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Presenter
Presentation Notes
Thank you for inviting me. The Bemidji Site has been studied by the USGS and academic scientists since 1983.It has a rich data record and infrastructureManagement of research at the site is funded by the USGS and partially by Enbridge Energy Partners



Crude-oil pipeline broke in August, 1979 
High pressure (3.5 

MPa or ~500 psi) 
86 cm (34-inch) 

buried line  
Spilled 1.7 million L 

(441,000 gallons) 
light crude oil  

Minnesota 

Bemidji Site 

Presenter
Presentation Notes
On August 20, 1979 a high pressure 86 cm diameter pipeline (operating at 500 psi = 3,447 KPascals) burst in a remote region of north-central MN near the town of Bemidji.  Approximately 1,670 m3 (10,500 barrels) of crude oil were discharged. A pool of oil about 23 meters in diameter and about 0.6 meters deep was formed near pipeline. Oil accumulated in topographic lows and formed pools in three areas (now known as the north, middle, and south pools-about 2,000 m2) and also sprayed an area of 65,000 m2 to the southwest (known as the ‘spray zone’).  In the latter case, only the top few cm of sediment were coated with oil and probably only top 1 meter was affected (although HCs and transformation products are transported to WT).  No discrete free phase accumulated in this area and no oil reached the water table as a free phase.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. 



What did we once 
think we knew that 

isn’t so? 

That biodegradation of BTEX requires 
oxygen  
 
That oxygen is plentiful in shallow 
aquifers 
 
That plumes mix readily with oxygen in 
background water 

When the 1979 Bemidji spill 
occurred it was believed:  
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Smoking was OKPPE use was limited



Most research is on the North oil pool 
and plume 

Lake 
North pool 

Middle pool 

South pool 100 m 

1996  
10 µg/L 

Benzene 

Lake 

2010  
3.3 µg/L 

Spray 
zone 

Oil flowed over 
land surface 

Cross 
section 
line 

Bekins et al., 2016  
DOI:10.1111/gwat.12419 
 

Presenter
Presentation Notes
Points of interest on the map:6 crude oil pipelinesBreak location (blue star)Direction 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.



North Pool Well Transect 

100 m 

http://mn.water.usgs.gov/projects/bemidji/spatial/Current/xsection.pdf 
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Presentation Notes
Note that there are no wells in this section that are close to the lake. Also coverage of deeper wells is limited down gradient.



Anaerobic conditions are present above the 
water table and for 150 m in the plume 

Groundwater from: Cozzarelli et al., 2015, Arsenic Cycling in Hydrocarbon 
Plumes: Secondary Effects of Natural Attenuation, Groundwater, doi: 
10.1111/gwat.12316 
 

Presenter
Presentation Notes
Formation of Geochemical Zones.  The inadvertent introduction of crude oil to this aquifer has resulted in marked alteration of geochemical conditions in the ground water.  The primary driving force for these changes is the microbial degradation of metabolizable organic matter, in this case represented by soluble constituents of the oil.  After several years of research during the mid- to late 1980s, it became evident that the saturated zone of this aquifer could be characterized by geochemically distinct zones.  These zones, depicted in a cross section centered on the main contaminant plume in the direction of ground-water flow, correspond to: 1-uncontaminated native ground water, 2-ground water upgradient of the oil body but within the “spray area”, 3-anaerobic ground water immediately beneath and downgradient of the oil body, 4-suboxic transitional zone



ǂ ǂ Lovely et al. Nature (1989) 

1992 results indicated the BTEX plume was 
at steady state or shrinking 

• Observations helped 
establish natural attenuation 
as a remedial strategy* 

• First demonstration of BTEX 
degradation coupled to iron 
reduction ǂǂ 

• Demonstrated the presence 
of anaerobic metabolites ǂ 

• Modeling showed 60% of 
degradation was 
anaerobic** 
 
 

 

ǂ Cozzarelli et al. (1994) 

* Bennett et al. (1993); Eganhouse et 
al.(1993); Baedecker et al. (1993) 

**Essaid et al. (1995) 

1992 
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In the early 1990’s natural attenuation under anaerobic conditions was established at the Bemidji SiteThe State of California assembled a database of over 5,000 leaking underground fuel tank sites called the Plum-a-thon database They funded Lawrence Livermore Labs to study the plumes to determine he efficacy of natural attenuationThe lab study fund that 85% of the plumes were either stable or shrinking. Based on this study, natural attenuation became accepted as a remedial strategy in CA Records of decision in CA increased from 70/month to over 250/month based on the increased acceptance of NA remedies



Progress since 2000 
Oil 

Quantified total oil mass loss 

Quantified the degraded oil 
that exits as carbon dioxide at 
the surface  

Plume  
Shrinking of some compound 
plumes,  expansion of others 

Changes reflect oil 
composition 

 
 



Overview of site processes 

CH4 + O2 → CO2 + 2H2O  

CO2 efflux 

Groundwater flow 

Vadose 
zone 

Land surface 

Oil Body Direct 
outgassing Aqueous phase 

outgassing n-alkanes → CO2 + CH4 

BTEX 
 nonvolatile DOC 

Methanogenic 
zone 

Fe-reducing 
zone 

Methanotrophic 
zone 

Ng et al. , 2015, DOI: 10.1002/2015WR016964  
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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, benzene and non-volatile DOC are being released from the oil and are degraded. Conditions are methanogenic near the oil. Further downgradient in the plume, there is transition from methanogenic to iron-reducing conditions. 



Oil -- Adjacent samples show significant 
degradation of n-alkanes from 1983 to 1999 
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Hostettler et al, 2008, 
DOI:10.1080/15275920802115738 
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Shown are two chromatograms of the alkane fraction. Degradation is measured relative to the branched alkanes Pristane and PhytaneThese compounds have very low solubility so they do not migrate away from the oil. Instead they are degraded in place.From 1983 to 1999 these two samples show that there is complete loss of the n-alkanes at this location.



Uneven degradation rates invalidate forensic 
spill timing estimates 2003 
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Bekins et al, 2011, 
DOI:10.1306/eg.11160404036 
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Presentation Notes
Data are combined samples collected between 1999-2003.Color scale goes from least degraded in red to most degraded in blue.One end of the oil is highly degraded while the other end shows little change compared to the original spilled oil.Although the more degraded oil is upgradient, shallower samples from above the water table  are more degraded than deeper ones.Suggests flow of GW from upgradient does not explain the pattern but rather recharge from the surface is important.Recharge at the two ends was measured with a TDR (time domain reflectometry) array. The more degraded end gets over twice the recharge of the less degraded end, due to topographic focusing and the absence of trees.Cannot be supply of electron acceptors because oil degradation is entirely methanogenic and oxygen is consumed by methane oxidizing bacteria in the vadose zone. Other dissolved electron acceptors, nitrate and sulfate are present in low amounts. Implication is that supply of a limiting growth nutrient such as N or P from the surface is important.



Degradation of the n-alkanes produces methane 

Amos et al, 2005, DOI:10.1029/2004WR003433  

2003 
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In addition to NVDOC and VOC, there is also a plume of methane that originates in the oil. The methane is oxidized to CO2 before reaching the surface.The amount of oil degradation can be monitored by measuring CO2 efflux from the surface.



Surface CO2 efflux 
• 92% of the degraded oil  C 

exits as surface efflux** 
• 15% oil degraded in 37 

years** 
• Surface efflux of CO2 varies 

seasonallyǂ 

Sihota et al. (2011); Sihota and Mayer (2012) 
**Ng et al. , 2015, DOI: 10.1002/2015WR016964  
ǂSihota et al., 2016, DOI: 10.2136/vzj2015.09.0125 
 
 
 
 
 
  

CO2 efflux=92% 

Plume 8% 

Presenter
Presentation Notes
This method can be used to estimate rates of source zone natural attenuation in the subsurface even before drilling a hole.  



Groundwater changes reflect oil composition 
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Plots show benzene and ethylbenzene 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.EthylbenzeneConcentrations closest to the oil have not changed.Concentrations of both compounds increased beyond 70 m because the plume is expanding as sediment Fe(III) supplies on the sediments are depleted.Question is why has benzene decreased while ethylbenzene has not?Bar charts show concentrations in oil relative to the starting composition of the spilled oil. Benzene has decreased in the oil more than ethylbenzene because it has greater relative solubility. The changes in oil composition are driving the changes in the plume.



Fate of the 8% of the carbon entering the plume 
from the oil 

Methane Iron 

DOC 
Aerobic 

Ng et al. , 2015, DOI: 10.1002/2015WR016964  
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Note that this site is a sand and gravel aquifer with DO at saturation in the background. In spite of this, aerobic degradation is a tiny fraction of the lossesHalf is methanogenic25% iron reducingDOC is the dissolved organic carbon fraction resident in the plume.



The electron acceptor Fe3+ is  decreasing on the 
aquifer sediments and 99% redeposited as Fe2+ 

7 years 14 years 28 years 

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



Summary and Conclusions 

Oil 
• 92% of the degraded carbon from the 

oil exits as surface CO2 efflux 

• Estimated total oil loss by 
biodegradation ~15% 

Plume  
• Iron reduction and methanogenesis 

dominate, aerobic degradation is 
minor 

• Depletion of iron oxy-hydroxides on 
the aquifer sediments leads to slow 
growth of the plume 

 
 



Methods development 
ongoing projects 

• Biogeophysics 
• Freezing drive shoe 
• Colloidal boroscope 

flowmeter 
• Optical fluoresence 

probe 
• Hydraulic conductivity 

profiling  
• Low cost 14C analysis  

 
 



• Arsenic immobilization* 
• Heat generated from biodegradation 
• Fate of oil metabolites** 
• Mixed BTEX ethanol plume experiments 

*Cozzarelli et al., 2015, Arsenic Cycling in Hydrocarbon Plumes: Secondary 
Effects of Natural Attenuation, Groundwater, doi: 10.1111/gwat.12316 
 
**Bekins et al., 2016, Crude Oil Metabolites in Groundwater at Two 
Spill Sites, Groundwater, doi: 10.1111/gwat.12419 
 

oil 

As mg/L 

Plume 
ongoing 
projects 
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As the Fe(III) is consumed, associated As is also mobilizedThe data show that dissolved As does not migrate very far.It appears to be immobilized on the sediments downgradient.We are studying the mechanism of the immobilization. It does not appear to be re-oxidation because DO has been depleted.Attenuation mechanisms of As are an important problem at both petroleum hydrocarbon and ERD sites- Survey of 47 sites where Enhanced Reductive Dechlorination (ERD) was implementedover 75% of wells in the treatment area had As levels exceeding the MCL of 10 ug/LWhat is the form and will be stable in the future?



Oil – ongoing projects 

Hydrophobic soils: 
• Mapped areas of 

hydrophobic soils* 
• Pilot remediation plots 
 
Source Zone 
• Seasonal gas efflux 

cause 
• Oil composition 

changes 
Hydrophobicity inhibits plant growth 

*Nieber, J.L., 2013, Water repellency of soil at the Bemidji Oil Spill Site: Unsaturated 
Zone Interest Group Newsletter, no. 14, Spring 2013, p. 4-5.  

Water ponded on hydrophobic soil 



Collaborative Agreement 

Maintain the research site 
Promote/advance science, 
research, education related 
to the fate, transport, and 
natural attenuation of crude 
oil contamination in the 
subsurface 
Make results widely 
available to researchers, 
industry, consultants, 
regulators, teachers, and 
students 

Beltrami County, 
Minnesota 

http://mn.water.usgs.gov/projects/bemidji/policy.html 
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Thank partners in the collaborative agreement.



Looking to the future: The site’s 
capabilities can be used to 
develop new methods and 

understanding 

Groundwater 
– 255 Monitoring wells 

Oil 
– 35 Oil monitoring wells 

 

Spatially referenced database  
• DO, pH, SpCond 
• Water levels 
• Oil thicknesses 

Gases 
– 22 Vapor wells 
– Surface CO2 efflux 
– 14 continuous CO2 and O2  

Geophysics 
• Self potential 
• Magnetic susceptibility 
• Electrical resistivity Recharge 

– 4 Moisture probe arrays 
– 4 Suction lysimeter arrays 
– 6 Temperature profile arrays 

Presenter
Presentation Notes
In the last 5 years we have been able to quickly incorporate new researchers in Geophysics, Arsenic, noble gases, LNAPL testing, hydrophobic soils.One comment we get over and over again is how "easy" it is do work at the Bemidji site.  Many subsurface spill sites are at refineries and in urban areas that require special permissions for access, etc.  The location of the Bemidji site makes it a great test site to focus on science.The unconsolidated sediments make coring and well installation easy.3-dimensional database foundation of our geospatial data management and vital to the site's research.  The database links each hole at the site to a researcher and a research project.  All locations are surveyed to within +/- 2 cm. 



How to get 
involved 

Check out the website and 
existing data 

Contact USGS or the PCA 
with your research ideas  

Develop a project proposal  
Evaluated by Steering Committee  
Ideally include a USGS collaborator  

Research Steps: 
Participate in planning  
Collect data from the site 
Provide semi-annual reports on progress 

Presenter
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Reminder of website open database.



Field Season Timeline 

2016 August 1 - 12.   
- Typically 20-30 people participate in the 

2-week session.  
April:  

- Request for field project descriptions  
May:  

- Planning call for researchers.  
June-July:  

- Ongoing detailed planning as needed.  



Contacts 

USGS 
Jared Trost 
jtrost@usgs.gov 
 
Barbara Bekins  
babekins@usgs.gov  

 
MN Pollution Control Agency 

Mark Toso 
Mark.Toso@state.mn.us 
 
Jim McCann 
Jim.McCann@state.mn.us 
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