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Outline of Talk 
• How many legacy sites are there? 
• Potential issues from crude oil 

study 
–Source zone longevity 
–Groundwater plume growth 

• Ongoing studies 
–Plume fate 
–Oil degradation rate (poster) 
–Plume toxicity (poster) 
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Leaking Underground 
Storage Tank 

http://www.epa.gov/reg5rcra/wptdiv/r5lust/index.htm 



LUST = Leaking Underground 
Storage Tanks 

• 535,320 releases 
nationwide 

• Risk-Based Corrective 
Action for cleanup 

• MN 19,044 LUST Sites, 
including open and closed 

• MN 8,360 (~44%) sites 
(both open and closed) 
are marked as having 
contaminant remaining* 

 
 

 

*based on the best readily available information, may represent a minimum.  
MN Source: Remediation sites, including leak sites, 
https://www.pca.state.mn.us/waste/petroleum-tanks-and-leaks-site-search   

https://www.pca.state.mn.us/waste/petroleum-tanks-and-leaks-site-search
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 Bemidji, MN site 
1979 pipeline spill of 10,500 barrels of light crude  

Minnesota 

Bemidji 

150 m 

Presenter
Presentation Notes
The Bemidji, MN research crude oil spill has been a study site since 1983On August 20, 1979 a high pressure pipeline burst in a remote region of north-central MN near the town of Bemidji.  Spilling  10,500 barrels of crude oil. Rapid remediation efforts including pumping (83.5%), excavation and land farming (6.3%) and burning or evaporation (10.1%) resulted in removal of approximately 75% of the oil within a few days. Oil accumulated in topographic lows and formed pools at the water table in three areas (now known as the north, middle, and south pools-about 2,000 m2) and also sprayed an area of 6,500 m2 to the southwest (known as the ‘spray zone’). 
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Presenter
Presentation Notes
Points of interest on the map:6 crude oil pipelinesBreak locationDirection of flowNorth oil pool and BTEX plumeLakeLinear velocity is about 5 – 50 cm/day.The surficial aquifer is unconsolidated glacial outwash medium to coarse-grained sand with gravel and silt lenses, underlain by poorly permeable till.A-A’ is a line of section for the next series of plots



Conceptual model of site processes 

CH4 + O2 → CO2 + 2H2O  

CO2 efflux 

Groundwater flow 
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Ng et al., 2015, DOI: 10.1002/2015WR016964  
 
 
 
 
  

Presenter
Presentation Notes
This is a conceptual cross-section of the site illustrating the process understanding from the research results. Within the oil body, n-alkanes and other oil constituents are degraded to methane and CO2.  Methane and CO2 produced in the oil body migrates through the unsaturated zone. Microbially-mediated methane oxidation in the unsaturated zone prevents the methane from reaching the land surface. In the dissolved plume, conditions are methanogenic near the oil. Further downgradient, there is transition from methanogenic to iron-reducing conditions in the plume. Benzene and non-volatile DOC are degraded. 



The benzene plume has expanded slightly but 
concentrations near the oil are dropping 
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initial spilled oil  
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Presenter
Presentation Notes
Plots show benzene data in the plumeRed is 1987-1995 data	Values are means from four sample rounds Error bars are max and min valuesBlue is 2007 data for the same wells.BenzeneNear oil lowest value during 1987-1995 is 4 mg/LValue in 2007 is 55% lower than the average in the early 1990’s.



A nonvolatile organic carbon (NVDOC) plume grew by 
about 1m/year and has a refractory component 
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Fe oxy-hydroxide is the main electron acceptor 
In 12 years 20 umol/g sediment was consumed 

1994 2006 

20 µmol/g loss 

Advance of 
methanogenic zone 

Presenter
Presentation Notes
Fe was extracted from sediment samples with 0.5M HCl and analyzed by Ferrozine methodValues shown for Fe are the average of multiple depths for the plotted distance.Fe consumption over the 12 years period from 1995 to 2007 averaged 20 umol/g sediment over the interval from 60 to 120 m downgradient from the oil. 



Bemidji Reactive Transport Model 

Flow: 

Geochemistry: 

PHT3D Model 

• Kinetic oxidation of OC (BTEX, NVOC, n-Alkanes) 
• Out-gassing of CH4 and CO2 

• Mineral dissolution of electron acceptors (Mn, Fe)  
• Mineral precipitation of reduced species 
• Sorption of reduced species via cation exchange 
• Plume also controlled by carbonate chemistry and reoxidation 

Ng et al. (2015) 

Data 
Dissolved BTEX 
NVDOC 
CO2 surface efflux 
Oil composition 
Sediment Fe 
Major ions, pH, alkalinity 

Presenter
Presentation Notes
Modeling project was funded by the strategic Environmental Research and Development Fund.Goal was to understand the generation and fate of secondary water quality impacts.At this site we focused on NVDOC, methane, and Fe



Model results 

Ng et al., WRR, 2015 

NVDOC degradation rate 
=0.13%/day 

Presenter
Presentation Notes
mov1_060612b_rep84_halfNvoc_3row_b.aviResults show that the VOC plume stabilizes but the NVDOC plume continues to expand.Dissolved O2 is depleted within 7 years in the model domainFe(III) is depleted from the sediments causing the NVDOC plume to migrate farther before it will degradeDissolved Fe(II) is produced but it is 99% sequestered as sorbed Fe(II) on the sediments The model simulates anaerobic methane oxidation coupled to Fe reduction as argued by Amos et al. (2011)The model also shows that only 8% of the carbon exiting the oil  migrates in the groundwater. The remaining 92% migrates to the surface as methane and is oxidized to CO2



Model results: Carbon fate 

CH4 + O2 → CO2 + 2H2O  
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Presenter
Presentation Notes
This is a conceptual cross-section of the site illustrating the process understanding from the research results. Within the oil body , n-alkanes and other oil constituents are degraded to methane and CO2.  Methane and CO2 produced in the oil body migrates through the unsaturated zone. Microbially-mediated methane oxidation in the unsaturated zone prevents the methane from reaching the land surface. In the dissolved plume, conditions are methanogenic near the oil and benzene and non-volatile DOC are being degraded. Further downgradient, there is transition from methanogenic to iron-reducing conditions in the plume. Refer to ITRC products--TEAP natural attenuationLNAPLVapor intrusionMass flux source zone depletion



Model results: Percent lost from oil by 2010 
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Oil data 
• Normalized to 1-

methyl-napthalene,  
• 19-46% at 13 sites 
• Saturation-weighted 

average 32% 

Baedecker et al., in final 
review Groundwater  



Motivation for ongoing work on NVDOC:  
The MN required analysis method (DRO) reflects only 1/3 

the nonvolatile DOC in the plume 
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Presentation Notes
Here the two are compared along the axis of the plume.  Ratio is about 3 near the oil and goes up downgradient.



Distance to Nearest LUST Site From 
Domestic Drinking Water Wells in MN 
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Ongoing work: Degradation pathways 
Using several advanced analytical approaches 

Optical  
Spectroscopy 

Ultrahigh Resolution  
Mass Spectroscopy 

Nuclear Magnetic  
Resonance  

Spectroscopy 

Cao, et al. 2016 Shank, G.C., et al. 2010 

Over 14,000 
individual peaks 

David Podgorski 
Phoebe Zito 
University of New Orleans 

Xiaoyan Cao 
Klaus Schmidt-Rohr 
Brandeis University 



Ongoing work: Degradation processes  
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Ongoing work: Lake sampling 



Conclusions 

•Many spill sites have residual hydrocarbon  
•A long term crude oil study shows 
– After almost 40 years the residual oil continues to  be 

a source of groundwater contaminants 
– The organic carbon plume is expanding as iron oxy-

hydroxides are depleted 
•Required analyses do not adequately measure 
the degree of contamination at these sites 
•The plume of NVDOC at the Bemidji Site is 
discharging to a lake. 
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