range, compared to values in the 10—i00range when ferrihydrite is the oxidant. However, based on
the literature, the hydration of hematite and goethite could yield highgrad®dation than predicted
on strict thermodynamic grounds. A system containing only magnetite ana/dfOnvestigated for
comparison. When sulfide was added to the system, it was shown that Fe(lll) (hyripoadies sulfide
preferentially to U@ Therefore, the relative rates of sulfide and,l@&idation determine the final U(VI)
concentrations upon reoxidation. Interactions of, W@h hematite in the presence of the siderophore
DFB were also simulated.
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Metaproteomics ldentifies the Protein Machinery Inv  olved in Metal and
Radionuclide Reduction in Subsurface Microbes and E lucidates Mechanisms
and U(VI) Reduction Biomarkers

Grantee-Led Research
S.M. Pfiffner (PI), A.C. Layton, G.S. Sayler, F.E. Loeffled—of Tennessee/ORNL

The overall goal for this newly funded project is to develop and exploit environmenégroted-
mics tools to identify biomarkers for monitoring microbial activity affegtU speciation at U-
contaminated sites, correlate metaproteomics profiles with geochemiaalgiars and U(VI) reduction
activity (or lack thereof), elucidate mechanisms contributing to U(VI) témlycand provide remediation
project managers with additional information to make science-based siteemamglecisions to
achieve cleanup goals more efficiently.

Although significant progress has been made elucidating the microbiology congritutnetal and
radionuclide reduction, the cellular components, pathway(s), and mechanisms contributingrts-
formation remain poorly understood. Recent advances in (meta)proteomics technobdgyetaled
studies of complex samples, including environmental samples, which differdmesites and even show
considerable variability within the same site (e.g., the Oak Ridge IFCAdtditionally, site-specific
geochemical conditions affect microbial activity and function, suggestingajzeel assessment and in-
terpretations may not suffice. This research effort will integrate munrederstanding of the microbiolo-
gy and biochemistry of U(VI) reduction and capitalize on advances in proteomics teghmade over
the past 2 years. Initial studies will use Area 2 Oak Ridge IFC sediment forumrg flow sediment
column studies, followed by analyses of Oak Ridge IFC field samples from locatiens slow-release
substrate biostimulation has been implemented to accelersita U(VI) reduction rates.

Our overarching hypothesis is that the metabolic signature in environmentaésaasptieciphered
by the metaproteome measurements, will correlate with U(VI) reductiafityclihe detailed analysis of
proteins linked with U(VI) reduction activity will (1) test if c-type cykwome isoforms, previously asso-
ciated with radionuclide reduction activity, are suitable biomarkers, (2) figeetiv biomarker targets
for site assessment and bioremediation monitoring, and (3) provide new informationpedodfic pro-
teins and mechanisms involved in U(VI) reduction and immobilization.

Since metaproteomic and metagenomic characterizations are computatthaiéinging and time-
consuming, we will use a tiered approach that combines database mining, controllddrialstreies,
U(VI) reduction activity measurements, phylogentic analyses, and gene expstagies to support the
metaproteomics characterizations. Optimization of the proteomic toolselilide in-depth comprehen-
sive metagenomic and metaproteomic analyses on a limited number of samplagzedptietaproteo-
mic analyses will be applied to Oak Ridge IFC field samples to demonstrat#itiieof the new tools
for site assessment, efficient implementation of bioremediation and longr@nitoring. The expanded
toolbox will contribute to implementing science-driven site management with broafitbeo the DOE
mission.
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Development of a Self-Consistent Model of Plutonium Sorption:
Quantification of Sorption Enthalpy and Ligand-Prom oted Dissolution

Grantee-Led Research
B.A. Powell (PI), Y. Arai—€lemson U.U. Becker, R.C. Ewing-Y. of Michigan D.l. Kaplan,SRNL

This project was selected for funding through the Environmental Remediation SdR¥ngeam So-
licitation 09-07 and work will begin in the spring of 2010. The goal of this project is to impravabili-
ty to predict the environmental behavior of plutonium through the development of a mechaodsi
of plutonium speciation in subsurface environments. The speciation model will be a theamadsur-
face complexation model of plutonium sorption to mineral surfaces that is selfteahsigh macros-
copic batch sorption data, X-ray absorption spectroscopy (XAS) measurementsnetectoscopy ana-
lyses, and quantum-mechanical calculations. The novelty of the proposed worlgkésitathe manner
the information from these measurements and calculations will be combined into ahaodell be
used to evaluate the thermodynamics of plutonium sorption reactions, as well assorpdich of plu-
tonium to sediments from DOE sites, using a component additivity approach. Additiones$ stildin-
corporate effects of surface-mediated redox interactions, as well as caioplexth natural organic
matter (NOM), into the model.

This research will test the hypotheses that (1) strong interactions of plutorttummiweral surfaces
are due to formation of inner-sphere Pu(lV) complexes, which are mechanisticgly loy displace-
ment of solvating water molecules from the actinide and mineral surface darptgn; and (2) under
environmental conditions, desorption of these inner sphere complexes can only be accomptished by
eral surface-mediated oxidation to more soluble Pu(V) or Pu(VI) or through ligéwasheed dissolution
with NOM.

Testing these hypotheses and meeting the objective of developing a mechnistsesal sorption
model will require coupling studies of macroscale plutonium sorption with an understanttiegchem-
ical speciation and bonding environment of Pu at the mineral surface. These stlidatiowian expe-
rimental program with three tasks. The first task will measure sorptioassand enthalpy of Pu(IV) and
Pu(V) sorption to pure mineral phases, as well as sediments from the SavannaitRiaerd the Han-
ford Site. The batch sorption data will be coupled with the results of XAS and electrosacopmy. Task
2 will consist solely of quantum-mechanical calculations to determine sorptiayiesnand activated
states involved in adsorption, and observations of the electronic interactionsrbéteveesorbate, co-
adsorbate, and substrate, and possible reduction of actinide species. Both the comptigies ahsl
experimental studies will be used to build a surface complexation model of plutoniuatispemnsis-
tent with experiments and atomistic simulations, and based on actual reaction smash@his model
will evaluate the strength of plutonium surface interactions, as noted in Hypdttssise. The third
task of this project is to test the second hypothesis by performing plutonium desorpsiomdes varia-
ble redox conditions and in the presence and absence of organic ligands intended to simulatelNOM
microbial exudates.
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Adopting Biophysics Methods in Pursuit of Biogeophy sical Research: Advancing
the Measurement and Modeling of Electrical Signatur  es of Microbe-Material
Transformations Impacting Contaminant Transport

Grantee-Led Research

C. Prodan (PI)New Jersey Institute of Technology (NJII)Slater, D. Mtarlagiannis,
C. Zhang—Rutgers U.-NewarKT. Tyson, A. BendiganavaleNJIT;
S.S. Hubbard, K.H. Williams+BNL

This exploratory project involves laboratory experiments to investigate lthpestheses:H1) Phys-
ics-based modeling of low-frequency dispersions (henceforth referrecliphas measured in broad-
band dielectric spectroscopy (DS) data can quantify pore-scale geometriechmapgcting contaminant
transport resulting from biomineralizatiofii2) Physics-based modeling of high-frequency dispersions
(henceforth referred to &®tg measured in broadband dielectric spectroscopy data can quantify rates of
mineral growth in/on the cell wallH3) Application of this measurement and modeling approach can en-
hance geophysical interpretation of bioremediation experiments conducted at tielRUFhy provid-
ing constraints on bioremediation efficiency (biomass concentration, minerat wptain the cell wall,
bio-mineralization rate).

We have started testing H1 by performing DS measurements (alpha and betamarge (Fe) par-
ticles of dimensions similar to microbial cells, dispersed within agarogelsa range of Fe concentra-
tions. We have tested the ability of the physics-based modeling to predict volumetiaiiaes of the
Fe particles by assuming that the Fe particles are polarizable inclusthitsam otherwise nonpolariza-
ble medium. We are currently evaluating the smallest volume concentraticatha¢ detected with the
DS method. Similar experiments and modeling have been performed on the sdliateg®acteri®.
vulgaris Synchrotron x-ray absorption measurements have been conducted to determine thradocal st
ture of biominerals coatings @ vulgariswhich were grown in the presence of different Fe concentra-
tions. Future plans include quantifying the thickness of the mineral growth on cell wadl DS in the
beta region. Future work will also involve total scattering measuremetithand x-ray beams (high-q)
to determine the structure characteristics of atomic sites for a riangeantly beyond that determined
by x-ray absorption.
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Scale-Dependent Fracture-Matrix Interactions and
Their Impact on Radionuclide Transport

Grantee-Led Research
H. Rajaram (PI)U. of Coloradg R. Detwiler,U. of California-Irvine

Diffusion and adsorption within a rock matrix are important mechanisms for retarangport of
radionuclides and other solutes in fractured rock. Due to computational limitations fandti@i$ in
characterizing complex subsurface systems, diffusive exchange betweeture fn@twork and sur-
rounding rock matrix is often modeled using simplified conceptual representations.ig bgnificant
uncertainty in the “effective” parameters used in these models, such adé¢letvefmatrix diffusivity”
and “mass transfer coefficients”, which are typically calibrated vald#en, these calibrated parameter
values fall outside anticipated ranges, because the underlying interpretivie dwdet account for
complex three-dimensional flow within fracture networks. There is very fittidamental understanding
of the relationship between the effective parameters and underlying roslchaacteristics, including
network structure and matrix properties. There is significant recent eeiflenan apparent scale-
dependence in “effective matrix diffusion”--estimated values appear t@sewmwith scale and some-
times far exceed typical molecular diffusivites. These observaticses additional questions about
whether fracture-matrix interaction parameters estimated from-so@é tracer tests can be used for
predicting radionuclide fate and transport at the scale of DOE field sites.

High-resolution three-dimensional discrete fracture-network-matfetN(i®) models based on well-
defined local-scale transport equations can help to address some of these qudeti@wer, such mod-
els have not been used extensively in the context of fracture-matrix interactcanssdéhey are compu-
tationally demanding. Due to tremendous advances in computational technology ovetr 10ey&ars,
DFNM modeling in relatively large domains is now feasible. The overarchingtol@®f our research is
to use DFNM modeling to improve fundamental understanding of how effective parsimetenceptual
models are related to fracture-network structure and matrix properties. Arcadv&D DFNM model is
being developed, which combines upscaled particle-tracking algorithms faréacatrix interaction
and a recently developed parallel fracture-network flow simulator. Thelpéracking algorithms will
allow complexity in flow fields at different scales, and track transport sa¢rasture-matrix interfaces
based on rigorous local approximations to the transport equations. This modeling approacorpa-
rate aperture variability, multiscale preferential flow, and matrixrbgeneity. We anticipate that the
code can handle computational domains with about 1 billion nodes for flow and 1 billion particles for
transport. The overarching goal is to obtain insights on (1) the relationship betvesgivefracture-
matrix interaction parameters, network structure, and matrix properties ahdi{Actale dependence in
different types of fractured rock environments.

We will show results obtained using “very-high-resolution” particle iracklgorithms at the single
fracture scale and at fracture intersections. We are developing upscaidd-pratking algorithms for
the field-scale three-dimensional code, which will allow use of much largerstieps. The next step in
the research is to verify the accuracy of the upscaled algorithms using ipitgeresolution” simula-
tion results as a benchmark, and refine them as needed. We will then pursue simulaéioyes foeid-
scale fracture networks.

Our research will specifically target applications at the Oak Ridegld Research Center, former
nuclear test sites in Nevada (e.g. the Shoal and Bullion tests), and other f&e(d.giteMirror Lake)
where tracer tests were conducted to obtain fracture-matrix interactiongtara for site-scale transport
models. The nature of the underlying fracture network, rock-matrix properties avlostr@ed behavior
of tracers (e.g., distinction between tracers with different molecular iditfas) were vastly different at
these sites. Our initial goal is to reproduce these differences from firsipies using our high-
resolution models, without involving any fitted parameters. Subsequently, wennilbse site-scale
transport using parallelized flow and transport models.
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From Nanowires to Biofilms: An Exploration of Novel Mechanisms of Uranium
Transformation Mediated by Geobacter Bacteria

Grantee-Led Research
D.L. Cologgi, A.M. Speers, B. Bullard, S. Kelly, G. Reguera (M)ichigan State U.

Surface-attached communities or biofilms play a key role in redox transfonsati metals and
could potentially be used as permeable biobarriers for the bioremediation of toxic swtdlle such as
uranium. Although biofilms are often assumed in the subsurface, particularly attivewwell screen in-
terface, evidence for their development in the bulk aquifer matrix is scarcéeanpatential contribu-
tion to contaminant transformations remains largely unknown. To gain insights into hdmsmgntri-
bute to uranium transformations in the subsurface, we@sebacter sulfurreduceras a model repre-
sentative of th&eobacterspecies that predominate during activsitu bioremediation of uranium and
other soluble metal contaminants with acetate as an electron donor. We ineéstiggtotential o&.
sulfurreducendiofilms in uranium bioremediation by studying the role of biofilm developmentalstage
(monolayer, immature microcolonies and mature microcolonies) in uranium traastorsnusing X-ray
absorption (XAS) spectroscopy. Soluble U(VI) was the predominant form of uranium in neneolay
and immature biofilms, while U(IV) was most abundant in mature biofilms. Theskésreslicate that
biofilms play a role in U(VI) transformations via first a sorption and then a tiedunechanism. The re-
ductive precipitation of U(VI) increased as the biofilms developed and proporticodltig expression
of the pilus nanowires, which electronically connect the biofilm cells and alsoamginé biofilm struc-
ture. In order to investigate a potential role of the biofilm nanowires in the reductigivhfto U(1V)
during biofilm development, we studied uranium transformations by biofilms of a pfiriede mutant,
which cannot assemble the pilus nanowires and is interrupted at the immatur@ioigretage. Al-
though it adsorbed soluble U(VI) at rates comparable to the wild type biofilms ataesin develop-
ment, it could not reduce U(VI). Microscopy, physiological and XAS analyses confihaedlé ofG.
sulfurreducengonductive pili in U(VI) reduction as a U(IV) precipitate. Furthermore, exjmess the
pilus nanowires also protected the cells from the toxic effects of soluble L& Praserved cell viabili-
ty after prolonged exposure to U(VI). These results indicate that strabegied on the expression
and/or manipulation of biofilm components such as pilus nanowires could serve as dtim®efar the
bioremediation of uranium-contaminated sites.
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Advanced Self-Potential and Induced Polarization Inv  ersion: Development and
Use for Investigating Natural Recharge Processes

Grantee-Led Research
A. Revil (PI),Colorado School of Mine$§.S. Hubbard, BNL

The goal of our project is to develop a new approach to imaging preferential grounttwafgaths
and to be able to understand the biochemistry taking place in these areas. We Hapedlawgeneral
theory of two geophysical methods that are both sensitive to groundwater flow and émeg@Efscon-
taminants. The self-potential method is a passive geophysical method in whiatctheatlpotential is
recorded at the surface of the earth with non-polarizing electrodes. It iSméday ;1 essence to elec-
troencephalography used to localize nonintrusively brain activity. The selfjabt@ghals are sensitive
to the Darcy velocity, the TDS of the pore water, and the presence of contaminantsethloid can also
be used to get information on the distribution of the redox potential in unconfined aquifers inthe pres
ence bacterial biofilm in the capillary fringe, pointing out the role of bactgtiah the generation of
these signals. A general theory of self-potential signals related tovesmansport modelling has been
developed recently, and an application to the time-lapse monitoring of a salt plume impwiuoyancy
in a tank has been performed by Martinez-Pagan et al. (2010). We have developed boithistetenmal
stochastic inverse modelling to solve the self-potential inverse problem.

A complementary geophysical method concerns complex resistivity tomograpbgédied spectral-
induced polarization). We have developed a new theory in which induced polarization can berased to i
age nonintrusively the distribution of permeability and the presence of heavs.riétaare presently
developing a 3-D tomography technique (combining both deterministic and stochastachpg) to im-
age preferential fluid flow pathways (Jardani et al., in preparation), usingppmsaeh and joint inver-
sion algorithm of self-potential with induced polarization.

We are presently coupling these modelling efforts to the reactive tranederTOUGHREACT, to
be able to perform both forward and stochastic inverse modelling of reactive ttangmous media
through the use of these geophysical techniques. This modelling effort will lkdaeSaek Ridge in
April 2010 downstream of Pond S3.
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Physiological Models of Microbial Redox Metabolism in Biostimulated
Uranium(VI)-Contaminated Subsurface Sediments

Grantee-Led Research

E. Roden (PI), E. Shelobolina, B. Converse, T. Wi—ef Wisconsin-Madisgn
R. Findlay,U. of AlabamaQ. Jin,U. of Oregon

The goal of this project is to obtain explicit information on the linkage between natretdbpx
transformations associated with U(VI) reduction and the physiology and phylogenyrobrganisms
that proliferate in subsurface sediments undergoing biostimulation through etharetbhte amend-
ment. The central hypothesis is that patterns of U(VI) reduction in sedimentsexpagishifts in the
predominant terminal electron accepting pathway (TEAP) will be direnitgd to changes in the rela-
tive abundance and activity of different types of respiratory microorganidm v turn are controlled
by the abundance and availability of electron donors and acceptors. A key goal of the iwankalyze
and interpret the results of experimental sediment reactor studies usin@biahjgopulation dynamics-
based model of TEAPs in biostimulated subsurface sediments. Development anderdfiofeitms mod-
el will ultimately produce a reaction module that can be incorporated into figlel+s@active transport
simulations for sites (e.g., the ORFRC) where a complex assemblage of EHAElyito take place
over space and time during in situ biostimulation.

Initial project activities focused on analysis and simulation of two long-té#nmnonths) flow-
through (semicontinuous culture) reactor experiments with different types of-tiflaminated sedi-
ment from Area 2 at the ORFRC, where ongoing field-scale U(VI) remediasaanrch involving bios-
timulation is taking place. The sediments examined included (1) Fe(lll) oxideaprolite from a depth
of ca. 5 m, just below the gravel layer at Area 2; and (2) Fe(lll) oxide-depletedahfrom a depth of
ca. 4 m within the gravel layer. Continual addition of small amounts of ethanoldkiito an average
input of ca. 0.1 mM d) led to complete consumption of all incoming nitrate (ca. 0.05 Mylahd to se-
quential (and in some cases partially overlapping) reduction of Fe(lll) antes@fzanges in the chemi-
cal composition of the reactors were consistent with the results of cultue{pbalséube enumerations)
and molecular (T-RFLP and gel-element microarray analysis of PCRfimthdl6S rRNA genes) micro-
bial community analyses, both of which revealed proliferatidBet&proteobacteriahitrate-reducing
andDeltaproteobacteriaFe(lll)- and sulfate-reducing taxa. The results of these experimentsiwvere
lated using a microbial physiology-based reaction model that accounts for botb &megquilibrium
chemical reactions and potential thermodynamic controls on TEAPs (Jin and Roden esi)bihit
model was initially developed based on a batch reactor experiment with Fe(lllrmkideea 2 sedi-
ment (Mohanty et al., Environ. Sci. Technol., 2008), and calibrated for simulation of semicontinlious
ture reactor (SCR) experiments based on an initial SCR experiment witl) &eifg-rich Area 2 sedi-
ment. The simulations effectively reproduced the results of the SCR expenmiientise two different
types of Area 2 sediment, in which the relative importance of Fe(lll) verdasestdduction differed
significantly as a result of differences in the abundance of solid-phasg.Fe(lll

As yet unexplained complexities in the aqueous/solid-phase partitioning and redox behendw-of
genous U(VI) in highly U(VI)-contaminated Area 2 sediments made it diffioulntlerstand and simu-
late the behavior of uranium in the SCR experiments. A preliminary “fed batchi’ €tiianol as the
electron donor) experiment was conducted with a slurry of deeper (7-9 m depth), less U(VI
contaminated saprolite from Area 2 sediment, to which ca. 0.15 nmitmfl é&xogenous U(VI) (uranyl-
acetate) was added from a stock solution. Progressive reduction of the addeda$\@hserved in con-
nection with Fe(lll) and sulfate reduction following nitrate depletion. The sedishemy is being used
to test our implementation molecular-microbial-community analytical tgalesi (QPCR of functional
and 16S rRNA genes, stable isotope probing of 16S rRNA genes and PLFAs), and to evasifitathe
cy of ethanol versus acetate as an electron donor for U(VI) reduction under sdiateg conditions.
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Effect of Physical Heterogeneity and Flow Transient s on the Mobilization of
Colloids and Colloid-Associated Radioactive Cations in
Partially Saturated Porous and Fractured Media

Grantee-Led Research
J. Ryan (Pl)U. of Coloradg J. Saiersyale U; P. JardineDRNL/U. of Tennessee

The objective of this study has been to elucidate the influences of physical he¢gsodw tran-
sients, solution chemistry, moisture content, and cation desorption kinetics on theatiobiand trans-
port of colloids and colloid-associated radioactive cations in water-unsatyrarous and fractured me-
dia. To address these objectives, we have conducted laboratory experiments examiheng#&nsport
of mineral colloids;*’Cs, and®Sr in saturated and water-unsaturated quartz sand columns at varying
moisture contents and with physical heterogeneity simulating macropore 2lpthe(transport of mix-
tures of mineral colloids and’Cs in water-unsaturated sediments under steady-flow conditions; (3) the
mobilization ofin situ colloids and®*'Cs induced by drainage and imbibition'dCs-contaminated se-
diments, and (4) the mobilization of colloids and organic matter from saproliticodieitted at the Oak
Ridge National Laboratory under simulated rainfall conditions. Results of thexXpsriments demon-
strate that lower moisture content enhances the importance of cation desorims kn determining
the extent of colloid-facilitated transport in unsaturated porous media, and thaaphgsétogeneity in
the form of a simulated macropore accelerates facilitated transporthsticikesorption kinetics do not
significantly affect the extent of colloid-facilitated transport®€s and®Sr. Results of the second expe-
riment show that substantial quantitiesrositu colloids and colloid-associatétiCs are mobilized dur-
ing porous-medium drainage and imbibition, and that the effect of colloitfémtransport is sensitive
to changes in pore-water ionic strength and dissolved-organic-matter cotoeruaing both steady
and transient pore water flow. Also, the mass of colloids'#8d transported during transient flow is
greater than what would be inferred on the basis of steady-flow experiments, at fagitremgths in
particular. Results of the fourth experiment show that colloid mobilization in the-ursdaturated Oak
Ridge saprolite is controlled by fracture flow and greatest during transgieffdsy.

Abstracts 69



Biogeochemical and Microbial Controls of lodine-129 Mobility in Groundwater
Relevant to Long-Term Stewardship of DOE Sites

Grantee-Led Research

P.H. Sanchi (PI), R. Brinkmeyer, K.A. Schwehfexas A&M-Galvestars. Zhang, C. Xu,
H.-P. Li—Texas A.M.D. Kaplan, C. Yeager, K.A. RobertsSRNL

One of the key risk drivers at radioactive waste disposal facilitieslisiodine, especiall{. Little
research has been carried out at these facilities beyond simple monitoring of grtsurmgdumes. The
objective of this work is twofold: (1) to determine the chemical speciation (iodidate, organo-iodine)
of 4 and*?l in groundwater samples from twWol-contaminated DOE sites and (2) to investigate the
extent that organic matter content, microbial cells, enzymatic actividyeropolymeric substances af-
fect the speciation and mobility of iodine in sediments at these sites. Three hgpatiikbe tested
through detailed environmental characterization paired with controlled laboexoeyiments: (H1) The
chemical form of iodine in groundwater is dependent not only on abiotic, but also biotic prokesses
portantly, these processes must be investigated using environmentallintreeire and ligand(s) con-
centrations; (H2) lodine mobility through sediment is highly dependent on its speatganp-iodine
mobility can be enhanced or retarded depending on the organic moiety, whereas inorgasimadodli-
ty is largely dependent on its oxidation state; (H3) Naturally occurring mi@oizgs present in the
Hanford Site and Savannah River Site subsurface environment can alter theatfegmiof iodine. Our
experimental approach determines how microbial activity, concentrations anta@hsmaciation
(iodide, iodate, and organo-iodine)'81 and**'l, as well as organic carbon, affects iodine mobility in
contaminated groundwater at the Hanford and Savannah River Sites. Methods wd:id@S rRNA
gene sequencing, FISH, MICRO-FISH, and species-specific DNA probes fabiiogy, EM, HPLC,
CHN, TOC, GC-MS, NMR and AMS for iodine and organic iodine characterization, and e adi-
otracers. Results using trac&t-and stablé®’l additions to Savannah River Site sediment slurries dem-
onstrate that iodine mobility varies greatly with iodine concentration, and céintactith the sediment
and organic carbon (OC) content, mostly due to covalent binding of iodine to OC moieties andoll
aquifer sediments (Schwehr et al., 2009). Column experiments'@3iagd*H as well as aquifer sedi-
ments confirmed significant retardation of iodine at ambient concentrations, Peo, 10’ M, but not at
artificially high concentrations of iodide (i.e. concentrations used in most labpeatalysis> 0.1
mMY/L). Over 30 mg of organic and inorganic matter within the size fraction > 0.6msiand 20 mg of
organic and inorganic matter within the size fraction > 3 kDa was isolated faten @quilibrated with
SRS aquifer sediments for molecular-level chemical characterizatierarbmatic fraction, which is ex-
pected to contain most of the iodine, was quantified by using ATR-FTIR and spectronegtrads. En-
zymatic analysis of the sediments revealed significant, thoughJawidizing activity. lodide accumu-
lation by F-area bacterial isolates revealed that accumulate iodine wOewats added. Finally, we de-
veloped a new and convenient method for determining the speciation (i.e., iodide, iodatejanfigapo-
of **1 and**’l in water from SRS aquifers at ambient conditions, using GC-MS methods afteesedi
combustion and derivatization of the leachate solution, giving a low detection lit@itrag/L.
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Optimizing Metalloporphyrin-Catalyzed Reduction React ions for
In Situ Remediation of DOE Contaminants

Grantee-Led Research

M.A. Schlautman (PI), E.R. Carraway, S.L. EstesZlRang—Clemson U.

Past activities conducted by DOE have resulted in a legacy of contamindtedoswidwater, and
other environmental media at DOE facilities nationwide. Uranium and hexaviaftentiom have consis-
tently been ranked among the most frequently encountered and highest-priorityntietadianuclide
contaminants present in groundwater and soil at DOE installations. Chemicabgidaibieduction of
U(VI) to U(IV) and Cr(VI) to Cr(lll) at contaminated DOE facilitiesrche beneficial, because the re-
duced metal species are less toxic and less mobile. Although direct biologiedlatom or natural at-
tenuation have been reported for U(VI) and Cr(VI), the reactions can be slow due to Uniéagnva
ronmental conditions. For example, the high concentrations of contaminants or co-contaaiteant
encountered at DOE sites, together with the unusual conditions of pH, ionic strength, redtal pote
etc., may result in microbial inhibition. Under such conditions, a promising approach fosthere-
mediation and immobilization of some DOE contaminants may be to utilize abioti¢aetiitogether
with redox catalysts when needed, to chemically reduce the contaminants to lessamobhbaxic forms.

Our research this past year has been focused primarily in two areas: (1)tpme@are immobiliza-
tion of appropriate redox active catalysts (e.g., metalloporphyrins) and (2) pi@parat immobiliza-
tion of effective solid phase electron donors (e.g., micro- and nano-sized zerarealg Efficacy of
these prepared materials for use in the reduction of contaminants at DOe$aw#ite screened using
Cr(VI), so that promising systems could be identified for subsequent testing With Néatural porphy-
rins selected for testing in this project were protoporphyrin (Proto) and uroporphyoin These two
porphyrins were then complexed with Co(ll) or Fe(ll) as to form their correspondiagioperphyrins.

A mixed solvent reflux procedure was used to rapidly promote metal complexation by theripsrphy
and synthesis completion was verified by absorption spectroscopy as well asI@ieddurements of
the remaining (uncomplexed) Co and Fe in solution. Yields of Proto-Co, Proto-Fe, UnodddrcaFe
were found to be 98.5+2.5%, 100.6£5.1%, 98.9+4.0%, and 101.2+3.4%, respectively. Vitamin B12
(VB12), a cobalt-containing natural corrin (i.e., porphyrin analog), was also includedtfogte

Previous reports have suggested that immobilizing redox catalysts can extehigtinges without
adversely affecting their catalytic capabilities. Such systems, levweave never been fully examined
for use in the reduction of metals. The four metalloporphyrins synthesized above and VBlianver
bilized in sol-gels using a variety of procedures previously reported in tragiter The sol-gels contain-
ing the catalysts were then ground to a fine size and characterized usingyso¥aiectron microscopy
and surface area technigues. Nano-sized zero valent iron (nZVI) was imnubinili2a-alginate beads.
First, nZVI particles were synthesized following our previously reported proeedhar then characte-
rized by electron microscopy, ICP-MS, and surface area analysis. The nZ®legadnged in size from
30-50 nm, consisted of 99.3+0.4% Fe, and had a surface area of 26.§H;5.9he nZVI particles were
then added to a sodium alginate solution and mixed with sonication for 30 min. The nZVI-containing al
ginate solution was then drawn into a syringe and added dropwise togsGlafbn in an anaerobic
chamber. The Ca-alginate beads formed immediately and were hardened in solutionbieioéehtilter-
ing and drying in the anaerobic chamber for 48 hr. While in solution the beads were eltstadiw
ameter of about 4 mm, but upon drying and hardening they shrank to a diameter of about 1 mm. Scanning
electron microscopy revealed that the surface of the dry beads were rough anébleadraisks.

Electron donor-catalyst systems are now being screened under a variety oherfsrconditions
using Cr(VI) reduction first. Promising systems will then be tested subsegtenttduction of U(VI).
Both micro-sized ZVI (mzVI) and nZVI are being tested in the presence andcabskfree and immobi-
lized metalloporphyrin catalysts. Because metal-reduction reactions edigiol precipitation of the re-
duced metal species, reuse experiments are also being conducted to determindhvehiethabilized
and/or free catalysts and electron donors will be adversely affected ovarreagetion reaction times.
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Geophysical Characterization and Monitoring of Groun dwater/Surface-Water
Interaction in the Hyporheic Corridor at the Hanfor d 300 Area

Grantee-Led Research

L. Slater,Rutgers-NewarkPl); F. Day-LewislJUSGS-Storrs, CTA. Ward,PNNL, J.Lane, JrlUSGS-
Storrs CT; R. VersteedNL; A. Binley, Lancaster U. (U.K;)D. Ntarlagiannis, K. Mwakanyamale,
Rutgers-NewarkC. JohnsonJSGS-Storrs, CT

The primary objective of this research is to advance the prediction of solufgottamestween the
contaminated aquifer and the Columbia River at the Hanford 300 Area by improving undegstdndi
how fluctuations in river stage, combined with subsurface heterogeneity, ipatotemporal complex-
ity to solute exchange along the Columbia River corridor. Our work to date has exploree dhears
tinuous waterborne electrical imaging (CWEI), in conjunction with fiber-opsitiduted temperature
sensor (FO-DTS) monitoring, to improve the conceptual model for how groundwategsueitsr ex-
change regulates uranium transport.

Inversion of the CWEI datasets (a data rich survey containing ~60,000 measurgnmuamdgd pre-
dictions of the distributions of electrical resistivity and polarizabilitynf which the spatial complexity
of the primary hydrogeologic units along the river corridor has been reconstructediovian the depth
to the interface between the overlying coarse-grained, high-permealaitifpid Formation and the un-
derlying finer-grained, less permeable Ringold Formation, an important contaahitevertical migra-
tion of contaminants, has been resolved along ~3 km of the river corridor centered orGis#tdHR the
Hanford 300 Area. Polarizability images were translated into lithologicamaging established rela-
tions between polarizability and surface area normalized to pore volume (Spagl &péability in the
thickness of the Hanford Formation captured in the CWEI datasets indicatpeethatis studies based
on borehole projections and drive-point and multi-level sampling overestimate thewaorg area for
uranium exchange within the Columbia River at the Hanford 300 Area. The FO-DT Sataitiedealong
a 1.5 km of cable with a ~1-m spatial resolution and 5-minute sampling intergaledsubreaches
showing (1) temperature anomalies (relatively warm in winter and cool in syrantk(2) a strong cor-
relation between temperature and river stage (negative in winter anggosgummer), both indicating
reaches of enhanced, surface-water/groundwater exchange. The FO-DTS datdisetshe hydrologic
significance of the variability identified in the CWEI and reveal a pattehighily focused exchange,
concentrated at springs where the Hanford Formation is thick, and coinciding witloehpalee! identi-
fied in ground penetrating radar surveys at one location. No evidence for focused exsludnsgevied in
the FO-DTS data where the Ringold Formation is in contact with the streambed @anfbedH-orma-
tion is thin. Our work performed to date illustrates how the combination of CWEI and SQefinolo-
gies can characterize surface-water/groundwater exchange in this coropfgrdaiver-aquifer system.

Vertical temperature arrays and pressure transducers were instadieatiains determined by the
FO-DTS anomalies in August 2009. Datasets recorded with these arrays willhgbylbked for ground-
water fluxes through the river bed and hydraulic properties, and (2) be used to suppatiémarsly-
sis of the FO-DTS to determine forcing mechanisms driving the nonstationggregare signals cap-
tured with the FO-DTS. Data from a three month time-lapse 2D resistivitgysatong a 755 m line pa-
rallel to shore will be processed to further constrain groundwater/surfaeeaexahange at spatial scales
not captured with the FO-DTS. Monitoring results from this survey also will guideuaed 3D resis-
tivity monitoring effort in Year 3 of the project. Electrical measurementoogsmbtained from the
Hanford IFC database will be used to help constrain the hydrogeological integpréitaterm of solute
and/or uranium exchange) of the 2D and 3D resistivity datasets. A revisedapfatgnodel accounting
for spatial variations in Hanford/Ringold contact is being developed for predictittgroinant fluxes to
the river, using the STOMP code.
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Molecular Mechanisms of Bacterial Mercury Transform ation
Grantee-Led Research

J. Smith (PI), H. Guo-Y. of Tennessee/ORNL. Liang, ORNL
A. Summersy. of Georgia S. Miller, UCSF

Mercury is a key contaminant found at DOE sites. Understanding the many biotic arzifabiots
contributing to mercury mobility and transformation is critical for devising resnediation strategies.
Among these factors, detoxifying bacteria have a particularly strong infleenmeic methylmercury
levels. The research here will characterize the physical pathways andaltteamsformations that mer-
cury undergoes in these bacteria, by combining long-standing expertise in the bibgremlistructural
biology of bacterial mercury detoxification in the UGA and UCSF teams with theteepand world-
class facilities in neutron scattering and computational science at UT and. @Rhhdamental under-
standing will be obtained of two basic intracellular bacterial mercuric bsftvemation processes: regu-
lation and reduction. These processes are mediated by the proteins of the mer operonlafbey nem-
tein, MerR, senses intracellular levels of Hg(ll) and activates expnesall other mer genes. By com-
bining low-resolution molecular envelope measurements from neutron scattehrigghi-resolution
computer simulation, we will test specific hypotheses for the mechanismref &t&on at atomic-detail.
The flavin oxidoreductase MerA performs the reduction of Hg(ll) to inert, non-toxi@)kdhich readily
diffuses from the cell. High-performance mixed quantum mechanical/molecetdvamcal (QM/MM)
computer simulations will be performed to elucidate the catalytic mechanistargs i.e., the physical
principles with which MerA accelerates the reduction process. Elucidation wfaleeular principles of
mercury regulation and reduction in bacteria is critical to understandingibbfttaction in Hg-
contaminated areas, and to the conception of a design strategy for biodetoxificatiore@mninche to-
tality of the information obtained will enable us to assemble a quantitative pblysinical picture of the
transformation processes undergone by mercury in the bacterial cell, which thad@®ACSF teams
and other ORNL investigators will be able to relate quantitatively to efluméar mercury and organo-
mercury mobilization processes.
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Field Investigations of Microbially Facilitated Cal cite Precipitation for
Immobilization of Strontium-90 and Other Trace Metal s in the Subsurface

Grantee-Led Research
R.W. Smith (PI), Y. Fujita-NL; T. R. Ginn,U.C. Davis S.S. Hubbard,BNL

Subsurface radionuclide and metal contaminants throughout the U.S. Department pi{ EQ&p
complex pose one of DOE'’s greatest challenges for long-term stewardship.o@m& g stabilization
mechanism for divalent trace ions, such as the short-lived radiontfSiclés co-precipitation in cal-
cite. We have previously found that calcite precipitation and co-precipitatiSr can be accelerated by
the activity of urea hydrolyzing microorganisms, that higher calcite ptatign rates can result in in-
creased Sr partitioning, and that nutrient additions can stimulate ureotjtityatVe are conducting in-
tegrated field, laboratory, and computational research to evaluate the réigsdretween ureolysis and
calcite precipitation rates and trace metal partitioning under environltgestavant conditions, and in-
vestigating the coupling between flow/flux manipulations and precipitate distnbartd metal uptake.

Our first field campaign was conducted in 2008 at the Vadose Zone Research Park QZRR
contaminated aerobic site with subsurface characteristics similar toafitlee nearby°Sr contaminated
Idaho Nuclear Technology and Engineering Center (INTEC). Well-to-wellrempets using conserva-
tive tracers, molasses, and urea were conducted to esinsatiefirst-order urea hydrolysis rate con-
stant of 0.034 d This was more than an order of magnitude higher than rate constants estimated above-
ground using water samples, suggesting that attached microbial communitipynaignificant role
for in situ urea hydrolysis. In 20093 situ static experiments were conducted and revealed that the activi-
ty of the attached microbial community (17,000 pmot kg') was more than 3 orders of magnitude
higher than the unattached communities (3.6 pmolhg). Preliminary biomass estimates based on
phospholipid fatty acid analyses for the attached and unattached communities cafberdximately the
same order of magnitude.

Planning for a field campaign at the Rifle Integrated Field Research @jmblée has been initiated.
Using gPCRureCgenes have been detected in water and sediment samples from across the aite, and |
boratory estimations of ureolysis rates in Rifle groundwater are an order witudgggreater than those
measured in VZRP groundwater. These data, together with results from miningagénaehic surveys
and knowledge of the geochemistry at the site, suggest that stimulation oficaflglgtiven calcite
precipitation should also be effective at Rifle. We are evaluating theyaliibrganic carbon substrates
to increase ureolytic activity in Rifle microcosms, to support the desigeldfdkperiments planned for
the summer of 2010.

Combining TOUGHREACT with the inverse modeling tool UCODE, we have calbtatolysis
and precipitation kinetics models from batch data and successfully applieduth¢oresnulate precipi-
tate formation in columns under both stop-flow and continuous injection (of reagent salates) s
rios. We find that the strategy of stop-flow injection, in a direction oppositeataited to emplace the
attached (filtered) ureolytic bacterial cells, most effectivetylted in a uniform spatial distribution of
precipitate. This reaction model is being upscaled via incorporation in stiesensemble representa-
tions ofin situflows. The developed reactive transport models will be used for the design ancetaterpr
tion of our field experiments.
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Mineral Solubility and Free Energy Controls on Micr ~ obial Reaction Kinetics:
Application to Contaminant Transport in the Subsurf ace

Grantee-Led Research

P. Van CappellerGeorgia TechC.l. Steefel (PI)LBNL; M. Taillefert, Georgia TechT. Behrends,
Utrecht U. (The Netherlandsy. Webb Stanford U.

Recent developments in the theoretical treatment of geomicrobial reacicmspes have resulted in
the formulation of kinetic models that directly link the rates of microbiglirason and growth to the
corresponding thermodynamic driving forces. In this new project, we propose to verifglinate
these kinetic models for the microbial reduction of uranium(VI). The approachowibioe laboratory
experiments on uranium bioreduction and field-scale reactive transport modeling.

Rates of enzymatic reduction of U(VI) will be measured under variable, but cedfrgiochemical
conditions. Experiments will be carried out in mixed flow-through retentostat realsyosupplying
known uranium reducing bacteri@€obacter metallireducenShewanella putrefacienBesulfovibrio
desulfuricang with inflow solutions containing soluble U(VI) and an electron donor. Gibbs energy yields
will be manipulated by varying the concentrations of U(VI) and electron donor, asswied aarbonate
alkalinity. Once we have made headway with the uranium-only experiments, veeipylly the bacteria
with both U(VI) and Fe(lll), using different iron(lll) oxyhydroxides. The aim is to wésether the com-
petition between microbial U(VI) and Fe(lll) reduction can be rationalizednmstef the relative Gibbs
energy yields of the two reduction pathways. Rates of U(VI) reduction, Fegliction and biomass
growth will be monitored as a function of time; mineral precipitates will beackenized by XRD, elec-
tron microscopy, EXAFS and micro-XRD; solubility products of the mineral retsctand biogenic pre-
cipitates will be measured independently.

The experiments will yield a data set of co-varying rates of U(VI) andlFeduction, bacterial
growth rates, as well as mineral solubilities and Gibbs energies of readimdaia will be used to de-
rive the functional dependencies of enzymatic U(VI) and Fe(lll) reduction ésneti the corresponding
Gibbs energies of reaction. The new kinetic descriptions of microbial U(VI) gfi) Feduction will
replace those currently used in reactive transport models that couple catab@icgeneration and
growth of microbial populations to the rates of biogeochemical redox processes.

Reactive transport calculations incorporating the new, bioenergeticallpdiamerate expressions for
microbial reactions will be used to simulate the fate and transport of DOBmembsurface contami-
nants in aquifers, with an emphasis on uranium. Sensitivity analyses will detdraw alternative for-
mulations of microbial and chemical reaction kinetics affect the model poedicModel applications
will focus on fate and transport issues at the Old Rifle site. Of particulagshie whether our current
process understanding is sufficient to explain the switch from iron reduction to setfatgion and the
concurrent decrease in uranium bioreduction observed at this DOE site.
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Characterization of Quter Membrane Proteins Involved in Iron Reduction and
Biofilm Formation in Geobacter Sulfurreducens

Grantee-Led Research

C. Stephen (PIRenn State UE. LaBelle, D.R. Bond-H. of Minnesota
S. Brantley, M. Tien—Penn State U.

Geobacter sulfurreducenan iron-reducing bacter@mmonly found in subsurface environments, is
capable of utilizing iron and other metals in the environment for respiratioais bbeen proposed that
Geobactereduces iron oxides via direct contact, and that biofilm formation facilitatest diteraction
with solid electron acceptors. Great progress is being made to understand teduiion pathway in
G. sulfurreducensvith respect to the electron acceptor being utilized. However, it is not wellstooker
how protein expression changes in the context of a biofilm.

Biofilm research has shown that cells undergo genetic changes as they switehffee-living life-
style to a sessile lifestyle. This renders the biofilm cells phenotiypaiferent from their planktonic
counterparts. The literature has shown that there are several outer mecatyyameytochromes (Omc)
and a pilin protein that are important for iron oxide reductid®.isulfurreducensThese proteins are
OmcE, OmcS, and PilA. The loss of these proteins does not affect the reduction of aten Zisoluble
electron acceptor. The loss of OmcB, on the other hand, affects both soluble and insolubledctmnred
and it has been proposed that OmcB plays a central role in the iron-reduction path@ygiit is
clear that there are certain protein&i@obacterthat are geared towards the reduction of solid electron
acceptors, how the expression of these proteins change throughout a multilayeredbs#idnon where
the cells are in the biofilm relative to the electron acceptor remains todowelied. As a result, our re-
search will focus on differential protein expression in multil&yeobactembiofilms.

Based on the known roles of outer membrane c-type cytochrome (Omc) proteins OmeB a@dnc
OmcS in iron reduction and of pili proteins PilA and PilT in biofilm formation, we wilh@ra their ex-
pression and localization (Beobactebiofilms. The genes encoding these proteins were amplified from
the genomic DNA, subcloned into a pET21a (+) expression vector, and expressed as &ulsiisriggo-
tein in BL21 (DE3) cells. Plasmid DNA containing thcgene insert was transformed into BL21
(DE3) competent cells harboring the pEC86 plasmid, which incorporates the heme interbledeis-
ly expressed protein to produce a functional heme protein. Once expressed, these pret@usfieer
on a Ni-NTA column, and antibodies were generated against purified OmcB, OmcE, &mdSIT.
Subsequently, each antiserum was affinity purified, and the antibodies against@mecB, OmcS and
PilT were tested for their specificity against their respective ratg€seobactemwhole cells and total
membrane samples via Western blotting, which demonstrated specificitydotiole. The OmcB anti-
bodies were used to immunolocalize OmcB in a multilay&edbactebiofilm grown in a microbial
electrolytic cell (MEC) on a graphite electrode. Antibodies against OmeiESGNnd PilT will also be
used to immunolocalize these protein in the biofilm. Immunogold labeling and transmissiooremi-
croscopy were used to visualize expression in the biofilm. Preliminary relsoistisat OmcB may be
differentially expressed in the biofilm. In addition to understanding the expressiorsefdytechrome
and pili proteins irGeobactembiofilms, we are also interested in determining whether any of the outer
membrane cytochrome proteins are present in protein complexes. Blue nativeytetyiaer gel elec-
trophoresis was used to separate protein complexgsaobactermembrane fractions. Preliminary results
show that there are at least seven heme proteins present in complexes asatbt®rhemilumines-
cent heme staining. Immunoprecipitation will also be used to determine whether OmcB OmcS,
and PIlT are present in complexes, and liquid chromatography tandem mass specivdhiietnysed to
identify the proteins in the complexes.
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Proteomic Changes Induced by Chromate under Nitrate  -Reducing Conditions
in Geobacter metallireducens and Desulfovibrio desulfuricans

Grantee-Led Research
P. Chovanek, C. Sparacino Watkins, P. Basu, J.F. Stoltz (Rijzgesne U.

A major challenge for the bioremediation of radionuclides and metals is the coeooeuof nitrate,
as it can inhibit metal transformation. We have been investigating the physioblttgge metal-reducing
bacteriaGeobacter metallireducenBesulfovibrio desulfurican®7774, andulfurospirillum barnesii
Our research objectives were to (1) investigate the role of Cr(VI) coatenton the kinetics of both
growth and reduction of nitrate and Cr(VI) in these three organisms, (2) develop @ @irbficterial en-
zymes involved in nitrate transformation (e.g., oxidoreductases) of each orgesmgna proteomic ap-
proach, (3) investigate the function of periplasmic nitrite reductase (Nafchsomate reductase from
the three different organisms, and (4) use the information gathered in Objec3ivesigvelop a strategy
to maximize microbial chromium reduction in the presence of nitrate.

We report here the results of our proteomic investigatidd. shetallireducenandD. desulfovibrio
to identify the specific mechanisms by which these metal-reducing baespend to Cr(VI) exposure
(e.g., oxidative stress, redox active proteins) in the presence of nitrate r@als.fmetallireducens
were grown for 3 days anaerobically with 20 mM sodium nitrate (control sample) an@@xpd$0 uM
chromate for 12 hours before harvesting (treated sample). CellPirdesulfuricansvere grown anae-
robically (3 days) with 20 mM sodium nitrate (control sample) amended with 100 uM cbr(ireated
sample 1) or exposed to 100 uM chromate for 2 hours before harvesting (treated sample 2). vz equal
lume of TFE was added to 25 pg of cell lysate. Samples were reduced, alkylateételyrdpied in a
SpeedVac, and resuspended in 50 pL of 2100 mM ammonium bicarbonate buffer. Samples were acetone
precipitated, trypsin digested and reconstituted in 20 pL of 0.1% formic acid for LSA&halysis.
Over 240 G. metallireducensand 313 proteind). desulfuricanswere unequivocally identified and
semi-quantitative analysis based on spectral counts yielded several up- aacdolated proteins for
which the levels were changed >2 fold compared to control samples. There are uniqoe footei in
the Cr(VI) exposed samples Gf metallireducensncluding redox active proteins, a flagellin-like pro-
tein (Gmet_0442) and chemotaxis sensory proteins (Gmet_2478 and Gmet_1641). Identificati@n of out
membrane efflux proteins suggests that certain bacterial (heavy mstataince mechanisms are in-
volved. Moreover, the presence of cytochromes highlights the flexibili®: ofietallireduceng the
electron-transfer networks that are of importance to reduce chromate iorG-Gt-MS/MS technol-
ogy was used for high throughput analysis of bacterial metabolism of chromateaedodind asso-
ciated biomarkers. Proteins involved in chemotaxis, redox active proteins, artroyies were identi-
fied among others, suggesting their role in microbial enhanced reduction of chromiuncdseheD.
desulfuricansa significant number of proteins were seen to be down-regulated. This approachdis provi
ing a greater understanding of how these organisms respond to chromium under nitratg-ceac-
tions and insight into potential strategies to enhance Cr(VI) reduction.
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Abiotic Nitrate Reduction by Redox-Modified Fe-Bear  ing Smectite

Grantee-Led Research

Z.B. Day, J.W. Stucki (PI)-J. of lllinois at Urbana-Champaignl.E. KostkaFlorida State U.

Reduction of nitrate and nitrite by bacteria is well documented, occurring in anasobsoil types
via several distinct and well described biotic pathways. However, the inofaticn of soils may play
a larger role in these redox reactions than previously thought, particularly B@auntlay minerals. In
a previous study, assays of biological activity in soils found low levels ofriatenitrifiers, yet nitrate
was completely removed at the oxic/anoxic interfacial zone in the soil profie slipgests that struc-
tural Fe(ll) within the clay minerals is likely a key player, but aftesnio replicate the field results in the
laboratory were unsuccessful in spite of the reaction appearing to be thegrptisalble. The objective
of the present study was to investigate the capability of chemically redagsd-as an analog for bac-
teria reduced clays—to reduce nitrate. Results revealed for therfiesirtithe laboratory that significant
levels of nitrate reduction were coupled to oxidation of Fe(ll) in the clay struétomeng the reduction
products observed were nitrite and ammonium. Nitrate reduction in natural soiltharajore, occur
via abiotic processes at reduced clay mineral surfaces.
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Defining the Molecular-Cellular-Field Continuum of Mercury Detoxification

Grantee-Led Research

A.O. Summers (PI}J). of Georgia S. Miller, UCSF, C. Momany U. of GeorgiaW. BurgosPenn State U.
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Hg is of special interest to DOE due to past use at the Oak Ridge Resei@&h [ts facile redox
[Hg®"™ chemistry, bonding to carbon [e.g. Metignd unique physical properties [e.g. ’Mglatility]
underlie a complex global Hg cycle involving biotic and abiotic chemical and physinaport and
transformations in soils, sediments, waterways, and the atmosphere. Managamiaihize negative
impacts in diverse settings requires rich knowledgalafontributing processes. Bacteria are critical in
the Hg cycle. Facultative and anaerobic bacteria make Kewdch is neurotoxic to wildlife and hu-
mans. Sustainable stewardship requires eliminating both Meatheven more toxic K which is also
the substrate for methylation. Using proteins encodeddiyocus mercury resistant (HgR) aerobic and
facultative bacteria can convert soil or waterborn&'ldgMeHgd to less toxic, relatively inert gaseous
Hg’. HgR microbes are present in highly contaminated sites, and field data show theg Mg
>500-fold in such zones. So, enhancing the capacity of natural HgR microbes to rerfioaedHgdeHd
from soils, sediments, and waterways is a logical component of a plan for stepafdsttaminated
sites. To do so requires knowing how each part of the HgR pathway works and whantisl&ma the
global metabolic capacity of the cell where it resides—the entire d¢bk ielevant catalytic unit. Since
HgR loci are found in metabolically diverse bacteria, unimeehost co-evolution is expected.

Here, we propose to test the “cell-as-catalyst” hypothesis in model Hg&tibaejpresentative of 3
bacterial genera prevalent in Hg-contaminated sites at ORR: g-proeabagtproteobacteria, and acti-
nobacteria. At the molecular and subcellular levels, we will test the hypothasiser proteins interact
with each other and with specific host proteins to rapidly and completely convéxiHRHd to Hd.

We will dissect the metabolic support of HgR in the well-studie801 meloperonin g -
proteobacteriunk. coliusing the EZ-Tn5 transposome to knock out nonessential genes, and biochemi-
cally and genetically test those unable to express Hg resistance for thbastadf their inability in this
regard. We will also do kinetic analyses, NMR, crystallography, and crosgjitikiquantify and map
transient and stable interactionsheér proteins with each other and host proteins.

This effort will be leveraged by our ongoing collaboration with the ORNL SFA tedmatg, J. Smith,

H. Guo), who will use neutron scattering and computational chemistry to define conglexegro-

teins interacting in solution with each other and with host proteins (e.g., RNA polgnéhssi| also

use these biochemical and biophysical tools to characterize the naturallyragterB-MerA fusion
enzyme of a-proteobacteriudanthobacter autotrophicuend themerenzymes and regulatory protein
from actinobacteriunstreptomyces lividangnd use the EZ-Tn5 transposome method to compare what
cellular genes underpin expression of Hg resistan&¢reptomyces

Lastly, in consultation with the SFA metagenomics group, we’ll generalize tieservations by in-
terrogating their datasets for the presence/absence of such HgR-suppors$ systentaminated sites at
ORR. To use HgR microbes in stewardship requires measuring their contributiom enti@inment.

To connect these cellular catalysts to the larger environment, we wiledeastion-based models for
Hg moving from the external milieu to the interior of a bacterial cell resénial, aerobic surface, and
subsurface water systems, taking into account available ligands for RHg @hdr-be environment
(with data on ORR Hg species from B. Gu) and the thermodynamic and kinetic pasashé&temer
proteins. The outcome will be predictive models for the rates at which substrateiaie in different
environmental contexts can reach the cytosolic enzymes for biotransformation arapltiyvthe end
product Hg(0) leaves the cell. Furthermore, in collaboration with K. Kritee and J, Bimill conduct
a pilot study to determine Hg stable isotope fractionation during Hg(ll) reductioreb&.NThis will be a
first step towards connecting Hg isotope fractionation signatures at the raoleeliular, and ecosys-
tems levels.
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Identifying Biomarkers and Mechanisms of Toxic Meta | Stress with Global Proteomics
Grantee-Led Research

A.O. Summers (PI}J). of Georgia B. Hong,UCSE S. LaVoie,U. of Georgia M. Lipton, PNNL; S. Miller,
A. Perez, B. PolaccodCSE S. Purvine, E. Zink-PNNL

We have made good progress on three fronts: agthdpy of mercury exposure, proteomic identificatafrHg-
adducts, and completion of the first global protedor E.coli with or without R/Hg exposurél) Biology: bio-
chemical & biophysical correlates of Hg damagein E.cali. In late-log phasé&.coli cells treated briefly, bulk thiol
(RSH) content was ~4 x 1énolecules of RSH per cell (~10 mM). At growth-atirg concentrations of merthiolate
(MT, 160 puM), phenylmercuric acetate (PMA, 40 uNié uM HgC}h[Hg(ll)] dropped this to ~0.5 mM (MT) or
obliterated bulk RSH entirely (PMA and Hg). Simikffects were seen on cysteines of proteins taggtadBODI-
PY-iodoacetamide. The hierarchy of RSH blockage(liifePMA>MT) corresponded to cell uptake of eachmzo
pound measured by ICP-MS. Only 16 uM Hg(ll) saedlall cellular RSH, but 10-fold more MT (160 puMasv
needed to achieve a 1:1 ratio with cellular thiBIBIA had an intermediate absorption efficiencyetastingly, both
PMA and Hg(ll) were absorbed at higher ratios ttwal cell thiols could account for, suggestingt ti@se mercu-
rials take other ligands in addition to sulfur. déedl, XAFS analysis of treated cells showed thatdination of

PMA and MT was dominated by S1 and C1 ligands, wilittle N or O. In contrast, XAFS of Hg&lreated cells
had a small, broad S2 peak, indicating a very bgtareous ligand mix, very likely including N andf@r Additional
XAFS work is ongoing to identify these other liganth pursuing the hypothesis that mercurials aynghieir dam-
age by provoking an ROS cascade, we found that#melard OxyBlot assay for protein carbonylatioimfisbited
by Hg(ll), so we're exploring tests of oxidativendage to lipids and nucleic acids. However, in adibiophysical
test of the ROS-cascade hypothesis using EPR djoatitin of redox active free Fe(ll)/Fe(lll) in &tt cells (with
UGA colleague, Mike Johnson), we found that 16puMIHdncreased free Fe(11)/(111) two-fold, and 80uMg(ll)
provoked a 3-fold increase, equivalent to ~80%putdltcellular iron based on ICP-MS. Such high Iealfree Fe
were not achievable with standard ROS-stress congmd mM HO, or 8 mM t-butylperoxide. Thus, Hg(ll), and to
a lesser extent, PMA, strongly blocked formatiomd/or directly destabilized Fe-S metalloproteirtse free Fe
was not lost from the cell, nor was there any ckangellular content of seven essential metals, (Mg, Fe, Co,
Ni, Cu, and Zn). However, Hg(ll) significantly alezl the electrolyte balance, causing a ~3-fold dindp and a cor-
responding increase in Na. When remaining XAFS degecollected and analyzed, this study phasebeitom-
pleted, but we will continue to use these testsetachmark proteomics samplg®) M ethods: | odoacetamide op-
timizes peptide and cys-peptide recovery and an improved computational filter optimizes detection of Hg-
adduct peptides. We have devised a best practice global proteomm®@ol using iodoacetamide (IAM) to minim-
ize Hg/RHg reassociation during processing and fmeprotein denaturation prior to trypsinolysisur@nodified
LC-MS preparation recovered peptides and protditesaat as effectively as current standard metlisdd by oth-
ers. IAM at 40, 20, or 10 mM had no impact on tgegptides recovered. However, recovery of Cys deptat their
genomic frequencies required at least 10 mM IAM.Aaiso enhanced observation of Cys peptides, psrbgap
blocking post-lysis S-S crosslinks, but PMA wasyorB0% as effective as IAM alone. We also improwed stable
isotope-based computational filter for Hg-contagnadducts by including multiple spectral scans givan peptide
in each run. With these summed spectra, we cainglissh bona fide RHg- and Hg-modified peptidesweitspeci-
ficity of 99.4% and sensitivity above 95%8) Global Proteomicsfor Hg Biomarkers: Thefirst high resolution
global proteome of E.coli treated (or not) with PMA or MT and carrying (or not) a plasmid-borne mer locus
and identification of key biomarker proteins. Overall, proteome coverage was very good (91%pé&dh plasmid-
free and plasmid-carrying cells; observation ofbchmsomal genes in both cell types was 85-86% amptasfmid
genes in that cell line was 76%. Considering all C§s-adduct events that have at least 5 RHg noadiifin events
(hits) across all IAM levels, the hit frequencig¢say given Cys site ranged from 12% to 100%; thé&dquency is
sharply skewed, with 170 of these Cys-adducts belrsgrved at least 50% of the time. We have catdltige ho-
mologs and structures for half the 188 proteinsthich these Cys-RHg adducts occur; 31 of them hawvean,
mouse, zebrafish, nematode, yeast, and bactenablogs, which retain one or more of the modifiedteines ob-
served in thé.coliversion. These proteins are variously involvechim TCA cycle, glycolysis, the pentose phos-
phate pathway, the translational apparatus, nudkatetabolism, membrane transport, Fe-S clussamalsly, and
redox homeostasis. Examples of proteins with ormeare cysteines modified at 100% include the F1F®ase,
RecA, citrate synthase, succinate dehydrogenadeharRpoA and RpoC subunits of RNA polymerase.aiéeca-
taloging the rest of the RHg-targeted proteins @mparing the RHg-modified and unmodified cysteiimesach to
understand what makes a given cysteine more origssrable to RHg- modification.
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Manganese Redox Mediation of UO , Stability and Uranium Fate in the
Subsurface: Molecular and Meter-Scale Dynamics

Grantee-Led Research

B.M. Tebo (PI),Oregon Health and Science;WR. Bernier-LatmaniEcole Polytechnique Federale de
Lausanne, Switzerland.E. GlammarWashington U. St. Louid.R. BargarStanford U.

Bioreduction of U(VI) to U(IV) has been proposed as a strategy fonthieu immobilization of U
contamination in the subsurface. For this to be a viable long-term solution, the U(1V)tprouist re-
main reduced and immobile after the remediation effort has ceased. We havedtiserivin oxides--
known as potent environmental oxidants--readily oxidize U(IV) and are effectibergs for the result-
ing U(VI). The presence of either preformed biogenic MoOconditions leading to active biological
Mn(Il) oxidation resulted in the rapid oxidation of biogenic JU@nother observation underscores the
complex interplay of Mn and U redox cycling: the presence of Mn(ll) during microbidl) W€duction
resulted in the formation of a biogenic Yghase for which Mn(Il) was incorporated in the lattice, and
onto which Mn(lIl) was extensively sorbed. The reactivity of this material regpect to oxidation was
considerably lower than that of biogenic i@oduced in the absence of Mn(ll). The slower oxidation of
UO, was observed for oxidants that includeda@d biogenic Mn@ The incorporation of Mn(ll) into the
crystal lattice as well as the sorption of Mn(ll) onto the surface gfappear to contribute to the in-
creased stability of the material.

Based on these results, we will investigate the dynamics and mechanisms obrgamgdetween
Mn and U. It is likely that in the bioremediated subsurface, biological Mn(ll) oridatpbuld take place
once micro-aerobic conditions return at the periphery of the plume of reduced U. The production of
MnO, could potentially lead to a catalytic redox cycle that re-oxidizes U(IV) ezates a redox front
moving farther afield. The specific objectives of our project are to (1) clkamcthe physical, chemical
and biological factors that govern the enhanced rates gbii@ation by MnQ, (2) determine the struc-
ture and composition of the reaction products of the coupled oxidation/reduction of Mn oxides,and UO
and (3) evaluate the transferability of microscale processes to laades stheterogeneous porous me-
dia.

To achieve these objectives, we will study the redox- and nonredox-mediatéahsebetween U
and Mn in batch and flow-through reactors, as well as in column and 2D reactors. Thetiapense
designed to capture the potential importance of a peculiarity of this system, svthel the two main
reactants (Mn@and UQ) are solid phase. Limitations in physical contact between the reactants may be
a major impediment to their interaction and may lead to lower than expecteditgactive porous me-
dia reactors.

This work is designed to consider the effect of Mn on the feasibility eitu U(VI) reductive im-
mobilization. The pragmatic approach bridges spatial scales in a way thabeamalecular- and mi-
croscale information to have an impact on the design of field-scale remediediegiss.
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Resource-Induced Shifts in Metal Reducing Microcosm s Revealed
Communities Dominated by Geobacter and Pelosinus

Grantee-Led Research

F. Yang,Michigan State U.J.D. Van Nostrand). of OklahomaJ. Tiedje (PI),
Michigan State U.J. Zhou (Co-Pl)U. of Oklahoma
T. L. Marsh (Co-Pl)Michigan State U.

Studies performed an situ bioremediation of uranium sediments have revealed numerous bacterial
populations potentially involved in metal reduction. To assist in the identification obwnkmetal re-
ducing populations, we have employed an anaerobic serial enrichment strategy cottnpfédhampli-
con pyrosequencing to identify putative uranium-reducing populations.

Three uranium-contaminated sediment samples (FW107, FW102-2 and FW102-3) were obtained
from the FRC (Field Research Center) S3 area and used as initial inoculaiaBeatemunities
enriched in freshwater medium (FWM) with sodium lactate as electron donor ane, iigéll) and
U(VI) as terminal electron acceptors were sequentially transferezg 85 days for three cycles and
sampled at each cycle for community analysis. The 454 amplicon pyrosequencingdrévaaF\W107 is
different from FW102-2 and FW102-3. The latter two samples are from the samengangil but dif-
ferent depths. Iron- and uranium-reducing communities had similar abundant bacieviations Pelo-
sinusandSulfurospirillumfor FW107,GeobacterandPelosinusor FW102-2 and FW102-3), but were
highly skewed communitie®elosinussequences were 79% and 84% of the total in Fe(lll) and U(VI) re-
ducing communities respectively in FW107. In FW10Z2pbactedominated with 42% and 84% of
the total sequences in Fe(lll) and U(VI) reducing communities respectivéigtéNenriched communi-
ties were substantially different and more diverse than the metal-reduwringments, dominated by
PseudomonaandSimplicispirain FW107 and FW102-2 respectively. Although different populations
emerged as dominant from FW107 and FW102, both enrichments had large amounts of U(V{) precipi
tants due to the complexation of uranium and medium components. In order to better evaluate uranium
reduction, we have developed new conditions to eliminate uranium precipitation. A prevepasted
PIPES-buffered artificial groundwater (PBAGW) with modifications walwess the minimal media, and
sodium pyruvate and uranyl acetate were supplemented as electron donor and accquoF\826v
and FW102-2 were first enriched in 1/2X R2B broth anaerobically prior to performing thigrara
reduction experiments to obtain greater biomass for inoculation. During the firsygeafdaanium re-
duction, cell protein of both communities increased from 0.1 pg/mL to 8ug/mL, whilesimgea
amounts of cell-associated U particles were also detected. In addition,atepfgtiyruvic acid and ac-
cumulation of acetic acid were observed in both FW107 and FW102-2 uranium microcosms. The
enriched community derived from FW102-2 appeared to be the more effective uraducimg com-
munity. Within 20 days, uranium in solution decreased from approximately 250 uM to 196 pM and 86
MM in FW107 and FW102-2, respectively. We also observed that the abund&stesaiusn both
uranium-enriched communities increased as a function of time. Transcriptorthics used to better
understand the functioning of these uranium-reducing communities.
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Technetium Reduction and Permanent Sequestration by Abiotic and Biotic
Formation of Low-Solubility Sulfide Mineral Phases

Grantee-Led Research

P. Tratnyek (PI), B. Tebo, R. Anitori, D. Far®regon Health and Science;U.
J. Szecsody, J. McKinleyPNNL

The predominant and mobile form of technetium-99 in the subsurface is'thexranion pertech-
netate (Tc@). Under reducing conditions, T¢Qs readily reduced to T which forms highly inso-
luble oxides such as Te¢@H,O. Many studies have investigated the reduction of,T,d§y abiotic and
biotic means, on the premise that this could be used for long-term immobilization of teicamt for
remediation activities at DOE sites. However, a difficulty with thiategy is that (re)oxidation of fc
oxides is relatively facile, and therefore remobilization is possible.

One way to minimize the prospect of remobilization is to effect reduction undelogdfiic condi-
tions, so that most Tcwill be immobilized as T4S;, which should remain relatively insoluble even un-
der oxic conditions. For this purpose, a feasible and practical way to create wedl-paifddogenic con-
ditions is the injection of fine-grained zero-valent iron’fFeor related materials composed of various
combinations of Fe S, F€', and $. These materials will react directly with ¢ yielding a degree of
immobilization by reduction and precipitation, but thé &so will scavenge dissolved oxygen and ni-
trate, and generate significant concentrations of dissolygthéteby stimulating sulfate- and sulfur- re-
ducing bacteria (collectively referred to as SRB), which will favor seécptes of Tc in less reoxidiza-
ble forms (especially £&;).

The overall objective of this work will be to provide the fundamental understandingsaegéo eva-
luate the feasibility of reductive immobilization of T£@n the vadose zone or groundwater by con-
trolled application of F& F€/S’ (and sulfate or organic carbon, if necessary) to stimulate microbial sul-
fate and sulfur reduction.

Nonsulfur-containing nanoscale zero-valent iron particles (nZVI1) were synglteusing a refined
procedure based on reduction of FgH,O with NaBH,. To assess biotic and abiotic sulfate reduction
in the presence of this nZVI, we have developed a method based on ion chromatography vath elect
chemical detection that should give simultaneous speciation of sulfafe) (S@fide ($) and other
possible sulfur species. Preliminary data obtained with this method show noluet&etasformation of
sulfate to sulfide due to direct abiotic reduction by nZVI.

For biotic experiments, we have cultured a pure SRB isddsulfotomaculum reducens both
the presence and absence of nZVI to assess the effect of the latter on growth. AlsBBoatial ossi-
bly S’ reducers have been enriched from Hanford sediments using synthetic groundwatet 8364
containing a cocktail of C sources and electron donors (including Re enriched microbes, which dis-
play a range of rod morphologies, will be used in batch and column nZVI experiments.
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Applications of GeoChip for Analysis of Different M icrobial Communities
Grantee-Led Research

J. D. Van Nostrand (PI), L. Wu, P. Waldron, Y. Deng, Z. Hé-ef OklahomaW. Wu, Stanford U.; S.
Carroll, C. Schadt, A. Palumbo, D. Watso®RNL, C. Criddle,Stanford U; P. JardineDRNL
T. Marsh, J. M. Tiedje-Michigan State U T.C. Hazenl.BNL; J. ZhouU. of Oklahoma

Microarray technology provides the opportunity to identify thousands of microbial gepepula-
tions simultaneously. The objective of this study was to further develop and apply atwemspre func-
tional gene array (GeoChip) to detect and monitor microbial communities. GeoClam4ihctional
gene microarray which allows for the simultaneous detection of >10,000 genes invohed&othem-
ical cycling of C, N, and S, metal reduction and resistance, and organic contaminadatiegr Based
on GeoChip 2.0, a new generation, GeoChip 3.0 has been developed, which has several new features.
First, GeoChip 3.0 covers more gene groups, including antibiotic resistance, eneeggipghand addi-
tional functional genes involved in C, N, P, and S cycling. Second, the homology of autoynedicall
trieved sequences by key words is verified by HMMER using seed sequences, scethtgdine-
guences are removed. Third, a common oligo reference standard (CORS) has beemtestghlsméhat
data normalization and comparison of different microbial communities can be conductéld, & ger
nomic standard is used to quantitatively analyze gene abundance. In addition, GeoChip 3.0ghgludes
logenic markers, such agrB. Finally, a software package has been developed to facilitate management
of probe design, data analysis, and future updates. The OU GeoChip (based on GeoChip 3.0)-was a rec
pient of a 2009 R&D100 Award frolR&D Magazine which recognizes the 100 most innovative scien-
tific and technical breakthroughs of the year. Additional expansion is currently ungandavill in-
clude genes related to stress response, virulence factors, human-microbiomegargepha.

The GeoChip has been used to examine dynamic functional and structural changes in microbial
communities from many different environments. Here, examples of studiesgtilie GeoChip to ex-
amine microbial communities at contaminated sites are presented. Theseibustiate the ability of
the GeoChip to provide direct linkages between microbial genes/populations andezogsygeesses
and functions. These three studies examined areas within the U.S. DOE’s FielccR&snter (FRC)
in Oak Ridge, TN. (1) Microbial communities within a pilot-scale test syst&ablished for the biosti-
mulation of U(VI) reduction in the subsurface by injection of ethanol were examined@sahip 3.0.
Functional community dynamics were examined during a period of nitrate exposurexiveure to
nitrate the diversity and richness increased several fold, but quickly retorpesititrate levels. De-
trended correspondence analysis (DCA) indicated a shift in the overall comnturgtyre after nitrate
exposure, but the community began to return to pre-exposure structure once nitrateoved.réhe
relative abundance of several nitrogen cycling genes showed an increaskait@iyafter nitrate expo-
sure, including ammonification, denitrification, and nitrogen fixation genes indicastighulation of
these communities. (2) In the second study from the FRC, analysis of groundwaterinwwi¢lls
along a contamination gradient using GeoChip 2.0 revealed less overlap betweevittveli§erent le-
vels of U and N@ contamination. While diversity of nitrate-fixation genes decreased §1-NO
contaminated wells, the diversity of metal reduction and resistance genes ddelate with metal
concentrations. Signal intensity did, however, increase in heavily contamindiedvdicating a larger
percentage of organisms with metal- related genes. Sulfate-reductianhgehgreater diversity and
greater signal intensity in more contaminated wells. Individual principle companalyses (PCA) of
the gene diversity and geochemistry of the wells separated them in siayar@CA indicated that pH
was an important variable that correlated with gene diversity in the loaetmination well, while
NO; and U correlated with the most highly contaminated well. Overall, contatiéewel appears to
have significant effects on the functional gene diversity along the contaminare pt the FRC.
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Influence of Wetting and Mass-Transfer Properties 0 f Organic Chemical Mixtures in
Vadose Zone Materials on Groundwater Contamination by Nonaqueous Phase Liquids

Grantee-Led Research

C.J. Werth, A.J. Valocchi (PI), H. YoonU- of lllinois at Urbana-ChampaigrM. OostromPNNL

Organic acids, organic bases, and detergent-like chemicals change thegs@benganic chemical
mixtures and surface wettability. The wastewater and NAPL mixtures digchat the Hanford site con-
tain such chemicals, and their proportions likely change over time due to reaciidatéd aging. The
specific objectives of this work are to determine (1) the effect of argdu@mical mixtures on surface
wettability, (2) the effect of organic chemical mixtures on carbon tetradel¢@T) mass-transfer rates
from NAPL, and (3) the migration and redistribution of organic chemical mixtures.

Representative organic mixtures (MIX1-MIX6) were created from ch@maischarged at the Han-
ford site. The organic mixtures include different compositions of CT, DBBP, TBP, &&Hard oil
(LO). A representative wastewater was also prepared. The addition of DBBPDB®, and LO com-
ponents to CT caused a considerable lowering of both the interfacial tension witlamehtee surface
tension of a wastewater phase in equilibrium with the NAPL, but had a minimal @ffde surface ten-
sion of the DNAPL itself. The interfacial tension of biologically aged MIX1 eased slightly, indicat-
ing that the biological activity may not significantly affect the inteightension of CT mixtures, due to
the presence of surface active compounds already in the mixtures. For pure CT, ogigadt@m dif-
ferent pre-equilibration fluids (i.e., water and MIX1) were similar for both quertizcalcite slides.
However, MIX1 does change the wettability of the quartz surface from waténgvet neutral wetting,
and the wettability of the calcite surface from water wetting to oil mgptti

The homogeneous micromodels were fabricated and then used to perform NAPL entragndesit a
solution experiments for pure CT and the MIX1 NAPL. After NAPL entrapment, ineiaeter length
of MIX1 was higher than that of pure CT. As a result, initial NAPL dissolution was thigh®11X1 than
for pure CT. Since MIX1 has more small NAPL blobs than CT, overall NAPL dissolutenves faster
in MIX1 until a large fraction of high-solubility components (DBBP and CT) in MIXkaliged. At late
time, the NAPL dissolution rate in MIX1 decreased dramatically, probably due gb &&ction of TBP
and LO remaining because of their lower solubility relative to DBBP and CT, thieildissolution rate
in pure CT decreased steadily. A set of micomodel experimental results wilhlyged using a multi-
component NAPL dissolution code with an upscaled mass-transfer model.

Three flowcell experiments were conducted in a 100 cm long, 80 cm high, and 5.5 cm wide 2-D
flowcell to account for the impact of the organic mixtures on DNAPL distribution anghtiaig in a
layered vadose zone, which contained a fine lens surrounded by coarser sand. After penekirige e
organic mixture or pure CT was released into the flow cell. After no apparent muvaNAPL, soll
vapor extraction (SVE) was applied. Pure CT penetrated the bottom of the fine samgdflagering,
while the organic mixture did not penetrate. STOMP simulation results qua&liygpredicted both expe-
rimental results well; however, simulations significantly underpreditie@mount of CT penetrating
through the fine lens and failed to predict the finger formation. For the SVE experiitrepuve CT,
numerical modeling with no fitting parameters matched experimental resiligiis showed that local
equilibrium assumption can be used to simulate CT volatilization in the layetechsysovided that
permeability and initial NAPL distributions are known.

The impact of chemical properties on DNAPL migration and redistribution at thetdasife was
evaluated using STOMP. Pure CT penetrated the low-permeability laylgr dasito a higher density
difference between CT and pure water than between MIX1 and wastewater, and |avesatvaation in
the low-permeability layer in the case of pure CT and water. As a result, NA@he across the
groundwater table at 38 yrs was significantly higher for pure CT-water thanXdr-Wastewater. Simu-
lation results show that multiphase flow and transport models need to account for thegsrapdrbe-
havior of chemical mixtures in order to provide accurate predictions of NAP Lbditstm.
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Influence of Natural and Synthetic Organic Ligands on the Stability
and Mobility of Reduced Tc(IV)

Grantee-Led Research

N. A. Wall (PI1), Washington State {B. Gu,ORNL

Our work aims at better understanding the fate and transport of reduced techne(ivf)j {iT the
presence of natural and synthetic organic ligands that commonly co-exist witnmtasmant, in order
to design better strategies for remediating Tc-contaminated DOE ¥esave successfully determined
the stability constants of the complex formed between Tc(IV) and acetate at pidl 4&g@ng ionic
strengths (NacCl). Such data allowed us to calculate the stability constan airdc strength, using the
Specific lon Interaction Theory (SIT) equations. The logarithm of the statdrtgtant of the formation
of the complex TcO(OH)Ac (I, 1,1) at zero ionic strength was determined to be 2.8 £ 0.3. These re-
sults were presented at the Migration '09 conference (Kennewick, September 2009pwndlarticle
has been accepted for publicatiorRadiochimica ActaWe have also successfully determined the bind-
ing constants and dissolution kinetics of Tc(lIV) with the natural humic (HA) ana f{if#) acids, in-
cluding those isolated from the Oak Ridge Integrated Field Research ChdlfeRG? sites. The pKa
and carboxylate capacity values of the IFRC HA and IFRC FA were determingdtergiometric titra-
tions, and their binding constants with Tc(lIV) were quantified at pH 4.5 and two differenstoemgths.
The logarithm of the apparent binding constants at the ionic strengths 0.5 M and 1.0 M (Bl&®™)4a
0.4 and 5.8 = 0.2, respectively, for the Tc(IV) complexes with IFRC HA; and 6.4 £ 0.3 and 5.9 £ 0.3, re-
spectively, for the Tc(IV) complexes with IFRC FA. These results will begmted at the Spring ACS
meeting in San Francisco, CA. In agreement with the binding constant presented aboymathetic s
and natural organic ligands were found to greatly enhance the dissolution of reducgdimdéivanae-
robic conditions. The IHSS soil HA is among the most effective in causing thsl=aition of Tc(1V),
followed by the synthetic ligands, EDTA, and the IFRC-HA and IFRC-FA. In casgrawith the li-
gand-promoted dissolution, Tc(lIV) solids were also found to rapidly dissolve under oxicliridgions,
but the presence of EDTA decreased the oxidative dissolution, owing to its strong ctiompleika
Tc(IV). In contrast, the presence of IHSS soil HA significantly ineddbe oxidative dissolution of
Tc(lV), which was attributed to the presence of both redox-active and complexinigiahgroups in
the HA. These observations indicate that the presence of oxygen and complexing m@aascrhay
greatly alter the dissolution and mobility of reduced Tc(IV). We will continuehaténg the stability
constants of Tc(IV) with other organic ligands (e.g., IHSS soil HA, EDTA, eitisbsaccharinic acid)
and perform the dissolution and mobilization studies of reduced Tc(IV) under condition®treleaant
to DOE contaminated sites. All data obtained from these studies can then edt@ggeochemical
speciation models. The research is anticipated to provide new thermodynamic datbedrather of re-
duced Tc(IV) with organic ligands and ultimately to improve predictive capiabifor the long-term
stability and mobility of these contaminants at DOE contaminated sites.
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Viral Infection of Subsurface Microorganisms and Me tal/Radionuclide Transport
Grantee-Led Research

K.A. Weber (PI),U. of NebraskaK.S. BenderSouthern Illinois U.Y. Li, U. of Nebraska

Microbially mediated metabolisms have been identified as a significanot &ither directly or indi-
rectly impacting the fate and transport of heavy metal/radionuclide contamiardate, several micro-
organisms have been isolated from these contaminated environments, includingdustialg bacteria.
Examination of annotated finished genome sequences of isolates from DOE siteBs)iumreducens
Rf4, Geobactesp.FRC-32, andAnaeromyxobactesp. Fw109-5, revealed phage genes integrated into
the chromosome. Presence of these gene sequences indicates that indigenous shdrteriace sus-
ceptible to viral infection. To date, the role that viruses play influencing marofartality and the re-
sulting community structure under varying redox conditions in soils and sedimentagnememts re-
mains poorly understood. Similar to bacterial surfaces, viral surfaces coult adswy metals and ra-
dionuclides, subsequently influencing contaminant transport. It is therefore ngtessstablish the po-
tential relationship(s) among viruses, subsurface microbial communities, aathoart met-
als/radionuclides. The objective of this project is to investigate viraitinfeof subsurface bacteria and
the formation of contaminant-bearing viral particles. This objective wilfggoached by examining the
following working hypotheses: (1)subsurface microorganisms are susceptibia iafections by the
indigenous subsurface viral community, and (2) viral surfaces will adsorb hetalg aed radionuc-
lides. Since very little is known about viral and microbial community intenastin these contaminated
subsurface environments, the hypotheses outlined will address basic researchmaedmuylish the
BER Long Term Measure, to provide sufficient scientific understanding such@asles would be
able to incorporate coupled physical, chemical, and biological processes into declsianforaenvi-
ronmental remediation and long-term stewardship. This will be done by establishirgierobial rela-
tionships and the subsequent fate and transport of heavy metals and radionuclides.
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Three-Dimensional Imaging and Quantification of Bio mass
and Biofilms in Porous Media

Grantee-Led Research
G. lltis, R. Armstrong, D. Jansik, B. Wood, and D. Wildenschild (FDyregon State U.

The overall objective of this exploratory project is to develop pore-scalerighsgihniques based
on x-ray computed microtomography (CMT) suitable for quantifying microbial steicand eventually
growth patterns, in 3-D porous media. Synchrotron-based x-ray microtomographg wiled to visual-
ize biofilm/biomass structure and distribution in porous media by attaching a suiayl€ontrast agent
to the biophase.

In the first year we have developed a new methodology using CMT to produce high-cesolkes-
surements of the spatial distribution of biofilms in porous media. This methodology hdsdhéages
that (i) a variety of solid substrates (where biofilms occur naturally) casds (ii) the method is non-
destructive; and (iii) the method is relatively rapid, so that the progressibe gpatial evolution of a
biofilm can, in principle, be carried out. One caveat is that CMT is nondestructhe portous matrix,
but x-rays are destructive to the majority of microorganisms. However, sategziddave elaborate
DNA repair mechanisms that confer radiation resistance; we propose that setériamecould be used
as a model microbe for temporal CMT imaging. Synchrotron-based tomographiogroégiofilms
within porous media at the pore scale has yet to be accomplished, primarily due to ttheg fatataining
x-ray contrast between the biomass and water has posed a significant challenigze3® the contrast
issue, we have developed a fluid-phase agent that provides x-ray absorptiorn betwasn the fluid
and biofilm phases by adsorbing to the surface of the biofilm, thereby delineating thme/a@feous
phase interface. By outlining the biofilm surface with a contrast agent, we prtbposmique biofilm
geometries/features can be imaged using CMT.

A preliminary three-dimensional proof-of-concept experiment was conducted afrieaB8i¥BMD,
GSECARS at the Advanced Photon Source (APS/ GSECARS), Argonne National Lahanaaquor-
ous medium within which biofilm had been grown. This initial experiment provided compelliatenee
that our choice of contrast agent and CMT imaging methods provide three-dimengoesgmeations of
biofilm present in the experimental packed-bead column. However, we were nat diokctly validate
(using a separate imaging technique) that the structures we observed correspoagieds known, at
the microscale, to be biofilm. To provide the necessary validation, we developed amenfzsystem
with which the distribution of biofilm within a porous flow cell could be visualized using bgttatimi-
croscopy and CMT. This validation of the CMT imaging technique for visualizingtiofikituin por-
ous media has been the focus of this work carried out in the first year of the project.

For the validation study, silver-coated microspheres were used for contrastehoaleernative sur-
face coatings that do not exhibit antimicrobial characteristics will be punsdetiire applications. Vis-
ual comparison of the light microscopy images to the CMT composite imagedengkca good agree-
ment between the data collection methods and suggests that the silver petestésd using CMT im-
aging do, in fact, allow for the delineation of biofilm within the pore space. The canretstween the
two imaging techniques was quantified via surface area using two differeaxtesgenerating algo-
rithms. This exercise resulted in a quantitative comparison of the light nopyoaod CMT images with
percent differences, normalized to the light microscopy images, of between +Sl@erdent. Thus, the
differences between light microscopy and CMT images are sufficiently tencansider this a success-
ful proof-of-principle validation for the CMT approach.

Additional work in year one includes recent experiments at the APS that iatedhg effectiveness
of the technique for evaluating biofilms formed by various bacteria, as well ddféent flow rates to
assess variation in biofilm characteristics, including density and distnibwithin the pore space. Work
in the second year of the project will focus on further evaluation of the physicairsirschnique, in-
cluding the use of an iodine-based suspension instead of discrete particles, and usingyoly ap-
proach outlined in the original proposal.
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The Role of Nanopores on U(VI) Sorption and Redox B ehavior in
U(VI)-Contaminated Subsurface Sediments

Grantee-Led Research

H. Xu (PI), E.E. RodenYd. of Wisconsin-MadisgrK.M. Kemner,ANL; H.-B. Jung, Y. Sun,
H. Konishi—U. of Wisconsin-MadisgrB. Mishra, M. Boyanov-ANL

Most reactive surfaces in clay-dominated sediments are present within nan@ooes of nanome-
ter dimension). The behavior of geological fluids and minerals in nanopores iscsigthyfidifferent
from that in normal non-nanoporous environments. The effect of nanopore surfaces on U(VI) sorp-
tion/desorption and reduction is likely to be significant in clay-rich subsurfac@ements. Our re-
search objective is to test the hypothesis that U(VI) sorption on nanopore surfabesgcaatly en-
hanced by nanopore confinement environments. To test this hypothesis, we are proceediegolith t
lowing tasks: (1) synthesizing and characterizing nanoporous alumina and goediniddogsmaterials;
(2) investigating U(VI) sorption and desorption on nanopore surfaces in controlled caitxeeréng
model systems; (3) investigating U (VI) sorption and desorption of natural sedifr@ntthe Oak Ridge
National Laboratory FRC (ORFRC) site; (4) investigating effects of narcgpe on the susceptibility
of the sorbed U(VI) to reduction by a range of commercially available quinones wiiitiefieed redox
potentials, as well as well-characterized dissimilatory metal-negi@cteria (e.gGeobacter sulfurre-
ducen$; and (5) carrying out EXAFS studies of U(VI) sorbed on normal surfaces, on nanoporessurfac
and in post-reduction samples to understand chemical environments of the sorbed U(¢lyedukit
reactivity at the molecular level.

To isolate the effect of nanopore surfaces, we conducted parallel experiments on porous and nonpo
ous alumina and goethite. Our results show that nanopore surfaces can preferahtaaltg €arbonate
sorption from ambient aqueous solutions, and therefore promote formation of urany! tritmdooma
plexs in the nanopores. According to extraction experiments using different bicarbonateredions,
sorbed U(VI) can be divided into three categories: (1) extractable by low coticentxa50 mM) of bi-
carbonate (i.e., U (VI) on normal outer surfaces), (2) extractable by high concentt&® mM) of bi-
carbonate (i.e., U (VI) on large nanopore surfaces), and (3) nonextractable by very dvigbriaite (3
500 mM) (i.e., U (VI) on small nanopore surfaces, < 2 nm). Ongoing experiments will totheldhree
types of sorbed U(VI) complexes to (a) bicarbonate extractable and microbe/hydroqeathaeible, (b)
bicarbonate extractable but microbe/hydroquinone nonreducible, and (c) bicarbonate ubéxaadta
microbe/hydroquinone nonreducible U(VI) complexes in ORFRC sediments. Nanopore suafaces
higher charge density than those of non-nanopore surfaces. We propose that both size of thie urany
carbonato complex and high charge density result in the formation of stable, nonexnacayl tricar-
bonato complexes in the small nanopores.

We also carried out adsorption and sequential desorption experiments for three netaréy (gri
0.01 uM/g U) saprolite samples from ~7 m depth at the ORFRC. Dithionite-citcaidbnate (DCB)
extractable Fe contents in the three samples range from 7.1 to 11.12 and 22.6 g Fe/kgefgspeeti
sorption experiments were carried out in the presence okHGQ, 1, 5 mM) and C4(0, 5, 10 mM) at
pH ~6.5. Bicarbonate nonextractable U(VI) was observed in these ORFRC matesiatface com-
plexation model (based on the hydrous ferric oxide surface in the PHREEQC databaseluihed
three sorption sites with weak, strong, and very strong (i.e., nonextractable)ouhMi)g affinity ade-
quately reproduced the U(VI) sorption/desorption data. It is suggested that the mtbfi@@nopore sur-
faces on U(VI) sorption/desorption and reduction processes is likely to be significartually all sub-
surface environments.
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Reduction of Hg(ll) to Hg(0) by Denitrifying and Ir  on-Reducing Bacteria
Grantee-Led Research

N. Yee (PI), C.-C. Lin, Y. Wang, M. ParikhRutgers U. A. Dohnalkova,
R. Kukkadapu—PNNL; T. Barkay,Rutgers U.

We conducted laboratory studies to investigate the mechanisms of Hg(ll) oadutilenitrifying
and iron-reducing enrichments, derived from subsurface sediments taken frond@akTRl. Based on
previous observations, we hypothesized that reduction by Hg resistant bacteria wanktelomder
denitrifying conditions, while under iron-reducing conditions, reduction would be carried methy
reducers. An oligotrophic medium was constructed with principal chemical componeritaioedsby
on-site monitoring wells to simulate situgroundwater chemistry. In the nitrate reducing enrichments,
Hg inhibited denitrifying activities at concentrations higher than 0.5 microM. Uhdethreshold, the
enrichments detoxified Hg by reducing Hg(ll) to Hg(0), as indicated by the formatleg(0§, which
was trapped in oxidizing trap solution. In addition, two strains isolated from the earithmith 5 mi-
croM Hg(Il)-spike and identified aRalstoniasp. (betaproteobacerium) aBdadyrhizobiunsp. (alpha-
proteobacterium; 99 percent identity, based on 16S rRNA gene sequencing) were ablestblgéitjuc
Using degenerate primers, merA, the gene encoding for mercuric reductasetesteside both cultures
and was found to be most similar to that of gammaproteobacteria (98 percent idedthigla gamma-
proteobacteria (83 percent identity)Ralstoniasp. andBradyrhizobiumsp., respectively. This Hg resis-
tance phenotype has never been described in the Alphaproteobacteria.

Enrichment cultures established with FRC subsurface sediments and ferilagdeiectron acceptor
resulted in the isolation of a pure culture of a spore-forming bacterium design&fe@-#U4. Ribo-
somal RNA sequence analysis suggested that FRC-RU4 may represent a neavgerguhe phylum
Firmicutes because its 16S rRNA gene was only 94 percent similar to sequences in dataliastd4FR
is an obligate anaerobe that grows in the artificial groundwater medium esiihgdrite, nitrate, or
fumarate (30 mM) as terminal electron acceptors and acetate (20 mM)teanedlenor. Hg reduction
experiments showed that reduction of Hg(ll) to Hg(0) by FRC-RU4 was enhanced undediroimg
conditions as compared to fumarate-reducing conditions, similar to our previous abesnwath other
iron-reducing bacteria. Electron microscopy, Mossbauer spectroscopy and Xastidn analysis re-
vealed that FRC-RU4 induced the formation of nanoparticulate goethite and maghetitgrown on
ferrihydrite. Abiotic experiments showed that magnetite can rapidly reducshiégeas ferrous iron
sorbed to goethite cannot. Taken together, these results suggest that Hg redumtissepr likely result-
ing from the activity of Hg-resistant denitrifiers and biotic/abioticratéons of iron-reducers, can affect
Hg speciation and hence mobilize Hg as Hg (0) in anoxic groundwater environments.
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Geochip-Based Analysis of Metabolic Diversity of Mi crobial Communities
During In Situ Biostimulation at a Uranium-Contaminated Aquifer

Grantee-Led Research
P. Zhang (PI)U. of OklahomaW. Wu, Stanford U; J.D. Van Nostrand, Y. Dengb- of Oklahoma

The potential for removing U(VI) from groundwater by stimulatimgitu microbial activity using a
slow-released substrate (SRS), consisting primarily of vegetable sibweduated in a highly contami-
nated aquifer (5-6 uM of U(VI) at the Oak Ridge Integrated Field Resehalleige (ORIFRC) site in
Tennessee. SRS was injected within 2 hrs into the subsurface, and the metabolitiesohbie mi-
crobial communities in one upgradient control- and seven downgradient monitoringves|snoni-
tored over a period of 140 days, using GeoChip3.0, an array capable of detecting and monitoring ~28,000
functional genes responsible for C, N, S, and P cycling (e.qg., sulfate and nitrateorgdatgctron trans-
fer (e.g., cytochrome and hydrogenase genes), and biodegradation of a range of orgamiicatestan-
cluding long chain fatty acids. The SRS supplementation changed the overall commutitynfl
structure. Detrended correspondence analysis (DCA) incorporating all ddteatednal genes readily
separated the communities in the seven downgradient wells four days aftésnrgect thereafter from
those in the same wells but before injection. In contrast, the functional structureipgthdient control
well remained similar throughout the entire experimental period and clusterely elith those in the
seven downgradient wells before injection. Further analysis of a total of ~300 oytechenes detected
revealed long-term enrichment of the genes derived @eobactey Desulfovibrio andAnaeromyxobac-
ter species, including some known-U(VI)-reducing organisms. This was indicatedregsed relative
abundance and diversity of the cytochrome genes in the greatly stimulated cossniihig functional
gene results were highly coincident with the supplement of electron donaadtacetate) from biode-
gradation of the SRS and the subsequent reduction of multiple electron acceptorsSO/IFe(lll),
and NQ") in the aquifer. GeoChip is a high-throughput technology that provides the advantagetof di
ly targeting functional genes responsible for biotransformations of envirorimeptatance.
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Multiscale Assessment of Prediction Uncertainty in
Coupled Reactive Transport Models

Federal Agency-Led Research

G. Curtis (PI)USGS M. Ye, Florida State U, P. Meyer, Steve YabusakiPNNL;
D.R. RodriguezColorado School of Mines

Reactive transport simulations provide a systematic framework foratiteg hydrologic and bio-
geochemical conceptual process models into a quantitative description of subiselni@ders. Howev-
er, subsurface environments are open, complex, and subject to multiple interpretatianseaptializa-
tions. The approach of this project is to postulate multiple plausible conceptual ncatibtate each
model to observations, and then make predictions with the calibrated model enserabtetitaand
conceptual model uncertainty of the alternative models is jointly evaluatedBesmegian Model Aver-
aging (BMA). The BMA method is being used with multiscale field and synthetic\@ism®rs to test the
hypotheses that model uncertainty dominates parametric uncertainty, and thainphdfas predictive
performance.

The methodology is being applied to the Naturita UMTRA site to investigate howptoacmodel
uncertainty varies across scales ranging from column tests to the plumelseatpproach was applied
to a set of previously published results on U(VI) transport in columns packed witbhaedleterized
guartz. As in the initial study, seven different surface complexation models aigzapmplexity were
calibrated against selected experiments and then used to predict U(VI) tram$partdifferent experi-
ments conducted with different experimental conditions. It was found that, of the seveatpdshdd-
els, only three had a significant probability. Model probabilities calculated fatibration to different
datasets were different. The probability of one conceptual model varied from 22 to 5Q péree cali-
brated to each individual experiment; however, the model probability was only 16 perceralheee
experiments were used simultaneously in the calibration. Model uncertaintycsigtiyf exceeded pa-
rametric uncertainty even in these well-controlled laboratory experimewtsnadel averaging gave sig-
nificantly superior predictions relative to any single model. The approach is Ipgiedato results from
small-scale tracer tests conducted at the Naturita site. The mod#ie fracer tests include alternative
representations of (1) the subsurface heterogeneity of hydraulic conductivitye (2{\MI) adsorption
reactions, (3) the rate of adsorption and desorption and (4) geochemical processeg tféckey major
ions such as calcium.

Simulations are also being applied at the Rifle site to evaluate the patametconceptual model
uncertainty for the stimulated bioreduction of U(VI) by microbial processes. Aatymtmodel ofn situ
uranium bioremediation has been developed to simulate behaviors that will serpeeaglo-reality for
evaluating predictive errors in model probability estimates. The synthetielnmcludes all of the multi-
component biogeochemical reactions described in a recently published model foreaHERRIflexperi-
mental conditions and characteristics. The synthetic data are being used to @egzarential calibra-
tion approach with a joint calibration approach for inverse modeling and estimation ofprmiusbility.
The former approach estimates parameters sequentially, for examplestiimsting hydraulic parame-
ters and dispersion, then the acetate oxidation rate by Fe(lll), the parametieesoioset of sulfate re-
duction, the acetate oxidation rate by sulfate, and the acetate oxidation rateloyAygint calibration
estimates all parameters at the same time and, while computationallgiffiotdt, may provide better
model probability estimates. Three alternative one-dimensional models adimgeomplexity are be-
ing calibrated against the synthetic data to identify the optimal method of mbdedtaan.
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Upscaling of U(VI) Desorption and Transport from De  cimeter-Scale
Heterogeneity to Plume-Scale Modeling

Federal Agency-Led Research

J.A. Davis (PIl), G.P. Curtis, M.B Hay, F.D. Day Lewis, J.W. LaidsSGS
D.R. RodriguezColorado School of Mines

The focus of this new project is the development of approaches for upscaling reanspert mod-
els by investigating U(VI) desorption across spatial scales that gez than typical bench-scale studies.
The project will use extensive datasets already collected at the uraniuilmgs site at Naturita, CO,
at bench-, decimeter-, and tracer test-scales. It will utilize geogplysgults that characterize facies in
the Naturita subsurface at the plume scale. It is our hypothesis that physicabelmehgeal heterogene-
ities in the subsurface are one of the most important aspects that need to be underspwosdanodel
upscaling to the plume scale. We have previously collected large U(VI) desadptasets in experi-
ments with known decimeter-scale physical and chemical heterogeneityattalgaanks with controlled
grain size sediment packing structures) and in meter-scale, natural- eealdoadient tracer tests.
These experiment included temporal and spatial gradients in bicarbonate comrerknativn to affect
the rates of U(VI) desorption. Tracer test observations showed considerablalphgtoogeneity in the
subsurface at the Naturita site, with highly variable groundwater flow oalg a few decimeters apart
and unusual breakthrough curves for nonreactive tracers.

Although we have datasets at these scales and the bench scale, we have thusdanageling
studies only to bench-scale data. In the new project, we will investigate ngsstatitegies by applying a
multicontinuum surface complexation model to the decimeter, tracer-test, andgglale® Key issues in
upscaling to the decimeter-scale are the chemical gradients introducezbak afrwater mixing caused
by physical heterogeneity and the heterogeneous chemical properties of sedamesizgifractions.
High-resolution simulations will be conducted using the same numerical diatigiifor tank experi-
ments as was used for column data, to provide a direct test of our bench-scale modetsiedscale
experiments. We hypothesize that upscaled multicontinuum models (i.e., with ladgdisgretization)
will depend primarily on the interfacial area separating grain-sizesfgpcesent within a single model
gridblock. Up-scaled models for decimeter-level heterogeneity willdteddor an ability to describe ob-
servations made at the meter scale, based on a new geophysical study of flow paderieatg at the
tracer test site. If a decimeter-scale model can describe these ithatat Wirther adaptation, it will dem-
onstrate whether intermediate-scale tank experiments sufficientlyreape upscaling factors intro-
duced by heterogeneity at the meter scale, and whether heterogeneity detrscate can be adequately
characterized by geophysical methods. Knowledge of the spatial distribution oéstaiyrfacies de-
fined by geophysics and parallel characterization of U(VI) desorption kinetieadbyfacies will provide
a better understanding of heterogeneity at the plume scale. Plume-scaleomedidt) (V1) transport for
13 years (1999-2012) will be compared with measured values in the aquifer, with upscedenfioé
transport parameters in accordance with the meter-scale studies. Avisgasialysis will be conducted
to determine which processes and parameters are most important in simulsitinggadéport at the
plume scale.
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Bacterial Toxicity of Engineered Metal and Metal Ox  ide Nanopatrticles
Joint DOE EPA-NSF Nanoparticulate Research

M.J. Doktycz (PI), A.K. Suresh, D.A. Pelletier, K. Giri, S.D. Brown, W. Wang, B. Gu, D.Fol)i
D.C. Joy, J.W. Moon, T.J. Phelp$ORNL

Nanomaterials are of tremendous interest to pursuits in biology, medicinepmlestcatalysis, and
energy storage because of their unique size- and shape-dependent propertiegriStiesastich as high
surface-to-volume ratios, quantum confinement, and the ability to selectiedipten chemical transfor-
mations make them unique from their bulk counterparts. Besides size, compositiag saafia and sur-
face charges are properties that affect nanomaterial performance anifletiatheir fate and transport
in the environment. The transformation of such nanoparticle catalysts in the envitasilely to be
influenced through interactions with bacteria. Nanopatrticle production, nanoparticigtamanopar-
ticle binding and incorporation with bacteria have all been observed. However, basiedgethat
would allow prediction of the probable interaction between an engineered nanoparticletarid =
lacking. Our efforts seek to quantify and characterize interactions beemgeneered metal and metal
oxide nanoparticles on selected microbial species. Initial efforts are focudes efifiects of cerium
oxide, zinc oxide and silver nanoparticles on the growth, viability, structural chandegenetic re-
sponse oE. coliandB. subtilis Well-characterized CefDZnO, and Ag nanoparticles have been pre-
pared and presented to bacterial cells in a dose-dependent manner. Apart from teahchgaeslisc
diffusion tests, minimum inhibitory concentrations, viability assays, and colonyngumits, advanced
imaging techniques are also being used to evaluate the binding and fate of the nae®partled bac-
terial cell. The results of these studies will provide a basis for understandingphoparticle size and
composition influence their interactions with microorganisms, and how microorgamagsnalter the
fate and transformation of engineered nanoparticles in the environment.
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Transport of Engineered Nanoporous Silicate Particl es and Its Effect on
Uranium Fate and Transport in Porous Media

Joint DOE-EPA-NSF Nanoparticulate Research
C. Liu, J. Shang (P1), Z. Wang, J. Liu, J. ZachaRNNL

The objectives of this research are to: (1) characterize the fate and ttafigpwineered nanopor-
ous silicate particles (ENSPs) that have been functionalized in their irgereadomains; (2) evaluate
the impacts of functionalized ENSPs on the fate and transport of radionuclides (Uje&ditnents un-
der conditions relevant to DOE sites; and (3) provide microscopic insights intedmanisms control-
ling the transport of ENSPs, as well as coupled transport of ENSPs and radionucludesiifase envi-
ronments.

Engineered nanoporous particles have become an important class of nanostructurad thater
have found their increasing applications in energy and environmental areas. T pdeg surfaces in
the particles can be tailored to be covalently bonded with various specific chiggaicds that can be
used for biomolecular sensing, energy storage and fuel-cell technology, narsisatadyphotonics, and
groundwater contaminant sequestration. In this research, an engineered maE@Psefhas been syn-
thesized and functionalized as a model material to understand the fate and trartepartiabporous
materials and their effects on the fate and transport of DOE contaminants and tat#srance the ma-
terials enter into the subsurface environments. The synthesized ENSPalrhatehigh ion selectivity,
dense population of absorbing sites, fast adsorption kinetics, and stable siigzteestwhich yield a
potentially efficient material for capturing contaminants from groundwatscafining optical fiber-laser
excitation fluorescence profiler was developeahtsitu track particle transport in a column system. The
profiler directly detected the attachment of ENSPs to a sand collector evertherdevdynamically un-
favorable conditions and further, darsitu measurement results showed a spatial variability of ENSPs
transport that deviated from a common one-dimensional assumption for colloidal andutamestrpar-
ticle transport in sand columns, implying that the attachment and detachment prowesssafed and
colloidal particle transport is more complicated than previously hypothesized.

The fate and transport of ENSPs has a strong impact on the fate and transport of urarium in U
contaminated sediments. Our results showed that the competitive sorption of U irtfenteand
ENSPs resulted in a fast mass transport of U from the sediments to ENSPs, SRsedakér into the
groundwater and sediment systems. The ENSPs, however, can attach to sedimgemignahe attach-
ment degree affected complexly by ENSPs concentration, ionic strength of groundveatécal com-
position, and dynamics flow conditions. Our studies found that the ENSPs attachment anuetdtac
qualitatively followed, but quantitatively deviated from the current partielesport theories, especially
under dynamic flow conditions. Experimental micromodels and pore-scale numericés aredeurrent-
ly under development to provide microscopic insights into the mechanisms controlliBly &fts fate
and transport, and their impact on radionuclides in subsurface environments.
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Stability and Transport of Ligand-Coated Quantum-Do  ts Nanoparticles
in Subsurface Porous Media

Joint DOE-EPA-NSF Nanoparticulate Research

J. Wan (P1), M. Mulvihill, S. Torkzaba+BNL; Y. Kim, U. of California-BerkeleyT. Tokunaga,
S. Habas, T. Mokari-=BNL

The rapid growth of nanotechnology has created substantial economic value asweeilsaplica-
tions for many industries and products, but the potential negative impact of engineeredtittgspa
(ENPs) on human health and ecosystems has raised considerable concern. U.S. gowgenoiesi the
Environmental Protection Agency (EPA), the National Academy of Sciences, addthBepartment of
Energy (DOE) have called for an increased understanding of the risks posed by EillRss&arch
project focuses on ligand-coated quantum-dot (QD) NPs. The science and techndlyagydotdating
has brought exciting potential applications--for instance, quantum dots (QDs) andrgkrator nano-
crystals with unique optical and transport properties are useful in electronazcs@tgy conversion,
biomedical imaging, and ultra-high-density data storage and quantum informatiossprgc& he hy-
drophobic metalloid crystalline core of QDs can be ligated with hydrophilichetrinctional groups to
permit their stability in aqueous suspensions. Concern about the stability and nadIGJiyNPs in the
environment is growing, because they are potentially highly toxic. Compromisingétiegccan reveal
the metalloid core, which may have a toxic impact as a composite core, but kttanis about the envi-
ronmental behavior of ligand-coating stabilized NPs.

The effects of NP design (size, shape, and surface coating) on their stalaijtyeous environments
were studied by using CdSe NPs modified with thiolate ligands. The concept of catigalation con-
centration (CCC) was used to quantify NP stability. Our results showed thaahilRysts the function
of the capping ligands’ chain length. A linear relationship between pantidkece area and the CCC was
discovered and found to be independent of nanoparticle shape. The quantitative analysis ofak@nopart
size, shape, and surface coating has demonstrated the importance of ligand atalgéyticle surface
area for the prediction of nanoparticle fate and transport in the environmantstript submitted to
JACS)

Transport of CdTe QD NHa different types of porous media, including pure-quartz sand, predomi-
nantly quartz sand (Accusand), and iron-coated quartz sand, at various solution ionilbsstregrg stu-
died using batch, column, and SEM/EDX methods. The measured mobilities of CdTe in purempiartz
iron-coated sands were consistent with the predictions of classic filtraonds, but the results from
Accusand were not. We concluded that the fast diffusive mass-transfer rdds &o@ bulk solution to
the sand surface and the QD attachment in the primary or secondary energy minirauhewwemary
mechanisms causing the significant deposition and the delayed breakthrough cumeslobJccu-
sand. We proposed that positively charged nanoscale sites of clay particlescatta the sand surface
played a key role in QD depositiomgnuscript submitted to JCH)

Effects of dilution on stability of ligand-stabilized NPs in agueous suspensionstudiet by using
CdSe and CdTe NPs. We found that dilution resulted in rapid aggregation of dispersey lRsthat
were originally stable at high concentrations. These observations, obtained byaglatnsicattering,
were confirmed using sequential filtration and sedimentation. Measured dscire&d> surface charge
density (zeta potential) with progressively higher dilution also indicatadditpss and NP aggregation.
Ligand dissociation from the metallic core, driven by decreasing the conaamtrafree ligands in the
agueous phase, is responsible for the observed destabilization. Because dispersadaykdrigPs in
the environment invariably results in their entry into solutions having very ¢mndi concentrations, it
is important to develop an understanding of the suspension destabilization resultifigdnuhdetach-
ment. (anuscript submitted to ES& T)
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PFLOTRAN: Massively Parallel Subsurface Reactive FI  ow and Transport Code

SciDAC Research

P.C. Lichtner (PI), G. E. Hammond=ANL; R. Milles, ORNL; D. Moulton, D. Svyatskiyl. ANL;
B. Smith,ANL; A. Valocchi,U. of Illinois at Urbana-ChampaigrB. Philip, ORNL

PFLOTRAN, a next-generation reactive flow and transport code for modeling swesprfeesses,
has been designed from the ground up to run efficiently on machines ranging from |paclasshsu-
percomputers to laptops. Based on an object-oriented design, the code is easily extansitnporate
additional processes. It can interface seamlessly with Fortran 9X, C and C-s+Rod®in decomposi-
tion parallelism is employed, with the PETSc parallel framework used to maaaallel solvers, data
structures, and communication. Features of the code include a modular input file, imptemeof
high-performance I/O using parallel HDF5, ability to perform multiple zatitin simulations with mul-
tiple processors per realization in a seamless manner, and multiple modesifiraselflow and multi-
component geochemical transport. Chemical reactions currently implementedau¢hieclude homo-
geneous aqueous complexing reactions and heterogeneous mineral precipitationdohissmiueix-
change, surface complexation and a multirate kinetic sorption model. A new and protaissngf dis-
cretization methods, dubbed Mimetic Finite Differences (MFD), is being megiéed in PFLOTRAN.
These methods are designed to mimic important properties of the continuum model, sushasima
energy conservation, but go beyond traditional Finite Volume methods. They are acowgatesral po-
lyhedral meshes with full tensor coefficients. This will allow PFLOTRAN&ndle complex meshing
techniques, including nonorthogonal, unstructured, and adaptively refined meshes, to diowsate f
through highly anisotropic porous media with complex stratigraphy. PFLOTRAN has deatesh gte-
tascale performance usinf2131,072 processor cores on problems composed of over 2 billion degrees
of freedom. The code is currently being applied to simulate uranium transport at tbed-80tf Area
and CQ sequestration in deep geologic formations.
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Multiscale Mass-Transfer Processes Controlling Natu ral Attenuation and
Engineered Remediation: Focus on Hanford’s 300 Area Uranium Plume

Hanford IFRC (Principal Investigator: John Zachara)

J. Zachara (PI), M. Freshley, B. BjornstaBNNL; J. Christensen, M. Conrad=BNL; J. Fredrickson,
PNNL R. HaggertyQOregon State J.G. HammondPNNL D. Kent,USGS A. Konopka,PNNL

P. Lichtner LANL; C. Liu, J. Mckinley, M. Rockhold-PNNL; Y. Rubin,U. of California-Berkeley
V. Vermeul,PNNL; R. VersteegiNL; A. Ward,PNNL, C. ZhengAlabama M. ThompsonDOE-RL

The Integrated Field-Scale Subsurface Research Challenge (IFR€)Hanford Site 300 Area ura-
nium (U) plume addresses multiscale mass-transfer processes in a cordpigeblogic setting. A se-
ries of forefront science questions on mass transfer are posed for researclelatedo the effect of
spatial heterogeneities; the importance of scale; coupled interactiongbédtiwgeochemical, hydrolog-
ic, and mass-transfer processes; and measurement approaches needed tozehanaicteodel a mass-
transfer dominated system. The site has 35 instrumented wells and an extensioengaystem. It in-
cludes a deep borehole for microbiologic and biogeochemical research that samptedetthickness
of the unconfined 300 A aquifer, and that is now being used for down-hole biogeochemical studies. Sig-
nificant, impactful progress has been made in CY 2009, with completion of extensivedaboraa-
surements on field sediments, field hydrologic and geophysical characterizamiofield experiments,
and modeling. The field experiments focused on: (1) physical characterization aduhewgater flow
field during a period of low, stable Columbia River stage in early spring, (2) cbermige groundwater
monitoring during spring to characterize the release of U(VI) from the lovdeseazone to the aquifer
during water table rise and fall, (3) dynamic geophysical monitoring of salt-ptugration during a
summer, and (4) a U reactive tracer experiment (desorption) during the fall-liadsvhiogeochemistry
studies were also initiated. Geophysical characterization of the wdllad completed using the down-
well Electrical Resistance Tomography (ERT) array. These measuierabng with hydrologic charac-
terization, have yielded 3D distributions of hydraulic properties that have been irtedomto an up-
dated and increasingly robust hydrologic model. All of the field tests, along wittettie@fid laboratory
characterization, are leading to improvements in the conceptual model of W&l transport in the
IFRC footprint and the 300 Area in general. During the fall U(VI) desorption fieldagsitentially sig-
nificant issue related to vertical flow in the IFRC wells was identifretl@valuated. Both upward and
downward flows were observed in response to dynamic Columbia River stage. rfidad flews are
caused by the interaction of river-stage-induced gradients with our heterogengi@udityzonductivity
field. These impacts are being evaluated with additional modeling actidtfasilitate interpretation.
The project moves into CY 2010 with ambitious plans for a drilling additional wells fdFR@ well
field, additional experiments, and modeling.
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Uranium Isotopic Systematics in the 300 Area U Plum e and the IFRC Plot:
Progress Towards a Site U Isotopic Model

Hanford IFRC (Principal Investigator: John Zachara)

J.N. Christensen (PI,BNL; J.P. McKinleyPNNL, M.E. ConradLBNL; D.L. Stoliker,USGS
D.J. DePaolol.NBL; J.M ZacharaPNNL

Ongoing uranium (as well as Sr, O, and H) isotopic research is being carried out on thee800 Ar
groundwater U plume and sediments in general, with a specific focus on the IFRC erparptot.
This research has several different aims, including understanding the sourdestio glume, the tem-
poral dynamics of the U plume in its interaction with the Columbia River, the discraggof U to the
river, the interaction between groundwater U and U held in vadose zone/aquifenggdane providing
guidance in the selection of particular 300 Area wells as sources of groundwater ifovasous expe-
riments conducted within the IFRC experimental plot. Such experiments include adsdestioption of
U within the IFRC experimental array, monitored in part through U isotopic asalygroundwater
samples from the array. In particular, the spring 2009 Passive U Mobilizationmegpedirectly re-
vealed the introduction of U from the lower vadose (“smear”) zone to groundwater.

Groundwater U and sediment leachate U isotopic composifits*{?U, 2*U/>%%U, *°U/2°) fall
along similar arrays, indicating mixtures derived from processed-enriclieeldJand depleted
U. Significant U isotopic differences are evident between different psquands, along with U isotopic
variations with depth. However, the spatial U heterogeneities at the sdad¢elBRIC plot are nearly as
great, and consistent with the original layout of the former South Process Pond compteseriaim in
part by the IFRC plot. Overall, comparison between 300 Area groundwater and sedimgeds thiad)
observed groundwater U isotopic variations are attributable in large partlteddaaent U isotopic
compositions, rather than simple mixing within the plume between two U isotopic enoemsoarces.

This effect is illustrated by groundwater samples taken during the Spring 200& RAa4obiliza-
tion experiment. During this experiment, rising of the water table into the i@@ese zone (the
“smear” zone) due to spring river stage increases were found to be assodiategidielevations in
groundwater U concentration in bailed samples from well 3-30 (e.g., from 40 ppb to 270 ppb over two
days—see poster this session by McKinley et al.). The U isotopic compositions aifles with the
highest U concentrations map to the U isotopic stratigraphy of sediment ledobaitéise immediately
adjacent well 3-31, and point to a particular depth range. Intermediate concenaatpeassrepresent
variable mixing between this added U, and up-gradient U represented by pre-rise gteudw his
not only confirms that the source of the added U is in the “smear” vadose zone, but also pomsdes
straints on its vertical and horizontal location, and mass balance. The spatiahpoditerariations we
observe in the U isotopic composition of 300 Area groundwater allows tracking of vassesnnde-
pendent of U concentration, and identification of local sources of U contamination to timebizoRiv-
er.
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Biogeochemical Redox Transition with Depth in the H anford 300 Area Subsurface
Hanford IFRC (Principal Investigator: John Zachara)

J. Fredrickson, (PI), J. McKinley, T. Resch, J.Hde, X. Lin, D. Kennedy, A. Konopka, C. Pearce R6sso,
B. Bjornstad, T. Peretyahko, J. Zachaf@aNNL

Joint IFRC-SFA research results on the microbialagy and biogeochemistry of Hanford formation subs
face sediments obtained during the first phaseiliifhd for well installation at the 300A IFRC reaked a relatively
abundant, active, and phylogenetically diverse @idise microbial community. Molecular analysesj&rment cul-
tures, and sediment microcosm experiments indiditeitotal populations declined and communitycttrce and
function shifted upon transition from the Hanfoodrhation sand and gravels to the underlying firergrd Ringold
Formation (Unit E). Motivated by these resultspiaf IFRC-SFAIn situ microbial ecology-biogeochemistry expe-
riment was initiated in October, 2009. The objeidf this experiment was to probe, at finer spatiablution and
in greater detail, the changes in microbial comityustructure and function, as well as Fe redoxtieas with vari-
ous iron-bearing mineral phases and sedimentddtiae to transitions in geochemical and hydrolqgioperties
across the Hanford-Ringold textural and intra-Rldgedox boundaries.

Two IFRC wells (3-24 and 3-27) were selected astineened interval for these two wells extendirig the
reduced region of the Ringold E unit. Down-hole mméosm MLS units containing site sediments, Fe(kides,
basalt coupons, synthetic magnetite, bio-sep bieadsicrobial capture, anchip forin situ cultivation of Fe(lll)-
reducing and Fe(ll)-oxidizing microorganisms, agdeous- and gas-phase diffusion cell samplers--depéoyed
at three depths in wells 3-24. The sampling depitisded: (1) within the Hanford formation; (2) ateothe redox
transition zone in upper Ringold formation; and§8)ow the redox transition zone in the upper Riddormation.
The first set of samples was retrieved from wed43en December 7, 2009.

Dissolved gas analyses revealed a clear redoxtimmgending from oxic in the lower Hanford foriian to
the bottom reduced fine-grained Ringold Unit E. §éh&ends include a significant decrease jic@hcurrent with
increases in k] CO, and CHover the same interval. Note that theddncentration measured in the reduced Rin-
gold (7 nM) is consistent with thermodynamic colgran its concentration when G@ the terminal electron-
accepting process (i.e., methanogenesis) in miakglpstems where organic matter fermentation iptheary ener-
gy source. Groundwater analyses revealed distiranges in select inorganic constituents, includiisgolved Mn
and Fe, across the Ringold redox transition zomeneling from ~ 58’ to 67’ in well 2-25. A peak (51mg L) in
dissolved sulfide was also observed in this sam®mne coinciding precisely with the region of tlegluced Ringold
Unit E as determined from the direct inspectiorarfes during well drilling and logging. Analysesoafre material
from 2-25 revealed the presence of framboidal pyritthe reduced region of the Ringold, and a jysitilfur con-
cenration of 0.277 (wt. %) compared to the ovegdyaxidized region where pyritic sulfur was belowedzion and
framboidal pyrite was not observed. Biomass and $iBklyses of BioSep beads clearly indicated miedatmloni-
zation of the beads over the 6-week interval. Getraceae 16S gene copies, as determined by pdiAkx-
tracted from the untreated beads, were detectedghout the interval, but were clearly highestia teduced Rin-
gold interval, accounting for up to 13% of the t&acterial 16S gene copies. Most probable numidéry) analys-
es of viable Fe(lll)- and sulfate-reducing bactémdicate that viable populations of these fundiagroups are
10*-fold higher in oxide-coated sands incubated inMh&S section below the Ringold redox interface.

In summary, there is a well-defined redox transitzone in the Hanford 300A subsurface that extémuats the
base of the Hanford formation, through the uppédia®d Ringold Unit E, and into the underlying redd Ringold.
The electron acceptors utilized over this inteimalude G, nitrate, possibly Mn(llI/IV), Fe(lll), sulfate @CQO,. H,
concentrations suggest the fermentation of sedemgtrganic carbon as the primary energy sourdgt Bicurrent-
ly unknown whether Himay be outgassing from the underlying ColumbiaeRhasalt aquifer. While the areal extent
of the reduced fine-grained Ringold Unit E is betid to be confined to the 300A, other, similar reloundaries
exist within the Ringold elsewhere on the Hanfoité 8nd could have important implications for tidsurface mi-
gration of redox sensitive contaminants.
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Site Geochemical Reaction and Mass-Transfer Model f  or U(VI) Transport and
Field Validation for the Hanford IFRC

Hanford IFRC (Principal Investigator: John Zachara)

R. Haggerty (Pl)QOregon State JD.B. Kent,USGS C. Liu, PNNL; J. Yin,Oregon StateD.L. Stoliker,
USGS C. ZhengU. of AlabamaJ. GreskowiakCSIRO Land and Water (Australja)
J. Istok,Oregon State UJ.and J.M. Zachard&NNL

The Hanford IFRC Team'’s objective in this presentation is an integrated gecahezaction and
mass-transfer model for U(VI) transport that integrates multiratéiéseurface complexation of sorbed
U(VI), and dual-domain mass transfer. Uranium(VI) transport in groundwater wighidanford 300
area is controlled by desorption of contaminant U(VI), present as surface compleixes @istributed
within the sediments across a range of distances from predominant flow pathspé isedies. Surface
and solution speciation of U(VI) are controlled primarily by aqueous carbonateyadtwiwhich alka-
linity can be used as a proxy given the relatively uniform pH values across @ekperimental do-
main. The 300 Area at Hanford has two predominant water chemistries: (1) a lalyhitggroundwater
and (2) a low-alkalinity Columbia River water. U(VI) sorbs more extehsin the presence of the low-
alkalinity Columbia River water. These waters are present in eiffgrarts of the site and are transient
in time. The impact of variable chemistry on equilibrium sorption can be describedasirnigice com-
plexation model calibrated with laboratory experimental data. Diffusion-ctadrebrption-desorption
kinetics are best modeled using a lognormal distribution of rates that incogpsitatéicant surface
reaction over time scales from at least hours to thousands of hours, as supported by a séfa#ic
and column experiments. Mass transfer between accessible (mobile) andlyelagiecessible (immo-
bile) porosity is also required for representation of experimental data. It igedcpleat fits to field data
may require an analogous distribution of mass-transfer rates, but lab experomaitsreveal the need
only for a single mass-transfer rate.

Following thorough lab testing of the model, we propose a series of field experimente!d lea-f
periments will test all elements of the model described above. We wilinjiest low-alkalinity water,
representing Columbia River water, into the IFRC tracer-test arraylifoited time. A well-doublet
geometry may prove the best design to control, locally, the considerable variathyasaulic gradients
at the site. Following comparison of the results to the model, a second longer-terimexipeill be
conducted. The second experiment will make any needed adjustments to tracer onevaistry. The
injection will be carried out for sufficient time to test time scales okrramsfer on the order of tens to
hundreds of hours.
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Placing the Hanford 300 Area IFRC Site in Perspecti  ve: Plume-scale Modeling of
Uranium Attenuation and Its Flux to the Columbia Ri ver

Hanford IFRC (Principal Investigator: John Zachara)
P.C. Lichtner (PI)LANL; G.E. HammondPNNL

Understanding complicated processes involving natural systems genegailgsecollecting large
amounts of data to support modeling of these processes. Such data support is becoming more burden-
some as models become more sophisticated with increasing data needs. Hovesvigrisaibt apparent
which data and processes are most important and essential to the system undeationstdance, re-
sources can be wasted collecting data that are irrelevant to the problem at harach intpartant role
for modeling geochemical systems is assessing the importance of varioesspsoon system behavior,
thereby potentially reducing the amount of data that needs to be collected. An impagantiuawever,
is that the model must be sufficiently accurate to capture all relevant ggedashe system; otherwise
false conclusions could be reached. This contribution takes a large-scale viewHaiford 300 ura-
nium plume through the use of plume-scale modeling to evaluate the importance of vatessgs that
can influence uranium migration at the site. Processes investigated th#ecatha rate of natural at-
tenuation of uranium include sorption and desorption, presence of a continuous source term, the role of
the hyporheic zone and Hanford sediment heterogeneity on flow velocity, and high frequetuay fl
tions in the Columbia River stage. The mathematical metric used to judge theamspasf these
processes is the cumulative flux of uranium into the Columbia River. This metvidgs a time-
averaged measure of the loss of uranium to the river that smoothes out high-frétpstnagons and
results in an approximately linear increase in mass of uranium released tetlwver time. Through
conservation of mass, the cumulative flux at the river boundary is related tméhavieraged leach rate
of uranium from the source regions of contaminated Hanford sediments.
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The Deep Vadose Zone as a Source of Contaminant Ura  nium Recharge to the
Near-Shore Aquifer at the Hanford Site, Washington

Hanford IFRC (Principal Investigator: John Zachara)

J.P. McKinley (PI), D.C. Girvin, J.M. Zachara, C.T. Resch, J.L. Phillip&NL;
R.M. Kaluzny,Montana State UM.D. Miller, T.A. Beck—PNNL

The Columbia River exhibits large seasonal discharge variations, with thetrstige observed in
the spring following mountain snowmelt. These stage variations propagateydimgrthe near-river
groundwater aquifer in the Site’s 300 Area in the form of seasonal water tablafiloies of ~2 m in
depth. A persistent uranium (U) plume exists in the aquifer. It has long been speculatedebdocie-
mented, that rises in the water table solubilize sorbed contaminant U from the desp z@ne (smear
zone), and sustain persistent levels of groundwater U, further causing comp&abkdgsamics in con-
centration. This posit was evaluated by a comprehensive groundwater sampling gsid eaalpaign
during spring 2009 over the DOE BER/CESD Integrated Field Research Centgj {tlefprint. The
IFRC, ~300 m from the river, is a well-instrumented field site containing 38 veeline of which have
been completed at multiple depths in the saturated Hanford formation. The uppermost 15 auf the
fer was sampled daily, April through June, by bailing, to trace the hypothesized U aestigott as the
water table moved through the smear zone. More conventional samples were pumped destethef
the fully screened (6 m) Hanford Fm. Samples were analyzed for dissolved catidranionic compo-
nents and dissolved carbon, along with conductivity and pH. In some wells, the aquifer-top tdreence
tion varied modestly above the low water, mid-winter values (e.g., ~50 ug/L)heveotirse of the expe-
riment. In others, dramatic concentration increases were observed (>300 ugigridatuch higher
(e.g., ~3x) than the paired pumped values, and coincided with seasonal river stage atadblvdbectu-
ations. This behavior was repeatedly observed during the multiple rise-aogefa8l in river stage that
occurred over the monitoring period. When the water table rose above the screenall jenved
samples were collected still, particularly from wells with shallow cetrgots; the U concentration in
these wells (30Qg/L) indicated an even larger aquifer-top concentration (@00). U solubilized from
the smear zone did not mix with deeper groundwaters of the Hanford formation during the ngnitori
period, yielding a stratified system. The overall concentration of U, shown by tteely distributed
shallow wells, increased across the site during the experiment, indicatitigetttaintribution from the
vadose sediments was broad, though uneven. These results indicated that the deep vadoseledne pr
a seasonal, spatially heterogeneous source for seasonal recharge of U toe¢he aquif

In FY 2010, the experiment will be repeated with improved well control. The 2009 experiment
showed some effects of borehole flow correlated with river stage fluctuath@se effects will be ne-
gated using intermediate-depth packers. Also, the resolution of U contributiob® wilproved by the
installation of additional shallow wells prior to the Spring thaw. We aredstrg our database of se-
diment characterization results for the smear zone, for comparison with tted\sbaterogeneous con-
tributions of U to the aquifer during water table rise.
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Hydrologic Characterization of the Hanford 300 Area IFRC Site, Observed and Si-
mulated Tracer Test Results, and Plans for Future R efinements

Hanford IFRC (Principal Investigator: John Zachara)
M. Rockhold (PI), V.R. Vermeul, C.J. Murray, J.M Zachaf@NNL

Aquifer tests, borehole geophysical logging, measurements on intact core samgplewiltiple
large-scale tracer tests have been performed for the Hanford 300 Area tERKBisiobjectives of these
measurements and tracer tests were to provide critical datasets &mtehaation of the hydraulic con-
ductivity and porosity distributions at the site. The parameter distributionsthdt from these mea-
surements and inverse modeling of the tracer tests, performed by PNNL and cmfabaidi be used
for subsequent reactive transport modeling and testing of hypotheses relatetive treexsport of ura-
nium and mass-transfer processes.

Field hydrologic characterization at the 300 Area IFRC site has included shditwlucanstant-rate
injection and electromagnetic borehole flow-meter (EBF) testing, and muttgler tests performed un-
der different hydrologic conditions. These data show the Hanford Fm sediments to beaigidable
(K > 6000 m/d) and nonuniformly stratified, with the shallow and deep portions of the aquifaliyener
being more permeable than the middle portion. Tracer test results indicate thetple portion of the
aquifer is more permeable than the shallow portion, and both are much more permeable trdaighe m
portion. Gamma log data are positively correlated with porosity, which has agewveiae of ~0.2 for
the gravel- and cobble-dominated sediments at the site. Variogram amdlgaesma log data indicate
different angles of anisotropy for different horizons within the aquifer. The ckawation data yield
simulation results that match observations from the field tracer testneddy well for the fully
screened wells, albeit with less temporal variability that results, infpan intrawell flow and mixing
in the wellbores. Good correspondence between observed and simulated breakthrough auellss for
screened at discrete depths requires the use of pseudo-data or pilot pointsiddatdsalts using
STOMP with PPEST suggest that the EBF profiles are smoothed represembtientue variability of
the K field.

Future data collection and associated model refinements include: (1) drillingedssoprovide
improved boundary condition and structural information (i.e., elevation of contact betwefend-and
Ringold Fm) outside the current well field, and more depth-discrete monitoring withivell field; (2)
updating the EarthVision model of the 300 Area to incorporate the new structural imdorn(@}t adding
packers to existing, fully screened wells for future experiments to reducenovrage intrawell flow in
order to isolate monitoring to selected portions of the aquifer; (4) incorporation tbaddgeophysical
data (e.g., ERT, GPR, and petro-physical transforms) into model parameterazat inversion; and (5)
continued analyses of intact core samples to measure physical, geochemical, anlichydiperties, in-
cluding k-S-P relations for future vadose zone modeling.
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Hydrogeological Site Characterization and Data Assim ilation at the Hanford 300
IFRC Site using Stochastic Inverse Modeling

Hanford IFRC (Principal Investigator: John Zachara)

Y. Rubin (PI), X. Chen, H. Murakami, M. Hahrnd--of California-BerkeleyG. HammondPNNL,
P. Lichtner,LANL; M. Rockhold, V. Vermeul-RNNL

The primary objective of our work in CY2009 was the development of multiple 3D reaiizatf the
conductivity field at the Hanford 300 Site, based on the simultaneous inversion of the datddbban
(1) the constant injection rate pump tests, (2) the EBF data, and (3) the March 200@dtdoeused on
the hydraulic conductivity as target variable. We are also charged withipgepdramework for consi-
dering additional data as it becomes available, including borehole and tomographic igeophgsre-
sults of the inversion are intended to provide the Hanford IFRC modeling teams withlicyclvaduc-
tivity fields that they could use for modeling and analyzing data from the trangpertraents.

Using data obtained from Electromagnetic Borehole Flowmeter (EBF) testh@avdown data col-
lected during the constant rate injection tests, we obtained estimates ofistieadtdistributions of the
geostatistical parameters of the conductivity, including the mean, the waadd¢he integral scales of
the log-conductivity, in 3D. Using these distributions, we generated multipleagatfis of the conduc-
tivity field, in 3D, conditional on the data and on the statistical distributions of taenpgers. A cross-
validation analysis was conducted and confirmed the improvement in the prediptditas of our
models as additional information was incorporated into the inversion.

We developed, in collaboration with the PFLOTRAN modeling team, a detailed 3D flowaasd t
port model for the IFRC site based on the PFLOTRAN computational platform. PFLOTRéthe
ability to run multiple realizations with multiple processor cores per egaliz We created the software
needed for running a Monte Carlo simulation of flow and transport at the site on the Frapé&ticom-
puter at NERSC. This includes (1) generating multiple realizations of theaististl model parame-
ters, (2) generating 3D realizations of the conductivity fields, (3) feedisg tiealizations to PFLO-
TRAN, (4) modeling the March 2009 transport experiment for each of these realizatidiiS) eetriev-
ing the data needed for post-processing.

The focus of our activity in CY2010 includes (1) completing the inversion based on the March 2009
data and revising it as necessary, and identifying where additional informatieedsd or where correc-
tions to the database and to our inversion algorithm are warranted; and (2) expandingstonitoven-
clude borehole geophysical data and cross-hole tomography, as well as additional ityjeeshafion
from the site as they become available. We plan to test the predictive ¢agzabilthe aquifer model by
evaluating field experiments that were not used for inversion.
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River-Induced Wellbore Flow Dynamics in Hanford IFR ~ C Monitoring Wells:
Evidence, Implications, and Mitigation

Hanford IFRC (Principal Investigator: John Zachara)
V.R. Vermeul (PI), J.P. McKinley, D.R. Newcomer, B.G. Rritz, R.D. Mackley, J.Mh@ae—PNNL

Evidence for river-induced wellbore flow in long-screen wells, and their impaaueoas sampling
results, have been observed in Hanford IFRC monitoring wells during both active and pakbiscale
experiments The objective of this study was to characterize the observed wellbore flows andltie
tionship to a nearby dynamic river boundary, assess the implications of wellbore flampled
agueous concentrations, and evaluate an approach for mitigating these impacts.

Simultaneous measurement of (1) wellbore flow using an electromagnetic boteivoheter (EBF),
(2) depth discrete hydraulic head, and (3) aqueous uranium concentrations were used to aliantify w
bore flow and assess the associated impacts on measured aqueous concentratishsly Tt@mon-
strates the utility of continuous (i.e., hourly measurements for ~ one month) ambieotevidw moni-
toring and shows that relatively large wellbore flows (up to 4 LPM) can be induced Igr dxyairody-
namics associated with a fluctuating river boundary located ~250 m from the lteSthwebserved ver-
tical wellbore flows were strongly correlated with fluctuations in rivags, alternating between upward
and downward flow throughout the monitoring period in response to changes in river stage. Continuous
monitoring of ambient wellbore flows using an EBF system allowed these dfidmsevaluated in con-
cert with continuously monitored river stage elevations (hourly) and aqueous umaentrations
(daily) in a long-screen well and an adjacent multi-level well cluster. @ &ariability in aqueous
concentrations measured during active tracer transport experiments provideshalelidence of well-
bore flow impacts and showed that the magnitude and direction of wellbore flow vatiadlyspaross
the wellfield. An approach to mitigate these effects, based on increasing hydesaidtance within the
wellbore by installing an inflatable packer, was evaluated. Comparison ofireéasgellbore flow, with
and without a packer installed, demonstrated the effectiveness of this approaclrRisité condi-
tions, with vertical wellbore flows reduced by approximately 80 percent.

Efforts are ongoing to identify the best approach for cost effectively mmggaellbore flow effects
in Hanford IFRC fully screened wells. Appropriate packers will be identifiedrestdlied to support
subsequent active experiments focused on the upper portion of the aquifer.
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Integration of Core, Log, and Electrical Resistivit ~ y Tomography Data to Improve
Hydrogeological Characterization of the Hanford 300 Area IFRC Site

Hanford IFRC (Principal Investigator: John Zachara)
A. Ward (Pl), R. VersteegPNNL; T. JohnsonINL; J. Greenwood?NNL

A quantitative understanding of the impact of the spatial heterogeneity and anisotrapyte
transport is the key to developing models of large-scale groundwater contamanapott. In this
study, we introduce the concept of geophysical facies, in which multiple geophysicatimare inte-
grated with core sedimentological analysis and borehole logs, of variouslvesmations, to describe
the physical heterogeneity at the 300 Area IFRC site. The resulting disimbof geophysical facies are
translated into distributions of sedimentary facies using petrophysicalamnassfieveloped in collabora-
tion with the PNNL SFA. The resulting facies distributions will be used as the dfagactive transport
models to test hypotheses on uranium transport and to evaluate alternativatiemsttategies.

Grain size distributions measured on over 100 samples show a wide range of texturesfn@ng
clay to very coarse gravel, many with multimodal distributions, and sizstssitihat differ from those
typically assumed for lognormal distributions. Regression of textural classiorsize moments shows
the strongest correlations between mud fraction (silt + clay), mean digaygtnd sorting index
Radiometric (K, U, Th) analysis of the 100 samples and their fractions separatehi imdrements
show distinct differences in the response between Hanford and Ringold formation sedingesirong
but nonmonotonic relationships between K, Th, and dg. Relationships between textsrahdlaatural
isotope activity are much stronger and form the basis of petrophysical functioasiésr distributions.
Surface and cross borehole electrical geophysical measurements madstattieee inverted using
INL’s parallel high performance ERT/IP inversion code with geostadistienstraints rather than the
typical smoot inversion. The spatial covariance structure was estimatedhtgeostatistical analysis of
borehole electromagnetic induction logs, resulting in a probability distribution ofa@mgrams that
were used to constrain realizations in the ensemble. Each realization isrthgegistatistically accurate,
addresses the smoothness limitation of regularized inversion, and includes the ipyatistpibution
functions for each estimated parameter. The mean of 100 geostatisticallpiceasinverse estimates
displays improved resolution in facies distribution compared to the regularizeidsofurface azimu-
thal resistivity soundings used to characterize anisotropy and heterogerastyreaedifferences in the
anisotropy between the Hanford and Ringold units with a transition from an anisotropatiuno he-
terogeneity-dominated signal between the two units, and a strike angle thaisseoongth a preferen-
tial path attributed to an erosional incision into the Ringold unit. Petrophysicdbirasdased on
grain-size moments, spectral gamma response, and electrical condacévitsed to predict 3D facies
distributions and the associated hydrophysical properties (porosity, specifuesaméa, permeability)
that are in good agreement with laboratory and field measurements.

Subsequent efforts will focus on: (i) refining the 3D distributions of facies andi¢hspscific pe-
trophysical functions for predicting multiscale reactive transport prege(ii) quantifying temporal
changes in the flow field and transport properties resulting from river stagedtions, and (iii) the ex-
plicit coupling of electrical geophysical codes to reactive transport codpsofoerty estimation and en-
hanced tracking of a range of different passive and active experiments.
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Establishing a Geochemical Heterogeneity Model for a Contaminated
Vadose Zone-Aquifer System

Hanford IFRC (Principal Investigator: John Zachara)
J. Zachara (PI), J. McKinley, C. Murray, Y.-J. Bott, D. MooileNNL

The Hanford IFRC is investigating multiscale mass-transfer proctssesontrol seasonally varia-
ble concentrations in the 300 A uranium plume. The plume has displayed remarkablenpersigte the
past 20 years, and questions remain as to whether causes are hydrologic or geoéhelaicgéction
experiments that promote U(VI) desorption and adsorption are under way at the IFRE wid as
passive experiments that monitor the release of contaminant U(VI) from teevadose zone to the
aquifer during periods of spring high water table. Key to the understanding and simulalieseoéxpe-
riments is information on the spatial distribution of U(VI) contaminant concemtgatand reaction
properties that determine solid-liquid distribution.

Approximately 750 grab samples were collected during the installation of 35 witlis thie 1600
m? IFRC site. Approximately 125 of these samples from the middle and lower vadose zoarigatdds
zone were air dried and screened to < and > 2 mm. Particle size distribution wasetheaseach size
fraction, and the <2 mm fraction characterized for the following propertiesitpfdl00 h bicarbonate
extractable U, surface area, ammonium oxalate- and hydroxyl amine-extr&eéb)e Sand, silt, and
clay mineralogy was determined on 25 samples. Twenty-four-hour adsorption distribtibos (Ky's)
were measured from synthetic groundwater on bicarbonate extracted sedimérad thegn washed re-
peatedly to remove residual bicarbonate. Desorptigs ere measured in eight successive equilibra-
tions with site synthetic groundwater. Numerous correlations between propediesreables were eva-
luated, and an uncertainty analysis was performed that involved Monte Carlatiestiof the spatial
distribution of key properties and variables in the lower vadose zone and saturatetitherl&RC site
for reactive transport modeling.

General observations were as follows: High extractable U (> 7.5 ug-U/g ofesg}linas localized
to middle vadose zone hot spots that did not correlate with grain-size distributiacrolary maximum
of adsorbed U (~5 ug-U/g of sediment) occurred in the lower vadose zone with concentrateasng
upward to the maximum elevation of the current water table. Adsorbed U(VIpwdzit detectable in
the saturated zone where the plume exists. Adsorption affinity was difficult suredaecause of the
continued release of residual U from bicarbonate extracted sediments. Adsortibatitia ratios (< 2
mm-Ky ranging between .75 and 25 L/kg) that were relatively free of artifact gesptanonlinear in-
crease with increasing mud fraction (silt plus clay comprised of detritdbphigates), but did not cor-
relate with extractable Fe(lll) forms. Sequential desorptiga tevealed a generalized desorption func-
tion that was common to all sediments evaluated. The database and resultinfawnellh assist in es-
tablishing a spatially variable, kinetic surface complexation model fortée si
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Modeling Coupled Transport and Geochemical Processe s at the Hanford IFRC
Site: Technical Approaches, Insights Gained, and Fu  ture Plans

Hanford IFRC (Principal Investigator: John Zachara)

C. Zheng (PI), R. Ma-Y. of AlabamaH. Prommer, J. GreskowiakSIRO Land and Water (Australja)
C. Liu, Y. Fang, J.M. Zachara, M.L. Rockhold, A. WarBNNL

The modeling at the Hanford IFRC site has proceeded on a multi-tiered approach to ledigddwit
experiments of increasing complexity and an increasing number of coupled procesdesbFamide
tracer experiment conducted in March 2009, we applied the MODFLOW and MT3DMS codes to simu-
late conservative tracer transport and calibrate the hydraulic condudtstitibution. Several key in-
sights have emerged from this part of our modeling efforts. First, the groundwadedtdta alone were
entirely insufficient to constrain the model calibration because of the highlyepblenHanford Forma-
tion at the Hanford IFRC site. Second, the tracer plume movement was highlived¢agtie transient
nature of the flow field induced by the Columbia River. This implies that greatreastebe taken to en-
sure the boundary conditions for the IFRC plot-scale model are properly constructe@¢éssful@nal-
ysis and understanding of the tracer tests. Third, there was a significacdl\featv component in the
aquifer induced by the aquifer heterogeneity and highly dynamic fluctuations of ColuivdiaTRis in
turn caused significant intraborehole vertical flow with alternating ugph&ad downward movements in
the long-screened observation wells, impacting the representativeness ateéhsamples from these
wells. The intraborehole vertical flow must be considered in the modeling arsaytbiat correct com-
parison could be made between the observed and calculated concentration values.

It is simpler and less expensive to measure the 3-D temperature distributipsredwith a solute
tracer. Thus, heat could be used as a good groundwater tracer to complement groundwatdrdeead a
lute tracer data to better constrain the hydraulic conductivity estimationolioa-fip to our Br tracer
modeling work, we simulated heat transport to evaluate the utility and lonitatitemperature data in
conjunction with Br tracer data to calibrate the three-dimensional hydraulic cimitghudistribution.

Our modeling results suggest that the temperature data could serve asfi@cigt-proxy for conserva-
tive solute tracers and help the further calibration of 3-D aquifer heterogah#éie Hanford IFRC site.
Extending beyond the Br and heat transport modeling efforts, we have developed afetdattive
transport model that accommodates the combined effects of physical and chetercgldmeities by in-
corporating laboratory-characterized U(VI) surface complexation rea¢®&@iR) and dual-domain, mul-
tirate mass-transfer processes, and field-measured hydrogeochemictibosndhe field-scale model
was used to assess the importance of multirate mass-transfer procesfég ogatkive transport under
hypothetical scenarios, and to evaluate the effect of variable geochemicailbcenchused by dynamic
river water-groundwater interactions on U(VI) plume migration. The mtdti8&€R model appears to be
a crucial consideration for future reactive transport simulations of uraniunmuoatgs at the Hanford
IFRC site and elsewhere under similar hydrogeochemical conditions. A detaig#ivgg analysis was
further used to quantify the sensitivities of key physical and chemical modeigiara in both laborato-
ry- and field-scale models and to investigate the scaling issues #ésdauidn these model parameters as
they are upscaled from the laboratory to field setting.

Currently, a reactive transport model that couples uranyl geochemistrytranasfer kinetics, and
flow and transport heterogeneity at the Hanford IFRC site is under developmenttenaot & under-
stand the preliminary uranium tracer experiment conducted since summer 2009. In addidienexe
ploring how the complex interactions among flow, transport and geochemical procqssetsaing ulti-
mately determine the uranium fate and transport at the Hanford IFRC site. forihere are evaluat-
ing and comparing alternative modeling approaches that simulate coupled diffosémsairansfer and
(non-linear) surface complexation processes to gain deeper understanding of tressepraad their
controlling factors.
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Multiscale Investigations on the Rates and Mechanis  ms of Targeted
Immobilization and Natural Attenuation of Radionucl ides
and Co-Contaminants in the Subsurface

ORNL IFRC (Principal Investigator: Scott Brooks)

S. C. Brooks (PI), D. Watson©RNL, G. Baker U. of Tennesse&l. Boyanov,ANL, C.C. Brandt,
ORNL C.S. CriddleStanford U; B. Gu, K. Horita—ORNL; S.S. Hubbard,BNL; K. Kemner,ANL,
J.E. KostkaFlorida State U. J. Luo,Georgia TechA.V. PalumboORNL J. Parkerl. of Tennessee
C.W. Schadt, B. SpaldingGRNL W.-M Wu, Stanford U; F. Zhang/nstitute of Tibetan Plateau Re-
search, Chinese Academy of Sciedc&houU. of Oklahoma

The Oak Ridge Integrated Field Research Challenge (ORIFRC) projectisesnn integrated mul-
tidisciplinary, multi-institutional research program whose goal is to praidenproved scientific un-
derstanding and predictive capability of subsurface contaminant fate and tramspayhtexperiments
and observations, at scales ranging from the molecular to the watershed. Theardfusoupled
processes on U, Tc, and co-contaminang N&e and transport are being quantified along numerous
contaminant pathways, using subsurface manipulations and the assessment oftteatuadios
processes throughout the watershed. These investigations are being integhateudltvgicale numerical
simulations to address several coupled processes and assess their impact emactritansport. The
research is identifying and quantifying key reactions, previously not addresgexhyritial contaminant
fate and transport. The research approach is designed to enable the understanding gamdelsadd-m
veloped to be broadly applicable to individual DOE sites.

The overall goal of the project is to advance the understanding and predictive tapabdupled
hydrological, geochemical, and microbiological processes that contriol $ite transport, remediation
and natural attenuation of metals, radionuclides, and co-contaminants at multgseacging from the
molecular to the watershed. The specific objectives of this research @yet@ntify recharge pathways
and other hydraulic drivers for groundwater flow and dilution of contaminants along flowgyetlawd
determine how they change temporally and spatially during episodic events, dgaanddbng term;

(ii) determine the rates and mechanisms of coupled hydrological, geochemicalcestulotagical
processes that control the natural attenuation of contaminants in highly diverséasigbenvironments;
(iiif) explore novel strategies for enhancing the subsurface stability of ifirembimetals and radionuc-
lides; (iv) understand the long-term impacts of geochemical and hydrologic legtertygon the remobi-
lization of immobilized radionuclides; and (v) improve our ability to predict the teng-effectiveness
of remedial activities and natural attenuation processes that control subsafié@minant behavior.

To meet the research objectives, integrated multidisciplinary aesiitom the watershed to the mi-
croscopic scale investigate (i) the use of geophysical techniques to defindasigbbaterogeneity with-
in pathways and to relate those observations to processes of interest (rechtniigatiath of subsurface
amendments) (ORIFRC poster by Hubbard et al.), (ii) influence of spatially apdredin variable
groundwater recharge on hydrobiogeochemical processes affecting contaateanicf transport
(ORIFRC posters by Hubbard et al., Kostka et al.), (iii) targeted manipulatioaslianced immobiliza-
tion of U/Tc using slow release carbon sources and controlled pH adjustment toipigbeed and Tc
with aluminum hydroxides (ORIFRC posters by Wu et al., Gu et al.), and (iv) the use abiolmgical
techniques to elucidate the biogeochemical mechanisms controlling naturaltedteand targeted im-
mobilization through interrogation @f situ microbial communities (ORIFRC posters by Kostka et al.,
Gihring et al.). The various observation scales are integrated with nunmadaling (ORIFRC poster
by Parker et al.) and advanced data analysis techniques to investigate the comighear relationships
in and between the microbial community and hydrogeochemistry data.
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Uranium Attenuation and Release Investigated at the Molecular and Pore Scales:
Responses to Geochemical Gradients in Geologic Medi  a

ORNL IFRC (Principal Investigator: Scott Brooks)

K. SavageWofford CollegeM.O. Barnett (PI)Auburn U; J.C. AyersVanderbilt U;
P.M. JardineODRNL

We seek to establish the molecular-scale response of dissolved and solidrphase to pH and se-
lected ligand concentration gradients in soil, sediment, and fractured rockesiéiat are representative
of subsurface environments at contaminated DOE sites, with emphasis on the @akfRegigted Field
Research Challenge (ORIFC) site.

Our specific objectives are (1) to perform spatially resolved charzatien of U-contaminated hete-
rogeneous media, taking advantage of DOE user facilities; (2) to compang@neasts of uranium re-
lease from contaminated subsurface materials with predictions based osoEsutiroscale characteri-
zation and geochemical considerations; and (3) to predict and measure attenuatiaivetdisanium
in response to spatial gradients in pH and carbonate, phosphate, and acetate congantheiersge-
neous media representative of the ORIFC site.

Our two hypotheses are as follows:

1. Release of solid-phase U from ORIFC samp¥ge: posit that the rate and style of uranium re-
lease will depend on the molecular-scale mechanism by which it is sequesterelll aasby ad-
vective gradients in ligand concentration (phosphate, carbonate, or acetate) and plativgua
agreement with thermodynamic predictions (U dominantly in impure mineral pleasesface
complexation models (high surface-area matrix; U dominantly adsorbed).

2. Sequestration of dissolved We posit that the mode of U sequestration (precipitation, sorption)
in previously uncontaminated sediments will depend on the mineral assemblage a¢ Swaegr
together with gradients in pH and ligand concentration (phosphate, carbonate, anjl acetate
Phosphate should stabilize uranium, whereas carbonate and acetate should enhandigyits mobi

The overall approach of the project is to simulate geochemical gradients trak iprgroundwater
uranium plumes at ORIFC, in an experimental setting that pemsttianalysis at pore- and molecular
scales. Microscale characterization, including x-ray fluorescencepnatye maps showing element cor-
relations and the relative quantities of different uranium species, microb&aifaS¢ and microbeam X-
ray diffraction of ORIFC samples will be performed at the synchrotron light s®omerated by DOE, as
well as the ShaRE SEM facility at ORNL. Dynamic uranium release expetswill be performed on a
subset of these samples, imposing temporal gradients in concentration of keydigaupdisin column
experiments. Uranium attenuation experiments will be performed with uncontamiedtedsts and
simple assemblages of relevant minerals exposed to spatially statiemezad gradients employing the
same solutions, but spiked with U(VI), followed by microscale characterization.

We expect results to provide an improved understanding of hydrogeochemical factoostfwit
uranium mobility, leading to improved predictive capability for subsurfacengpat processes. We
aim to extend the scientific framework used to develop decision-makingystsategarding remediation
of contaminated sites, and in particular, those at the ORIFC site, by consiterpay¢- and molecular
scale impact of geochemical gradients characteristic of groundwatersplume
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Characterization of Denitrifying Microbial Communiti es in the Subsurface
Co-Contaminated with Uranium and Nitrate from the M olecular
to the Watershed Scales

ORNL IFRC (Principal Investigator: Scott Brooks)

S.J. Green (PI), P. Jasrotia, D. Hubbard, O. Prakash, J.E. Kiestada State U, T. M. Gihring,
C.W. Schadt, D. Watson, J. Horita, S. BroolGRNL, P. JardinelJ. of Tennessee

Nitrate is a priority contaminant within the nuclear weapons complex managed bystHeQE, due
to the use of nitric acid in the processing of U(VI) and U(VI)-bearing waste, anahplaeti of nitrogen
transformations on uranium speciation and mobility. We hypothesize that microbtalfidation, go-
verned by pH and electron donor availability, is the primary geochemical mecHanigenmanent re-
moval of nitrate. This study investigates the attenuation of nitrate from tleeuhai to the watershed
scale, with the following objectives: (1) quantify the relative roles of diluéind denitrification as me-
chanisms of nitrate attenuation, (2) identify and quantify the microbial populatiorcathabize nitrate
removal, and (3) directly link denitrification activity to the abundance and phgtigestructure of ni-
trate-respiring organisms.

The rates and mechanisms of nitrate attenuation are examined using a suite ofgitessical and
isotopic tracers, while in parallel, denitrifying microbial communitiesiaterrogated using a combina-
tion of cultivation and cultivation-independent analyses. Microbiological approathede the analysis
of bacterial and fungal ribosomal RNA (rRNA) genes using community profilifmigees (T-RFLP),
isolation of denitrifying bacteria and fungi from highly contaminated, acidic grouedaad sediment,
genome sequencing of representative denitrifiers, design of novel functional geess fxased on ge-
nome and metagenome sequence data, quantitative analysis of rRNA and nitriteseegeces from
watershed-wide groundwater and sediment samples, and deep sequencing of baiadalty struc-
ture (pyrosequencing).

The results from this study indicate that (a) pH is a key factor shaping thebrala@ommunities,
while electron-acceptor type and availability serve as secondary, botigsgetors; (b) low pH
groundwater and sediment samples have extraordinarily low bacterial giverditlow bacterial abun-
dance found in acidic sediments; (c) bacteria from the gehadanobactehave a high relative abun-
dance and are likely key denitrifiers within the acidic source zone, but aregetethby commonly
used functional gene primers; and (d) fungi are present in the contaminated subsdriaey play a
role in denitrification. Future work will include the comprehensive charaatetzof microbial commu-
nity structure across the watershed using deep sequencing of rRNA genes faa badtérngi. Geo-
chemical and microbial parameters, including multidomain quantitative asal/feein situ microbial
community, will be fully integrated using multivariate statisticallgsia.
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Changes in Microbial Community Structure During Ame ndment with Long-Term
Electron-Donor Sources for Bioreduction of Groundwa ter Contaminants

ORNL IFRC (Principal Investigator: Scott Brooks)

T.M. Gihring (PI), C.W. Schadt, G. Zhang, Z. Yagg,Carroll, K. Lowe, T.L. Mehlhorn, P. Jardine,\Watson,
S.C. Brooks—ORNL, W. Wu, Stanford U, J.E. Kostka, W. Overholt, S.J. GreeRlerida State U, J. Zhou,
P. Zhang, J. Von Nostrandd-of Oklahoma

Longer-term maintenance of reduced zones is considered a primary impediment tona llaitsn
approach to uranium-contaminated groundwater remediation. Here, we presenmnalyisés of an ex-
periment conducted at the Oak Ridge Integrated Field Research Challeng&@)Rite exploring the
use of slow-release substrates (SRS) to achieve longer periods of sustametbbibzation. Our ob-
jectives were to track microbial populations as the manipulation zone wassitihrough reduction and
re-oxidation phases, correlate microbial changes with geochemical obsenatidhisereby improve the
ability to predict the long-term effectiveness of remediation actvigd&kS, consisting of 60% emulsified
vegetable oil (triglycerides of long chain fatty acids; LCFA), was tegento a subsurface contaminant
plume in Area 2 of the ORIFRC. The plume was sampled across space and time for ~12 raotehs. B
al and archaeal communities were characterized using phylogeny-based ksstmpéncomparisons
and taxonomy-based measures on over 450,000 16S rRNA gene pyrosequencing reads from 80 ground-
water and sediment samples. The abundance and metabolic activity of key populatembésng inter-
rogated using sequencing and gPCR of functional gene DNA and RNA of sediment samples.

The subsurface amendment of SRS resulted in disappearance of nitrate in groundhatenanediate
decrease in community diversity and evenness in all wells down-gradientinjettieon wells. Sequen-
tial reduction of nitrate, manganese, iron, and sulfate occurred over approximafeht @ d and so-
luble uranium decreased to <80% of initial concentrations. During this iniiattien phase, members
of the strictly anaerobic, fermentative geduserosinugClostridialeg dominated the bacterial com-
munities in down-gradient wells, whereas they were largely absent digsgrand prior to injection.
During the mid-to-late reduction phase (ca. 0.5 to 4 mo.), acetate accumulated, timex dédaly due

to consumption and flushing. After 1 month, members of the Deltaproteobacteria showedetatigh r
abundance and were dominated by taxa relat@esolforegula conservatrja LCFA-oxidizing, sul-
fate-reducing bacterium. A diversity of sulfate-reduc@mssulfobulbaceaandDesulfovibrionaceageas
well as members of thBeobacteraceaalso increased in relative abundance. Results show dsrB genes
from gDNA were more diverse than in cDNA from mRNA, and included many genes fram- G
positive bacteria, whereas no Gram-positives were recovered in cDNAssoggedifference between
abundance and activity of these populations. A rebound in community evenness and diesrsty w
served during the re-oxidation phase (~4 to 8 mo.) as groundwater sulfate and uraniumat@mment
gradually rebounded and methane concentrations increased. However, community compaesions
clearly divergent from pre-injection time points, demonstrating a lastfagtefn the microbial ecosys-
tem. Desulforegulacontinued to show a high relative abundance of bacterial sequences, whereas H
oxidizing methanogens dominated the archaeal communities down-gradient iroxigateen phases.

We conclude thabesulforegulaandAnaerosinudikely performed the initial degradation of LCFAS,
and the long-term oxidation of high molecular weight substrates provided a continued supppief s
labile electron donors (e.g.pHacetate) to iron-, sulfate-, and uranium-reducers for over 4 months. The
supply of lower molecular weight compounds diminished as SRS was depleted, althouighl ¢leaad
CQO, concentrations persisted through the late reduction and re-oxidation phases. Methamopae&
appear to have flourished after other electron donors and acceptors weredapietgd, suggesting that
highly reduced zones may in fact persist during the overall subsurface re-oxidatiane \@urrently ana-
lyzing new data from final time-point samples and applying multivariate semlyp link microbial mea-
surements to key geochemical changes. Additional efforts to verify and &a@ogulations using
gPCR and microarray analyses, and to cultivate significant organisms respion8R§ treatment, are
also under way.
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Subsurface pH Controls for the Immobilization of Ura nium and Technetium
ORNL IFRC (Principal Investigator: Scott Brooks)

B. Gu (PIl), D. Watson, G. Tang, F. Zhan®@RNL K.M. Kemner, ANL;, W.M. Wu, Stanford U,
C. SchadtORNL J. KostkaFlorida State U. J. ZhouU. of OklahomaJ. ParkerlJ. of Tennessee
S.C. BrooksORNL

The source zone soil and groundwater at the Integrated Field Research ChadfiR@)esitie in Oak
Ridge, Tennessee, are characterized by a low pH (~3.5) but high levels of nitratd Q@00 mg/L) and
metal ions, including U (~60 mg/L), Tc (=5 pg/L), Al (=500 mg/L), Ca (~400 mg/L), Rlin¢g/L), Cr
(=5 mg/L), and Co (~0.2 mg/L). Few effective treatment options exist to removenabilize these
contaminant metals and radionuclidesitu. This research is aimed at evaluating and demonstrating the
feasibility of controlled base addition (or pH manipulation) for immobilizing uranasmanyl, Ug")
and technetium (as pertechnetate, 7xi@ situthrough the precipitation or co-precipitation with alumi-
num and other metal ions in the subsurface environment. Studies to date have shown thaiothefaddi
strong base can provide a rapid yet effective means of sequestering U(VI)),Tao{d other toxic met-
als such as Ni(ll) and Co(ll) in the soil and groundwater. Greater than 94% of solul)eabif\*>83%
of Tc(VII) can be immobilized at pH above 4.5 by the co-precipitation and/or adsorptioAlwit
oxyhydroxides. The presence of sediment minerals appears to facilitate the izatiohibf these con-
taminants at lower pH values, and the immobilized U(VI) and Tc(VII) are found t@lble stgainst
leaching by relatively high levels of Ca(N@(up to 50 mM), owing to the specific sorption or inner-
sphere surface complexation between uranyl/pertechnetate and Al-oxyhydroxideseHaignificant
amounts of dissolution or desorption of U(VI) and Tc(VII) can occur in the presence nvietglatgh
levels of carbonates (50 mM KHG(H >8), because of the formation of uranyl-carbonate species and
the surface complexation between carbonate and Al-oxyhydroxides. A generic geatineodel based
on aqueous complexation, precipitation, sorption and soil buffering with pH-dependent ion exchange is
also developed to predict aqueous and solid phase concentrations of metals and anions durechg the bat
titration and flow experiments. The acid-base behavior of the sediment-solutiem sygler variable
pH conditions is well described by the geochemical code, HydroGeoChem v5.0, and a eles®agis
obtained between experimental data of major ionic species (e.g., U, Tc, Al, Ni, Co, CGQNa@nd
the model results by treating the sediment solid as a polyprotic acid or alkialid fAlbt of 7x8 ft at
IFRC has also been completed, and our future work will demonstrate that subsurfacgrpHan offer
an effective remedial option fam situimmobilization of U(VI) and Tc(VII), particularly for soils and
groundwater contaminated with high levels of Al at contaminated DOE sites.
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Hydrogeophysical Quantification of Subsurface Archi tecture and
Recharge Processes at the ORNL IFRC

ORNL IFRC (Principal Investigator: Scott Brooks)

S.S. Hubbard (PIL,BNL; D. WatsonORNL; G. BakerU. of Tennessed. Chen, M. Kowalsky,
E. Gasperikova-LBNL; D. Gaines, M. A. Smith-J. of Tennesse&.C. BrooksORNL

The impact of large episodic, seasonal, and annual recharge on remediation and teatugaicet of
subsurface contaminants is not well understood and could represent a significane$petaally at
humid DOE sites. We explore this topic at the ORNL IFRC, where recharge adatsnsource (S-3
ponds) and along the length of the groundwater plume is hypothesized to be the main hydraufar drive
groundwater flow and dilution of contaminants along the pathway. Analysis of wellbase=ttahear the
source region and at the distal end of the plume suggests that many processes inatedorttie sys-
tem response as low ionic strength and less acidic rainwater (pH 5.6, poorly buffexebits with the
high ionic strength, acidic (pH ~3.5, highly buffered) contaminated groundwaters ne&3 Hwi&Se re-
gion. For example, a decrease in pH may increase desorption of uranium and cause disseturtien of
mineral phases, which may release precipitated contaminants. Oxygen introducgdtum events
may impact redox-sensitive species and may lead to metal precipitation.gdoehemical processes
occur within a multiscale hydrological template, which includes perched watespoditix diffusion,
and fast-path preferential pathways. For example, nitrate may initialBaseras rainwater is flushed
through lower permeability matrix material, but may be eventually be diluted preferential flow-
paths. Our efforts to date have focused on extensive hydrogeochemical and geopligsacajuisition
and on the development of joint inversion and coupled modeling approaches. Our overall abjeztive
use these datasets and inversion approaches to quantify system responses éoametlaegassociated
implications for natural attenuation.

We have developed and tested the following three approaches for integratingateligdrogeo-
logical, geochemical, and geophysical ORNL datasets to quantify major flovgrathiecharge-induced
responses in the ORNL subsurface:

1) A Bayesian procedure was developed that permits the joint inversion of ssefsicec refrac-
tion and wellbore data in the quantification of aquifer architecture. Synthetistcaises indi-
cated that incorporation of local-scale depth constraints provided by wellboretslatethe
geophysical inversion procedure significantly reduced the uncertainty in thatestiof subsur-
face architecture obtained using surface seismic refraction datasetisafipplof the inversion
approach to ORNL datasets clearly delineated the location of a lateralbtgr@rseismic low
velocity zone that may serve as a preferential subsurface flowpaths alghgntigeaxis.

2) We have developed and tested a coupled hydrogeochemical-geophysical numeridagrapeel
proach to explore the sensitivity of time-lapse electrical tomographic)(ERhods for eluci-
dating recharge-related processes, such as changes in moisture or nitrateatwrceue to
rainfall. The coupled model allows us to jointly honor time-lapse hydrological, ge@maieand
geophysical datasets as we explore recharge-induced hydrogeochemical reShansiejective
is to gain confidence in the use of surface-based ERT measurements for monithrangee
related processes at the local scale and then apply our insights to surfaceRiaseoh&ects
collected along the length of the plume and over time.

3) The utility of time-lapse surface seismic refraction datasets wasregdior monitoring rainfall-
induced vadose zone processes. Velocity error studies and residual trend angdgsitsthat
time-lapse surface seismic approaches hold potential for delineating tleéespparal evolution
and distribution of perched water bodies in the ORNL subsurface.

Subsequent research will focus on use of the newly-developed novel approaches for ekgloring
impact of recharge-induced hydrogeochemical variations on overall systendoehav
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Multiscale Coupled Process Modeling at the Oak Ridg e IFRC Site
ORNL IFRC (Principal Investigator: Scott Brooks)

J. Parker (PI)J. of Tennesseé&. ZhangChinese Academy of ScienG TangORNL
J. Luo,Georgia Tech

Multiscale modeling of coupled biogeochemical and hydrologic processes at the $s8fnds
waste disposal site at the Oak Ridge IFRC site has been performed to devétepuntderstanding of
mechanisms that control the mobility and possible remediation of uranium and other cantarat
geochemically complex sites.

Aquifer pH is an important variable at the site due to co-disposal of acid in peaste and effects
of pH on geochemical and microbially mediated reactions. We developed a model ttecizaraquifer
buffer capacity and pH-dependent cation and anion exchange capacity, with mixed mirsr alesded
as an insoluble polyprotic acid along with specific aqueous acid-base reactions, agueglegation,
precipitation-dissolution, and ion-exchange reactions. Simulations of batch and cgpsnments have
successfully predicted solution pH and concentrations of Al, Ca, Mg, Mn, Ni, U and Ccdailetield
pH manipulation tests are currently in progress.

The feasibility of U(VI) reduction with slowly degrading electron donor was tigeged in micro-
cosm tests using contaminated sediment and groundwater amended with calciun dletec bio-
reaction model was developed to simulate the rapid removal of U(VI) from the aquesespbaciated
with oleate degradation, acetate production, and sulfate reduction.

A travel-time based reactive transport model was developed to simuiatsiarbioremediation expe-
riment in Area 3 for demonstrating enhanced bioreduction of U(VI) considering micretiadtion of
nitrate, sulfate, and U(VI).

An investigation was designed to predict a major source of uranium-containingtptesifhat have
been observed in dolomitic gravel fill as a result of exposure to acidic groundwatzmmated with U,
Al, SO42- and N@. An equilibrium precipitation/dissolution reaction model was developed to simulate
the groundwater geochemical composition and U removal resulting from exposure to ugibphhate
gravel. A field test involving oleate injection was simulated to evaldégete of reaction kinetics versus
transport-limited microbial growth on microbial community evolution and geoclaéngactions.
Refinements were made to a steady-state site-wide model encompassangéreS3 Ponds from the
headwater of Bear Creek to tributary NT2. Simulations were also undertakeaiuatethe interactions
between transient hydraulic conditions and physically or reaction-limited biog@aozal reactions.

Abstracts 127



In Situ Biostimulation of Uranium Reduction and Immobilizati on Using Emulsified
Vegetable Oil as Electron Donor at the Oak Ridge IF  RC Site

ORNL IFRC (Principal Investigator: Scott Brooks)

W. Wu (PI),Stanford U, D. Watson, T. Melhorn, J. Earles2RNL, M. Boyanov,ANL; T.M. Gihring, G. Ahang,
C. Schadt, K. Lowe, J. PhillipsoRNL, K. Kemner,ANL; B. SpaldingORNL, Yux. Wu, S.S. Hubbard£BNL;
G. BakerU. of Tennesse€.S. Criddle Stanford U. P. Jardine, S. Brooks&RNL

Bioreduction of U(VI) to U(IV) has been successfully achieved with ethanol ase@nosl donor to
immobilize Uin situand control the migration of U in groundwater at the IFRC site, Oak Ridge, TN.
However, in some subsurface environments, the immobilization of U is rapidlgeevwehen the U (IV)
is exposed to oxidants as they migrate into the system from upgradient. Based ontthefreatdh-
scale microcosm tests, slowly degrading substrates such as oleate anfieelwelgetable oil supported
more sustained reduction of U(VI) to U(IV) than ethanol. A commercial enadsiftigetable oil product
(SRS™) containing (w/w) vegetable oil (60%), biodegradable surfactant (6%), and ytast €0.3%)
was selected for injection during a field test.

A field biostimulation test was conducted in Area 2 where U contaminated grounflaateto
Bear Creek via a highly permeable gravel fill zone (hydraulic conducoi#p.038 cm/sec). Site
groundwater contains 5+ U; 1.0-1.2 mM sulfate; 0.2—1.5 mM nitrate; 2.5-4.0 mM'Cand a pH of
~6.8. Before injection of SR, groundwater samples were taken from >50 wells to assess preinjection
geochemical conditions. Microbial samples of groundwater and sediment were ksteddiom se-
lected wells, and site hydrologic conditions were characterized by injectingdertnacer (450 mg/L,
900 gal volume) simultaneously into three injection wells within a 1.5 h timeefaanDecember 8,
2008. On February 9, 2009, diluted SRSolution (20% concentration, 900 gal total volume) was in-
jected simultaneously into the three injection wells within 1.5 hours. The distribut@RD injected
and biogeochemical process was monitored through analysis of well fluid sampled, samgples of
aquifer solids, and time-lapse surface electrical methods. Data sutiegtenuch of the SR injected
was trapped or adsorbed in the subsurface, compared with the more soluble conseoratdestracer.

The geochemical response to the 8Ri@jection has been monitored over a period of more than a
year. Geochemical analysis of site groundwater demonstrated that the séqigetiaction of nitrate,
Mn(IV), Fe(lll), and sulfate occurred after SR9njection. Transient accumulation of acetate was ob-
served as an intermediate in the oil degradation. An initial increase in U in grdendwaa observed,
but within 2-4 weeks of SRY injection, reduction and removal of U was observed in all monitoring
wells previously shown to be connected to the injection wells during the bromide éstcér toncen-
trations in groundwater were reduced to below 0MGEPA drinking water standard) at several well
locations during the initial 100 days. The U concentration in groundwater seeps flowingantGrig@ek
was decreased by >80% within a four-month period and remained at less than 50% oflevigjiradier
>365 days, indicating that the flux of U discharging to the creek was reduced sulbgtMitrate con-
centrations discharging to the creek were reduced to below detection fichitsraained at the low le-
vels. Dissolved methane concentration in monitoring wells increased aft8f 8R®tion, indicating
the enhancement of methanogenic acitivity. After the oil was consumed, rebound obuUnidveater
was observed, together with the rebound of sulfate concentrations as acetate produeasedand
acetate concentrations approached detection limits. The rebound generally oairirethe monitor-
ing wells closest to the injection area, where upgradient groundwater containingt®Xikanitrate and
sulfate, and U, first flowed into the field plot. Rebound of U and sulfate in downgradiestwes# ob-
served as the oil was sequentially consumed in upgradient locations.

U(VI) reduction to U(IV)in situ during the field tests was confirmed by x-ray near-edge absorption
spectroscopy (XANES) analysis. The U valence change in sediment sampspaoded with the
changes in groundwater geochemistry. Bacterial populations in field sampéarvedyzed using 16S
rRNA gene libraries. Known U(VI) reducing microorganisms, includbegpbacteispp. and a diversity
of sulfate-reducing bacteria (SRB), were stimulated after the oil iofect
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Uranium Redox Status in an Alluvial Aquifer During Biostimulated &
Non-Biostimulated Reducing Conditions: Results from the Integrated Field-Scale
Subsurface Research Challenge Site at Rifle, Colora do

Rifle IFRC (Principal Investigator: Philip Long)

P. Long (PI)PNNL; J. Banfield U. of California-BerkeleyD. ChandlerAkonni Biosystems. Davis,

R. Dayvault, S.M. Stoller; P. FoxdSGS R. Hettich,ORNL, S.S. Hubbard,.BNL; P. JaffePrinceton

U.; L. Kerkhof,Rutgers U. R. Kukkadapu, M. Lipton-PNNL; D. Lovley, U. of Massachusetts-Amherst
A. PeacockMicrobial Insights F. SpancePNNL; N. VerBerkmoesOQRNL, M. Wilkins, PNNL; K.H.
Williams, LBNL; S. YabusakiPNNL The Rifle IFRC Science Team

The overarching goal of the U.S. Department of Energy's IFRC at Rifle, Colorexddeselop a me-
chanistic understanding of the physical, chemical, and biological processes antigsgapatrolling
uranium mobility in alluvial aquifers. Areas of study include geochemical an@bmticontrols on sti-
mulated U(VI) bioreduction by iron- and sulfate-reducing microorganisms,)@Havior under iron-
and sulfate-reducing conditions, post-biostimulation uranium stability and remoragfoundwater,
and rates of natural bioreduction of U(VI). The Rifle IFRC has now completed fivgtafanned field
experiments using novel techniques ranging from proteomics to spectral-inducezbgiolato monitor
subsurface metabolic and biogeochemical processes. A nonbiostimulated experimeriedahduty
2009 examined the response of the subsurface system to amendment of Fe(ll) in the foonso$die
fate (~45 uM). Results suggest that U(VI) is not strongly reduced abiptigatiorbed Fe(ll) under con-
ditions of the experiment. However, the experiment showed that transport of injedtes et de-
tected even over short distances (~1 m) in spite of complete breakthrough of mesEsacticer over
those same distances. These results suggest that significant loss aflWw{Mi)n situ acetate amend-
ment experiments requires enzymatic microbial reduction or microbially teddifiotic processes. Ab-
iotic processes involving Fe(ll) alone appear unable to decrease U(VI) in graantiwtne levels
achieved during active microbial metabolism associated with electron-doeodaent.

Results from acetate amendment field experiments conducted at the site frorm 2009 tlemon-
strate the importance of acetate delivery for maintaining Fe and U reductiomieder conditions of
dominance by sulfate-reducing microorganisms. The 2009 experiment was the thirdnmgéecetate
within the same experimental plot, and the cumulative effect of pore clogging iardheenjection
wells has emphasized the need to control biomass and mineral precipitates fatiappmichiostimula-
tion as a remedial approach at sites having geochemical conditions sinfiese¢at Rifle.

During 2010, we will combine bioreduction and desorption experiments in the field under conditions
of Fe(lll)-reduction, tracking Fe cycling and the relationship between Fe amtbi seatus using situ
columns. We will also conduct experiments in a different experimental plot in whickalnaiies of
U(VI) reduction will be assessed by a variety of techniques, culminating ictavesimacer test measur-
ing uranium isotopic exchange and fractionation in the subsurface. The combined resudts expae
riments are expected to significantly enhance our ability to predict both biogtonwdad long-term
natural attenuation outcomes using reactive transport models.
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Iron(Il) Uptake During the River Rouge Field Exper iment and Laboratory
Experiments on Rifle Sediment

Rifle IFRC (Principal Investigator: Philip Long)

P.M. Fox (PI), J.A. DavisJSGS S. P. Hyunl. of Michigan R. KukkadapuPNNL,
M. Conrad,LBNL; A. PeacockMicrobial Insights K. CampbellUSGS

In the course of biostimulation experiments designed to remediate subsurface uamnamiration
through the creation of reducing conditions at the Rifle IFRC site, iron reduction by batteria pro-
duces large quantities of Fe(ll) in the aquifer. Dissolved Fe(ll) concemtsatypically reach levels of
0.05-0.10 mM before the onset of sulfate reduction. Laboratory experiments on pure minenas sys
suggest that Fe(ll) may sorb to Fe(lll) minerals surfaces and undergorleansfer, such that the
sorbed Fe(ll) is oxidized to Fe(lll) and the electron migrates to the interibe ¢fe-oxide. In addition,
several laboratory experiments in the literature suggest that U(VIpeabiotically reduced to less so-
luble U(IV) phases by Fe(ll) under certain chemical conditions. The goals of ouimesmpesrwere to in-
vestigate the degree and mechanism of Fe(ll) uptake on Rifle sediments andithiétpad abiotic
U(VI) reduction in the Rifle aquifer. Results from a series of laboratory erpats performed over a
range of chemical conditions (Fe(ll) concentration and pH) are presented albridosgbauer data col-
lected on selected sediment samples to determine the ultimate chemicaf fee(tl) added to the sedi-
ments. A field experiment was performed in which 6 pulses of Fe(ll) amended grounaesgenjected
into multi-level sampling wells in the Rifle aquifer. Background groundwatdrisnidcation is characte-
rized by low levels of dissolved oxygen (0.6-2.5%1), circumneutral pH (7.1-7.4), low dissolved
U(VI) (1.8x10" M), and low Fe(ll) (<4x18 M), although hot spots of elevated Fe(ll) (0.02-0.08 mM) are
occasionally observed. Fe(ll) concentrations in the injection wells increattedaeh pulse of added
Fe(ll), reaching injection concentrations (0.045 mM) after the final injection. lloslea ports (18, 21 ft
bgs), the Fe(ll) concentrations remained elevated over the course of the 8xwerkent, while Fe(ll)
concentrations decreased more quickly (over 7 days) in deeper ports (24 ft bgse thespppearance
of a conservative tracer (Br) in wells 0.8-1.4 m downgradient of the injections laiedliag sustained
elevated Fe(ll) concentrations in injection ports, no Fe(ll) was detected in daidergrwells. A single
pulse of high pH (pH 8.4) groundwater was injected following the Fe(ll) injections in ohe wolls.
Decreases in dissolved U(VI) concentrations following the high pH injection prbeiddence of abiot-
ic U(VI) reduction in this well. However, no evidence of abiotic U(VI) reduction eteserved in wells
at ambient pH values (pH 7.2). Results from these field and laboratory experimerdteitioft the se-
diment can take up very large quantities of Fe(ll), and thus the dissolved E@@3ents only a fraction
of the pool of Fe(ll) in the aquifer. In addition, abiotic U(VI) reduction may be moredhleom the
Rifle aquifer at higher pH values.
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Factors Controlling Microbial Dynamics During Biost imulation and
Post-Biostimulation and Their Effect on U(IV) Stabi  lity

Rifle IFRC (Principal Investigator: Philip Long)

P.R. Jaffe (Pl)Princeton U; L.J. Kerkhof,Rutgers U. R. Kukkadapu, P.E. LongPNNL
L. McGuinessRutgers U.H.S. MoonPrinceton U; A.L. N'GuessanExxon Mobi
A.D. PeacockMocrobial Insights M. Sinha,PNNL

There is a growing need for a better understanding of the biogeochemical dynamigagdcuing
biostimulation for the purpose of microbial U(VI) reduction. This includes Fe(llI)Maitability at dif-
ferent stages of the biostimulation, the microbial community changes throughout timawai®n pe-
riod, including the activity of iron reducers during the biostimulation period, eversaftate reduction
becomes the dominant TEAP. Column experiments were conducted with Old Rifle sitergsdion-
taining Fe-oxides, Fe-clays, and sulfate-rich groundwater. Half of the columnsdiraésiethat was
augmented with small amounts°dfe-goethite to track continuously minute goethite changes, and to
study the effects of increased Fe(lll) levels on the overall biostiraoldiinamics. The addition of the
*"Fe-goethite slightly suppressed the overall rate of sulfate reduction and betate atilization; it did
not affect the bacterial numbers®é&obacteilike species throughout the experiment, but did decrease
the number of sulfate reducers in the sediméfits-Mdssbauer analyses’(Re-specific technique) con-
firmed that there was bioavailable iron present and being reduced throughout the atstinpgriod,
but that as Fe(lll) phases became less amorphous, sulfate reduction became the d&@ARaAddi-
tion of the*’Fe-goethite to the sediment had a noticeable effect on the overall composition @frthe m
bial population. 16S rRNA gene analyses of biostimulated sediment using TRFL&teastriction
fragment length polymorphism) showed that five TRFs dominated the community ,profiiprising 25-
57% of the total fingerprint. These TRFs were cloned, sequenced, and are regebtdotersp. (a
known Fe-reducer). High molecular weight RNA analysis indicated thesbacteilike species were
active and growing during the period of significant sulfate reduction.

A separate study was conducted to determine the changes in the microbial commuatityestiur-
ing the post-biostimulation period and how they might affect the stability of redumedinn. Effluent
groundwater from acetate-stimulated sediment flow-through columns wasexhalyer 60 days after
acetate amendment was discontinued. Only a minimal reoxidation of iron or uraniumaactne
presence of 1-2 mg/L nfluent groundwater for the two-month period. Most uranium reoxidation oc-
curred during the first two weeks after biostimulation with acetate wasndisued. Groundwater and
sediment microbial community compositions suggested that two processes plpgddrtroles imme-
diately after the cessation of acetate addition. The first process wastehaea by a predominance of
both sediment-bound and planktonic microorganisms most closely reldtgdrnogenophagap. and
Thiobacillussp., which could oxidize a variety of reduced minerals. The second process was -characte
rized by organisms closely relatedligsobactersp. andSterolibacteriunsp., with the potential to meta-
bolize complex organic compounds from biomass turnover. The presence of these dadtedi of
uranium oxidation implied that after acetate addition was stopped, reduced inorganic congpounds
dead biomass became electron donors for a microbial community capable of using lomt axyigjen
as a terminal electron acceptor, contributing to the stability of biogenic U(VI)
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Microbial Community Dynamics at the Rifle IFRC:
Influence of Acetate Additions in the Field

Rifle IFRC (Principal Investigator: Philip Long)

L. Kerkhof (PI1),Rutgers U. A. PeacockMicrobial Insights M. Barlett,U. of Massachusetts
K. Handley,U. of California-BerkeleyD. ChandlerAkonni System®. Sinha,
L. N'Guessan—Exxon Mobij L. McGuinnessRutgers U.D. Lovley,U. of Massachusetts-Amherst
J. Banfield,U. of California-BerkeleyK.H. Williams, LBNL; P. Long,PNNL

Microbial community characterization of the Rifle, CO Integrated Fieleé&es Challenge site be-
gan nearly10 years ago. Early methodologies involved analysis of groundwater amehsedising
clonal library approaches and demonstrated enrichmeébéobacteiike sequences. Recent research
efforts at Rifle have focused on three subsequent field-scale acetate @aneexperiments (Winchester
[2007], Big Rusty [2008], and Buckskin [2009]) and on characterizing a naturally bioreduaetiare
Quinta (2009). All of these field-amendments replicated results from eaxperiments, with uranium
reduction in groundwater during biostimulation. However, additional molecular approavkdslea
employed to characterize the bacterial communities including PLFA, gPCRPTRRd microarray ana-
lyses (Akonni and Affimetrix G3 phylochip). Quantitative PCR demonstrated isignifshifts inGeo-
bacterspecies during field amendment. TRFLP profiling also indic&eabactedike sequences
represented nearly 50% of the bacterial community in groundwater at early ctagetate amendment,
with replacement by bacteria distantly relatedtmetobacterieandDesulfobactemwith time. The
Akonni microarray detected signals féeobactey Pelobacter andGeothrix in addition toDechloro-
monasandDechlorosomdor Winchester (2007). Furthermore, the 2007 profiles differed from 2008,
which is supported by PLFA and gPCR data, indicating a residual biomass/stimolatedraty going
into the Big Rusty experiment. The G3 phylochip documented how acetate-stimulated gteusdwa
ples differed from background sediment samples by high amou@satifacteispecies and, to a lesser
extent,Desulfobacteracea®oth arrays showed a decreas&robacteispecies during the amendment
as predominantly iron-reducing conditions transitioned to predominantly sulfatergdoaditions.
Later samples probed by the G3 chip contained high amounts of sulfate-reducing taxa, loadteting
Desulfobacteraceae Desulfovibrionales, DesulfitobacteriamidDesulfotomaculumTro ascertain the ac-
tive bacteria at the Rifle IFRC, stable isotope probing methods were employedmagater and sedi-
ments during the Winchester experiment. Specificiiy acetate was used to assess the active microbes
on three size fractions of sediments (coarse sand, fines [8-approximately 1&0)] ngwundwater [0.2-
8 micron]) over a 24-day time frame. Results indicated differences betwieenkacteria in the plank-
tonic and particle associated phases. wieabacter-likegroup (187, 210, 212 bp) active in the
groundwater phase, an alpha Proteobacterium (166 bp) growing on the fines/sand#canetabacter
sp.(277 bp) utilized much of th€C acetate in both groundwater and particle-associated phases. Analysis
of the microbial community in the naturally reduced sediment (La Quinta) indiG&eloacteraceae
comprised 20% of the natural background community, 4 times greater than more oxidizeshsedim
lected from the Rifle IFRC site. When La Quinta sediment was incubated witheaGeobacteraceae
never became predominant, suggesting thaGéebacteraceamund in La Quinta may function diffe-
rently from other organisms belonging to this family.
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Reductive Biotransformation of Fe in Rifle Alluvial Sediments: Implications of In
Situ Bioremediation and Long-Term Behavior of Uranium(V )

Rifle IFRC (Principal Investigator: Philip Long)

R.K. Kukkadapu (PI), J.P. McKinley, N.P. Qafoki*NNL, H.S. Moon, P. Jaffe-Princeton U,
K.H. Williams, LBNL; P.E. LongPNNL

The mineralogy of selected sediments from the Rifle IFRC was chazacteising a variety of tech-
nigues to gain insights into the impact of biotransformed Fe-minerals on U(\fiyati@n in groundwa-
ter. Samples were obtained by drilling or backhoe and include natural- and acetatked materials
(Fe- and/or sulfate-reducing conditions), and background sediment subjected to batstmullabora-
tory columns. Column experiments used Rifle groundwater containing 6-9 mM sulfate .tttz &m-
ples analyzed were: (a) typical background aquifer sediment amdg{it) bioreduced sediments. In all
the samples, Fe-oxides and Fe(lll)-containing clays are the dominant FelsniHeraatite, goethite, and
magnetite comprise the Fe-oxide suite, while illite and chlorite are the dorolagst Goethite is Al-
substituted and superparamagnetic (<8 nm), while magnetite is crystaligesp&aticulate (>50 nm),
and contains some Ti.

Comparison of naturally bioreduced zones, e.g., Winchester (relatively more rediucatyneondi-
tions) versus La Quinta (relatively less reduced natural conditions) shoegddés in total reducible
inorganic sulfur (TRIS) content, Fe and sulfur (S) association, bioavailablg,fe(d total sorbed U
contents. Siderite, expected under these geochemical conditions, is only detectec iQtivetd sam-
ples. X-ray diffraction (XRD) indicated presence of some calcite. In the Hatii@educed zone (pre-
biostimulation Winchester), most of the S is associated with Fe as framboidles pgontaining U), and
little or none of its precursor minerals, mackinawite and greigite. Appkddi¥ossbauer studies are
needed to quantify pyrite contribution to the samples. The Ti-magnetite Fe(ll)/Fatio is similar to
that of the background sediment, but it contains small amounts of U. In the La Quinta sedt@ent
sulfide precipitation is significantly lower, and most of its 8asassociated with Fe. However, its Fe-
mineralogy (including clay Fe(lll)/Fe(ll) ratio) and Fe and S associat®siailar to the sediments that
were biostimulated to sulfate-reducing conditions (Big Rusty field experimeniying that the biosti-
mulation process may mimic natural conditions of the La Quinta samples. Thalrddf&eences be-
tween Winchester and La Quinta Fe-mineralogy may be due to biological aatidityr local Fe-oxide
composition.

During the first 30 days of biostimulation of sediments in laboratory columns spikedmall
amounts of ‘Fe-goethite (<8 nm), Fe(lll)-oxide and sulfate reductions were concurreningle first
30 days, loss of small particle fractions of the amenitiatgoethite was evident from Méssbauer mea-
surements. After 30 day¥Fe-goethite reduction subsided, and sulfate reduction predominated. Clay
Fe(Ill) reduction was evident in MOssbauer spectra, similar to results fedbwed field samples. Addi-
tionally, Fe-sulfides with chemical composition approximate to mackinawitegrite with U associa-
tion were evident, based on SEM-EDX results.

Currently, nano-SIMS studies are under way to gain insight into the biotic or abigticairpyrites.
Also, because the role of pyrites and Ti-magnetites in attenuation of U is apphigimiy variable, fur-
ther characterization of these Fe-minerals (field and laboratory symtipsmnecessary to gain scientif-
ic knowledge supporting biostimulation strategies for attenuation of U in contachiaquifers.
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Estimating the In Situ Rates of Natural Bioreduction of U(VI) at the Rifl e Integrated
Field-Scale Subsurface Research Challenge (IFRC) Si te

Rifle IFRC (Principal Investigator: Philip Long)

A. Peacock (Pl)Microbial Insights M. Barlett,U. of Massachusett$1. Dangelmayr, L. Figueroa—
Colorado School of MineK. Hatfield,U. of Florida; P. Long,PNNL, D. Lovley,U. of Massachusetts
M. Newman,U. of Florida, L. N'Guessan, N. QafokuRNNL; J. Ranville Colorado School of Mings
M. Sinha,PNNL; V. Stuker,Colorado School of Mined. Wilkins, PNNL; K.H. Williams, LBNL

Understanding where to use active remedial technologies and where passiveabsysieims can
be relied upon for remediation of uranium plumes requires knowledge of the subsurfadeattatura-
tion capacity. An important component of understanding the natural attenuationycapaditte is to
quantify the extent and rate of uranium bioreduction occurring indigenously in the subsurfa¢eaO
ture of the Rifle IFRC site is naturally occurring zones of bioreduction. Thet efféhese zones on the
fate and transport of uranium in the subsurface is likely key to accurate mrnedittiatural attenuation
of U in alluvial aquifers with high concentrations of organic matter. During the suwin2008, geo-
physical surveys (induced potential) were done in order to locate zones of natural bioneddier ex-
ploratory drilling, a suitable bioreduced area was located and one 4-inch well (L@-d®cpmpleted.
In 2009, three additional active multi-level sampler wells and four 4-inch moniwwehg were installed
in the La Quinta naturally bioreduced test area. Out of seven wells installed_a @@nta gallery, five
contained readily observable natural zones of bioreduction. The strongest reduciegt gvadidown
the center line of wells LQ-117, LQ-107, LQ-112, and LQ-115. Cross gradient to the East oitéhne ce
line, there was a less reduced zone in wells LQ-116 and LQ-113, and to the West of theneanter |
wells LQ-114 and LQ-111, the sediments were not visually reduced.

An immediate question about zones of natural bioreduction was their possible role asaest @our
sinks for uranium and other compounds. To address this question, ten Passive Flux Metevse{leFM
deployed in the five 4-inch La Quinta wells (LQ-107, LQ-114, LQ-115, LQ-116, and LQ-117). The PFM
were retrieved and sampled in an onsite anaerobic glove bag after a deploygtbndi@1 days. Water
and uranium flux increased with depth and were highest in the bioreduced zone. Flugehueaagim
concentrations for each well were consistent with observed aqueous concentrat®rssdlhivas un-
expected, in that the naturally bioreduced zones were thought to have a lower wateruxnd U fl

A bench scale study was conducted to determine the differences in microbitd aest&bolism in
the La Quinta reduced sediments versus more oxic Rifle background sedim@xacetate tracer was
used to determine the turnover rate constants (k) of acetate in these sediydrotgeidand acetate
measurements were also taken to examine the redox state of the sediments mintedéeacetate
pool. Although the k-values for the background and reduced sediments were quite sinslee}abe
pool was determined to be higher, as much as 5X higher, in the naturally bioreduced se@henss
confirmed by higher hydrogen concentrations in the reduced sediments. Thereforejehtiaiver of
acetate in the naturally reduced sediments was higher than in background sedinenisrdased ace-
tate pool is likely to be the product of fermentation. Clone libraries of the reducetes¢sishowed in-
creased bacteria in the phyldmmicutes which comprises the bacteria most likely to be involved in
fermentation. Furthermore, there was an elevated fracti@eobactera known acetate-oxidizing and
iron-reducing bacteria, in the naturally reduced sediments compared to the oxidireehte

The flux measurements and microbial activity experiments show that the ryatimediduced zone
in the La Quinta gallery is an active subsurface environment. Current work is@xdmsive microbial
and geochemical characterization, and we have planned a sanestokxperiments, including reactive
tracer tests, in order to investigate the field-scale attenuationityapiaihese naturally bioreduced
zones.
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Proteogenomic Analysis of Sediment and Groundwater- Associated
Biomass Recovered During Bioremediation of U(VI)

Rifle IFRC (Principal Investigator: Philip Long)

J.F. BanfieldU.of California-BerkeleyS.J. CallisterPNNL; K. Chourey, R. L. Hettich-ORNL
M.S. Lipton,PNNL; D.R. Lovley,U. of Massachusetts-Amher&€tD. Nicora,PNNL; M. Shah,
N.C. VerBekmoesQRNL M. J. Wilkins (P1),PNNL; K.H. Williams, LBNL; P.E. LongPNNL

Proteomic samples recovered from two consecutive biostimulation experirntdrasafle IFRC site
in Colorado were analyzed using a multidimensional LC-MS/MS and LC-MS AMT apprivaihe ab-
sence of metagenomic sequence, proteomic data generated from planktonic bisrsessobhed against
a database consisting of a range of Fe(lll)- and sulfate-reducing bactesiaalabase was systematical-
ly constructed to ensure the highest numbers of unique peptides were detected winigedimidiguous
peptide detection. While results from the first acetate-amendment expediemonstrated dominance of
the community by members of tleobacteracege clear shift in both protein abundances and the
community diversity was observed over the duration of the biostimulation. Retetiproteins involved
in sulfate reduction in a later Fe(lll)-reducing sample indicated that thigsenis an effective way to
monitor changes in respiratory processes. Comparison of these data with sacopla®deat the start of
the 2008 field campaign revealed differences in the microbial community strsiggesting that the
acetate amendment alters the microbial population composition over an extendeditthe3geundwa-
ter samples recovered later during biostimulation in 2008 contained lower amounts agd)isuggest-
ing that as the biogeochemistry in the system transitioned from Fe(lll)ingdranditions into sulfate-
reducing conditions, an increasing fraction of the microbial community was attachmeoktral surfaces.
To test this hypothesis, sediments and pre-filters containing attached biomasdseeecovered during
these biostimulation experiments. Analysis of the pre-filters revealed abumdanatss associated with
filtered precipitates, although when LC-MS/MS data was searched againabasgaconsisting of over
1000 bacterial and archaeal isolate genomes, the majority of identified proteiosviesdjlence cover-
age. This suggests that the dominant species in these samples are notatadedlyarany currently se-
guenced strains. While the extraction of proteins from soil and sediments has long béeultactil-
lenge for metaproteomics, we have recently developed a novel technique, using Sbéhteased ly-
sis protocol coupled to a TCA protein precipitation cleanup. The detergents are gbéedells and so-
lubilize proteins, thus aiding the extraction from sediments. While this techniqueptitmszed using
sediments spiked with isolate bacterial strains, analysis of sedimeovered during the 2009 field
campaign identified ~ 1000 proteins, although again this analysis was sevedeeliby the lack of
suitable metagenomic information. Multiple metagenomic samples from tloel érdominant sulfate-
reduction at the site are currently being sequenced, and this data will gie:&tky Enterpretation of pro-
teogenomic results.
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Biogeochemical Changes Accompanying Recurrent Aceta te-Amendment:
Implications for Sustainable U(VI) Remediation att  he Rifle IFRC Site

Rifle IFRC (Principal Investigator: Philip Long)

K.H. Williams (PI1),LNBL; P.E. Long, A.L. N'Guessan, M. J. WilkinsPNNL; A. Flores-Oroxco,
A. Kemna—U. of Bonn (Germany).A. DavisUSGS L. Yang,LBNL; D. Newcomes, F. Spance—
PNNL R. DayvaultS.M. Stoller Corp.S. Dar, D.R. Lovley-d. of Massachusetts, Amherst

Research activities at the IFRC site in Rifle, CO are designed todtedgological, geochemical,
geophysical, and hydrological studies to enhance our understanding of subsurface uraniiyn bnobil
ing successive summer experiments--“Winchester” (2007), “Big Rusty” (2008) Barn#tskin” (2009)--
acetate was added to the aquifer to stimulate the activity of dissimitatigy reducing bacteria capable
of reductively immobilizing uranium. The experiments were conducted within the flamcell;, how-
ever, they differed in the length of injection, the maximum concentration of acg&aited, and the ex-
tent to which iron or sulfate reduction was the predominant metabolic processcdases) rapid remov-
al of U(VI) from groundwater occurred at calcium concentrations and alkaimtiere Ca-U@CO;
ternary complexes were the predominant uranyl species. Complete consumptetatef aed increased
alkalinity accompanying the onset of sulfate reduction corresponded to temporaaséesxm U(VI);
however, by increasing acetate concentrations in excess of available saldtgV1) concentrations
(<50 nM) were achieved for extended periods of time (>140 days). Sustained transcriembatter
specific citrate synthasegl{A) during sulfate reduction indicated that members ofbebacteraceae
were still active during this phase and likely contributing to U(VI) rem@eisistence of reducible
Fe(Il) oxides in sulfidic sediments supports this contention. Uniform deliveryethi@cwas impeded
due to decreases in injection well permeability resulting from biomass a@ationidnd mineral precipi-
tation, creating conditions where prolonged delivery of acetate and the abilityaim $he activity of
uranyl-respiringseobacteistrains became compromised over long time scales (1+ years).

Surface-induced polarization and graphite electrode studies have accompaniedieacicetate
amendment experiments. Spatial variations in the phase response betweiercaleent and potential
field correlate with changes in mineralogy and pore fluid composition associdltetth@accumulation
of electroactive ions and mineral precipitates. Pronounced phase anomali¢dqreysiter cessation of
acetate injection, suggesting a spatially extensive, noninvasive meansnitoring post-stimulation
changes in aquifer iron redox chemistry. Increases in current desBityr(A/nT) resulting from elec-
tron transfer by anodophilic microbes were monitored using graphite electrodest élow tracked the
delivery of acetate and the period of optimal uranium removal. Confocal microscdpgtob@es re-
vealed firmly affixed biofilms, with community analysis detecting sequetdcssnated byseobacter
strains.

Fluorescenin situ hybridization (FISH) analysis of sediments recovered from in-well columps d
loyed during Buckskin were use to characterize firmly and loosely attachdchcgbns using general
16S rRNA probes for Eubacteria and probes specifiggobacteraceaandDesulfobacteraceaeCells
firmly attached to sediments (1€ells/gram) were one and two orders of magnitude greater than those
loosely attached or planktonic, respectively. While members db¢iselfobacteraceaeutnumbered
those of theGeobacteraceaehe latter were present at elevated level8 ¢&0/gram) even when sulfate
reduction was the predominant metabolic process. Fe-XANES spectroscopicsareaigaled that abun-
dant Fe(lll) oxides (primarily goethite) were present at the time of sagnmith the results consistent
with Fe-XANES analysis of drilling-recovered sediments obtained at the end BiuBty.
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Reactive Transport Modeling of Uranium Bioremediati on Field Experiments at the
Rifle IFRC Site

Rifle IFRC (Principal Investigator: Philip Long)

S. Yabusaki (PI), Y. Fang, S. Waichler, C. Murray, A. Ward, P. LoORYNL; C. Steefel L BNL;
L. Li, Penn State U.

The Rifle IFRC experimental and characterization studies continue to providenoete#ige on the
processes, properties and conditions controlling subsurface uraniumrusleacetate biostimulation.
While the original principle of stimulating indigenous dissimilatory metdlicing bacteria@eobactey
to immobilize U(VI) as solid-phase U(IV) has not changed over the course of thetpaajeore refined
conceptual model of processes has emerged. Numerical simulation of subbonmfared biogeochemi-
cal reactive transport provides an important framework for developing thessptmsgrocess models,
through systematic testing of our understanding of new processes and property riretrantein the
context of observed experimental behaviors.

One important model refinement has been the simultaneous presence and activitiafdlin
groups representing the metal and sulfate reducers throughout the biostimulatiorthev/tdle of metal
reducers during sulfate reduction has been identified in previous Rifle IFRCsstindiedentification of
low-level sulfate-reducer activity during the initial iron-reduction ghaas only recently identified
through transcriptomics and metagenomics analyses. In this case, the model ltbgindnitially small
amount of slow-growing sulfate reducers whose activity increases witlagnegebiomass. After approx-
imately 30 days, the sulfate reduction becomes the dominant TEAP.

The products (e.g., bicarbonate, Fe(ll), sulfide) of these biologically-mediateiibres significantly
alter the geochemical controls on uranium mobility through increases in pH, &§kakuhangeable ca-
tions, and highly reactive reduction products. The modeling addresses surface coomplexaéx-
change, mineral reactions, and aqueous uranium complexation to better represent therabioth be-
haviors. Where biostimulated sulfate reduction is dominant, this level of detadl multicomponent
reaction network is critical to capturing the rise in aqueous uranium concentthadonssults from
U(VI) desorption promoted principally by the increases in pH and alkalinity.

An important component of the uranium surface complexation process model is the denatity of re
tive sites on the mineral surfaces, which is proportional to the bulk surface aciss-$pecific surface
area, as well as hydrologic parameters (e.g., porosity, hydraulic conductigggupe-saturation) have
been developed, based on lithologic logs, particle size distributions, slug ettenehgnetic borehole
flowmeter measurements, and geophysical data. Property transfer and petedphydels are being de-
veloped to estimate modeling parameters from the geophysical log data, whidle iregistivity, densi-
ty, neutron porosity, and spectral gamma logs. The culmination of the current cheaticteof the
Rifle site processes, properties, and conditions is a three-dimensional simafatiultifluid flow and
multicomponent biogeochemical reactive transport through physically and cHgratarogeneous
subsurface sediments during the 2008 field biostimulation experiment. In addition tootine wenium
behavior, these simulations are being used to better understand the interplay ofttratespand TEAP
reaction rates that determine the location and magnitude of key reaction prodtictsapgrthose that
may occlude pore structure and alter hydraulic properties. Ongoing studies usingdblimgirame-
work include amendment density effects, enhanced groundwater oxygenation through sesisontal
ble fluctuation, and post-biostimulation oxidation processes.
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Characterization of Solid Phase and Secondary Minera | Formation Associated
with Biostimulation at Old Rifle, Colorado

Rifle IFRC (Principal Investigator: Philip Long)
L. Yang (PI), K.H. Williams, C.I. Steefel, M.A. Marcus=BNL; S.M. Webb Stanford U.

Bioremediation through natural or stimulated microbial activity is an &iteastrategy for remediating
redox-sensitive metals and radionuclides, such as Cr and U, found at many of the DegdirEnergy’s
contaminated sites. To optimize the design of an effective remediation ptanedassary to understand
the complex reaction pathways involved in the biostimulation processes and developtatyeamt-
derstanding of the thermodynamic controls on the biogeochemical reaction ratesdushgs from a
field-scale uranium bioremediation experiment conducted at a former uraniutailimg site at Old
Rifle, CO, the secondary minerals formed in the biostimulated sediments weaetehaed with syn-
chrotron pu-XRF, XANES, and XRD techniques to understand the reaction pathways invblesdca
mapping at different energies around the Fe edge showed abundant ferric iron oxides, seithites g
still remaining in the sediments following an extended period of sulfate reduction &+ Tae Fe(lll)
oxides were found in close association with minor accumulations of reduced iron minetalss side-
rite (FeCQ) and mackinawite (FeS). Using sulfur-XANES, we also detected elematitalas another
secondary phase in the biostimulated sediments, in addition to mackinawite, whichdeafyeformed
through the reaction of biogenic sulfide with sediment Fe(lll) oxides. These resgdfsst that sulfate
reduction can commence even when significant pools of Fe(lll) oxides remain in tersisdiAlthough
iron reduction is energetically more favorable compared to sulfate reductioprdbess is likely kineti-
cally controlled and could not inhibit the use of sulfate as an electron acceptor byriiteesnid he per-
sistence of Fe(lll) oxides following extended periods of sulfate reduction mayrett@asustained ac-
tivity of iron-reducing bacteria, such &gobacter sp and the continued removal of uranium after the
start of sulfate reduction. In addition to of the enzymatic reductive dissolutiorflbf Brides, depletion
of ferric iron also occurs through the abiotic reduction of Fe(lll) linked to the oxidatidissilved sul-
fide, which accumulates throughout the activity of sulfate reducing bacter®).(BRorder to carry out
accurate predictions of metal reduction by direct or indirect microbial preacessenust account for the
consumption of ferric iron minerals as a result of both biotic and abiotic pathwayaciivedransport
models describing stimulated biogeochemical processes at the Old Rifle sit
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The Argonne Subsurface Science Program Scientific F ocus Area
ANL SFA (Laboratory Research Manager: Carol S. Gitin

C. Giometti, E. O’Loughlin, M. BoyanovANL; S. BrooksORNL; E. Carpentetirginia
Commonwealth Y C. Criddle,Stanford U, J. FredricksorPNNL; K. Henne, M.-J. Kwon, B. Lai-ANL;
L Liang, ORNL, T. Marsh,Michigan State U.M. McCormick,Hamilton CollegeB. Mishra,ANL;

R. SanfordU. of lllinois; C. Segrelllinois Institute of Technology SchererlJ. of lowg

D. Sholto-Douglas, K. SkinnerANL; W.-M. Wu, Stanford U, Ken Kemner (PI)ANL

The Argonne Subsurface Scientific Focus Area (SFA) integrates synchbaised-biogeochemistry
with microbiology, molecular biology, and protein biochemistry to pursue the long-texntic goal of
elucidating the interplay, at the molecular level, between specific mitrabtabolic activities, solution
chemistry, and mineralogy contributing to the transformations of contaminantEati@dsites. Hypo-
theses directed toward achieving this goal are tested by experiments ttaizeapn unique Argonne
capabilities, together with key collaborative efforts at Oak RidgeoNaltiLaboratory (ORNL), Pacific
Northwest National Laboratory (PNNL), Michigan State U., U. of lowagfUllinois at Urbana-
Champaign, Stanford U., Hamilton College, Virginia Commonwealth U., and theidllinstitute of
Technology. The objective of the ANL SFA is to characterize coupled biotic andcabiotecular-scale
contaminant transformations to provide fundamental knowledge that is necessagdfoting contami-
nant reactivity and transport processes. This objective drives the developoheptianization of syn-
chrotron methods for measurements at the molecular level pertinent to understanthngrant trans-
formations in subsurface environments. Two scientific themes drive the devatogirhgpotheses.
These themes are: (1) Microbial metabolic activity—together with @simgsolution chemistry, mine-
ralogy, and solid-phase surface reactivity, and the presence of electron dorep®racand shuttle—
affects the formation and distribution of (bio)mineral phases, as well as thextate, and mechanisms
of biotic and abiotic molecular-scale contaminant transformation; and (2) malippged biological,
chemical, and physical processes can affect the molecular-scale tratgforof contaminants in the vi-
cinity of mineral-microbe microenvironments. Research is focused on theotraatibn of the contami-
nants uranium and mercury at different spatial scales and in the context of iron atedredliation. Re-
search strives to (1) determine which aspects of microbial metabolismosalbé&mistry, and mineralo-
gy are key to the distribution of mineral species and to contaminant transforméjomluate the
reactivity of biogenic mineral phases with respect to the chemical trena&tfons of UVI and Hgll; (3)
provide fundamental knowledge concerning the molecular-scale transformatiamarhmants at the
mineral-microbe microenvironment; and (4) evaluate the effect of diffusion aedtagvwater flow on
contaminant transformations. Research emphasizes laboratory-based expéomevith single-
crystalline-phase iron oxide powders, fabricated iron-rich mineral asserdebgned to mimic minera-
logical conditions in the SBR Integrated Field Centers (IFCs), iron oxide bim#, fand geomaterial col-
lected from all three of the SBR IFRC sites. Inocula for promoting iron- afatesuéducing conditions
include: (1) monocultures of dissimilatory iron reducing bacteria @epbacter spp., Anaeromyxobac-
ter spp) and dissimilatory sulfate reducing bacteria (ébgsulfovibrio spp.representative of organisms
identified at contaminated sites and (2) microbial consortia collected frahred! of the SBR IFC sites.
In addition to an overview of the ANL SFA, this poster will also provide results of kg mi-
cro(spectro)scopy investigations of interactions among lepidocrocite ths) fiketal-reducing bacteria
(e.g.,Anaeromyxobacter spprespiring on the films, and uranium. These results identify at least two dif-
ferent interactions with uranium within five microns of the mineral-microlesfente.
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The Influence of Ligands on the Formation of Non-Ur  aninite U(IV) Phases
During Biotic and Abiotic U(VI) Reduction

ANL SFA (Laboratory Research Manager: Carol S. Gitin

Maxim |. Boyanov (Pl), E.J. O’Loughlin, M.J.Kwon, K. Skinner, B.MishrANL;
C. Criddle, W.-M. Wu—Stanford U, F. Yang, T. Marsh-Michigan State U.
K.E. FletcherGeorgia TechF.E. Loeffler—4. of Tennessee/ORNK.M. Kemner,ANL

Uraninite (U"0,) is a commonly assumed product in U(VI) immobilization approaches that utilize
reduction. However, fully reduced non-uraninite U(IV) phases were found in biostimatedahfrom
the Oak Ridge IFRC, both in spatially resolved microcosm experiments (Boyaalov2809 Pl meeting
poster) and in surge material from Area 2 biostimulated wells (W.-M. Wu et al., 20d€effhg poster).
Uranium phases with distinct atomic structures are likely to have diffeoturttility and mobility, affect-
ing the ultimate success of remediation approaches. It is therefore importenittlyisuch U(1V) phas-
es and define the conditions leading to their formation. We are employing a combinatcmagfues
(U- and Fe-edge EXAFS, synchrotron XRD, uptake measurments, and pH titratios)siudieidy the
phases formed during biotic and abiotic U(VI) reduction under several carbonate, phosuhpke sa-
lution conditions. Three reducing agents are used as representatives of d(MIpgephases in the en-
vironment:

1. Strains of the gram-positiv@esulfitobacteriunspp. (detected at ORNL)

2. Dissolved and adsorbed Fe(ll) phases in a carboxyl colloid suspension

3. Areduced soluble electron shuttle (A»8, anthraquinone-2, 6-disulfonate)

The bioreduction experiments with five straindasulfitobacteriunspp. showed that the orgranism
can reduce 0.1 mM bicarbonate-complexed U(VI) to a mononuclear U(IV) product. Congargies
riments in the presence and absence of phosphate indicate that the individual U(B/ar&dmund to
phosphate and carbonate ligands, respectively. The strong solution control on the idéreitgdéiced
U(IV) phase provides insight into the reduction pathways of gram-positive laaatetisuggests an
extracellular electron-transfer mechanism.

The abiotic U(VI) reduction experiments also show a significant influenceasfdgyon the reactivi-
ty and end products. Increasing amounts of phosphate (0.1 to 5 mM) diminish the ability of Fe(ll) or
AH.DS to reduce 0.1 mM U(VI) by forming U(VI)-R@nd Fe(ll)-PQ minerals. Small amounts of RO
did not inhibit U(VI) reduction, but led to the formation of mononuclear U(IV) and green rtist as
Fe(ll) oxidation product, as opposed to uraninite and magnetite under phosphate-free conditeass. Inc
ing amounts of bicarbonate (0 to 30 mM) did not enhance U(VI)-Fe(ll) redox at pH 7.5, which-was hy
pothesized from the formation of Fe(ll)-carbonate minerals. At pH 8.4, the appear&a{#)efOH),-

Fe(ll) edge-sharing linkages was observed, both in the presence and absence decditisrzolynuc-
lear Fe(ll) phase reacted readily with U(VI), producing nanoparticulate ueami U(IV) associated

with Fe atoms. The presence of Fe(ll)-(@Hg(Il) linkages appears to exert a strong control on reactivi-
ty. Our results provide mechanistic insight into the factors controlling U@di)ation during mineral
nucleation, a stage of presumed high reactivity due to the exposed surface and higielg brnds.

This research is part of the SBR SFA at Argonne National Laboratory.
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Microbial Community and Biogeochemical Dynamics und er
Sulfate- and Iron-Reducing Conditions

ANL SFA (Laboratory Research Manager: Carol S. Gitin

Man Jae Kwon (PI), D. Antonopoulos, D. Bartels, B.S. Bates, M. Boyanov, J. BANt:-M. Egholm,
Roche Diagnostic CorpA. Garoutte, C. Giometti-ANL; T. Harkins,Roche Diagnotic CorpP. Long,
PNNL T. Marsh, Hamilton College; F. MeyekNL; J. OsterbergeRoche Diagnostics Caqr.

R. SanfordU. of lllinois at Urbana-ChampaigrB.B. Roche Diagnostics Corp; K. Skinner,

J. Wilkening—ANL; K.H. Williams, LBNL; K. Kemner, E. O’Loughlin-ANL

The biotic contribution to contaminant transformations has yet to be characterigedsrof which
metabolic processes are essential, although numerous reports have documentgbtishiielbetween
changes in microbial community population composition and contaminant transformationsieleds
for high-throughput genome sequencing of environmental samples now offer the opportumahfsisa
of microbial communities in greater depth, as well as prediction of the predomietaitaic processes
involved in the biotic component of contaminant transformation. A critical reseaednsithe highly in-
tegrated, in-depth monitoring of the microbial community dynamics, proteomics, arieegesity of a
subsurface system during biostimulation to identify the metabolic processglydetated to the result-
ing transformations.

We hypothesize that the addition of an electron shuttling compound (2,6-anthraquinone disulfonate
(AQDS)) to iron-rich material that is inoculated with sediments caterom the U.S. DOE SBR'’s Old
Rifle IFRC site will result in changes to microbial community structure andtion that are dependent
upon the presence/absence of the electron shuttling compound. We characterized mixegéxatch e
ments over a 60-day period by microbial community analysis (using 454 titaniuchtbgssequencing
of the V3-V4 region of the 16S rRNA-encoding gene) and geochemical measuremetsefweal and
synchrotron-based analyses) to elucidate natural biogeochemical probassas tbe augmented to fos-
ter stabilization of subsurface contaminants. Specifically, we investigalution of natural microbial
community structure, the production of Fe(ll), the loss of sulfate, and the consumptioratd acttin
material inoculated with sediment collected from the Old Rifle SBR IEIRC after it was biostimulated
via the addition of acetate and augmented with AQDS. Geochemical charsicieatahe material
identified an increase in the concentration of reduced iron and a decrease in the aomceftsulfate
with time, concurrent with acetate consumption. The microbial community analgigiated an expan-
sion of theFirmicutesover time in both mixed batch experiments. An increase in the relative abundance
of theDeltaproteobacteriavas observed in the first half of the experiment when augmented with AQDS,
compared to experiments absent of AQDS. Conversely, a greater increase latitreealkundance of
Bacteroidetesvas observed in the first half of the experiment for the batch not containing AQDS.

Current research is focused on determining how Fe(lll) oxide mineralogy and thecpretspecif-
ic electron donors affects microbial community development under iron(lll)- afedesuleducing condi-
tions. Future investigations will focus on identification of metabolic pathwaysetagenomic analysis,
microbial community, and biogeochemical dynamics with populations from other D@ESite$ under
advective flow conditions.
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Abiotic Reduction of Uranium by Fe(ll) in Soil
ANL SFA (Laboratory Research Manager: Carol S. Gitin

D.E. Latta (PI)U. of lowg E. O’Loughlin, K.M Kemner, M.l. Boyanov-ANL,;
M.M. Scherer, U. of lowa

The current DOE strategy for treatment of radionuclide and heavy metal aoetiamin the subsur-
face relies heavily om situimmobilization and stabilization. It is well-established that hexavalent ura
nium (U(VI)) can be enzymatically reduced by a variety of microbial speasesell as abiotically re-
duced by many chemically synthesized Fe(ll) containing Fe minerals. Déspjieeivalence of Fe(ll)
under conditions where U(VI) is reduced, most studies to date have found little eviolesigaificant
abiotic reduction of U(VI) by Fe(ll) in pastuerized or sterilized natural nadse Here, we present evi-
dence for U(VI) immobilization and reduction by Fe(ll) present in a pasteuremakimorphic lowa
soil. We use data from U Llll-edge x-ray absorption spectroscopy (XAS) to cadfivii) reduction and
>"Fe-Mdssbauer spectroscopy to confirm oxidation of the soil Fe(ll). Soil charatitemibased on re-
sults from chemical extractions, Fe K-edge XAS, and Mdssbauer spectroscopteitithtdhe reactive
Fe(ll) phase is structural in nature and may be a green-rust like phaseo®tnighlights the impor-
tance that abiotic reduction of U(VI) by structural Fe(ll) may play in anaesshiconments.
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Uranium (V1) Interactions with Iron(ll)-Bearing Min  erals
ANL SFA (Laboratory Research Manager: Carol S. Gitin

E. O’Loughlin (PI), M. Boyanov, M.J. Kwon, S. KellyANL; C. Gorski, D. Latta,
M. Scherer—U. of lowg K. Kemner , ANL

SBR-funded research has already significantly advanced our understanding of nhenlyasi¢ mi-
crobial and geochemical processes affecting the speciation and distribution afddunface environ-
ments. In particular, the reduction of U(VI) to U(IV) has been shown to dramatitfaity the fate and
transport of U under reducing conditions. Nevertheless, much remains to be learned aboghlyow hi
coupled biotic-abiotic processes, such as the biogeochemical cycling of Fe and Siltenate and ex-
tent of U transformations. Although many microorganisms can enzymaticallyerei¢) to U(1V),

U(VI) can also be reduced by reductants directly or indirectly formed by the nmetplngesses of fa-
cultative and strict anaerobes, particularly iron- and sulfate-reduciteyisaé-or example, the reduction
of Fe(lll) oxides by iron-reducing bacteria can result in the formation of vaFie(ly species. including
soluble Fe(ll) complexes, Fe(ll) complexes with the surfaces of organic andniwosghd phases--and a
host of mineral phases containing structural Fe(ll), including magnetite tsjdévianite, green rusts,
ferrous hydroxy carbonate, and (under sulfate-reducing conditions) ferrous sulfices spetuding
mackinawite, greigite, pyrrhotite, and pyrite. The reactivity of Fefidcges is highly dependent on spec-
iation; therefore, we are evaluating the reactivity of specific FefBcies with U(VI) to gain insight in-
to the potential for Fe(ll) species to affect U(VI) fate and transport in salcguehvironments.

A comparison of biogenic Fe(ll) phases formed from the bioreduction of Fe(lll) oxikeed
dramatic differences in U(VI) uptake and reduction. Solution-phase U(VI) coatiens decreased from
500uM to 1.5uM, 392uM, and 472uM in the presence of biogenic green rust, magnetite, and siderite,
respectively. Analysis of the chemical speciation of U associated witblte by U L;,—edge extended
x-ray absorption fine structure spectroscopy (EXAFS) indicated that desprielashetric excess of
Fe(ll), no more than 6% of U(VI) was reduced to U(IV) by biogenic siderite, and no more thasf 22%
U(VI) was reduced in the biogenic magnetite system. For comparison, in the gtegystais, >99% of
U(VI) was reduced to U(IV). Uptake of U(VI) by biogenic green rust and magnetgeaccompanied by
formation of nanoparticulate uraninite. There was no indication of uraninite formatibe presence of
biogenic siderite. Instead, our results indicate tHatahd perhaps 1)) can substitute for Féin side-
rite, potentially providing another mechanism for U sequestration under Feduging conditions. The
differential reactivity of biogenic Fe(ll) phases and the corresponding eipins for U speciation high-
light the importance of understanding the processes leading to formation of speifipltases in iden-
tifying the processes controlling the fate and transport of contaminants in supgamé@onments.

Current and future work is focused on the kinetics and mechanisms of U(VI) irdesawith non-
stoichiometric magnetites, ferrous sulfide phases, siderite, vivianitegoioed whole sediments and
natural iron oxides, and Fe(ll) sorbed to common mineral phases.
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Amendment Transport, Mineral Precipitation, and Con taminant Immobilization in
Subsurface Systems: An Overview of the Idaho Nation  al Laboratory
Scientific Focus Area

INL SFA (Laboratory Research Manager: Mark Ankehgchnical Lead: George Redden)

G. Redden (PI), M. Ankeny, Y. Fujita, R. Versteeg, H. Huang, D. Fx, L. Guo, T. Johnson, Z. Xu,
J. Henriksen, K. Wright4NL; R. Smith, T. Gebrehiwet-Y. of Idaho-Idaho Falls
L. Slater,Rutgers U. A. Tartakovsky PNNL

The broad objective of the Scientific Focus Area at Idaho National Laboratory is tstande and
reveal methods to control, mineral precipitation reaction fronts in subsurfacerengnts. Challenging
topics that converge under the SFA include: the nature of reactant mixing in porouskmetiizglly
controlled reactions in reactive transport; important differences betweesrsian and diffusion in the
context of multicomponent reactions; coupling between reactions and changes in medteeprhaer
affect reactant transport and mixing; approaches for modeling dynamic behavior inpatenss that
require volume averaging at some scales; and testing of geophysical metradetedong and monitor-
ing reaction fronts and changes in the temporal and spatial distribution of reaction pnogwcbus
media. In particular, the SFA is attuned to the study of early-stage tran®eaig that are affected by the
structure of mixing zones, and that in turn determine outcomes at later stageseermugsystems. The
goal is to provide understanding to support the engineered formation of minerals suciuasaabo-
nates or phosphates that can immobilize metal contaminants%er).,

The SFA is organized around a series of five experimental campaigns, each bastedent df-
proaches through which reactants involved in multicomponent reactions (mineigitpt®n) can be
mixed in porous or fractured media. Each mixing approach is characterized by ditbéerior disper-
sion and diffusion of reactants, and different ways in which reactions, reactespiita and changes in
media properties are coupled. We are currently focusing on an approach that imvsittegeneration
of one reactant at the solid-solution interface. This choice was based on opporiciigsibute to on-
going field-scale demonstrations that involve the microbial hydrolysis aftarproduce carbonate,
which then can react to form carbonate minerals such as LBEfils of activities associated with the
first research campaign are given in accompanying abstracts and preassntati

The reaction model for the first campaign is the urease-driven hydrolysis dbdoeen carbonate,
ammonia, OHand calcium carbonate when calcium is available in the solution phase. The kihetics
commercially available jackbean urease have been characterized, botltionsaid immobilized on si-
lica gel; immobilized urease is a surrogate for attached microbial uceatyivity, which is generally
considered to dominate over planktonic activity in the subsurface. Modeling platfoomsopere as-
sessed for the purpose of conducting pre-experimental simulations needed for hypotketgisngden
and experimental design. The evaluation included TOUGHReact, STOMP, and a newnplatfel-
oped at the INL called MOOSE; MOOSE was determined to be most appropriateutatisignkineti-
cally controlled complex reaction networks. Pre-experimental modeling has iddiffiesion/dispersion
control and the ability to couple mineral precipitation to changes in permeabilityn€attudies with
immobilized urease are under way, as are preparations for experiments wibm2eells. In support of
current as well as future research campaigns, experimental efforts@aumder way to examine pheno-
mena that are common to all of the mixing scenarios: (1) the impact of ion atidty (e.g., C&

:Ca™") on precipitation kinetics and co-precipitation of strontium, and (2) the dynamic n&pnecipita-
tion zones in the absence of advective transport, using gels and granular media (“diuside’dexpe-
riments). Finally, geophysical methods (electrical) are being evaluatéukeir ability to track reaction
fronts in the experiments, and efforts are also under way to link electricalneeasits with pore-scale
models of reaction chemistry.
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Dynamics of Mineral Precipitation in Diffusion-Cont rolled Mixing Zones
INL SFA (Laboratory Research Manager: Mark Ankehgchnical Lead: George Redden)

T. Gebrehiwet (PI)U. of Idaho-Idaho FallsL. Tu, New Mexico Institute of Mining and Technolpgy
H. Huang, L. Guo, B. Payn¥. of lllinois at Urbana-ChampaigrG. Redden|NL

Engineering the precipitation of mineral phases in subsurface environmentgemilirofolve tran-
sient events in multicomponent mixing zones. The near-term distribution of minecgdifates in mix-
ing zones can influence: (1) the long-term outcomes of reactions in the affecteq aeg (2) whether
models that employ volume averaging at some scales can predict changesanvotahe-averaged
properties of a system, such as extent and rates of reactions. Chemical greithémthe mixing zones
will determine local reaction rates, and consequent changes in hydrodynamicertstieecbf the por-
ous media. To illustrate this point, and in support of the primary experimental camplaigmsd for the
INL SFA, mineral precipitation dynamics for calcium carbonate and calcium phespieabeing studied
using double diffusion experiments and reactive transport modeling. The aim of thissstudyesti-
gate the effects of reduction in permeability on: (1) the reactions that can ¢beagehemical condi-
tions, hydrodynamic conditions, and therefore the rate and distribution of precipitatior;¢2)ing
(“focusing”) of the precipitation zone; and (3) migration of the precipitation zone dggrioveetry
across the mixing zone with respect to precipitation rates and/or local cheamdéions. Three hydro-
gel media (gelatin, agarose and polyacrylamide) and two boundary solutions (fzddnamate and cal-
cium/phosphate) are being used in the experiments as model systems. The mixapiat@ifposition
of the precipitation zone are determined by the diffusion of the reacting componentgsii#ing local
concentrations, and particle nucleation/growth kinetics. Results to date appkawtdifferences in the
induction period for precipitation, and the position and migration of the precipitation zone, degpamdi
the type of hydrogel used and reacting components. Experimental results concur witatansefnom
the reactive transport simulations. One interesting observation is thetgemefanultiple bands in the
calcium phosphate system, while only a single precipitation band has been observed|aiutmecar-
bonate system. Precipitation band width and position were found to change with time and/telinearl
inate further reactions between the reactants at the boundaries. Some déferep@® due to differ-
ences in nucleation kinetics between the gels, which may have implications é@pieg model simula-
tions for natural media. The spacing between the precipitations bands in the calciumeh®sibm
appear to be influenced by the hydrogel type used. In experiments with granular mediadvbetiee
transport is possible (unlike in these experiments), local changes in density asglittieg unstable
conditions caused by precipitation can create more complex mixing zones.
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Reactive Transport Modeling of Ureolytic Calcite Pr  ecipitation in a Column Using
a Parallel, Fully Coupled, Fully Implicit Approach

INL SFA (Laboratory Research Manager: Mark Ankehgchnical Lead: George Redden)

H. Huang (PI), L. Guo, D. Gaston, Z Xu, G. Redden, D. Fox, Y. Fujitd—

One potential remediation strategy for trace metal and radionuclide comiésriméhe subsurface is
to induce the formation of mineral precipitates that immobilize metals bysogpgation or isolation
from the fluid phase. The objective of the INL SFA is to understand how reactants a pey, trans-
ported and mixed in subsurface environments, in order to control the spatial distributionraf ptias-
es and their ability to sequester contaminant metals. The design of experimentemnetation of ex-
perimental results depends on model simulations that can represent kineto&iblled precipitation
events that are, under some conditions, coupled to changes in porosity and permeability.

The first SFA experimental campaign involves calcium carbonate minecgbipa&on that results
from urea hydrolysis and carbonate production. This is a model for immobilizing contésrsnah as
strontium-90 by co-precipitation. Multiple processes, including fluid flow, disggrdiffusive transport
of reactants, biogeochemical reactions, and changes in porosity-permeabilitycdved and tightly
coupled at multiple scales. Numerical modeling can be used to investigate thearardin@ing effects
of these processes, which are extremely difficult to explore experimentally edlssng subsurface
reactive transport simulators typically employ a de-coupled solution approaahrefiérred to as opera-
tor-splitting, where transport equations and batch chemistry reactions amk ssduentially. However,
such an approach has limited applicability for many biogeochemical systemsastikiretics and strong
medium property-reaction interactions, such as the ureolytically drivemecpfecipitation scenario
noted above. We have developed a massively parallel, fully coupled, fully impéctive transport si-
mulator (RAT) based on a parallel multi-physics object-oriented simulatioretvark (MOOSE) devel-
oped at the Idaho National Laboratory. Within this simulator, the system of transpoghatidir equa-
tions is solved simultaneously in a fully coupled, fully implicit manner, using tlabizacFree Newton-
Krylov (JFNK) method with additional advanced computing capabilities, such as (13pbgsed pre-
conditioning for solution convergence acceleration, (2) massively parallel dagnpad scalability and
(3) adaptive mesh refinements for 2D and 3D structured and unstructured mesh. Thersivasl&rst
tested against analytical solutions, then applied to model reactive transportardanensional column
where conditions that favor calcium carbonate precipitation are generateshldyydrolysis catalyzed
by urease enzyme. The modeling results were used to guide the design of physicakexpeonducted
within the INL SFA. The RAT simulation results for the spatial and temporailiistns of precipi-
tates, reaction rates, and major species in the system (and also for changestyngmor permeability)
were compared to both laboratory experimental data and computational results obtamé#teugac-
tive transport simulator STOMP. The comparisons clearly demonstrate theaahsof fully coupled
approaches for accurate simulation of processes such as engineered min@itdtgedn the subsur-
face.
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Geophysical Sensing of Reaction Fronts Associated
with In Situ Mineral Precipitation

INL SFA (Laboratory Research Manager: Mark Ankehgchnical Lead: George Redden)
R. Versteeg, T. Johnson (PI), H. Huang, G. Reddéi—

The high-level objective of the INL Scientific Focus Area is to develop ilkeatstc understanding
required for field application of subsurface remediation strategies based oreeedjiméneral precipita-
tion. In order to monitor and eventually to control the evolution of precipitation fronts, tobjwthédle
near-time information on the spatiotemporal evolution of subsurface systemga@ee nEhe objective
of the geophysical sensing component of the INL SFA is to develop and enhance geophysioehmoni
methods, such that they can provide information on this evolution with the spatial and tesgmal
tion required for effective, real-time decision making during remedialteffGiven the sensitivity of
spectral induced polarization (SIP) methods to both fluid chemistry and surfaceipsmypestare partic-
ularly focused on developing and enhancing SIP methods.

Enhancing the capabilities of SIP to provide information on the evolution of subsurfacespsoe
quires the capability to investigate realistic field-based scenariloide Walidation efforts are possible in
laboratory settings, realistic field-based investigations of spatpmsahresolution cannot be conducted
in the laboratory due to the difficulty in reproducing field-realistic boundary conditField-based sce-
narios can be investigated synthetically with the appropriate modeling andanweapabilities. Our ef-
forts to date have focused on developing this capability through a high-performamedglihg and
inversion code, and coupling this code with the reactive transport model (RAT) devedqueetl &f the
SFA modeling effort. Ultimately, these coupled codes provide a framework wheereety of field-
based monitoring scenarios may be investigated. Leveraging petrophysitahstiips developed dur-
ing the experimental campaigns, the reactive transport code will simutatéapse changes in electrical
properties based on corresponding changes in chemical and physical propertiesmiliassisthanges
in electrical properties will then be used to investigate SIP imaging ¢iéipahinder a variety of field
scenarios. The tight coupling between reactive transport and SIP codes alsmldadsalue to the ex-
perimental campaigns, as these can be used to validate each other under a vametyiahs, providing
independent measures of success.
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Urea Hydrolysis and Calcium/Strontium Carbonate Pre  cipitation in a
Homogeneous Media System with Flow

INL SFA (Laboratory Research Manager: Mark Ankehgchnical Lead: George Redden)
G. Redden (PI), D. Fox, Y. Fujita, H. Huang, L. Guo, and J. Henrik$dh—

The first major experimental campaign for the INL SFA is focused on a minecgipaxgon ap-
proach that involve situ generation of one reactant at the solid-solution interface. The model system
chosen for study is the enzyme (urease) catalyzed hydrolysis of urea to foomatarions in a back-
ground solution containing calcium. This particular approach for inducing calcium carpoecifgta-
tion is currently the subject of SBR-funded field studies. The proposition igdbatrhetal or radionuc-
lide contaminants such as strontium-90 can be immobilized by co-precipitatioraleitme carbonate
phases such as calcite or aragonite. The same process has also been promotémdda meteasing
the geotechnical strength of soils and sediments. The ability to immobilizebomataminant usinin
situ mineral precipitation, and the mechanism by which a contaminant is immobilized, aiadbed by
changes in porosity and permeability associated with the precipitation reaatidrtherefore reactant
transport (mixing) and reactions are coupled to changes in media properties.

As prelude to 2-D and 3-D flow cell experiments with heterogeneous media, a quasiud ex-
periment was conducted in a microporous silica gel medium. A commeiavalifable jackbean urease
enzyme was immobilized within a defined interval of the column, and urea+caldromtitem solutions
were injected, to determine where (and whether) calcium carbonate forggteze flow path, and
whether strontium is immobilized. Two alternate hypotheses guided the egptiiplan:

1. If the reaction rate for calcium carbonate precipitation is slow relatitlestrate of carbonate ion
production and transport, calcium carbonate will accumulate in a narrow region domnstrea
the head of the enzyme zone and eventually reduce permeability. Under constaoinitea
tions, a steady reduction in flow will result from decreasing permeability, armbtigeof preci-
pitation will be extended upstream.

2. If the mineral precipitation reaction rate is fast relative to carbooat®rmation and transport,
calcium carbonate will initially form near the head of the immobilized enzyme. zMineral
formation on the solid media surface will reduce the net enzyme reaction, and tive rzawe
for urea hydrolysis and CaG@recipitation will be extended downstream without a large reduc-
tion in permeability.

Pre-experimental model simulations were conducted using both STOMP and a muttspégstive
transport code developed at INL. Enzyme kinetics were characterized for usdghsimulations and to
determine or verify enzyme activity levels in the column. The column wagreotesl with sampling
ports to measure changes in the chemistry profile along the column (and within tleezoregsand elec-
trode ports for electrical geophysical measurements to be correlated tesihatige chemistry profile.

The first column experiments provided results that can be compared to the prelimaatdysimula-
tions for the purpose of interpretation and further model development. Chemical (e.gadiEntg
formed that correspond to expectations and modeling predictions for urea hydrolysis &mad catbo-
nate precipitation system. Permeability of the column was dramaticdllged (supporting Hypothesis 1
above), and evidence for a precipitation zone that started downstream but gradyraligdnipstream
was observed. The pH buffering capacity of the silica gel media was slovagded, resulting in a high
pH zone that was initially limited to a portion of the enzyme zone, but eventually extinedength of
the column.

Variations involving changes in flow, initial conditions, and injectate concesrisatwill follow,
with continued integration of the multiscale geophysical and reactive trangpaeting components of
the SFA. The results will be used to support the design of larger 2-D flow cellregp&siwith con-
structed permeability heterogeneities.
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Overview of the LBNL Sustainable Systems SFA
LBNL SFA (Laboratory Research Manager: Susan Hutbpar

S.S. Hubbard (PI), J. Ajo-Franklin, H. Beller, BoBie, J. Chen, J. Christensen, M. Conrad, D. DieRao
B. Faybishenko, S. Finsterle, T.C. Hazen, M. Kowl&. Sonnenthal, N. Spycher, C. Steefel, T. Talgan
J. Wan, K. Williams, Yux. Wu-EBNL; M. DenhamSNRL Y. Fuijita, INL; L. Li, Penn State UP. Long,PNNL

The overarching premise of oBustainable Systems SEAhat improvements in understanding how
hydrological, biological, and geochemical processes and their couptipgst larger-scale system beha-
vior are needed to guide sustainable environmental stewardship offaubswwsources and problems
The “Systems” term emphasizes the need to focus on the intkgrademacroscopic manifestation of
smaller scale component behavior. The “Sustainable” term receghizeto be effective over steward-
ship time frames, subsurface strategies (such as activegliggion or natural attenuation of metals and
radionuclides) must be compatible with hydrological and biogeochenunditions that prevail in their
immediate environment. The SFA is composed of the following threkbe@bas, each of which is being
advanced through multidisciplinary team-based research:

1. The “Unraveling Biogeochemical PathwayShallenge focuses on quantifying critical and interre-
lated microbial metabolic and geochemical mechanisms assouwidtedhromiumin situ reductive
immobilization and reoxidation, from the molecular to the pore scaleeeded to assess long-term
sustainability of chromium bioremediation. The four hypotheses assdeidth this Challenge focus
on: the dominant reduction pathway (direct versus indirect), the rate and exteitipfedxidation,
the retention of organic carbon in the aquifer, and the role of hydrogealdgimation on redox
stratification and Cr mobility. This Challenge is being carded through interrelated tasks using
biomolecular, spectroscopic, isotopic, and reactive transport modelingaapps, and is being per-
formed in parallel with field-scale biostimulation experimerttsha chromium-contaminated Han-
ford 100 Site.

2. The “Evolution of Pore Structures and FlowpatGallenge focuses on developing a predictive un-
derstanding of how biogeochemical transformations modify the conngativihe pore structure;
how those pore-scale changes impact flow dynamics at the sax@erin porous media; discovery of
diagnostic (isotopic and geophysical) signatures that are diagobstitical system transitions; and
the impact of the feedbacks on overall system response to itheéuiced treatment. Tharee hypo-
theses associated with this Challenge are being carried outintggoated tasks using synchrotron,
isotopic, geophysical, and reactive transport modeling approaches. fAdller@e is aligned with
and leverages on the Rifle IFRC team field experiments tieab@ing conducted at the uranium-
contaminated Rifle, Colorado.

3. The “Predicting Contaminant Mobility at the Plume St&lhallenge is motivated by the recognition
that predictions of contaminant evolution, migration, and remediatiacaeffiat the plume scale of-
ten fail because of the great simplifications that are typically made nephesentation of subsurface
heterogeneity and coupled hydrobiogeochemical processes. The Chaltamgetatractably identi-
fy spatially variable precipitation/sorption behavior as a funatioleactive facies” using combined
laboratory and field experimentation, and uses mechanistic resrethaoort models to identify the
minimal but necessary level of detail that is required for adequlame-scale predictions. The re-
search is being carried in collaboration with EM-supported SRNénsists at the Savannah River
Site F-Area, where natural attenuation is a desired closure strategy.

These three SFA Challenges explore the linkages between fundhprecesses and overall system
responses, from molecular to field scales. An Exploratory Projectug also exists within the SFA to
solicit new investigators and new ideas. The Sustainable SySteMss facilitating the development of
system-behavior insights relevant to a variety of DOE enviemtah stewardship areas, with a particular
focus on environmental remediation of metals and radionuclides.
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Using Biomolecular Signatures to Elucidate Biogeoch emical Processes
Associated with Cr(VI) Reduction at the Hanford 100  H Site

LBNL SFA (Laboratory Research Manager: Susan Huthpar

H.R. Beller (PI), E.L. Brodie, R. Chakraborty, J.N. Christensen, J. Geller, R. Han,
U. Karaoz, H. Lim, C.A. SanteekBNL

We are developing the use of biomolecular signatures as part of the LBNL SF&ngkdlUnrave-
ling Biogeochemical Reaction Networks Mediating Sustained Chromium Reduatibic}i focuses on
in situreductive immobilization of Cr at DOE’s Hanford 100H site. There are timmapy research
components of biomolecular signatures in this challenge: (a) biomoleculaus@gditcovery, which in-
volves development and testing of meta-transcriptome-based gene expressianrayis, and (b) quan-
tifying biomolecular signatures, which involves assessing relationshipsdr@twicrobial metabolic ac-
tivity and specific biomolecular signatures. Our biomolecular signature iztweing integrated into an
interdisciplinary effort involving spectroscopic, isotopic, and reactivespart modeling approaches.

M eta-transcriptome-based gene expression microarrays. We are developing a high-throughput
approach that uses the meta-transcriptome to design high-density oligonucléotiderays, which can
be used to identify highly expressed genes in a specific community under conditionsest,imihout
requiring anya priori sequence information or hypotheses about which genes the community might be
expressing. To generate initial meta-transcriptome samples, we inoculatrdlzic microcosms with
groundwater from the Cr-contaminated Hanford 100H site and supplemented them wi¢haladtalec-
tron acceptors present at the site, namely, nitrate, sulfate, and Fe(lll). drbeanims progressed suc-
cessively through various electron-accepting conditions. Cr(VI) was ragidiiced initially and again
upon further Cr(VI) amendments. To date, samples representing denitrifying eredhfative/sulfate-
reducing conditions have been sequenced using 454 Titanium technology. From four libraries, >130K
reads were obtained totaling >32 Mb of sequence with mean length of ~250 bp. Of the non-eR&A rel
reads for the denitrifying sample (which was also actively reducing chrpm8&é were associated with
denitrification and ~0.9% were associated with chromate resistance/ttanspontrast to the fermenta-
tive/sulfate-reducing sample (in which chromate had already been reduced), whidrdeeads asso-
ciated with either of these categories but many hypothetical proteins asgavitht sulfate-reducing
bacteria. Ongoing work includes further sequence analysis, improvementAdfreRMval methods, and
sequencing of more microcosm samples and additional samples from flow-through calustnscted
with Hanford 100H aquifer sediments.

Activity-signature relationships and physiological studies. Research on metabolic activity-
biomolecular signature correlations has been conducted with two bacterial sgpaaies from Hanford
100H groundwater: strain RCH1 (a sulfate-reducing bacterium simil2egalfovibrio vulgarisHilden-
borough) and strain RCH2 (a denitrifying strain similaPs@udomonas stutzgrCell suspension stu-
dies with strain RCH2 and lactate demonstrated that Cr(VI) reduction could occueithdedenitrify-
ing or aerobic conditions (at comparable rates), and that reduction was much moréheapttienter-
minal electron acceptor (i.e., nitrate of) @as present. It appears that, under both aerobic and denitrify-
ing conditions, the chromate reductase gene(s) are not inducible by Cr. Continuouq chetmestat)
studies showed strong correlationsv@lues > 0.93) between denitrification rate and eitlir® or narG
transcript copy number, suggesting that monitoring expression of such genes in groucowdtpro-
vide valuable information oim situ biogeochemical dynamics. Chromium isotopic fractionation experi-
ments with strain RCH2 demonstrated fractionation for Cr(VI) reduction under aemiditions (~2
per mil), but no significant fractionation under denitrifying conditions, possiblyestigg different re-
duction mechanisms under aerobic versus denitrifying conditions. Cell suspensionvsiiidéedfate-
reducing strain RCH1 showed that it can reduce Cr(VI) enzymatically juspaiyrin the absence of
hydrogen sulfide as in its presence; this is an important result for distingusiaig reduction from
enzymatic reduction. Also, unlike strain RCH2, strain RCH1 does not require thaintireateslectron
acceptor (in this case, sulfate) be present to reduce Cr(VI).
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Using Cr Isotopic Measurements Together with Reacti  ve Transport Modeling to
Monitor Stimulated Bio-Containment at the 100H Test Site, Hanford, Washington

LBNL SFA (Laboratory Research Manager: Susan Hutbpar

J. Christensen (PI), E. Sonnenthal, S.T. Brown, M. Conrad, L. Yang, S. Muhhopadhyay,
C.l. Steefel, B. Faybishenko, T.C. HazehBNL

The isotopic composition of Cr can be fractionated during reduction from Cr(VI) t¢)@r{d so
has the potential to be used as a monitor of hexavalent Cr reduction. This would then provitte a dire
signature of Cr(VI) reduction, distinguishable from simple attenuation by dilutmfullly exploit Cr
isotopic measurements of field samples from remediation projects, thes eff@egen system behavior,
and complex reaction networks need to be taken into account. Here, we preser treasport model-
ing and Cr isotopic data for a field demonstration experiment of a slow-releasectailylamendment
(HRC™, Regenesis, Ltd.). The HREwas injected into a groundwater Cr(VI) plume in the 100H area at
the Hanford Site to stimulate bacterial activity to produce conditions promotimgdtetion of dis-
solved Cr(VI) to insoluble Cr(Ill) complexes. During the course of the experimeiguGk 2004 to
present), groundwater samples were collected from the HRC injection wellpfudiiple depths of three
down-gradient wells, and from an up-gradient well. Samples from down-gradiénthaed Cr that is
isotopically fractionated relative to samples from the up-gradient wdltating continued Cr(VI) re-
duction up to 40 months from the time of the initial Hghjection. With depth in the down-gradient
wells, the3**Cr data outline two separate zones of isotopically fractionated Cr: the dagpepkeak is
centered ~1 m above the Hanford/Ringold contact, the shallower peak ~3 m above. @piti@irto
[Cr(VD)] indicates a range in [Cr(VI)] with depth of 44—84 ppb prior to reduction, de-comgobffects
of dilution from Cr(VI) reduction. No Cr isotopic difference is seen between the 100kadiat well
and a sample from the high Cr(VI) concentration (58,000 ppb) source in the 100D area, suthgesting
essentially no Cr(VI) reduction takes place during transport between the 100ihdrémee 100H expe-
rimental site.

A reaction-transport model that was developed to investigate the"Ht@moted reduction of
Cr(VI1) in the groundwater of the 100H aquifer was extended to include the effects ofdpras
(°*Cr/’Cr) fractionation via reduction of Cr(VI) to Cr(lll) and precipitation of Cr(@HReduction of
Cr(VI) and Cr isotopic fractionation was captured using a mixed thermodynamt@kapproach, using
modified Gibbs free energies of the reactions while considering a wide rangeraiaileeus complexes
and mineral-water reactions. The model is able to capture simultaneously theedlvaages in Cr(VI)
concentration and isotopic composition in the down-gradient wells. With adjustment fetiwe sur-
face area of the HR&, the model can also reproduce the observed long-term (years) Cr(VI) isotopic
evolution. The short-term (days to months post-injection) is controlled by fasiagekctic acid and
glycerol that make up a currently unknown proportion of HRC
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Variations in Biomineral Morphology as Imaged by Sy nchrotron
Microtomography: Implications for Pore-Structure Ev olution

LBNL SFA (Laboratory Research Manager: Susan Hutbpar
P. Nico (PI), J. Ajo-Franklin-BNL; R. ArmstrongOregon State U.C. Fuller,USGS

As part of theEvolution of Pore Structures and Flowpatbbkallenge area within tHeBNL Sustain-
able Systems SF&ve have begun developing the capabilities necessary to image alterations in pore
structure resulting from subsurface manipulatibmsitu remediation strategies are frequently consi-
dered for cleanup of DOE sites. However, the impact of feedbacks between rneutteteaogeneity and
induced biogeochemical transformations on remediation efficacy is not well wutkrSritical to the
design, execution, and interpretationirositu remediation approaches is an understanding of how reac-
tion processes modify the properties of the porous medium, or the “Evolution of Pore Stioi¢tlaw-
paths.”

Two classes of potentially important biominerals in both artificial and natiglteduced regions
are CaC@and U compounds. Using integrated geophysical and synchrotron expertise, we have devel
oped and tested a first-of-a-kind, flow-through, instrumented (electrical,isegamd pressure) mini-
reactor vessel, as well as imaging algorithms required for quantifying teespale changes caused by
induced perturbation. The novel migrositu reaction cell (cell size: ~5—7 mm in diameter and ~15 mm
in height) has been tested for interrogating the evolution of a few differenbreant-products as a
function of initial mineralogy and culture, including the us&opastureifor urea hydrolysis in a ma-
terial comprised of glass beads. This and other recent work shows that thepneach can yield im-
ages of precipitates over time and in a noninvasive manner. The recent expealsweimgicate that the
micromorphology of the calcite precipitation varies, depending on whether it isatiyptr abiotically
induced, and that a reasonable fraction of microbes associated with biotic expesuménesthe x-ray
synchrotron energy.

Progress has also been made on understanding the impact of grain morphology on the gaterns U
cipitation using chemically resolved synchrotron tomography. Application of the dergyeimaging
method to permeable reactive barrier (PRB) bone char apatite materidledestriations in U precipi-
tation morphology not resolved by x-ray fluorescence microprobe. Two specific mor@sohegyie iden-
tified. Grains with the first pattern contain an outer layer of evenly distdiutinat is highest near the
exterior of the grain and diminishes quickly with distance from the surface. Gfaims second type
contained small semi-spherical precipitates of high U concentration distritueeighout the grain on
the edges of pores. While speculative, one potential explanation for the two diffetemtspiatthat the
first pattern represents nonspecific sorption of U to the apatite surface andtontagon of uranium
phosphate surface precipitates, while the second pattern is consistent witledbgedcipitation of U as
UO,. These results are some of the first direct observations of variations igipitate morphology in
field materials.
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Reactive Transport Modeling of Biostimulation at th e Old Rifle Site:
Reaction Pathways and Porosity Reduction

LBNL SFA (Laboratory Research Manager: Susan Hutbpar
C.l. Steefel (PI)LBNL; L. Li, Penn State UL. Yang, K.H. Williams,LBNL

Reactive transport modeling of biostimulation at the Old Rifle site in Coloradsddaon under-
standing the system response of laboratory flowthrough column experiments userge8ifhent and
groundwater spiked with two different concentrations of acetate. The results treneotisit the abiotic
reduction of iron hydroxide by hydrogen sulfide (H2S) is an important if previously unrecogaitte
way. Based on an electron balance, as much as 95% of the acetate was consumed by @udfate R
Bacteria 20 days before the breakthrough of dissolved sulfide from the column. Thadrsiggde”
balances the pool of poorly crystalline iron hydroxide as determined by hydroxylamireiertréihe
presence of elemental sulfur, which is a product of this abiotic reaction, was eshbynHPLC analy-
sis and by XANES spectroscopy. Reactive transport modeling using thermodynaatiorfs suggested
a Gibbs energy threshold (or bioenergetic energy quantugh & e-mol-1 for sulfate reduction. It also
suggested that the suppression of the microbial reduction of more crystalline ironaxitiebe a ther-
modynamic effect that disappears once the poorly crystalline pool is depleted.

We also examined the effects of physical and geochemical heterogeneitiespatitlielstributions
of mineral precipitates and biomass as a result of biostimulation at the GIAJRITRA site in Colora-
do. Field bromide breakthrough data were used to infer a heterogeneous distribution ofdgdnaluic-
tivity through inverse transport modeling, while the solid phase Fe(lll) contendetarmined by assum-
ing a negative correlation with hydraulic conductivity. A defensible reactiavonletvas developed by
simulating laboratory column experiments involving Rifle sediment and groundwalelated then by
field aqueous geochemical data, reactive transport modeling was used to gxmiditbiomass growth
and to estimate the spatial distribution of precipitates and biomass. The sheuledl that the maximum
mineral precipitation and biomass accumulation occurs in the vicinity of theiameeells, occupying
up to 5.4% volume of the pore space, and is dominated by reaction products of sulfate reduction. Accu-
mulation near the injection wells is not strongly affected by heterogenaiéssnt in the system, due to
the ubiquitous presence of sulfate in the groundwater. However, accumulation in the ddientge-
gions is dominated by the iron-reducing reaction products, whose spatial pattetnsnagtg sontrolled
by both physical and geochemical heterogeneities. Heterogeneities can leatizeddarge accumula-
tion of mineral precipitates and biomass, increasing the possibility of porergoddihough ignoring
the heterogeneities of the system can lead to adequate prediction of the avesage bésulfate-
reducing related products, it can also lead to an overestimation of the overallidmmof iron-
reducing bacteria, as well as the rate and extent of iron reduction. Surprisinglpdilepnedicts that
the total amount of uranium being reduced in the heterogeneous 2-D system wagacsthsliain the 1-D
homogeneous system, suggesting that the overall uranium bioremediation effesangt be signifi-
cantly affected by the heterogeneities of Fe(lll) content in the down-gtadigions. Rather, the charac-
teristics close to the vicinity of the injection wells may be crucial inrgeteng the overall efficacy of
uranium bioremediation.
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Geophysical Quantification of Remediation-Induced B iogeochemical Transformations
LBNL SFA (Laboratory Research Manager: Susan Hutbpar

Yuxin Wu (PI), S.S. Hubbard, J. Chen, M. Commer Kdwalsky—LBNL; D. NewcomerPNNL;
D. Ntaragiannis, Rutgers U.; D. SasdeBNL; L. Slater,Rutgers U, F. SpanePNNL;
C. Tuglus,U. of California-BerkeleyK. Williams, LBNL

Part of the LBNL SFA "Evolution of Pore Structure and Flowpath Challenge" focuseplonireg
the potential of geophysical methods for quantifying hydrological controls and induceddtiegecal
transformations associated withsitu bioremediation from column to local field scales. This task will
help to address a key Evolution Challenge hypothesis that the cumulative impadiuafemediation-
induced transformations are significant enough to impact flowpaths at the field@uaefforts are fo-
cused on the Rifle IFRC site, where bioremediation experiments are being condtitea whallow,
unconfined aquifer to immobilize uranium in tailings-contaminated groundwater. Our geglobjec-
tives associated with this Challenge include: (1) measuring and modeling the gjealpgignatures of
remediation-induced biogeochemical transformations; (2) developing and teativeyforks that can in-
tegrate time-lapse geophysical and geochemical datasets for thaieatmhaemediation end-products;
and (3) quantifying hydrogeological controls and induced biogeochemical transformatioaield
scale using our petrophysical insights, estimation frameworks, and Riflelfimsets.

To meet the first objective, we are performing laboratory column experimentasumne and model
geophysical signatures of remediation-induced transformations. Through aiionltE geophysical,
biogeochemical and hydrological data, we are investigating how the evolution oahpirexipitates
(e.g. CaCQ FeS and § as well as changes in electroactive ions (e.§j.d&& HS), impact these signa-
tures. The suite of experiments will refine our ability to geophysically difteate between the multiple
and often competing processes that occur during biostimulation at the Rifle séat Restllts revealed
anomalous complex resistivity (CR) signatures associated with caledipipation; experiments are cur-
rently under way to explore the geophysical signatures from mixed precipitatafcivé and iron sul-
fide, as occurs during biostimulation at the Rifle site. The contribution of eleliams, such as
Fe(ll), to the overall CR response is also being investigated, with pmaliyriab and field results indi-
cating the importance of such species in mediating the magnitude of the polarizspionse.

To meet the second objective, we have developed a state-space Bayesiaokahsvpermits integra-
tion of time-lapse geophysical, geochemical, and other types of datasets vaghpsital relationships
in the estimation of biogeochemical parameters. We have applied it to CR dattecbtluring biostimu-
lation column experiments and have illustrated how the CR data and Bayesian approaalsedde
guantify the volume fraction of the remediation-induced disseminated predpitagan radius of aggre-
gated clusters, and permeability reduction over time. Our results suggestalopdd state-space ap-
proach permits the use of geophysical datasets for providing quantitativatestohthe evolution of
end-products and permeability reduction associated with biogeochemical traatgfosnat the column
scale. We are extending the estimation formalism to enable joint consideraiioe-tdgse, multidi-
mensional geophysical and geochemical field datasets by treating the tendd@duced transforma-
tions as a spatially smoothed evolution process that contains temporal structure.

In collaboration with the Rifle IFRC team and to address our third objective, wabsembled an
extensive field geophysical database as part of the Winchester, Big Rusty, &skiilBtield experi-
ments at Rifle, including surface spectral induced polarization (SIP) data,raghagradar and seismic
data, and wellbore logs, as well as accompanying hydrological (tracer and wWellditareA sequential
Bayesian-inversion approach is being used that will honor all key datasets anié gsiunates of initial
hydrological zonation and changes in flow properties due to the biostimulation atdhecéikd. Related
to this effort, we are developing a deterministic 3D inversion framework Fod&k. This framework is
also capable of jointly inverting for EM, electrical, and magneto-tellutia. d&e demonstrated this
framework on SIP data collected in conjunction with bioremediation activitiésrped as part of the
Winchester field experiment.
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Characterization and Simulation of Plume Mobility at the SRS F-Area
Using a Reactive Facies Approach

LBNL SFA (Laboratory Research Manager: Susan Hutbpar

N. Spycher (PI1), D. Sassen, J. Wan, J.N. Christensen, S. Mukhopadhyay, S. Moins, C. SRiéfel—
A. Wiedmer,U. of California-BerkeleyW. Stringfellow, S.S. HubbardEBNL, M. Denham SRNL
J. Seamarl). of Georgia/SRNL

Predictions of contaminant migration to assess remedial alternativesrst gtales often fail be-
cause of the simplifying assumptions that are typically made in the reptesenfeheterogeneity, as
well as the coupled hydrological and biogeochemical processes taking place vatbubsurface. In-
deed, contaminants at most polluted sites are subject to a wide range of scalerdgpeonedsses, fol-
lowing complex biogeochemical reaction networks, and affected by feedbacks ofbatsty and bio-
geochemical-hydrological processes on flow and transport. Therefore, thergngieasit need to de-
velop methods to guide the characterization and prediction of plume mobility acguratghbly, and
over field-relevant scales. To meet this challenge, we are exploring theptoficactive facieso
bridge hydrogeochemical measurements at multiple scales towards theygestiderstanding of con-
taminant mobility at the plume scale. We hypothesize that a limited number mes¢djroups can (1)
individually display unique geochemical and physical characteristicsngekatisorption/precipitation
processes, and (2) adequately represent the spectrum of geochemical behaviobsutifiece when
considered as an ensemble. We then explore whether reactive transport prapeémieshanisms can
be represented using such reactive facies, capitalizing on the coherenidsgtaitiaition associated with
depositional processes and the linkage between hydrological and geochemicalgsrtperoften exist
in nature.

The reactive facies concept is being tested at the Savannah River F-Aeeacantaminant plumes
were created by the disposal and leakage of low-level acidic radioactit®sslinto seepage basins.
Primary focus is given to the natural attenuation of uranium. Geophysical, geogahe@md hydrological
data from field investigations, together with laboratory-based geochemiwatalogical/textural charac-
terization (see poster by J. Wan) are being used to determine if specificeréaaies can be distin-
guished with confidence and ultimately "mapped" at the field scale. Seismicdanda@ograms have
been acquired at two “local-scale” sites, inside and outside the main U plume. Tieatit@ti and extra-
polation of reactive facies at various scales is also being tested usith@nayses, self-organizing
maps, and Bayesian methods. These statistical approaches are being applied tbrikgpbeisveen li-
thofacies (e.g., mud content) and permeability, integrate borehole data with tomogrphiation
(greater spatial extent), and develop hydraulic conductivity realizationspialrinto plume-scale model-
ing. These efforts are being complemented with “data mining” of the historichbadge and groundwa-
ter monitoring records, isotopic measurements, and preliminary geochemicahetncereeansport simu-
lations to help understand processes at play and constrain boundary conditions, including poorly known
bulk discharge rates and compositions from impoundments to the subsurface. Prehmétgsis of the
radionuclide data suggests seepage velocities could be faster than prekimugiy.tiIsotopic measure-
ments reveal three distinct U contaminant end-members, and a possible U issitagigraphy” for the
aquifer that may be mappable to sediment facies. Mixing simulations indicateehd rebound at the
site could be significantly retarded by the precipitation of Al hydroxides upon neati@iiof the acidic
plume with regional groundwater. Ongoing efforts have also been directed towandsiaglvaactive
transport simulation capabilities, notably the development of a parallel sim(imigh+RT) and en-
hancements to our existing in-house simulator (TOUGHREACT).
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Geochemical Behavior of Uranium in Acidic Waste Plu mes at F-Area,
Savannah River Site

LBNL SFA (Laboratory Research Manager: Susan Hutbpar

Jiamin Wan (PI), S.S. Hubbard=BNL

The Savannah River Site (SRS) F-area was one of DOE'’s processinge&folitextracting pluto-
nium (Pu). The low-level radioactive process waste solutions were dischar@eédiies of seepage ba-
sins in the area during the years of 1955-1989. The plumes contairifigy,F3, and**Tc extend from
the vadose zone to groundwater and towards a stream that recharges to the SavannteRigasins
were closed and capped in 1991. Although the site has gone through many years of actiaioamedi
including pump-and-treat remediation and alkaline-solution injection to neatthézacidic groundwa-
ter, the groundwater remains acidic, with pH values as low as 3.2 near the basins, andahiations
of U, *°sr,*™ are up to ten times higher than their MCLs. The overall objective of this caseao
identify and quantify the major geochemical factors that control the sorptiopipaéon and mobility
of radionuclides (U°Sr and*®) at the Savannah River Site (SRS) F-Area, in order to assist with the
DOE'’s remediation decisions at the site. Our specific goal at this steeharacterize borehole sedi-
ment samples, providing plume- scale geochemical data for reactivpetramodeling and reactive-
facies modeling.

Four vertical boreholes were drilled in August 2008 by the EM-funded project at theF-oheelo-
cated in the background area and three within the plume along the groundwater flow pgttwotbo-
rehole samples were collected and characterRet waters were extracted from all the borehole sam-
ples by centrifugation. The chemical compositions of the pore waters were meastlteling pH, ionic
strength, cations, and anions. Uranium concentrations in pore waters, total U in sedintbaidracta-
ble U from the sediments (bicarbonate extraction) were measured, and the pagtttaefficients of U
(field Ky) were determined. To determine adsorption capacities of the sedimentsddedeeteole sedi-
ments from both the background area and plume are being used to conduct batch sorption experiments.

Typical sediments are composed predominantly of fine quartz sand, with 4.4 £1.1% clayit&aol
and goethite are the major minerals of the clay size fraction, residing ibpriegacoatings of varied
thicknesses on the quartz grains, and providing reactive surfaces for contamip&on sGoethite oc-
curs as well-crystallized 100-500 nm long needles, commonly in rosette clusitEs. tel nanoporosity
exists within the grain coatings. The coatings are relatively thin, so thaicddesfjuilibrium is unlikely
to be significantly diffusion-limited. The current plume aqueous phase contains Uhtratioasup to
3.39 uM (highest measured value). Many samples have U concentrations higher thah 22QiM),
and the U concentrations are strongly pH dependent. For the samples of pH > 5, the aqueous U concen-
trations are below the MCL (0.12 pM). U(VI) adsorption onto SRS sediments incsbasply as pH in-
creases. The results are supportive of goethite in the SRS sediments plagiomitient role in uptake
of U(VI). A surface complexation model will be developed to describe U(VI) adearptito these SRS
sediments.
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Uranium Immobilization in Oxidizing Environments:
Testing Interactions with Vanadate

LBNL SFA (Laboratory Research Manager: Susan Hutbpar
Tetsu Tokunaga (PI), Y. Kim, J. Wan-BNL; S.R. Sutton, M. Newuville, Y. Chol). of Chicago

Over the past several years, a growing body of evidence is indicating that bilmedased me-
thods for remediation of most U-contaminated sediments and groundwaters are urdestneshigh
cost of continuing electron-donor supply without a clear closure time, and the reatadiliaf U upon
return to prevailing oxidizing conditions, are obstacles for permanently stadili£iV) in most shallow
groundwater systems. Therefore, it is important to understand the factorsleanty@Vl) concentra-
tions in oxidizing contaminated environments, especially in sediments containing nbiginlgvels of
total U, but also elevated levels of other components associated with formatioolaf phases. In this
exploratory project, we seek to develop better understanding of these controls ondv@éntrations,
especially in environments containing elevated levels of other elementsitf@nthe contamination
process or from remediation efforts. Determining likely concentratibllsin pore waters equilibrating
with regional groundwaters is important for obtaining reliable predictions on natteatation.

Vanadium is a trace element found to accumulate with U in some environments becaunsarof
ties in redox behavior. Understanding interactions of both elements in groundwaterrasedivitent
surfaces is important, because of the very low solubility of some uranyl vanadatdrecause both are
strongly sorbed on mineral surfaces. Our calculations for vanadate, V(V), anditu@guilibrium with
tyuyamunite, Ca(Ug),V.Og, predict that concentrations of both elements are very low (sub-puM, and be-
low the U MCL) in many neutral to slightly acidic groundwaters. Laboratoty té<alcium uranyl va-
nadate precipitation are in qualitative agreement with equilibrium predsctrhese new results are sim-
ilar to our previous study demonstrating control of U(VI) concentrations through pagoipiof
amorphous potassium uranyl vanadate (rather than carnoiit#Og,V.Og). The very low solubilities of
both Ca- and K- uranyl vanadates atH suggest that their precipitation reactions could be utilized in
water treatment and recovery of U and V.

Sorption and mobility of vanadate in the subsurface are also being investigatezhdwtithout U
present as a co-contaminant. In calcareous Oak Ridge sediments (pH 7.9)iovi ssofiterms are ap-
proximately linear up to [V(V)k20 uM, with progressively nonlinear (weaker) sorption at higher con-
centrations. Nonlinear sorption over broad ranges in a solute’s concentration iedrediesult in self-
sharpening of its diffusion front during transport through sediments. This self-simagyfrnt behavior
was confirmed for V diffusion into U-contaminated Oak Ridge sediment using n¥iawy fluorescence
mapping to measure V and U concentration profiles. Micro-XANES spectroscopsmeeshthat neither
V nor U reduction occurred during the diffusion experiment. Even in the absence of V and ibneduct
their complex interactions (sorption and precipitation) can impose significatrbts on transport
through oxidizing environments.
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Environmental Transport of Plutonium: Biogeochemica | Processes at
Femtomolar Concentrations and Nanometer Scales

LLNL SFA (Laboratory Research Manager: Annie Keugti

A. Kersting (PI),LLNL; M. Zavarin,LLNL/Glenn T. Seaborg InstitytB. Powell,Clemson U.D. Moser,
Desert Research Instityt8. Carroll, R. Maxwell, , Z. Dai, R. Williams, S. Tumey, hag—tLNL; R.
Tinnacher LLNL/Glenn T. Seaborg Instityte. HuangLLNL; R. Kips,LLNL/Glenn T. Seaborg Institute

This new SFA program is designed to better understand the biogeochemical préedssaerol
plutonium transport at environmentally low concentrations and field scales. Jorecmallenge in pre-
dicting the mobility and transport of plutonium (Pu) is determining the dominant geoeh@naicesses
that control its behavior in the subsurface. The reaction chemistry of Pu (i.e., aqueatgspsolubil-
ity, sorptivity, redox chemistry, and affinity for colloidal particles, both abiabd microbially-
mediated) is particularly complicated. Its migration is known to be oxidatate-dependent and facili-
tated by transport on particulate matter (i.e., colloidal particles). Deabpitecognized importance of
colloid-facilitated transport, little is known about the geochemical and biochemechanisms control-
ling Pu-colloid formation and association. Most laboratory experiments have beameelat Pu con-
centrations orders of magnitude higher than those observed in the fiér¢llD compared to 18-
10"® mol/L observed at DOE sites).

The objective of this program is the identification and quantification of the biogemzhgmocesses
that control the fate and transport of Pu at picomolar to attomolaf £100" mol/L) concentrations.
We are conducting laboratory experiments on colloids at environmentally relenaentrations, using
state-of-the-art facilities at LLNL such as the accelerator npEsgremeter (AMS), a NuPlasma HR
IsoProbemass spectrometer (MC-ICPMS), the Cs-corrected Titan Tsai@emitlectron Microcope (Su-
perSTEM), and the nano-secondary ion mass spectrometer (NanoSIMS). Controlledemtpen the
laboratory are coupled with characterization of samples collected frormKAoweontaminated field
sites--the Nevada Test Site, Mayak, Russia (in collaboration with S. Ke¥nyand Hanford (in colla-
boration with A. Felmy).

Our program is composed of five research elements that are aligned witrspsoldesy to affect Pu
transport at environmentally relevant concentrations:

Binary sorption to low-site-density, high-affinity surface sites (e.g., serdafects)
Stabilization of Pu surface complexes on mineral colloids by natural organer matt
Surface precipitation of Pu polymers (nanocolloids)

Co-precipitation with colloids as a result of mineral alteration

Direct and indirect microbial interactions with Pu and colloids.

aOrwNPE

Initial results and planned experiments will be presented for each of the heskesments, including
Pu sorption to iron oxide at femto-molar concentrations, Pu—humic acid complexatiaty, iartch
modeling of aqueous Pu(lV) complexes.
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Biogeochemical and Molecular Mechanisms Controlling Mercury
Transformation at a Contaminated Site in Oak Ridge, Tennessee, USA

ORNL SFA (Laboratory Research Manager: Liyuan Ljang

L. Liang (PI), S. Brooks, D. Elias&RNL J. SmithU. of Tennesse&. Gilmour,Smithsonian InstituteS. Miller,
UCSE F. More, J. SchaeferPrinceton U; L. Shi,PNNL; A. SummerslJ. of Georgia J. Wall,U. of Missourj
H. Zhang,Tennessee Tech;\C. Miller, A. Biswas, A. Johs, J. Parks, G. Satinky A. Palumbo, S. Brown, C.
Brandt, T. Vishnivetskaya-©ORNL, H. Guo,U. of Tennesse&. Kemner, ANL; W. Dong, M. Drake—-©ORNL

Mercury is a key metal contaminant on the Oak Riggeervation (ORR) due to its historic releaseotlh se-
diment and stream environments. Biogeochemicabfaatontrolling inorganic mercury transformatiorthe more
toxic organomercuric species are not well undes8tdORR and other contaminated sites globally. OR&IL
Science Focus Area program centers around unddistacoupled biogeochemical processes that determen
production of methylmercury (GHg"). The main objectives are to (1) elucidate thegamechanisms, and controls
of abiotic and microbial processes affecting Hoeggteon and transformation, (2) resolve the critidg precursors
that are produced and subsequently methylated(3rkvelop and validate subcellular models to wstded the
biochemical and biophysical mechanisms of transédion between Hg species and methylmercury.

We take a systems approach, examining processagiogcfirom the field scale down to the moleculeals.
Field studies are focused on establishing the rahgeochemical conditions in which critical tramshations occur
(see poster by Brooks et al.). Our work showsittigortance of kinetics in systems that receive &tam source of
inorganic mercury input (see poster by Gu et al. Mdiller et al.,Environ. Sci. TechnoR009, 43, 8548). Both kinet-
ics and speciation data will be critical in examanthe cycling of mercury and the production of myéthercury in
contaminated systems. These efforts are performpdriallel with, and contribute directly to, complentary stu-
dies of abiotic and microbial mercury transformatio

Studies of the mechanisms and geochemical cordroleercury speciation and transformation revedlratu-
ral dissolved organic matter (DOM) plays an impottale in the complexation, reactivity and redmanisformation
of mercury (see poster by Gu et al.). Even at Id®MDconcentrations (< 3 mg/L), DOM appears to dorn@maer-
cury speciation and reactivity in the UEFPC by fongnstrong Hg(11)-DOM complexes through the reagettiaiol
functional groups in DOM (Dong et al., 20Environ. Chem.in press). The complexation is kinetically hingtbr
Reduced DOM is also found to be capable of redutiagnercuric ion Hg(ll) to Hg(0) and forming stopHg(0)-
DOM complexes. Work is currently in progress tolaate the potential impact of the formation of sgoimplexes
on biological production of toxic methylmercury ¢sgoster by Schaefer et al.) and abiotic demeibylat the en-
vironment. Recent results show that Suwannee RI@v did not affect methylmercury production by theown
methylatorDesulfovibrio desulfuricanblD132 (see poster by Brooks et al.).

In our investigations of Hg methylating microbi@inemunities, field samples have been collected fadimown
methylating area of the contaminated stream at Q& obial community characterization using botfuactional
gene array (FGA) and 454 amplification and sequenof 16S genes revealed pronounced phylogenedidusie-
tional differences that appear to be related ts@aa trends (See poster by Elias et al.). Withriggt genome se-
guence, the known methylating sulfate-reducingdvéetD. desulfuricangND132, is being used to elucidate the
genes responsible for mercury methylation (Seeepdst Kucken et al.). The targeted approach hagetadenti-
fied a methylase, and we are in the process ofingea random Tn5 transposon mutant library wittattainable
goal of >5000 mutants. We are also designing arebgeneration FGA that will allow detection of Meand
MerB genes, as demethylation is a key reactioddhal mercury cycling.

Molecular, or subcellular, studies include OmcAlissimilatory metal reducing enzyme fr@@hewanella onei-
densisMR-1, as well as various proteins and enzymesaaatin themeroperon, which confers bacterial mercury
resistance. We have collected initial X-ray diffian data to 2.6 A resolution for OmcA. Small-andfleay scatter-
ing (SAXS) and molecular dynamics (MD) simulatidva/e been used to characterize the structure éerdiamain
motions of the metalloregulator, MerR, and the miBecreductase, MerA (See poster by Liang et @Jantum me-
chanical calculations have been used to show hewrtifanomercurial lyase MerB catalyzes the demetibyl of
methylmercury (Parks et all, Am. Chem. So2009, 131, 13278).

Future work will involve functional genomics techogs to determine key microbial groups that infageme-
thylmercury production under varying geochemicaiditons. Investigation of structure and dynamictga mole-
cular level will reveal regulation mechanisms dmel itole of various subcellular components. Molecsiaulation
will be applied to determine key enzymatic mechasisand extended to elucidate microbial methylati@chan-
isms identified by advanced genomic techniquessé@lstudies will help in understanding the oxidatieduction
and methylation-demethylation transformations ttetermine the fate of Hg in sediment-water envirents.
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Site Biogeochemical Processes and Microcosm Studies (Hg SFA at ORNL)
ORNL SFA (Laboratory Research Manager: Liyuan Ljang

S.C. Brooks (PI), G.R. Southworth, X. Yin, A. Biswas, C. Miller, D. Elias, M.M. DrakeMb3her—
ORNL

Site investigation and geochemical modeling provide key information on majorcethepecies and
microbial communities involved in mercury (Hg) biogeochemical transfoomsin water and sediment
along a longitudinal transect of East Fork Poplar Creek (EFPC).

Site investigations and source characterizatidbatal Hg concentrations decrease while MeHg con-
centrations increase with increasing downstream distance. Great@®0&teof the Hg in streambanks,
streambed sediments, gravel, and biofilms is extracted only with reyatiggtessive chemical extrac-
tants (12 M HNQ, aqua regia). The majority of the MeHg is associated with biofilm or suspended solids
becoming more pronounced with increasing distance downstream. In the upper reachegektHg cr
concentration increases with sediment depth; dissolved Hg(0) approachesmseatuthtmetallic Hg.
Surface water rapidly exchanges water with the hyporheic zone to depihsm delivering a significant
load of Hg to the surface water of the creek (see below). Other geochemica¢igasaare indicative of
microbial activity — NG and SGF decrease, Mn increases, with increasing depth. Total sulfide concen-
tration ranged up to 100 pg/L while dissolved sulfide was less than 3 pg/L. Theseaesulinsistent
with an active sulfate-reducing community; sulfate reducers are dominaobesaesponsible for Hg
methylation. To the extent that dissolved sulfide plays an important role in Hg atethythe low dis-
solved sulfide concentrations may be one factor to explain why MeHg concentratiosssaetremain
low in the presence of the highest total and dissolved Hg concentrations in the creek

To better understand the role of buried metallic Hg as a contaminant source, stueliesnslected
to measure Hg dissolution. Water containing traces of residual chlorine contaetaiic mercury, as
could occur with the discharge of chlorinated cooling water or potable water |ezdity gccelerates
dissolution. The measured oxidative dissolution rate at the surface of an Hg bead inithaté resi-
dual chlorine was 0.5 ng/é, but increased to 17,000 ng/min the presence of residual chlorine
concentration typical of potable water.

Methylation bioassay using pure cultures of methylating bact@uétures oDesulfovibrio desulfu-
ricansND132 grown on a pyruvate/ fumarate media without sulfate were inoculated ints lootitain-
ing inorganic Hg or Hg plus Suwanee River NOM (SRNOM). Sacrificial saswpdge collected at vari-
ous times during the growth curve for quantification of MeHg, filter-passing (0.2apdotal Hg, Hg
sorbed to bottle walls, organic acids, and cell enumeration. ND132 incompletelyedxigizivate to
acetate and reduced fumarate with stoichiometric production of succinate. Metbylrymproduction
was not influenced by the presence of SRNOM at any sampling time. MeHg incireas&d058 pico-
grams MeHg per fells (pg/Mcell) at mid-log phase to 0.09 pg/Mcell at late stationary ptidsen
Hg or HQ-SRNOM was added at late stationary phase, MeHg production increas@d3%pg(Mcell).
No MeHg was produced from cell-free spent media harvested at this stagestgggtihat ND132 in this
stressed condition is a more active methylator.

Future efforts will includéesulfobulbus propionicu@dentified in our previous survey of multiple
local creeks and sites; see microbial study of the SFA) or related ssiate EFPC in experiments, and
targeted experiments to identify the role of sulfate reducers in MeHg productié®®@. E
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Mercury Methylation: Genes and Communities Involved in Hg Transformations
(Hg SFA at ORNL, Microbial Genetic Study Task)

ORNL SFA (Laboratory Research Manager: Liyuan Ljang

D.A. Elias (PI), T.A. Vishnivetskaya, J.D. Mosher, M.M Drake, S.D. Brown, C.C. BrandtBsoGks—
ORNL C.C. Gilmour,Smithsonian Environmental Research CenteM. Kucken, J.D. Wall-J. of
Missouri A.V. PalumboORNL

In microbial transformation and genetic studies, we have examined the genes ahdhtommun-
ities involved in mercury methylation in streams contaminated as a resufit@fgeaiations in the Y12
plant at Oak Ridge. In collaboration with the Field Task of the Hg SFA program, estigated Hg me-
thylating microbial communities by sampling and characterizing Hg-conttedis&reams and back-
ground sites. Water and sediment samples from transects of a methyladiog thee stream were charac-
terized geochemically. They were analyzed for the community complementrafongianisms using both
a functional gene array (FGA) and phylogenetically via 454 amplification and seugiehthe V4 re-
gion of 16S genes from the total community. We hypothesize that: (1) there isem dreattsity of genes
related to pollutants at the contaminated sites; (2) a lower overall phylagénetisity is present at
these sites, (3) some groups of microorganisms will correlate with areashawatted with Hg and/or
methylmercury (MeHg), and (4) specifically, the numbebDeftaproteobacterigthe group involved in
methylation) will positively correlate with MeHg concentrations. Analydgi60 samples as above re-
vealed pronounced phylogenetic and functional differences that appear to be reladsdnaldesnds.
Geochemical principal component analysis of several sites showed that onesare@regk, was sub-
stantially different due to the presence of U(VI) and nitrate, and this wasteefi@ the microbial com-
munity that was mostly devoid of Proteobacteria as determined by RDA. Viréliadifythe microbial
communities in the other five sites trended towards dissolved Hg. Further, suchlatioorof the 454
data with geochemistry at the phylum and genus level showed that some Hg methgeteria such as
Geobacterspp. do not correlate with either Hg or MeHg. However, both the Delta- and Epsiboen-P
bacteria, as well agerrucomicrobia all trended towards dissolved Hg, d»esulfobulbuspp. strongly
trended towards MeHg. This is significant in tBesulfobulbus proprionicus a known Hg methylator.
Hence, enrichment and isolation performed using proprionate and sulfate has resultee icuétyrer
that morphologically resembles this type strain. The metabolic and Hg ntethidamethylation charac-
teristics are currently being assessed. We are also designing a secoatiayeR&A with many known
mer gene sequences, along with consensus gPCR primers, for testing the presendeaotimeerB in
field samples.
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Fundamental Understanding of the Mechanisms and Geo  chemical Controls on
the Speciation and Transformation of Mercury

ORNL SFA (Laboratory Research Manager: Liyuan Ljang

B. Gu (PI), C. Miller, Y. Bian, G. Southworth, H.V. Guo, X. Yin, W. Don®RNL
K. Kemner,ANL; K. Nagy,U. of Chicagg H. Zhang,Tennessee Tech.
J. Schaefer, F. MorelRrinceton U; L. Liang, ORNL

As part of the ORNL Science Focus Area (SFA), this research is aimed angmtdaunderstanding
of the mechanisms and geochemical controls on the speciation and transformatioruo€ negréig(ll),
elemental Hg(0), and methylmercury (&4") at the Upper East Fork Poplar Creek (UEFPC) site in
Oak Ridge, Tennessee. Our initial focus is centered on the effects of pat@ndtdissolved organic
matter (DOM), which have been shown to play a dominant role in the complexation, redoxrghemist
reactivity, and transformation of mercury and €l in aquatic systems.

Using a modified ion exchange technique and geochemical speciation modeling, we shevethat
at relatively low concentrations (< 3 mg/L), DOM determines Hg(ll) spieei at equilibrium by form-
ing strong Hg-DOM or CkHg-DOM complexes through the reactive sulfur or thiol functional groups in
DOM. Studies using reducible Hg(ll) titration ang; €olid-phase extractions on waters collected from
UEFPC and simulated DOM solutions demonstrate that the interaction of HgKlIP®M is kinetically
hindered. The strength and reactivity of the Hg(ll)-NOM complex also changeraeeiThe high frac-
tion of reducible Hg(ll) (Hg) (>90%) at the headwaters of UEFPC and the persistencezof lttge up-
per 2.5 km of the creek suggest that the slow formation of Hg(Il)-DOM complexapastant in the
geochemical cycling of mercury, and that equilibrium models cannot be assumed iting¢ldeccom-
plexation and speciation of Hg(ll) in this contaminated ecosystem. Furthermoressifithe effect of
DOM on the redox transformation of mercury reveal that reduced DOM, particiiarygh molecular
weight humic acid (HA), is capable of rapidly reducing the ionic Hg(ll) to elemhéig(0) under anae-
robic conditions. More importantly, the reduced humics are found to form strong compléxéry(a}
with an estimated partitioning coefficient up td hlL/g and a binding capacity up to 3.5 mmol Hg(0)/g
HA. These findings suggest that, apart from strong complexation between Hg(IPanhdHR)(0)-DOM
complexes are likely prevalent in anoxic sediments and water columns, and coastitoprtant yet
unexplored pool of Hg, which could potentially impact biological production of toxic methylngercur
and/or abiotic demethylation under such a reducing environment.

New findings of the nonequilibrium complexation between Hg(ll) and DOM in the EFPC and the
complexation between Hg(0) and DOM are significant, because both of these procekkgseatly in-
fluence the net methylation or demethylation process, which will be the subject ofurarsuidies. Our
future work will also attempt to elucidate detailed mechanisms of the comple®atough approaches
such as competitive ligand interactions, molecular simulation, and detailedtenhizedion of reduced
sulfur functional groups in DOM. Furthermore, we will study the interactions betiwgend particu-
lates, a process that could alter the partition and kinetics of Hg(ll)-DOM eatn and dynamics in
the EFPC ecosystem.
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Mercury Methylation: Genetic Determinants of Methyl mercury Production in the
Sulfate-reducing Bacterium Desulfovibrio desulfuricans ND132 (Hg SFA at ORNL,
Microbial Genetic Study Task)

ORNL SFA (Laboratory Research Manager: Liyuan Ljang

A.M. Kucken (PI),U. of Missourj C.C. Gilmour, SmithsoniaBnvironmental Research Certer
S.D. Brown, D. A. Elias-ORNL; S.D. Smith, U. of Missouri; A.V. Palumb®RNL
J.D. Wall,U. of Missouri

In mercury (Hg) contaminated soils and waters, anaerobic bacteria are relgpfmmstonverting Hg
to toxic and bioaccumulative methylmercury (MeHg). MeHg production has printeéy confirmed in
subsets of dissimilatory sulfate-reducing bacteria (DSRB), as svdisaimilatory iron-reducing bacteria
(DIRB). We have focused our attention on the anaerobic DS&dilfovibrio desulfuricansiD132.
This strain was chosen for its high methylation rate and phylogenetic siyitatite losDesulfovibrio
desulfuricand S, for which methylation pathways were partially defined (Choi et al. 1994)nSt
ND132 was isolated from estuarine mid-Chesapeake Bay bottom sediments whsvead MeHg pro-
duction rates are high. Methylmercury production by ND132 depends on Hg concentration and complex-
ation in the culture medium. Methylation rates by ND132 are strongly dependent on the Hdretince
and medium chemistry, but under optimal conditions in the absence of sulfide N132 can matioylate
30% of 10 ng/mLHgClduring batch culture growth. We found that small thiol ligands did not alter the
amount of MeHg produced by this organism. We propose to establish ND132 as a model organism for
mercury methylation and have characterized its physiology and establistmdvadlecular approaches
to determine potential genes involved in mercury methylation.

ND132 is an incomplete substrate oxidizer that utilizes a narrow range of electros aod@rccep-
tors for respiratory and fermentative growth. It is an estuarine, mesophaicismy with NaCl and pH
optima of 1% and 7.8, respectively. ND132 is one of only two mercury methylating selfaigng bac-
teria to have its genome sequenced, and we expect a finished genome from JGI witlintBs6 Tine
ND132 genome is comprised of 3478 candidate protein-encoding genes, 65.2% G+C, has a total size of
3.8Mb and is currently at 45 contigs. To elucidate the genes responsible for merdwtatoet we iso-
lated potential ND132 methyltransferase genes and transformed each into a natimgtsiyhin oDe-
sulfovibrio, and then measured MeHg production. This targeted approach has not yet identified a methy-
lase; therefore, we have initiated the creation of a random Tn5 transposon mutgniiiibran attaina-
ble goal of >5000 mutants. Currently, we have over 1300 individual mutants ready for aseago$on
mutants will be tested for lack of MeHg production, and a collection of nonmethylatitagis will be
sequenced for identification of gene interruptions. Development of a high-throughputicaisieantify
non-methylating clones is also under way.
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Molecular Structure and Dynamics of Mercury Biotran sformations
ORNL SFA (Laboratory Research Manager: Liyuan Ljang

A. Johs, ORNL; J.M. Parks (PI), H.-B. Guo—ORNL; L. Shi, PNNL, S.M. MilleCGF);
A.O. Summers, U. of Georgia; J.C. Smith, L. Liang—ORNL

As a part of the ORNL SFA, this study emphasizes subcellular processes, intladsigr of Hg(ll)
between specific enzyme components as well as enzyme-catalyzed raagtbresl in bacterial Hg re-
sistance and methylation. The initial focus has been on the biomolecular structsoduéind conforma-
tions of several key proteins and enzymes, which confer mercury resistancteiralibat impact mer-
cury speciation and bioavailability in the environment. The expression of mersigtanee genes in the
meroperon is controlled by the metalloregulator MerR at the level of transeriftreviousn vivo and
in vitro biochemical work showed that binding of Hg(ll) by MerR induces a significant coafimal
change that ultimately results in the transcription of the structural .giitfesugh structures exist for
several activated MerR-family regulators, no structure has been dsdrfor MerR or any non-
activated MerR-family protein. Small-angle X-ray scattering (SA¥n apo- and Hg(ll)-bound forms of
MerR in aqueous solution revealed that specific binding of Hg(ll) transform§e@®-from a flattened,
compact state into an elongated conformation that ultimately initiatesripgitgstby RNA polymerase.
Molecular dynamics (MD) simulations were performed on a homology model of MefiR-tégcharac-
terize the conformational dynamics of Hg(ll)-MerR. MD revealed largeliande interdomain motions
involving fluctuations on the nanosecond time scale. The nature of these motions sauggjests prop-
agating allosteric changes from the metal-binding site to the DNA-bindeng sit

The mercuric reductase MerA catalyzes the reduction of Hg(ll) to Hg(O). lBanomer of the MerA
homodimer consists of a catalytic core domain, a flexible linker, and an N-tedomain, NmerA,
which acquires Hg(ll) and transfers it to an active site in the core homodinmredtartion. Using SAXS
and molecular dynamics simulations, we have studied the structure and dynamicé ¢ lecidate
the role of its N-terminal domain.

Bacterial reduction of Hg(ll) can also occur distinct frorar operon activity by a dissimilatory re-
duction mechanism in metal-reducing bacteria sucdhasvanellaandGeobacter We hypothesize that
this process is linked to the activity of outer-membrane multiheme cytochrévedsave isolated and
purified the decaheme outer-membrane cytochrome OmcA3twewanellaneidensidviR-1 and de-
termined its solution structure by SAXS. Neutron reflectometry revealedetsction with hematite
surfaces, where it assembles into a monomolecular layer. We have also obtayeliffxaction data of
OmcA to a resolution of 2.6 Angstrom. Reduction experimentgro have shown evidence for a direct
electron transfer between Hg(ll) and OmcA. Ongoing studies focus on the Hd(it}ice capacity of
OmcAin vivo.

Future efforts of this SFA Task will address atomic and subcellular meclsaravant to mercury
biotransformation using structural biology and computer simulations. This work alilépnacromole-
cular dynamics, enzyme reaction pathways, and mechanisms of intracellidarymeansfer to gain a
fundamental understanding of biomolecular processes impacting mercuryispeciat
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Specific Uptake of Hg-thiol Complexes in  Geobacter Sulfurreducens as
Compared to Desulfovibrio Desulfuricans ND132

ORNL SFA (Laboratory Research Manager: Liyuan Ljang

J.K. Schaefer (Pl), S.S. Rock$rinceton U; B. Gu, L. Liang—ORNL,
F.M.M. Morel, Princeton U.

One key factor controlling the production and accumulation of methylmercury in envirtsrsech
as the East Fork Poplar Creek (EFPC) ecosystem at the US DOE Oak Bs#geaRon, is the species of
Hg(ll) available for uptake by methylating bacteria. Little is known aboutrésehanism of Hg(ll) up-
take and methylation in bacteria; however, Hg(ll) uptake studiesG@atbacter sulfurreducerssiggest
the involvement of an unknown facilitated transport mechanism of Hg(ll)-thiolespdat has greater
substrate specificity than observed in the sulfate-reducing bact®@esulfovibrio desulfuricans
ND132. In short-term washed cell assayssulfurreducenslisplayed enhanced Hg(ll) uptake and me-
thylation rates of specific Hg-thiol complexes (e.g. Hg-cysteine) at tbrmentrations found in the envi-
ronment. Cells were able to discriminate between related thiols (peniodamnd cysteine), which vary
only on the thiol carbon chain, as observed by the lack of Hg(ll) uptake and methylation of Hg-
penicillamine complexes. In contrast, changes to the amino group of cysteine, suceras\td (e.g.
thioglycolate) or changes in chirality (L- vs D-form), did not appear to affgfl) methylation. Similar
to G. sulfurreducenghe sulfate-reducing bacteriuDesulfovibrio desulfuricanslD132, showed a
modest increase in the Hg(ll) methylation rate in the presence of cystkitieerto no-thiol or sulfide-
added controls. However, the uptake and methylation of these Hg-thiol complexeisstheckpecificity
displayed byG. sulfurreducendg~or instance, similar Hg(ll) methylation rates were observed regardle
of the thiol added (glutathione, penicillamine, or cysteine). These data suggesfatiitated uptake
mechanism for Hg(ll)-thiol complexes is present in both sulfate- and ironingdo@cteria, but with
quite different patterns of specificity. As part of the collaborative rebemith the Science Focus Area
(SFA) of the Oak Ridge National Laboratory, our future plan will attempt to dietertine specific
Hg(ll) species that are involved in bacterial uptake, and elucidate possithamsn(s) of methylation
by G. sulfurreducenandDesulfovibrio desulfuricansiD132.
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Role of Microenvironments and Transition Zones in S ubsurface Reactive
Contaminant Transport: The PNNL SFA

PNNL SFA (Laboratory Research Manager: Harvey Bglto

J. Zachara (PI), J. Fredrickson, H. Bolton, Jr., D. BaeNNL S. BrooksORNL; S. Conradsor,ANL,
J. DavisUSGS A. Felmy,PNNL; S. FendorfStanford U, K. Kemner, ANL; R. Knight,U. of Coloradog
A. Konopka, M. Lipton, C. LiuPNNL F. Loeffler,U. of Tennessee/ORNM. Marshall,PNNL, D.
Richardsonl. of East Anglia (UK)E. RodenU. of WisconsinK. RossoPNNL; D. Saffarini,U. of
Wisconsin

T. Scheibe, L. Shi-RPNNL R. VersteegINL; A. Ward,PNNL; B. Wood,Oregon State U.

The PNNL Scientific Focus Area (SFA) is investigating criticahtéad and basic subsurface
science issues through integrated, multidisciplinary, science-theme foegsadch on the role of mi-
croenvironments and transition zones in the reactive transport of technetiyrar@hium (U), and plu-
tonium (Pu). The long-term goals of the SFA are to develop: (1) an integrated conoeytabfor mi-
crobial ecology in the Hanford subsurface and its influence on contaminant mitigajiarfu0damental
understanding of chemical reaction, biotransformation, and physical transport saoasscroenvi-
ronments and transition zones; and (3) quantitative biogeochemical reactipetramsdels for Tc, U,
and Pu that integrate multiprocess coupling at different spatial scalesldesdale application. The SFA
builds on established areas of PNNL expertise in geochemistry, microbiology, arstateiiinodeling.
The SFA consists of approximately 15 PNNL investigators and 12 external collabavitoexpertise
in: (1) microbial ecology, (2) molecular scale mechanisms of microbiologicenthgmical processes,
(3) pore-scale experimentation and modeling, (4) reactive transport sciencalt(&ate reactive trans-
port models, and (6) characterizimgsitu subsurface structures and reactive transport properties. Cohe-
siveness and integration will be achieved by focus on Hanford-relevant contasteaatios and three
scientific themes: biogeochemical electron-transfer mechanisms, qgadesrsactive transport and upscal-
ing; and microbial ecology and field-scale biogeochemistry. The SFA stt@ggly on the Environmen-
tal Molecular Sciences Laboratory (EMSL) for fundamental science capmbdnd the Hanford Inte-
grated Field Research Challenge (IFRC) site as an essential locatgamiples, conceptual model de-
velopment, down-hole biogeochemistry studies, and the evaluation of up-scaling bppraad integra-
tive models. The IFRC site and its associated environment in Hanford’s 300A contgtipge transi-
tion zones that are the focus of current and future research, including: (1) a dradwtimterface, (2)

a fluctuating water table, (3) a spatially dynamic zone of groundwatermixarg within the aquifer,
and (4) a hyporheic zone where groundwaters discharge to surface water.
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Plutonium Speciation in Hanford Sediments and Redox
Transformations Induced by Fe(ll)

PNNL SFA (Laboratory Research Manager: Harvey Bylto
A.R. Felmy (PI)PNNL; S. D. Conradsor,ANL

This project focuses on the identification of the changes in the chemical form of pluiGupat
different locations and with depth in the sediments at the Hanford site and how thesmkfems are
altered in response to changes in redox conditions. The overall objective is to pro\sdére lud
knowledge on Pu contamination, reactivity, and the potential for future subsurfaegianigSpecific ac-
tivities include: (1) obtaining and archiving samples from field studies of Purimraion at Hanford,
(2) detailed molecular-level characterization of the chemical form of Peisediments, and (3) expe-
rimental laboratory studies of the transformations of these different cidarita in response to
changes in redox conditions that could occur at the site.

Sediment samples from two different disposal locations (Z-9 and Z-12 cribs) arfdradion of
depth have been obtained and archived from the Hanford 200 west area. XAFS charantefitadse
materials shows that the surface sediments at the Z-9 disposal site ardetbinyrihe presence of
PuQ,.x which was either formed by contact of the acidic waste solutions with the sexloneivtectly
disposed from Z-plant operations. However, as Pu migrated deep into the subsurfacenitted fren
of Pu changed, and no longer shows the characteristic Pu-O or Pu-Pu distanceristiaratteuQ..,
although the XANES still shows Pu is present as Pu(lV). The surface seslahéime Z-12 disposal site,
which did not receive the same acidic waste, also does not show the presencg.dsflaéd, Pu ap-
pears to be present as Pu(lV) but either in monomeric form or as very disordered saicsirita there
is no Pu-Pu backscatter in the XAFS. Samples of these materials are undingberg<AFS analysis.
In addition, sediment samples from the deep subsurface have been sent to our collaidriakirsand
elsewhere for analysis by NanoSIMS and other methods, to gain further insight irttertiieat specia-
tion of Pu. Studies have also been initiated on the redox transformation of ®Rit® Fe(ll), focusing on
the influence of the iron reaction products. Specifically, we are examining the sharnj€). solubili-
ty influenced by the formation of aqueous Fe(lll), ferrihydrite, goethite, and hembhitraveling the in-
fluence of redox processes will be the key to determining the potential for Pu solidgrhabdization
into groundwaters.
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Biogeochemical Activities and Microbial Community D iversity Associated with
Hanford 300 Area Subsurface Sediments

PNNL SFA (Laboratory Research Manager: Harvey Bglto

J. Lee (PI), X. Lin, D. Kennedy, A. Pymale, A. Kgia, R. Kukkadapu, J. Zachara, and J. FredrickdoRNL;
K. Kemner, S. Heald-ANL

Borehole sediments from the Hanford Integrated Field Challenge (IFRGyesie collected during
well installation (August 2008) to probe potential biogeochemical reactions imgpacintaminant beha-
vior. The samples included Hanford formation gravels and fine-grained sedineenthé& Ringold For-
mation Unit E. In the Hanford 300 Area subsurface, there is a sharp redox transitionhveitliriret
grained Ringold indicated by a color change from tan to blue-green and an associatseé incaeid-
extractable Fe(ll). Three sediment composites (Hanford <5 mm fraction, Ringdidealkiand Ringold
reduced) were used for characterization and microcosm experiments. E&adepbor utilization was
evaluated by incubating subsurface sediments in synthetic groundwater (SGWaatedrbased on
Hanford 300 Area groundwater chemistry, and an organic carbon mixture.

Hanford formation sediment was incubated with sulfate (0.63 mM) and without. Biogeniedass r
tion was faster with sulfate than without, suggesting that Fe(lll) rexuatas facilitated by abiotic reac-
tion with biogenic sulfide. The heat-treated sediments did not show any obvious Feoredithér with
or without sulfate. Ringold oxidized and reduced sediments did not exhibit Fe or sulfateoredader
the specific experimental conditions. Sulfate was reduced in Hanford sediment, asdirtiens
associated sulfide accounted for 63% of the initial sulfate-sulfur. Mossbauesianedg used to charac-
terize iron phases associated with Hanford formation sediments before andoaéeéudtion in the pres-
ence or absence of sulfate. Changes in the spectra following bioreduction wererslibttBcative of a
minor decrease in an oxide component. Nitrate was also reduced in all three sedilineihist different
rates. The reduction of U(VI) and Tc(VIl) were also investigated in Hanfalicheat microcosms. Mi-
crobial U(VI) reduction was observed in the Hanford formation sediments both with dedinstlfate,
while Ringold oxidized and Ringold reduced sediments showed adsorption of U(VI), but not obvious mi-
crobial reduction. From a series of microcosm incubations with U(VI), micraddailction was not ob-
served above a concentration of 1&0 U(VI), while the lower concentrations of 20 and @@ U(VI)
were reduced in Hanford formation sediments regardless of organic carbon sgimaithibugh at dif-
ferent rates. There was no detectable Tc(VIl) reduction in Ringold oxidized sedmhde Tc(VII) was
reduced to Tc(IV) in the organic carbon-stimulated Hanford formation sedimertechretate reduc-
tion experiments using the bioreduced Hanford formation sediments were conducted to predexthe
reactivity of the bioreduced sediments. The reduction rates of Tc(VIl) ircteath increasing sediment
mass [i.e., Fe(ll)] concentrations. In general, sediments exhibiting sulfate@dhiirEduction exhibited
slightly higher rates of Tc(VII) reduction compared to those where only Feil)reduced. It is current-
ly unclear whether sulfides are directly contributing to Tc(VIl) reduction.

Dissimilatory sulfite reductasel¢r) genes were detected by PCR of DNA extracted from bioreduced
Hanford formation sediments (104 @)lostridia andp-proteobacteriavere commonly detected phylo-
types while sulfate-reducing and sulfur-disproportionating were also réyagivendant in the sediment
incubated with sulfateSymbiobacteriumvas common in the sediment incubated without sulféte.
Proteobacteria were also more common is microcosms without sBfaeacterandDesulfuromonas
were both detected.

In summary, the reduction of nitrate, native Fe(lll) and sulfate were reédilylated in Hanford
formation sediments while only nitrate was reduced in Ringold sediment micrcbsase terminal
electron accepting processes along with the capacity for U(VI) and Tcédlirtion were consistent
with the microbial community phylotypes determined by cultivation-independent segoased analys-
es. Additional laboratory and field investigations are under way to evaluatettine aad reactivity of
Fe(ll) in bioreduced sediments and thesitu microbial activities and community structure across the
Hanford-Ringold redox transition zone.
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Proteome Analyses of Subsurface Microbial Systems
PNNL SFA (Laboratory Research Manager: Harvey Bylto
Mary S. Lipton (PI), H. Zhang, M.J. MarshalPNNL

Proteomic characterization represents a powerful technology to eludidatdeévant biological
processes when microbes and the communities they live in interact with megahicamits in Hanford
subsurface sediment and groundwater. In-depth proteomic characterizationntycbhemmpered by sev-
eral factors including:( a) the lack of genomic sequence from indigenous soil and gatemcymmuni-
ties, (b) the potential diversity and heterogeneity within communities atefitfdepths of the Hanford
strata, and (c) the lack of relevant environmental isolates from the thes&isaTo overcome these
barriers, we focused on studies with defined systems to build a biological knowledde bharacterize
the microbial function(s) important to biogeochemical processes at the sitésdfested new incuba-
tion, sample preparation, and sample handling methods that are necessary for theahsratiariza-
tion of the microbial communities from the soils and groundwater.

Laboratory culture conditions often poorly reflect the field, and hence the statésafraigr natural
conditions may be very different from those grown under laboratory conditions. Thus, biatogicia-
sions from laboratory conditions may be biased by this disconnect. We present a novelfooticept
development of am situ culture system using electron donor- or electron acceptor-infused biobeads and
a semi-permeable containment system housing axenic cultures of a model orgariasodia in an
apparatus that permits groundwater to permeate and flow through, while simultapeeustyting the
emigration and immigration from the containment system. Cultures would rebetnatural groundwa-
ter, site-relevant nutrients, temperatures, and gradients in redox chemteianticipate building a
prototype culture apparatus this next year, followed by laboratory and field tediinigoth media and
groundwater from the site, and ultimately installation onto the 300 Area well field.

c-Type cytochromes play a central role in microbial respiration and the el&crsfier reactions be-
tween microbes and minerals. These heme-containing proteins have remaimtabietta proteomic
characterization mainly because of inability to detect the post translatodiications and the poten-
tial low abundance of the heme-containing peptides. In an effort to overcome sese g developed
a novel enrichment technology that will selectively bind the iron in the heme. Qar stuidies have
shown that this technology selectively enriched for the heme containing peptidesnef @gechrome
spiked into a protein lysate from human plasma (one of the most complex protein mixidiess st
date). We plan to expand this technology to characterize putetyrpe cytochromes frorAnaeromyx-
obacter dehalogenarBCP-C. Genomic analysis of this model organism has shown genes predicted to
encode a wealth of multiheneceype cytochromes. One protein from this organism possesses 33 C-x-x-
C-H motifs that can serve as putative heme binding sites. While it is undietlven these motifs are
bound to heme, this protein represents an excellent opportunity to verify the effessivé our enrich-
ment technology. In conjunction with the Shi SFA project, we have expressed a recombmanittfos
protein for detection studies in complex protein mixtures. Future work will extend thsaapgo the
characterization of othertype cytochromes frolAnaeromyxobacteGeobacteyor other model organ-
isms isolated from groundwater or soils at the Hanford site.

Although the proteomic characterization of the microbial communities isolatextire Hanford site
is hindered by the lack of genomic sequence information, proteomic characterizasbactéd microbi-
al isolates can proceed using the genomic information of sequenced organismsrieat asghbors to
the isolates, as determined by 16S DNA analysis. In conjunction with the Konopka SFA prejed|
determine which genomes are candidates for genomic searches as well asgamsins for sequenc-
ing at the JGI. While this method is not ideal for the characterization of thesauadties) it will pro-
vide some baseline information about the biological processes representecomitiendy. Subsequent
studies will characterize the proteome of relevant Hanford isolates asdbeye available. To transi-
tion from groundwater to sediment communities, we have also developed novel methbdskirac-
tion of microbial proteins from soils after situlysis.
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Microscopic Reactive Transport and Its Effect on Sc ~ ale-Dependency of
Geochemical and Biogeochemical Reaction Rates in Su  bsurface Porous Media

PNNL SFA (Laboratory Research Manager: Harvey Bylto

C. Liu (P1), S. Kerisit, J. ZacharaPNNL R (Toby) Ewing, lowa State U.; B. Koc&tanford U,
P. Nico,LBNL; S. FendorfStanford U.

The objectives of this research are to: (1) characterize coupled massrttarsfport and geochemi-
cal/biogeochemical reactions in microenvironments within subsurface porous (2¢diaestigate the
effect of pore- and subpore- scale mass transfer/transport on the appaseamaédtes scale-dependency
of geochemical and biogeochemical reactions that control the fate and transpdet @neadionuc-
lide contaminants in heterogeneous porous media; and (3) derive scaling relationshipspoirt and
reaction parameters from the molecular to the pore, and from the pore to the contineanmguaous
media.

The scale-dependency of uranyl [U(VI)] desorption rates has been observed in arctethsedi-
ment containing intragrain U(VI) from Hanford 300A. The apparent rate constants Dfdeé@érption
from the sediment varied over three orders of magnitude, as estimated using@ocsntcale, macros-
copic reactive transport model from the measured effluent chemical compositgtineed flow-cell,
small column, and large column systems. Pore-scale investigation usingoxa@yraphy showed a
complex heterogeneous structure of pore size, geometry, and connectivity in the caligms sgven in
the column with the ideal macroscopic transport behavior of nonreactive tracatscé&Boltzmann
(LB) model was developed to evaluate the effect of pore-scale heterogemaagfransfer/transport
processes on the scale-dependency of U(VI) desorption rates. The LB pore-scalwasan®istructed
based on the macroscopic properties (i.e., porosity, dispersivity, and grain-Sibetiis) and x-ray
tomography measurements of pore structure and grain orientations in the colums.systegrain-
scale kinetics of U(VI) desorption determined from the stirred flow-cetesy was explicitly incorpo-
rated in the LB model to investigate its kinetic manifestation in the colunensysGrain-scale U(VI)
desorption kinetics resulted from the coupling of intragrain diffusive masseramsl local equilibrium
surface complexation reactions. Simulations using the pore-scale model shoviied thataveraged
effluent chemical composition in the column systems primarily reflectedjtreoas chemical composi-
tion in the faster pore-velocity domains, while desorption occurred preferemisily slower pore-
velocity domains, where there was a higher solid-surface-area to pore-valiondhe difference in
dissolved U(VI) concentrations between the higher and lower pore-velocity domawespire-scale
mass transport, leading to a complex coupling between the grain-scale desongtias kind pore-scale
mass transport. This pore-scale reactive mass transport was at tHeeknalthe macroscopic model
resolution, and consequently its kinetic effect was lumped into the reactidemateithin the macros-
copic reactive transport model, resulting in the scale dependency of the appareonsénts for U(VI)
desorption. Our results implied that such a pore-scale reactive mass trarispésoaffect the apparent
rates of other geochemical/ biogeochemical reactions in heterogeneous porousinaedomsequently
require a careful consideration in both experimental investigation and numena&ltsns in determin-
ing and extrapolating reaction rates.
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Microbial Community Structure, Diversity, and Heter otrophic Activity within the
Saturated Zone of the 300 Area, Hanford Site
PNNL SFA (Laboratory Research Manager: Harvey Bylto

X. Lin (P1), D. Kennedy, A. Plymale, J.-H. Lee, B. Bjornstad, J. Fredrickson, A. KonoBkiNk
R. Knight,U. of Colorado

Relatively little is known about the structure and function of subsurface micoaprathunities at
DOE’s Hanford Site, particularly in the sensitive Columbia River near-ghieonments. Characteri-
zation of microbial biomass and activity, potential functionality, and phylogeng#csdy is a first ele-
ment in developing conceptual and mechanistic models of how the microbial communitynmpigtit
the fate and transport of mobile contaminants such as U(VI) and Tc(VII). We hypetimegartant roles
for sediment physical (e.g., pore-size distribution, permeability) and chemigaldrganic matter con-
tent, electron acceptor type and availability) properties in structuringlmdicommunity composition.

One important effort has been the detailed analysis of 21 sediment samplesecepovearily from
well 399-2-25, a well drilled down to the basalt (52 m bgs), hence encompassing thedsaturatand
basalt flow-top beneath the 300 Area. To assess phylogenetic diversity, wedrd&@000 bacterial and
archaeal near-full length1l6S rRNA gene sequences across geologicahstrataluded the transition
from unsaturated vadose zone to the saturated sediment (“smear” zone), the ogigremaesl Hanford
formation, fine-grained oxic, and reduced Ringold Formation sediments. We detectettd 233 a
unique bacterial and archaeal operational taxonomic units (defined as >97% sequence hadvtielogy
crobial community structure and richness varied substantially across therdifjeological strata. A
high beta diversity was found in this subsurface, with a distance-decay halvargdist 5.4 m. Bac-
terial OTU richness was highest (>700) in the smear zone and the upper Hanforcfgraratideclined
to about 120 at the bottom of the Hanford formation. Just above the Ringold oxic-reducing interface
richness was about 325 and dramatically declined to less than 50 in the deeper reduced zbaes. The
terial community in the oxic Hanford and Ringold formations contained members of ninewaljor
recognized phyla, as well as unusually high proportions of three poorly charactendetht=adivisions
(GAL15, NC10, and SPAM). The deeper strata had ca. P@%eobacteriawith substantive differences
in specific OTUs between samples. The presence of specific phylotypesatipadepths was identi-
fied. The smear zone within seasonal fluctuating water table depths containedvese phylotypes
belonging tax-proteobacteraBacteroidetesandActinobacteriathan other depths. Microbial communi-
ties from 1 m below the smear zone contained higher proportions of candidate division N@tidand
bacteria The oxic Ringold sediments harbored the broadest set of divisions and were dominited by
trospirag GAL15, andChloroflexi The upper reduced Ringold sediments contained a higher relative ab-
undance of putative denitrifier®chrobactrum anthropandAchromobacter xylosoxidanthan any oth-
er depth. Distinct archaeal OTUs were also found to reside at different sithta dominance of
Thaumarchaeot& the Hanford formation and oxic Ringold.

Phylogenetic analysis suggested that the microbial community in the sa&izwmatewas primarily
organotrophic. Bacterial heterotrophic activity was assess#d-bgucine assimilation; microbial activi-
ty was about three times higher in the oxic Ringold sediment than in the upper HanforttbforBiaas-
say experiments amended with combinations of ammonia, phosphate, and organic carbon ihdicated t
organic carbon limited microbial activity in the saturated zone.

In summary, ecological analyses emphasize elevated microbial divardigubstantial heterotrophic
activity in the transition zone (vadose/saturated and Ringold oxic/reduced), whibk wifocus for fu-
ture work to determine if microbial redox cycling operates in this region. Tilg bas greatly expanded
the intralineage phylogenetic diversity within some major microbial dingsi Furthermore, these sub-
surface sediments contained substantial proportions of novel microbes (only 6% oabadtes were
closely related to cultivated bacteria). The prevalence of novel lineagegh aelative abundance pro-
vides unique opportunities to relate their physiological ecology to the geocheamdtsgdiment mine-
ralogy of the distinct strata in which they occur.
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Visualization of Hydrated Bacterial Structures by Co mplementary
Electron Microscopy Techniques

PNNL SFA (Laboratory Research Manager: Harvey Bylto
M.J. Marshall (PI), A.C. Dohnalkova, B.W. Arey, J.K. FredricksdPNNL, K.H. Williams, LBNL

Electron microscopy (EM) -based imaging and analyses provide excelleid t@tatudying how mi-
crobes interact with minerals in the environment. Conventional EM sample praciessudes dehydra-
tion as a prerequisite for imaging in a vacuum-based EM. This process can caus#ialibitastruc-
tural damage, due to the constriction of delicate structures such as membranes, uindately disrupt
the true interaction with mineral surfaces, consequently leading to inaccuesfgetations. In an effort
to minimize these artifacts, we have used cryogenic (cryo) sample prepamathich cells are flash-
frozen in amorphous (vitrified) ice. The preparation of frozen-hydrated saus@e emerging method
for visualizing a biological material in its closest-to-natural, fullgiayed state, since these can be gen-
erated and visualized entirely in vitreous ice without dehydration stepsiedtsdimples can be prepared
for both cryo-transmission and scanning EM (cryoTEM and cryoSEM, respectively)

Recently, we reported that a highly hydrated extracellular polymeric subgEPSE produced by
dissimilatory metal-reducing bacteria (DMRB) has been observed to bind (cate)alascent nanopar-
ticles of reduced uranium (i.e., uraninite, U(I\\))OIn Shewanella oneidensMR-1, the UQ-EPS was
found to contain polysaccharide, two outer membratype cytochromes (OMCs)volved in U(VI) re-
duction, and other integral OM proteins. Although the discovery gfEERS could have major implica-
tions on the fate and transport of U in subsurface waters, the massive collapseludtERES observed
during conventional EM preparations proved problematic in understanding the true sifamdutiee po-
tential importance) of EPS during the bioremediation of U(VI). Therefore, a bederstanding of the
EPS produced bghewanellaAnaeromyxobacteland other DMRB may provide insight into other
processes, including electron-transfer mechanisms between microbes aradsisnieh as iron and
manganese (hydr)oxides.

Here we present a novel, interrelated approach of both cryo- and traditional EENBSIucidate
the high-resolution, close-to-natural, hydrated state interactions of ba&B6 with metals, radionuc-
lides, or even other bacteria. We investigated the correlated use of crySEEMYs an enhanced visua-
lization method for the fully hydrated, fine-scale interactionSlw#wanellacells and EPS associated
with the newly formed biomineral phases. Samples were imaged in their hydedéedrst directly cor-
related with images from identical samples subjected to dehydration and drgingppnnaging. Our
methodology also produced extremely accurate measurements of the region exteeaetl mem-
brane: the location of the electron-transfer proteins essential for neiiation. We also employed cryo-
and traditional SEM to visualize a mature biofilm produced during biostimulationtiastiat DOE’s In-
tegrated Field Research Challenge (IFRC) site near Rifle, CO, to deaterib& applicability of these
techniques with natural biofilms present duringitu biostimulation activities. Our observations with
field-relevantbiofilms may influence how we perceive a microenvironment such as the porél@wale
of subsurface waters through soils at contaminated field sites.

This research was performed at the Environmental Molecular SciencesdapEMISL), a nation-
al scientific user facility sponsored by the U.S. Department of Energy’s ' @OHice of Biological and
Environmental Research (OBER) and located at Pacific Northwest Ndtemaratory (PNNL). Finan-
cial support was provided through an EMSL Research and Capability Development Proposal
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Reactions of Tc with Fe(ll) and O , in Hanford Redox-Sensitive Sediments
PNNL SFA (Laboratory Research Manager: Harvey Bylto

T. Peretyazhko (PI), J. Zachara, R. Kukkadapu, C. Liu, T. Resch, A. Plymale—PNNL;
S. Heald, ANL

Technetium-99%Tc) is a fission product of uranium-235 and plutonium-239, and has been intro-
duced into the Hanford site mainly as a result of disposal of spent nuclear fuel andsenlealkage.
Under oxic conditions, Tc exists as the pertechnetate anion, JVedch is weakly sorbed. Because of
its mobility and long half-life ¢,=2.13-10 years), Tc is a high-risk contaminant with a potential to mi-
grate to the Columbia River. The reduced form of technetium, Tc(lV), is stable irc @mwionments,
and often forms a sparingly soluble precipitate #06,0. Therefore, Tc redox transformations are cru-
cial in controlling its migration in subsurface environments. The objectivessoPMNL SFA research
are to (1) investigate abiotic electron-transfer reactions of £@n@ Tc in mineralogically heterogene-
ous sediment obtained from a subsurface redox transition zone, including their reactiors od kst
netics; (2) identify the reactive ferrous mineral forms and associateitbreaetworks that control sedi-
ment reduction and/or oxidation; and (3) formulate rate expressions for describing thapotealti-
component redox reaction network.

Technetium(VIl) reaction experiments were performed with anoxic sedimetésted| from Han-
ford’s unconfined aquifer (~18 to 55 m bgs) within the Columbia River corridor. Wet cheXvicay
diffraction, Méssbauer, X-ray absorption and electron microscopy measureneeatsesformed to
identify the ferrous minerals that might control Tc(VIl) reduction. The reseMsaled complex Fe(ll)
mineralogy, including Fe(ll)-smectites, pyrites, magnetites, ancusillentified Fe(ll) discrete phases.
Batch experiments with 10 uM Tc(VIl) and six different sediments demonstrateallthaoxic sedi-
ments reduce Tc(VII), but at different rates. All Tc(VII) was reduced t&/y@nd immobilized as
TcO,-nH,O. The residual Tc(lV)-containing sediment suspensions were used in stirregdictars to
study their reaction with dissolved.@ngoing experiments reveal that ©acts preferentially [over
Tc(IV)], albeit slowly, with sediment Fe(ll). Effluent Tc solution is at a naolamconcentration level
and consists of Tc(VII) and up to 5% Tc(lV). The data suggest that both nonoxidative and exigativ
solution of TcQ-nHO occur. Post-reaction solids will be characterized for Fe by x-ray absorption and
Mossbauer spectroscopy, and Tc by EXAFS spectroscopy. Kinetic models under developaondog de
the observed redox reactions between the various valence states and minermaf Tarnfe, and ©
present in this system, with an ultimate goal of predicting Tc behavior in Hanfofdraspdiments.

Abstracts 175



Mapping the Iron-Binding Site on the Small Tetrahem e Cytochrome:
Implications of Soluble Iron Reduction in Shewanella oneidensis MR-1

PNNL SFA (Laboratory Research Manager: Harvey Bylto
Y. Qian (PI), J. Kubicki, M. Tien-Renn State U.

Shewanella oneidensiR-1 has the metabolic capacity to grow anaerobically under Fe(lll)-
reducing conditions, in which it produces a variety of periplasfmype cytochromes that are thought to
be involved in the Fe(lll) respiratory process. Among those is the small tegatygochrome (SoSTC)
with unknown physiological role, although its homologous form f&imewanalla frigidimarindas been
shown to participate in iron respiration. In this work, biochemical studies were cahtluctearacterize
the iron-binding affinities and identify the iron-binding site on SoSTC. SoSTC has beesldgously
expressed iEscherichia colicontaining heme maturation genes. We use Isothermal Titration Calorime-
try (ITC) to measure binding affinities between purified recombinant SoST Caainals Fe (II)-
chelates, including Fe (II)-EDTAFe (lll)-NTA", and Fe (lll)-Citrate. The ITC measurements demon-
strate that SoSTC has a preferential binding with Fe (l11)-EDTA and }-B(TIA, with dissociation con-
stant (Ky) around 2 uM over Fe(lll)-Citrate withgdarger than 1 mM. The iron-binding constants have
also been quantitated by iron-dependent transient kinetics using stopped flow. BothaldiCements
and transient kinetics have shown comparable binding affinity values. Intekgdtiege is little binding
between SoSTC with NTA alone, suggesting that the binding event occurred betw8ef i@ and
Fe(Il)-NTA complex. In contrast with ferric species, ferrous chelates bhown about 10-100 times
less binding affinity with SoSTC.

The surface charge of SoSTC is predominantly negéteses et al.), and thermodynamic characteri-
zation of each heme reveals that Heme | serves as the electron entritflghtawe 1V as the electron ex-
it (Paquete et al.). Assuming SoSTC binding with the charged iron complex, we propose tbat the i
binding site should consist of charged amino acids.Through chemical modification of anuips gnd
carboxyl groups on SoStc, using 2,4,6-trinitrobenzenesulfonic acid (TNBS) and 1-ethyl-3-[3
(dimethylamino)propyl] carbodiimide (EDC), respectively, we have found that Sa®t carboxyl resi-
dues modified to amine groups shows no binding with Fe(lll)-EDTA by ITC measurememeo\dr,
the second-order rate constant of carboxyl-group modified SoSTC, when readtifigWil)-EDTA,
was retarded 50 fold. Carboxyl-group scanning studies were used to probe the putativedirgnsitie
by site-directed mutagenesis of glutamate and aspartate on SoStc. ITC and stepped then used
to characterize the binding between SoStc purified from each mutant with FEETA. SoStc (D79N)
shows no binding with Fe(lll)-EDTA measured from calorimetric measuremEmesimparity of the
binding of SoSTC (D79N) with Fe (lll)-EDTA was further confirmed by transieatedtinetics of re-
duced SoSTC (D79N) reacting with Fe (Ill)-EDTA, which demonstrates an apprexi®dbld decrease
in second-order rate constant. Thus, we suggest thatidapvolved in iron binding on SoSTC.

It has been shown that soluble iron reduction mostly occurs in the peripl&mmidensiMR-1
(Ruebush et al). With biochemical characterization of periplasm-localizefCSoi&ding with iron che-
lates, we are able to probe the critical amino acid involved in iron binding. This findinbetp eluci-
date the physiological role of SOSTC in iron respiration, as well as the solubledhaction process of
S. oneidensiMR-1.

* EDTA: ethylenediaminetetraacetic acid; NTA: rltitriacetic acid.
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Rates and Mechanisms of Heterogeneous Pertechnetate Reduction by
Mixed Valent Iron Oxides

PNNL SFA (Laboratory Research Manager: Harvey Bylto

K.M. Rosso (PI), C.I. Pearce, O. Qafoku, J. Liu, T. Droubay, T. PeretyazZhkiNL
E. Arenholz ALS-LBNL, S. Heald, ANL; A.R. Felmy?NNL

Sediments at the Hanford Site contain significatdltFe, of which a large percentage exists irr¢laetive ferr-
ous state. The Fe(Il) component in part arisekérfarm of magnetites crystallized within the bsaource ma-
terial that are present in the sediments, botlubkegiral to euhedral micron-sized free crystalrgraind as mineral
components of basaltic lithic fragments. These matitgs naturally contain variable amounts of impesiin the
form of isostructural alio- and isovalent metal stitiations. Ti is a dominant constituent, and thsuiting metal
oxide can therefore be described with the titanamatite formula Fg,Ti,O,, which falls between endmember mag-
netite & = 0) and ulvospinel= 1). In the absence of surface passivation, Fb@§ring minerals such as these have
been shown to be redox-active polyvalent metal ctdhis. At Hanford, it has been speculated thah gnéerfaces
of such minerals are reducing microenvironmentseeiglly if oxygen is scavenged by associated oxyge
consuming mineral reactions or by microbial acyividf particular importance in this regard is tivaitability of
electron equivalents for metal reduction by thdllr@fineral phases. Titanomagnetites have the feahat substi-
tution of Ti(IV) into the metal sublattice is chargompensated by a proportional increase in thi) Eehtent. This
built-in natural "tunability” of the Fe(ll)/Fe(llljatio in principle adjusts the reducing capacityhe solid, and is
therefore central to its redox reactivity with respto contaminant reduction. This project has Heeused on de-
veloping a molecular-level understanding of ratetaaling factors in the heterogeneous reductiopertechnetate
by such phases, including surface oxidation, pasisiv, and Fe(ll) resupply towards improved preahidity of the
reducing potential in Hanford-specific microenvinoents.

Using EMSL facilities, we developed successful paires to synthesize compositionally controllegl,FgO,
(1) bulk powders; (2) nanopatrticles to provide ghrsurface area pristine material compatible witimglementary
batch studies; and (3) thin films to provide crilegraphically oriented well-defined surfaces fatailed characte-
rization. The Fe(ll), total Fe, and total Ti corttefithe nanoparticle samples was determined hy @igiestion, fol-
lowed by a combined ferrozine assay/ICP-MS appro@bhracterization also involvéd situ XRD, Mossbauer
spectroscopy, XANES/EXAFS, amx situtechniques such as TEM, XPS, and XMCD. This aitalsuite enabled
analysis of the Fe(ll)/Fe(lll) ratio both in thelbmineral and in the upper few nanometers of titase before and
after reaction with pertechnetate solution. It gdsovided information on local coordination, boridtances, and
magnetic ordering, allowing discrimination of diat possible reactive pools of ferrous iron, idahg octahedral
and tetrahedral structural Fe(ll) in the lattioesbed Fe(ll), and Fe(ll) in other discrete phases.

Nanoparticle titanomagnetite was found to acceptsgiral Ti(V) into the octahedral metal sublagtiwith con-
comitant increases in lattice Fe(ll) content up £00.35; higher values up to= 0.6 yield discrete amorphous
Fe(I)/Ti(IV) phases on particle exteriors. Sporgans Fe(ll) release from the solid into solutiotréases in extent
systematically with both Ti-content and decreagibig At pH 8, where Fe(ll) release franx 0 (magnetite) is mi-
nimal, Fe(ll) release kinetics display a fast alitncrease followed by slower reabsorption of Fefgjuivalents

back into the lattice for EgTi,O, compositions at or below= 0.35. Reaction with 10 and 30 mM Tc(VIl) solution
yields fast exponentially decaying reduction kiogtivith rates that increase with increasing Ti-eahtFrom the
reaction extent, both solubilized Fe(ll) and latie(ll) are found to participate in Tc(VIl) redact, although not

all lattice Fe(ll) is accessed. Beyond residuahtitmagnetite, no crystalline reaction products wietected. In pre-
liminary studies, Tc(VIl) was also found to be eiintly reduced by oriented thin films of compagitk = O but not
by analogousx = 1 films due to more facile passivation of thiedaby pre-oxidation. The collective measurements
point to a picture of condition-sensitive dynanicieange of reducing equivalents between bulk fe(Il), more
accessible surface-associated Fe(ll), and solebliliz(Il) that is dictated by the chemical potdmtide(ll) built in-
to the solid, a property that in turn depends enrthiture and content of aliovalent metal subsbituiinpurities.
Contaminant-reduction kinetics therefore appedretstrongly dependent on the availability and netgproportions
of these Fe(ll) pools.
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Multiscale Reactive Transport Modeling for the PNNL SBR Science Focus Area
PNNL SFA (Laboratory Research Manager: Harvey Bylto
T. Scheibe (P1), B. Palmer, M. Richmond®NNL, B. Wood,Oregon State U.

Reactive transport simulation models (RTMs) serve as a criticalatitegy element among the vari-
ous experimental elements of the SFA, in particular integrating informatiorféramental process
scales (molecular, subpore, and pore) to phenomenological prediction scales (coldmn@dielork is
focused on developing pore-scale models of processes critical to uranium trangEoHanford IFRC,
and integrating information from the pore-scale models into a field-scale (rmdebperation with
IFRC researchers). Our approach will provide a means for systematncaifporating information from
SFA experiments at smaller scales into the field-scale model. Currénaltg remains a gap between
scientific understanding at fundamental scales and simulation at field $elé=ads to an unsatisfacto-
ry degree of model and parameter empiricism in many field-scale siomda@uantitatively linking
across this wide range of physical scales with minimal empirical cidibria an ambitious goal being
enabled by strong coordination of SFA research and ongoing computational advances. Atdiee Ha
IFRC, surface complexation and intragranular diffusion are two critical pate-s1ass-transfer
processes. We have incorporated a model of intragranular diffusion into our paraleb8ed par-
ticle hydrodynamics (SPH) code. Using this code, we are performing a suite otalereimulations to
identify those pore-scale features that give rise to apparent linearsiteyend multirate mass-transfer
models at the porous medium (Darcy) scale. These simulations will exploréeitts ef variable grain
size, variable intragranular diffusion rates (reflecting variablm gypes), and the relative importance of
intragranular diffusion versus diffusion-limited transport into small imgerglar pore spaces. An effec-
tive Darcy-scale transport model will be developed for surface complexatiois system using the vo-
lume averaging method of upscaling. Such an approach has been used previously to examine mass
transfer limitations in biofilms in porous media, with significant success. dseaf U transport in hete-
rogeneous porous networks has many similarities to this problem, and it suggestsaghatoach similar
to that outlined in Wood et al. (2007) will be a useful one. The practical outcome of this appibhaeh wi
a model that incorporates a reaction-rate effectiveness factor thatasald microscale reaction rate to
account for the influence of mass transfer. The upscaled models will be validaitest aglumn-scale
reactive transport experimental data and applied to simulate field-eaateve transport at the Hanford
IFRC. Model uncertainties associated with sparse characterization tdia ewaluated using stochastic
simulation methods, and field-scale predictions will be compared to IFRC exptirabservations
(without empirical parameter fitting) to test the models’ predictive power
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Microbial Fe-phyllosilicate Redox Metabolism in Han  ford 300 Area Sediments

PNNL SFA (Laboratory Research Manager: Harvey Bylto

E. Shelobolina, T. Wu-Y. of Wisconsin-MadisqrD. Kennedy PNNL;
E. Rodin (PI),U. of Wisconsin-Madison

The potential role of phyllosilicates in the redox biogeochemistry of Hanford 300 Atieaeses
was investigated using microbiological methods. First, the ability of phijdiatss to serve as a source
of electron acceptor or donor for Fe(lll)-reducing or Fe(ll)-oxidizing microosgasiwas evaluated us-
ing the fine silt/clay size fraction of oxidized and reduced Ringold sediments. Biottesgs are rich in
illite-smectite, illite, kaolinite, and vermiculite; the reduced Ringeldiment is more enriched in illite
compared to the oxidized material. Oxidized Ringold sediment was repeatedly red@Geabbyter sul-
furreducenaunder growth conditions with 10 mM acetate as the electron donor. The extent of Fe(lll) re
duction was 14-17% of total Fe(lll). Reduced Ringold sediment was repeatedly oxidibedityot
trophic Fe(ll)-oxidizing, nitrate-reducing enrichment culture reported by Stitaalb(@ppl. Environ. Mi-
crobiol., 1996) with 5 mM nitrate as the electron acceptor. The extent of Fe(ll) oxidation was 1.5-2.7 %
of total Fe(ll). Similar extents of Fe reduction and oxidation were observed in eanthuaitures con-
taining suspensions of oxidized and reduced Ringold sediments inoculated with fresh gteufrdw
the overlying Hanford formation. Collectively these results show that Faggaryllosilicate phases in
Hanford 300 Area sediments are susceptible to microbial redox transformation. Iroostdate indi-
genous microorganisms capable of phyllosilicates redox metabolism, paraltelincubation and stan-
dard liquid enrichments were set up using groundwater from Hanford 300 Area as a souccearf mi
ganisms. Foin situ cultivation, i-chips designed by Slava Epstein were loaded with groundwater and ei
ther Ringold sediment or model clay minerals serving a source of electron doncgmnacthe i-chips
targeting Fe(lll)-reducing microorganisms were deposited in the reduced zBiegofd formation,
while i-chips targeting Fe(ll)-oxidizing microorganisms were depositexkidized Hanford formation
sediments. The i-chips will be recovered in March 2010.

Laboratory enrichment cultures with purified NAu-2 specimen smectite esogleccep-
tor recovered organisms relateddeobacterandAzospiraspp., whereas enrichments with chemically
reduced NAu-2 as electron donor were dominated by organisms rel#eidid@oraxsp. Strains of
Geobacter bremens{98% 16S rRNA gene sequence similarity) &ettlovorax defluvi(99% similari-
ty) were isolated from the Fe reducing and oxidizing enrichment cultures, respedthe latter culture
was able to grow on reduced NAu-2 without any organic matter addition, and was able to goew on s
luble Fe(ll) with 0.2 mM acetate as a carbon source. These results, togethéevigtt that\cidovorax
is not known for lithoautotrophic metabolism, suggest thaAttidovoraxdefluvii isolate grew using
Fe(ll) as an energy source and small amounts of organic matter in the NAwarasrasource.
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Functional Characterization of Microbial Proteins In volved in Biogeochemical
Electron-Transfer Reactions

PNNL SFA (Laboratory Research Manager: Harvey Bylto

Liang Shi (PI), PNNL; D.J. Richardson, T.A. Clarke—U. of East Anglia (UK); eclik,
D.W. Kennedy, A.C. Dohnalkova, A.E. Plymale, Z. Wang, M.J. Marshall, J.N. Adkins, K.M. Rosso,
J.M. Zachara, J.K. Fredreickson—PNNL

Microbial proteins involved in extracellular electron transfer (ET) reastplay critical roles in
metal redox transformations. As part of the PNNL SESP SFA’s Biogeochertecaiof Transfer
Science Theme, this research project focuses on developing a molecular-levetiamadey of key mi-
crobial protein-mediated Fe(ll/lll) redox reactions in the subsurface ancctrestitutive relationships to
redox transformation of U(VI/IV), Tc(VII/IV), and Pu(IV/Ill). The redox proteinsHdnford-relevant
and model microorganisms are being investigated using complementary labexrgrnynents and
modeling to elucidate the ET reactions that affect the availability and sup@gaiive Fe(ll). The re-
sults of these studies will contribute to resolution of PNNL SESP SFA hypothetagipgrto the role
of subsurface microenvironments and transition zones as dominant regions of contarmifzion-
reduction reactions at Hanford.

As part of the overall SFA effort to enhance Hanford relevance, we have thitigteharacteriza-
tions of UndA-HRCR-6, &-type cytochromed-Cyt) identified from eShewanellsstrain isolated from
the Hanford Reach of the Columbia River (HRCR). UndA-HRCR-6 was purified as acosiaéning
protein from the membrane fraction ®f oneidensiMR-1 cells after its overexpression, which is consis-
tent with the prediction that UndA-HRCR-6 is an outer membrane (OM) cytochhowigo, UndA-
HRCR-6 complemented the impaired phenotype $f aneidensiMR-1 mutant lacking MtrC and Om-
cA in both Fe(lll) oxide- and U(VI)- reduction assaysSlnoneidensidMR-1, the recombinant UndA-
HRCR-6 was translocated across the bacterial OM by the type Il secretiemsgollectively, these re-
sults indicate that UndA-HRCR-6 most likely has a functional role in exttéaelhetal reduction.

To understand how electrons are translocated across bacterial OM, we clzadhaterans-OM ico-
sa-heme complex, MtrABC @. oneidensi®R-1. The results showed that an isolated MtrABC complex
could transfer electrons across a lipid bilayer after incorporation into protemtipgs A model is pro-
posed for the modular organization of the MtrABC complex, in which MtrC is an extracedlament
that mediates electron transfer to extracellular substrates, and MttErsaOM spanning-barrel pro-
tein that serves as a sheath to embed MtrA subunit in the membrane, where ittfamsy@embrane
electron-delivery module that services MtrC. This is the first molecadalel of electron translocation
across the bacterial OM, which could also apply more widely to mechanisms ofrel@athange be-
tween related proteins present in a number of other Gram-negative baeteeis gnd extracellular
electron sources and sinks. Consistent with this model, protein cross-linking esglli structural mod-
el of MtrA show that that (1) MtrA physically interacts with MtrB and MtrC, a2jd~50 % of the MtrA
heme chain is embedded within MtrB. At present, full datasets at less than 4 Aioasaletalso ob-
tained for MtrF (a MtrC homologue) &. oneidensi®MR-1 and indicate that the overall fold of MtrF is
totally novel.

In collaboration with the Rosso SFA project, we measured the direct electroeitizetsieen puri-
fied S. oneidensiMR-1 c-Cyt STC (locus tag SO_2727) and hematit€&05) with cyclic voltamme-
try. Although it did not form a stable film on the hematite surface, STC couldagtidlly transfer elec-
trons to hematite, most likely via transient interactions with the oxide lgartia addition to metal re-
duction, investigation of microbial proteins involved in extracellular oxidation df)kepeing initiated.
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A Pore-Scale Analysis of the Electrical Properties of Partially Saturated
Porous Media and Implications for Scaling Reactive Transport

PNNL SFA (Laboratory Research Manager: Harvey Bylto

A. Ward (PI), N. Hasan, A. Tartakovsky”NNL; R. VersteeglNL

Electric and electromagnetic geophysical measurements are becomingidelyeused for charac-
terizing flow and reactive transport properties, but still rely heavily guireral relationships for data in-
terpretation. These relationships are difficult to calibrate for heterogenaoassolidated porous media,
especially when they are partially saturated. Our objective was toogewvgore-scale model for predict-
ing the electrical properties of partially saturated, heterogeneous uncorsbpdabus media. This
model is used to quantify the effect of particle shape and size distribution, porergegrna@t surface
charge, and pore fluid composition on the hydroelectrical properties and their schbngphe

Synthetic pore-scale models, including unit cells, and assemblages of isotropnsaticbgic sands
were constructed to represent homogenous and heterogeneous porous media with and wittseat dispe
clay and clay coatings. These models were used to simulate infiltrationribedish, reactive transport,
and mineral precipitation with a numerical model based on smoothed particle hydrody(@sRtiy. Si-
mulation results show that the SPH, Lagrangian particle method is an eftecliter studying pore-
scale flow and transport allowing complex physical processes such as diffusitionyeat mineral
precipitation to be simulated with relative ease. Output of the SPH model wasitisaduily explicit
pore-scale geometrical model to calculate the d.c. and frequency-dependeiotétesponse of the
porous media. Simulations of d.c response were used to evaluate empirical model&ofribal deha-
vior of shaly sand including Waxman and Smits, Sen, and Clavier Dual-Water modekasvinequen-
cy dependent simulations were used to evaluate the Dias model. Results showpibig-toale elec-
trical response of unconsolidated media is sensitive to variations in strulcéudésttibution of clay
minerals, the distribution of fluids, and precipitates in the pore space. Asplpeniteles result in an
anisotropic response that is well described with a cementation imdeégnsor. The degree of anisotropy
also appears to be dependent on saturation. Under partially saturated conditions, tiensatpoment,
n, is lower than the typical value. Desaturation results in a shift from dgpal@inated to a series-
dominated electrical conductivity as the pore space becomes more tortuoustiggvinga two-arc re-
sponse at high frequencies. Simulations of the displacement of water of one conduithvilyat of a
different conductivity show that conductivity is dependent on the composition histdnytheitlis-
placement of low conductivity water by a high conductivity water giving difftareandn values than
vice versa. The ability of the pore-scale models to correctly predict ttteiedéresponse during flow
and transport validates the consistency of the approach and will allow the ini@stigahe effects of
several system parameters on the electrical response, thereby providimgigatg into constitutive re-
lationships for use at the field scale. Further calibrations are planned with brdat#ita being collected
on IFRC cores at INL.
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Understanding Grain-Scale Diffusion Processes and Q  uantifying
Mass-Transfer Parameters in Hanford 300A Sediments

PNNL SFA (Laboratory Research Manager: Harvey Bylto
M.B. Hay, D.L. Stoliker, J.A Davis-YSGS J.M. Zachara (PI)PNNL

The mobility of U(VI) in the Hanford 300A uranium plume is limited by sorption to minerédcu
es. Laboratory experiments with sediments from the 300A have demonstrated thatatesbtpé ad-
sorbed U pool is slow, with batch-scale desorption experiments requiring hundreds to thoubands of
to reach equilibrium. It is hypothesized that this kinetic limitation is prigntive result of intragranu-
lar/intra-aggregate diffusion; diffusion of U within grain fractures, elggregates, and clay coatings on
sediment grain surfaces.

A complete understanding of intragranular U diffusion in the 300A sediments is coexployaimul-
tiple factors that are each poorly understood, including the complex aqueous and surfaterspéti,
the precise nature of the diffusion process (e.g., agueous-phase versus surfaos)ddéiusin exclusion
effects, and the heterogeneous nature of the intragranular/intra-aggregatetpark. The objective of
our work is to independently address the effects of chemical speciation/ietarghysical diffusion,
and diffusion domain heterogeneity in order to obtain a better overall understanding atijramiar
diffusion process.

To characterize the grain-scale physical diffusion regime, uptéd@deeexperiments were per-
formed on 300A North and South Process Pond sediments using the nonreactive traceenttibuoa
mide. Batch and column-scale experiments were designed to achieve a shyffiiggntesolution with
each tracer to probe the intragranular pore network. These data were modeledlisditiguéed rate
mass-transfer scheme to extract diffusion parameters (intragranularobaree and mass-transfer coef-
ficients) that can later be applied to a sorptive-diffusion model for U. Tritasmlts suggest a high de-
gree of heterogeneity in the diffusive regime, whereas results using browhickte a narrower range in
diffusion rates and a smaller intragranular pore volume, consistent with anion@xciusromide.

To better quantify the diffusion mechanism (aqueous phase vs. surface) and to undeestendfeff
chemical speciation, U adsorption/desorption and nonreactive tracer diffusion exgerare also being
performed using model porous sorbents. Model phases currently under study includel sihcbagé-
vated aluminum oxide chromatography substrates, both highly porous, large graiaisizalswith in-
tragranular pore diameters of ~6 nm. Preliminary results with theseiatginclude predictable kinetic
trends with varying chemical conditions and solid:solution ratio. Future work on thesawsowill in-
volve nonreactive tracer experiments and high-resolution microscopy to enaethe physical diffu-
sion regime and resolve physical diffusion and sorptive retardation effects.
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Investigating the Impact of Microenvironments on Co ntaminant
Biogeochemical Reactive Transport

PNNL SFA (Laboratory Research Manager: Harvey Bylto
Chanyong Zhang (PI), M.J. Wilkins, C.l. PearceNNL A.E. FranksU. of Massachusetts-Amherst

Pore-scale processes play a key role in biogeochemical cycles occurtihgunface environments.
The objective of this project is to study the impact of subsurface microenvironomecdsitaminant bio-
geochemical reactive transport in microfluidic pore structures (microsjod8pecifically, we plan to
investigate (i) bacterial growth and distribution in transition zones and (iipflaence of mineral sur-
face properties on bacterial growth and geochemical reactions. Multipk/onlidé¢ts created in etched-
silicon micromodels will be used, along with precise fluid delivery, to control dadmiadients result-
ing in the formation of transition zones. Bacterial cell colonization and growthsat titzesition zones
within the micromodel will be visualized using fluorescent protein expressioorseantd fluorescent
microscopy. The fabrication of micromodels with a metal oxide (e.g., hematit@)goatthe surface
will allow us to study biogeochemical redox cycling of key contaminant metalsnpraisthe Hanford
site, including U(VI) and Tc(VIl), using advanced characterization techniquasasuX-ray absorption
spectroscopy. The flexibility in the design of the micromodels, in combination witmeetvaharacteri-
zation techniques, will allow us to probe a wide range of pore structures with distipleyisical, chemi-
cal, and biological properties. This project will provide a better understanding obbierical
processes occurring in subsurface microenvironments and their impact omsperraf key contami-
nants.
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Speciation and Reactivity of Reduced Uranium:
Collaborative Field Research at the Old Rifle IFRC Research Site

SLAC SFA (Laboratory Research Manager: John R. &3rg

J.R. Barger (PI), J.S. Lezama, J.E. StubBsarford U, K.M. CampbellUSGS-Boulder, CCR. Ber-
nier-Latmani, H. Veeramani, E. Suvorov&eole Polytechnique Federale de Lausanne
(Switzerland) D.E. Glammar, K.-U. Ulrich, L.Y.Blue-Washington U. St. Louis

P.E. Long, S.B. YabusakiPNNL K.H. Williams, LBNL

Understanding the roles and function of molecular-scale processes at the feeld anamportant
goal of the SLAC SFA program. Laboratory-based structure-speciationvigastiudies are being com-
plemented by field investigations at the Rifle IFRC field site to test pomakemodels and evaluate rate
and stability constants under field conditions. The Rifle site is ideal for suchigaiems because of
the availability of wells with contrasting dissolved oxygen concentrationg®wéeshistorical groundwa-
ter data, and good site infrastructure.

Rates and mechanisms of biogenic uraninite corrosion in ground vigatgrenic uraninite is of po-
tentially great significance to naturally and artificially bioreducsdiraents. However, the stability of
this phase is believed to be compromised by its nano size. Since other forms of &thguaht to be
moreprone to oxidation than uraninite, the stability of this solid phase can be can be viewitasa |
case, a first-order scientific question likely to impact the successflated bioremediation approach-
es. Trace and major-ion solutes strongly moderate uraninite stability, andHt&t/®emporal variabili-
ty in groundwater is difficult to capture in laboratory analog studies. Evaluatianetidkparameters for
bio-uraninite dissolution in the field and meaningful testing of hypotheses developegrévaous la-
boratory work by the SLAC-SFA team therefore requires studies of uranirbtiégtanderbona-fide
groundwater conditions. Consequently, biogenic uraninite corrosion by molecular oxygendie ist
the Rifle aquifer. Uraninite synthesized by microbial U(IV) reduction by Gaprnoteobacterigsolated
from Rifle groundwater was deployed in anoxic and oxic wells and subsequently analyzesssodis-
solution rates and compositional/structural changes. The net dissolution ratzeanably slowda 10
“moles/m sec), 100-fold slower than those obtained in laboratory experinemiact: This study indi-
cates that biogenic uraninite is relatively stable in groundwater, even undepogitions.

Speciation of uranium in sediments following acetate-stimulated bioremedi@hierchemical and
physical form of bioreduced uranium in Rifle sediments remains unknown. We initinéxd experi-
ment in July 2009 to obtain spectroscopically analyzable subsurface sediment uraniemtrabons
from the Buckskin acetate-stimulated bioreduction experiment. Columns viedenfith fresh biologi-
cally active sediments and placed in the aquifer directly down gradient of theéé&iacacetate injec-
tion gallery. Surface pumps were used used to draw groundwater, to which 10 uM U(VI) and 2.5 mM
acetate was added, through the columns. Harvested sediments are being analyzZ8dxssed{Anicro-
probe analysis, electron microscopy, and microbial community andlysiact: Knowledge of uranium
speciation in bioreduced sediments is informing the development of geochemical atdRiéis and
sites with similar groundwater characteristics.
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Fundamental Biogeochemical Controls over the Specia  tion
and Reactivity of Uranium in Reducing Sediments

SLAC SFA (Laboratory Research Manager: John R. &3rg

J.R. Bargar (Pl)Stanford U; R. Bernier-LatmaniEcole Polytechnique Federale de Lausanne
(Switzerland) G. E. Brown, S.E. FendorfStanford U.

Reducing conditions are common in the subsurface where solute supply is locally &indtexi-
dants become exhausted. Uranium reduction in such sediments is an important naturtibatteaua
chanism that has inspired amendment-basatu bioremediation technologies. Reduced sediments can
act as long-term sinks or sources for contaminants and exhibit rich redox biogeaghiaigirofound-
ly impacts uranium stability and fate. Our limited knowledge of the biogeochgmozsesses governing
uranium speciation and stability in such sediments is a significant barrier tstamdiéng natural and
stimulated attenuation processes.

The SLAC-SFA program is investigating fundamental biogeochemical pescasd critical species
that control uranium fate and transport in sediments under metal-reducing conditiohar@yerizing
structure-speciation-reactivity relationships for uranium species rketlliprocesses over a hierarchy of
scales from molecular to field, we are developing new conceptual paradigms antyigqganti
rate/stability parameters that provide the basis for improved geochenudals. Field-based research
currently focused on the Rifle IFRC site is providing information relevant to otmtaminated sites.

Within this context, the SLAC-SFA is using advanced synchrotron-based, micrad@aglagueous
geochemical, and field techniques in a tightly integrated collaborativevirarikéo explore the follow-
ing overarching priority research questions: (1) What are the fundamental coomad/sitructural con-
trols over the stability of biogenic nanouraninite? This work is focused on the imgaouotiwater so-
lutes (anions, trace metal cations) on uraninite stability and on the rates andisreslwd biogenic ura-
ninite corrosion under groundwater conditions; (2) What other forms of U(IV), such as rapoleaul
plexes, occur in reduced sediments? What biogeochemical factors control thkliy3t&/hat factors
lead to the production of molecular U(IV) instead of uraninite? and (3) What is the iofpact
(bio)geochemical iron oxide structure, composition, and redox cycling on uranium attenuatiaii@ \W
the fate of U(VI) sorbed to Fe(lll) (oxyhydr-)oxides during Fe(lll) reduction? VEhathe mechanisms
of uranium sequestration by reduced Fe oxides, and what are their rates?

Major products of this program include an enhanced quantitative understanding ohsezmtitrol-
ling biogenic uraninite stability in aquifers, elucidation of other forms of U\gquifer sediments and
factors controlling their production and structures of natural ferrihydrite, andtéheffsorbed uranium
following ferrihydrite reduction. This knowledge informs our understanding of natiealuation
processes and engineered uranium remediation approaches. It is helping to provide toeibgsoved
cleanup and management of contaminated sites, and public and regulatory acceptsosmohgement
practices.
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Biogeochemical Factors Governing the Formation and Subsurface
Stability of Reduced Molecular Uranium Species

SLAC SFA (Laboratory Research Manager: John R. &3rg

R. Bernier-Latmani (PI), D.S. Alessi, H. Veeramani, E. Suvorova, J.O. Slarple-Polytechnique
Federale de Lausanne (Switzerland)R. Bargar, J.S. Lezama, J.E. StubBs¢anford U,
D.E. GlammarWashington U. St. Louis

Subsurface reduction of U(VI) can be mediated by microorganisms and their reidexsaoeral
byproducts, yielding relatively insoluble U(IV) species. Although uraninitensigdly assumed to be
the dominant product of biological U(VI) reduction, recent work by the SLAC SFA and otlogidepr
evidence that other forms of U(IV), such as molecular complexes, may also be produaaitrdbially
mediatedn situreduction of U(VI) is touted as a potential approach for the remediation of uranium-
contaminated U.S. DOE sites. The success of such a strategy is contingent upon thg stadbility of
the biologically reduced uranium. The goal of this work is to elucidate and quantify thenfumdh
structure-composition-stability relationships of these species as phet 8t AC SFA focus on molecu-
lar-scale processes of key importance to uranium behavior in the subsurfade sit€¥OWe report here
key insights to factors controlling the formation of molecular U(IV) produat(pure culture and sedi-
ment columns. These species lack the U-U EXAFS shell characteristicofitega
We carried out lactate-stimulated uranium reduction experiments in columngl pattk®ifle IFRC se-
diment augmented witBhewanella oneidensMR-1 cells. Major findings of the work included a shift in
the microbial community composition over time away frfSnoneidensis low G+C Gram-positive bac-
teria, as well as the formation of a molecular tetravalent uranium spackésy intermediate-range
structure, as demonstrated by EXAFS.

In addition, several bacterial species, includdesulfotomaculum reduceM-1, Clostridium ace-
tobutylicumandS. oneidensjavere found to be capable of producing molecular U(IV) as a product of
U(VI) reduction in pure culture under specific geochemical conditions. In facthegeical conditions
appear to exert significant control over the product of microbial U(VI) reductin @seidensiproduc-
es uraninite under some geochemical conditions and molecular U(IV) under others.

Finally, the reduction of U(VI) by redox-active biogenic Fe(ll) phases alsaajeseseveral distinct
U(IV) products depending on the geochemical matrix. In some cases, EXAFS indicdtaditen of
a molecular U(IV) species, whereas in other instances, uraninite was formed.

These findings reinforce the conclusion that uraninite is not the only product of direntiaadtibio-
logical U(VI) reduction, but that molecular tetravalent uranium species tsadb@ considered when
modeling uranium mobility in the subsurface. Our present research efforts ardfocusvaluating the
reactivity of molecular tetravalent uranium, as well as the conditionspéalthe formation of such
species as a result of biological U(VI) reduction. Identification of key factontrolling the formation of
molecular U(IV) and biogenic uraninite and knowledge of their reactivity @érigdgo new geochemical
models for uranium cycling in reducing sediments and to a deeper and more defensibfie $Esis

for in situreductive remediation technologies.
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Compositional and Structural Controls over the Reac tivity
of Biogenic Nano-Uraninite

SLAC SFA (Laboratory Research Manager: John R. &3rg

D.E. Glammar (PI); L.Y.Blue, K.-U. Ulrich-Washington U. St. Louis.E. Stubbs, J.S. Lezama,
J.R. Bargar—Stanford U; H. Veeramani, R. Bernier-Latmanigeole Polytechnique Federale de Lau-
sanne (Switzeerlandp.J. EngU. of Chicago M.T. Paffett,LANL

Uraninite is abundant in sedimentary ore deposits formed at low temperatureigsggiestby
U(VI)-reducing microorganisms, is believed to be the most thermodynamitaithg $orm of U(IV), and
hence, is of potentially great significance to naturally and artificiatiyelnediated sediments. The sta-
bility of this material is brought into sharp focus by its very fine particks, $ypically 2-5 nm, when
precipitated biologically. Previous investigators have suggested thadniesize of biogenic uraninite
would intrinsically and substantially compromise its ability to resist dissol and oxidation. Since oth-
er forms of U(IV) are thought to bmoreprone to reoxidation than uraninite, the stability of this reduced
solid phase in oxic and suboxic ground water can be viewed as a limiting case, a firstiemtédic
guestion likely to impact the success of stimulated bioremediation. We arggatieg the fundamental
mechanisms by which biogenic uraninite structure, composition, and the geochemistragii¢ous so-
lution govern its reactivity at subsurface conditions.

Dissolution rates have been quantified and mechanisms elucidated as a function ofdbs gejore
chemistry. Previously, we demonstrated that bio-uraninite dissolution rateasad with dissolved oxy-
gen and decreasing pH. Intriguingly, dissolved inorganic carbon acceleratestainsat all conditions.
More recently, the impacts of other groundwater solutes on biogenic nano-uransuotatiia have
been examined in buffered media and artificial groundwater. The presence of dissofVeal ddmmon
groundwater solute and analog for other divalent transition metals, includihgvis found to decrease
dissolution rates by several orders of magnitude; its impact was most drandgr oxic solutions. Sub-
sequent experiments examined the impact 6f @adissolution rates. These results suggest that adsorb-
ing cations can profoundly impact bio-uraninite surface chemistry and stronglyatede stability in
groundwater. We have subsequently initiated crystal truncation rod (CTR) Xfragtthn measure-
ments to characterize the structure of the uraninite-water interfacesass #se fundamental molecular-
scale mechanisms by which adsorbates confer stability. We will preseits @fsnitial measurements
using the U@ (111) surface under dry and hydrated conditions.

We have also investigated the effects of bulk structure and composition on thity stadbireactivity
of uraninite. EXAFS, synchrotron-based powder diffraction, and TEM show that biogeniaite ano-
duced in the presence of Kirstructurally incorporates this solute, resulting in significantly dimimishe
particle sizes (1.5 nm). Remarkably, this product was substantially less sotdldiess susceptible to
oxidative dissolution than pure biogenic uraniniepact: This work indicates that cation solutes can
greatly stabilize biogenic uraninite in groundwater, either by incorporation dynomgh, or by adsorp-
tion. These conclusions lead to the prediction that biogenic uraninite formed in the sebshoiad be
more stable than stoichiometric W
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Impact of Biogeochemical Iron Redox Cycling on Uran ium Attenuation
by Iron (Oxyhydr)oxides

SLAC SFA (Laboratory Research Manager: John R. &3rg

F.M. Michel (PI), J.S. Lezama, J.E. Stubbs, G.E. Brown, S.E. Fendorf, M.S. MaStmyferd U,
P.S. NicoLBNL; J.R. Bargarstanford U.

The direct incorporation of uranium into Fe-(oxyhyd)oxides provides a potentially large
sink/reservoir for this contaminant in the subsurface. Prior research suthggshcorporation of ura-
nium into Fe-(oxyhdr)oxides begins with the adsorption of U(VI) on surfaces of disordetbydete
(Fh), a commonly occurring, nanosized, poorly ordered Fe-hydroxide. Since both uranium and Fe-
(oxyhydr)oxides are redox active, the fate of adsorbed uranium under varying redox condifqes-is
ticular interest. Bioremediation, either natural or artificially stewed|, drives strong Fe-reduction, and
hence likely drives the redistribution of uranium into Fe-(oxyhydr)oxides.

The objectives of this project are to develop a detailed mechanistic understandaiagiom seques-
tration processes during the reductive transformation of Fe-(oxyhydr)oxides. Esnghalaced on reac-
tions involving Fh because it tends to precipitate first and to subsequently tramgfomore stable
phases. Resolving the relevant transformation pathways requires fundamentatigeoot the basic
crystal structures and physicochemical properties of all the phases invohauzlish understanding of
the structures of Fh under environmental conditions does not exist. This and the lack of noidgrefa
transformation pathways represent major knowledge gaps.

Structure of environmental Ferrihydritelsing a combination of synchrotron-based PDF and labora-
tory techniques, we have developed a new single-phase structure model for Fh, whité gefito-
sition of Fg Og5(OH); 4, contains 10-12% tetrahedrally coordinated Fe(lll), and indicates the presence of
~18% Fe(lll) vacancies in the structure. Cation vacancies are typieatljive sites of cation binding
and redox reactions. The presence of tetrahedral Fe(lll) is expected tdatfethe stability and reac-
tivity of ferrihydrite. We postulate that both of these types of sites plalytatales in Fh reductive
transformation pathways.

Fate of adsorbed U(VI) during abiotic Fe-oxide reductive transformatém have studied the fate
of U(VI) during Fe(ll)-driven reductive transformation of Fh at variableaht(VI) concentrations to
assess how Fe-(oxyhydr)oxides structurally accommodate uranium. X-ray powgstioiff shows sys-
tematic changes in unit cell dimensions of magnetite (Mt) and goethite (@t)qts with increasing ura-
nium content following Fe(ll)-driven Fh reduction. X-ray absorption spectroscopy shattsé U-O
distances for uranium in the reduced samples are consistent with distorted ottadwedmation. Both
sets of observations support the conclusion that uranium is structurally incorporateand Git. Fur-
thermore, Fe-oxides forming in natural aquifers are expected to incorporatecamgrstructural impuri-
ties such as silicate and aluminum. This will modify stability, effecisfiamation pathways, and could
enhance (or inhibit) incorporation of U. Experiments exploring the individual effectsaoidSAl on the
transformations of synthetic analogues are ongoing and will be coupled to futuiscéddexperiments.
Impact: These results are contributing to conceptual models of Fe-(oxyhydr)oxides redaxreatti
works, factors governing the dominant pathways, and their impact on uranium fate ditg. stabi
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From Nanowires to Biofilms: An Exploration of Novel Mechanisms of Uranium
Transformation Mediated by Geobacter Bacteria

Student Abstract
D.L. Cologgi, G. Reguera (lead PIMichigan State U.

During biofilm growth, several developmental stages occur (monolayer, inematarocolonies and
mature microcolonies). Our group hypothesized that since each stage repras@gte set of tran-
scribed genes and physiological characteristics, each is likely to conttiffatently to contaminant
transformation. To test this hypothesis, | grew biofilms to various stages dbpieemt and challenged
them with uranium. These samples have been analyzed three times usirapgengtion spectroscopy
(in collaboration with Dr. Shelly Kelly, EXAFS Analysis), allowing the peragetof U(VI)/U(VI)
bound to the cells to be determined. U(VI) was the predominant form of uranium in morohkayere
immature biofilms, while U(IV) was most abundant in mature biofilms. Fronetresults, we deter-
mined that uranium is transformed first via sorption, then a reductive mechanism.

One cellular component that is known to be expressed only at the later stages ofd@eélopment
is the electrically conductive pilus nanowires, which are responsible fofemang electrons to inso-
luble metals such as iron oxides. To further investigate whether this appendagaarigimt for the ob-
served differences in uranium reduction, we challenged a pilin-deficienhnutgerrupted at the micro-
colony stage of development) with uranium. We found that it was able to adsorb t@tBsacompara-
ble to that of the wild-type at a similar developmental stage, but was unabiieite tee majority of it to
U(IV). This indicated a possible role for the nanowires in the binding and reduction of uranium

To evaluate the contribution of the nanowires to U(VI) reduction, we developed amiffasay in
which planktonic cells were grown under conditions that induced pili expression. This teusels to
aggregate, thereby creating biofilm-like microenvironments with eelisnanowires, but no biofilm ma-
trix. Controls included cells grown under conditions that did not induce pili, and a pilin-defimigant.
U(VI) removal was significantly higher in cells that expressed pileeihaturally or by genetic com-
plementation, consistent with a role fér sulfurreducensonductive pili in U(VI) reduction. Transmis-
sion electron microscopy showed that uranium precipitated on the nanowires or in themperipiace,
depending on whether the cells were or were not expressing pili, respectivelyjugdested to us that
the nanowires may also have a protective cellular role during U(VI) reductioch Wtonfirmed in a
fluorescence viability assay. My research thus far provides evidence ®riaysly unrecognized role
for Geobactebiofilms in uranium transformations. It also shows that stage-specific bichinponents,
such as the nanowires, modulate uranium transformations by the biofilms. Thespstafiebiofilm
components could therefore serve as molecular markers to assess the phgbgikigE ofSeobacter
bacteria duringn situ bioremediation and the potential of biofilms as tools for the bioremediation of ura-
nium-contaminated sites.
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Quantitative Imaging of Biofilm in Opaque Porous Me  dia: Assessing the Impact of
Fluid Flow Rate and Microbial Species on Biofilm Fo  rmation and Architecture

Student Abstract
G. lltis, D. Wildenschild (lead PI)-©regon State U.

Current understanding of subsurface microbial biofilm formation and the impact on ftirmtyy
namics associated with biofilm growth is limited by our ability to observentbigu pore-scale geometry
of developed biofilms. Biomass distribution in porous media has been observed primiayiy i
dimensional systems to date; currently, no high-resolution three-dimensioictliistr data sets exist for
opaque porous media that provide sufficient information about biomass distribution, gubk thgpact
on flow and solute transport at the pore-scale can be directly assessed. Rvexkozsnducted by our
research group focused on the validation of a new method for resolving high-resoluten thre
dimensional tomographic images of biofilms in porous media using synchrotron-basenhicrotomo-
graphy. This method utilizes silver- coated, neutrally buoyant microsprseties eontrast agent to deli-
neate the surface of the developed biofilm within porous media. With the complethentafot
dimensional method validation, our research has progressed to focus on biofilm imagmgwee-
dimensional opaque porous media consisting of glass bead-packed columns. Mogt eesehtf expe-
riments was conducted at the Advanced Photon Source, Argonne National Laboratory, atuéte ¢he
effectiveness of the silver doping method to characterize biofilm growth doosnearious species of
bacteria within packed bead columns, and (2) to assess variation in biofilm ehatiastsuch as density
and distribution within the pore space as a function of growth media flow rate. iReglimesults from
these recent experiments will be presented.
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Isolation and Characterization of Acid-Tolerant Deni  trifying Bacteria and Fungi
from the Terrestrial Subsurface

Student Abstract

P. Jasrotia, O. Prakash, Andy K. Canion, Stefan J. Green, and Joel E. KostiRd)fdea
Florida State U.

Nitrate is often a co-contaminant with uranium (U[VI]) in the subsurface of WOk 8ites, due to
the use of nitric acid in the processing of U(VI) and U(VI)-bearing waste. Betlaed) and N cycles
are intimately linked in the subsurface, an improved understanding of denitrifyengiial communities
is required to predict and control uranium as well as nitrate attenuation mechfamiimsremediation
of contaminated groundwaters at U.S. DOE sites. Few cultivated represmngag\available with which
to verify the metabolism of organisms that catalyze denitrification, antnexiaolecular biology me-
thods do not detect many known denitrifiers. Thus, the overall goal of this researcpplyta @ombi-
nation of cultivation, genomic and metagenomic approaches to elucidate the miammigisl mediating
nitrate attenuation at the Oak Ridge Integrated Field Research ChalBRdERC; Oak Ridge, TN).
Bacteria and fungi were isolated from the acidic (pH 4-5) and highly contamimaie® zone (Area 3)
from enrichment cultures under denitrifying conditions or by spread plating under aenoditons.
Structural gene (16S rRNA and 18S rRNA) analysis revealed thirteen spEbageria from four phyla
and ten species of fungi from two phyla. Bacterial isolates belonged to the Béoea@obacterStrep-
tomycesBacillus, Afipig Janthinobacterium, CastellanielndVariovoraxandSphingobacteriumAll
bacterial isolates were screened for growth under varying pH conditionegdragn pH 3 to 11, growth
with nitrate as the sole electron acceptor, and the production of gaseous nitrggeN,JNResults show
a growth optimum at pH 6 for a majority of the bacterial cultures. Five isaj@iee positive results for
both NO and N production at pH 4, and belong to genRfedanobacteBacteroidetes, and Pusilli-
monasIn particular, several representativedftfodanobactespp. demonstrated the capacity for com-
plete denitrification and growth under acidic (pH=4) conditions, and sequences tefr@aesediments
and groundwater indicate thRhodanobactespp. is a predominant microbial group in acidic subsurface
of the OR-IFRC. Fungal isolates belonged to the geenacillumandAspergillus Neolinocarporand
ConiochaetaRhodosporodiumiachnum, TeberdiniandSclerotiniaandHeterodermiaDenitrification
potential experiments with fungal cultures showed the accumulation of nitrous oxide, svbétteved
to be the most common end product of fungal denitrification, at pH 4-5. The fungal isaiateotivad
the greatest denitrification potential (highest nitrous oxide production andsedarehiomass) aligns
close toTeberdiniahygrophila(99% seq. similarity). Isolation of a broad range of acid tolerant denitrify-
ing bacteria and fungi from the OR-IFRC subsurface indicates adaptation toaamdiigh contaminant
load conditions, in concurrence with the accumulation of large amounts of nitrous oxidks isangled
close to the contaminant source zone (Area 3). Very little information is laleadia fungi from terre-
strial subsurface, and these results suggest that fungi might play an impmganthe transformation
of subsurface contaminants, possibly catalyzing denitrification under low pH omsditi
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Abiotic Reduction of Uranium by Fe(ll) in Soil

Student Abstract

D.E. Latta,U. of lowg E. J. O’Loughlin, K.M. Kemner, M. BoyanovANL,;
M.M. Scherer (lead PI)). of lowa

The current DOE strategy for treatment of radionuclide and heavy metal duetiamin the subsur-
face relies heavily oim situimmobilization and stabilization. It is well-established that hexavalent ura-
nium (U(VI)) can be enzymatically reduced by a variety of microbial spezsewell as abiotically re-
duced by many chemically synthesized Fe(ll) containing Fe minerals. Ddspjiectvalence of Fe(ll)
under conditions where U(VI) is reduced, most studies to date have found little eviolesigaificant
abiotic reduction of U(VI) by Fe(ll) in pastuerized or sterilized naturaénss. Here, we present evi-
dence for U(VI) immobilization and reduction by Fe(ll) present in a pasteurized, meafpkic lowa
soil. We use data from U Llll-edge x-ray absorption spectroscopy (XAS) to wodfivl) reduction and
*"Fe-Mdssbauer spectroscopy to confirm oxidation of the soil Fe(ll). Soil chazatimibased on re-
sults from chemical extractions, Fe K-edge XAS, and Mdssbauer spectroscopieitititahe reactive
Fe(ll) phase is structural in nature and may be a green-rust like phase. ®uightights the impor-
tance that abiotic reduction of U(VI) by structural Fe(ll) may play in anaeeshiiconments.
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The Potential Role of Microbes on lodine-129 Mobili  ty in Groundwater Relevant to
Long-Term Stewardship of DOE Sites

Student Abstract

H.-P. Li, Texas A&M-Galveston; R. Brinkmeyédrexas A&M C. YeagerSRNL P.H. Santschi (lead P1I),
Texas A&M:; D. Kaplan,SRNL S. Zhang, C. Xu—Fexas A&M K.A. Schwehr Texas A&M.-Galvestgn
K. A. RobertsSRNL

lodine-129 is a major byproduct of nuclear fission and among the top three risk driveestecis-
posal at the Yucca Mt., Hanford, and Savannah River Sites (SRS). It is of majemcbacause of its
perceived mobility in the environment, excessive inventory, toxicity, and londjfieat&16 million yrs).
The various isotopes of iodine can be strongly bound to macromolecular organic nidtieican sig-
nificantly decrease or increase its transport, bioavailability, and traosfean, depending on the mole-
cular weight and physico-chemical properties of the resulting iodine-orgatir secies.
Microbial activity (most likely oxidases, perhydrolases, and/or peroxidasedelea implicated in the
halogenation of soil organic matter, but very little is known about the proposed procem® We
investigating the role of naturally occurring bacteria in the speciation anditjmwobilzd in SRS aqui-
fers.

Approximately 350 bacteria were isolated from F-Area sediments at the SREeatified with
16S rRNA gene sequencing. A total of 7 phyla (54 genera) are represented, mainly dblyinate
betaProteobacteria(29%),Firmicutes(15%), andActinobacteria(12%). All isolates were screened for
iodide oxidizing activity on agar medium plates containing iodide and starch, and nbeesthins
exhibited a positive phenotype. However, yellow discoloration was noted in 2 of the 24 enrichment
cultures containing slurries of SRS sediment and iodide (1 mM) after 22 weeks imcuinalicating
that iodide was oxidized to iodine in these tubes. SRS strains are currently undesgiiiggfor their
ability to accumulate iodine under different environmental conditions such ad aartéent iodine
concentration (0.01~10M) and pH. Of the 138 isolates screened thus far, 11, representing 4 phyla and 6
genera, have demonstrated iodine accumulation (ranging from 0.25 to 1.2% uptake). Additon of H
was found to stimulate this uptake indicating that peroxidases may be involved iroteispiWe are
currently evaluating the cellular location of the accumulated iodine and itaiSpeci
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Understanding the Adsorption Discrepancies Between Batch
and Column Experiments

Student Abstract
V.A. Loganathan, M.O. Barnett (lead PI), and T. P. Clemektburn U.

One of the most important processes that govern the subsurface transport of corgasiinharad-
sorption onto geomedia. Typically, the adsorption is quantified using batch and/or column emfgerim
One of the most perplexing, yet-unresolved problems is the discrepancy observed beteleelerived
and column-derived adsorption capacities. Several studies indicate the exiftdreeabove phenome-
na, especially when U(VI) has been used as an adsorbate. In this study, we attempttendrttiers
causes of the above problem using both natural heterogeneous geomedia and a homogeneaus syntheti
adsorbent. The uncontaminated natural geomedia was obtained from the Oak RidgeiRe$eR)
and the synthetic media, iron oxide-coated sand (IOCS), was meticulously prepaeethbotatory.

The OR soil and IOCS were used to perform adsorption experiments with U(VI) asearsdloth
batch and column modes. The batch experiments were aimed at understanding the effddbef s
solution ratio on U(VI) adsorption. Moreover, a multistep column experiment was conductedino obt
adsorption isotherm that could be juxtaposed with the batch adsorption isotherm. Efforsader®
maintain similar experimental conditions in both batch and column scenarios. Rdstitukliminate
CO, contamination, all the experiments were conducted at a pH < 5.

The results obtained from the batch and column experiments indicated a huge discrel20fidy (>
in the adsorption capacity of U(VI) onto OR soil—whereas in the case of IOCS, thedeateed and
column-derived isotherm indicated similar adsorption capacity for U(VI). Mereadsorption of U(VI)
on to IOCS was found to be independent of soil to solution ratio. These results suggest tbqui&mly
observed adsorption discrepancy between batch and column setting exists in systmagabinghly
heterogeneous adsorbent, since in the case of heterogeneous adsorbent, a multitude otisiagesn s
could prevail that could result in adsorption being dependent on the solid-to-solution tzio adéorp-
tion is dependent on solid-to-solution ratio, multiple adsorption isotherms could be obtaisecbultii
lead to the observed batch and column adsorption discrepancy. Our current studies inctigieifilca-i
tion of the dominant sorptive phases present in the OR soil. Moreover, efforts are aeentpraimulate
the experimental results using surface complexation models. Although our study invOiiedd.a so-
lute, the results are applicable to other DOE-relevant actinides as welN@(g), that has properties
similar to U(VI).
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Inverse Modeling Method to Characterize a Heterogene  ous Field of
Hydrogeological Properties by Assimilating Various Types of Data

Student Abstract

H. Murakami, Y. Rubin (lead PI)- of California-Berkeley

Within the Integrated Field Research Challenge Project at the Hanford 300 Arkeayevbeen de-
veloping an inverse modeling method to characterize a heterogeneous fieldogieoyogical properties
by assimilating various types of data at the site. For the past year, we hagd appmethod to charac-
terize a hydraulic conductivity field at the site, by assimilating edawgnetic borehole flowmeter tests
and constant-rate injection tests. As a part of this effort, | was in charge efmemging our scheme on
the supercomputer Franklin at NERSC to simulate the injection tests on multipésgors.

In addition, our group has provided multiple realizations of conductivity fields based on eur inv
sion to the numerical modelers in the IFRC team for simulating flow and transpoetsate. | was in
charge of developing a new random field generation code for generating threeialvalemgdraulic
conductivity fields based on our inversion method. The new feature that | have added igdvoel
lume-averaged or depth averaged data to condition the fields, in addition to point corydvaitnas.
Now our group is in the process of integrating tracer test data to further improsieapacterization.
This new random field generation code is one of the core parts of this process.

This year, we have started to integrate other types of data at the site, stnicayy)
electric resistivity tomography, and borehole log data. We have found that dee¢@dibmeter
low-conductivity boulders have a significant impact on the field data and possibly dovtkeent-
transport processes. We are attempting to incorportate this boulder effestauitiiydrogeolgical mod-
el by taking account of their spatial/size distributions.
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Competition Between U(VI) Bioreduction and Biominer alization
in a Contaminated Sediment

Student Abstract

K.R. SalomeGeorgia TechM.J. Beazley U. of OklahomasS. GreenFlorida State U,
R. J. Martinezl. of AlabamaJ. KostkaFlorida State U, P.A. Sobecky (lead PI)J. of Alabama
M. Taillefert (co-PI),Georgia Tech

The natural phosphatase activities of microbes isolated from Oak Ridge, [iNREsearch Cen-
ter (ORFRC) soils release sufficient inorganic phosphate during growth at pH 5.5 &@l pHder both
aerobic and anaerobic conditions, to precipitate 73—95% of U(VI) as insoluble U(VI)-plesphat-
als. Although microbial phosphatase activity has been demonstrated with basbéatals, the ability of
natural microbial communities to liberate inorganic phosphate, particularly wedleimg conditions,
has yet to be investigated. In this study, U(VI)-phosphate biomineralization in ©B&iR was investi-
gated under anaerobic conditions at pH 5.5 and pH 7.0 in the presence of glycerol-2-phosphate (G2P) a
the sole phosphorus source, and sulfate or nitrate as terminal electron accepétesréditicing bacteria
were stimulated by G2P, as evidenced by the accumulation of nitrite, even in grecpretelevated
concentrations of SO, suggesting they are the dominant microbial community in ORFRC soils. U(VI)
was rapidly removed from the solution in all treatments but not reduced, as detidogineay absorp-
tion near edge structure (XANES) spectroscopy. Simultaneously, extended xagtiahdine struc-
ture (EXAFS) spectroscopy revealed that adsorption of U(VI) was not significehe G2P treatments.
The rapid removal of dissolved U(VI) coupled with the large productionRi®,> and the absence of
U(IV) or adsorbed U(VI) suggest that U(VI) was precipitated as U(VI)-phasphmerals in the soils
amended with G2P. Thus, even under reducing conditions, biomineralization of uranium miasrals w
favored over bioreduction of U(VI). Future work will include microbial communityyanslof G2P-
stimulated incubations. In addition, the competition between adsorption, biomineralizatidrigeeduc-
tion will be investigated using different organophosphate sources.
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Sampling Methods and Uranium Desorption from Passiv e Flux Meters
in Contaminated Groundwaters

Student Abstract

V. Stucker, J. Ranville (lead Pl)Selorado School of Mine$1. Newman U. of Florida; H. Klammer,
Federal U. of BahiaA. PeacockMicrobial Insights K.H. Williams, LBNL; K. Hatfield,U. of Florida

Passive flux meters (PFMs) have previously been developed to measure uranndwater flux at
the old mill site in Rifle, CO. These PFMs are composed of an outer layer of LEV&328 A resin used
to sorb uranium and release an organic tracer trapped on an inner-activated carbartltisrpo#t,
two sampling trips have been completed. The most recent PFMs were install@efimdeof three
weeks in wells previously used for biostimulation, after which they were rehanegsubsampled. One
PFM was sampled anoxically for future analysis of uranium and arsenic specisiaiett arsenic con-
centrations have been seen in this bioreduced area, and PFMs may be able to providetotig
source and fate of arsenic.

Uranium is desorbed from the resin using nitric acid. Multiple extractions usingamé @if resin
and 40 mL of a 1% acid yielded the most consistent results with minimal waste. [rRasimgslow
sorbed uranium concentrations had typical desorption patterns, in that uranium concenleatiesnsed
in each subsequent extraction. For resins with higher concentrations of uranium, due torbigitwar
ter fluxes, different desorption patterns are observed. The second uranium extiatd®thg highest
concentrations. Reasons for this observation are being investigated and maydougbetition for ex-
changeable anions. With higher groundwater flux, higher masses of all contaminant®aacensorb-
ing to the PFM. Sulfate, a potentially competing ion for desorption, is present at hightcatimes in
these wells. It is preferentially desorbed over uranium in the first extnadthese desorption studies are
necessary to successfully measure uranium fluxes using PFMs at figld site
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Microbial Fe(lll)-Phyllosilicate Reduction in Subsu  rface Sediments

Student Abstract

T. Wu, E. Shelobolina, H. Xu, and E. Roden (lead Rl)—ef Wisconsin-Madisgn
R. KukkadapuPNNL

Recent studies indicate that Fe(lll)-bearing phyllosilicate minéeads, smectite, illite) can be im-
portant electron acceptors for dissimilatory metal-reducing bacteria inrfates sediments where stimu-
lation of microbial metal reduction is employed to retard the mobility of radionumidminants. The
goal of this research is to compare and quantify experimentally the kinetic8lttearing phyllosili-
cate versus Fe(lll) oxide reduction in DOE-relevant subsurface sedimekey.fikst step in pursuit of
this goal was to separate phyllosilicate and Fe(lll) oxide phases to permitexuetion with phyllosi-
licates in isolation. Physical separation through density gradient centiiugaly partially separated
phyllosilicate and oxide phases in sediment from Area 2 at the Field Researahat @k Ridge Na-
tional Laboratory (ORFRC). Hence, we examined the ability of chemicakértranethods to remove
Fe(lll) oxides phases without altering the properties of the phyllosilicatemionium oxalate in the
presence of a small amount of Fe(ll) was used to extract both amorphous and cryséllinexides
without changing the redox state of phyllosilicates. XRD analysis revealed, émweat both oxalate
alone and oxalate with Fe(ll) altered the structure of Fe(lll)-bearingtgenm the Area 2 sediment. In
contrast, citrate-dithionite-bicarbonate (CDB) extraction followed by reamitatith hydrogen peroxide
(H20,) led to minimal alteration of smectite structures. Acetate/fumagraten Geobacter sulfurredu-
censcells were used to evaluate the microbial reducibility of Area 2 sedimenrdstext by different
procedures. Ammonium oxalate+Fe(ll) extracted sediments were reduced mor®Bhart@cted,

H,0, reoxidized solids, consistent with the apparent destabilization of smectites plaisg oxalate-
promoted dissolution revealed by XRD. CDB extraction was adopted to isolatg-Beging phyllosili-
cates for microbial reduction experiments with ORFRC Area 2 and Atlantiatp&sn sediments from
Oyster, VA. The extent of Fe(lll)-bearing phyllosilicate reduction detelsyechemical extractions
(0.5M HCI and HF) was comparable to values observed in Mossbauer studies of pratéoariid

Fe(Il) oxide reduction in ORFRC sediments (Kukkadapu et al., Geochim. Cosmochan28@6). The
extent of phyllosilicate Fe(lll) reduction observed in these experiments isdmmgared to that deter-
mined by Méssbauer through an EMSL user facility collaboration between E. Roden and Rigfpukka
at PNNL. In related research, microbial reduction experiments were condudietiffeitent size frac-
tions (<2um, 2-50um, and >5Qum) of ORFRC Area 2 and Oyster, VA sediment in which the relative
abundance of phyllosilicate vs. Fe(lll) oxide content was determined by CDB and HeétiextrWe ob-
served a positive correlation between extent of reduction and the abundance of playteisditil)
compared to total Fe(lll); the Fe(lll)-bearing phyllosilicates richssde fraction showed the highest de-
gree of reduction (25%). These results suggest a central role for phyltesilicaverall microbial

Fe(lll) reduction potential in this material.
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Investigation of Low-Frequency Dielectric Spectrosc opy of Sulfate-Reducing
Bacteria ( Desulfovibrio vulgaris) Cell Suspensions

Student Abstract

C. Zhang, L. Slater (co-PI)Rutgers-Newark L) C. Prodan (lead PI), A. Bendiganaval&ew Jersey
Institute of Technology (NJITID. NtarlagiannisRutgers-Newark YS.S. Hubbard, BNL

I am utilizing dielectric spectroscopy measurements to quantify micraberahitransformations in
order to improve the interpretation of geophysical signatures recordediin bioremediation experi-
ments (e.g., RIFLE-IFRC).

Electrical measurements have repeatedly been shown to be sensitiveotmahgnowth and micro-
bial induced alterations to geologic material, indicating that electriedlods may serve as a non-
invasive tool for bioremediation monitoring. However, the inherent dielectric giregpef microbes
themselves and how they might directly contribute to the electrical responsegeobduring bioremedi-
ation process are poorly understood. Commonly used in bioremediation, sulfate-reducing (ZRE)
are anaerobic bacteria and good candidates for toxic metal removal. Astefitsigards improving the
understanding of role of SRB in generating electrical signals from micnoli&lral transformations in
porous media, | am studying the low-frequency dielectric properties of suléateing bacterialiesul-
fovibrio vulgarig in cellular suspensions during biomineral

To date, | have acquired precise dielectric dispersion curni@swfigariscell suspensions over the
frequency range 0.1 Hz to 1M Hz using dielectric spectrosdpyulgariscells were grown at 30°C un-
der anaerobic conditions for 48 hours, and then suspended in 5 mM HEPES buffer. Differentaoncentr
tions ofD. vulgariscell suspensions were placed between two parallel stainless steeldelsethat are
enclosed in a cylindrical glass tube. The distance between the electrodes maar®the electric field
was 0.15 V. The complex impedance of the sample was measured relative to a knoam Eéststode
polarization impedance arising at the interface between electrodes and iohansalt low frequencies
(< 1000 Hz) has traditionally complicated interpretation of this technique. | kday¢eal a simple and
robust strategy to measure, analyze, and remove this polarization impedanbe,faadibility of this
polarization removal technique has been tested on water-saturated silicd haadgound that the
broadband dielectric responselxfvulgariscell suspensions can be precisely determined using this ap-
proach, with the increase of cell concentration being proportional to the increaseatridi@ermittivity
at low frequencies. | have modeled these measurements assuming a dilute susppotaonaiile par-
ticles embedded in a nonpolarizing medium, with the polarization attributed to theescinarge on the
cell walls. My results suggest that quantitative prediction of pore- and (@allowall) scale microbe-
mineral transformations may be possible from electrical data, and providetsnisigp the likely contri-
bution of the cells themselves to electrical signals previously observed Bigmiperalization
processes. My future work will concentrate on measuring and modeling varyikigetsses of FeS min-
eral growth in/on th®. vulgariscell membrane.
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