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Metal and hydrogen ion acidity and extreme nitrate concentrations typical of 

Department of Energy (DOE) legacy waste sites pose formidable challenges to 

successful implementation of in situ bio-immobilization.  Intermediate-scale (~ 2.5 m), 

flow through models of an in situ bio-barrier were constructed to investigate U and Tc 

removal from groundwater at a contaminated site in Oak Ridge, TN.  In one study, 

ethanol additions to pH-neutral contaminated site groundwater, flowing through a 

mixture of site sediment and crushed limestone, effectively stimulated iron- and sulfate-

reducing conditions and sustained U and Tc removal for 20 months.  In a related study, 

ethanol additions to nitric acid contaminated site groundwater, flowing through a 

mixture of site sediment and crushed limestone, effectively promoted denitrification for 

over 20 months.   A combined signature lipid and nucleic acid-based approach was used 

to spatially characterize microbial communities at relatively small spatial scales (<67 

cm) in sediment along the groundwater flow paths in both experimental systems.  The 

results showed that ethanol additions stimulated growth of a distinct microbial 

community in both the pH-neutral and nitric acid-contaminated systems, and that shifts 

in community composition were spatially correlated with geochemistry along the 

groundwater flow paths.  Collectively, these results suggest that an in situ bio-barrier 

could be potentially effective for U and Tc removal from nitric-acid contaminated 

groundwater at the FRC.  Hydraulic conductivity decreased by an order of magnitude in 



both experimental systems due primarily to solids deposition.  Preferential flow path 

formation, due to biomass accumulation or solids deposition, could ultimately reduce 

residence time within the treatment zone and decrease U and Tc removal efficiency. 

 



 

 

 

 

 

 

 

 

 

 

 Copyright by Mandy M. Michalsen 

March 2, 2007 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Uranium and Technetium Bio-Immobilization in Intermediate-Scale Physical Models of 

an In Situ Bio-Barrier 

 

by 

Mandy M. Michalsen 

 

 

 

 

 

A DISSERTATION 

submitted to 

Oregon State University 

 

 

 

 

 

in partial fulfillment of  

the requirements for the  

degree of  

 

Doctor of Philosophy 

 

 

 

 

 

Presented March 2, 2007 

Commencement June 2007 

 



Doctor of Philosophy dissertation of Mandy M. Michalsen 

presented on March, 2 2007. 

 

 

APPROVED: 

 

 

__________________________________________________________________ 

Major Professor, representing Civil Engineering 

 

 

 

__________________________________________________________________ 

Chair of the Department of Civil, Construction and Environmental Engineering 

 

 

 

__________________________________________________________________ 

Dean of the Graduate School 

 

 

 

I understand that my dissertation will become part of the permanent collection of the 

Oregon State University libraries.  My signature below authorizes release of my 

dissertation to any reader upon request. 

 

 

__________________________________________________________________ 

Mandy M. Michalsen, Author 

 

 



ACKNOWLEDGEMENTS 

 

I would like to thank Jesse Jones and Robert Laughman for there excellent 

craftsmanship and for their analytical assistance in the laboratory.  It is to their credit 

that the physical models functioned excellently for more than 20 months. Thanks also to 

Melora Park and Mohammad Azizian for their technical advice and support.  This work 

would not have been possible without the tireless efforts of Mary Anna Bogle who 

collected weekly samples and maintained the experimental systems in Oak Ridge, TN.  

Special thanks also to Dave Watson who provided extensive support at the Field 

Research Center.  Many thanks to Dr. Istok (“Jack”) for giving me a chance to tackle 

this problem though little funding was available.  Finally, thanks most of all to my 

wondrous husband and best friend Dave. 

 

 



CONTRIBUTIONS OF COAUTHORS 

 

The research presented in this dissertation was enriched through multiple 

interdisciplinary collaborations with scientists at major research universities and 

national research laboratories.  For example, iron speciation in sediment samples from 

the experimental systems was determined using Mössbauer spectroscopy by Bernard 

Goodman and Joseph Stucki at University of Illinois.  Speciation of U in sediment 

samples was determined using XANES and EXAFS spectral analysis by Shelly Kelly 

and Kenneth Kemner at Argonne National Laboratory.  X-ray diffraction and x-ray 

fluorescence analysis of sediments was provided by James McKinley at Pacific 

Northwest National Laboratory.  Aaron Peacock, Amanda Smithgal and David White 

provided extensive support during my internship at the University of Tennessee Center 

for Biomarker Analysis, where the signature lipid, quantitative-PCR and DGGE 

analyses were performed.  Clone libraries of 16S rRNA genes were constructed by 

Yamil Sanchez-Rosario and Anne Spain under the guidance of Lee Krumholz.  Anne 

Spain and Yamil Sanchez-Rosario also contributed significantly to phylogenetic 

analysis.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



TABLE OF CONTENTS 
 

                           Page 

  

1.0  Introduction……...……………………………………………………….. 1 

  

1.1  Nuclear Weapons and Environmental Contamination ...….……….. 1 

1.2  Aquatic Chemistry of Uranium: A Brief Review....……………….. 2 

1.3  Aquatic Chemistry of Technetium: A Brief Review...…………….. 3 

1.4  Chemical and Biological Reactive Barriers for Groundwater 

Remediation………………………………………………………… 

 

4 

1.5  Motivation and Scope of Research……………….....……………... 6 

1.6  References………………………………………………………….. 7 

  

2.0 Uranium and Technetium Bio-Immobilization in Intermediate-Scale     

       Models of an In Situ Bio-Barrier..……………………………………….. 

 

13 

  

2.1 Overview……………………………………………. …………... 14 

2.2 Introduction………………………………………………………. 14 

2.3 Methods…..…………………………………………….………… 17 

2.3.1 Materials and Apparatus……………………………………… 17 

2.3.2 Characterization of Sediment Mixture………………………...        19 

2.3.3 Porewater Analysis….………………………………………...        19 

2.3.4 Sediment Analysis…………………………………….……….        20 

2.3.5 Data Analysis...……………………………………….……….        20 

2.3.6 Geochemical Modeling………………………………………..        21 

2.4 Results……………………………………………………………. 21 

2.5 Discussion………………………………………………………... 27 

2.6 References………………………………………………………... 29 

  

3.0 Sediment Microbial Community Shifts Correlate with Geochemistry in  

       Model Bio-Barrier for Uranium and Technetium Removal from  

       Groundwater……………………..……………………………………….. 

 

 

33 

  

3.1 Overview……………………………………………. …………... 34 

3.2 Introduction………………………………………………………. 35 

3.3 Methods…..………………………………………………………. 37 

 



TABLE OF CONTENTS (Continued) 

 
                           Page 

  

3.3.1 Materials and Apparatus………………………………………   37 

3.3.2 Lipid Analysis……………………….………………………...        38 

3.3.3 Quantitative-PCR Analysis……………………………………        38 

3.3.4 Statistical Analysis…………………………………………….        40 

3.3.5 PCR-DGGE Analysis………………………………………….        41 

3.3.6 16S rRNA Gene Clone Libraries..………………...…………..        41 

3.3.7 Nucleotide sequence accession numbers.……………………..        42 

3.4 Results.…..………………………………………………………. 42 

3.4.1 Prevailing Geochemical and Porewater Conditions...…………        42 

3.4.2 PLFA Results…………………………………………………. 44 

3.4.3 Quantitative-PCR Results…………………………………….. 47 

3.4.4 Redundancy Analysis Results………………………………… 48 

3.4.5 Community Composition of Stimulated Column Sediment….. 50 

3.5 Discussion.………………………………………………………. 55 

3.6 References………………………………………………………... 59 

  

4.0 Bio-Immobilization of U(VI) and Tc(VII) from Nitric Acid  

       Contaminated Groundwater in Intermediate Scale Models of an In Situ      

       Bio-Barrier……………………………………....……………………….. 

 

 

66 

  

4.1 Overview…………………………………………………………. 67 

4.2 Introduction………………………………………………………. 68 

4.3 Methods…..………………………………………………………. 70 

4.3.1 Bio-Barrier Model Systems...…………………………………        71 

4.3.2 Data Analysis………………………………………………….        73 

4.3.3 Sediment Uranium Analysis….……………………………….        74 

4.3.4 Sediment Collection and Lipid Analyses……………………..        74 

4.3.5 Quantitative-PCR Analysis……………………………………        75 

4.3.6 Statistical Analysis…………………………………………….        77 

4.3.7 PCR-DGGE Analysis………………………………………….        78 

4.3.8 16S rRNA Gene Clone Libraries....…………………………...        78 

4.3.9 Nitrate and Tc Removal Batch Experiment…………………...        79 

4.3.10 Analytical Methods…………………………………………..       80 

4.4 Results………………………………………………. …………... 80 

4.4.1 Prevailing Porewater Geochemistry…………………………..        80 

4.4.2 Contaminant Removal Rates…………………………………..        82 

 

 



TABLE OF CONTENTS (Continued) 
 

 Page 

  

4.4.3 PLFA Results……………...…………………………………..        85 

4.4.4 Quantitative-PCR Results....…………………………………..        87 

               4.4.5 Redundancy Analysis (RDA) Results………………………… 88 

4.4.6 Community Composition of Chamber Core Sediment………..        89 

4.5 Discussion………………………………………………………... 93 

4.6 References………………………………………………………... 99 

5.0  Discussion……………………………………....………………………... 110 

5.1 Experimental Approach in Context……………….………………. 110 

5.2 Notable Findings….………………………………………………. 111 

5.3 Contribution of Work, Bio-Barrier Prognoses and Further 

Research Needs...…………………………………………………. 

 

113 

5.4 References………………………………………………………… 115 

6.0  Bibliography……………………………………………………………… 117 

  

APPENDICIES  

Appendix A: Chapter 2 Supporting Information……………………... 134 

Appendix B: Chapter 3 Supporting Information………………….…... 145 

Appendix C: Chapter 4 Supporting Information……………….……... 148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF FIGURES 
 

Figure                          Page 

  

1.  Uranyl speciation as a function of pH calculated using thermodynamic  

     data in Grenthe et al. 1992……….….…………………………………….. 

 

2 

  

2.  Diagram of intermediate-scale physical models deployed at the FRC  

     including nine manometers, eight sampling ports (no arrows) and four  

     ethanol injection ports………………………….………………………….. 

 

 

18 

  

3.  Experimental timeline for the stimulated (upper) and the control (lower)  

     columns……………..…………..…...…………………………………….. 

 

19 

  

4.  Average concentration profiles for the ethanol stimulated column (solid    

     symbols, 20 months) and control (open symbols, 16 months) for the entire   

     experiment…………………………………………………………………. 

 

 

22 

  

5.  Bars represent mass of U extracted per dry mass of sediment...…………... 23 

  

6.  XANES spectra (U LIII-edge normalized absorption) from the stimulated  

     and control sediment samples, U(VI) standard, and U(IV)   

     standard…………...…………...………………....………………………... 

 

 

25 

  

7.  Mössbauer spectra at 4K for three sediment samples, the pristine sediment  

     used to pack the columns, and for a black precipitate present in stimulated  

     sediment samples…………………………………………..……………… 

 

 

26 

8.  Chemical speciation of 1 µM U(left panel) and 1000 pM Tc (right panel)  

     with sulfate equal to 1 mM and pCO2 equal to 0.025 atm, which was  

     calculated by assuming all injected ethanol was mineralized to CO2 at  

     average pH 7.6……………………....…………………………………….. 

 

 

 

27 

  

9.  Average concentration profiles for the ethanol stimulated (solid symbols,  

     13.5 months, n=82) and control columns (open symbols, 9.5 months,  

     n=10) for the entire experiment………..………………………………….. 

 

 

43 

  

10.  Ordination joint-plot of RDA results…………………………………….. 49 

  

11.  Phylogenetic relationships of cloned 16S rRNA genes and selected  

       sequences (Proteobacteria only)………...…………....…….…………….. 

 

52 

  

12.  Phylogenetic relationships of cloned 16S rRNA genes and selected   

       sequences (excluding Proteobacteria).....….…....………………………... 

 

53 

  

 

 



LIST OF FIGURES (Continued) 
 

Figure Page 

  

13.  Line drawing of the chamber showing sampling ports (black circles),  

       wells (blue lines), manometers (black lines), and groundwater flow    

       direction (black arrows)……...………………....………………………... 

 

 

72 

  

14.  Average concentration profiles in the ethanol stimulated chamber verses  

       travel time over 21 months (solid symbols, n=130), where inlet   

       concentrations correspond to time zero...………………………………… 

 

 

81 

  

15.  EXAFS spectra (U LIII-edge normalized absorption) collected from  

       chamber core 1 sediment…………….....………………………………… 

 

83 

  

16.  Apparent zero-order rates of U, Tc and nitrate removal, as well as  

       average daily temperatures, porewater ethanol concentrations, and  

       hydraulic conductivity (K) verses experimental time (lower x-axis) and  

       total pore volumes passed through the chamber (upper x-axis)………….. 

 

 

 

84 

  

17.  Nitrate (filled circles), nitrite (open circles), Tc (open triangles) and  

       chloride concentrations in the batch supernatant verses experimental  

       time……………………………………………………………………….. 

 

 

85 

  

18.  Ordination of RDA results……………………………………………….. 88 

  

19.  Phylogenetic relationships of cloned 16S rRNA genes and selected  

       sequences………………………………………………………………… 

 

91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF TABLES 
 

Table                        Page 

  

1.  Results of mass balance on U and Tc.…………………………………….. 24 

  

2.  Data summary of Q-PCR and PLFA groups for stimulated and control    

     column samples…………...……………………………………………….. 

 

45 

  

3.  Distribution of clones within ethanol stimulated sediment clone libraries  

     from ports 2, 3 and 8..….………..…..…………………………………….. 

 

51 

  

4.  Characteristic groundwater concentrations and pH values from FRC  

     Areas 1 and 2 (Michalsen et al. 2006)…………………………………….. 

 

69 

  

5.  Characteristic porewater concentrations and sediment core  

     locations...………..……………………………....………………………... 

 

74 

  

6.  Data summary of Q-PCR and PLFA groups for stimulated and control  

     sediments samples..……………………………....………………………... 

 

86 

  

7.  Distribution within clone libraries of ethanol stimulated chamber core  

     sediment…………………………………………………………………… 

 

90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF APPENDIX FIGURES 

 
Figure                        Page 

  

1B.  Two-way cluster analysis of individual PLFAs normalized by  

        maximum prior to analysis, where coloration indicates relative    

        abundance………………………………………………………………... 

 

 

146 

  

2B.  DGGE banding patterns for all stimulated sediment samples (EtOH 1 –  

        8)……………….………...……………………………………………… 

 

147 

  

1C.  Experimental timeline for the stimulated (upper) and the control (lower)   

        columns………..………………………………………………................ 

 

149 

  

2C.  DGGE banding profiles for chamber core sediment samples.….……….. 150 

  

3C.  Metal concentrations in the pH 4.7 influent groundwater (black bars)  

        and following a pH increase to 6.9 in the chamber port 1 pore water  

       (grey bars)……………………………………....………………………... 

 

 

151 

  

 

 



LIST OF APPENDIX TABLES 
 

Table                        Page 

  

1A.  Mineralogy of the physical model packing materials (left) and  

        extraction characterization of the physical model packing materials   

        (right)……………………………………………………......................... 

 

 

141 

  

2A.  Average contaminant removal rates in individual ports during 12.5  

        months of stimulated model operation ………………………………….. 

 

142 

  

3A.  Results of mass balance performed on U and Tc after 20 months of  

         stimulated column operation and 16 months of control operation..…….. 

 

143 

  

4A.  Description of XANES measurements from sediment samples and 

        standards………………………………………...……………………….. 

 

143 

  

5A.  Measured sulfate and approximated sulfide concentrations used in the 

        Nernst Equation to calculate representative Eh values from in the  

        stimulated column……...……………………....………………………... 

 

 

143 

  

     

 

 

     

 



1.0 Introduction 
 

1.1 Nuclear Weapons and Environmental Contamination 

In 1942, President Roosevelt commissioned the Army Corps of Engineers to begin 

the Manhattan Project in pursuit of The Bomb [1].  Construction of three nuclear 

research facilities began immediately: the first for uranium enrichment, located in Oak 

Ridge, TN; the second for plutonium production, located in Hanford, WA; and the third 

for weapons development and testing, located in Los Alamos, NV.  Remarkably, only 

three years later in 1945, enough uranium and plutonium were produced at the Hanford 

and Oak Ridge facilities for the August attacks on Hiroshima and Nagasaki that ended 

World War II [2].  During the rush to develop nuclear weapons, and throughout the 

weapons race of the Cold War, a tremendous amount of toxic waste was disposed of 

improperly.  As a result, an estimated 1.8 billion cubic meters of groundwater, soil, and 

sediment are contaminated with a complex mixture of radionuclides, metals, and 

organics at more than 7,000 individual sites within the U.S. Department of Energy 

(DOE) weapons complex [2-4].   

Uranium and technetium are prevalent radionuclide contaminants throughout the 

DOE weapons complex – uranium is the most frequently detected and technetium is the 

eighth most frequently detected radionuclide in contaminated groundwater and 

sediments [5, 6].  Groundwater geochemistry at these sites (typically oxygenated or 

nitrate rich [5]) promotes soluble, and thus mobile, uranium and technetium speciation.  

Unless corrective action is taken to stop the transport of radionuclides in groundwater, 

subsurface contamination will broaden and compound the already astounding problem 

at DOE legacy waste sites. 
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2+]T=1x10-5M, where the subscript “T” 

means total concentration (Mineql v.4.06, Environmental Research Software, 1998).
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1.2 Aquatic Chemistry of Uranium: A Brief Review 

The most abundant uranium isotope in the environment is 
238

U, which accounts for 

nearly 98% of all uranium present in the Earth’s crust.  The 
238

U isotope decays via α-

particle emission (2 neutrons and 2 protons) and has a half-life of 4.51x10
9
 years.  

Although external exposure to α-radiation poses little risk, ingestion of uranium is 

associated with increased cancer risk and kidney toxicity [7].  Uranium exhibits two 

primary oxidation states in groundwater – U
(VI)

 and U
(IV) 

[8].  The uranyl ion (U
(VI)

O2
2+

) 

is most stable under acidic or oxygenated conditions in the absence of carbonate and 

sorbs readily to iron- and aluminum-hydroxides in sediment [9, 10]. Uranyl also forms 

strong U-carbonate complexes, which control uranium speciation in most waters with 
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moderate carbonate concentrations (Figure 1).  The negative charge of uranium-

carbonate species at circumneutral pH decreases susceptibility to sorption and increases 

uranium solubility in groundwater.  Indeed, sorbed U
(VI)

 is often quantified in sediments 

by extraction in 1 M bicarbonate solution [11].   

Uranium
(VI)

 may be reduced to U
(IV)

 directly via microbial respiration [12, 13] or 

abiotically by zero-valent iron [14] or by ferrous iron containing solids [15, 16].  

Uranium
(IV)

 forms the sparingly soluble mineral uraninite (UO2), thereby decreasing 

solubility and mobility of uranium in groundwater.  Many iron- and sulfate-reducing 

bacteria can reduce U
(VI)

.  Bacteria including Desulfovibrio desulfuricans [12, 13], 

Geobacter metallireducens [17], Shewanella putrefaciens CN32 [18], 

Anaeromyxobacter dehalogenans [19], and Desulfosporosinus [20] are capable of 

enzymatic U(VI) reduction but microbial reduction can be complex and system-

specific.  For example, Desulfovibrio desulfuricans [13, 21] may couple U(VI) 

reduction to lactate or dihydrogen oxidation but only in the presence of sulfate.   

1.3 Aquatic Chemistry of Technetium: A Brief Review 

99
Technetium, a primary product of 

235
U fission, decays via β-particle (electron) 

emission and has a half-life of 2.1x10
5
 years [22].  Repeated exposure to or ingestion of 

technetium is associated with increased cancer risk [7].  Technetium exhibits two 

primary oxidations states in groundwater – Tc
(VII) 

and Tc
(IV) 

[23, 24].  The pertechnetate 

ion (Tc
(VII)

O4
-
) is most stable under oxidizing conditions and sorbs minimally under pH-

neutral conditions [25, 26].  Bicarbonate has been shown to remove some sorbed 

technetium from sediments, presumably through ion exchange [27, 28].   



 

 

4 

Technetium
(VII)

 may be reduced to Tc
(IV)

 directly via microbial respiration [29] or 

indirectly by ferrous iron, sulfide [30-33] or U
(IV)

 [34].  Technetium
(IV)

 forms the 

sparingly soluble mineral hydrous technetium oxide (Tc
(IV)

O2
.
1.6H2O) [23], thereby 

decreasing solubility and mobility of technetium in groundwater.  Many bacteria 

commonly detected in sediment can reduce Tc
(VII)

.  For example, Tc(VII) may be 

reduced enzymatically by Desulfovibrio desulfuricans [35-37], Deinococuss 

radiodurans [38] or Clostridium sp. [39]. 

1.4 Chemical and Biological Reactive Barriers for Groundwater Remediation 

Pump and treat systems are effective at sites where significant contaminant mass may 

be removed per volume of groundwater but may be less appropriate where large 

volumes of groundwater contain low-level contamination.  Permeable Reactive Barriers 

(PRBs) are an alternative groundwater treatment, whereby subsurface conditions are 

modified to promote retention or transformation of groundwater contaminants in situ, 

thus preventing off-site migration.  Reactive barriers are considered a “passive” 

treatment because no pumping or pump maintenance is required during operation, 

which makes them potentially more cost effective compared to pump and treat over a 

typical 20 – 30 year design life  [40]. 

PRBs are typically constructed by excavating and backfilling an aquifer section with 

reactive material, or by mixing or injecting reactive solutes in groundwater [41].  

Reactive media may facilitate contaminant removal via sorption (i.e. heavy metal 

sorption to hydroxyl apatite [42, 43]) or through abiotic or bio-mediated redox 

transformations.  For example, zero-valent iron or iron filings have been used as 

reactive media in PRBs to reduce chlorinated solvents [44, 45] or promote U
(VI)

 removal 
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[14].  Zero-valent iron has also been used used in combination with aerobic microbial 

respiration to sequentially treat a chlorinated solvent and petroleum hydrocarbon 

contaminant plume [46].  In other studies, sodium dithionite additions were shown to 

reduce structural Fe
(III)

 in sediments to Fe
(II)

, which in turn chemically reduced carbon 

tetrachloride and chromate [47, 48].   

Indigenous subsurface bacteria may be stimulated to create reducing conditions and 

mediate reductive contaminant transformations as well.  In situ bio-immobilization has 

recently gained attention as a potentially effective remediation strategy for metal or 

radionuclide contaminated groundwater [49].  During in situ bio-immobilization, 

electron donor additions are used to stimulate iron- and sulfate-reducing conditions, 

which promote the reductive precipitation of redox sensitive metals and radionuclides 

from groundwater.  However, diverse or extreme geochemical conditions common to 

radionuclide contaminated sites present unique challenges to successful implementation 

of bio-immobilization.   

Microbial response to electron donor addition is a function of geochemistry, which 

governs toxicity as well as bioavailability of metals.  For example, sorbed or solids 

associated U(VI) in contaminated aquifers may be less bioavailable for reduction [50], 

although stimulation of microbial activity and production of bicarbonate may promote 

formation of soluble U-carbonates, thereby increasing bioavailability of U.  

Accumulation of Fe(II) under Fe(III)-reducing conditions may decrease rates of Fe(III) 

reduction [51-53] but sulfide generated by sulfate reducers may combine with Fe(II) 

and precipitate from solution, thereby reducing Fe(II) accumulation [54].  Fe(III) may 

also oxidize U(IV) under reducing conditions when Fe(III) reduction is incomplete [55, 
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56], however the extent of U(IV) oxidation is governed by the form of Fe(III) present.  

Ferrous sulfides may also serve to buffer redox conditions and U(IV) [54]  and Tc(IV) 

[57] in sediments from reoxidation.  Thus, feedbacks between microbial 

communities and geochemistry during electron donor additions may promote or 

hinder the bio-immobilization process.  It is important to develop a site specific 

understanding of these feedbacks, particularly at DOE legacy waste sites given their 

characteristic extreme and variable geochemical conditions. 

1.5 Motivation and Research Scope 

Although uranium enrichment efforts ceased at the Oak Ridge Y-12 plant in 1946, 

weapons processing continued at this site and by 1962, Y-12 was the sole producer of 

highly enriched uranium weapons components [4].  From 1951 to 1983 acidic, weapons 

processing wastes from Y-12 were disposed of in shallow, unlined waste ponds 

overlying weathered carbonate rock [58, 59].  The waste contained primarily acidic 

uranium nitrate, although technetium, other metals and organics were disposed of there 

as well [60].   This waste leached from the ponds over time, resulting in a plume that 

extends 400 feet beneath the former storage ponds and 4000 feet along the geologic 

strike in both east and west directions [28].   In 1983, the ponds were neutralized, 

dewatered, filled and capped with a RCRA cap and the site currently serves as a parking 

lot for Y-12 employees [60].   

In 2000, the DOE Natural and Accelerated Bioremediation Program (currently 

Environmental Remediation Sciences Program) selected the contaminated aquifer at Y-

12 to serve as a Field Research Center (FRC) to support research projects geared toward 

development of new remediation strategies and an improved understanding of 
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contaminant dynamics at this site.  The work presented in this thesis was conducted in 

FRC Areas 1 and 2.  Groundwater in FRC Area 1 contains extremely high nitrate 

concentrations (up to 130 mM) as well as hydrogen ion and metal acidity, whereas 

groundwater in FRC Area 2 is pH-neutral and contains moderate nitrate concentrations.  

These extreme and variable geochemical conditions at this site pose formidable 

challenges to implementation of bio-immobilization.   

The objective of this research was to evaluate the long-term effects of ethanol 

additions on U and Tc mobility in site groundwater flowing through a mixture of site 

sediment and native crushed limestone.  The sediment mixture was packed into above-

ground, intermediate-scale flow through chambers, which served to model a potential in 

situ bio-barrier configuration for denitrification and U and Tc removal from FRC 

groundwater.  Porewater geochemistry and contaminant removal rates were monitored 

continuously for over 20 months.  In addition, a combined signature lipid and nucleic 

acid-based approach was used to spatially characterize sediment microbial communities 

along the chamber flow paths to determine if microbial community composition and 

geochemistry were spatially correlated in these systems. 
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2.0 Uranium and Technetium Bio-Immobilization in Intermediate-

Scale Physical Models of an In Situ Bio-Barrier 
 

2.1 Overview 

We investigated the long-term effects of ethanol addition on U and Tc mobility in 

groundwater flowing through intermediate-scale columns packed with uncontaminated 

sediments.  The columns were operated above-ground at a contaminated field site to 

serve as physical models of an in situ bio-barrier for U and Tc removal from 

groundwater.  Groundwater containing 4 µM U and 520 pM Tc was pumped through 

the columns for 20 months.  One column received additions of ethanol to stimulate 

activity of indigenous microorganisms; a second column received no ethanol and served 

as a control.  U(VI) and Tc(VII) removal was sustained for 20 months (~ 189 pore 

volumes) in the stimulated column under sulfate- and Fe(III)-reducing conditions.  Less 

apparent microbial activity and only minor removal of U(VI) and Tc(VII) were 

observed in the control.  Sequential sediment extractions and XANES spectra confirmed 

that U(IV) was present in the stimulated column, although U(IV) was also detected in 

the control; extremely low concentrations precluded detection of Tc(IV) in any sample.  

These results provide additional evidence that bio-immobilization may be effective for 

removing U and Tc from groundwater.  However, long-term effectiveness of bio-

immobilization may be limited by hydraulic conductivity reductions or depletion of 

bioavailable Fe(III). 

2.2 Introduction 

Uranium and technetium are important groundwater contaminants at U.S. Department 

of Energy (DOE) waste sites because they are persistent, frequently mobile in aquifers 
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and toxic to potential receptors [1].  Under oxidizing conditions, uranium exists as 

divalent uranyl (U(VI)O2
2+

), which forms soluble and mobile carbonate complexes in 

groundwater [2].  Technetium is typically present as pertechnetate (Tc(VII)O4
-
), which 

is also highly soluble and mobile [3-5].  The reduced oxidation states of uranium and 

technetium, U(IV) and Tc(IV), respectively, form sparingly soluble oxides [5].  Thus, 

one way to remove U(VI) and Tc(VII) from groundwater is to stimulate the indigenous 

microbial community to create conditions that promote reductive precipitation of U(IV) 

and Tc(IV) in a process called bio-immobilization [6]. 

Bio-reductive precipitation of U(IV) and Tc(IV) can proceed either enzymatically or 

fortuitously under metal or sulfate reducing conditions [7, 8].  Bacteria including 

Desulfovibrio desulfuricans [9], Geobacter metallireducens [10], Shewanella 

putrefaciens CN32 [11], and Desulfosporosinus [12] are capable of enzymatic U(VI) 

reduction but microbial reduction can be complex and system-specific.  For example, 

Desulfovibrio desulfuricans may couple U(VI) reduction to lactate or dihydrogen 

oxidation but only in the presence of sulfate [9, 13].  Tc(VII) may also be reduced 

enzymatically by Desulfovibrio desulfuricans  [7, 14, 15] and Deinococuss radiodurans 

[16] or chemically by solids containing ferrous iron  [17] or U(IV) [18]. 

Few field experiments have demonstrated that bio-immobilization of U and Tc can be 

achieved in situ.  Senko et al. [19] conducted push-pull tests in an anaerobic landfill 

leachate-impacted aquifer using site groundwater amended with U.  U(VI) reduction 

was observed concomitant with denitrification and sulfate reduction, although the 

contribution of microbial U(VI) reduction to observed U removal was not clear.  

Anderson et al. [20] conducted a natural gradient bio-immobilization study in a U 
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contaminated aquifer.  Initially, acetate additions resulted in Fe(III) reduction and 

decreased U concentrations.  However, U(VI) concentrations eventually increased and 

aqueous Fe(II) concentrations decreased, which Anderson et al. (20) attributed to sulfate 

reducing bacteria out-competing Fe(III)- and U(VI)-reducers for acetate.  Istok et al.  

[21] conducted push-pull tests at Oak Ridge National Laboratory using U and Tc 

contaminated groundwater.  Ethanol additions stimulated denitrification and Fe(III), 

Mn(IV), U(VI) and Tc(VII) reduction in all tests. 

These field studies have demonstrated the potential for bio-immobilization to remove 

radionuclides from groundwater but were also somewhat limited by test format or site 

selection.  The Senko et al. and Istok et al. tests were short duration (< 1200 hours) and 

thus unable to provide information on longer-term changes in microbial activity or 

aquifer hydraulic conductivity.  Although U, Tc, nitrate and sulfate are common co-

contaminants at many DOE waste sites, the Senko et al. study was conducted in aquifers 

without U, Tc, nitrate or sulfate and the Anderson et al. study was conducted without Tc 

or nitrate.   

In this study, we investigated the long-term effects of electron donor addition on U 

and Tc mobility in groundwater flowing through above-ground, intermediate-scale 

columns deployed at a contaminated field site.   We evaluated whether added ethanol 

could promote and sustain reductive precipitation of U(IV) and Tc(IV), thereby 

modeling a potential configuration for an in situ bio-barrier.  The columns were packed 

with a mixture of uncontaminated sediments and continuously perfused with 

contaminated site groundwater containing U and Tc for 20 months.  One column 

received ethanol additions to stimulate microbial activity and create anaerobic 
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conditions favorable for bio-immobilization of U and Tc; a second column received no 

added ethanol.   

2.3 Methods 

2.3.1 Materials and Apparatus.  From 1951 to 1983, nuclear processing wastes 

leached from overlying storage ponds into the shallow, unconfined aquifer at Oak Ridge 

National Laboratory [22].  The U.S. DOE established this site as a Field Research 

Center (FRC) to provide researchers with access to contaminated sediment and 

groundwater.  This study was designed to simulate in situ conditions in FRC Area 2, 

where contaminated sediments forming the shallow (~ 4-6 m) aquifer consist of placed 

fill.  The fill is comprised of a mixture of shale saprolite and gravel mined from nearby 

outcrops of the Maynardville Limestone [23].  Uncontaminated fill was not available 

and so experiments were conducted with a constructed fill prepared by combining 

uncontaminated saprolite from the FRC Background site (Background sediment) (~11 

wt %) with Maynardsville Limestone (89 wt %) that had been crushed and sieved (< 0.6 

cm).  See Appendix A Table 1 for sediment characteristics.  The sediment mixture was 

packed in layers into identical columns made from horizontal 15.2 cm diameter by 

243.8 cm long polyvinyl chloride pipe.  A small quantity of sodium bicarbonate (0.3 wt 

%) was added to the sediments during packing to minimize U(VI) sorption prior to 

stimulating reducing conditions, as was previously done in our laboratory studies (data 

not shown).  Subsequent porewater measurements of Na
+
 indicated that the added 

sodium bicarbonate was flushed from the column during the first five weeks of 

operation.  The columns were equipped with an inlet, outlet, eight sampling ports, 

manometers and four ethanol injection ports distributed along the column length (Figure 
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3).  The columns were deployed in a climate controlled trailer above the contaminated 

aquifer at the FRC in Oak Ridge, TN.  Contaminated site groundwater from a nearby 

well (well GW835, [24]) was pumped through both columns using piston pumps.  This 

groundwater was aerobic (dissolved oxygen ~ 6 mg/L), with pH 6.4, and nitrate (1 

mM), sulfate (1 mM), U (4 µΜ) and Tc (520 pM) concentrations typical of FRC Area 2 

groundwater.  Pumping rates were selected to yield porewater velocities similar to those 

reported for site groundwater (0.5 – 2 m/day, [24]).  Pumping rates were monitored 

weekly but varied during the long experiment duration at this remote site; average 

porewater velocities were 0.61 and 1.4 m/day for the stimulated and control columns, 

respectively. 

 

 

 

 

 

 

 

 

 

A syringe pump was used to add 0.6 mL of ethanol (190 proof ethyl alcohol) daily to 

the inlet and each injection port of the stimulated column; the control received no added 

ethanol.  Ethanol was used for its convenience for automated injection and because 

concentrated ethanol inhibited microbial growth in injection tubing and ports.  Water 

samples (15 mL) were collected from all sampling ports twice per week for the first 3 

Inlet Outlet 

254 cm 

Figure 2.  Diagram of the intermediate-scale physical models deployed at the FRC 

including nine manometers, eight sampling ports (no arrows) and four ethanol injection 

ports (arrows). 
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months and once per week thereafter.  Inorganic anions, pH, ethanol, U and Tc were 

analyzed in all collected pore water samples.  A single set of zero headspace pore  

 

 

 

 

 

 

 

 

 

 

water samples were collected for volatile fatty acid and methane analysis after 40 pore 

volumes passed through the stimulated column.  Sediment samples were collected after 

~ 79 and 72 pore volumes had passed through the stimulated and control columns, 

respectively (Figure 3).  Brief descriptions of analytical methods are given below; see 

Appendix A for details. 

2.3.2 Characterization of Sediment Mixture.  Sediment mineralogy was characterized 

using chemical extraction, x-ray diffraction and x-ray fluorescence methods.  Total 

Fe(III) was calculated as the dithionite-citrate-bicarbonate extractable Fe less the weak 

acid extractable Fe(II).  The limestone was completely dissolved in weak acid; resulting 

Fe(II) was assumed to be structural and was neglected in the Fe(III) calculation.   

 

EtOH stimulated 
model begins 
operation at FRC

447 L GW (44 PV) 
passed through EtOH 

stimulated model

809 L (79 PV) 
passed 
through EtOH 

stimulated 
model

Sediment samples are 

collected from all sample 
ports in both models, UTOT and 
U(IV) are quantified, U(IV) 

presence is confirmed

1925 L GW (189 PV) 
passed through 
EtOH stimulated 

model

Control model begins 
operation at FRC

252 L GW (72 PV)  
passed through control 

model

1073 L GW (307 PV)  
passed through control 

model

Overall mass 

balance performed

Sep-03 May-04 June-05

EtOH stimulated 
model begins 
operation at FRC

447 L GW (44 PV) 
passed through EtOH 

stimulated model

809 L (79 PV) 
passed 
through EtOH 

stimulated 
model

Sediment samples are 

collected from all sample 
ports in both models, UTOT and 
U(IV) are quantified, U(IV) 

presence is confirmed

1925 L GW (189 PV) 
passed through 
EtOH stimulated 

model

Control model begins 
operation at FRC

252 L GW (72 PV)  
passed through control 

model

1073 L GW (307 PV)  
passed through control 

model

Overall mass 

balance performed

Sep-03 May-04 June-05

Figure 3. Experimental timeline for the stimulated (upper) and the control (lower) columns. 
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2.3.3 Porewater Analyses.  pH was measured using a glass electrode.  Inorganic anion 

(NO3
-
, SO4

2-
, Br

-
, NO2

-
) and organic anion (acetate, propionate, and butyrate) 

concentrations were measured by ion chromatography.  Ethanol and methane were 

measured using gas chromatography.  Uranium concentrations were measured using 

kinetic phosphorescence analysis.  Technetium was measured by liquid scintillation 

counting. 

2.3.4 Sediment Analyses.  Sediment samples were collected by temporarily removing 

sampling port fittings under an Ar atmosphere.  Sediment samples were sequentially 

extracted to quantify U using previously published methods [25, 26].  Briefly, 

sediments were extracted first with a known mass of deoxygenated DI water; next with 

deoxygenated, 1 M HCO3
-
; and finally were incubated with concentrated nitric acid for 

~ 24 hours.  Using previously published criteria [25], uranium extracted from the 

sediment by rinsing with DI water and HCO3
- 

was assumed to be U(VI), and acid 

extractable uranium (after DI and HCO3
-
 rinses) was assumed to be U(IV).  The 

presence of U(IV) in selected samples was verified using X-ray Absorption Near Edge 

Spectra (XANES) at MR-CAT 10ID beamline [27].  Fe(II) and Fe(III) content in 

selected sediment samples were determined using Mössbauer spectra collected at 4, 77, 

or 298 K [28].  Spectra were fitted using Recoil version 1.0 (K. Lagarec and D. 

Rancourt, Department of Physics, University of Ottawa) 

2.3.5 Data Analysis.  Hydraulic conductivity was computed from measured pumping 

rates and hydraulic heads.  Tracer tests were conducted by amending influent 

groundwater with 100 mg/L Br
-
 and sampling to obtain breakthrough curves.  Porewater 

velocities were determined by fitting Br
-
 breakthrough concentrations to the advection 
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dispersion equation using CXTFIT [29]  Porewater velocities were used to calculate 

travel times from the inlet to each sampling port.  Apparent zero-order removal rates for 

nitrate, sulfate, U and Tc were computed by dividing measured changes in 

concentration between adjacent sampling ports by the travel time.  Aqueous mass 

balance calculations were performed by integrating measured pumping rates and 

differences in inlet and outlet concentrations. 

2.3.6 Geochemical Modeling.  Activities of aqueous and solid U and Tc species were 

computed as a function of pH and redox potential using the Geochemist’s Workbench v. 

6.0 [30].  The thermodynamic database was edited to include CaUO2(CO3)3
2-

 and 

Ca2UO2(CO3)3 complexes using data in Berhard et al. [31].  Measured sulfate reduction 

presumably governed redox potential in the stimulated model sediments.  The Nernst 

equation was used to calculate the associated range of redox conditions in the 

stimulated model sediments (see Appendix A, Table 5 for calculations).  Partial 

pressure of CO2 in model sediments was calculated by assuming all ethanol was 

mineralized to CO2; this assumption is conservative by providing maximum available 

carbonate in solution for uranium complexation.  

2.4 Results 

Nitrate, sulfate, U and Tc concentrations initially decreased in both columns during 

the first two weeks of operation.  In the stimulated column, this trend continued and 

nitrate, sulfate, U and Tc continued to decrease along the column length for the 

remainder of the experiment.  After two weeks U and nitrate concentrations in the 

stimulated column effluent were essentially zero.  In the control column, sulfate and U 

concentrations increased after two weeks and eventually were nearly constant along the 
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Figure 4. Average concentration profiles 

for the ethanol stimulated column (solid 

symbols, 20 months) and control (open 

symbols, 16 months) for the entire 

experiment. Inlet concentrations 

correspond to time zero and error bars 

represent one standard deviation.  

Triangles represent nitrate concentrations; 

circles represent all other analytes. 

column length, while nitrate and Tc concentrations continued to decrease, but to a lesser 

extent than in the stimulated column.  Differences between the stimulated and control 

columns are summarized in Figure 4, which shows the long-term average  

concentrations and confidence intervals for both 

columns during the entire experiment.   Due to 

differences in pumping rates, porewater 

velocities were smaller and computed travel 

times were larger in the stimulated column than 

in the control; travel times ranged from 0 (inlet) 

to 105 hours (outlet) in the stimulated column 

and from 0 (inlet) to 55 hours (outlet) in the 

control.  In the stimulated column, average 

nitrate concentration decreased from 0.8 to ~ 0 

mM and sulfate decreased from 1 to ~ 0.2 mM.  

The average U concentration decreased from 4 

to ~ 0 µM and Tc decreased from ~ 600 to ~ 20 

pM.  In the control, concentrations decreased much 

less to ~ 0.4 mM (nitrate), ~ 0.9 mM (sulfate), ~ 3 

µM (U) and 275 pM (Tc) (Figure 4).  Measured 

nitrate, sulfate, U and Tc concentrations at all 

sampling ports were significantly smaller in the 

stimulated column than in the control (p = 0.1).  Small quantities of ethanol delivered to 

the control by contaminated drums used to store site groundwater, or oxidation of 
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sediment organic matter, likely stimulated limited microbial activity in the control 

column and may be responsible for some of the observed decreases in analyte 

concentrations.  Sorption was likely responsible for some decrease in U concentrations 

in both the stimulated and control columns.    

Computed removal rates were significantly larger in the stimulated column than in the 

control; the largest rates were observed in sampling port 1 of the stimulated column and 

were ~ 0.06 mM/hr (nitrate), 0.05 mM/hr (sulfate), ~ 0.4 µM/hr (U) and ~ 40 pM/hr 

(Tc) (see Appendix A, Table 2 for all calculated rates).  Porewater sample collection 

and analysis continued until early June, 2005 when the experiment was terminated.  

Concentration profiles and removal rates remained consistent with those reported here 

and confirmed that ethanol additions to the stimulated column supported the 

simultaneous removal of U and Tc from site groundwater for the duration of the 

experiment.  

Mass balance calculations based on 

porewater and flow rate data indicated that 

significantly more U and Tc were deposited 

(i.e., removed from groundwater) in the 

stimulated column than in the control (see 

Appendix A, Table 3).  Stimulated column 

sediments contained more U and a higher 

proportion of acid extractable U than 

control sediments (Figure 5).  When U 

sediment data were normalized to account 
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for differences in groundwater volumes pumped through each column, the total U 

content of stimulated and control sediments were equal but the stimulated sediment 

contained 43 % more acid extractable U than the control (Table 1).  Extremely small Tc 

concentrations precluded sediment Tc analyses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The position of the adsorption edge and the shape of the oscillatory portion of the 

XANES spectra, which closely resembled the U(IV) standard, confirmed the presence 
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volume of groundwater passed through 

models at time of sediment collection, L
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volume, ppm
10.4 11.0

aqueous mass balance derived sediment 

U concentration normalized to total water 

volume, ppm (for comparrison purposes)

7.1 5.1

total acid extractable U operationally 44.2 6.50

average acid extractable U 

concentration, ppm
4.17 0.74

average acid extractable concentration 

normalized to total water volume, ppm
4.17 2.39

Table 1. Results of mass balance performed on U and Tc.  Predicted 

control values were scaled to account for less total groundwater volume 

passing through this column at the time sediment samples were collected 

for U extraction. 
Stimulated 

Column

Control 

Column

cumulative U extracted from sediment, 

µµµµg
110 30.0

cumulative dry sediment mass extracted 

from all sample ports, g
10.6 8.73

average extractable sediment U 

concentration, ppm
10.4 3.44

volume of groundwater passed through 

models at time of sediment collection, L
809 252

average extractable sediment U 

concentration normalized to total water 

volume, ppm
10.4 11.0

aqueous mass balance derived sediment 

U concentration normalized to total water 

volume, ppm (for comparrison purposes)

7.1 5.1

total acid extractable U operationally 44.2 6.50

average acid extractable U 

concentration, ppm
4.17 0.74

average acid extractable concentration 

normalized to total water volume, ppm
4.17 2.39

Table 1. Results of mass balance performed on U and Tc.  Predicted 

control values were scaled to account for less total groundwater volume 

passing through this column at the time sediment samples were collected 

for U extraction. 



 

 

25 

Incident X-ray Energy (eV)

17140 17160 17180 17200 17220

N
o

rm
a

li
z
e
d

 X
-r

a
y
 A

b
s
o

rp
ti

o
n

0.0

0.5

1.0

1.5

2.0

2.5

3.0

U(VI) 
Peak

U(IV)
Peak

U(IV) Std

Stimulated Port 4

Stimulated Port 2

Stimulated Port 1

Control

U(VI) Std

Figure 6. XANES spectra (U LIII-edge normalized 

absorption) spectra from the stimulated and control 

sediment samples, U(VI) standard, and U(IV) standard.

Incident X-ray Energy (eV)

17140 17160 17180 17200 17220

N
o

rm
a

li
z
e
d

 X
-r

a
y
 A

b
s
o

rp
ti

o
n

0.0

0.5

1.0

1.5

2.0

2.5

3.0

U(VI) 
Peak

U(IV)
Peak

U(IV) Std

Stimulated Port 4

Stimulated Port 2

Stimulated Port 1

Control

U(VI) Std

Figure 6. XANES spectra (U LIII-edge normalized 

absorption) spectra from the stimulated and control 

sediment samples, U(VI) standard, and U(IV) standard.

Incident X-ray Energy (eV)

17140 17160 17180 17200 17220

N
o

rm
a

li
z
e
d

 X
-r

a
y
 A

b
s
o

rp
ti

o
n

0.0

0.5

1.0

1.5

2.0

2.5

3.0

U(VI) 
Peak

U(IV)
Peak

U(IV) Std

Stimulated Port 4

Stimulated Port 2

Stimulated Port 1

Control

U(VI) Std

Figure 6. XANES spectra (U LIII-edge normalized 

absorption) spectra from the stimulated and control 

sediment samples, U(VI) standard, and U(IV) standard.

of mostly U(IV) (> 85 %) in 

stimulated sediments (Figure 6).  

The proportion of U(IV) in samples 

analyzed by XANES was 

substantially larger than the 

proportion of acid extractable U in 

the same samples (Figure 5, see also 

Appendix A, Table 4) and is 

attributed to differences in sediment 

size fractions analyzed by the two methods, small-scale mineralogical heterogeneities, 

and the likelihood that acid extractable U may contain a mixture of U(IV) and U(VI).  

An average sediment volume of ~ 0.9 cm
3
 was extracted for U analysis per sediment 

sample, which is much larger than the volume (~ 0.01 cm
3
) interrogated by XANES.  It 

was only possible to analyze one control sample.  The control sample with the most 

reduced appearance was selected for this purpose and it too contained mostly U(IV) 

(Figure 6).  The presence of U(IV) in the control was unexpected but is likely due 

limited microbial activity supported by sediment organic matter oxidation (which is 

consistent with long-term average concentration profiles that showed decreased nitrate 

and technetium concentrations in the control column).  Mössbauer spectra indicated that 

stimulated sediments contained higher levels of Fe(II) and lower levels of Fe(III) 

compared to the pristine sediment mixture used to pack the columns, indicating that 

ethanol additions stimulated Fe(III)-reducing microbial activity (Figure 7).  In addition, 

Mössbauer spectral analysis confirmed FeSx presence in the stimulated sediment. 
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Figure 7. Mössbauer spectra at 4K for three 

stimulated sediment samples, the pristine 

sediment used to pack the columns, and for a 

black precipitate present in stimulated sediments 

samples.  Port 2 and the pristine mixture exhibited 

the highest Fe(III)-oxide signal, as evidenced by 

the prominent spectral sextet.  Ports 1 and 8 

exhibited increased Fe(II) signals, as evidenced 

by increased absorption at ~ 2.5 mm/s.  The solid 

line in the precipitate spectrum represents the 

Recoil fitted pattern, which was consistent with 

an iron sulfide mineral phase.

Figure 7. Mössbauer spectra at 4K for three 

stimulated sediment samples, the pristine 

sediment used to pack the columns, and for a 

black precipitate present in stimulated sediments 

samples.  Port 2 and the pristine mixture exhibited 

the highest Fe(III)-oxide signal, as evidenced by 

the prominent spectral sextet.  Ports 1 and 8 

exhibited increased Fe(II) signals, as evidenced 

by increased absorption at ~ 2.5 mm/s.  The solid 

line in the precipitate spectrum represents the 

Recoil fitted pattern, which was consistent with 

an iron sulfide mineral phase.

Wan et al. [32] and others showed that the 

soluble complex, Ca2UO2(CO3)3, may decrease 

the stability of uraninite (UO2) in the presence of 

calcite [33], suggesting that a portion of the 

observed aqueous U loss in the stimulated column 

may have been due to U(VI) sorption or 

precipitation of U(VI) bearing mineral phases.  

However, geochemical modeling indicated that 

amorphous U(IV)O2 was the most stable mineral 

phase under sulfate and Fe(III)-reducing 

conditions in the stimulated column, with or 

without the inclusion of U-Ca complexes in the 

thermodynamic database (Figure 8).   

Pertechnetate (Tc(VII)O4
-
) sorbs only minimally 

to these sediments and may be reduced 

microbially or by reaction with Fe(II) or sulfide 

[17, 34, 35]; therefore, it is likely that decreased 

Tc concentrations in the stimulated sediments 

were the result of Tc(VII) reduction.  

Geochemical  

modeling indicated that Tc2S7 was the most stable 

mineral phase under sulfate and Fe(III)-reducing 

conditions in the stimulated column (Figure 8).  A 
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Figure 8.  Chemical speciation of 1 µM uranium (left panel) and 1000 pM technetium (right panel) with

sulfate equal to 1 mM and pCO2 equal to 0.025 atm, which was calculated by assuming all injected 

ethanol was mineralized to CO2 at average pH 7.6.  Black lines and red lines represent aqueous U 

speciation with and without calcite, respectively (left panel). Filled areas represent solid phases and inset 

squares indicate representative stimulated column redox conditions (calculations in Supplementary 

Information).  UBC, UTC and CaUTC represent UO2(CO3)22-, UO2(CO3)33-, and Ca UO2(CO3)2.  

All activity coefficients were set equal to 1.

Figure 8.  Chemical speciation of 1 µM uranium (left panel) and 1000 pM technetium (right panel) with

sulfate equal to 1 mM and pCO2 equal to 0.025 atm, which was calculated by assuming all injected 

ethanol was mineralized to CO2 at average pH 7.6.  Black lines and red lines represent aqueous U 

speciation with and without calcite, respectively (left panel). Filled areas represent solid phases and inset 

squares indicate representative stimulated column redox conditions (calculations in Supplementary 

Information).  UBC, UTC and CaUTC represent UO2(CO3)22-, UO2(CO3)33-, and Ca UO2(CO3)2.  

All activity coefficients were set equal to 1.

recent study by Lukens et al. [36] provided spectroscopic evidence that suggested 

Tc2S7(s) is actually a reduced Tc(IV)-sulfide with stoichiometry Tc3S2(S2)4(s) or Tc3S10.   

 

2.5 Discussion 

Anderson et al. [20] suggested that Fe(III) availability is an important factor for the 

long-term effectiveness of U bio-immobilization and that if bioavailable Fe(III) is 

exhausted, or becomes otherwise unavailable, the biogeochemical system may shift in 

such a way as to preclude U(VI) reduction.  The pristine sediment used to pack the 

stimulated column initially contained ~ 2.2 moles of Fe(III).  Based on increased 

sediment Fe(II) indicated by Mössbauer spectra, sustained sulfate reduction, and 
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detection of methane in the porewater samples (data not shown), it is likely that a 

substantial fraction of the initially bioavailable Fe(III) was reduced.  

Hydraulic conductivity of the sediment pack in the stimulated column was ~ 1.6 x 10
-

4
 m/sec initially but decreased by approximately one order of magnitude to ~ 2.5 x 10

-5
 

m/sec by the end of the experiment.  Precipitation of reduced metals and assumed 

increased biomass likely contributed to the observed decrease in hydraulic conductivity.  

Measured hydraulic conductivities of the stimulated sediment remained within the wide 

range of published conductivity values for the FRC aquifer (1.0 x 10
-4

 to 1.0 x 10
-11

 

m/sec )[37, 38] but clearly, even longer-term and perhaps in situ experiments are 

needed to predict the magnitude of hydraulic conductivity decrease that could occur if 

bioimmobilization is used to treat U and Tc contaminated groundwater at the FRC.  

Hydraulic conductivity of the sediment pack in the control was initially 0.004 cm/sec 

but increased to ~ 0.03 cm/sec; the explanation for the incree is unknown.   

Two other long-term laboratory experiments have been conducted to study bio-

immobilization of U in packed sediment systems.  Gu et al. [39] conducted a small scale 

(~ 15 cm) column experiment for ~ 8 months by recirculating artificial groundwater 

amended with ethanol and sulfate through U-contaminated FRC sediment.  Aqueous U 

concentrations were reduced from ~ 71 µM to ~ 1.3 µM after 140 days but increased to 

~ 3.4 µM by day 245 under methanogenic conditions.  Wan et al. [32] conducted a 

small scale (~ 20 cm) column experiment for ~ 16 months by continuously pumping 

lactate amended artificial groundwater through U-contaminated FRC sediment.  

Aqueous U concentrations were reduced from ~ 20 to 0.03 µM by day 60 but 
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subsequently increased to ~ 1 µM for the duration of the study under methanogenic 

conditions.   

Our study complements these two studies.  To our knowledge, this study is first to 

demonstrate long-term removal of U and Tc from contaminated groundwater by 

stimulating microbial activity in an (initially) uncontaminated sediment system.  

However, additional research is needed to quantify the effects of hydraulic conductivity 

reduction and depletion of bioavailable Fe(III) on the long-term effectiveness of 

biostimulation for treating U and Tc contaminated groundwater. 
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3.0 Sediment Microbial Community Shifts Correlate with 

Geochemistry in Model Bio-Barrier for Uranium and Technetium 

Removal from Groundwater 
 

3.1 Overview 

In a previous column study, we investigated the long-term impact of ethanol additions 

on U and Tc mobility in groundwater (Michalsen et al., Environ. Sci. Technol. 2006, 

40:7048-7053).  Ethanol additions stimulated iron- and sulfate-reducing conditions and 

significantly enhanced U and Tc removal from groundwater compared to an identical 

column that received no ethanol additions (control).  Here we present the results of a 

combined signature lipid and nucleic acid-based microbial community characterization 

in sediments collected from along the ethanol stimulated and control column flow paths.  

Phospholipid fatty acid (PLFA) analysis showed both an increase in microbial biomass 

(~2 orders of magnitude) and decreased ratios of cyclopropane to monoenoic precursor 

fatty acids in the stimulated column compared to the control, confirming electron donor 

limitation in the control.  Spatial shifts in microbial community composition were 

identified by PCR-DGGE analysis as well as by quantitative-PCR, which showed that 

Geobacteraceae increased significantly near the stimulated column outlet where soluble 

electron acceptors were largely depleted.  Clone libraries of 16S rRNA genes from 

selected flow path locations in the stimulated column showed that Proteobacteria were 

dominant near the inlet (46-52%), while members of the candidate division OP11 were 

dominant near the outlet (67%).  Redundancy analysis revealed a highly significant 

difference (p=0.0003) between microbial community composition within stimulated and 

control sediments, with geochemical variables explaining 68% of the variance in 

community composition on the first two canonical axes.  
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3.2 Introduction 

In situ bio-immobilization has recently gained attention as a potentially effective 

remediation strategy for metal or radionuclide contaminated groundwater [1-4].  During 

in situ bio-immobilization, electron donor additions are used to stimulate iron- and 

sulfate-reducing conditions, which promote the reductive precipitation of redox 

sensitive metals and radionuclides from groundwater.  Diverse or extreme geochemical 

conditions common to radionuclide contaminated sites present unique challenges to 

successful implementation of bio-immobilization.  One such site, located in Oak Ridge, 

TN, was established by the U.S. DOE as a Field Research Center (FRC).  Groundwater 

at the FRC has a wide concentration range of U (up to 210 µM), Tc (up to 24 nM), and 

nitrate (up to 168 mM) with pH varying from 3 to 7[5]. 

Several batch studies have been conducted to characterize the subsurface microbial 

community at the FRC and to evaluate its bio-immobilization potential with varied 

electron donors, geochemical conditions and microbiological methods.  In one study, 

contaminated FRC sediments were incubated with ethanol amended, pH-4 site 

groundwater [6].  Clone libraries of 16S rRNA genes indicated that Firmicutes were 

initially dominant but that β-Proteobacteria sequences were dominant after 78 days.  

Though 12 µM U was removed from solution, 46 mM nitrate remained in solution and 

U removal was not attributed to reduction.  Such shifts have also been observed  in 16S 

rRNA gene clone libraries from iron-reducing enrichment cultures prepared using FRC 

site sediment with acetate, lactate or glycerol as electron donors [7].  Geobacter and 

Pelobacter were dominant in cultures prepared using uncontaminated, pH-6 sediment, 

while Anaeromyxobacter and Anaerovibrio were mostly dominant in cultures prepared 
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using contaminated, pH-4 sediments.  In a separate study conducted using FRC 

sediments that were not electron donor stimulated, composition of the metabolically 

active microbial community was shown to be different from the community overall [8].  

For example in pH-6 sediment, α-Proteobacteria sequences comprised ≥59% of 16S 

rRNA gene clone libraries, whereas γ- and β-Proteobacteria together comprised ≥76% 

of the RNA-based 16S rRNA clone libraries. 

Different shifts in geochemistry and microbial community composition have been 

observed when contaminated sediments are amended with electron donor in flowing 

systems for longer time periods.  For example, lactate-amended, artificial groundwater 

was continuously circulated through U-contaminated FRC sediment for over 16 months 

[9].  Effluent U concentrations decreased initially under iron-reducing conditions, which 

corresponded to an increase in Geobacteraceae and Geothrix related sequences in the 

column sediment.  Effluent U concentrations subsequently increased under 

methanogenic conditions and no decrease in Geobacteraceae or Geothrix related 

sequences was observed [9, 10].  An in situ bio-immobilization study was conducted in 

a U- and sulfate-contaminated aquifer in Rifle, CO by injecting acetate for ~3 months 

[2].  U concentrations initially decreased under iron-reducing conditions, which 

corresponded to increased Geobacteraceae related sequences in groundwater.  U 

concentrations subsequently increased under sulfate-reducing conditions, with a 

corresponding decrease in Geobacteraceae and increase in sulfate-reducing bacteria 

related sequences in groundwater.   

Laboratory and field studies have demonstrated the coupling between prevailing 

geochemistry and microbial community composition during bio-immobilization.  
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However, spatial variability in microbial community composition or spatial correlations 

between community composition and geochemical conditions during long-term electron 

donor addition has not been described for FRC sediments.  In a previous study, we 

continuously added ethanol to contaminated FRC site groundwater flowing through 

intermediate-scale, sediment-packed columns to model a potential field-scale bio-

immobilization strategy [11].  Sediment and porewater analyses demonstrated that 

added ethanol effectively stimulated U and Tc removal for long time periods compared 

to a no donor added control.  The objective of this study was to characterize the 

sediment microbial community along flow paths within the ethanol stimulated and 

control columns and to determine if microbial community composition and 

geochemistry were spatially correlated.   

3.3 Methods 

3.3.1 Materials and Apparatus.  Above-ground, intermediate-scale columns were 

deployed and operated in Area 2 of the Field Research Center (FRC) in Oak Ridge, TN 

to serve as models of in situ permeable reactive barriers for removal of U and Tc from 

FRC groundwater [11].  The columns were constructed from polyvinyl chloride pipe 

(6” ID x 8’ length) and were packed with uncontaminated FRC site sediments.  

Contaminated FRC site groundwater (from well GW835) containing ~ 0.8 mM nitrate, 

1 mM sulfate, 4 µM U, and 580 pM Tc was continuously pumped through both columns 

to simulate groundwater flow.  Ethanol was injected daily into the inlet and 4 locations 

along the length of one column (stimulated column); an identical column received no 

added ethanol (control).  Porewater samples were routinely collected from 8 sampling 

ports located along the length of each column and changes in flow rates were 
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monitored.  Quantities of analytes removed during the experiment were quantified by 

integrating flow rates and differences in inlet and outlet concentrations.  Sediment 

samples were collected for microbial community characterization from the sampling 

ports of the stimulated column after 13.5 months of operation and from the control after 

9.5 months of operation.  Detailed experimental procedures and geochemical results 

were summarized previously [11]. 

3.3.2 Lipid Analyses.  Total lipids were extracted from the sediment samples using a 

modified Blyer & Dyer method [12, 13].  Silicic acid chromatography was used to 

separate the total lipids into polar, neutral and glycolipid fractions [14].   The polar lipid 

fraction was subsequently transesterified using mild alkaline methanolysis to form fatty 

acid methyl esters (FAMEs) and convert plasmalogen ethers to dimethylacetals (DMAs) 

([14], with modifications [15]).  The neutral lipid fraction was analyzed for respiratory 

ubiquinone and menaquinone isoprenologues by high-performance liquid 

chromatography/atmospheric pressure photoionization tandem mass spectrometry [16].  

The FAMEs and DMAs were analyzed using a gas chromatogram (Agilent 6890) with a 

55 meter nonpolar column (0.25 mm I.D., 0.25 µm film) interfaced with a mass 

spectrometer (Agilent 5973).  The conversion factor 2.5x10
4
 cells per pmol PLFA was 

used to convert total PLFA extracted to cells per gram sediment [17].  Individual PLFA 

analysis was limited to those with abundance greater than 0.5 % in all stimulated and 

control samples. 

3.3.3 Quantitative-PCR Analysis.  DNA was extracted from sediment samples (~ 0.5 

g each) using the FastDNA spin kit for soil (BIO101, USA) and eluted in 100 µL 1/10 

TE buffer.  All Q-PCR was performed by Microbial Insights Inc. (Rockford, TN).  Each 
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30 µL TaqMan based PCR assay contained DNA template, 1X TaqMan Universal PCR 

Master Mix (Applied Biosystems), TaqMan probe (100 – 500 nM) and forward and 

reverse primers (300 – 1500 nM).  TaqMan assays were performed on an ABI Prism 

7300 Sequence Detection System (Applied Biosystems) with the following temperature 

program: 2 minutes at 50°C and 10 minutes at 95°C, followed by 50 cycles of 15 

seconds at 95°C and 1 minute at 58°C.  The following groups of bacteria were targeted 

with the indicated TaqMan probe and forward/reverse primers, respectively: Eubacteria 

(TM1389, BACT1369/PROK1492R, [18]; δ-Proteobacteria (GBC2, 361F/685R, [19]); 

and Geobacteraceae (GBC2, 561F/825R, [19]).  Each 30 µL SYBR green PCR assay 

contained DNA template, 1X clone PfuBuffer (Stratagene), 0.4 mM MgCl2, 0.2 mM of 

each dNTP (Roche Applied Science), SYBR green (1:30000 dilution, Molecular 

Probes), 1 U PfuTurbo HotStart DNA polymerase (Stratagene), DMSO (0 – 0.5 µL), 

and forward and reverse primers (500 – 2500 nM).  SYBR green assays were performed 

using an ABI Prism 7000 Sequence Detection System (Applied Biosystems) with 

temperature cycles varied based on primer set.  SYBR green PCR was used to detect the 

following targets using the indicated forward/reverse primers: Methanogens 

(ME1F/ME2R, [20]); Type I and II Methylotrophs (9αF/519R and 10γF/519R, 

respectively, [21]); nirS gene (1260F/1363R, [22]); and nirK gene 

(nirK876F/nirK1040R, [23]).  Calibrations were obtained using a serial dilution of 

positive control DNA.  The Sequence Detector program subtracted background signal 

for each sample during cycles 3 through 15.  The fluorescence threshold was computed 

as 10x the standard deviation of the background signal and the original concentration of 
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DNA in each sample was determined by comparing the Ct sample values with the 

calibration data.  Gene copy numbers were calculated assuming 9.13 x 10
14

 bp/µg DNA. 

3.3.4 Statistical Analysis.  Redundancy analysis (RDA) is a linear, direct gradient 

ordination method by which response variables are constrained to be linear 

combinations of explanatory variables [24].  In RDA, an eigenanalysis is performed to 

extract canonical factors from a product matrix containing response and predictor 

variable correlation coefficients.  Factors are constrained to maximize the redundancy 

index, which is defined as the product of the variance in the predictor variable explained 

by the predictor factor and the variance in the response variable explained by the 

predictor factor [25-27].  The sum of canonical eigenvalues in RDA equals the amount 

of variance in the response variable explained by the predictor variable.  Our data set 

was well suited for RDA analysis, with geochemical variables as predictor variables and 

community data as response variables, because the geochemical and community data 

varied over short distances in the columns and were reasonably represented by linear 

relationships [28].  The response variable matrix contained the following community 

data: Q-PCR copy numbers, PLFA groups, PLFA ratios, dimethylacetals, respiratory 

quinone ratios, and Shannon-Weiner diversity indices, which were calculated using 

concentrations of individual PLFAs for all stimulated and control sediment sample 

locations.  Q-PCR values, originally in units of copy numbers per gram of sediment, 

were log transformed prior to analysis.  The predictor variable matrix contained the 

following geochemical data: average U, Tc, sulfate and nitrate concentrations for all 

stimulated and control column locations prior to sediment collection for microbial 

community characterization.  All column data were normalized to unit variance and 
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zero mean prior to analysis to eliminate differences in magnitude yet preserve data 

trends.  RDA analysis was performed using the software Canoco v. 4.53 [24].  Monte 

Carlo Permutations were performed (n=3000) to obtain a p-value for the RDA analysis 

results.  Individual PLFAs were also analyzed via two-way cluster analysis using the 

software PC-ORD [29].  

3.3.5 PCR-DGGE Analysis.  Sediment extracted DNA (stimulated column only) was 

PCR amplified using the 16S rRNA primer set 341F/519R with a 40-bp GC clamp on 

the forward primer [30].  PCR product (20 µL product + 5 µL loading dye) was added 

to the polyacrylamide denaturant gel (30–65 %, formamide - urea) using the D-Code
TM

 

16/16cm gel system (BioRad, Hercules, CA).  The gel was run at 55 mV for 16 hours in 

0.5X TAE buffer.  Bands were subsequently excised and purified using the UltraClean 

PCR Clean-Up Kit
TM

 (MO BIO Laboratories Inc, Carlsbad, CA).  Sequence analysis 

was performed as previously described [31].  

3.3.6 16S rRNA Gene Clone Libraries. Clone libraries were constructed using 

sediment extracted DNA from stimulated column ports 2 and 3 (near the column inlet) 

and port 8 (near the outlet) only.  Sediment extracted DNA was PCR amplified using 

primers uni8F/EUB805R, the product was purified using the Geneclean Turbo Kit Bio 

101, and the purified product was cloned using the TOPO TA cloning Kit for 

sequencing (Invitrogen, Carlsbad, CA).  Plasmids from random clones were extracted, 

purified using the QIAprep Spin Miniprep Kit (Qiagen), and PCR amplified using 

plasmid specific primers M13F (-20)/M13R.  PCR products were analyzed by 

restriction fragment length polymorphism using MSP I or Alu I restriction enzymes 

(New England BioLabs).  Digests were run on an agarose gel and unique patterns 
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representing different operational taxonomic units (OTUs) were selected for sequencing 

at the Oklahoma Medical Research Foundation.  The resulting sequences were 

compared with known sequences using the Basic Local Alignment Search Tool 

(BLAST) and the Ribosomal Database Project II.  The criterion for classification of 

sequences into OTUs was ≥ 97% similarity.  Chimeric sequences were identified 

manually and using the Bellerophon server 

(http://foo.maths.uq.edu.au/~huber/bellerophon.pl). Non-chimeric sequences were 

aligned using ClustalX [32] and consensus phylogenetic trees were constructed using 

PAUP* [33], with the neighbor joining tree algorithm, Jukes-Cantor correction, and 

1000 replicates for Bootstrap values.  Positions of the DGGE band sequences in the 

consensus phylogenetic trees were determined a priori in a separate alignment and 

analysis using all sequences. 

3.3.7 Nucleotide sequence accession numbers.  Nonchimeric sequences have been 

submitted to GenBank and assigned accession numbers EF422252 to EF422266 and 

EF507963 to EF508031 for DGGE gel band sequences and clone sequences, 

respectively.  

3.4 Results 

3.4.1 Prevailing Geochemical and Porewater Conditions. Differences between the 

stimulated and control column porewater chemistry are summarized in Figure 9, which 

shows averaged porewater solute concentrations along the flow paths of both columns 

during the experiment until sediment samples were collected for microbial 

characterization.  Nitrate, sulfate, U and Tc concentrations initially decreased along the 

flow path in both columns during the first two weeks and this trend continued in the 
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Figure 9. Average concentration profiles for the ethanol stimulated 

(solid symbols, 13.5 months, n = 82) and control columns (open 

symbols, 9.5 months, n = 10) for the entire experiment. Inlet 

concentrations correspond to time zero and error bars represent 

one standard deviation.  Due to differences in pumping rates, 

porewater velocities were smaller and computed travel times were

larger in the stimulated column than in the control; travel times 

ranged from 0 (inlet) to 105 hours in the stimulated column and 

from 0 (inlet) to 55 hours in the control. 
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Figure 9. Average concentration profiles for the ethanol stimulated 

(solid symbols, 13.5 months, n = 82) and control columns (open 

symbols, 9.5 months, n = 10) for the entire experiment. Inlet 

concentrations correspond to time zero and error bars represent 

one standard deviation.  Due to differences in pumping rates, 

porewater velocities were smaller and computed travel times were

larger in the stimulated column than in the control; travel times 

ranged from 0 (inlet) to 105 hours in the stimulated column and 

from 0 (inlet) to 55 hours in the control. 

stimulated column 

for the remainder of 

the  experiment.  

Concentrations 

decreased to a lesser 

extent in the control 

and within 3 months 

U and sulfate 

concentrations had 

stabilized along the 

control column flow 

path.  During the 408 

days of the 

experiment prior to sediment collection from the stimulated column, 1450 L of 

groundwater were passed through the column and 18 moles of ethanol, 0.78 µmoles Tc, 

6.0 mmoles U, 0.94 moles nitrate, and 1.2 moles sulfate were removed.  During the 290 

days prior to sediment collection from the control column, 694 L of groundwater were 

passed through the column and 0.16 µmol Tc, 0.83 mmol U, and 0.45 mol nitrate were 

removed.  No sulfate was removed in the control column.  Based on the routinely 

measured analytes shown in Figure 9, no sulfate reduction occurred and nitrate was only 

partially removed in the control, whereas sulfate reduction occurred and nitrate was 

completely removed in the stimulated column. Methane (~1 mM), acetate (~2.8 mM) 

and propionate (~1.6 mM) were detected in the stimulated column during a single 
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sampling event, indicating methanogenesis and fermentation also occurred during the 

experiment.  Mössbauer spectra collected from stimulated sediment samples indicated 

increased Fe(II) and XANES spectra confirmed the presence of U(IV) in stimulated 

sediment and a single control sediment sample [11]. 

3.4.2 PLFA results.  PLFA biomass was two orders of magnitude greater in the 

stimulated column compared to the control, confirming ethanol additions promoted 

microbial growth; differences in percentages of total PLFA within PLFA groups were 

also observed (Table 2).  The percentage of terminally-branched saturates, which are 

general indicators of Gram-positive or anaerobic Gram-negative bacteria [34, 35] and 

branched monounsaturates, which are general indicators of Gram-negative sulfate 

reducing bacteria [36, 37], were greater on average in the stimulated column compared 

to the control.  Percentages of both terminally-branched saturates and branched 

monounsaturates followed a linearly decreasing trend along the control flow path 

(r
2
=0.81 and 0.61, respectively).  Percentages of mid-chain branched saturates and 

polyunsaturates, respective indicators of sulfate reducing bacteria [38, 39] and 

eukaryotes [40], were smaller on average in the stimulated column compared to the 

control.  Both mid-chain branched saturates and polyunsaturates followed a linearly 

increasing trend along the stimulated column flow path (r
2
=0.76 and 0.92, respectively).  

The percentage of normal saturates, which are common to a wide range of 

microorganisms [41], was decreased on average in the stimulated column compared to 

the control.  The percentage of monounsaturates, indicators of facultative and anaerobic 

bacteria [42, 43], was not significantly different between columns (p=0.07), although an 

increasing trend was observed along the stimulated column flow path (r
2
=0.80).  



  

4
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EtOH 1 EtOH 2 EtOH 3 EtOH 4 EtOH 5 EtOH 6 EtOH 7 EtOH 8 avg stdev C1 C2 C3 C4 C5 C6 C7 C8 avg stdev

PLFA

Viable biomass, cells/gram sediment 4.28E+08 6.46E+08 4.80E+08 6.49E+08 6.99E+08 5.18E+08 8.16E+08 4.53E+08 5.86E+08 1.28E+08 4.36E+06 4.39E+06 8.98E+06 1.48E+07 6.59E+06 4.43E+06 1.29E+07 2.08E+06 7.32E+06 4.24E+06

Community Structure (% Total PLFA)

Terminally Branched Saturates 14.6 16.0 20.0 22.2 17.3 21.4 20.4 20.8 19.1 2.57 17.6 16.4 14.5 14.0 15.2 14.3 10.3 10.4 14.1 2.43

Branched Monounsaturates 3.16 3.83 3.94 5.30 3.76 3.86 4.29 3.88 4.00 0.57 3.83 2.28 3.28 2.92 2.52 2.76 1.83 1.60 2.63 0.69

Polyunsaturates 0.242 0.230 0.448 0.357 0.423 0.434 0.510 0.788 0.43 0.16 1.75 1.05 1.67 1.59 1.54 1.39 1.25 0.72 1.37 0.33

Mid-chain Branched Saturates 3.15 5.15 4.69 4.82 6.80 7.56 8.92 8.95 6.26 1.99 9.52 8.65 9.15 9.11 11.7 12.3 10.5 9.49 10.0 1.23

Normal Saturates 16.6 21.3 18.9 18.8 19.9 20.3 20.6 20.6 19.6 1.39 22.2 26.0 22.8 23.7 23.9 23.8 27.1 28.5 24.7 2.07

Monounsaturates 61.9 53.4 52.0 48.4 51.8 46.3 45.1 44.9 50.5 5.31 45.1 45.7 48.6 48.7 45.2 45.4 49.0 49.3 47.1 1.81

Hydroxy 0.248 0.062 0.054 0.116 0.111 0.130 0.129 0.150 0.13 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Shanonn's Diversity Index 2.59 2.82 2.88 2.88 2.93 3.04 3.04 3.14 2.91 0.16 3.09 2.88 3.03 2.97 3.04 3.09 2.79 2.65 2.94 0.15

Metabolic Status (Ratio)

cy17:0/16:1w7c 0.084 0.051 0.060 0.058 0.053 0.074 0.047 0.083 0.064 0.014 0.377 0.329 0.549 0.394 0.488 0.411 0.496 0.676 0.465 0.104

cy19:0/18:17c 0.057 0.080 0.094 0.103 0.113 0.096 0.181 0.129 0.107 0.035 0.260 0.267 0.293 0.231 0.256 0.262 0.224 0.213 0.251 0.024

total cyc/cis 0.141 0.131 0.154 0.161 0.166 0.169 0.228 0.212 0.170 0.031 0.637 0.596 0.842 0.625 0.744 0.673 0.720 0.890 0.716 0.098

16:1w7t/16:1w7c 0.070 0.070 0.094 0.114 0.099 0.122 0.102 0.155 0.103 0.026 0.063 0.054 0.080 0.065 0.062 0.069 0.054 0.063 0.064 0.008

18:1w7t/18:1w7c 0.034 0.036 0.033 0.033 0.033 0.035 0.064 0.075 0.043 0.016 0.054 0.038 0.076 0.063 0.062 0.066 0.036 0.072 0.058 0.014

total tran/cis 0.104 0.106 0.127 0.146 0.131 0.157 0.165 0.230 0.146 0.038 0.117 0.092 0.156 0.127 0.124 0.135 0.090 0.134 0.122 0.021

i15:0/a15:0 0.831 0.767 0.725 0.453 0.617 0.540 0.670 0.838 0.680 0.129 1.21 1.37 1.28 1.47 1.39 1.38 1.45 1.38 1.368 0.081

i17:0/a17:0 0.245 0.198 0.193 0.181 0.172 0.229 0.249 0.295 0.220 0.039 0.695 0.859 0.648 0.736 0.702 0.713 0.720 0.945 0.752 0.092

total iso/anteiso 1.08 0.965 0.917 0.635 0.789 0.769 0.919 1.13 0.900 0.154 1.91 2.23 1.92 2.21 2.09 2.10 2.17 2.33 2.120 0.138

Dimethylacetayls (DMA),
      pmol/gram sediment

Ubiquinones/Menaquinones,
     (Ratio)

Q-PCR, copies/gram sediment*

Eubacterial 16S rRNA 1.23E+09 3.94E+08 2.08E+09 1.88E+09 3.11E+09 2.00E+09 2.65E+09 2.07E+09 1.93E+09 7.76E+08 5.00E+07 8.21E+07 5.83E+07 6.91E+06 2.11E+07 1.59E+07 8.22E+06 3.68E+06 3.08E+07 2.71E+07

nirS 2.89E+08 3.08E+07 3.06E+08 3.55E+08 4.35E+08 4.53E+08 5.99E+08 1.17E+09 4.55E+08 3.10E+08 1.02E+07 8.20E+06 7.69E+06 1.17E+06 2.80E+06 2.44E+06 9.57E+06 1.65E+06 5.46E+06 3.55E+06

nirK 9.31E+07 5.56E+07 1.85E+08 2.07E+08 2.20E+08 2.46E+08 2.45E+08 3.97E+08 2.06E+08 9.72E+07 4.48E+06 9.99E+06 1.80E+07 5.12E+06 9.35E+06 4.43E+06 2.11E+04 ND 6.42E+06 5.55E+06

δ−Proteobacteria 3.88E+05 ND 4.67E+07 3.46E+08 1.78E+08 2.22E+08 1.49E+08 3.52E+08 1.62E+08 1.32E+08 3.08E+07 3.25E+06 4.05E+06 2.44E+04 6.01E+05 5.42E+05 2.54E+04 2.36E+03 4.91E+06 9.90E+06

Geobacter 108* ND 205* 642* 4.64E+04 1.88E+04 4.82E+03 1.98E+04 1.13E+04 1.54E+04 <100 <100 <100 ND ND <100 112* ND - -

Methanogens ND ND ND ND ND ND ND ND - - 6.61E+05 5.56E+06 2.25E+05 4.18E+05 2.64E+05 3.27E+05 2.80E+05 3.22E+05 1.01E+06 1.73E+06

Methylotrophs 6.24E+06 ND 5.54E+05 1.60E+05 1.35E+05 1.31E+05 1.72E+05 4.34E+05 9.78E+05 2.00E+06 3.72E+05 2.15E+07 5.53E+05 2.82E+05 1.90E+05 5.14E+05 3.63E+05 ND 2.97E+06 7.00E+06

ND, not detected; -- indicates sample not processed; * indicates estimated value; <100 indicates below detection limit

206 343 1012

1.381.682.12

488 231

3.19 0.87

Stimulated Column Sediment Samples

2.362.142.53 4.334.07--

612

-- 3.68

Control Column Sediment Samples

15.9--1.7916.5 14.9--

2.773.49 2.452.97 0.390

8.19

2.16 0.926

397 326 479 531 28.2 18.3 8.65

EtOH 1 EtOH 2 EtOH 3 EtOH 4 EtOH 5 EtOH 6 EtOH 7 EtOH 8 avg stdev C1 C2 C3 C4 C5 C6 C7 C8 avg stdev

PLFA

Viable biomass, cells/gram sediment 4.28E+08 6.46E+08 4.80E+08 6.49E+08 6.99E+08 5.18E+08 8.16E+08 4.53E+08 5.86E+08 1.28E+08 4.36E+06 4.39E+06 8.98E+06 1.48E+07 6.59E+06 4.43E+06 1.29E+07 2.08E+06 7.32E+06 4.24E+06

Community Structure (% Total PLFA)

Terminally Branched Saturates 14.6 16.0 20.0 22.2 17.3 21.4 20.4 20.8 19.1 2.57 17.6 16.4 14.5 14.0 15.2 14.3 10.3 10.4 14.1 2.43

Branched Monounsaturates 3.16 3.83 3.94 5.30 3.76 3.86 4.29 3.88 4.00 0.57 3.83 2.28 3.28 2.92 2.52 2.76 1.83 1.60 2.63 0.69

Polyunsaturates 0.242 0.230 0.448 0.357 0.423 0.434 0.510 0.788 0.43 0.16 1.75 1.05 1.67 1.59 1.54 1.39 1.25 0.72 1.37 0.33

Mid-chain Branched Saturates 3.15 5.15 4.69 4.82 6.80 7.56 8.92 8.95 6.26 1.99 9.52 8.65 9.15 9.11 11.7 12.3 10.5 9.49 10.0 1.23

Normal Saturates 16.6 21.3 18.9 18.8 19.9 20.3 20.6 20.6 19.6 1.39 22.2 26.0 22.8 23.7 23.9 23.8 27.1 28.5 24.7 2.07

Monounsaturates 61.9 53.4 52.0 48.4 51.8 46.3 45.1 44.9 50.5 5.31 45.1 45.7 48.6 48.7 45.2 45.4 49.0 49.3 47.1 1.81

Hydroxy 0.248 0.062 0.054 0.116 0.111 0.130 0.129 0.150 0.13 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Shanonn's Diversity Index 2.59 2.82 2.88 2.88 2.93 3.04 3.04 3.14 2.91 0.16 3.09 2.88 3.03 2.97 3.04 3.09 2.79 2.65 2.94 0.15

Metabolic Status (Ratio)

cy17:0/16:1w7c 0.084 0.051 0.060 0.058 0.053 0.074 0.047 0.083 0.064 0.014 0.377 0.329 0.549 0.394 0.488 0.411 0.496 0.676 0.465 0.104

cy19:0/18:17c 0.057 0.080 0.094 0.103 0.113 0.096 0.181 0.129 0.107 0.035 0.260 0.267 0.293 0.231 0.256 0.262 0.224 0.213 0.251 0.024

total cyc/cis 0.141 0.131 0.154 0.161 0.166 0.169 0.228 0.212 0.170 0.031 0.637 0.596 0.842 0.625 0.744 0.673 0.720 0.890 0.716 0.098

16:1w7t/16:1w7c 0.070 0.070 0.094 0.114 0.099 0.122 0.102 0.155 0.103 0.026 0.063 0.054 0.080 0.065 0.062 0.069 0.054 0.063 0.064 0.008

18:1w7t/18:1w7c 0.034 0.036 0.033 0.033 0.033 0.035 0.064 0.075 0.043 0.016 0.054 0.038 0.076 0.063 0.062 0.066 0.036 0.072 0.058 0.014

total tran/cis 0.104 0.106 0.127 0.146 0.131 0.157 0.165 0.230 0.146 0.038 0.117 0.092 0.156 0.127 0.124 0.135 0.090 0.134 0.122 0.021

i15:0/a15:0 0.831 0.767 0.725 0.453 0.617 0.540 0.670 0.838 0.680 0.129 1.21 1.37 1.28 1.47 1.39 1.38 1.45 1.38 1.368 0.081

i17:0/a17:0 0.245 0.198 0.193 0.181 0.172 0.229 0.249 0.295 0.220 0.039 0.695 0.859 0.648 0.736 0.702 0.713 0.720 0.945 0.752 0.092

total iso/anteiso 1.08 0.965 0.917 0.635 0.789 0.769 0.919 1.13 0.900 0.154 1.91 2.23 1.92 2.21 2.09 2.10 2.17 2.33 2.120 0.138

Dimethylacetayls (DMA),
      pmol/gram sediment

Ubiquinones/Menaquinones,
     (Ratio)

Q-PCR, copies/gram sediment*

Eubacterial 16S rRNA 1.23E+09 3.94E+08 2.08E+09 1.88E+09 3.11E+09 2.00E+09 2.65E+09 2.07E+09 1.93E+09 7.76E+08 5.00E+07 8.21E+07 5.83E+07 6.91E+06 2.11E+07 1.59E+07 8.22E+06 3.68E+06 3.08E+07 2.71E+07

nirS 2.89E+08 3.08E+07 3.06E+08 3.55E+08 4.35E+08 4.53E+08 5.99E+08 1.17E+09 4.55E+08 3.10E+08 1.02E+07 8.20E+06 7.69E+06 1.17E+06 2.80E+06 2.44E+06 9.57E+06 1.65E+06 5.46E+06 3.55E+06

nirK 9.31E+07 5.56E+07 1.85E+08 2.07E+08 2.20E+08 2.46E+08 2.45E+08 3.97E+08 2.06E+08 9.72E+07 4.48E+06 9.99E+06 1.80E+07 5.12E+06 9.35E+06 4.43E+06 2.11E+04 ND 6.42E+06 5.55E+06

δ−Proteobacteria 3.88E+05 ND 4.67E+07 3.46E+08 1.78E+08 2.22E+08 1.49E+08 3.52E+08 1.62E+08 1.32E+08 3.08E+07 3.25E+06 4.05E+06 2.44E+04 6.01E+05 5.42E+05 2.54E+04 2.36E+03 4.91E+06 9.90E+06

Geobacter 108* ND 205* 642* 4.64E+04 1.88E+04 4.82E+03 1.98E+04 1.13E+04 1.54E+04 <100 <100 <100 ND ND <100 112* ND - -

Methanogens ND ND ND ND ND ND ND ND - - 6.61E+05 5.56E+06 2.25E+05 4.18E+05 2.64E+05 3.27E+05 2.80E+05 3.22E+05 1.01E+06 1.73E+06

Methylotrophs 6.24E+06 ND 5.54E+05 1.60E+05 1.35E+05 1.31E+05 1.72E+05 4.34E+05 9.78E+05 2.00E+06 3.72E+05 2.15E+07 5.53E+05 2.82E+05 1.90E+05 5.14E+05 3.63E+05 ND 2.97E+06 7.00E+06

ND, not detected; -- indicates sample not processed; * indicates estimated value; <100 indicates below detection limit

206 343 1012

1.381.682.12

488 231

3.19 0.87

Stimulated Column Sediment Samples

2.362.142.53 4.334.07--

612

-- 3.68

Control Column Sediment Samples

15.9--1.7916.5 14.9--

2.773.49 2.452.97 0.390

8.19

2.16 0.926

397 326 479 531 28.2 18.3 8.65

Table 2. Data summary of Q-PCR and PLFA groups for stimulated (left) and control (right) column sediment samples collected from the 

indicated sample ports 1 - 8. 
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Hydroxy fatty acids, which are common though not exclusive to Gram-negative bacteria 

[36, 44], comprised a small percentage of total PLFA and were also not significantly 

changed in the stimulated column compared to the control (p=0.4).  The Shannon-

Weiner diversity index was not different on average in the stimulated column compared 

to the control, although a linearly increasing trend was observed along the stimulated 

column flow path (r
2
=0.90).  Two-way cluster analysis of individual PLFAs revealed 

three visually dominant differences between stimulated and control column samples, 

corresponding primarily to increased PLFAs within the terminally branched saturate 

and monounsaturate groups and decreased PLFAs within the mid-chain branched 

saturate groups (Appendix B Figure 1).  

Elevated ratios of both cyclopropyl fatty acids to their monoenoic precursors and 

ratios of monounsaturated trans to cis isomers have been linked with starvation, 

stationary-phase growth or nutrient deprivation [14, 45-47].  The ratio of cyclopropyl 

fatty acids to their monoenoic precursors was increased in the control compared to the 

stimulated column, suggesting that microbial growth in the control was substrate 

limited.  The ratio of cyclopropyl fatty acids to monoenoic precursors also increased 

linearly along the stimulated column flow path (r
2
=0.81).  The ratio of monounsaturated 

trans to cis isomers was not significantly changed in the stimulated column compared to 

the control (p=0.08), but was observed to increase linearly along the stimulated column 

flow path (r
2
=0.81).  Elevated ratios of iso- to anteiso-saturated fatty acids have been 

linked with bacterial membrane fluidity changes in response to environmental stress, 

particularly temperature [35, 48, 49].  Though both models were maintained at the same 

temperature during the experiment (~ 21°C), the ratio of iso- to anteiso-saturated fatty 
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acids was decreased in the stimulated column compared to the control suggesting a 

change in bacterial community.  Dimethylacetals, indicators of Clostridia and some 

Gram-negative bacteria [50, 51], were increased in the stimulated column and followed 

a linearly increasing trend along the stimulated column flow path (r
2
=0.63).  Respiratory 

ubiquinones are associated with high energy electron acceptors such as oxygen and 

nitrate while menaquinones are associated with anaerobic respiration [52]; thus, 

elevated ratios of ubiquinones to menaquinones (UQ/MQ) indicate aerobic respiration.  

The UQ/MQ ratio was not significantly changed in the stimulated model compared to 

the control, but a linearly decreasing trend along the control flow path was observed 

(r
2
=0.94).  The UQ/MQ ratio was elevated near the control inlet (3.5) then decreased 

linearly to 0.4 near the control outlet, suggesting the presence of more aerobes and 

denitrifiers near the inlet.  The UQ/MQ ratios in the stimulated column were lower in 

ports near the inlet (2.5) but increased in ports near the outlet (~4).  Nitrate reduction 

was an important process in the stimulated column, particularly in ports near the inlet as 

nitrate was typically completely removed by port 2.  Sulfate reduction was consistently 

observed in the stimulated column and so increased UQ/MQ ratios along the stimulated 

column flow path were unexpected.  It is interesting to note that the obligate anaerobes 

Dehalococcoides were recently found to have more ubiquinones, which they may use to 

manage oxidative stress [53]. 

3.4.3 Quantitative-PCR Results. Eubacterial 16S rRNA gene copy numbers were 

greater in the stimulated column compared to the control, further substantiating that 

ethanol additions promoted microbial growth (Table 2).  Eubacterial 16S rRNA gene 

copy numbers were also observed to decrease linearly with distance along the control 
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column flow path (r
2
=0.66).  Dissimilatory nitrite reductase genes, nirS and nirK, were 

both greater in the stimulated column compared to the control and increased linearly 

along the stimulated column flow path (r
2
=0.70 and 0.84, respectively).  Shifts were 

also detected in several general groups of Bacteria and Archaea.  For example, δ-

Proteobacteria were greater in the stimulated column compared to the control and also 

increased linearly along the stimulated column flow path (r
2
=0.54).  Geobacteraceae 

were also greater on average in the stimulated column and a marked increase was 

observed near the stimulated column outlet, where soluble electron acceptors were 

largely depleted.  Although elevated methane concentrations were previously detected 

in stimulated column porewater [11], Methanogens were not detected using our 

methods in stimulated column sediments.  Methanogens were increased in the control 

compared to the stimulated column, though not significantly (p=0.07).  Methylotrophs 

were also not significantly different in the stimulated and control sediments.  

3.4.4 Redundancy Analysis Results.  RDA results were summarized in a joint plot 

containing geochemistry-derived sample scores (points), PLFA, Q-PCR, and 

geochemical variable scores (arrows) (Figure 10).  A brief guide to joint-plot 

interpretation follows (see [54, 55] for more detailed information).  Arrow length 

represents magnitude of the correlation coefficient with the geochemistry-derived 

canonical axes.  Arrows pointing in the same direction indicate strong positive 

correlations, perpendicular arrows indicate no correlation, and arrows pointing in 

opposite directions indicate strong negative correlations.  Distance between sample 

points is proportional to the magnitude of the difference in community composition 

within samples.  Nearly 52% of community data variance was explained by the first 
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Figure 10. Ordination joint-plot of RDA results. Points represent geochemistry-

derived sample scores for ethanol stimulated (EtOH 1 – 8) and control sediment 

samples (C1 – 8) , blue arrows represent geochemistry-derived community 

scores (PLFA groups, ratios and Q-PCR targets), and red arrows represent 

geochemical variable scores.  Axis labels indicate the percentage of community 

variance explained by the environmental variables. 
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Figure 10. Ordination joint-plot of RDA results. Points represent geochemistry-

derived sample scores for ethanol stimulated (EtOH 1 – 8) and control sediment 

samples (C1 – 8) , blue arrows represent geochemistry-derived community 

scores (PLFA groups, ratios and Q-PCR targets), and red arrows represent 

geochemical variable scores.  Axis labels indicate the percentage of community 

variance explained by the environmental variables. 

geochemistry-derived canonical axis (p=0.0003), reflected graphically in a clear 

separation of stimulated and control sample scores on the first axis.  PLFA biomass, Q-

PCR Eubacterial biomass, and dimethylacetal scores were elevated in stimulated 

column samples and negatively correlated with geochemical variables, whereas 

biomarker stress ratios (iso/anteiso and cyc/mono), normal saturates, polyunsaturates, 

mid-chain branched saturates and Methanogen scores were elevated in control sediment 

samples and positively correlated with geochemical variables.  Branched 

monounsaturates, terminally-branched saturates, Geobacteraceae, δ-Proteobacteria, 

quinone ratio UQ/MQ, and nirK scores were also elevated in stimulated sediment 



 

 

50 

samples and negatively correlated with geochemical variables. Both monounsaturates 

and porewater concentrations were greatest in ethanol stimulated sediment from port 1 

(EtOH 1) relative to subsequent ports; the combined effect being that monounsaturates 

were less negatively correlated with geochemical variables.  Community composition 

shifts along the stimulated column flow path were confirmed by the separation of 

stimulated samples on the second canonical axis.  Stimulated samples near the inlet 

(ports 1-3) showed positive loadings, while subsequent stimulated samples showing 

negative loadings, with the exception of port 7.  PLFA biomass was elevated in port 7 

sediment, which resulted in a slightly positive loading on the second axis.  The 

Shannon-Weiner diversity index and Methylotroph scores were similar in stimulated 

and control samples and were uncorrelated with geochemical variables.   

3.4.5 Community Composition of Stimulated Column Sediment.  Port 1 had the 

highest number of visually dominant DGGE bands, while the adjacent port 2 contained 

only one visually dominant band (Appendix B Figure 2).  Selected band sequences from 

stimulated sediments were most similar to the candidate division OP11 (Port 1-K), ε-

Proteobacteria (Port 1-L, Port 2-P), Bacteroidetes (Port 1-M, Port 3-Q), and 

Geobacteraceae (Port 1-N, Port 5-U), Chlorobi (Port 3-R, Port 5-W) and Chloroflexi 

(Port 4-S) (Figures 3, 4).  Multiple sequences from ports near the column outlet were 

similar to Firmicutes (Port 5-V, Port 7-1, Port 8-3) and to the candidate division OP11 

(Port 6-X, Port 7-Z).   

Most clones detected in port 2 and 3 sediment 16S rRNA gene libraries (46-52%) 

belonged to the phylum Proteobacteria (Table 3).  In port 2 sediments, 41% of 

sequences detected belonged to δ-Proteobacteria; other sequences detected belonged to 
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Phyla EtOH 2 EtOH 3 EtOH 8

δδδδ-Proteobacteria 41 29 9

Spirochaetes 12 4 4

Bacteroidetes 10 9 2

OP11 4 - 67

Chloroflexi 4 11 7

Firmicutes 8 7 5

εεεε-Proteobacteria 4 9 2

αααα-Proteobacteria 4 7 -

ββββ-Proteobacteria 2 2 -

Acidobacteria 2 7 -

others 8 16 4

Distribution

no. taxa 52 45 55

no. OTUs 32 32 17

Shannon-Weiner 

Diversity Index
3.217 3.352 2.193

% coverage 96 95 96

Clone Library (%)

Table 3. Distribution of clones within the ethanol 

stimulated sediment clone libraries from ports 2, 

3 and 8.
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3 and 8.

Spirochaetes (12%), Bacteroidetes 

(10%), Firmicutes (8%), Chloroflexi 

(4%), Acidobacteria (2%), other 

Proteobacteria (10%) and the 

candidate division OP11 (4%).  

Sequences belonging to these phyla 

were also detected the port 3 library, 

with the exception of candidate 

division OP11.  In contrast to ports 2 

and 3 where Proteobacteria sequences 

dominated, 67% of clones in port 8 

belonged to candidate division OP11; other sequences detected belonged to δ- and ε-

Proteobacteria (11%), Chloroflexi (7%), Firmicutes (5%), Spirochaetes (4%) and 

Bacteroidetes (2%).   

δ-Proteobacteria clone sequences grouped into five families including 

Geobacteraceae, Syntrophaceae, Desulfobulbaceae, Desulfobacteraceae, and 

Desulfovibrionaceae (Figure 11).  Geobacteraceae is a well known family of iron- and 

U-reducing bacteria and may be important to successful implementation of in situ bio-

immobilization [2].  DGGE band sequences (Port 1-N, Port 5-U) and clone sequences 

from this study shared close homology with a Geobacteraceae clone detected in 

electron donor stimulated FRC sediment [7].  Although Desulfobacterium 

autotrophicum was shown not to enzymatically reduce U(VI) [56], Desulfobacteraceae 

sequences are commonly detected in electron donor stimulated, uranium contaminated 
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Geobacteraceae

Syntrophaceae

Desulfobulbaceae

Desulfobacteraceae

Desulfovibrionaceae

δδδδ-Proteobacteria

αααα-Proteobacteria

ββββ-Proteobacteria

γγγγ-Proteobacteria

εεεε-Proteobacteria

Figure 11. Phylogenetic relationships of cloned 16S rRNA genes and selected sequences (Proteobacteria 

only).  Nodal values represent bootstrap probabilities based on 1000 replicates.  Clones are designated as 

FRC-A2-clone number (frequency detected in port2, port 3, port 8).  DGGE band sequences are 

designated by the port number and band letter and are positioned adjacent to the most similar sequence 

determined in a separate alignment and analysis. 
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OP11

Bacteroidetes

Spirochaetes

Chlorobi

Chlorflexi

Firmicutes

Acidobacteria

Verrucomicrobia

Lentisphaerae

BRC1

Planctomycetes

Figure 12. Phylogenetic relationships of cloned 16S rRNA genes and selected sequences (excluding 

Proteobacteria).  Nodal values represent bootstrap probabilities based on 1000 replicates.  Clones are 

designated as FRC-A2-clone number (frequency detected in port2, port 3, port 8).  DGGE band sequences 

are designated by the port number and band letter and are positioned adjacent to the most similar sequence 

determined in a separate alignment and analysis.
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sediments [2, 57].  A single clone (271) shared close homology with a 

Desulfobacteraceae clone detected in other U-reducing sediment [58].  Within the ε-

Proteobacteria, DGGE band sequences (Port 1-L, Port 2-P) and clone sequences from 

this study shared close homology with clones detected in other sulfidic environments 

[59].  β-Proteobacteria clone sequences were similar to clones detected in other 

denitrifying [60] and metal contaminated environments as well (clone BANW604, 

unpublished).  The majority of port 8 clone sequences shared close homology with 

clones detected in sulfur rich environments within the candidate division OP11 (Figure 

12).  Also within the candidate division OP11, DGGE band sequences (Port 6-X, Port 

7-Z) shared close homology with clones detected in hydrocarbon degrading 

environments [61, 62] and DGGE band sequence Port 1-K was most similar (90%) to a 

deep sea sediment clone [63].  Within the Firmicutes phylum, DGGE band sequences 

(Port 7-1, Port 8-3, Port 5-V) and clone sequences were similar to clones detected in 

hydrocarbon- and chlorinated solvent-contaminated environments [62] and also grouped 

with a low G+C, Gram-positive clone detected in electron donor stimulated FRC 

sediment [7].  Within the Verrucomicrobia phylum, clone sequences shared close 

homology with a clone detected in unstimulated FRC sediment [10].  Bacteroidetes 

clone sequences grouped with clones detected in anaerobic environments (e.g. peatbogs, 

rice paddies), while DGGE band sequences (Port 3-Q, Port 1-M) shared close homology 

with a freshwater bacterial consortia clone [64].  Within the Chlorobi phylum, DGGE 

band sequences (Port 3-R, Port 5-W) and clone sequences from this study were similar 

to clones detected in denitrifying [60] and dechlorinating environments [65].  Within 

the Chloroflexi phylum, DGGE band sequence Port 4-S shared close homology with a 
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clone detected in a hydrocarbon and chlorinated solvent-contaminated environment 

[62]. 

3.5 Discussion 

While in situ field studies are critically important in understanding bio-

immobilization processes, extensive sampling during such studies is often difficult due 

to site inaccessibility or labor and cost intensive sediment core collection.  In this study, 

we used flowing site groundwater and site sediments to simulate the operation of an in 

situ bio-barrier above-ground for over thirteen months.  The experimental design 

allowed for continuous monitoring of porewater geochemistry and collection of 

sediment samples at relatively small spatial scales (~25 cm) along geochemical 

gradients and column flow paths.  RDA analysis provided a direct, quantitative test of 

our hypothesis that microbial community composition was correlated with porewater 

geochemistry.  The model results showed that geochemical variables were good 

predictors of microbial community composition, as measured by PLFA and Q-PCR 

analyses, with 68% of the community variance explained on the first two canonical 

axes.  The strong negative correlation of stimulated and control column sample scores 

on the first axis, and the significance of the model results (p=0.0003), clearly indicate 

that added ethanol effectively stimulated a distinct microbial community that promoted 

and sustained removal of U and Tc from site groundwater.  

Levels of nitrate and metal contamination are important determining factors in 

microbial community composition both before [8, 66] and following bio-stimulation of 

FRC sediments [6, 67, 68].  In other FRC studies, microbial communities were 

characterized in contaminated site sediments following in situ bio-stimulation with pH-
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neutralized site groundwater containing extreme nitrate and ethanol concentrations (~ 

125 mM nitrate and 350 mM ethanol) [67, 68].  Spain et al. observed that under 

denitrifying conditions β-Proteobacteria sequences were dominant (50-79%) in clone 

libraries, and members of the genus Castellaniella were identified as important 

denitrifiers [68].  In this study, nitrate levels were much lower (0.8 mM) and although 

denitrification occurred in port 2 and 3 sediments in this study, only 2% of sequences 

detected belonged to β-Proteobacteria and no Castellaniella sequences were detected.  

In contrast, several nitrate-reducing clones within the α- and β-Proteobacteria detected 

in this study were related to iron-reducing bacteria capable of using nitrate as an 

electron acceptor for growth (Magnetospirillum gryphiswaldense [69, 70], 

Ferribacterium limneticum [71]).  In a separate FRC study, North et al. observed that 

under iron-reducing conditions Geobacteraceae and Aneromyxobacter sequences were 

equally dominant and together comprised 37% of sequences detected in clone libraries 

[67].  In this study, Geobacteraceae sequences were detected in significant proportions 

in port 2 and 3 sediments but no Anaeromyxobacter sequences were detected.   

An additional and notable difference between this study and other FRC studies is the 

apparent importance of the candidate division OP11, which comprised 67% of 

sequences in the port 8 sediment clone library.  DGGE band sequences (Port 6-X, Port 

7-Z) in ports 6 and 7 were also most similar to candidate division OP11 and a similar 

band was present in port 8 but absent in all other ports, confirming the significance of 

OP11 in sediment near the column outlet.  Although little is known about the 

physiology of this group, its members are often detected in anaerobic environments 

linked with sulfur cycling, hydrocarbon contamination and methanogenesis [72, 73].  



 

 

57 

Many OP11 sequences detected in this study were similar to other OP11 sequences 

detected in dechlorinating and sulfate-rich environments, suggesting OP11 may play an 

important role in sulfur or other anaerobic cycles in reducing FRC sediments.  A recent 

environmental genome sequencing study of unstimulated FRC Area 2 sediment also 

showed a relatively high number of sequences related to the candidate division OP11 

[74]. 

Other long-term bio-immobilization studies in flowing systems have shown that 

microbial communities and geochemistry may shift in such a way as to not favor bio-

immobilization.  Microbial community changes were observed in groundwater in a 

single acetate-stimulated monitoring well during an in situ U bio-immobilization study 

[2].  Clone libraries of 16S rRNA genes showed that under iron- and U-reducing 

conditions Geobacteraceae sequences were dominant, but after 80 days and under 

sulfate-reducing conditions, U was remobilized and sulfate-reducing bacteria sequences 

were dominant.  Eight months later, acetate-injection resumed and microbial 

community changes were monitored in both groundwater and sediment after another 40 

days [75].  As before, Geobacteraceae sequences were dominant in groundwater where 

the greatest U and iron reduction occurred.  In a separate laboratory study, artificial, 

lactate-amended groundwater was continuously pumped through U-contaminated FRC 

sediments [9].  U concentrations initially decreased under iron-reducing conditions but 

subsequently increased under methanogenic conditions.  Quantitative-PCR showed 

Geothrix and Geobacteraceae sequences increased during U reduction and did not 

decrease during U remobilization, which occurred under methanogenic conditions  [9, 

10].   
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In this study we characterized the microbial community after 13 months of U and Tc 

removal, although the system continued to sustain contaminant removal for a total of 20 

months [11].  Geobacteraceae sequences were detected in significant proportions near 

the inlet where U and Tc reduction occurred, as were sequences within the sulfate-

reducing families Desulfovibrionaceae and Desulfobulbaceae.  Two important 

differences between our study and the two aforementioned studies are (1), 

uncontaminated sediment containing no sorbed U(VI) was used in this study and (2), we 

observed no increase in U concentrations under sulfate-reducing conditions, although 

methanogenesis, fermentation and iron-reduction were also confirmed in single samples 

[11].  Observed U concentration changes in flowing, electron donor stimulated systems 

result from a combination of abiotic (i.e. desorption, abiotic reduction or oxidation) and 

microbially catalyzed reactions, which occur at different rates.  Under iron-reducing 

conditions, the rate of microbially catalyzed U(VI) reduction may exceed that of U(VI) 

desorption from contaminated sediments but under sulfate-reducing or methanogenic 

conditions, the rate of U(VI) desorption from contaminated sediments may exceed the 

combined rate of abiotic and microbially catalyzed U(VI) reduction [76].  We speculate, 

therefore, that U remobilization would likely have been observed if sediment containing 

significant sorbed U(VI) had been used in this study.  Rates of U(VI) desorption should 

be considered and accounted for when designing in situ bio-immobilization treatments 

in contaminated formations without the use of constructed, uncontaminated fill material.  
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4.0 Bio-Immobilization of U(VI) and Tc(VII) from Nitric Acid-

Contaminated Groundwater in Intermediate-Scale Physical Models of 

an In Situ Bio-Barrier 

 

4.1 Overview 

Metal and hydrogen ion acidity and extreme nitrate concentrations typical of 

Department of Energy legacy waste sites pose formidable challenges to successful 

implementation of in situ bio-immobilization.  In this study, we simulated a potential 

configuration for an in situ bio-barrier for pH neutralization and nitrate removal from 

acidic, U and Tc contaminated groundwater for 21 months.  Ethanol additions to 

groundwater flowing through a mixture of site sediments and native crushed limestone 

effectively increased biomass and promoted denitrification compared to a no donor 

control.  Groundwater pH was increased from 4.7 to 6.9, with a corresponding 94% 

decrease in U concentrations.  A combination of sequential extraction and XANES 

analysis showed U in this sediment to be recalcitrant U(VI) and EXAFS analysis 

detected the presence of (UO2)3(PO4)2
.
4H2O(s), which may control U solubility in 

similar systems.  Technetium concentrations decreased during denitrification and these 

results were confirmed in a separate laboratory batch experiment.  Ratios of respiratory 

ubiquinones (indicative of oxygen or nitrate reduction) were and order of magnitude 

greater and copies of dissimilatory nitrite reductase genes, nirS and nirK, were two 

orders of magnitude greater in the ethanol stimulated system compared to the control, 

indicating ethanol additions promoted growth of a largely denitrifying microbial 

community.  Clone libraries of 16S rRNA genes from selected flow path locations in 

the ethanol stimulated system showed β-Proteobacteria were dominant (89%) near the 
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source of influent acidic groundwater, where as members of γ- and α-Proteobacteria and 

Bacteroidetes increased following pH neutralization where denitrification occurred.  

Redundancy analysis revealed a highly significant difference (p=0.0003) in microbial 

community composition within ethanol stimulated and control sediments, with 

geochemical variables explaining 46% of the variance in community composition on 

the first two canonical axes.  

4.2  Introduction 

The oxidized and mobile forms of U and Tc (such as uranyl carbonates and 

pertechnetate) have been shown to undergo microbially-mediated reductive 

transformations that decrease their solubility, and thus mobility in groundwater.  For 

example, several iron- and sulfate-reducing bacteria are known to reduce soluble U
(VI)

 

to insoluble U
(IV)

-oxides
 
[1-4] and also Tc

(VII)
 to insoluble Tc

(IV)
-oxides [5-10].  Thus, 

by stimulating iron- and sulfate-reducing microbial activity, aqueous concentrations and 

the off-site migration of U and Tc in groundwater decrease in a process referred to as 

‘bio-immobilization’.  Analogous processes are possible for other redox-sensitive 

metals and radionuclides including Cr, Sr, Cs, Hg, V, Pb, and Pu [11].  Although 

microorganisms with the capability to reduce metals and radionuclides are apparently 

widespread in the subsurface, their activity is often limited by the availability of suitable 

electron donor, high concentrations of competing electron acceptors, or other site-

specific factors.  Moreover, other groups of microorganisms and certain chemical 

processes may reoxidize and thus remobilize U
(IV)

 and Tc
(IV)

 and rates of these 

competing processes must be controlled so that aqueous U and Tc concentrations 

remain small [12-15]. 
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Area 1 Area 2 Area 1 Area 2

pH 4.7 7.9 Ca 2047 29

U, µµµµM 4.4 4 Mg 207 21

Tc, nM 12.4 0.57 Al 183 0.33

NO3, mM 116 0.71 Mn 169 0.38

SO4, mM 0.41 0.89 K 29.7 4.6

Ni 19 78

Fe 2.1 1.2

Table 4.  Characteristic groundwater concentrations and pH 

values from FRC Areas 1 and 2 [133].  All metal 

concentrations are in units of ppm. 

Area 1 Area 2 Area 1 Area 2

pH 4.7 7.9 Ca 2047 29

U, µµµµM 4.4 4 Mg 207 21

Tc, nM 12.4 0.57 Al 183 0.33

NO3, mM 116 0.71 Mn 169 0.38

SO4, mM 0.41 0.89 K 29.7 4.6

Ni 19 78

Fe 2.1 1.2

Table 4.  Characteristic groundwater concentrations and pH 

values from FRC Areas 1 and 2 [133].  All metal 

concentrations are in units of ppm. 

Extreme geochemical conditions 

typical of Department of Energy 

(DOE) legacy waste sites pose 

formidable challenges to 

successful implementation of in 

situ bio-immobilization.  For 

example, groundwater at the DOE Field Research Center (FRC) located in Oak Ridge, 

TN is contaminated with U (up to 210 µM), Tc (up to 16 nM), extremely high nitrate 

concentrations (up to 168 mM), as well as metal and hydrogen ion acidity [16, 17].  

Groundwater geochemistry also varies spatially at this complex site.  In the FRC Area 2 

field plot, groundwater is pH circumneutral and contains moderate nitrate and 

aluminum concentrations (0.7 mM and 0.33 ppm, respectively), whereas groundwater in 

the Area 1 field plot (~ 300 m distance) is acidic and contains extreme nitrate, 

aluminum and calcium concentrations (116 mM, 183 and 2047 ppm, respectively) 

(Table 4).  Previous studies have shown that several additions of bicarbonate (for pH 

neutralization) and electron donor (concentrations up to 300 mM) were required 

to create in situ conditions favorable for U and Tc bio-immobilization at the FRC, 

and these additions resulted in major shifts in microbial activity, viable biomass, 

community composition, and physiologic stress responses [16, 18, 19]. 

Indeed, microbial community response to exogenous substrate additions is a 

function of geochemistry, which controls toxicity as well as bioavailability of 

metals and the resulting energy yields available to microorganisms.  For example, 

elevated calcium concentrations can decrease microbial U(VI) reduction rates due 
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formation of the less energetically favorable Ca2UO2(CO3)3 compared to UO2(CO3)x  

complexes [20].  Accumulation of ferrous iron may also decrease rates of iron and 

uranium reduction [21, 22].  However, this potentially inhibitory effect may be 

mitigated in sulfate rich environments, where ferrous iron may combine with sulfide 

and precipitate from solution [23].  Concentrations of toxic, acid soluble metals (e.g. 

aluminum and nickel) may also be substantially decreased following pH neutralization 

of FRC groundwater [17], which may increase microbial activity.  Although some 

microorganisms may reduce U(VI) under acidic conditions [24], previously successful 

in situ bio-stimulation studies conducted at the FRC first neutralized site groundwater 

using bicarbonate additions [16, 19, 25].   

A comprehensive in situ bio-immobilization strategy for FRC groundwater must 

effectively stimulate the cooperative metabolism of aerobes, denitrifiers, and iron 

and sulfate reducers.  In a previous study, ethanol additions to pH-neutral, low nitrate 

FRC groundwater effectively stimulated denitrification, iron- and sulfate-reducing 

conditions and sustained U and Tc removal from flowing site groundwater for over 20 

months [26].  In this study, we simulated a potential configuration for an in situ bio-

barrier for pH neutralization and nitrate removal from acidic FRC groundwater for 21 

months.  The experimental systems were packed with a mixture of contaminated site 

sediment and native, crushed limestone and were continuously perfused with 

contaminated site groundwater.  One system received ethanol additions to stimulate 

microbial activity and promote denitrification; a second system received no ethanol 

additions and served as a control.   

4.3  Methods 
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4.3.1 Bio-Barrier Model Systems.  The shallow, unconfined aquifer at Oak Ridge 

National Laboratory is contaminated with nuclear processing wastes that leached from 

overlying, unlined storage ponds [27].  The U.S. DOE established this site as a Field 

Research Center (FRC) to provide researchers with access to contaminated sediment 

and groundwater.  This study was designed to simulate an in situ bio-barrier in FRC 

Area 1, where the site groundwater is acidic and sediments forming the shallow (~ 7 m) 

aquifer consist of placed fill underlain by weathered saprolite.  A constructed sediment 

pack was prepared for use in this study by combining contaminated saprolite from FRC 

Area 1 (4.7 wt %) and gravel mined from outcrops of the nearby Maynardsville 

Limestone formation (92 wt %) that had been crushed and sieved (< 0.6 cm).  The 

contaminated FRC saprolite was incubated with 120 mM nitrate and 100 mM ethanol in 

sealed containers for several months prior to use in order to stimulate the denitrifying 

community.  Advantages to using this constructed sediment pack were: (1) large 

quantities of material were available onsite, (2) the crushed limestone created favorable 

hydraulic conductivity, and (3) the limestone provided buffering capacity to neutralize 

the acidic groundwater.  A small quantity of sodium bicarbonate (3.3 wt %) was added 

to the constructed sediment pack to prevent sorption of U(VI) to sediments, as was 

previously done in our small-scale laboratory studies (data not shown). Subsequent 

porewater measurements of total inorganic carbon indicated that the added sodium 

bicarbonate was flushed from the chamber within four months of operation.  The 

constructed sediment pack was placed in an above-ground rectangular chamber 

constructed from sheets of 1.3 cm Plexiglas


 G acrylic, which remained open to the 

atmosphere to allow for gas exchange (Figure 13).  Contaminated site groundwater 
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Figure 13. Line drawing of the chamber showing sampling 

ports (black circles), wells (blue lines), manometers (black 

lines), and groundwater flow direction (black arrows).  The 

inset photo shows the packed chamber complete with five 

ethanol injection lines attached to the wells. 
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Figure 13. Line drawing of the chamber showing sampling 

ports (black circles), wells (blue lines), manometers (black 

lines), and groundwater flow direction (black arrows).  The 

inset photo shows the packed chamber complete with five 

ethanol injection lines attached to the wells. 

from a nearby well 

(well FW21, [28]) was 

pumped through the 

chamber using a piston 

pump to simulate 

groundwater flow 

through a transect of 

an in situ bio-barrier.  

This groundwater was 

aerobic (dissolved 

oxygen ~ 6 mg/L), 

with pH 4.7, and nitrate (116 mM), sulfate (1 mM), U (4.4 µΜ) and Tc (12,400 pM) 

concentrations typical of FRC Area 1 groundwater.  The chamber was equipped with an 

inlet, outlet, 14 sampling ports, manometers and 8 vertically configured, perforated 

PVC wells (1.9 cm diameter) positioned along the centerline of the chamber (Figure 1).  

A syringe pump was used to inject 6 mL of ethanol (190 proof ethyl alcohol) daily into 

the inlet and into five ethanol injection lines that were attached to wells within the 

saturated zone (Figure 13).  Ethanol has been shown to effectively stimulate U and Tc 

reduction in low pH environments at the FRC [16, 19, 25, 29] and was chosen as an 

electron donor for its convenience for automated injection and because concentrated 

ethanol inhibited microbial growth in injection tubing.  An additional above-ground 

column was constructed using 15.2 cm inside diameter x 245 cm long PVC pipe.  This 

column was packed with the same constructed sediment pack and was operated in an 
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identical fashion as the chamber; only the column was closed to the atmosphere, 

received no ethanol additions and served as a control.  Both the ethanol stimulated 

chamber and control column were deployed and operated in an outdoor tent above the 

contaminated FRC aquifer in Oak Ridge, TN.  Pumping rates were selected to yield 

porewater velocities similar to those reported for site groundwater (0.13 – 2 m/day, [28, 

30]).  Pumping rates were monitored weekly but varied during the long experiment 

duration at this remote site; average flow rates were 3.5 ± 2.7 mL/min in the chamber 

and 2.1 ± 0.70 in the control.  Porewater samples were collected from all sampling ports 

located along the length of chamber on a weekly basis and from the control on a 

monthly basis; changes in flow rates and manometer levels were monitored with each 

sampling.  Quantities of analytes removed during the experiment were quantified by 

integrating flow rates and differences in inlet and outlet concentrations.   Average daily 

temperatures in Oak Ridge, TN during the experiment were collected from the data 

archive maintained by the National Weather Service Forecast Office (available online 

<http://www.srh.noaa.gov/mrx/oqt/clioqt.php>).  See Figure 1 in Appendix C for a 

detailed experimental timeline. 

4.3.2. Data Analysis.  Tracer tests (chamber only) were conducted by amending 

influent groundwater with 100 ppm bromide and sampling to obtain breakthrough 

curves.  Porewater velocities were determined by fitting bromide breakthrough 

concentrations to the advection dispersion equation using CXTFIT [31].  Porewater 

velocities were used to calculate travel times from the inlet to each sampling port.  

Apparent zero-order removal rates for nitrate, sulfate, U and Tc were computed by 

performing a least-squares regression of concentration profiles and travel times.  
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U, µµµµM Tc, pM NO3, mM NO2, mM pH

core 1 2.81 21.0 4.4 12408 116 0.03 4.7

core 2 41.9 24.0 0.31 10889 106 5.0 6.9

core 3 104 22.9 0.29 8854 85.4 8.5 7.3

core 4 137 24.0 0.16 7763 66.5 9.1 7.4

core 5 168 24.8 0.17 6057 55.3 9.7 7.6

core 6 193 28.6 0.14 6589 67.4 8.8 7.6

Distance to 

core location 

from inlet, cm

Depth to core 

sample from 

surface of fill, cm

Characteristic porewater concentrations

Table 5. Sediment core locations within the ethanol stimulated chamber and corresponding porewater 

chemistry.

U, µµµµM Tc, pM NO3, mM NO2, mM pH

core 1 2.81 21.0 4.4 12408 116 0.03 4.7

core 2 41.9 24.0 0.31 10889 106 5.0 6.9

core 3 104 22.9 0.29 8854 85.4 8.5 7.3

core 4 137 24.0 0.16 7763 66.5 9.1 7.4

core 5 168 24.8 0.17 6057 55.3 9.7 7.6

core 6 193 28.6 0.14 6589 67.4 8.8 7.6

Distance to 

core location 

from inlet, cm

Depth to core 

sample from 

surface of fill, cm

Characteristic porewater concentrations

Table 5. Sediment core locations within the ethanol stimulated chamber and corresponding porewater 

chemistry.

Porewater mass balance calculations were performed by integrating measured pumping 

rates and differences in inlet and outlet concentrations.  Hydraulic conductivity was 

computed using measured pumping rates and hydraulic heads.   

4.3.3. Sediment Uranium Analysis.  A single sediment sample collected from the 

saturated zone near the chamber inlet was sequentially extracted to quantify U using 

previously published methods [32, 33].  Briefly, the sediment sample was extracted first 

with a known mass of deoxygenated deionized (DI) water; next with deoxygenated, 1 M 

bicarbonate; and finally was incubated with concentrated nitric acid for ~ 24 hours.  

Using previously published criteria [32, 33], uranium extracted from the sediment by 

rinsing with deionized (DI) water and bicarbonate
 
was assumed to be U(VI), and acid 

extractable uranium (after DI water and bicarbonate rinses) was assumed to be U(IV).  

The speciation of U in this sediment sample was determined at MR-CAT 10ID by 

modeling the extended x-ray absorption fine structure portion of the spectrum [34].   

4.3.4. Sediment Collection and Lipid Analyses.  Sediment samples were collected for 

microbial community characterization from six locations within the chamber saturated 
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zone after 16 months of operation and from the eight sampling ports along the control 

after 9.8 months of operation (experimental timeline located in supplementary 

information file).  Chamber sediment core locations and corresponding characteristic 

porewater concentrations at these locations are summarized in Table 5.  Total lipids 

were extracted from the sediment samples using a modified Blyer & Dyer method [35, 

36].  Silicic acid chromatography was used to separate the total lipids into polar, neutral 

and glycolipid fractions [37].   The polar lipid fraction was subsequently transesterified 

using mild alkaline methanolysis to form fatty acid methyl esters (FAMEs) and convert 

plasmalogen ethers to dimethylacetals (DMAs) ([37], with modifications [38]).  The 

neutral lipid fraction was analyzed for respiratory ubiquinone and menaquinone 

isoprenologues by high-performance liquid chromatography/atmospheric pressure 

photoionization tandem mass spectrometry [39].  The FAMEs and DMAs were 

analyzed using a gas chromatogram (Agilent 6890) with a 55 meter nonpolar column 

(0.25 mm I.D., 0.25 µm film) interfaced with a mass spectrometer (Agilent 5973).  The 

conversion factor 2.5x10
4
 cells per pmol PLFA was used to convert total PLFA 

extracted to cells per gram sediment [40].  Individual PLFA analysis was limited to 

those with abundance greater than 0.5 % in all stimulated and control samples. 

4.3.5. Quantitative-PCR Analysis.  DNA was extracted from all chamber and control 

sediment samples α using the FastDNA spin kit for soil (BIO101, USA) and eluted in 

100 µL 1/10 TE buffer.  All Q-PCR was performed by Microbial Insights Inc. 

(Rockford, TN).  Each 30 µL TaqMan based PCR assay contained DNA template, 1X 

TaqMan Universal PCR Master Mix (Applied Biosystems), TaqMan probe (100 – 500 

nM) and forward and reverse primers (300 – 1500 nM).  TaqMan assays were 
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performed on an ABI Prism 7300 Sequence Detection System (Applied Biosystems) 

with the following temperature program: 2 minutes at 50°C and 10 minutes at 95°C, 

followed by 50 cycles of 15 seconds at 95°C and 1 minute at 58°C.  The following 

groups of bacteria were targeted with the indicated TaqMan probe and forward/reverse 

primers, respectively: Eubacteria (TM1389, BACT1369/PROK1492R, [41]; δ-

Proteobacteria (GBC2, 361F/685R, [42]); and Geobacteraceae (GBC2, 561F/825R, 

[42]).  Each 30 µL SYBR green PCR assay contained DNA template, 1X clone 

PfuBuffer (Stratagene), 0.4 mM MgCl2, 0.2 mM of each dNTP (Roche Applied 

Science), SYBR green (1:30000 dilution, Molecular Probes), 1 U PfuTurbo HotStart 

DNA polymerase (Stratagene), DMSO (0 – 0.5 µL), and forward and reverse primers 

(500 – 2500 nM).  SYBR green assays were performed using an ABI Prism 7000 

Sequence Detection System (Applied Biosystems) with temperature cycles varied based 

on primer set.  SYBR green PCR was used to detect the following targets using the 

indicated forward/reverse primers: Methanogens (ME1F/ME2R, [43]); Type I and II 

Methylotrophs (9αF/519R and 10γF/519R, respectively, [44]); nirS gene 

(1260F/1363R, [45]); and nirK gene (nirK876F/nirK1040R, [46]).  Calibrations were 

obtained using a serial dilution of positive control DNA.  The Sequence Detector 

program subtracted background signal for each sample during cycles 3 through 15.  The 

fluorescence threshold was computed as 10x the standard deviation of the background 

signal and the original concentration of DNA in each sample was determined by 

comparing the Ct sample values with the calibration data.  Gene copy numbers were 

calculated assuming 9.13 x 10
14

 bp/µg DNA. 
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4.3.6. Statistical Analysis.  Redundancy analysis (RDA) is a linear, direct gradient 

ordination method by which response variables are constrained to be linear 

combinations of explanatory variables [47].  In RDA, an eigenanalysis is performed to 

extract canonical factors from a product matrix containing response and predictor 

variable correlation coefficients.  Factors are constrained to maximize the redundancy 

index, which is defined as the product of the variance in the predictor variable explained 

by the predictor factor and the variance in the response variable explained by the 

predictor factor [48-50].  The sum of canonical eigenvalues in RDA equals the amount 

of variance in the response variable explained by the predictor variable.  Our data set 

was well suited for RDA analysis, with geochemical variables as predictor variables and 

community data as response variables, because the geochemical and community data 

varied over short distances in the chamber and control and were reasonably represented 

by linear relationships [51].  The response variable matrix contained the following 

community data: Q-PCR copy numbers, PLFA groups, PLFA ratios, respiratory 

quinone ratios, and Shannon-Weiner diversity indices, which were calculated using 

concentrations of individual PLFAs for all chamber and control sediment sample 

locations.  Dimethylacetals were not included in the RDA analysis due to the shortage 

of data in the control.  Q-PCR values, originally in units of copy numbers per gram of 

sediment, were log transformed prior to analysis.  The predictor variable matrix 

contained the following geochemical data: average U, Tc, sulfate and nitrate 

concentrations for all stimulated and control locations prior to sediment collection for 

microbial community characterization.  All data were normalized to unit variance and 

zero mean prior to analysis to eliminate differences in magnitude yet preserve data 
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trends.  RDA analysis was performed using the software Canoco v. 4.53 [47].  Monte 

Carlo Permutations were performed (n=3000) to obtain a p-value for the RDA analysis 

results.  Individual PLFAs were also analyzed via two-way cluster analysis using the 

software PC-ORD [52].  

4.3.7. PCR-DGGE Analysis.  Sediment extracted DNA (chamber only) was PCR 

amplified using the 16S rRNA primer set 341F/519R with a 40-bp GC clamp on the 

forward primer [53].  PCR product (20 µL product + 5 µL loading dye) was added to 

the polyacrylamide denaturant gel (30–65 %, formamide - urea) using the D-Code
TM

 

16/16cm gel system (BioRad, Hercules, CA).  The gel was run at 55 mV for 16 hours in 

0.5X TAE buffer.  Bands were subsequently excised and purified using the UltraClean 

PCR Clean-Up Kit
TM

 (MO BIO Laboratories Inc, Carlsbad, CA).  Sequence analysis 

was performed as previously described [54].  

4.3.8. 16S rRNA Gene Clone Libraries. Clone libraries were constructed using DNA 

extracted from the three sediment core samples nearest to the chamber inlet only.  

Sediment extracted DNA was PCR amplified using primers uni8F/EUB805R, the 

product was purified using the Geneclean Turbo Kit Bio 101, and the purified product 

was  cloned using the TOPO TA cloning Kit for sequencing (Invitrogen, Carlsbad, 

CA).  Plasmids from random clones were extracted, purified using the QIAprep Spin 

Miniprep Kit (Qiagen), and PCR amplified using plasmid specific primers M13F (-

20)/M13R.  Restriction fragment length polymorphism was performed on the PCR 

product using MSP I or Alu I restriction enzymes (New England BioLabs), the digests 

were run on an agarose gel, and different patterns assumed to represent different 

operational taxonomic units (OTUs) were selected for sequencing at the Oklahoma 
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Medical Research Foundation.  The resulting sequences were compared with known 

sequences using the Basic Local Alignment Search Tool (BLAST) and the Ribosomal 

Database Project II.  The criterion for classification of sequences into OTUs was ≥ 97% 

similarity.  Chimeric sequences were identified manually and using the Bellerophon 

server (http://foo.maths.uq.edu.au/~huber/bellerophon.pl). Non-chimeric sequences 

were aligned using ClustalX [55] and consensus phylogenetic trees were constructed 

using PAUP* 4.0b10 [56], with the neighbor joining tree algorithm, Jukes-Cantor 

correction, and 1000 replicates for Bootstrap values.  Positions of the DGGE band 

sequences in the consensus phylogenetic trees were determined a priori in a separate 

alignment and analysis using all sequences.   Nonchimeric sequences were submitted to 

GenBank and assigned accession numbers EF422267 to EF422276 and EF507905 to 

EF507962 for DGGE gel band sequences and clone sequences, respectively. 

4.3.9. Nitrate and Tc Removal Batch Experiment.  Uncontaminated FRC background 

sediment (58 g) was combined with 0.43 kg of crushed Maynardsville Limestone in a 2 

L glass Wheaton bottle.  One liter of artificial groundwater was constructed by 

amending DI water with 59 mM NaNO3, 0.94 mM Ca(NO3)2.6H2O, 23.4 mM 

Mg(NO3)2.6H2O, 1.3 mM NaHCO3, 1.1 mM KCl, and 0.5 mM Na2SO4. The artificial 

groundwater was amended with ethanol (100 mM), added to the sediment mixture and 

the bottle was sealed with plastic cap and butyl rubber stopper.  The bottle was covered 

with tin foil and incubated at room temperature on a roller table (~ 6 rpm).  Settled 

supernatant samples were collected through the rubber stopper using a needle and 

syringe and changes in nitrate, nitrite and chloride concentrations were monitored for 83 

days.  On day 84, 50 mL of DI water containing 80.2 mmoles of Mg(NO3)2.6H2O, 12.1 
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nmoles of NH4
99

TcO4 and 68.6 mmoles of ethanol were spiked into the batch 

supernatant and nitrate, nitrite, chloride and technetium concentrations were monitored 

in the supernatant for an additional 65 days.  Ethanol concentrations and pH were not 

monitored during the batch experiment.  Total iron concentrations were measured 

periodically by combining 50 µL of settled batch supernatant, 50 µL of 0.25 M 

Hydroxylamine HCl in 0.25 M HCl, and 1000 µL of  Ferrozine solution (1 g L
-1

 in 50 

mM HEPES buffer) and reading the absorbance at 562 nm after at least 10 minutes. 

4.3.10. Analytical methods.  pH was measured by glass electrode and meter.  

Inorganic anion (nitrate, nitrite, sulfate, chloride, bromide) concentrations were 

measured by ion chromatography.  Ethanol was measured by gas chromatography with 

flame ionization detection.  Uranium concentrations were measured using a kinetic 

phosphorescence analyzer (KPA-11, CHEMcheck Instruments).  Technetium was 

measured using a liquid scintillation analyzer (Tri-Carb 2900TR, Packard Instruments). 

Total Inorganic Carbon was measured using a Dohrmann DC-190 Carbon Analyzer 

(Rosemount Analytical).   

4.4 Results 

4.4.1. Prevailing Porewater Geochemistry.  Nitrate, U and Tc concentrations were 

variable during the first weeks of chamber and control operation, as flowing site 

groundwater equilibrated with the contaminated sediment pack.  After 7 weeks of 

chamber operation, nitrate, U and Tc concentrations decreased and nitrite 

concentrations increased along the chamber flow path.  Groundwater pH also increased 

from 4.7 to 7.6.  After 6 weeks of control operation, U concentrations decreased, Tc 

concentrations were decreased to a lesser extent compared to the chamber, and nitrate 
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Figure 14. Average concentration profiles in the ethanol stimulated 

chamber verses travel time over 21 months (solid symbols, n = 130), 

where inlet concentrations correspond to time zero.  Average control 

concentrations over 18 months (open symbols, n = 16) are shown 

verses distance along the column flow path because no tracer tests 

were conducted in the control and travel times were unknown. 
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chamber verses travel time over 21 months (solid symbols, n = 130), 

where inlet concentrations correspond to time zero.  Average control 

concentrations over 18 months (open symbols, n = 16) are shown 

verses distance along the column flow path because no tracer tests 

were conducted in the control and travel times were unknown. 

concentrations were constant along the control flow path. Groundwater pH was also 

increased from 4.2 to 6.3 in the control.  Differences between the chamber and control 

are summarized in Figure 14, which shows the long-term average porewater 

concentrations and pH values over the entire experiment for both systems.   During the 

21 months of chamber operation, 2184 L of groundwater were passed through the 

chamber, 340 moles of ethanol, 6.8 µmoles of Tc, 8.3 mmoles of U, and 87 moles of 

nitrate were removed from influent groundwater, and 11 moles of nitrite produced 

during denitrification were detected in the chamber effluent.  During the 15.7 months of 

control operation, 1366 L of groundwater were passed through the control, 3.7 µmoles 

of Tc, 3.4 mmoles of U, and 3.6 mol of nitrate were removed from influent 

groundwater, and 41.5 mmoles of nitrite produced during denitrification were detected 

in control effluent.  Based on the mass balance performed on the routinely measured 
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analytes shown in Figure 14, 93% less nitrate, 35% less U and 13% less Tc was 

removed per liter of groundwater in the control compared to the chamber.  

U concentrations decreased with increased pH in the chamber and control (Figure 14).  

Sediment near the chamber inlet where pH neutralization occurred contained 14 ppb 

total extractable U.  One third of the total U was extracted using 1 M bicarbonate and 

was considered sorbed U(VI), while the remaining U was extracted using nitric acid and 

was considered U(IV) [32, 33].  However, XANES spectra collected from this sediment 

showed 100% of the U in this sample to be U(VI), suggesting the majority of U was 

recalcitrant U(VI).  The distribution of Ca and U in core 1 sediments shows elevated U 

concentrations on the outer regions of the limestone particles (Figure 15A), which is 

consistent with the precipitation of U(VI) on the limestone surface.  The EXAFS spectra 

collected from this sediment is consistent with the structure of (UO2)3(PO4)2
.
4H2O(s), 

which to our knowledge has not been previously detected in natural samples [57], but 

could be important in controlling U solubility in this system (Figure 15B and 15C). 

4.4.2. Contaminant Removal Rates.  U removal rates fluctuated little during the 

experiment (2.49 ± 1.63 µM/day, Figure 4).  In contrast, nitrate and Tc removal rates 

fluctuated a great deal, apparently in response to changing average daily temperatures 

during this long-term outdoor experiment.  Early in the experiment when daily average 

temperatures were >20° C, Tc and nitrate removal rates increased to a maximum of 

1897 pM day
-1

 and 23 mM day
-1

, respectively (Figure 16).  Nitrate removal rates 

decreased sharply as temperatures decreased, while Tc removal rates decreased more 

gradually.  Nitrate removal rates subsequently increased when temperatures increased, 

while Tc removal rates increased well after temperatures and nitrate removal rates 
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Figure 15. X-ray analysis of chamber core 1 sediment. A)  X-ray fluorescence of sediment showing 

the distribution of Ca (left) and U (right).  Region 1 and 2 (circled) were further probed for XANES 

and EXAFS measurements.  B)  EXAFS spectra collected from region 2 (open symbols) and model 

fit based on the structure of uranyl orthophosphate (UO2)3(PO4)2
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spectrum, Middle:  Magnitude of Fourier transform of EXAFS spectrum, Bottom:  Real part of 

Fourier transform of EXAFS spectrum.  C)  Structural model of uranyl orthosphosphate.   Blue, red, 

and orange spheres represent U, O, and P atoms, respectively. 
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increased.   Average ethanol concentrations decreased initially due to microbial 

consumption.  In order to ensure adequate electron donor in the chamber, influent site 

groundwater was amended with 95 mM ethanol beginning on day 179 to supplement 

daily injections (Figure 16).  Hydraulic conductivity increased in the chamber when 
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Figure 16. Apparent zero-order rates of U, 

Tc, and nitrate removal, as well as average 

daily temperatures, porewater ethanol 

concentrations, and hydraulic conductivity 

(K) verses experimental time (lower x-axis) 

and total pore volumes passed through the 

chamber (upper x-axis).  Filled triangles 

represent nitrate removal rates and open 

circles represent all other data.
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Figure 16. Apparent zero-order rates of U, 

Tc, and nitrate removal, as well as average 

daily temperatures, porewater ethanol 

concentrations, and hydraulic conductivity 

(K) verses experimental time (lower x-axis) 

and total pore volumes passed through the 

chamber (upper x-axis).  Filled triangles 

represent nitrate removal rates and open 

circles represent all other data.
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rates of nitrate removal were small but 

subsequently decreased when rates of 

nitrate removal increased, suggesting a link 

between increased production of nitrogen 

gas during denitrification and decreased 

hydraulic conductivity.  Hydraulic 

conductivity in the chamber averaged 

1.93x10
-4

 m sec
-1

 initially but decreased to 

an average of 2.85x10
-5

 m sec
-1

 by the end 

of the experiment.   

Nitrate and Tc concentrations decreased 

concomitantly and to similar extents in the 

chamber (55% on average, Figure 14).  In 

the control, nitrate concentrations 

decreased only slightly and Tc 

concentrations were decreased by 35% on average.  It was not possible to exclude a role 

for Fe(II) in the observed Tc removal in the chamber because Fe(II) is known to reduce 

Tc [9] and Fe(II) concentrations were not measured.  The batch experiment was 

conducted to investigate Tc removal under denitrifying conditions in a more controlled, 

well-mixed system.  Fe(II) concentrations were periodically monitored during the initial 

denitrification phase of the experiment and did not exceed 2.95 µM.  Following the Tc 

and nitrate spike, denitrification continued and Tc concentrations were reduced by 20% 
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Figure 17. Nitrate (filled circles), nitrite (open circles), 

Tc (open triangles) and chloride concentrations in the 

batch supernatant verses experimental time.  The arrow 

indicates time of the nitrate, ethanol and technetium 

concentration spike.
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Figure 17. Nitrate (filled circles), nitrite (open circles), 

Tc (open triangles) and chloride concentrations in the 

batch supernatant verses experimental time.  The arrow 

indicates time of the nitrate, ethanol and technetium 

concentration spike.
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(Figure 17).  Chloride 

concentrations remained 

relatively constant for the 

duration of the batch experiment.   

4.4.3. PLFA results.  PLFA 

biomass was 65% greater on 

average in the chamber compared 

to the control, confirming ethanol 

additions promoted microbial 

growth; differences in percentages of total PLFA within PLFA groups were also 

observed (Table 6).  Percentages of mid-chain branched saturates, indicators of sulfate 

reducing bacteria [58, 59], were smaller on average in the chamber compared to the 

control.  Hydroxy fatty acids, which are common though not exclusive to Gram-

negative bacteria [60, 61], were greater on average in the chamber compared to the 

control.  The percentages of the following PLFA groups were not different in the 

chamber compared to the control: terminally-branched saturates, which are general 

indicators of Gram-positive or anaerobic Gram-negative bacteria [62, 63]; branched 

monounsaturates, which are general indicators of Gram-negative sulfate-reducing 

bacteria [61, 64]; monounsaturates, which are indicators of facultative and anaerobic 

bacteria [65, 66]; normal saturates, which are common to a wide range of 

microorganisms [67]; and polyunsaturates, which are indicators of eukaryotes [68].  The 

Shannon-Weiner diversity index was also not different on average in the chamber 

compared to the control.   



  

8
6
 

Core 1 Core 2 Core 3 Core 4 Core 5 Core 6 avg stdev C1 C2 C3 C4 C5 C6 C7 C8 avg stdev

PLFA

Viable bimass, cells/gram sediment 2.34E+08 3.73E+08 1.70E+08 3.49E+08 7.06E+07 5.01E+08 2.83E+08 1.42E+08 8.06E+07 7.61E+07 2.35E+08 5.45E+07 9.10E+07 1.18E+08 3.90E+07 9.39E+07 9.85E+07 5.62E+07

Community Structure (% Total PLFA)

Mid-chain Branched Saturates 1.03 1.54 1.39 1.11 1.71 1.38 1.36 0.23 4.92 4.48 2.88 3.52 3.9 4.1 6.1 4.60 4.3 0.90

Hydroxy 0.385 0.304 0.39 1.76 0.426 0.37 0.61 0.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Terminally Branched Saturates 8.5 11.7 13.0 12.2 11.4 17.3 12.4 2.63 11.7 11.3 7.5 10.5 11.0 9.7 13.8 10.9 10.8 1.68

Branched Monounsaturates 2.51 2.19 3.65 2.52 2.96 3.04 2.81 0.47 2.45 2.92 1.82 2.15 2.82 2.32 2.68 2.92 2.51 0.37

Monounsaturates 55.1 54.9 52.8 55.2 56.2 50.1 54.0 2.06 54.4 57.6 57.2 55.6 54.7 53.0 52.2 55.1 55.0 1.73

Normal Saturates 31.9 29.2 25.3 27.1 26.8 27.8 28.0 2.10 26.1 23.1 30.3 27.9 27.2 30.7 24.5 25.5 26.9 2.48

Polyunsaturates 0.639 0.159 3.47 0.00 0.496 0.00 0.79 1.22 0.37 0.61 0.29 0.25 0.32 0.25 0.69 0.92 0.46 0.23

Shannon-Weiner Diversity Index 2.291 2.428 2.68 2.53 2.525 2.59 2.51 0.12 2.65 2.64 2.36 2.52 2.58 2.50 2.74 2.68 2.58 0.11

Metabolic Status (Ratio)

cy17:0/16:1w7c 2.39 3.47 1.24 1.77 2.57 2.72 2.36 0.710 0.698 0.947 0.905 1.27 1.65 2.20 0.743 1.40 1.23 0.483

cy19:0/18:17c 1.59 2.06 0.95 1.46 1.62 1.43 1.518 0.327 0.577 0.597 0.660 0.720 0.932 1.25 0.561 0.932 0.78 0.225

total cyc/cis 3.98 5.53 2.19 3.23 4.19 4.15 3.88 1.02 1.27 1.54 1.56 1.98 2.59 3.45 1.30 2.34 2.01 0.704

16:1w7t/16:1w7c 0.222 0.506 0.233 0.313 0.233 0.374 0.314 0.102 0.078 0.092 0.077 0.093 0.082 0.094 0.077 0.079 0.084 0.007

18:1w7t/18:1w7c 0.098 0.156 0.000 0.119 0.087 0.125 0.097 0.049 0.074 0.058 0.070 0.086 0.063 0.068 0.062 0.068 0.069 0.008

total tran/cis 0.319 0.662 0.233 0.432 0.320 0.499 0.411 0.141 0.152 0.150 0.147 0.178 0.145 0.162 0.139 0.147 0.153 0.012

i15:0/a15:0 0.918 0.658 0.610 0.510 0.568 0.366 0.605 0.168 0.89 1.05 1.05 1.03 1.16 1.08 1.12 1.09 1.06 0.074

i17:0/a17:0 0.679 0.409 0.845 0.908 0.558 0.439 0.640 0.189 0.918 1.07 1.43 0.969 1.29 1.17 0.883 1.00 1.09 0.179

total iso/anteiso 1.60 1.07 1.45 1.42 1.13 0.805 1.24 0.270 1.81 2.12 2.48 2.00 2.45 2.25 2.00 2.09 2.15 0.217

Dimethylacetayls (DMA),
      pmol/gram sediment

Ubiquinones/Menaquinones
     (Ratio)

Q-PCR, copies/gram sediment*

Eubacterial 16S rRNA 6.36E+06 1.79E+09 1.13E+09 2.13E+09 2.67E+09 1.88E+09 1.60E+09 8.48E+08 5.67E+06 3.66E+06 1.30E+07 6.47E+06 3.78E+06 5.68E+06 1.14E+07 6.83E+06 7.06E+06 3.18E+06

nirS 2.22E+05 9.00E+08 5.14E+08 9.93E+08 1.01E+09 1.12E+09 7.56E+08 3.89E+08 1.48E+06 1.45E+06 1.52E+06 7.02E+05 1.33E+06 4.75E+06 1.53E+06 4.23E+06 2.12E+06 1.40E+06

nirK 8.11E+05 2.43E+08 1.74E+08 3.33E+08 1.97E+08 2.60E+08 2.01E+08 1.03E+08 ND ND 1.79E+06 ND ND 8.26E+05 4.47E+06 2.09E+06 1.15E+06 1.49E+06

δ-Proteobacteria 1.13E+04 157* <100 1.12E+05 <100 6.95E+04 3.22E+04 4.34E+04 <100 ND ND <100 <100 178* 140* 3.91E+03 5.66E+02 1.27E+03

Geobacteraceae ND 108* ND <100 <100 326* -- -- ND ND ND ND ND ND ND ND -- --

Methanogens ND 7.26E+06 ND 3.38E+08 1.51E+08 1.01E+08 9.97E+07 1.21E+08 2.36E+06 ND ND 2.04E+04 2.18E+05 3.05E+04 9.13E+06 1.81E+08 2.42E+07 5.95E+07

Methylotrophs 2.23E+05 1.59E+08 2.34E+07 9.04E+07 2.19E+08 2.87E+08 1.30E+08 1.03E+08 ND ND ND ND ND ND ND ND -- --

ND, not detected; -- indicates sample not processed; * indicates estimated value; <100 indicates below detection limit

22.7 26.816.117.8

Chamber Core Sediment Samples Control Sediment Samples

4.208.09 3.401.782.813.9822.327.1

4.67 125

3.63 1.8622.1 4.12 2.112.67

58.3 75.511.4 9.59 18.0 181 1.31 -- -- -- -- ---- -- 5.09 --

Table 6. Data summary of Q-PCR and PLFA groups for chamber core (left) and control sediment samples (right).
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Elevated ratios of both cyclopropyl fatty acids to their monoenoic precursors and ratios 

of monounsaturated trans to cis isomers have been linked with starvation, stationary-

phase growth, nutrient deprivation [37, 69-72], and also ethanol exposure (≥ 1% by 

volume) [72].  The ratios of both cyclopropyl fatty acids to their monoenoic precursors 

and monounsaturated trans to cis isomers were increased in the chamber compared to 

the control, suggesting a community response to high ethanol concentrations (120 mM, 

0.7% by volume) or limited microbial growth when sediment samples were collected.  

Elevated ratios of iso- to anteiso-saturated fatty acids have been linked with bacterial 

membrane fluidity changes in response to environmental stress, particularly temperature 

[63, 73, 74].  Though both models were subject to the same outdoor temperature shifts 

during the experiment, the ratio of iso- to anteiso-saturated fatty acids was decreased in 

the chamber compared to the control.  Respiratory ubiquinones are associated with high 

energy electron acceptors such as oxygen and nitrate while menaquinones are 

associated with anaerobic respiration [75]; thus, elevated ratios of ubiquinones to 

menaquinones (UQ/MQ) indicate aerobic respiration.  The UQ/MQ ratio was increased 

by an order of magnitude in the chamber, confirming a shift toward a denitrifying 

community in the chamber. 

4.4.4. Quantitative-PCR Results. Eubacterial 16S rRNA gene copy numbers were 

more than 2 orders of magnitude greater in the chamber compared to the control, further 

substantiating that ethanol additions promoted microbial growth (Table 6).  

Dissimilatory nitrite reductase genes, nirS and nirK, were both two orders of magnitude 

greater in the chamber compared to the control.   Shifts were also detected in several 

general groups of Bacteria and Archaea.  For example, Methylotrophs were detected in 
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Figure 18. Ordination joint-plot of RDA results. Points represent geochemistry-

derived sample scores for ethanol stimulated chamber (Core1 – 6) and control 

sediment samples (C1 – 8), blue arrows represent geochemistry-derived 

community scores (PLFA groups, ratios and Q-PCR targets), and red arrows 

represent geochemical variable scores.  Axis labels indicate the percentage of 

community variance explained by the environmental variables. 
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Figure 18. Ordination joint-plot of RDA results. Points represent geochemistry-

derived sample scores for ethanol stimulated chamber (Core1 – 6) and control 

sediment samples (C1 – 8), blue arrows represent geochemistry-derived 

community scores (PLFA groups, ratios and Q-PCR targets), and red arrows 

represent geochemical variable scores.  Axis labels indicate the percentage of 

community variance explained by the environmental variables. 
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all chamber sediment samples and Geobacteraceae were detected in several chamber 

samples but neither were detected in the control using our methods.  Methanogens and 

δ-Proteobacteria were not significantly different on average in the chamber compared to 

the control. 

4.4.5. Redundancy Analysis (RDA) Results.  RDA results were summarized in a joint 

plot containing geochemistry-derived sample scores (points), as well as PLFA, Q-PCR, 

and geochemical variable scores (arrows) (Figure 18).  A brief guide to joint-plot 

interpretation follows (see [76, 77] for more detailed information).  Arrow length 

represents magnitude of the correlation coefficient with the geochemistry-derived 

canonical axes.  Arrows pointing in the same direction indicate strong positive 

correlations, perpendicular arrows indicate no correlation, and arrows pointing in 

opposite directions indicate strong negative correlations.  Distance between sample 
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points is proportional to the magnitude of the difference in community composition 

within samples.  U and pH were identified as redundant variables in the initial analysis 

and were omitted from the final analysis.  Nearly 40% of community data variance was 

explained by the first geochemistry-derived canonical axis (p=0.0003), which is 

reflected graphically in a clear separation of the chamber and control sample scores on 

the first axis.  Q-PCR biomass, nirK and nirS scores were elevated in the chamber core 

sediments, were positively correlated with nitrite, and negatively correlated with nitrate 

and Tc.  Branched monounsaturates, terminally-branched saturates, Geobacteraceae, 

and Methanogen (MGN) scores were elevated in chamber core sediments near the outlet 

and were negatively correlated with nitrate and Tc.  PLFA biomass, quinone ratios 

UQ/MQ, biomarker stress ratios (trans/cis and cyc/mono), hydroxy fatty acids, and 

Methylotroph (MOB) scores were elevated in chamber sediments but were not strongly 

correlated with nitrate or Tc concentrations.  Mid-chain branched saturates and the 

biomarker stress ratio iso/anteiso were elevated in control samples and were negatively 

correlated with nitrite concentrations.  Sediment nearest to the chamber inlet (Core 1) 

was most similar to control samples due to the low Q-PCR target scores, low nitrite 

concentrations, and high nitrate and Tc concentrations typical of influent groundwater 

(Table 5).  Shannon-Weiner diversity index scores (H’) were similar in chamber core 

sediments and control samples and were uncorrelated with geochemical variables.   

4.4.6. Community Composition of Chamber Core Sediment.  No visually dominant 

bands were detected in the chamber core 1 sediment sample (Figure 2 Appendix C).  

Selected DGGE band sequences from subsequent chamber core sediment samples were 

most similar to the genera Pseudomonas (Core 2-A, Core 2-B, Core 5-F, Core 5-G, 
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Table 7. Distribution within clone libraries of 

ethanol stimulated chamber core sediment.

Phyla Core 1 Core 2 Core 3

ββββ-Proteobacteria 86 64 13

γγγγ-Proteobacteria 6 21 -

αααα-Proteobacteria 8 4 27

Bacteroidetes - 3 29

Firmicutes - 3 9

Actinobacteria - 1 13

Acidobacteria - 4 4

δδδδ-Proteobacteria - - 5

Distribution

no. taxa 51 73 55

no. OTUs 7 16 14

Clone Library (%)

Table 7. Distribution within clone libraries of 

ethanol stimulated chamber core sediment.

Phyla Core 1 Core 2 Core 3

ββββ-Proteobacteria 86 64 13

γγγγ-Proteobacteria 6 21 -

αααα-Proteobacteria 8 4 27

Bacteroidetes - 3 29

Firmicutes - 3 9

Actinobacteria - 1 13

Acidobacteria - 4 4

δδδδ-Proteobacteria - - 5

Distribution

no. taxa 51 73 55

no. OTUs 7 16 14

Clone Library (%)

Core 6-J), Sporomusa (Core 5-H), 

Castellaniella (Core 2-C, Core 5-I), 

and Bacteroides (Core 4-E, Core 3-D) 

(Figure 19).  Most sequences detected 

in chamber core 1 and 2 sediment 

16S rRNA gene libraries (89-100%) 

belonged to the phylum 

Proteobacteria (Table 7).  In chamber 

core 1 sediments, 86% of sequences belonged to β-Proteobacteria; other sequences 

detected belonged to α-Proteobacteria (8%) and γ-Proteobacteria (6%).  β-

Proteobacteria sequences were also dominant in core 2 sediment (64%); other 

sequences detected belonged to γ-Proteobacteria (21%), α-Proteobacteria (4%), 

Acidobacteria (4%), Bacteriodetes (3%), Firmicutes (3%), and Actinobacteria (1%).  In 

contrast to core 1 and 2 sediments, Bacteroidetes (29%) and α-Proteobacteria (27%) 

sequences were dominant in chamber core 3 sediments, and β-Proteobacteria sequences 

were detected in smaller proportions (13%).  Other sequences detected in core 3 

sediments were Actinobacteria (13%), Firmicutes (9%), δ-Proteobacteria (5%) and 

Acidobacteria (4%). 

The majority of clone sequences within the chamber core 1 and 2 sediment 16S rRNA 

gene libraries (59% and 41%, respectively) shared close homology with Burkholderia 

fungorum within the β-Proteobacteria (Figure 19).  Clone sequences detected in core 1 

sediment shared close homology with Variovorax paradoxus, which was also 

previously detected in pH-5.5, low nitrate FRC groundwater [78].  Other clone 
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ββββ -Proteobacteria

γγγγ-Proteobacteria

αααα-Proteobacteria

δδδδ-Proteobacteria

Acidobacteria

Actinobacteria

Firmicutes

Bacteroidetes

Figure 19. Phylogenetic relat ionships of cloned 16S rRNA genes and selected sequences.  Nodal 

values represent bootstrap probabilities based on 1000 replicates.  Clones are designated as FRC-A 1-

clone number, with frequency of detection in core 1, 2, and 3 shown in parenthesis.  DGGE band 

sequences are designated by the core number and band letter and are shown in boxes positioned 

adjacent to the most similar sequence determined in a separate alignment and analysis.
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sequences detected in core 1 shared close homology with Ralstonia insidiosa [79].  

Ralstonia sequences were also dominant (86%) in RNA-based clone libraries from 

acidic FRC sediments [80], suggesting Ralstonia species were active in acidic FRC 

sediment.  Also within the β-Proteobacteria, DGGE band sequences (Core 5-I, Core 2-

C) and other clone sequences from this study shared close homology with Castellaniella 

defragrans [81] and several other clones and isolates from acidic FRC sediments [19, 

25].  Other β-Proteobacteria clone sequences were similar to Acidovorax defluvii [82].  

Interestingly, an Acidovorax isolate from a denitrifying fluidized-bed reactor used to 

treat FRC groundwater was also implicated in U(VI) reduction [83].   Within the γ-

Proteobacteria, DGGE band sequences (Core 2-B, Core 5-G, Core 6-J) and clone 

sequences from this study shared close homology with Pseudomonas stuzeri [84]; 

DGGE band sequences (Core 2-A, Core 5-F) were also similar to other Pseudomonas 

species.  Other γ-Proteobacteria clone sequences from this study shared close homology 

with a Rhodanobacter clone previously detected U contaminated FRC sediment [85].  

α-Proteobacteria clone sequences from this study shared close homology with 

Phyllobacterium myrsinacearum [86], which are commonly associated with plant roots 

[87] but have also been detected in denitrifying reactors [88]. Within the Firmicutes 

phylum, DGGE band sequence Core 5-H was most similar to the obligate anaerobe 

Sporomusa silvacetica [89], which is capable of using ethanol for growth but does not 

reduce nitrate.  Within the Bacteroidetes phylum, DGGE band sequences (Core 3-D, 

Core 4-E) and other clone sequences from this study shared close homology with an 

effluent treatment plant clone (DQ531963, unpublished) and were similar to 
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Proteiniphium acetatigenes [90], an obligate anaerobe previously detected in brewery 

waste treatment sludge.   

4.5 Discussion 

In this study, we used a constructed sediment pack and flowing site groundwater to 

simulate the operation of an in situ bio-barrier above ground for 21 months.  The 

experimental design allowed for continuous monitoring of porewater geochemistry and 

sediment collection for microbial community characterization at relatively small spatial 

scales (<62 cm) along the chamber and control flow paths.  Ethanol additions 

effectively stimulated denitrification and increased biomass compared to the control.  

RDA analysis provided a direct, quantitative test of our hypothesis that ethanol addition 

stimulated growth of a distinct microbial community in the chamber compared to the 

control (p=0.0003).  Geochemical variables (nitrate, nitrite and Tc concentrations) were 

fair predictors of community composition, as measured by PLFA and Q-PCR analyses, 

with over 46% of community variance explained by the first two geochemistry-derived 

canonical axes.  Inclusion of technetium improved the RDA model results only slightly 

(2%), indicating nitrate and nitrite were the most important explanatory variables in 

these systems. 

The constructed sediment pack comprised of crushed Maynardsville limestone and 

site sediment effectively increased influent pH from 4.7 to 6.9, with a corresponding 

94% decrease in U concentrations in port 1.  In a separate study, U concentrations 

decreased by 90% when acidic FRC groundwater was titrated to pH~5 with sodium 

carbonate, although 70% of U reappeared in solution following additional titration [17].  

Energy dispersive X-ray analysis showed this initial decrease was due to U sorption or 
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co-precipitation with Al and Fe-hydroxides formed during titration and the authors 

attributed the subsequent increase to decreased ZPC of Al and Fe-hydroxides or the 

formation of soluble U-carbonate complexes.  In this study, Al concentrations in the 

acidic influent groundwater were decreased by 99% following pH adjustment (Figure 3 

Appendix C).  However, EXAFS spectral analysis detected the presence of uranyl 

orthophosphate (UO2)3(PO4)2
.
4H2O(s) in chamber core 1 sediment, which could control 

U solubility in this system [91].  Although phosphate concentrations were not measured 

in this study, historical data for groundwater from well FW21 (source well for this 

study, data available online [28]) indicate a total phosphorous concentration of 4.73 

mg/L.  Using this total phosphorus concentration under our experimental conditions, we 

estimate U(VI) solubility to be 1.29x10
-7

 M, which just so happens to equal the current 

MCL for U concentrations in drinking water [92] (see Appendix C for calculations). 

Other U-phosphate minerals, such as autunite (Ca(UO2)2(PO4)2.10H2O) and saleeite 

(Mg(UO2)2(PO4)2.10H2O), are known to control U solubility in natural deposits [93] 

and hydroxyapatite (Ca10(PO4)6(OH)2) has also been shown to effectively remove U 

from solution, showing promise for application in permeable reactive barriers [94, 95].  

Recently, inorganic phosphates produced as byproducts of microbial activity have also 

been shown to facilitate precipitation of U-phosphate minerals [96].   

It will be important to determine the long-term buffering capacity of the 

Maynardsville limestone for neutralizing the acidic FRC groundwater.  Precipitation of 

acid soluble metals with increased pH may eventually encrust the limestone, thereby 

decreasing the rate of limestone dissolution and alkalinity production [97-99].  These 

metal hydroxide precipitates may also eventually fill pore space and decrease hydraulic 
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conductivity.  Indeed, ICP analysis of select chamber porewater samples (n=4) 

confirmed that Al, Mn, and Ca concentrations in the acidic influent FRC groundwater 

were significantly decreased following pH adjustment (Figure 3 Appendix C).  During 

the 21 months of the experiment, 2184 L of FRC groundwater were neutralized in the 

chamber and this resulted in the deposition of an estimated 812 g of Ca, 400 g of Al and 

203 g of Mn in the chamber.  Clearly solids deposition and associated decreases in 

hydraulic conductivity are important design considerations for in situ treatment of FRC 

groundwater.   

Bio-clogging [100, 101] or decreased water saturation during denitrification [102-

104] and associated decreases in hydraulic conductivity are also important 

considerations for in situ bio-barrier applications.  In this study, hydraulic conductivity 

fluctuated with temperature and denitrification rates, suggesting a link between nitrogen 

gas production and decreased hydraulic conductivity.  In a recent study, Istok et al. 

investigated the fate of nitrogen gas in a mixture of FRC saprolite and Maynardsville 

limestone analogous to the constructed sediment pack used in this study [105].  Water 

containing 100 mM nitrate and 300 mM ethanol was repeatedly pulsed into a chamber 

and nitrate removal rates and gas saturation were monitored.  Nitrogen bubbles were 

observed to coalesce and escape through connected pores in bursts and hydraulic 

conductivity did not decrease significantly during the experiment.  In this study, gas 

bubbles were not visually observed because the chamber was covered with tin foil to 

prevent light infiltration and algal growth.  Bubbling was observed at the chamber water 

table when all sediment cores were collected except for core 1 near the inlet where no 

bubbling was observed.   
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Interestingly, nitrate and Tc concentrations decreased concomitantly in the chamber 

and to a lesser extent in the control.  These results were confirmed in a well-mixed 

laboratory batch experiment where Tc concentrations decreased during denitrification.  

Nitrate and Tc were also observed to decrease concomitantly and prior to iron reduction 

during in situ push-pull test conducted at the FRC [16].  However, other sediment 

incubation [106] and pure culture studies [6] have shown that denitrification must be 

complete prior to Tc removal.  Using the nitrate and nitrite concentrations measured in 

the batch system, we calculated a redox potential of 459 mV, which is much higher than 

the 38 mV required for thermodynamically favorable Tc reduction at pH 7 (calculations 

in Appendix C).  Dissimilatory nitrate reduction to ammonium (DNRA) is significant in 

anaerobic estuarine sediment or soils where nitrate concentrations are low, whereas 

denitrification is the primary nitrate reduction process when nitrate concentrations are 

high [107, 108].  Given the high nitrate concentrations in the chamber and batch 

systems, DNRA may be unlikely.  Also, since ammonium is the preferred nitrogen 

source for cell synthesis, any ammonium produced may be scavenged [109].    It is 

interesting to note that at neutral pH, pertechnetate reduction to hydrous technetium 

oxide by trace concentrations of ammonium or ammonia is thermodynamically 

favorable (calculations in Appendix C).  However, oxidation of hydrous technetium 

oxide by nitrate and nitrite is also thermodynamically favorable, so hydrous technetium 

oxide would likely be unstable or transient in these systems.  A separate explanation for 

the observed decrease in Tc concentration is bio-sorption, although bio-sorption at 

neutral pH in sediment slurries or pure cultures was shown to be negligible [106, 110].   
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The apparent dependence of Tc removal rates on temperature observed in this study 

suggests a mechanism other than bio-sorption. 

Shifts in community composition were observed in 16S rRNA gene clone libraries in 

sediments collected along the chamber flow path.  For example, clone libraries of 

chamber core 1 sediment were dominated by a single OTU (59% of sequences), which 

shared close homology with Burkholderia fungorum.  Burkholderia species have been 

detected in acidic FRC sediments following ethanol additions [19, 25], in RNA-based 

clone libraries of pH-neutral FRC sediment that were not electron donor stimulated 

[80], as well as in iron-reducing enrichment cultures from pH-neutral FRC sediments 

[111].  Burkholderia species are known to degrade PCBs [112] and occupy diverse 

ecological niches, many of which are associated with nitrogen cycling [113-116].  

Burkholderia cepacia PR1301 was shown to exhibit increased tolerance to nickel 

concentrations under acidic conditions [117], suggesting Burkholderia may have had a 

competitive advantage in core 1 sediment near the acidic influent groundwater in the 

chamber.  Groundwater pH was increased from 4.7 to 6.9 and nitrite concentrations 

were increased substantially in core 2 compared to core 1 (Table 5).  Burkholderia were 

dominant in core 2 sediment as well (41%), although Pseudomonas, Castellaniella, and 

Acidovorax were also detected.  Castellaniella defragrans (formerly Alcaligenes 

defragrans [118]) was previously identified as an important denitrifier in ethanol 

stimulated FRC sediments [25] and were also dominant in clone libraries constructed 

from hematite coupons incubated in acidic FRC groundwater [119].  In a separate study, 

over half of all nirS genes detected in acidic FRC groundwater were highly similar to 

the nirS genes of Alcaligenis faecalis and Pseudomonas stutzeri [120], suggesting their 
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potential importance in acidic FRC groundwater.  Castellaniella defragrans and 

Pseudomonas stutzeri were detected in both clone libraries and DGGE analysis, 

confirming their presence in the chamber sediment under denitrifying conditions 

following pH adjustment.  Groundwater pH was increased from 6.9 to 7.3, nitrate was 

decreased from 106 to 85 mM, and nitrite was increased from 5 to 8.5 mM in core 3 

compared to core 2.  Burkholderia comprised only 14% of sequences detected in core 3 

and Castellaniella and Pseudomonas sequences were not detected.  In contrast, DGGE 

band sequences from core 3 and 4 and 29% of sequences detected in core 3 sediment 

shared close homology with an effluent treatment plan clone within the Bacteroidetes 

phylum (DQ531963, unpublished).   

In a previous study, ethanol additions to neutral pH, FRC groundwater flowing 

through packed site sediments stimulated denitrification, as well as iron and sulfate 

reduction U and Tc removal was sustained for 20 months [26].  Shifts in sediment 

microbial community composition were observed spatially along the column flow path, 

and were correlated with porewater geochemistry.  For example, Proteobacteria were 

dominant in 16S rRNA gene clone libraries in sediment near the influent groundwater 

where nitrate reduction occurred, where as members of the candidate division OP11 

were dominant further along the column flow path where soluble electron acceptors 

were largely depleted.  In contrast, ethanol additions to the acidic, nitrate-contaminated 

FRC groundwater in this study stimulated a primarily denitrifying microbial 

community.  Shifts in community composition observed along the chamber flow path 

correspond with increased pH and nitrite concentrations.  
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Groundwater velocities at the FRC vary from 0.129 m day
-1

 in the fractured saprolite 

[30] to 2 m day
-1

 in the shallow, gravel filled layer (Dave Watson, pers. comm., 1998 

tracer test Area 2).  The average temperature of the FRC groundwater is 19.6 ± 2.8 °C 

[28].  Based the range of FRC groundwater velocities and an approximated first order 

denitrification rate obtained at ~20°C during the 14 month of the chamber experiment, 

we estimate that a denitrification bio-barrier normal to groundwater flow would need to 

be at least 2.4 – 37  feet in length to provide adequate residence time for 99% nitrate 

removal (calculations in Appendix C). Preferential flow path formation, for example 

due to biomass accumulation [101] or solids deposition, could ultimately reduce 

residence time within the treatment zone and decrease U and Tc removal efficiency.   
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5.0 Discussion 

 

5.1 Experimental Approach in Context 

Since Derek Lovely and colleagues famously showed that microbes could respire 

soluble U(VI) to form insoluble U(IV) in the early 1990s, a tremendous amount of 

progress has been made toward developing in situ bio-immobilization as a groundwater 

remediation strategy.  Multiple field studies have demonstrated that electron donor 

additions to pH-neutral contaminated groundwater can promote iron- and sulfate-

reducing conditions and facilitate bio-immobilization of U and Tc in situ [1-4].  

However, long-term shifts in microbial communities or geochemistry during electron 

donor stimulation have been shown to decrease bio-immobilization effectiveness [2, 5].  

Few studies have investigated in situ bio-immobilization of U and Tc from groundwater 

containing extreme nitrate concentrations and metal and hydrogen ion acidity.  In 

studies where this has been investigated, groundwater was pH neutralized [1, 4, 6] and 

or denitrified [7, 8] ex situ prior to demonstrating in situ bio-immobilization.  

The objective of this research was to evaluate the long-term effects of ethanol 

additions on U and Tc mobility in nitric acid contaminated groundwater at a U.S. DOE 

legacy waste site in Oak Ridge, TN.  Contaminated site groundwater was continuously 

perfused through a mixture of native crushed limestone and site sediments packed into 

intermediate-scale chambers, which served to simulate groundwater flow through a 

potential configuration of an in situ bio-barrier.  The bio-barrier simulations were 

conducted above-ground in two separate field plots, each with different characteristic 

groundwater geochemistry.  Groundwater in field plot Area 1 was acidic with extreme 

nitrate concentrations (118 mM), while groundwater in field plot Area 2 was pH neutral 



 

 

111 

with moderate nitrate concentrations (<1mM).  Thus, groundwater in Area 2 served as a 

proxy for groundwater in Area 1 following pH neutralization and nitrate removal.  

Ethanol was amended with the flowing site groundwater to stimulate microbial growth 

in the sediment pack and promote nitrate, U and Tc removal from groundwater.  

Porewater concentrations were continuously monitored along the simulated bio-barrier 

flow paths for ~ 20 months and mass balances were performed to quantify contaminant 

removal.  Select sediment samples were also collected for special geochemical analyses 

and microbial community characterization.   

5.2 Notable Findings 

The results of the bio-barrier simulation conducted in field plot Area 1 uniquely 

showed that in situ pH neutralization and denitrification may be possible despite the 

extreme geochemical conditions, which are common to DOE legacy waste sites 

(Chapter 4).  Native crushed limestone effectively increased groundwater pH, and 

decreased concentrations of toxic, acid soluble metals.  U concentrations were also 

significantly decreased following pH adjustment.  The U precipitate was identified as 

uranyl orthophosphate, which has not been previously detected in natural samples but 

may be important in controlling U solubility in this system.  Ethanol additions 

effectively stimulated nitrate removal and promoted growth of a distinct, largely nitrate 

reducing microbial community compared to a control that received no ethanol additions.  

Using the nitrate removal rates obtained when experimental temperatures were 

equivalent to in situ groundwater temperatures, we determined that an in situ bio-barrier 

flow path of approximately 40 feet would be required for 99% nitrate removal. 
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The results of the bio-barrier simulation conducted in FRC Area 2 showed that in situ 

bio-immobilization of U and Tc from pH neutral groundwater containing moderate 

nitrate concentrations (>1mM) may be possible for extended time periods (Chapter 2).  

A comprehensive mass balance on aqueous phase U and Tc, combined with sequential 

extraction and XANES analysis data collected from select sediment samples, showed 

that ethanol additions promoted formation of immobile U(IV) and sustained U and Tc 

removal from groundwater for 20 months.  The combined results of the bio-barrier 

simulation studies conducted in Areas 1 and 2 suggest that ethanol additions to nitric 

acid contaminated groundwater flowing through a mixture of crushed limestone and site 

sediments could increase groundwater pH, promote nitrate removal, and ultimately 

promote bio-immobilization of U(IV) and Tc(IV) from site groundwater. 

In both the Area 1 and Area 2 bio-barrier simulations studies, we observed that 

microbial community composition and porewater geochemistry were spatially 

correlated (detailed in Chapters 3 and 4).  For example, Burkholderia species were 

dominant in sediment clone libraries near the source of acidic influent groundwater in 

Area 1, while Pseudomonas and Castellaniella species were detected in Area 1 

sediments following pH neutralization (Chapter 4).  In the Area 2 study, Proteobacteria 

dominated sediment clone libraries near the source of influent pH neutral groundwater, 

while members of the candidate division OP11 were dominant in sediment where 

soluble electron acceptors were largely depleted, suggesting their potential importance 

in highly reducing FRC sediments (Chapter 3).  Interestingly, members of candidate 

division OP11 have not been previously identified as important in electron donor 

stimulated FRC sediments.   
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5.3 Contribution of Work, Bio-Barrier Prognoses and Further Research Needs 

While in situ field studies are critically important in understanding the bio-

immobilization process, extensive sampling during such studies is often difficult due to 

site inaccessibility or labor and cost intensive sediment core collection.  In this study, 

we used flowing site groundwater and site sediments to simulate the operation of an in 

situ bio-barrier above-ground for extended time periods.  The experimental design 

allowed for continuous monitoring of porewater geochemistry and collection of 

sediment samples at relatively small spatial scales (<62 cm) along geochemical 

gradients and flow paths.  In total, our results suggest that ethanol additions to 

contaminated groundwater flowing through a constructed fill comprised of site 

sediments and crushed native limestone could be an effective in situ bio-barrier 

configuration for removal of U and Tc from nitric-acid contaminated groundwater at the 

FRC.   

In contrast to other long-term bio-immobilization studies where geochemical or 

microbial community shifts eventually decreased bio-immobilization effectiveness, we 

showed that U and Tc removal were sustained under sulfate-reducing conditions for 

over 20 months.  We speculate that if contaminated sediment containing significant 

quantities of sorbed U(VI) had been used in the Area 2 bio-barrier simulation study, 

desorption or U-carbonate complexation may have eventually resulted in U(VI) rebound 

in porewater.  As discussed in Chapter 3, observed U concentration changes in flowing, 

electron donor stimulated systems result from a combination of abiotic (i.e. desorption, 

abiotic reduction or oxidation) and microbially catalyzed reactions, which occur at 

different rates.  Our results suggest that desorption of and rebound of U(VI) under 
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reducing conditions could be potentially decreased by use of a uncontaminated fill in 

situ.    

While our results show promise for application of in situ bio-barriers for removal of U 

and Tc from nitric acid contaminated groundwater at the FRC, these results do not 

translate directly to the field and additional research in several key aspects is required.  

Firstly, hydraulic conductivity decreased by an order of magnitude over 20 months in 

both experimental systems due primarily to solids deposition, although nitrogen gas 

accumulation and biomass likely also contributed.  Decreased hydraulic conductivity or 

preferential flow path formation could ultimately divert flow or reduce residence time in 

the treatment zone, and thereby decrease U and Tc removal efficiency.  Secondly, solids 

deposition following pH adjustment and armoring of the limestone surfaces may 

decrease neutralization capacity of the limestone over time.  Perhaps inclusion of a peat 

or other sorptive layer could be used to decrease metal concentrations prior to pH 

adjustment and thereby decrease solids deposition.  Additional research is required to 

determine the duration of limestone neutralization capacity and evaluate methods to 

extend it.  Finally, feedbacks between microbial activity and geochemistry during long-

term electron donor stimulation are complex, site-specific and ultimately control bio-

immobilization effectiveness.  This research contributes toward the understanding of 

site-specific geochemistry, contaminant dynamics and microbial communities during 

bio-immobilization.  However, spatial characterization of sediment microbial 

communities at multiple time points using RNA-based community profiling or stable 

isotope probing techniques may better link microbial activity and geochemistry during 

long-term bio-immobilization.   
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Site-specific groundwater geochemistry, contaminant type and long-term clean up 

goals must be carefully evaluated when choosing which type of reactive barrier may be 

appropriate for specific applications.  At the Oak Ridge field site, targeted contaminants 

are oxidized U(VI) and Tc(VII) but the groundwater is also co-contaminated with 

extreme nitrate concentrations as well as hydrogen and metal ion acidity.  Nitrate is a 

more energetically favorable electron acceptor than U(VI) and Tc(VII) and can also 

reoxidize and remobilize U(IV).  Thus, in order to promote reductive precipitation 

U(IV) and Tc(IV), extreme nitrate concentrations in the groundwater must be reduced.  

Although abiotic reduction of nitrate by zero-valent iron or ferrous iron is possible in 

situ, these reactions increase groundwater pH, which may impact groundwater quality 

and promote aquifer clogging through metal hydroxide precipitation.   Our results 

showed that ethanol additions to neutralized site groundwater effectively promoted 

nitrate removal and ultimately sustained bio-immobilization of U and Tc for extended 

time periods.  This work shows some promise for an in situ bio-barrier at the FRC and 

provides a basis for longer-term, potentially in situ studies to optimize barrier design 

and determine what will ultimately limit the life span of an in situ bio-barrier at the 

FRC.   
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Characterization of Bulk Sediment: Extraction Methods. Soil pH was measured in 

a 1 part soil to 2 parts distilled (DI) water mixture using a glass electrode.  P was 

determined by extracting 2.9 g sediment with 20 mL of 0.03 N NH4F and 0.025 N HCl 

and the extract was analyzed colorimetrically.  Ca, Mg, Na, Mg, and K were determined 

by extracting 2 g sediment with 50 mL 1 M NH4-acetate and the extract was analyzed 

by atomic absorption spectrometry.  Cation exchange capacity (CEC) was determined 

by extracting the NH4-acetate treated sediment with neat EtOH, followed by 

hydrochloric acid (0.1 M) to replace the NH4.  The NH4 concentration in the extract was 

measured by an ALPKEM rapid flow analyzer (RF-300) and converted to CEC.  Fe 

concentrations were determined by extracting 10 g of sediment with 20 mL of a 

diethylenetriaminepentaacetic acid, triethanolamine, and calcium chloride solution 

(0.025 M, 0.5 M, and 0.01 M, respectively) and the extract was analyzed by atomic 

absorption spectrometery.  Nitrate and ammonium concentrations were determined by 

extracting 20 g of sediment with 75 mL of potassium chloride solution (2 M) and the 

extract was analyzed colorimetrically.  Sulfate concentrations were determined by 

extracting 5 g of sediment with 50 mL of calcium phosphate solution (18.6 mM) and the 

extract was analyzed using ion chromatography.  The weight of organic matter was 

determined as the weight difference before and after placing 10 g of dried sediment in a 

muffle furnace at 550 °C for 5 hours.  Soluble salts were determined by extracting 30 g 

of sediment with DI water and the extract was analyzed with an electrical conductivity 

meter.  The dithionite-citrate-bicarbonate extractable Fe concentration was determined 

by extracting ~ 0.4 g of sediment with 0.2 g of sodium dithionite, 8 mL of sodium 

citrate, and 1 mL of bicarbonate solution (0.3 mM and 1 M, respectively) for 3 hours.  
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Sediment Fe(II) concentration was determined by extracting ~ 0.4 g of sediment with 10 

mL of 0.5 M HCl for 1 hour.  All samples were centrifuged and the total extracted Fe 

concentration was measured using a modified Ferrozine method (1, 2).   

X-ray Diffraction.  Sediment samples were ground using a mortar and pestle to a fine 

and visually consistent particle size, then packed into a zero background slide in a 9 mm 

well.  The diffraction patterns were obtained using a Phillips X'Pert MPD X-ray 

diffractometer with Cu Kα radiation over the range 2 - 75 degrees 2θ.  Diffraction 

patterns were analyzed for mineral identification using a search-match routine (Jade 

software, Materials Data, Inc.) with the JCPDS diffraction library (3).  

X-ray fluorescence.  Sediment samples (10 g) were placed in a tungsten carbide 

grinding vessel and ground for fifteen seconds using a Herzog HSM-100/H Semi-

Automatic Pulverizer.   Chemplex SpectroBlend briquetting additive (1 g) was added to 

the ground sediment and the mixed for six seconds.  Two 38 mm Spex X-ray 

fluorescence (XRF) pellet caps were prepared for each sample by coating the cap 

bottoms with approximately four grams of boric acid.  Ground sediment samples (5 g) 

were placed on top of the boric acid in each cap, the caps were inserted into a pellet die, 

and the pellet die was compressed to 35,000 psi using a Carver Press and held for three 

minutes.  The pressure was then slowly released and the pellets were placed in a S4 

Pioneer wave length dispersive XRF instrument from Bruker AXS (Madison WI).  The 

weight percent of each metal oxide was measured using an analysis model developed 

for these samples and internally calibrated spectral lines.  Total inorganic carbon was 

measured using a Leco carbon analyzer, and loss of volatiles was determined by loss on 

ignition after ashing in a muffle furnace. 
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X-ray diffraction (XRD) and XRF data were reduced to normative mineral 

compositions, as mole percents, using a much simplified approach based on the method 

for the normative reduction of bulk compositions of igneous rocks (4, 5).  In each case, 

the XRD results were taken to represent the major mineral components of the samples. 

For the FRC Background sediment, these were quartz (SiO2), muscovite 

[KAl2Si3AlO10(OH)2],  and clinochlore [(Mg,Al,Fe)6(Si,Al)4O10(OH)8]; to account for 

Na and Ca in the bulk results, plagioclase feldspar [(Na,Ca)(Al,SI)4O8] was added, 

arbitrarily.  For the Maynardsville Limestone, the minerals were orthoclase (KAlSi3O8), 

sanidine (KAlSi3O8), clinochlore [(Mg,Al,Fe)6(Si,Al)4O10(OH)8], dolomite 

[(CaMg)(CO3)2], calcite (CaCO3), and quartz (SiO2).  Only the listed, ideal mineral 

formulae were used.  The bulk weight percent data were first converted to mole 

fractions, then logical step-wise mineral equivalents were calculated and subtracted 

from each component element, and the procedure was repeated, in turn.  For the FRC 

Background sediment, all K was attributed to muscovite, and its compositional 

equivalent was subtracted from the totals for K2O, SiO2, and Al2O3.  This procedure 

was then followed, according to the mineral formulae, for Fe and Mg to chlinochlore; 

Na and Ca to plagioclase; and Si to quartz.  For the Maynardsville Limestone, the 

sequence was: all Mg was attributed to dolomite; all Ca to calcite; all Fe and Mg to 

clinochlore; all K to orthoclase; and all Si to quartz. 

Sediment Sample Collection.  Sediment samples were collected from the sample 

ports of the EtOH stimulated model and from the control model after 7 and 4 months of 

operation, respectively, in an Ar headspace.  Hollow plastic tubes were inserted into the 

sample ports and finger pressure was applied to the open end of the tubes, creating a 
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weak vacuum sufficient for sediment and pore fluid collection.  The collected material 

was dispensed immediately into Ar filled serum bottles, which were quickly resealed, 

purged with Ar and refrigerated.  Ports were left exposed to the atmosphere for less than 

5 minutes after sample collection. 

Sequential Extraction of Sediment Samples.  Sediment subsamples were removed 

from the serum bottles in a nitrogen filled glove bag and were rinsed first with a known 

mass of deoxygenated DI water; next with deoxygenated, 1 M HCO3
-
; and finally were 

incubated with concentrated nitric acid for ~ 24 hours.  The mass of uranium extracted 

from the sediment by rinsing with DI water and HCO3
- 
was considered to be U(VI) and 

the mass of uranium extracted during the acid incubation was considered to be U(IV).   

X-ray Absorption Near Edge Spectra (XANES).  Anoxic sediment subsamples 

were washed with pore fluid from the physical models, the fines were collected and the 

resulting wet pastes were mounted in ~ 5 mm slots within plexiglass sample holders and 

sealed with Kapton film covered with Kapton tape.  This type of sample preparation has 

been previously demonstrated to preserve the anoxic integrity of the sample for more 

than 8 hours (data not shown).   

The undulator of the insertion device was tapered to reduce variation in the incident 

x-ray intensity to less than 20 % over the scanned U LIII –edge region from 17.1 to 17.4 

keV.  The incident x-ray intensity was monitored using an ionization chamber filled 

with a 1:1 mixture of He:N2 gas.  The fluorescent x-ray intensity was monitored by 

using an ionization chamber filled with Xe gas, solar slits, and an x-ray filter in the 

Stern-Heald geometry (6).  Aluminum foil was used to minimize absorption of 

unwanted low energy x-rays and a platinum coated mirror was used to remove x-rays of 
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higher harmonic energies.  A uranyl phosphate U(VI) standard was measured in 

transmission mode using an ionization chamber filled with Ar gas and x-rays that 

penetrated the sample.  The XANES measurements were made in quick scanning mode 

(~ 2 min per scan) and as many as 5 scans were collected from 6 different locations, for 

a total of 30 spectra per sample.  The percentage of U(VI) to U(IV) in each sample was 

estimated by comparing the energy of the spectra at half the edge step to the U(IV) 

standard and the amount of uranium in each sample was estimated relative to the 

maximum fluorescent step height. 

Mössbauer Spectroscopy.  A 7 µm natural abundance Fe metal foil was used for 

velocity calibration of the spectrometer and isomer shifts were expressed relative to the 

center of the Fe metal resonance.  Bulk sediment subsamples were transferred into TFE 

or nylon cups in an inert-gas filled glove box (Vacuum Atmospheres) to acheive ~ 5 mg 

Fe/cm
2
 of cross-sectional area.  The cup was then transferred to the sample positioner 

rod and inserted into a WEB Research/Janis Model SHI-850-5 closed-cycle refrigerated 

(CCR) cryostat, then purged with He gas.  This cryostat is capable of reaching 

temperatures in the region of 4 K without adding liquid cryogens.  Spectra were 

acquired in 1024 channels with a drive system operating with a triangular waveform.  

The γ-ray source was nominally 50 mCi (1.85 GBq) 
57

Co dispersed in a Rh matrix as 

10% by weight (Ritverc GmbH, St. Petersburg, Russia).  Sample temperature was 

controlled and equilibrated at 4, 77, or 298 K with a WEB model 320 auto-tuning 

temperature controller, and the spectrum obtained at a velocity range of ∀4 or ∀12 

mm/s.  A black precipitate, which was separated from the acid digestion of the 



 

 

140 

stimulated sediment samples, was pooled into a single sample and its Mössbauer 

spectrum recorded at 4K over a ±12 mm/s velocity range.   
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FRC Background sediment

Mineral  Formula % Weight

Muscovite 51.7

Clinochlore 33.7

Plagioclase 4.9

Quartz 9.7

Maynardsville Limestone

Mineral  Formula % Weight

Dolomite 40.8

Calcite 15.5

Clinochlore 34.2

Orthoclase 7.6

Quartz 1.9

average concentrations

6.4

1  ±±±±  0.6 mM

1 ±±±±  0.2 mM

4.1 ±±±±  0.7 µM

520 ±±±±  145 pM

Groundwater

Mineralogy

Sulfate

Uranium

Technetium

GW835 groundwater

pH

Nitrate

3CaCO

8103505.095.0 )()()( OHOAlSiAlFeMg

83OKAlSi

21032 )(OHAlOSiKAl

81035475.0525.0 )()()( OHOAlSiAlFeMg

844.056.076.024.0 ))(( OAlSiCaNa

2SiO

2SiO

23 )(COCaMg

Sediment Extraction

Maynardsville 

Limestone

FRC Background 

sediment

pH 8.9 5.2

P (ppm) <0.1 1.7

K (ppm) 37.0 92.0

Ca (ppm) 3660.0 880.0

Mg (ppm) 315.9 145.8

Na (ppm) 16.1 16.1

B (ppm) 0.0 0.1

Cu (ppm) 1.2 0.8

Mn (ppm) 0.4 8.4

Fe (ppm) 3.0 8.0

Zn (ppm) 0.7 1.2

NH4-N (ppm) 0.4 1.2

NO3-N (ppm) 1.8 9.3

SO4-s (ppm) 92.4 131.1

CEC (meq/100g) 3.7 12.9

Sol. Salts (mS/cm) 1.1 0.3

% OM, loss on 

ignition
2.7 4.0

DCB extracable Fe 

(ppm)

304 6820

0.5 HCl 

extractable Fe 

(ppm)

430 19

Table 1. Mineralogy of the physical model packing materials (left) and extraction characterization of the physical model 

packing materials (right).  Please see the FRC website for a more detailed description of GW835 analytes 

<http://public.ornl.gov/nabirfrc/sumgwarea2.cfm>.
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Sample Description

Fluorescence 

Step Height

Relative amount of U in 

sample compared to 

stimulated model port 4

Energy (eV ± 0.3 eV) at half the U 

LIII-edge step of the normalized 

absorption data

U(IV)      

(% ± 10 %)

Stimulated Port 1 0.003 0.52 17164.25 98

Stimulated Port 2 0.0027 0.46 17164.46 92

Stimulated Port 4 0.0058 1.00 17164.67 85

Control Port 3 0.0017 0.29 17164.2 100

U(IV) Standard 17164.2 100

U(VI) Standard 17167.3 0

a. The fluorescence step height can be used to determine the relative total U concentration in 

samples by keeping all experimental conditions constant. 

Table 4. Description of XANES measurements from sediment samples and standards. 

Table 3. Results of mass balance performed on U and Tc after 

20 months of stimulated column operation and 16 months of 

control operation.  The stimulated column removed 

significantly more U and Tc mass per liter of groundwater. 

Stimulated 

Column

Control 

Column

U TOT, mg 1786 218

Tc TOT, mg 0.11 0.06

Total volume of 

groundwater, L
1925 3313

U removal 

efficiency, mg/L
0.93 0.07

Tc removal 

efficiency, mg/L
5.7E-05 1.8E-05
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Redox Calculations for Stimulated Physical Model. Sulfate concentrations were 

routinely measured in the physical model pore water but sulfide was not.  At pH 7.66, 

the average pH in all ports along the model, HS
-
 is the predominant species.  The Nernst 

equation was used to estimate the redox potential in the physical model assuming 

decreases in sulfate concentration resulted in proportional sulfide concentrations.  The 

sulfate concentrations were zero in port 8 but here we use 1E-04 as an approximation in 

the Nernst equation.  
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Table 5.  Measured sulfate and approximated sulfide concentrations used in the 

Nernst Equation to calculate representative Eh values from in the stimulated column. 

Stimulated Column Port

Average Measured 

Sulfate, mM

Approximated 

Sulfide, mM
EH, mV

Inlet 1 1E-04 -240

Port 4 0.10 0.9 -277

Port 8 1.E-04 1 -299
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Figure 2.  DGGE banding patterns for all stimulated sediment samples 

(EtOH 1 – 8).  Asterisks indicate bands either failed to provide legible 

sequences during direct analysis (O, T, and 2) or the resulting sequence 

was chimeric (Y).   
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Figure 1. Experimental timeline.  
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Figure 2. DGGE banding profiles for chamber core 

sediment samples.  
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Figure 3. Metal concentrations in the pH 4.7 influent groundwater (black 

bars) and following a pH increase to 6.9 in the chamber port 1 pore water 

(grey bars).  U is shown in ppb units and all others are shown in ppm units. 
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Estimation of U solubility in Equilibrium with (UO2)3(PO4)2
.
4H2O(s) 

 

Total phosphate concentrations in the acidic groundwater collected from FRC 

monitoring well FW21 were previously reported to be 4.73 mg L
-1

, or 1.53x10
-4

 M (data 

available online: < http://public.ornl.gov/nabirfrc/sitenarrative.cfm>.   Influent 

groundwater from well FW21 used in this study was pH 4.7.  Acidity constants for 

phosphoric acid were used to estimate the concentration of PO4
3-

 in the pH 4.7 

groundwater, which was in turn used to determine the solubility of U in equilibrium 

with uranyl orthophosphate. 

 

Acidity constants for Phosphoric Acid (Snoeyink and Jenkins, Water Chemistry 1980). 
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Redox Calculations for the Batch System 

 

Although pH was not measured during the batch experiment, we estimate a pH of 7 

because the system was buffered by the Maynardsville limestone.  The Nernst equation 

was used to estimate the redox potential of the batch system using nitrate and nitrite 

concentrations measured on day 98 of the experiment following the concentration spike.  

Thermodynamic data were obtained from Thauer et al. 1977
[202]

. 

 

Nitrate = 74.6 mM 

Nitrite = 0.88 mM 

Tc = 10,397 pM 
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Redox Calculations for the TcO4
-
/TcO2

.
1.6H2O Couple 

The Nernst equation was used to estimate the redox potential of the TcO4
-
/TcO2

.
1.6H2O 

redox couple using Tc concentration measured in the batch supernatant and assuming 

neutral pH.  Thermodynamic data for Tc species were obtained from Rard et al. 

1999
[23]

. 
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Approximation of NH4
+
 or NH3(aq)  

The aqueous concentrations of ammonium and ammonia at neutral pH were 

approximated assuming equilibration with atmospheric ammonia.  Values for partial 

pressure of atmospheric ammonia, Henry’s constant for ammonia, and the acidity 

constant for ammonium were obtained from Stumm and Morgan’s Aquatic 

Chemistry
[203]

. 
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Assessing the Thermodynamic Favorability of TcO4
-
 Reduction by  NH4

+
 or NH3(aq) 

via Free Energy Calculations. 

 

Measured Tc concentration in the batch supernatant and calculated concentrations 

ammonium and ammonia were used to determine Gibb’s free energy of reaction for 

reduction of pertechnetate by ammonium and ammonia.  
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Approximating the Length of an In Situ Bio-Barrier for Nitrate Removal at the 

FRC. 
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