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Summary of Results to Date from Field
Experiments at Rifle, Colorado

» Biostimulation removes U(VI) from groundwater under field
conditions in a permeable alluvial aquifer

» Direct microbial reduction is responsible for U(VI) loss

» Maintenance of Fe-reducing conditions is critical to ongoing
removal of U(VI)

» Long-term (~2 years) post-amendment removal of U(VI)
occurs when significant sulfate reduction occurs during
amendment; however this process requires a viable
microbial community

Monitoring and modeling advances:

e Geophysical monitoring provides a minimally invasive means of
tracking the dominant TEAP during and after biostimulation

e Reactive transport modeling captures observations if both Fe(lll)
and sulfate reduction are included

Office of Pacific Nerthwest National Laboratory
Selance 1.5, Department of Energy



Concept for in situ bioremediation of U(VI)
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Acetate structure

Metal Reducing Bacteria -

» U(VI) is the mobile valence
state of uranium

> Redlucb(?d uranium, U(IV), is
insoluble as uraninite

» Reduction of U(VI) to U(IV) CO 5 CH 3 COO
within aquifers could

precipitate and immobilize
uranium

» Lab studies suggest simple
strategy to promote _U(Vlg
reduction in contaminated
aquifers:

dd acetat lect

" donor to stimuiate Fe(ll) Fe(ll1)
dissimilatory metal-reducing
microorganisms
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U(VI) Distribution at the Old Rifle Site

mg/L
Uranium
0.245 TN
- _Q} Irrigation ditch
! N e . -
0.205 0 100 200 300 400 500 4 /
el Site fence
0.165
Wasatch outcrop
0.125

0.085

Colorado River

& ) Qfficeot Pacific Nerthwest National Laboratory
N o s U.5. Departmaent of Energy o



Heterogeneity in Alluvial Sediment & Associated Permeability Structure

Well constructione=== =1 N Typical sediment grain size and heterogeneous layering
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Evidence for key findings

» Biostimulation removal of U(VI): U(VI) loss during
biostimulation, U(IV) in sediments (field and column)

» Direct microbial reduction is responsible for U(VI) loss:
Correlation between U(VI) removal and abundance of
Geobacter sp. in groundwater samples

» Maintenance of Fe-reducing conditions is critical to ongoing
removallof U(VI): Sulfate reduction decreases U(VI)
remova

» Long-term (~2 years) post-amendment removal of U(VI)
occurs when significant sulfate reduction occurs
(microbially mediated): Column studies, heat sterilization
and comparison of field experiments with and without
FeS precipitation

Office of Pacifie Northwest National Labaralory
g Schnce .5, Department of Enargy
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U(VI) Loss for the 2002 Field Experiment
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QuickTime™ and a
BMP decompressor
are needed to see this picture.
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2002 U(VI) loss
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GW 16S sequences
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Column Height from Influx (cm)

NES of Uranium in Soil Column (70 Days Bio-reduced)
In-situ Re-oxidation as a Function of Time and Column Height
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Column Height from Influx (cm)

NES of Uranium in Soil Column (70 Days Bio-reduced)
In-situ Re-oxidation as a Function of Time and Column Height
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U(VI) loss for both 2002 and 2003 experiments

U(VI) Loss at 6 meters from B-02 to M-08
100
80
60 o | —#—% U(V) lost
40 o 2002 Acetate Start
28 = 2002 Acetate End
20 i 2003 Acetate Start
-40 E 2003 Acetate End
60 D | —e—U(VI) (uM) lost
80 11
-100 ; ; ; -1.5
11/5/01 5/24/02  12/10/02  6/28/03 1/14/04 8/1/04
Date
Vo Qtticect Pacifie Northwest National Laboratory

[ U.5. Departmaent of Enargy 21



Uranium vs. Time
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P Flow-through columns of subsurface sediments from the Rifle site were amended with
acetate to simulate the in situ uranium bioremediation that has been carried out in the

field.

P The sediment in the columns was driven into sulfate reduction before acetate was

turned off.

— Column 1 — Column 2 Control (no acetate added)
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Sulfate removal in 2 representative columns treated with acetate as well as a control not
treated with acetate.
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» The three phases observed in field studies were successfully replicated in column exp.
» When acetate was added to the sediment in the columns, U(VI) decreased
» Groundwater U(VI) stayed low even after acetate was turned off
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Inlet and outlet groundwater U(VI) concentration before, during and after acetate
treatment in a representative column.
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I Bio-Reduced Sediment Autoclaved Bio-Reduced Sediment
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Conclusions from Post-acetate amendment column experiments

>

>

Heat-sterilizing sediments from inhibited removal of uranium from the
groundwater whereas uranium continued to be removed in sediments that
contained a viable microbial community

There was no reduction or oxidation of iron in all of the samples,
suggesting that there was no activity of iron-reducing bacteria in the
unsterilized samples. Also, the process of heat sterilization did not affect
the redox state of iron

These results suggest that uranium removal in highly reduced sediments
can not be attributed to abiotic processes such as reduction of U(VI) by
iron sulfides

The community in the reduced sediment base on 16S rDNA was very
diverse and not dominated by Geobacter

Sulfate-reducing Delta-Proteobacteria were found to be predominant in
the reduced sediment

U(VI) removed from the groundwater was not transformed to U(IV) in the
reduced sediment but was instead found in the form of sorbed U(VI)

Office of Pacifie Northvwest National Laboratory

T cence U.$. Departmani of Enargy



2006 biostimulation field experiment at Rifle:

Overall objective and highligh
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In situ Microbial Community Control of the
Stability of Bio-reduced Uranium (Joint project with Univ. of Tennessee)

Preparation of ISI prototype for
installation in well B-02 at Rifle, CO

Detail of ISI prototype showing window of porous
material containing bioreduced sediment

Reduced) raBS IRS;dDueCp;gyed ISI Deployed
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Scientific problem: Acetate injection has been shown to promote
biological reduction of U(VI) in situ, potential oxidative dissolution of
precipitated U(1V) after cessation of electron donor addition remains
an unresolved

Goals:
° Understand the mechanisms for maintenance of bio-reduced U(1V)
in a microaerobic aquifer after electron donor addition has stopped.

° Determine the relative importance of microbial communities and
chemical and physical environments mediating uranium
reduction/oxidation after cessation of donor addition in an aerobic
aquifer.

° Ascertain linkages between microbial functions and abiotic
processes mediating uraniumoxidation/reduction in a nominally
aerobic to microaerobic aquifer

Approach: develop in situ sediment incubator that allows ready
subsurface access while maintaining realistic subsurface conditions
Initial results:

e Previously lab-reduced sediments deployed in a background

(B-02) well of Old Rifle showed shift in microbial toward that
of the surrounding sediment.

e Non-reduced sediment did not show evidence of change.

e Result show that reduced sediment in situ do undergo
significant microbial changes under Rifle background
conditions suggesting that long-term removal of U(VI) is not
due to original biostimulated population

Next phase of field experiments with new ISI's will start in October or
November 2006

Pacifie Northwest National Labaralory
U.5. Departmant of Energy 290
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Reactive Transport Modeling
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Future Directions

Field experiments proposed in four areas:
> Extension of Fe-reducing conditions
Impact of reducing conditions on U(VI) sorption

>

B Post-biostimulation U(1V) stability and U(VI)
removal

>

Rates of natural bioreduction

Key techniques: Proteogenomics, 13C labeling,
mineralogic changes, and ERT

Office of Pacifie Northvwest National Laboratory

r
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Relative Hydraulic Conductivity and Estimated Porosity - Cross Sections
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QuickTime™ and a
BMP decompressor
are needed to see this picture.
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Sediment geochemistry
Iron redox state vs. sulfide content

y-axis; = Fe(ll)/Total Fe

0.80 1

P53-15
P51-15
P53-17
P55-13
0.20
P51-13
P54-13

0.00 T T T T T T T T T 1

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

TRIS (umol/g sed)

Officeof Pacifie Northwest National Labaralory

Seence
s

O ENEREY

U.5. Departmaent of Enargy 35



City Detention |
Lagoons

. Former Assay - § "y [ -
*= | Building Location ST e ; .| Former Ore
: , ] L Stockpile Area

Former Mill
Buildings Location

.I;-,_ .

-

\

]
[}
1
(]
2
[}
]
/
1

Tailings Pile
| Stabilized and
| Reseeded

u0045900-01

m\ugw\511\001 7\06 \u00459\u0045900.apr smithw 2/23/1999, 14:37

Former Tailings Pile, Ore Storage Area, and Associated Buildings at the Old Rifle Site (1987)




As the percentage of Geobacteraceae species started to decrease,
the percentage of sulfate-reducing bacteria started to increase.
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2006 Borehole Self-Potentiral Monirtor
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ERT-1: ~1.5m upgradient ERT-2: ~2.5m downgradient
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U(VI) loss at 6 meters from B-02 to M-08
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Water table elevation change with time
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Cummulative Injection of Acetate: Old Rifle
2005 & 2006
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M-08 U(VI) vs. Depth (m) 6/17-9/19/02
UvhH(uM)

0.000 0.500 1.000 1.500
O | |
1 —e—6/17:/02
2 —e— 7/3/2002
3 DTW 6/17/02 7/30/2002

A 8/21/2002
4 4R—_. —e—9/19/2002
5 — ) —— e DTW(m): 6/17/02
6 p == DTW/(m): 9/10/02
7

Office of Pacifie Northwest National Labaralory

H-;.L;..-....-wm, U.5. Departmant of Energy 45



—e&— B-05 White —m— M-21
M-22 White M-23 White
20.00 M-24
’ Groundwater Acetate
18.00 - yraxis; = Acetate (mM)
16.00 Injection Start ERT Well*development

14.00

Tank Refill
12.00 - J7
10.00 —

i
E
E
Target corjcentration in field [
[
i
i
i

8.00
6.00
4.00 A
2.00
0.00 -

2005 Experimental Plot

—— M-16 _
20.00 _ M-17 White
18.00 ERT WFI development

16.00 - Injection Start

!

14.00

Tank Refill
12.00 J7
10.00

i
i
i
Target concentration in field [
i
i
i

8.00
6.00 -~
4.00
2.00
0.00

7/4/06 7/24/06 8/13/06 9/-2/06 9/22/06

Date Nerthwest National Laboratory
N e s sy .5, Departmant of Energy 46

2004 Experimental Plot




	Field-scale removal of U(VI) from groundwater in an alluvial aquifer during and after in situ electron donor amendment
	Acknowledgements
	Presentation Outline
	Summary of Results to Date from Field Experiments at Rifle, Colorado
	Concept for in situ bioremediation of U(VI)
	Metal Reducing Bacteria
	U(VI) Distribution at the Old Rifle Site
	Evidence for key findings
	U(VI) Loss for the 2002 Field Experiment
	2002 U(VI) loss
	U(VI) loss for both 2002 and 2003 experiments
	2006 biostimulation field experiment at Rifle: �Overall objective and highlights of biostimulation phase
	2004 Experimental Plot-Iron Reduction
	In situ Microbial Community Control of the �Stability of Bio-reduced Uranium (Joint project with Univ. of Tennessee)
	Future Directions
	Sediment geochemistry�Iron redox state vs. sulfide content�y-axis = Fe(II)/Total Fe
	Groundwater Uranium�y-axis = Uranium (uM)
	Microbial Community Analysis of Sediment�2004 Experimental Plot
	Water table elevation change with time
	Groundwater Acetate�y-axis = Acetate (mM)

