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Objectives: The primary objective of the project is to advance the understanding and predictive
capability of coupled hydrological, geochemical, and microbiological processes that control thein situ
transport and bioremediation radionuclides and co-contaminants at multiple scales ranging from the
molecular to the . Specific objectives include:

(2) Investigate the feasibility of in situ bioremediation of uranium in a highly contaminated region within
the subsurface of Area 3 of the DoE ERSP FRC

(2) Using a variety of tracer strategies, develop and model a system that establishes hydraulic control of
the target region for biostimulation

(3) Perform long term in situ biostimulation studies that create a microbial communities capable of
reducing residual nitrate to N, and mobile U(VI) to sparingly soluble U(1V)

(4) Use a variety of solid and solution phase interrogation techniques to quantify the extent of in situ
reduction and immobilization of U(V1).

(5) Investigate a variety of geochemical factors that influence the stability and possible reoxidation of
reduced uranium.

Mission Relevance: The following research will have a significant impact on the Oak Ridge Reservation
Groundwater Strategy document (DOE 2004) that describes a watershed-based strategy for making
decisions about groundwater remediation on the Oak Ridge Reservation (ORR). The document was
prepared by the DOE-Oak Ridge Office of Environmental Management (EM) and its remediation
contractor Bechtel Jacobs Company LLC (BJC), in consultation with the state and federal regulators. The
ORR Groundwater Strategy document emphasizes the need for timely and focused research
investigations on natural hydrogeologic systems to help evaluate the technical feasibility and cost-
effectiveness of various remediation strategies. Proposed first steps include “field investigations of the
natural attenuation processes at the ORR, followed by numerical modeling sensitivity studies to identify
critical parameters for further evaluation”. Our research provides new experimental and numerical
knowledge and information in previously unexplored areas of in situ rates and mechanisms and long-term
effectiveness of bioremedia strategies for immobilizing contaminants in the subsurface. We have
demonstrated through field experiments that the addition of electron donor to the subsurface stimulates
metal and sulfate reducing bacteria that can reduce U(V1) to sparingly soluble U(IV) in both solution and
on the solid phase. Bioreduction rates are relatively rapid and groundwater U concentrations can
maintained below US EPA maximum contaminant limit (MCL) for drinking water and groundwater, and
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solid phase U(1V) remains stable under anaerobic conditions. Furthermore, our research has quantified
what geochemical and hydrological conditions are necessary to maintain the stability and impede the
reoxidation of solid phase U(IV). This fundamental information will have maximum impact on ORR
groundwater remediation decisions by increasing the scientific understanding of subsurface processes and
by providing the characterization and numerical modeling tools needed to predict contaminant fate and
transport under a variety of bioremediation scenarios.

Research Progress: This report summarizes research after 5y of a5y project. Initially within this
section, research endeavors and major discoveries are briefly highlighted for years 1 through 5. Thisis
followed by a more detailed description of research activities and major accomplishments specific to year
5 (FY 06).

Project Progress Review:

1. Site characterization (Jan. 2001 to Aug. 2003)
(1) Characterized hydrogeology, geochemistry and microbiology of the field site (Gu et al., 2004;
Watson et a., 2004; Fields et al., 2005).
(2) Feasibility studies performed to assess the propensity of uranium reduction and
immobilization at the field site.
(3) Column and microcosm investigations of bioreduction/immobilization of uranium with field
based solid phase material and site groundwater (Gu et al., 2005; Wu et a., 2005; Nyman et al.,
2005).

2. Design and installation of in situ and above ground remedial systems (Jan. 2002 to Aug. 2003)
(1) Development of a nested well system (double dipole injection/withdraw system) for hydraulic
control of groundwater flow through coupled groundwater tracer investigations and numerical
modeling (Luo and Kitanidis, 2004; Fienen et a., 2004; 2005; 2006; Luo et a., 2005 a,b; 2006
ab).
(2) Designed, installed, and implemented a sophisticated computer-based above-ground
remediation system to remove high concentrations of PCE, Al, Ca, Mg, Ni, and nitrate from
groundwater (Wu et al., 2006a; Hwang et al., 2005).

3. Field investigations (August 23, 2003 to present)
(1) Flushed site with pH adjusted tracer water to remove bulk nitrate and Al and to increase pH to
6.0 (day 1-136) (Chen et al., 2006).
(2) Biostimulation was initiated to induce in-situ denitrification in an effort to remove residua
nitrate (day 137-184) (Wu et al., 2006b).
(3) Biostimulation continued to induce in-situ U(VI) reduction/immobilization (day 185-712)
(Wu et a., 2006b).
(4) Stability studies (day 713-present) were initiated to evaluate geochemical and hydrologic
factors that influence the stability of immobilized uranium (day 713-present) (Wu et al., 2007,
Luo et a., 2007).
(5) Micrabia community analysis of the treatment area using clone libraries, MPN, and
microarrays was conducted during the biostimulation and stability investigation in order to
understand bacteria related to bioremediation and population dynamics (Fields et al., 2006).
(6) Characterization of uranium speciation and chemical environment in sediments from the field
site was performed before and after biostimulation using high resolution spectroscopy such as X-
ray Absorption Near Edge Structure (XANES) & Extended X-ray Absorpation Fine Structure
(EXAFS) to confirm bioreduction and immobilization of uranium (Ginder-Vogel et a., 2006;
2007; Kelly et al, 2007).



Major
Achievements and
Discoveries
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U concentrations in several monitoring wells before and after three years of bioremediation

anaerobic re-oxidation was observed.
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In situ bioreduced/immobilized U has been stable under anaerobic conditions for 1-2 years. No

Dissolved oxygen and/or nitrate intrusion did reoxidize and remobilize bioreduced U(1V) since

the reduced subsurface zones have a decreased capacity to protect immobilized U(1V).
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Both field and |aboratory investigations confirmed that metal-reducing Geobacter spp., and

sulfate reducing Desulfovibrio spp. were stimulated by additions of the electron donor ethanol
and were most likely significant contributors to the bioreduction of U(V1). Microarray anaysis
indicated the functional genesrelated to sulfate reducing bacteria were significant during
biostimulation.
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XANES and EXAFS analysis confirmed significant changesin U speciation and chemical

environment following biostimulation and the presence of up to 60-to 80% bioreduced U(IV)
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Major uranium phases found before bioreduction: all U(VI)
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within bioreduced sediments.

*Hydraulic control and removal
oxidants (DO and nitrate) appear
to be essential for the bioreduction
and immobilization of U(VI)
contaminated site.

*23 multi-disciplinary, multi-
institutional peer-reviewed
manuscripts have been published
thus far with 5 pending. An
expensive list of abstracts and
presentations. That is one
publication for every $165 K of
funding.



Detailed FY 06 Progress

We have continued pilot-scale tests in Area 3 for in situ bioremediation of uranium at the contaminated
site during this period. We have emphasized research that seeks to improve our understanding and
predictive capability of the stability of reduced U under a variety of geochemical and hydrological
conditions. The major achievement during this period is:
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Low U concentration below US EPA maximum contaminant limit (MCL) for drinking water (<
30 ug L™ or 0.126 pM) were achieved by in situ bioreduction. We demonstrated that in-situ
bioreduction of U (V1) decreased the levels of dissolved uranium in groundwater from 50-60
mg/L to <0.03 mg/L levelsin groundwater. These concentrations fell below the US EPA
maximum contaminant limit (MCL) for drinking water (< 30 pg L™ or 0.126 uM) during ethanol
injection period. At present, these low concentrations can be maintained under anaerobic
conditions.

Bioreduced/immobilized U is stable under anaerobic conditions. Field tests showed that the low
U levels are stable under anaerobic conditions in the absence of added ethanol for at least 40
days. To assesslonger-term changesin uranium within the reduced sediment, field samples of
reduced sediments from the site were incubated anaerobically with low levels of HCO;3 (<2 mM)
and without electron donor. U(V1) concentrations gradually decreased then stabilized at low
concentrations (<0.1 uM) for more than one year. Higher U(VI) concentrations and methane
production occurred when samples were amended with higher levels of HCO5 (15 mM) and Ca®*
indicating U speciation changes and reduced reduction rates. Overall, the results indicate that |ow
concentrations of agueous uranium can be achieved and maintained under anaerobic conditionsin
the presence of sufficiently low levels of bicarbonate (<1-3 mM) and Ca®* (0.75-1.0 mM).
Dissolved oxygen intrusion into the field site was found to reoxidize bioreduced U(IV).
Introduction of oxygenated water containing 4.0-5.5 mg L™ DO into the reduced area caused re-
oxidation and remobilization of bioreduced U(1V). However, the rate of U re-oxidation was
dependent on groundwater residence time to the various sampling locations. During a 60-day DO
injection period, spatialy variable changes in agueous U(VI) levels occurred, with concentrations
increasing rapidly from <0.13 to 2.0 uM at MLS wellslocated in preferential flow paths versus
those that were not. Resumption of ethanol addition after dissolved oxygen exposure restored
iron reduction, sulfate reduction, and U(VI) reduction within 36 hours at all monitoring locations
suggesting viable metal reducing organisms were still present at the field site.

Hydraulic control appeared to be a key factor in maintaining the stability of reduced U. Tests
were conducted to quantify the impact of U reduction within the inner loop without outer loop
hydrologica protection of the test area. Outside groundwater was allowed to penetrate into the
reduced site which contained high concentrations of nitrate (>2 mM). Results suggested that
rapid increases in U were observed in some monitoring well within 3-4 days of nitrate intrusion.
Additiona XANES analysis confirmed the presence of bioreduced U(1V) after two years of
ethanol addition. XANES analyses indicated that the reduced product U(1VV) made up 60 to 80%
of the total uranium in sediment samples from the monitoring wells.

Additional bacterial community analysis of both the groundwater and solid phase indicated that
bacteria known to reduce uranium were being stimulated in the subsurface including
Desulfovibrio spp. and Geobacter spp., In sediment samples, Geothrix spp. were also present and
were the predominant Fe(l11)-reducing bacteria.

Peer -reviewed manuscripts:



(1) Gu, B., Y.-K. Ku, and P.M. Jardine. 2004. Sorption and binary exchange of nitrate, sulfate, and uranium on an
anion-exchange resin. Environ. Sci. Technol. 38:3184-3188.

(2) Watson, D.B. W.E. Dall, T.J. Gamey, J.R. Sheehan, and P.M. Jardine. 2005. Plume and lithologic profiling with
surface resistivity and seismic tomography. Ground Water 43 (2): 169-177.

(3) Luo, J., and P.K. Kitanidis. 2004. Fluid residence times within arecirculation zone created by an extraction-
injection well pair. Journal of Hydrology, 295, 149-162, doi: 10.1016 / j.jhydrol. 2004.03.006.

(4) Fienen, M.N., P. K. Kitanidis, D. Watson, and P. Jardine. 2004. An Application of Inverse Methods to Vertical
Deconvolution of Hydraulic Conductivity in a Heterogeneous Aquifer at Oak Ridge National Laboratory.
Mathematical Geology , 36(1): 101-126.

(5) Wu, W., B. Gu, M. W. Fields, M. Gentile, Y-K. Ku, H. Yan, S. Tiquias, T. Yan, J. Nyman, J. Zhou, P. M.
Jardine, and C. S. Criddle. 2005. Reduction of uranium(V1) by denitrifying biomass. Bioremediation Journal.
9(1):1-13

(6) Gu, B., W. Wu, M. W. Fields, M. A. Ginder-Vogel, H. Yan, S. Fendorf, C. S. Criddle, and P. M. Jardine. 2005.
Bioreduction of uranium in a contaminated soil column. Environ. Sci. Technol. 39:4841-4847.

(7) Fienen, M.N. 2005. The Three-Point Problem, Vector Analysis and the Extension to the N-Point Problem.
Journal of Geoscience Education, 53(3): 357-362.

(8) Fienen, M.N., J. Luo, and P.K. Kitanidis. 2005. Semi-analytical homogeneous anisotropic capture zone
delineation. Journal of Hydrology, 312(1-4), 39-50, doi:10.1016/j.jhydrol. 2005.02.008, 2005

(9) Luo, J., O. A. Cirpka, and P. K. Kitanidis. 2005. Tempora-moment matching for truncated breakthrough curves
for step and step-pulse injection. Adv. Water Resour., 29, 1306-1313, 10.1016/j.advwatres. 2005.10.005, 2006.

(10) Nyman, J. L., T. L. Marsh, M. Ginder-Vogel, M. Gentile, S. Fendorf, and C. S. Criddle. 2005. Heterogeneous
response to biostimulation for U(V1) reduction in replicated sediment microcosms. J. Biodegradation 16:1-14.

(12) Benchaeikh-Latmani, R., S. M. Williams, L. Haucke, C. S. Criddle, L. Wu, J. Zhou, and B. M. Tebo. 2005.
Global transcription profiling of Shewanella oneidensis MR-1 during Cr(VI) and U(VI) reduction. Appl. Environ.
Microbiol. 71(11): 7453-7460

(12) Fields, M. W., T. Yan, S-K. Rhee, S. L. Carroll, P. M. Jardine, D. B. Watson, C. S. Criddle, and J. Zhou. 2005.
Impacts on microbial communities and cultivable isolates from groundwater contaminated with high levels of nitric
acid-bearing uranium waste. FEM S Microbia Ecology 53:417-428.

(13) Luo, J., O. A. Cirpka, W.-M.Wu, M. N. Fienen, P. M. Jardine, T. L. Mehlhorn, D.B. Watson, C.S. Criddle, and
P.K. Kitanidis. 2005. Mass-transfer limitations for nitrate removal in a uranium-contaminated aquifer. Environ. Sci.
Technol. 39(21), 8453-8459.

(14). Hwang, C., W.-M.Wu, T. Gentry, J. Carley, S.L. Carroll, C. Schadt, D. Watson, P.M. Jardine, J. Zhou, R.F.
Hickey, C.S. Criddle, and M.W. Fields. 2005. Changes in microbial community structure correlate with stressed
operating conditions during start-up of afield-scale denitrifying fluidized bed reactor. Appl. Microbiol. Biotechnol.
15:1-13.

(15) Luo, J., W-M. Wu, M. N. Fienen, P. M. Jardine, T. L. Mehlhorn, D. B. Watson, O. A. Cirpka, C. S. Criddle,
and P. K. Kitanidis. 2006. A nested cell approach for in situ remediation. Ground Water, 44, 266-274.

(16) Luo, J., O. A. Cirpka, M. N. Fienen, W.-M. Wu, T.L. Mehlhorn, J. Carley, P.M. Jardine, C. S. Criddle, and
P.K. Kitanidis 2006. A parametric transfer function methodology for analyzing reactive transport in nonuniform
flow. J. Contam. Hydrol. 83(1-2), 27-41.

(17) Fields, M.W., C.E. Bagwell, S.L. Carrall, T. Yan, X. Liu, D.B. Watson, P.M. Jardine, C. S. Criddle, T. Hazen,
and J. Zhou,. 2006. Phylogenetic and functional biomarkers as indicators of bacterial community responses to
mixed-waste contamination. Environ. Sci. Technol. 40 (8), 2601-2607.

(18) Ginder-Vogel, M, C. Criddle, and S. Fendorf, 2006.Thermodynamic constraints on biogenic UO2 oxidation by
Fe(l11)-(hydr)oxides. Environ. Sci. Technol. 40(11), 3544-3550.

(19) Wu, W., J. Carley, M. Fienen, T. Mehlhorn, K. Lowe, J. Nyman, J. Luo, M. E. Gentile, R. Rajan, D. Wagner,
R. F. Hickey, B. Gu, D. Watson, O. A. Cirpka, P. K. Kitanidis, P. M. Jardine, and C. S. Criddle. 2006. Pilot-scale
bioremedation of uranium in a highly contaminated aquifer |: conditioning of atreatment zone. Environ. Sci.
Technal., 40 (12):3978-3985.

(20) Wu, W., J. Carley, T. Gentry, M. A. Ginder-Vogel, M. Fienen, T. Mehlhorn, H. Yan, S. Carroll, J. Nyman, J.
Luo, M. E. Gentile, M. W. Fields, R. F. Hickey, D. Watson, O. A. Cirpka, S. Fendorf, J. Zhou, P. Kitanidis, P. M.
Jardine, and C. S. Criddle. 2006. Pilot-scale bioremediation of uranium in a highly contaminated aquifer |1: evidence
of U(VI) reduction and geochemical control of U(V1) bioavailability. Environ. Sci. Technol. 40 (12): 3986-3995.
(21) Gentile, M., T. Yan, SM. Tiquia, M.W. Fields, J. Nyman, J. Zhou, and C.S. Criddle. 2006. Stability in a
denitrifying fluidized bed reactor. Microbia Ecology. Issue: Online First. July 28, 2006. Pages 1-11.



(22). Fienen, M. N., J. Luo, and P. K. Kitanidis. 2006. A Bayesian geostatistical transfer function approach to tracer
test analysis. Water Resour. Res., 42, W07426, doi:10.1029/2005WR004576, 2006.
(23) Chen, J,, S. Hubbard, J. Peterson, K. Williams, M. Fienen, P. Jardine, and D. Watson. 2006. Development of a

joint hydrophyscial inversion approach and application to a contaminated fractured aquifer. Water Resour. Res. 42
(6): Art. No. W06425.

(24) Zhang, F. G.T. Yeh, J.C. Parker, S.C. Brooks, M.N. Pace, and P.M. Jardine. 2007. Three-dimensional reactive
chemical transport modeling in groundwater of watershed systems. Water Resourc. Res. (submitted).
(25) Luo, W., J. Zhou, W. Wu, T. Yan, C.S. Criddle, P.M. Jardine, and B. Gu. 2007. Electron donor effects on

bioremediation rates of uranium and microbial community under varying bicarbonate and sulfate conditions.
Applied Environ. Microbiology (submitted).

(26) Wu., W.M., J. Carley, J. Luo, M.A. Ginder-Vogel, E. Cardanans, M. Leigh, C. Hwang, S.S. Kdlly, C. Ruan, L.
Wu, T. Gentry, K. Lowe, T.L. Mehlhorn S. Caroll, M.W. Fields, B. Gu, D.B. Watson, K. Kemner, T. Marsh, J.
Tiedje, J. Zhou, S.E. Fendorf, P.K. Kitanidis, P.M. Jardine, and C.S. Criddle. 2007. In situ bioreduction of uranium
(V1) to submicromolar levels and reoxidation by dissolved oxygen. Environ. Sci. Technol. (submitted).
(27) Ginder-Vogel, Matthew, Shelly Kelly, Craig S. Criddle, Wei-min Wu, Jack Carley, Philip M. Jardine, Kenneth
M. Kemner, and Scott E. Fendorf. 2007. Micro-scale Heterogeneity in Biogeochemical Uranium Cycling. Physica
Scripta (in press).
(28) Kelly, S.D., K.M. Kemner, J. Carley, C.S Criddle, P.M. Jardine, T.L. Marsh, D.H. Phillips, D.B. Watson, and
W.M. Wu. 2007. Speciation of Uranium in Sediments before and after in Situ Bioreduction. Environ. Sci. Technol.
(submitted).
Also see: http://www.stanford.edu/group/evpil ot/oakridge.htm

http://public.ornl.gov/nabirfrc/frefield3.cfm



