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Problem Statement
Williston Basin
· Intracratonic basin containing 3,700 m of sedimentary strata representing all periods of the Phanerozoic
· Most units of Mississippian age and older produce oil or gas (Circles – Oil, Sunburst – Gas)
· Oil production at the GLDSA is from the Ratcliffe unit which was discovered in 1960
· Long history of oil and gas production with development occurring in several booms
· 1960’s, 1970’s, early 1980’s, and currently within the Bakken Formation
· A 2008 assessment of energy resources in the Bakken Formation by the USGS estimated 3.65 billion barrels of oil and 1.85 cubic feet of natural gas 
· The Bakken is classified as a continuous reserve with no major structural traps and will require thousands of new oil wells
Prairie Pothole Region
· Contains thousands of wetlands formed through sediment slumping and the persistence of buried ice during stagnation and recession of Pleistocene glaciations
· Provides critical upland and wetland habitats, produces 50 - 80% of North American ducks
· Additionally the central flyway (2) and Mississippi flyway (3) cross the PPR and birds following these flyways depend on the PPR for habitat and food sources during migration  
· Surface and shallow groundwaters are often naturally saline in the PPR however; thenardite or sodium sulphate is the dominant salt.  
· Natural chloride concentrations are generally low
Surficial Geology
· Complex assortment of clay-rich glacial tills, coarse-grained outwash deposits and lacustrine clays
· Glacial tills of the Great Plains are saturated and unweathered (unoxidized) at depth and unsaturated and weathered and oxidized at the surface
· Additionally, glacial tills are vertically fractured, however the swelling of smectitic clays in the saturated till reduces the fracture permeability
· Therefore hydraulic conductivity is much greater in the weathered till relative to the unweathered till
· Promotes the lateral transport of contaminants within the weathered till
· This is clearly seen by Shelby tube samples below a reserve pit in ND from Murphy et al, (1998) 
· Although contamination was present over 500 down-gradient from the pit, contamination was only present to a depth of 70 feet with an ~85% reduction in Na and Cl ions below the weathered till
Co-Produced Water
· Na and Cl are the dominant anion/cation pair in co-produced waters
· There are many other toxins in co-produced water including:
· Co-produced waters from the WB have extremely high TDS concentrations
· The high chloride and TDS concentrations are useful in tracking contamination
· High chloride concentrations changes water chemistry
· High TDS allow contaminant identification with geophysical surveys that rely on EM 
Chemistry of Co-Produced Waters
· This image shows the chemistry of co-produced waters in the United States and illustrates the high TDS concentrations in the WB
Sources of Contamination
· The majority of contamination is generated from leachates being produced by buried reserve pits
· Reserve pits are used store drilling fluids and co-produced waters
· Due to the presence of evaporite beds in the WB saline drilling fluids are often required
· Average reserve pits measures 150 ft X 60 ft X 10 ft and contain roughly 260 tons of salt upon burial
· Prior to the mid 1970’s reserve pits were unlined
· Other sources include injection well failures as seen in Poplar MT where an injection well failure has contaminated the municipal water supply
· Also pipeline leaks and breaks can also result in co-produced water contamination
Previous Work and Study Area
· In the late 1980’s Reiten and Tischmak (1993) conducted an assessment of saline contamination from oil and gas development in eastern Sheridan County, Montana
· Mapped the surficial geology
· Sampled numerous wetlands and groundwater wells
· Conducted geophysical surveys
· During this work they developed a contamination index (CI) to determine the presence of saline contamination in eastern Sheridan County
· Equation describing the CI




Location of GLDSA
· As part of the eastern Sheridan County contamination assessment, Reiten and Tischmak selected the areas in and around T36N, R58E, S27 as the location for detailed hydrogeological investigations and named the area the Goose Lake detailed study area or GLDSA 
· The map on left shows the counties in MT and the location of part of the area examined by Reiten and Tischmak
· The map on the right shows the surficial geology of eastern Sheridan County and the location of the GLDA
· White - glacial till, the stripped pattern - outwash deposits and grey - lacustrine deposits
· Red box shows the location of the GLDSA
Goose Lake Detailed Study Area
· This image shows the topography of the GLDSA, oil field sites and the location of water samples collected in 1989, and the Rabenberg WPA which was acquired in 1999 and managed by the USFWS
· Sources of contamination include eight active and abandoned oil wells and a Tank Battery were oil and co-produced water from several wells are separated and stored before disposal
· Most of the oil wells were drilled in 1967
Hydrogeology of the GLDSA
· This image shows the hydrogeology of the GLDSA
· Local geology consists of a roughly 15 ft blanket of coarse grained outwash deposits shown in tan mantling a clay-rich glacial till shown in green
· Two groundwater flow paths that converge near west Goose Lake were identified in the saturated outwash deposits shown in blue 
· Saline contamination in the Southern flow path is mainly from the Tank Battery complex (oil field site 264) with other sources from oil field sites 125, 127, and 128
· The majority of saline contamination in the Northern flow path emanates from oil field sites 124 and 126 with other sources from oil field sites 117 and 118  
· The vast majority of surface and groundwater samples had CI values indicating saline contamination in 1989
· Only two wells (126 C and 264 T) had CI values below 0.035 and had very low chloride concentrations (7 and 12 mg/L) 
· In contrast, the most contaminated groundwater sample had a CI value of 0.83 and 66,900 mg/L of chloride
· Finally, EM surveys documented elevated apparent conductivities down-gradient of several oil field sites (yellow and red)





Hypothesis
· Two hypothesis were examined with this research
· First, saline groundwater plumes have continued to migrate down-gradient, towards West Goose Lake, increasing the lateral extent of contamination within the study area.  
· Despite the expected increase in the extent of contamination, the natural attenuation of contaminated surface and groundwater resources have resulted in a decrease in the CI values in areas identified as contaminated in 1989
· Second, contaminated groundwater plumes have migrated laterally; mainly confined within the permeable outwash sediments mantling the underlying less permeable glacial till.  It is expected that the till is acting as a leaky aquitard, allowing little penetration and downward movement of saline contaminated groundwaters 
Approach 1
· The hydrologic position of groundwater wells 126 C and 264 T in relation to known saline contamination was used to determine if contaminants are being transported down-gradient, with contamination expected at well 264 T but not well 126 C
· Assuming all contaminated sites in 1989 are still contaminated, a CI value above 0.035 at either well would confirm that the lateral extent of contamination has increased
· To determine if natural attenuation has resulted in a significant reduction in CI value, statistical evaluation was limited to sites with a CI greater than 0.035 in 1989
Approach 2
· EM-based geophysical surveys were used to determine the depth of contamination 
· These surveys are especially well suited to detect co-produced water contamination due to the differences in conductivity between different materials 
· Notice the relative position of the glacial sediments with conductivities decreasing from lacustrine clays to glacial tills to outwash deposits and the position of salt water 
· Thus, the presence of co-produced waters greatly increasing the conductivity 
· EM-31 Apparent Conductivity Surveys
· Has a fixed coil spacing and an effective exploration depth of 6 m
· Used to determine the lateral extent of saline contaminated groundwater plumes
· EM-34 Apparent Conductivity Surveys
· Allows six apparent conductivity measurements and a range of exploration depths of 7.5 – 60 m
· Used to determine the depth profile of saline contaminated groundwater plumes 
· If contamination is confined in the outwash, than conductivities should decrease in successively deeper surveys

Methods 1
· Resampled 26 wetlands and groundwater wells that were previously sampled in 1989
· Compared the 1989 and 2009 water chemistry results to determine the temporal change in CI value
· Used a non-parametric Wilcoxon Signed Rank test
Methods 2
· EM-31 Apparent Conductivity Surveys
· Obtained 765 measurements
· Collected in a 30 m grid pattern and covered an area of 195 acres
· EM-34 Apparent Conductivity Surveys
· Six measurements were attempted at 125 locations
· Measurement were spaced 60 m apart in a grid pattern and along selected transects and covered an area of 230 acres
· Conductivity data was then spatially interpolated using the Inverse Distance Weighted function in ArcGIS 9.3.1 
Water Chemistry Results
· This image shows the 1989, 2009 and temporal change in CI
· Here is the position of the uncontaminated wells in 1989
· Water chemistry results from 2009 still showed high levels of contamination with the most contaminated site having a CI value of 0.43 and 39,300 mg/L of chloride
· Also both wells 126 C and 264 had CI values indicating chloride contamination
· Saline contamination was predicted at well 264 T but not well 126 C, so what happened?
Pipeline Break at Oil Field site 126
· These next few images were taken after a pipeline break at oil field site 126
· This first photo was taken before repairs were made on the line
· These two photos are after repairs were completed
· The last set of photos show the “fixed” pipeline in 2009 
· The increased CI and chloride concentration at well 126 C is almost certainly related to this spill
· This interpretation is supported by the geophysical data





2009 EM-31 Surveys
· Here is the spatially interpolated EM-34 data from 2009
· Notice the elevated conductivities down-gradient of the pipeline break
· This area was surveyed in 1989 and elevated conductivities were not present at this location
· In this image, also notice the high conductivities below the tank battery and the high conductivities in the northern flow path 
Properties of the EM-34
· Three intercoil spacings and two dipole orientations yield six apparent conductivity measurements
· The table on the right shows the exploration depths for the different dipole orientations and intercoil spacing
· Despite the overlap in exploration depths, the different dipole orientations have different relative and cumulative response curve
· Two key points	
· First, measurements are an integration of all the subsurface material beneath the instrument
· Second, the horizontal dipole receives the majority of its signal from the near surface as opposed to 0.4 intercoil spacings in the vertical dipole mode
Mapped extent of EM-34 Surveys
· This image shows the mapped extent of EM-34 surveys in black
· We will focus on one cross sections in the southern groundwater flow path: D – D’
Horizontal and Vertical Mapped extent of EM-34 Surveys
· These next two slides show the Horizontal and Vertical dipole surveys results
· Notice the large drop in conductivities between the horizontal and vertical dipole orientations
Conductivity by Distance along D – D’
· This image shows the apparent conductivity measurements by distance from the Tank Battery
· Notice the high conductivities in all horizontal surveys directly beneath the tank battery
· In contrast, the vertical dipole surveys are much lower and near background
· This implies that the depth of contamination is likely less than 30 m and clearly less than 60 m  






Natural Attenuation
· Despite the widespread contamination still present at the GLDSA, the reductions observed in CI values at sites contaminated in 1989 was significant
· This reduction allows a prediction of the duration of contamination 
· Assuming the CI values continue to decrease at a linear rate the following equation can be used to determine the length of time require for the CI value to return to 0.035
· T – time, CIC – Current CI value, and M is the median reduction
· Solving for T yields roughly 140 years at the most contaminated site in the GLDSA
Conclusions
· Water chemistry results from 2009 documented high levels of saline contamination are still present at the GLDSA
· CI values above 0.035 at wells 124 C and 264 confirm that the lateral extent of contamination has increased since 1989
· The lateral rate of contaminant transport is much greater than vertical transport
· A minimum lateral transport rate of 35 m/yr is required if the contamination present at West Goose Lake in 1989 came from oil field site 124 
· Additionally a minimum lateral transport rate of 40 m/yr is required if contamination in well 264 T in 2009 is from the Tank Battery 
· In contrast, the vertical rate is 0.07 m/yr when a 30 m depth of contamination is used
· As the majority of wells were drilled in 1967, the previous calculations use that year as the starting date
· Natural attenuation of contaminated sites is very slow as evidenced by the high levels of contamination still present and the small median reduction in CI observed of 20 years
Broader Implications
· Over 10,300 oil wells have been drilled in the U.S. portion of the PPR with over 4,000 wells drilled before laws were enacted concerning reserve pits, illustrating the widespread nature of saline contamination in the PPR
· Well 264 T is over mile from the Tank Battery, and these results illustrate the large distance saline contamination can travel in outwash deposits
· The continued mobility and long transport distance of saline contamination has significant implications to land owners and managers who are down-gradient of oil field sites and rely on aquatic resources for habitat preservation and agricultural and stock water purposes
· Finally the increased chlorides and CI value at well 126 C beneath the pipeline break emphasizes the continued potential for co-produced water contamination to aquatic resources from routine oil field activities
· This threat will likely increase as numerous additional pipelines will be required for new development in the Bakken Formation
