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NABIR FRCNABIR FRCNABIR FRC

Oak Ridge Reservation
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IntroductionIntroductionIntroduction

Bedrock (Nolichucky Shale / Limestone)

Intact Saprolite

Disturbed Saprolite (Fill)18-20 
feet

8-10 
feet

Water Table

Gravelly Fill

Three geologic materials
Gravel layer at the bottom of the historically excavated and replaced fill 
zone is dominant groundwater flow path
High solid-associated uranium concentration at the interface between 
gravel zone and saprolite zone
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U(VI)ads ⇔ U(VI)aq

U(VI)ads ⇔ U(VI)aq

Groundwater flow

IntroductionIntroductionIntroduction

Hypothesis - The injection of electron donor into the gravel layer will result in:
►Dispersive mass transfer into the adjacent fill/saprolite zones 
►Formation of a microbarrier at the interface
►Immobilization of uranium

Chemosphere 59(5): 617-628, 2005

Electron Donor
UO2(s)

UO2(s)

X

X
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Biostimulation ExperimentBiostimulation ExperimentBiostimulation Experiment

10 mM ethanol, 5 mM
bromide solution
Three injection wells, 3 
L/min each well
24-hour initial injection 
pulse followed by daily 
one-hour pulses
Inflow of 0.5 mM NO3, 
0.885 mM SO4 and 0.5 
μM U from up-gradient
Started late September 
2005
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Short-Term Response
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Mid-Term Response
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Long-Term Response
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Sediment SamplingSediment SamplingSediment Sampling

Prebiostimulation
(Saprolite, 0-2 cm below gravel)

Postbiostimulation
(Saprolite, 0-2 cm below gravel)
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INSIDE BIOSTIMULATION ZONE

OUTSIDE BIOSTIMULATION ZONE
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Conceptual ModelConceptual ModelConceptual Model

Water table 4 meters below ground surface 
Model Domain: 

Lx = 20 m, Ly = 10 m, Lz = 4 m
Hydraulic Gradient 0.03, specified head in the x direction
Well screen depth: 4.5m-6m

Thickness (m) Porosity K (cm/s)

Disturbed Saprolite Fill 1.5 0.3 1.3e-2

Gravelly Fill 0.5 0.3 3.8e-2

Intact Saprolite 2 0.1 4.1e-5
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Multicomponent Reactive TransportMulticomponentMulticomponent Reactive TransportReactive Transport

Conceptual model and 
hydrologic parameters from 
tracer test analysis

3 Injection Wells
FW213, FW212, FW214
92 Species 
127 Reactions(50 fast, 77 

slow)
29 Terminal Electron 

Accepting Processes 
(TEAPs)     
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Reaction Catalyzed By
_____________________________________________________________________________________________________

CH3CH2OH + 3O2  → 2HCO3- + H2O + 2H+ AM, DM
CH3CH2OH + 2.4NO3- + 0.4H+  → 2HCO3- + 1.2N2 + 2.2H2O DM
CH3CH2OH + 0.5NO3- → CH3COO- + 0.5NH4+ + 0.5H2O DRM1, DRM2, DRM3
CH3CH2OH + 2MnO2 + 3H+  → CH3COO- + 2Mn2+ + 3H2O DRM2, DRM3
CH3CH2OH + 4FeOOH + 7H+  → CH3COO- + 4Fe2+ + 7H2O DRM2, DRM3
CH3CH2OH + 0.5SO42- → CH3COO- + 0.5HS- + 0.5H+ + H2O DRM3, SO4RM
CH3CH2OH + 2S0 + H2O  → CH3COO- + 2HS- + 3H+ DMR3, S0RM
CH3CH2OH + 0.5HCO3- → CH3COO- + 0.5CH4 + 0.5H+ + 0.5H2O MGM
CH3COO- + 2O2  → 2HCO3- + H+ AM, DM
CH3COO- + 1.6NO3- + 0.6H+  → 2HCO3- + 0.8N2 + 0.8H2O DM
CH3COO- + NO3- + H2O + H+  → 2HCO3- + NH4+ DRM2, DRM3
CH3COO- + 4MnO2 + 7H+  → 2HCO3- + 4Mn2+ + 4H2O DRM2, DRM3
CH3COO- + 8FeOOH + 15H+  → 2HCO3- + 8Fe2+ + 12H2O DRM2, DRM3
CH3COO- + SO42- → 2HCO3- + HS- DRM3, SO4RM
CH3COO- + 4S0 + 4H2O  → 2HCO3- + 4HS- + 5H+ DRM3, S0RM
CH3COO- + H2O  → HCO3- + CH4 MGM
_____________________________________________________________________________________________________

Reactions in red: Complete oxidation Reactions in green: Incomplete oxidation
DRM – dissimilatory reducing microorganisms, AM – aerobic microorganisms
DM – denitrifying microorganisms, SO4RM – sulfate reducing microorganisms
S0RM – sulfur reducing microorganisms, MGM – methanogenic microorganisms

TEAP ReactionsTEAP ReactionsTEAP Reactions
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TEAP ReactionsTEAP ReactionsTEAP Reactions

Overall balanced reaction for biological growth 
derived from bioenergetics-based approach in 
which the partitioning of electron flow between 
energy generation and biomass production is 
dependent on the free energy of the corresponding 
TEAP (Rittman and McCarty, 2001)

0.2500CH3CH2OH + 0.8256FeOOH(s) + 1.4391H+ + 
0.0378HCO3- + 0.0038N2  = 0.2500CH3COO- + 
0.0076DRM2_cell + 0.8256Fe++ + 1.4998H2O

Rate laws consider thermodynamic constraints

)RT/)GGexp(()G(f minrxnrxn Δ−Δ−=Δ 1

)(])([
][

][max)( rxnFree
Cells

SurfIIIFe GfSurfIIIFe
CellsKm

CellsVR Δ
+

=

ΔGmin = minimum free energy change 
required to drive cellular energy metabolism 
(-20 kJ/mol) (Schink, 1997)

Electron Donor

Energy Biomass
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Experimental DesignExperimental DesignExperimental Design

Goal: Select injection 
strategy

Effectively remove nitrate 
from treatment zone
Create fairly uniform zone of 
ethanol delivery
Do not add too much electron 
donor

Several alternatives 
simulated

Nitrate in gravel layer
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Mid-Term TEAP Observations/ModelMidMid--Term TEAP Observations/ModelTerm TEAP Observations/Model
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Long-Term Shift in Flow Pattern?LongLong--Term Shift in Flow Pattern?Term Shift in Flow Pattern?
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