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Chapter 1 – Introduction 

Produced Water Volume and Composition 

Produced water is a waste product of oil and gas development that’s co-produced with 

hydrocarbons from the source formation. This wastewater comprises the largest volume waste 

product generated by the oil and gas industry (Clark and Veil, 2009). This saline waste fluid was 

initially “formation water”- which is water within the rock formation - and is referred to as 

“produced water” when it rises to the surface. Oilfield produced water is often referred to as 

“saltwater” or “brine” by the oil and gas industry and by news media. In this document, the term 

“brine” will be used.  

The volume of oilfield brine generated nationwide exceeds the volume of oil produced. In 

2012, the national total exceeded 21 billion barrels1 (Veil, 2015). Oilfield brine volumes 

generated in the portion of the Bakken Shale Formation that is located in North Dakota, are 

consistent with this national trend. For example, in 2012 over 291,000,000 barrels of oilfield 

brine was generated in North Dakota, while about 243,000,000 barrels of oil were produced that 

year (Clark & Veil, 2009); making the state’s oil production generate about 20% more brine than 

oil itself. In addition to the significant quantity of brine generated in North Dakota, the 

concentration of brine generated from North Dakota’s geology is high as well. Brine generated 

from oil and gas development in the Williston Basin of North Dakota averages about 250,000-

300,000 ppm sodium chloride – which is about 8 times the concentration of salt present in ocean 

water (Stockdill, 2014) – making it some of the most saline oilfield brine nationwide (Preston et 

al., 2013). Aside from having a salt content exceeding that of sea water, oilfield brine can also 

contain toxic metals and radionuclides (EPA, 2012), and thus requires proper disposal to avoid 

adverse impacts to environmental and human health. 

Oilfield Brine Management 

The waste stream of oilfield brine involves three main stages: storage, transport, and 

disposal. Initially the wastewater is stored on site in tanks or pits, and then transported offsite via 

pipeline or truck for disposal. Disposal methods include discharging it into surface water after 

treatment at a wastewater facility, or underground injection. The latter method uses “saltwater 

                                                 
1 1 barrel (bbl.) = 42 gallons 
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disposal wells” – which are formally called Class II wells. Some states, including North Dakota, 

require that all brine be disposed of via underground injection. Some states choose to dispose of 

the wastewater underground via injection wells in an effort to avoid contamination to land and 

surface water (EPA, 2012). Even with such requirements for disposal, brine can and does come 

into contact with the environment, and has been shown to persist in the affected medium for 

decades. A 2009-2010 assessment of impacted soil and water in the Williston Basin of North 

Dakota concluded that the salinity present in surface and shallow groundwater samples likely 

originated from oil activity in the 1960’s, indicating that brine contamination can persist for five 

decades. More specifically, the contamination was deduced to have primarily come from 

“reserve pits,” which are earthen pits dug in the past for the purpose of separating drilling mud 

and drill cuttings and are also used today for brine storage. In addition to these wastewater pits, 

contamination also occurs via releases from oil and gas wells themselves, tank batteries, 

pipelines, and illegal dumping. The specific mechanisms that give rise to spills at these 

infrastructure sites include injection well failures, corrosion of legacy well casings (both 

production and injection wells), and breaks in pipelines (Gleason & Tangen, 2014). 

Brine Spill Impacts  

Brine releases are a concern because they can cause damage to the soil and crops, pollute 

surface and groundwater, and pose a threat to wildlife and livestock as well. The impacts of brine 

contamination to wildlife and vegetation is dependent on the hydrologic characteristics, the 

amount of brine spilled, the pre-existing salt composition and concentration, and the composition 

of organisms of the impacted community (Gleason & Tangen, 2014). Electromagnetic devices 

have been used to detect groundwater contamination of aquifers in the East and Northwest 

Poplar oilfields in northeastern Montana, which was confirmed by chemical analysis of water 

samples. The aquifer studied has an estimated 15-37 billion gallons of contaminated groundwater 

as a result of brine spills associated with oil development. This contamination not only impacted 

the ecosystem, but also the public water system; necessitating replacement of a water source for 

the town of Poplar, as well as those citizens out of city limits previously using well water. The 

impact to this town and surrounding ecosystem occurred despite a 100-foot barrier between the 

soil surface and the shallow aquifer. That barrier consisted of unsaturated clay, silt, and sand atop 

the 45 ft. thick aquifer of unconsolidated sands and gravel (Thamke, 2014). Brine contamination 
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of water and soil has also been documented in North Dakota’s portion of the Williston Basin 

since the early 1990’s and early 1980’s, respectively (Gleason & Tangen, 2014).  

The components of brine are particularly pervasive in the environment as the salts are 

less apt to being absorbed by mineral phases in the soil and sediment than hydrocarbons, and are 

not subject to degradation by biologic processes. Sodium is a major dissolved constituent in most 

brine and it causes substantial degradation of soils through altering of clays and soil texture - and 

subsequent erosion. Trace elements, including boron, lithium, bromine, fluorine and radium also 

occur in elevated concentrations, and brine from some locations contain many trace elements that 

are phytotoxic. These salts may remain in soils after the saline water has been flushed away. 

Radium-bearing scale and sludge found in oilfield equipment and discarded on soils pose 

additional hazards to human health and ecosystems (Otton, 2006). In addition to affecting 

vegetation via salt’s effect on soil and surface water, salt negatively affect plants directly as well. 

High salt levels reduce a plant’s ability to absorb water and nutrients through its roots, and 

certain salt ions and cations are toxic to a plant beyond a threshold level. The salt components 

present in brine that are phytotoxic include Na+, Cl-, Ca2+, Mg2+, K+ and SO42- (Munn & Stewart, 

1989).  

Clearly an effective management strategy is necessary for safe handling, transport, and 

disposal of brine in North Dakota, as evidenced by the numerous brine spills reported in the 

state. Operators of oil wells and saltwater disposal wells are required to submit a report in the 

occurrence of a spill of oil or brine. Despite these spill reports, the spatial extent of the spills and 

severity of the brine’s impact to the affected soil is unknown. An analysis of the brine spill 

reports submitted from 2004-2013 indicates that the brine spill rate increased during the recent 

oil boom in the state, during which the number of wells increased by about 7,000. As of 2004, 

the rate of brine spills reported was one for every sixteen wells. In comparison, the rate rose to 

one spill for every six wells by 2013 (Guerin, 2014). An increase in the number of spills in North 

Dakota is consistent with other oil-producing states in recent years, as the rate of reported spills 

occurring annually increased by about 2,000 incidences from 2009 to 2013. The volume spilled 

increased as well, doubling from about 21 million gallons to 43 million gallons during that four-

year period (Flesher, 2015). As shown in Figure 1, a recent study conducted in 2015 determined 

that the number of brine spills occurring in North Dakota from 2007-2015 corresponds with an 
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increase in oil production over the same time period (Lauer et al., 2016). Brine “releases,” as 

they are called by the industry vary in volume considerably depending on the cause of the spill 

and whether personnel are onsite when the spill occurred. The brine spills occurring during the 

oil boom from 2007-2014 are summarized visually in the map image below (Figure 2). However, 

brine spills have been occurring for decades in the state of North Dakota, with spill reports 

beginning in 1975. 

Figure 1. Rate of Brine Spills in North Dakota.  

This graph illustrates the increase in the rate of brine spills corresponds with the increased rate of oil 

production that occurred in North Dakota from 2007-2014. Reprinted from “Brine Spills Associated with 

Unconventional Oil Development in North Dakota” by Lauer NE, Harkness JS, Vengosh A. 2016. 
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Figure 2. Brine Spills by Volume and Location in North Dakota.  

This map image shows the location and relative volume of brine spills occurring in North Dakota from 

2007-2015. Note that the location of higher frequency of spills (clustering of red circles) corresponds to 

the areas of higher density of wells (yellow to red background color). The green triangles represent the 

study’s surface water sampling locations. Reprinted from “Brine Spills Associated with Unconventional 

Oil Development in North Dakota” by Lauer NE, Harkness JS, Vengosh A. 2016. 

  

Rationale for the Study 

While landowners who retain their mineral rights are compensated for oil and gas 

extraction, losing cropland or rangeland to contamination has adverse economic impacts on 

landowners, farmers and ranchers who depend on the integrity of the soil for their livelihood. 

Even landowners who did not historically use brine-affected land for crop or livestock 

production could experience economic impacts in the form of reduced property value and 

associated reduced ability to leverage their property as collateral. However, the total economic 

loss and other costs from brine spills is difficult to quantify because the link between cause and 

effect is not well studied. Landowners have incidentally reported that the effects of brine are 

apparent via reduced crop yields and even complete crop failures in fields that formerly produced 

robust crops. However, no study has yet been conducted to determine a brine spill’s impact to a 

particular tract of land. 
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Past occurrences of brine spills in North Dakota, and the potential for the brine to 

contaminate the soil, surface water, and groundwater resources in the future, indicates that brine 

poses a problem directly affecting rural landowners in the oilfields of North Dakota. Currently, 

the surface area and depth of soil contaminated by brine spills in the state are unknown. The ND 

Department of Health maintains records of spill reports submitted by oil companies, but these 

reports do not include estimates of the surface area of soil affected by a particular spill. While a 

portion of reports include estimated volumes of brine spilled, the concentration of that brine is 

not provided. There is also no indication of the brine’s concentration of other harmful brine 

components, such as metals and radionuclides. Thus, even where spill reports are accurate in 

terms of the amount of brine spilled, there are no data regarding the spatial extent of soil 

impacted by the brine, nor on the severity of the impact at the spill locations. A recent study 

(2015) found elevated levels of salts as well as other contaminates in surface waters in North 

Dakota located in areas where brine spills have occurred (Lauer et al., 2016). To further 

investigate the problem of salt-contamination associated with oil development in North Dakota, 

the presence of salt in soil impacted by brine needs to be verified and the concentration and 

extent saline soil at each site need to be determined. However, soil sampling on a field or 

landscape scale requires extensive time and funds beyond the constraints of this study. 

Geophysical EM surveys can serve as a literal map for “ECa-guided soil sampling” to be done in 

the future. Scientists at the U.S. Salinity Lab have found that EM surveys can be used to greatly 

reduce the number of samples necessary to create accurate relationships between ECa 

measurements and the soil properties of interest (Corwin and Lesch, 2005). Therefore, it is 

beneficial to do an EM survey first to optimize the sampling design when the area is large and 

the spatial variation of soil properties are unknown – as they were here. More specifically, 

electromagnetic (EM) technologies have been employed to detect brine contamination associated 

with oil development, including studies in North Dakota and neighboring state Montana (Preston 

et al., 2013; Gleason & Tangen, 2014; Thamke, 2004). Electromagnetic induction has been used 

to assess many soil properties that influence EMI measurements (Corwin and Lesch, 2005). Soil 

salinity is among the many soil properties that EMI technology has been used to detect.  

For this case study, EMI was used as an indicator of the spatial extent and variation of the 

relative levels of salinity at six study sites. Each of the sites has or previously had some type of 

oilfield-related infrastructure, including oil and gas wells, saltwater injection wells, saltwater 
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pipelines, and brine storage tanks (“central battery tanks”). Many of the infrastructure units at the 

study sites have an official spill report associated with them. Landowners report adverse impact 

to crops in the aftermath of brine spills at the sites, but the areal extent of the brine spill is 

unknown. The state-issued spill reports do not require, and thus do not include, information on 

the extent of the land or wetland impacted. In an attempt to address this problem, it was of 

interest to determine the location and variability of soil salinity within sites known or suspected 

to have had brine spills. The soil at the case study sites may have lasting impacts from the brine 

spills in the form of elevated salinity – which the EMI surveys can help indicate. A USGS 

investigation on brine contamination of surface water and shallow groundwater in northeastern 

Montana and northwestern North Dakota (both within the Williston Basin) found that brine from 

oil development remained in the soil for at least 4 to 5 decades (Gleason & Tangen, 2014). 

Elevated apparent conductivity (ECa) occurred around oil wells and the salinity was confirmed 

with water samples – indicating that ECa is an accurate indicator of salinity from brine spills in 

the Williston Basin. Regardless of whether the sites still have active oil/brine infrastructure or 

have been reclaimed, landowners can then use the contour maps for “ECa-guided soil sampling” 

to optimize the number and location where elevated ECa levels warrant more soil sampling for 

further analysis. This would not provide conclusive determination of the salinity levels caused by 

the brine spills, but the spatial soil conductivity data of the EMI survey provide the data 

necessary to optimize the number and design of more thorough soil sampling and testing in the 

future. Presently, EMI data can be verified with soil samples assessed for their salt content. 

Therefore the objectives of this study were to: 

1. Characterize the spatial variability of apparent electrical conductivity (ECa) as an 

indicator of soil salinity in three crop fields affected by brine spills in Bottineau County, 

ND.  

2. Determine the potential causal relationship between elevated ECa and the source location 

of brine at each case study site. 

For brevity, brine-bearing oilfield infrastructure will be referred to as “brine sources” for the 

remainder of this document. For purposes of this study, “brine sources” refers to oil wells, brine 

injection wells, brine storage tanks, and brine pipelines within the case study sites – as they are 

the oilfield infrastructure from which the brine is produced, stored, or disposed. 
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Background 

Regional Geology and Oil Development  

The western half of Bottineau County, North Dakota has been developed for oil and gas 

production for decades, and consequentially its land has been impacted by brine spills. This 

county has the longest duration of hydrocarbon development in the state as it was the first county 

to be developed for natural gas in 1907. Oil development followed in the late 1950’s in the 

Mississippian Madison Group strata (Figure 3), which are part of the Williston Basin. 

Figure 3. Oil Development of the Madison Group Formation.  

Bottineau County is the red area on the small inset map of North Dakota counties in the upper right 

corner. The green dots denote areas in which oil and gas has been produced from the Madison Group 

Formation. Adapted from “Geology and Undiscovered Oil and Gas Resources in the Madison Group,” by 

Gaswirth S, Lillis P, Pollastro R, Anna L. 2010.  

 

 

 

 

 

 

 

 

 

In more recent years, Bottineau County’s oil production has been outpaced by those of 

wells in the heart of the Bakken Shale formation, the scene of the most recent (hydraulic 

fracturing) oil and gas boom experienced by the state. For comparison, the most recent statistics 

for 2016 indicate that Bottineau County has about 525 active oil wells producing about 160,000 

barrels a month, while McKenzie County, a county located in “the Bakken,” has almost ten times 

as many active wells that produce about 78 times more oil a month. Nevertheless, brine spills 
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have occurred over several decades in Bottineau County - potentially affecting the soil and 

vegetation of cropland surrounding the wells and other infrastructure. Spill report information is 

to be submitted to the North Dakota Department of Health whenever a spill report is submitted 

by oilfield operators to the Oil and Gas Division. The Dept. of Health’s spill database contains 

records dating back to 1975 for Bottineau County, and contains reports for 250 spills ranging 

from 1- 2,100 barrels of wastewater (NDDoH ). In 2014 alone, Bottineau County sustained 33 

reported brine spills which totaled about 1,300 barrels. At the statewide level, about 3,650 brine 

spills totaling 11.8 million gallons of wastewater were reported from 2006 to 2014 in the oil-

producing counties (Wirfs-Brock, 2015). The chemistry of the brine from the Williston Basin is 

dominated by sodium and chloride, but the concentration varies within the basin from 100,000 to 

over 300,000 mg/L. The wells at the study sites extract from the Madison Group of this basin – 

which has a total dissolved solids exceeding 300,000 mg/L. Thus, saltwater injection wells and 

storage tanks at the study sites could receive brine with TDS concentrations over 300,000 mg/l 

(Iampen & Rostron, 2000). 

Agriculture & Geography 

Oil and gas activity in North Dakota occurs in the crop- and rangeland of the western and 

north-central counties overlying the Williston Basin and Bakken Formation. Consequently, brine 

spills occur in areas where the land is highly-valued for the food crops and livestock feed it 

produces. Thus oil and gas activity and associated brine spills, affect farmers, ranchers, and other 

rural landowners through the impacts to their land. The top agricultural commodities in terms of 

production include grains, with wheat, soybeans, corn and forage grasses comprising the top 

grossing crops. North Dakota ranks first in the nation for production of Spring Wheat, and 

second for wheat overall. With regard to livestock, the state ranks second for the number of bee 

colonies (i.e. honey production), and 16th and 19th for cattle and turkey populations respectively.  

The majority of the landscape in the state, including the study sites, is characterized by 

prairie containing a high density of wetlands, and soil consisting of glacial sediments (Preston et 

al., 2013). This geographical region is called the Prairie Pothole Region (Figure 4), and it 

overlies portions of several Canadian provinces and states - including a considerable portion of 

North Dakota’s share of the Williston Basin and Bakken Formation. The Williston Basin and the 

Prairie Pothole Region are the geological source and geographical setting, respectively, of the oil 

development and associated brine discussed in this case study.  
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Figure 4. Prairie Pothole Region (PPR) Map.  

Image courtesy of the National Fish and Wildlife Service. 

 

 

 

 

 

 

 

 

 

 

 

Oil Activity and Infrastructure at Study Sites 

 

As mentioned previously, Bottineau County has been heavily developed by oil wells, and 

the vicinity around the case study sites is representative of that. The study sites are within the 

portion of Bottineau County that has been developed for oil and gas since the 1960’s. In some 

areas the oil wells are densely arranged. See Figures 5 and 6 below for maps of the three general 

areas showing the density of brine-bearing oilfield infrastructure where the six case study sites 

are located. There were 32 active oil wells in this field producing nearly 7,300 barrels of oil and 

182,500 barrels of brine.  
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Figure 5. Oil and Saltwater Disposal Wells near Sites 1 and 2.  
Sites 1 and 2 are located in Township 163 Range 82. Site 1 is located in Section 23 and Site 2 is located 

two sections to the west in Section 21. Image adapted from the Oil and Gas Division of the North Dakota 

Department of Mineral Resources. 
 

 

Figure 6. Oil and Saltwater Disposal Wells near Sites 3-6.  
The green colored area is Section 32 of Township 162 Range 81, which contains study sites 3-6. Image 

adapted from the Oil and Gas Division of the North Dakota Department of Mineral Resources. 
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Farming Practices and Soil Characteristics of Study Sites 

 None of the study sites are irrigated as the sites receive adequate moisture from snowmelt 

and rainfall, which are temporarily stored in pothole wetlands, so soil salinity levels are not 

impacted by irrigation water. No-till agriculture is practiced at all the sites as much as possible, 

with the exception of extremely wet years when the soil needs to be tilled to expedite drying to 

prepare it for planting seed. Crop rotations for the study sites in pre-spill years were wheat, 

soybeans, canola, sunflowers, and peas.  

The entirety of each study site is “prime farmland,” a distinction made by the U.S. 

Department of Agriculture. The soil types/complex of this prime farmland is as follows: 

Marysland loam, Hamerly-Tonka complex, Barnes-Svea-Tonka complex, and Divide loam (Soil 

Conservation Service). See figures 7, 8, and 9 below for maps delineating the prime farmland at 

each site. Sites 1, 4, 5, 6 and part of site 2 consist of the Barnes-Svea-Tonka soil complex, 

making these the predominant soil types that were surveyed. The Barnes-Svea-Tonka complex 

contains the three soil types that give it its name in the following percentages: 50, 35, and 10. 

Due to the intricate mixture of these soils, they are not mapped separately, but rather as a 

complex. The Barnes soil drains well, while the Svea soil drains moderately well, and the Tonka 

soil does not drain well. Each of these soils consists of loam at the surface, subsoil, and 

underlying material; with some clay also. Clay content is of interest here because clay affects 

electrical conductivity via having a higher cation exchange capacity. It can also indirectly affect 

soil EC when it creates an impermeable layer in the soil, allowing salt to accumulate. The 

permeability in this complex ranges from slow in the Tonka soils to moderately slow in the 

Barnes and Svea soils (NRCS). 

For each site, a map image delineating the soil types is shown. Any soil type in the map 

that is not discussed was not part of the survey, but was included in the map for context of the 

general area. The other soils shown in the maps amidst these survey sites were not surveyed 

either because they were low-lying flooded areas or beyond the extent of the area of interest with 

regard to the brine spills. 
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Figure 7. Site 1 Soil Map.  
Site 1 consists entirely of the Barnes-Svea-Tonka soil complex, which is prime farmland according to the 

United States Department of Agriculture. This soil is 24% clay, has an EC of 1 dS/m, and a pH of 7.0 

Image adapted from the Web Soil Survey of the Natural Resources Conservation Service (USDA). 
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Figure 8. Site 2 Soil Map.  
Site 2 consists primarily of Divide Loam, with some Marysland loam and Barnes-Svea-Tonka soil along 

the east and west sides, respectively. All three of these soils are prime farmland. The electric conductivity 

of the Divide and Marysland loams are 2 dS/m while the other two soils have an EC of 1 dS/m. The pH 

among these soils ranges from 7.0-8.0, and the clay content is about 24% for each soil type. Image 

adapted from the Web Soil Survey of the Natural Resources Conservation Service (USDA). 
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Figure 9. Sites 3-6 Soil Map.  

Sites 3-6 are located in close proximity so they are grouped in one map image here. The soil types at this 

survey area include Hamerly-Tonka (Site 3) and Barnes-Svea-Tonka (Sites 4-6) complexes – which are 

both prime farmland soils. According to the NRCS, the Hamerly-Tonka soil of Site 3 has an EC of 1 

mS/cm, a pH of 7.9 and a clay content of 24%. The Barnes-Svea-Tonka soil complex of Sites 4-6 

reportedly have an EC of 2 mS/cm, a pH of 7.7 and a clay content of 24.2%. Image adapted from the Web 

Soil Survey of the Natural Resources Conservation Service.  
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Chapter 2 – Literature Review 

 The fundamentals of saline soil and electromagnetic induction (EMI) meters, with respect 

to this project, are discussed below. The first section on saline soil includes measurement 

methods, impacts to vegetation, causes, and remediation strategies. The second section on 

electromagnetic induction technology describes the use of EMI meters for soil surveying, its 

advantages and limitations, and its relatively recent application for detection of oilfield brine 

contamination. 

Saline Soil 

Salts occur naturally in soil, and are beneficial to plants in the appropriate amount. The 

cations and anions that compose salts in soil include the cations sodium, potassium, calcium, and 

magnesium; and the anions chloride, sulfate, nitrate, bicarbonate, and carbonate (Sonon et al., 

2015). Classifying soil as saline is a result of its negative effect on most crops or ornamental 

plants (UGA) and there are varying degrees of saline soil to reflect the magnitude of that impact 

(Table 1). Plant species vary in their tolerance of salt, so there are several salinity classes (Table 

2). The concentration of salt in a substance is technically measured by evaporating off all the 

moisture and then weighing the residue of solid material remaining. This is referred to as “total 

dissolved solids,” and is reported as salts per unit volume, which is often reported in parts per 

million (PPM) or milligrams per liter (mg/L) - both of which are equivalent to mg/kg. A proxy 

measurement of total soluble salt is electrical conductivity. Due to water’s ability to conduct 

electrical current, and its relationship to the concentration of salt in a substance, salinity can be 

determined indirectly by measuring a material’s electrical conductance.  

Electrical conductivity is the capacity of a material to conduct electrical current (Grisso et 

al., 2009). This measurement is typically described in units of milliSiemens per meter (mS/m), 

but milliMhos per centimenter (mmhos/cm) is also used. Other variations of magnitude are also 

used, such as mS/cm and dS/m – which is conveniently equivalent to 1 mmhos/cm. Electrical 

conductivity (EC) of a soil in solution is measured in a lab setting with an EC probe. The 

saturation paste extract (1:1) is the standard dilution, but a soil solution (1:2) concentration and 

other dilutions can be used as well. An extract electrical conductivity (ECe) measurement of 4.0 

mS/cm or greater indicates slightly saline soil. The ECe threshold for each salinity class is based 

on the effect that it has on plants (Table 1). 
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There are both natural and non-natural causes for salt in the soil. Natural causes include 

the weathering of the underlying rock formation(s) containing salt combined with a high water 

table (Franzen, 2007). Coastal areas specifically can develop saline soils from tropical storms 

and from salt water incursion due to over-pumping of coastal aquifers (Bralower & Bice; 

Edwards & Evans, 2002; Lines-Kelly et al. 2008). Even natural precipitation patterns can impact 

the extent of salinization of soil once the salt is already there (Franzen, 2007). While topography 

is not a cause of soil salinity, it does influence where salt accumulates – regardless of whether it 

is naturally occurring salt or incorporated into the landscape from human activity (farming 

fertilizers, oilfield brine spills, etc.). Natural drainage areas and potholes accumulate salts, but 

the salt does not remain in the surface water. Rather, it is carried with the water when it moves 

laterally into the adjacent soil. This “surface water turned groundwater” can travel significant 

distances horizontally through the sediment over a long duration. As a result of that movement, 

the soil is flushed of salts – which then accumulate at the maximum depth of the water table. 

Capillary action brings the salt to the soil surface, and when the capillary water evaporates the 

salt is left on the surface. This phenomenon is not limited to natural topography, since road 

ditches, field ditches and sewage lagoons are also common repositories of salt (Franzen, 2007). 

Since the road and field ditches are areas that tend to accumulate high levels of salt under 

“normal” cropland conditions in which brine spills have not occurred, ditches were not examined 

specifically or considered a “brine source” in this study.  Non-natural causes of saline soil 

include land use practices, such as excessive fertilizer application and irrigating crops with saline 

water. Similar to irrigation using saline water, brine associated with oil development contains 

levels of salt that are not conducive to most vegetation. 

Table 1. Salinity Level Classifications. 

Reprinted from Soil Quality Indicators Fact Sheets: Soil Electrical Conductivity. Natural Resources 

Conservation Service. 
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Indicators of Saline Soil 

 

One of the most obvious visible characteristics of saline soils in seasonally wet, relatively 

low-lying areas is a white crust material on the soil surface (Franzen, 2007). This white crust can 

accumulate naturally when the water table rises during moist years, as the salt is carried upward 

with the ground water and remains at the surface when the water evaporates. The soluble salts 

accumulate on the surface forming this white crust. By this natural process however it typically 

requires several years for such an accumulation of salt to form (Agvise). Another characteristic 

of salt-impacted areas demarked with this salty layer of crust in some places, is an obvious 

boundary between the sparsely vegetated soil and where crops grow “reasonably well” (Franzen, 

2007).  Even if the aforementioned signs of saline soil are not visibly apparent, salts can still be 

present in the soil at high levels. The salts are simply dissolved in the soil moisture, and thus 

measuring the salt content is important (Franzen, 2007).  

Impact of Saline Soil 

An excessive amount of salts in the soil inhibit vegetative growth due to several reasons. 

The salts increase the osmotic tension and thereby reduce the ability of plant roots to absorb 

water from the soil (Brown et al., 1983; Corwin, 2008). In addition, high concentrations of salt 

hinders uptake of competitive nutrients, and some salts have toxic effects on plants (Brouwer et 

al. 1985, Corwin, 2008, Keiffer, 2002). Plant growth is also inhibited by salt indirectly by salt’s 

effect on soil, as the salts impact soil structure, permeability and aeration (Brown et al, 1983; 

Corwin, 2008).  Plants vary in their tolerance to salinity of soil as shown in the Table 2. For 

example, crops such as barley and sugar beets are on the upper end of the spectrum of salt 

tolerance at about 10 g/L, while many fruit trees, peas, and beans are on the lower end of salt 

tolerance at up to about 2.5 g/L (Brouwer et al. 1985). With an increase in salinity beyond a 

threshold level (respective to each plant variety) there will be a decrease in vegetative growth. 

The units are expressed as the concentration (g/L) of “total soluble salt” the chemical measure of 

electric conductivity. Salt-sensitive and salt-tolerant plants can tolerate salt concentrations with 

an EC of 2 dS/m and 8 dS/m respectively (Brown et al., 1983). Salinity levels can prevent plants 

from even germinating, with the threshold level of salinity again depending on the crop (See 

Figure 10 below for examples). 
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Table 2. Salt Tolerance Levels of Common Crops.  

A variety of common crops and their respective salinity tolerance range, with the percent reduced crop 

yield caused by salinity levels in excess of the respective tolerance threshold. Image from Natural 

Resources Conservation Service. 

 

 

 

 

 

 

 

 

 

 

Figure 10. Impact of Salinity Level on Germination Rate.  

MilliMhos/cm or mmhos/cm is equivalent to dS/m. Image from Natural Resources Conservation Service. 
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Saline Soil Remediation 

Salt accumulation in soils occurs naturally in some regions, and certain farming practices 

can exacerbate the phenomena. In the western United States and in portions of North Dakota 

saline soils pose a serious challenge to farmers, and thus strategies have been developed to 

mitigate the problem. Thus remediation projects for excessive soil salinity caused by brine spills 

have employed those strategies. Techniques for removing salt from the soil include promotion of 

surface and sub-surface drainage, and planting salt-tolerant vegetation. These techniques have 

historically been used for agricultural purposes in response to non-oilfield related salt 

accumulation, but they are being used to meet the need of remediation after brine contamination. 

Enhancement of surface drainage involves using high-volumes of freshwater to “flush out” the 

salt. Such application of freshwater in an attempt to leach the salt from the soil, is done for 

agricultural purposes, particularly in the West - where salt accumulation tends to occur naturally 

or from irrigation (Franzen, 2007). Efforts to improve sub-surface drainage involve installing a 

system of “drain tiles” underground. The system of plastic pipes relies on groundwater to carry 

the salt downward where it enters the “joints” of the pipeline, travels via the “tiles” to the outlet 

location where the saline water is then pumped into holding tanks that are situated above ground. 

The saline water – the “leachate” – is then removed and taken to a disposal site. This is only 

successful if the drain tiles are installed at the proper depth. These tile systems are rather 

expensive. For example, parallel tile line spaced 200 feet apart cost $500 or more, with clay soils 

requiring closer tile spacing (Franzen, 2007). Removal of the contaminated soil itself is another 

technique used. However, in cases where the soil contamination is deep and/or the ground water 

is contaminated prior to soil removal, the salt is not effectively removed by this method. In such 

cases, soil brought to the site to replace salt-contaminated soil can then become contaminated by 

the salt remaining in the deeper soil. This occurs when the remaining salt in the groundwater is 

brought upward due to capillary action, and then comes in contact with the “new,” 

uncontaminated soil. Though these methods are used effectively in agricultural settings when the 

cause of the salt is natural or induced by farming practices, it remains to be seen whether it will 

successfully remediate sites impacted by brine spills. Even if soil testing after installation of 

underground tiles shows reduction in salt levels over time, brine also contains trace metal and 

naturally-occurring radioactive material (NORM), which would warrant assessment as well.  
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In addition to soil contamination being a concern at the study sites, there is also the 

possibility that the wetlands have been contaminated as well, as all of the sites are bordered by 

pothole wetlands. Though two of the sites have spill reports associated with them that indicate 

the adjacent wetland was contaminated by a brine spill, only one of the sites’ spill report 

documents testing of the wetland for brine contamination. As Gleason and Tangen (2014) point 

out, there is currently no proven protocol for remediating closed-basin waters. This is 

problematic since much of the Williston Basin overlaps with the Prairie Pothole Region – which 

is characterized by a high density of pothole wetlands.  

 

Electromagnetic Induction 

Electromagnetic induction (EMI) devices detect changes in “apparent conductivity” 

(ECa) – which is the depth-weighted, average electrical conductivity measurement of a column 

of soil. This bulk soil measurement is specific to a certain depth at a specific location. The depth 

of investigation is determined by the frequency used and the conductivity level of the soil. The 

ECa measurement is influenced by many physical and chemical soil properties, as well as 

environmental factors such as air temperature and moisture. 

Factors Affecting ECa Measurements 

The soil properties that directly affect ECa measurements are soil salinity, saturation 

percentage, water content and bulk density (Corwin and Lesch, 2005). There are additional 

properties that indirectly affect ECa measurements, which include ionic composition, cation 

exchange capacity, pH, carbon, calcium carbonate, clay content and type, minerology, organic 

matter, and nutrient levels in the soil (Corwin, 2008). An example of one of these indirect effects 

on ECa is that saturation percentage and bulk density are affected by clay content and organic 

matter (Corwin and Lesch, 2005). As a result of the many soil properties that affect ECa, EMI 

technology has come to be used for assessing the variability in many associated soil and 

landscape characteristics, including soil type, water content and flow patterns, soil texture, 

compaction, organic matter, pH, and others (Doolittle and Brevik, 2014). Not only have EMI 

devices been used to map edaphic properties such salinity, it has also been used to map 

anthropogenic phenomena such as leaching fraction and compaction (Corwin, 2008). 
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Accuracy  

Electromagnetic induction (EMI) has been used in agriculture since the 1970s to 

characterize the spatial variability of soil salinity, with the first application of the technology 

occurring at the U.S. Salinity Laboratory in Riverside, CA (Corwin and Lesch, 2005). Since 

then, EMI data has been used to analyze the variation of the many other soil properties and 

processes on the field and landscape scales based on the ECa measurement’s relationship to 

those soil features. Electromagnetic technology is an ideal method for determining the within-

field spatial variability because it is faster than other methods, and produces reliable results 

(Corwin, 2008). In addition to EMI’s wide application in for measuring spatial variation in 

numerous soil properties in any setting, EMI surveys are regarded as one of the most accurate 

techniques for measuring variation at larger scales (Doolittle and Brevik, 2014; Corwin and 

Lesch). While there is limited research available on the reliability of the specific model of EMI 

meter involved in this study, studies comparing data collected by different models of EMI 

sensors have shown similar results among the different models, with the greatest similarities in 

measurement occurring among sensors with comparable depth sensitivities (Doolittle and 

Brevik, 2014). 

Limitations and Benefits 

 Collecting physical soil samples and using an EC meter to measure the EC of the soil in 

a lab setting is the standard and reliable method for determining soil. However, this is not a 

practical first step when surveying a large area that has not been delineated. EMI devices can 

survey broad areas with relatively high accuracy and speed, and thus are better suited for 

determining the boundaries of saline soil (Franzen, 2007). This ability of EMI devices and 

associated surveys is conducive to the first objective of this study. However, there are limitations 

associated with using EMI. The apparent conductivity (ECa) measurements of EMI devices 

cannot be converted into conductivity values from lab measurements of the soil saturated paste 

extract (Franzen, 2007). The electrical conductivity of a saturated soil extract (ECe) is the 

standard measure of salinity used in soil science and the literature on crops’ salt tolerance. Thus, 

for meaningful interpretation of how EMI measurements of apparent conductivity would relate to 

expected crop yield, or to confirm that salinity is the cause of reduced yield already occurring, it 

is necessary to convert the apparent conductivity (ECa) measurements to the conductivity of the 
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saturated extract (ECe). Therefore, EMI surveys require soil sampling and conductivity testing in 

a lab setting to be properly interpreted. An adequate number and design of soil samples must be 

collected to be representative of the variation in soil properties at the site (Corwin and Lesch, 

2005). By determining a few soil properties of the soil samples (bulk density, saturation 

percentage, and ECe) and adjusting for environmental conditions (temperature and moisture of 

the soil) the ECa measurements can be converted to ECe values (Corwin & Lesch, 2005). Many 

researchers have proposed methods for calibrating the ECa measurements with ECe 

measurements for specific EMI devices, with the early research summarized by Lesch (1995). 

The conversion techniques have been categorized into two main modeling types - deterministic 

and stochastic – which accomplish the same task of conversion to salinity but vary in terms of 

soil samples and data required. As a result, these approaches vary in accuracy and conclusiveness 

(Lesch, 1995). Both linear and non-linear models have been used by authors, with the non-linear 

models being parametric (Triantafilis and Mcbratney, 2000). The use of linear vs. non-linear 

regression models is partially based on the magnitude of the ECa measurements collected, as the 

relationship between ECa and ECe levels varies with salinity. At relatively low salinity levels 

<1.0 dS/m there is a linear relationship between the two parameters. It has been shown that when 

soil salinity surpasses 1.0 dS/m (100 mS/m) the linear relationship between ECe and ECa 

measurements begins to deteriorate, and by 10 dS/m (1,000 mS/m) there is no longer a linear 

relationship (Lesch, 1995).  The specifics of the conversion of ECa measurements to ECe levels 

is not included here as this project did not involve such a conversion. For brine spill impacts that 

potentially span large areas, such as the within-field scale of the study sites, it is necessary to 

first delineate the variation in salinity. This is not practically done at first pass by taking soil 

samples and measuring their saturated past extract conductivity. Without knowing the spatial 

variation in salinity levels, soil samples need to be collected at a high density such that hundreds 

of soil samples would have been necessary (Corwin, 2008). The value in conducting an EMI 

survey first, is that it reduces the number of soil samples needed and the use of a grid sampling 

pattern (Corwin, 2008), thereby reducing the time, labor, and resources of the project (Corwin 

and Lesch, 2005). EMI accomplishes this delineation of relative levels of salinity and resulting 

optimization of soil sampling because the EMI survey data can be used to create a contour map 

showing the variation in ECa levels at the site. Such maps can then be used for “ECa guided soil 
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sampling” such that the sampling design captures the variation in salinity at the site of interest 

(Corwin & Lesch, 2005). 

A limitation with EMI is that the ECa measurements are site-specific. In order to 

correctly compare one field to another in terms of the magnitude of ECa measurements – or any 

of the soil properties that correlate with this parameter – conversion to ECe is necessary. Despite 

EC of soil being dependent on interactions among numerous, variable soil attributes, and the 

complexities involved with calibrating the data, EMI is increasingly being utilized to determine 

the spatial variation of soil attributes like salinity on larger scales (Doolittle and Brevik, 2014) - 

such as those of the case study sites. Collecting physical soil samples for lab testing would be a 

logical next step upon completion on the EMI survey, if absolute EC measurements of certain 

locations of soil were desired for further study (Doolittle and Brevik, 2014). Thus, EMI is an 

appropriate tool for the field scale and for delivering the information the landowners of the sites 

need in order to make management decisions about their land. 

 

EMI for Oilfield Brine Detection 

 

Electromagnetic induction devices were once a technology used for detecting salinity 

levels for precision agriculture purposes, but in recent years, electromagnetic induction devices 

have been put to use to detect salt from an alternative source – oilfield brine. Thamke and Smith 

(2014) used EMI to delineate brine plumes in shallow aquifers in and near the East and 

Northwest Poplar oilfield in northeastern Montana. The study site totaled a 106 sq. mi. area. 

Groundwater samples from monitoring wells indicated that 12.1 sq. mi. of the aquifer are 

contaminated, with up to 1.7 sq. mi. of that being "severely contaminated" - which the authors 

defined as "unsuitable for domestic purpose" as a result of containing sodium and chloride as the 

dominant ions. EMI data from areas where ground water samples were not taken indicated that 

almost 6 additional sq. mi. may be contaminated - more than 2 sq. mi of that potentially being 

"considerably contaminated." The detected contamination indicates that over the course of 

several decades since the 1950’s, "brine plumes" migrated from their initial locations and mixed 

together with groundwater. This study benefitted from previous EMI surveying done by Thamke 

and Craig during the early 1990’s – which served as reference data for the 2009 EMI survey 

done by Thamke and Smith. Comparing the two EMI datasets of ECa measurements revealed 
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that the levels of dissolved solids had increased in the areas in or near the ~12 sq. mi. of brine- 

contaminated aquifers (Thamke & Smith, 2014). There is evidence that brine spill contamination 

has occurred at other locations within the northwest region of North Dakota. Elevated ECa levels 

have also been found near oil field infrastructure (“brine sources”) in areas affected by oil 

development of the Williston Basin within the Prairie Pothole Region (the same geological 

formation and geographical area as in this case study). To verify the EMI data, the cause of the 

elevated ECa was confirmed by testing of surface water and shallow groundwater samples from 

the study sites, with 34 of the 48 samples exhibiting moderate to extreme contamination. The 

USGS team of researchers confirmed the source of the contaminants as brine generated by 

hydrocarbon production by comparing the strontium isotopes present in the surface and 

groundwater from the study sites to the samples of brine from the Williston Basin. The authors 

assert that water sample testing verifies the accuracy of the ECa data with respect to identifying 

locations of brine-contaminated groundwater in the PPR. The sources of the brine contamination 

they identified included the “brine sources” involved in this study (i.e. discharges from oil/gas 

well, storage tanks, pipelines) as well as reserve pits (Gleason & Tangen, 2014). They also stated 

illegal dumping as a source/cause. While this case study did not examine illegal dumping of 

oilfield wastewater, roadways were mentioned as a “brine source” for this reason. 

Chapter 3 – Materials and Methods 

Choice of Study Sites 

The researcher sought study sites within the oilfields of North Dakota consisting of 

farmland located in close proximity to oilfield infrastructure where official brine spill reports 

exist and landowners were compliant with the study’s procedures. The choice of six specific sites 

on three respective landowner properties were based on both landowner requests and the 

researcher’s interest in surveying a number of sites with variation in the follow characteristics: 

type of “brine source”, spill volume, remediation and reclamation efforts, and duration since the 

spill occurrence(s). “Brine sources” in this study includes oil wells, brine injection wells, brine 

storage tanks, brine pipelines, and well access roads. Three of the case study locations that have 

undergone remediation due to the brine spills still have oil wells or brine infrastructure in 

operation. Other sites have been “reclaimed,” meaning that the brine source is no longer in 

operation, the well been plugged, and the land is no longer in use by the oil/wastewater 
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company. A brief synopsis of the spill and remediation history of the six study sites are provided 

below, along with satellite imagery of each site (Figures 11, 12, 13, 14, 15 and 16). 

Study Site Spill and Remediation History 

The potential brine source at Site 1 is an oil and gas well (# 2375) that has been plugged 

and reclaimed (Figure 11). No official spill reports exist for this location, so this site will serve as 

good comparison with the others that do have official, and unofficial, spill reports associated 

with them.  

Figure 11. Satellite Imagery of Site 1.  

Image created in Google Earth Pro. 

 

      Site 2 (Figure 12) is property belonging to the same landowner as Site 1, and these sites are 

located in in the same general area (T163 N. R82 W.), with Site 2 in Section 21. Though there 

are wells nearby and the spill reports for this location are associated with a saltwater disposal 

well, the spill at this location was from an underground brine pipeline. There were brine spills 

from the pipeline reported in 2006 and 2009 at volumes of 30 bbls. and 1.5 bbls., respectively. 

Although there is also an official report for a spill in 2013, there is a spill volume of 0 entered on 
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the report. This is odd considering there has been remediation at this site in response to the 2013 

spill, which was required by the state and funded by the responsible oil company. This 

reclamation involved digging out contaminated soil at the site and replacing it with “new,” 

presumably uncontaminated soil. The source of that soil is unknown. However, at least some 

contaminated soil was buried at the site, according to the report. This spill was not contained, 

meaning the spill did not stay within the pipeline’s “right of way.”  

      Due to not being contained, the Environmental Health Division of the North Dakota 

Department of Health was involved, as opposed to just the North Dakota Industrial Commission 

(NDIC). A follow-up note by the Dept. of Health spill inspector states that the brine spill spread 

over the land moving eastward until it reached the wetland nearby. A water sample of the 

wetland taken by Dept. of Health staff in August of 2013 measured ~1.4 µS/cm. In addition, a 

staff person of the company contracted to do the remediation of the site reported that chloride 

strips tested out of range, indicating oilfield brine had markedly impacted the wetland. Per the 

Health Department’s “recommendation”, a recovery drain and sump was installed to remove 

contaminated groundwater from the impacted area. This was observed on the visits made to Site 

2. The Health Department also “recommended” that the contractor test for benzene, toluene, 

ethylbenzene and xylene as well, though the results of that testing are not provided. 

Figure 12. Satellite Imagery of Site 2.  
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      Although Site 3 (Figure 13) does not have a brine source directly within the area of the EMI 

survey, there are two oil and gas wells (#13926 and #14508) located directly west of the area 

surveyed. There have been two reported spills at the south well (#13296); one in 2011 and 

another in 2014 – both of which were caused by valve/piping leaks. The 2011 spill reportedly 

consisted of 1 barrel of oil and no brine, though about 20 barrels of freshwater was contaminated 

– which was sucked up and disposed of via a saltwater disposal well. The 2014 spill reportedly 

consisted of a half a barrel of oil and 1.5 barrels of brine. Both spills were reportedly contained 

to the well site, and the entire quantity of spilled substances recovered in each instance. The 

report indicates that the “released fluids will be vacuumed up," though there are no follow-up 

comments in the well file verifying that.  

Figure 13. Satellite Imagery of Site 3.  
Image created in Google Earth Pro. 
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Site 4 (Figure 14) had an oil/gas well (#2673) that is no longer in operation. There is only 

one official spill report for this site and it indicates that no brine was spilled, only oil. Reportedly 

this 2011 spill amounted to 15 bbls. of oil. This well has been plugged and abandoned, and soil 

was brought in after removing the access road to the oil well. 

Figure 14. Satellite Imagery of Site 4.  
Image created in Google Earth Pro. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      At Site 5 (Figure 15) there are three potential brine sources: an oil/gas well, saltwater 

disposal well, and a central battery tank – which is a group of brine storage tanks. There are 1 

reported oil spill from the oil well, 1 reported spill from the storage tanks, and 5 reported brine 

spills from the brine injection well - though additional spills at the injection well have been 

acknowledged in court. The total reported volumes of brine spilled from these spill events are 15 
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barrels of oil (reportedly no brine) from the oil well, 818 bbls. of brine from the saltwater 

disposal well and 15 bbls. of brine from the storage tanks. As indicated by the large volumes of 

brine spilled from the injection well, some of the individual spill events were several thousand 

gallons. Some of these spills were not contained within the well pad by the gravel dike. The 

occurrence of these spills span at least eight years, with the earliest reported spill occurring in 

2007 and the most recent in March of 2015.  

Figure 15. Satellite Imagery of Site 5.  
Image created in Google Earth Pro. 
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      At Site 6 (Figure 16), remediation has taken place within portions of the survey area. Two 

reported spills exist for the oil well at this location (# 14653). Those spills occurred in 2011 and 

2014; and involved 80 bbls. and 3 bbls of brine, respectively. The 2011 spill was actually from a 

pipeline associated with this well and the 80 barrel spill reached a slough nearby. As a result of 

this spill, a portion of this site has been excavated and replaced with “new" soil.  

Figure 16. Satellite Imagery of Site 6.  
Image created in Google Earth Pro. 
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Geophysical Survey 

To address Objective #1 (Characterize the spatial variability of soil salinity, as indicated by 

variations in apparent electrical conductivity (ECa) of soil at the study sites) an electromagnetic 

induction survey was conducted. The six survey sites are located in three general areas among 

crop fields located in Bottineau County, ND: Sections 21 and 23 of Township 163, Range 82 and 

Section 32 of Township 162, Range 81. The elevation is about 450 meters (~1,500 ft.) above sea 

level in this general area. 

The specific EMI device used was the Profiler EMP-400 made by GSSI (Geophysical Survey 

Systems, Inc.). The “Profiler” can be operated in 4 orientations. The broadside orientation was 

used for three reasons. First, to cover the land area of the study sites, it was necessary to have 

considerable spacing between transects. The broadside orientation takes measurements from a 

greater width. This orientation, which is horizontal with respect to the ground, is such that the 

transmitting and receiving ends of the device are on separate transects due to the fixed coil 

spacing of 1.2 m between those ends of the device. Secondly, the broadside (horizontal) 

orientation tends to generate smaller anomalies, resulting in a better spatial resolution than that 

produced by the in-line orientation (GSSI, 2007). Therefore, this horizontal orientation was used 

in order to cover a wider swath of soil with each transect and to reduce error. The device was 

pulled behind an ATV in a wooden (i.e. non-magnetic, non-conductive) sled. Thus, the only 

movement of the device in the vertical axis was due to changes in topography. The apparent EC 

(ECa) measurements were displayed on the PDA interface as the EMI device moved over the 

soil. The real-time ECa measurements were used as a guide for determining the areal extent of 

each EMI survey, which was based on the following assumptions: (a) the salt from the brine 

spills at each site would diminish with distance from the brine source (b) that this distance could 

be detected when the ECa measurements decreased and leveled off to a consistent, smaller range 

of values, and (c) the relatively small range of low ECa values could be considered the 

“background” ECa level with respect to impact from brine spills. Thus, at the point when the 

ECa measurements did not consistently drop lower with distance from the brine source during 

the EMI survey, it was assumed that the extent of the brine spill (i.e. salt) was reached and that a 

background ECa level was detected. The value at which the ECa measurements leveled off with 

distance from the brine sources was in the range of ~20-50 mS/m. Incidentally, this ECa range is 

consistent with the background ECa range found by a USGS study that also employed 
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electromagnetic devices to assess brine spill impacts in 3 sites in Montana and North Dakota that 

are also in the same geographical region and geological basin as the sites of this study (Gleason 

& Tangen, 2014). While this does not ensure that the other soil properties that influence ECa 

would be at the same levels in the soil of the sites in the USGS study (which included oilfield 

sites in northwestern North Dakota) and the soil of the sites in this case study (which are in 

oilfields of north-central North Dakota), it is validation that an ECa range of 20-50 mS/m is a 

reasonable background ECa level for soils of the Prairie Pothole Region of North Dakota 

affected by brine from the Williston Basin. Therefore, it was assumed that an ECa value of 50 

mS/m and below indicated detection of soil that had not been impacted by brine spills, or at least 

did not have a remaining impact from those spills. 

The device was calibrated at each of the three general field areas prior to the survey to 

account for the differences in soil moisture, clay content, pH and other factors that affect the site-

specific ECa measurement. The frequencies of 5, 10 and 15 kHz were chosen, as each of these 

provided the most consistent readings for ECa of soil located at a distance from the spill location 

where there appeared to be no impact from brine – or at least no remaining impact. The Profiler 

was operated in “continuous mode,” as this mode allows the rate of data collection to be set by 

the user. The device was set to sample and record a measurement every second, as this was the 

rate at which the GPS updated. The rate of travel over the site varied depending on terrain, so the 

spatial separation between measurements are varied. As stated previously, the areal extent of the 

brine spills is not recorded in the spill reports, and thus the extent of salt from the spills was 

unknown at the time of the survey. So several acres around the presumed source of brine was 

surveyed at each site until a background level was reached as previously described. 

Due to the size of the areas surveyed and associated time constraints, spacing between 

transects was required. Temperature and moisture content in the air and soil affect the ECa 

measurements. As such, soil ECa measured early on during a survey will not be comparable to 

measurements taken towards the end of the survey if the temperature changed significantly or if 

precipitation occurred. Again, the broadside orientation (horizontal with respect to the ground) is 

best for such large-scale sampling, as this orientation covers a larger area per transect than the in-

line orientation (GSSI, 2007). The transects were spaced 40 feet apart using a guidance system 

called the Outback S-Lite. The GPS was equipped with WAAS correction, or “Wide Area 

Augmentation System,” which uses a system of satellites and ground stations that provide GPS 
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signal corrections (Garmin) to improve the accuracy of the spatial coordinates recorded during 

the survey. The EMI sensor itself was operated from a personal digital assistant (“PDA”) which 

was controlled via a wireless communication system. In general, a serpentine pattern with 40 

foot spacing was maintained until the entirety of each site was covered, except for incidences in 

which obstructions (such as wetlands, wells, and well access roads) prevented a straight line 

path.  

Physical Soil Sampling 

Physical soil samples were taken at each of the six sites to be analyzed later for some of the 

soil properties that affect ECa. At each of the six survey sites, three soil samples were collected. 

The samples were collected in an attempt to capture some of the within-site variation of the soil 

properties. At the time of sampling, there was not data available regarding any of the within-site 

variation in the levels of soil properties that affect ECa levels. To at least represent some of the 

variation in salinity (ECe), soil sample locations were chosen according to the variation in ECa 

levels – as shown by the PDA interface of the EMI device during the survey done just prior to 

sampling. This was done for purposes of “ground-truthing” the EMI signal data, and for relating 

the ECa measurements with soil properties that directly affect it. A stainless steel trowel was 

used to collect the samples, which were then stored in separate containers until testing in a lab 

setting. The EMI data and soil sample locations are pictured in the map images below (Figures 

17-22).  
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Figure 17. Site 1 EMI Data and Soil Sample Locations.  

Image created in ArcMap. 
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Figure 18. Site 2 EMI Data and Soil Sample Locations.  

Image created in ArcMap. 
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Figure 19. Site 3 EMI Data and Soil Sample Locations. 

Image created in ArcMap. 
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Figure 20. Site 4 EMI Data and Soil Sample Locations. 

Image created in ArcMap. 
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Figure 21. Site 5 EMI Data and Soil Sample Locations. 

Image created in ArcMap. 
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Figure 22. Site 6 EMI Data and Soil Sample Locations. 

Image created in ArcMap. 
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EMI Data Processing and Interpolation 

Upon completion of surveying the six sites, the geo-referenced data were processed by 

using a software recommended by the makers of the Profiler EMP-400 - Geophysical Survey 

Systems, Inc. The data is stored as .EMI files – which were opened in MagMap to view the data 

and export it for visualization and use in other software. All three conductivity measurements 

associated with the three frequencies were viewed, and the frequency that measured the greatest 

variation in ECa measurements at each site was selected. The data were then exported as a .dat 

file for use in Surfer – which is a mapping software made by Golden Software (Golden, 

Colorado). The kriging method was used to interpolate the six datasets so that it could be 

visually determine whether elevated ECa measurements correlated with the location of “brine 

sources” (i.e. oil wells, saltwater disposal wells, brine storage tanks, brine pipelines, roadways). 

The kriging method was used because it is commonly used for environmental applications 

including modeling of soil and groundwater systems (EPA), which are the systems most 

involved in the fate of brine spill contaminants. One assumption of the kriging method is that 

there is some degree of spatial autocorrelation occurring in the dataset. To make that 

determination, the data were plotted in a variogram. This is explained in more detail in the 

Statistical Analysis section. 

After confirming that areas immediately around brine sources had considerably higher 

ECa measurements that dissipated in magnitude with distance from brine sources (values 3-10 

times that of background level), more spatial analysis was pursued. The data were then exported 

from Surfer as a Microsoft Excel file to be opened in ArcMap (ESRI; Redlands, California). The 

point data were then again interpolated to create contour maps of the ECa data using the kriging 

method in ArcMap. The interpolated ECa contour maps were overlaid with satellite imagery to 

view the overlap of the ECa levels with respect to the brine sources. 

Statistical Analysis 

Statistical analyses of the EMI data were done for the following reasons: (a) to validate 

the contour maps that were created in fulfillment of Objective #1 (Characterize the spatial 

variability of ECa within the survey sites), and (b) to address Objective #2 (Determine potential 

causal relationship between elevated ECa measurements and source location of brine at each 

EMI survey site.). As alluded to above, much of the results of the statistical analyses done simply 

describe the spatial variability of the apparent EC (ECa) levels that are already displayed by the 

interpolated contour maps created in ArcMap, but the statistical test results do this in more 
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quantified, numerical (rather than visual) terms. Also, this study did not involve collection of soil 

samples prior to the brine spills – which would have provided baseline ECa and salinity (ECe) 

levels for the study sites. Lacking such baseline data makes it difficult to demonstrate causation 

of the elevated ECa levels found at the sites without chemical analysis of the specific salts and 

other compounds in the soil and comparison with the chemistry of the brine from the Madison 

Formation. While the statistical analyses performed in this study do not determine causation of 

the observed ECa data, the correlations and probabilities their results report do provide indication 

as to the likelihood of an observed spatial pattern occurring. That overall spatial pattern, as 

shown in the contour maps, is clustering of high ECa measurements about the brine sources that 

tend to decrease with distance from those brine sources. By reporting the probability of the 

observed spatial pattern within a given dataset occurring by chance, the statistical tests indicate 

the potential influence that the “station” (here, the brine source) has had on the dataset. 

Therefore, the statistical tests were done to verify and numerically report what is visibly evident 

from the ECa contour maps that were created in fulfillment of Objective #1; and to gain insight 

regarding the influence that the brine sources may be having on the elevated ECa levels nearby, 

in partial fulfillment of Objective #2 (Determine potential causal relationship between elevated 

ECa measurements and source location of brine at each EMI survey site.). All statistical analysis 

described below were done in RStudio.  

Variogram 

First, the EMI data from each site was plotted in a variogram in order to understand the 

spatial correlation of the ECa measurements. A variogram shows a spatial dataset’s level of 

semivariance, which is the degree of relatedness between two points on a surface of spatial data. 

The measurement of semivariance is half of the variance of the differences between all the points 

in the grid. The “separation distance” is the distance between the measurements that are being 

compared. At separation distance zero the semivariance will always be zero, because the points 

are simply being compared to themselves. The semivariance will increase with distance because 

the points are being compared to increasingly distant points. However, at some distance the 

semivariance will level off, indicating that the relatedness of any two data points beyond the 

associated distance in the x-axis is equal to that of all the data of the spatial dataset. This value in 

the semivariogram where autocorrelation ceases is called the range, and the associated 

(separation) distance value in the x-axis is called the sill. In this case, the sill is the greatest 
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distance over which two apparent conductivity measurements occur and remain similar enough 

in magnitude such that they exhibit autocorrelation.  

As alluded to above, the value of the semivariogram should be zero at distance zero 

(“zero separation distance”). In practice, however, semivariogram models often exhibit a value 

>0 at extremely small separation distances. This phenomenon is called the nugget effect, and it is 

caused by measurement errors inherent in devices and/or variation in the data at a smaller scale 

than that at which the data were collected (ArcGIS). 

Autocorrelation 

An autocorrelation test was done to statistically verify that similar ECa measurements are 

clustered together with respect to their distance from the brine source(s)2 at each respective 

survey site. Though this clustering of similar ECa levels was already visually evident from the 

interpolated ECa contour maps created in ArcMap, doing an autocorrelation test is important, 

because the presence of spatial autocorrelation in a dataset determines what other statistical 

analyses are legitimate for that dataset. If no spatial autocorrelation exists, then standard 

statistical approaches can be used. If spatial autocorrelation does occur then the results of 

standard statistical analysis may be incorrect (UCLA). 

 Autocorrelation is a measure of the similarity of values with respect to their distance 

from each other. When spatial structure of similar measurements occurs within a landscape, it 

serves as statistical evidence of a non-random influence occurring, warranting further 

investigation regarding the source of that influence (ArcGIS2). In this case, the non-random 

spatial influence are brine spills from the “brine sources” at each site. Therefore, while 

determining the presence of autocorrelation is valuable for guiding further statistical analysis, the 

main purpose of this test was to determine the potential of a causal relationship between the 

location of elevated ECa measurements and the brine spills that have occurred from the brine 

sources (i.e. Objective #2).   

Aside from guiding the next statistical methods used, an autocorrelation test indicates the 

likelihood of a given spatial pattern (i.e. autocorrelation) occurring by chance, as this is 

essentially how the test determines the degree of autocorrelation present in the spatial dataset. 

Reporting the probability of a given site’s ECa contours or “patterns” is of interest because it 

helps address the potential causal relationship between the brine sources and the exhibited spatial 

                                                 
2 “Brine sources” refers to oil wells, brine injection wells, brine storage tanks, brine pipelines, and roadways. 
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clustering of elevated ECa measurements around the brine sources, which is Objective #2. The 

Moran’s I test determines the probability of the pattern happening due to random chance alone 

by “reshuffling” the data spatially to simulate a “random chance spatial process”, and then it 

measures the degree of autocorrelation that exists (ArcGIS).  

The spatial trend in the data (i.e. degree of autocorrelation) can be described as clustered, 

dispersed, or random about a “station”. In this case, the “stations” are the brine sources at each 

site. Clustering, or positive autocorrelation, occurs when similar values are located near one 

another. Dispersion, or negative autocorrelation, occurs when dissimilar values occur near one 

another. Of particular interest are the elevated ECa measurements that are clustered around the 

brine sources as displayed in the interpolated contour maps. To determine that trend, the test 

involves measuring the distance of each data point from the station. The distances and magnitude 

of those data points are then compared using the weighted inverse distances correlation (UCLA).  

The test statistics generated are the “observed” value (also, “Moran’s I Index”), 

“expected” value, and p-value. Comparison of the observed vs. the expected values determines 

whether to reject the null hypothesis, which is that the spatial pattern is random. As alluded 

above, The Moran’s I Index is an inferential statistic that indicates whether the observed 

arrangement of values is caused by a spatial process or could be attributed to random chance 

alone (ArcGIS). When the “observed” value (Moran’s I Index) differs from the “expected” value 

by at least one standard deviation, it is indicative that there is more autocorrelation (spatial 

pattern) present than that which occurs when the data is randomly assigned a location within the 

site. Then the p-value of this test indicates the probability that the null hypothesis is rejected in 

error, which in turn indicates the likelihood of whether the spatial pattern could be due to chance 

alone.  

Prior to running the code for the actual test, the ECa dataset of each EMI survey was 

resampled such that the EMI data were in the form of a grid, as opposed to the single-direction 

(north-south) transects by which the data was collected. Gridding was done to establish the 

sampling necessary for the assumptions of the autocorrelation test itself. In order to not discard 

any data, the grid was formed using matrices of the mean calculation of ECa measurements 

located in close proximity. The matrix was created to be the appropriate size and shape for the 

number of X and Y grid divisions of the EMI survey area. 
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Therefore, the results of the statistical analyses pertain to the gridded averages of all the 

ECa measurements each site. Then the Moran’s I autocorrelation analysis was run, and plots 

were produced for each site. Due to the highest ECa measurements being located mostly near the 

brine sources, using all the ECa measurements for the Moran’s I test may not be the most 

accurate way to assess and describe the degree of autocorrelation for the rest of the site (i.e. the 

areas not immediately adjacent to the brine sources). To examine the autocorrelation of the site 

in such a way that would prevent those clusters of high ECa values from mischaracterizing the 

spatial pattern of the rest of the site (i.e. away from the brine sources), a second Moran’s I test 

was done in which the data located within close proximity to the brine sources was excluded. 

The distance threshold was a site-specific distance at which the elevated ECa levels decrease to a 

range that is more consistent with the ECa measurements at a distance from the brine source. 

This distance was assumed to signify the extent of the brine spill’s lasting impact (at least at the 

near-surface depth. 

Sign Test 

To further address Objective #2 (Determine a potential causal relationship between the 

elevated ECa measurements and the brine sources), another statistical test was done that 

examined the magnitude of ECa values with respect to their distance from the brine sources. 

While the autocorrelation test addressed the pattern in the data (location of similar values) with 

respect to their distance from brine sources, it does not quantify the magnitude of those 

measurements. The clustering of high ECa values is of greatest interest since ECa measurements 

are positively correlated with salinity levels, which could be elevated from the brine spills that 

have occurred at each site. 

As mentioned previously, the autocorrelation test can be used to indicate what types of 

statistical tests could reasonably be done. In addition to the presence of autocorrelation 

confirmed by the Moran’s I test, standard statistical methods could not be used to analyze the 

data because they exhibit a non-normal distribution, are not symmetrical, and were not randomly 

selected. Therefore, a nonparametric Sign Test was done to determine whether measurements 

sampled in close proximity to the brine sources are statistically higher than those taken at a 

distance from the brine sources. Again this appears to be evident from the interpolated contour 

maps. However, the results of the sign test will verify the phenomena displayed in the contour 
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maps and somewhat quantify the differences in the magnitude of ECa measurements with respect 

to distance from the brine sources.  

A one-sided Sign Test divides data into two groups and determines the number of 

observations that are greater than or less than a “hypothesized median.” In this case the data 

points were divided into two groups according to their distance from the brine source. The 

distance used was the site-specific threshold distance – which was assumed to indicate the 

minimum distance from the brine source at which the brine spill appears to have a lasting impact 

– as indicated by ECa levels. .By determining the number of ECa measurements within that 

threshold distance that are greater than the assumed background ECa level, the presumed impact 

area of the brine spills would be quantified in terms of its effect on ECa levels – which correlate 

to salinity levels. 

This test simply determines whether measurements are greater than or less than the 

hypothesized median (i.e. background ECa level of 50), and then measures the true median of the 

group of measurements beyond vs. within the distance threshold. Again, the distance threshold 

was a site-specific distance at which the elevated ECa values near the brine source dropped to a 

level that was more consistent with the ECa levels farthest away from the source within the site – 

presumably less affected or unaffected by the brine spill(s). A one-sided test was run in which 

the null hypothesis is that median is 50 (mS/m), and the results showing the number of 

measurements that are greater than 50 mS/m. 

Soil Analysis 

The extract electrical conductivity (ECe), pH, and texture of each soil sample was 

analyzed. The conductivity (ECe) of the samples was analyzed because ECe is indicative of the 

salinity level. Determining the salinity levels provides additional information regarding the ECa 

measurements of the EMI survey, as ECe and ECa are positively correlated. If an adequate 

number and spacing of samples is performed, ECe measurements of soil samples can be used to 

create a regression equation which is then applied to the ECa data, resulting in predicted salinity 

levels for the whole survey site (Lesch et al., 1995). Such a conversion from ECa data to salinity 

levels is highly valuable; however, as stated previously, requires a larger number of samples per 

unit area, as well as a sampling design tailored to each site to capture the majority of variation in 

the soil property of interest (Corwin et al., 2005). Since the spatial variation of the soil properties 
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and their associated levels at each site were unknown, the EMI survey was the first step in 

determining that spatial variation and relative magnitude. 

  Soil particle size (texture) and pH affect electrical conductivity measurements, as do 

several other soil properties (i.e. moisture content, bulk density, saturation percentage). It is 

necessary to determine the soil samples’ texture because clay content and type affects EMI 

measurements. Clay’s cation exchange capacity (CEC) is higher than the other soil texture types 

and CEC increases conductivity. Clay content indirectly affects EMI signals via its influence on 

a soil’s saturation percentage and bulk density (Corwin and Lesch, 2005). Due to these effects, 

electromagnetic (EM) surveys have been used to measure clay content, type, and the depth to 

clay for agricultural purposes. The pH indirectly affects soil ECa measurements, so EM studies 

have examined ECa data for site-specific relationships with pH as well. As discussed by Corwin 

et al. (2006), the strength, type, and accuracy of a correlation between ECa measurements and 

soil properties that affect it, including clay and pH, depends on the site and the sampling design 

used. When done accurately, the correlations can be used to determine the degree to which the 

relevant soil properties are likely contributing to an ECa measurement. This would be desirable 

for future study, should the landowners choose to pursue it, because it would conclusively 

determine whether there is a causal relationship between elevated ECa measurements and brine 

sources, which would completely fulfill Objective #2. However, the number of samples collected 

in this study does not allow for the site-specific relationship between the ECa measurements and 

the clay/pH to be determined. Instead the spatial ECa data were analyzed using statistical 

methods that address Objective #2 from a statistical perspective. Ultimately, the additional 

information of the ECe, clay content, and pH level for the 3 sampling locations at each site 

provide incidental information and data points to reference for comparison if further testing or 

remediation is conducted at these sites in the future. 

Conductivity and pH 

Though measuring the EC of a (1:1) saturated paste extract with an EC probe is the 

preferred method for determining soil salinity, it is more time-consuming and the equipment was 

not available. A faster alternative, the 1:2 soil solution, can be used to determine EC with a 

meter, too. Furthermore, the 1:2 volume extract is recommended because it is a compromise 

between the saturation-past extract (1:1) and the “weight” extracts that involve more dilution 
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(Rhoades et al., 1999). The 1:2 solution was done instead of the paste extract, as the EC value 

determined can then be converted to a saturated paste extract conductivity (ECe) value, as 

desired. Converting to the saturated paste extract conductivity (ECe) is desirable because the 

literature on soil salinity, EMI methods, and salt tolerance of crops uses the ECe measurement. 

 To prepare the soil samples for analysis, they were dried in an oven at 105 degrees C 

overnight to insure that moisture would not contribute to the soil samples’ weight. Each sample 

was then sieved to a 2 mm soil particle size, weighed to 25 g., and placed in a beaker. Fifty mL 

distilled water was added to the beaker, creating a solution. The conductivity and pH of the soil 

solutions were measured nearly simultaneously with the Hannah Instruments model 5521, a two-

channel meter with probes for conductivity and pH that automatically adjust for temperature. The 

electrodes function accurately from 0-100 C. Then the conductivity of the solution was converted 

to ECe, which is sometimes called the “salt index.” The conversion consists of the following 

simple equation: EC (salt index) = EC (2:1) x 8. This salt index value will be referred to as ECe 

to describe the conductivity measurements of the 18 soil samples (3 per each of the 6 sites) for 

the remainder of the document. 

Texture 

The hydrometer method was used for assessing the soil particle size distribution of the 

samples. Soil texture is a description of the proportion of sand, silt, and clay particles in a soil 

sample. These particles measure between 2000 – 50 µm, 50 – 2.0 µm, and < 2.0 µm respectively. 

As a result of their varying size, these soil particles fall out of suspension of the aqueous solution 

at different rates over time. This phenomenon is described by Stokes Law, which describes the 

relationship between the distribution of soil particle size and the rate at which the particles sink. 

The hydrometer quantitatively determines the relative amounts of these three soil particles in a 

sample as determined by their settling rates in an aqueous solution. 

In preparation for the hydrometer measurement, each soil sample was dried and sieved as 

done for the ECe and pH measurements. Fifty grams of each sample was placed in a glass 

beaker. A de-flocculent solution consisting of sodium metaphosphate solution and DI water was 

added and the solution was mixed thoroughly. After sitting overnight, the samples were mixed 

with an electric mixer to thoroughly disperse the soil particles. The solutions were then placed in 
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cylinders. To suspend the soil particles in the solution, the cylinders were inverted and then the 

hydrometer was carefully placed in the solution after the prescribed amount of time has passed, 

and then then the hydrometer reading was recorded.  

To determine the corresponding ECa value at the location for each soil sample 

measurement, the coordinates of each physical soil sample location were displayed in ArcMap. 

By using the intersect tool, the ECa dataset used to create the interpolated contour maps was 

combined with the dataset of the three ECe measurements of the soil samples for each site. One 

is then able to see the corresponding ECa measurement at each sample location. If the soil 

sample was not collected along one of the EMI survey transects, then the interpolated ECa value 

for that location was used. 

 

Chapter 4: Results and Discussion 

Apparent Conductivity Contour Maps  

The maps created in Surfer via interpolation of the EMI signal data show the extent of varying 

levels of apparent conductivity (ECa) measurements via the corresponding color and contour 

lines. The white areas around the outside of the map image within the boundary of the gray 

frame are areas where no EMI data were collected due to wetlands. The map images shown in 

figure 23 show the apparent conductivity (ECa) - the relative average level of conductivity for a 

profile of soil – throughout each of the six survey sites. The units of the measurements shown in 

the color scale and the corresponding contour line values are milliSeimens per meter (mS/m). As 

shown, the apparent conductivity (ECa) measurements range from less than 100 around the 

perimeter of the sites to more than 300 mS/m near the brine sources at all sites, with some sites 

having measurements exceeding 475 mS/m at some locations. 
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Figure 23. Interpolated Apparent Conductivity Contour Maps 
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Comparison of Apparent Conductivity among the Study Sites 

The median and mean values of apparent conductivity measurements from the 

electromagnetic induction device are relatively consistent among the six sites in comparison to 

the variation in maximum measurements among sites (Figure 24). The median ECa measurement 

among the sites varies from 36 to 71 mS/m and the mean varies from 41 to 83 mS/m. However, 

the mean and median measurements are not useful for comparison of elevated ECa levels across 

sites, however, as the sites contain differing proportions of land area affected vs. not affected by 

brine spills. As indicated previously, it was unknown at the time of the survey how far the salt 

from the brine spills had extended from the brine source. Therefore, each site’s mean and median 

measurements should not be used to compare the relative area or degree of saline soil among the 

sites. 

The variation in minimum values is relatively low with a range of 27, and this indicates 

that the presumed unaffected soil used as background ECa levels was fairly consistent across the 

six sites. This was to be expected since each survey extended out from each brine source until the 

ECa measurements became low and relatively stable to determine the background ECa level. 

While the minimum values were fairly consistent, the maximum values varied considerably, with 

a range of 348 mS/m. This large range is likely due to the variation among the sites with respect 

to the following factors: the volume of brine spilled, duration since the spill, and remediation 

efforts taken – as described in the Spill and Remediation History section.  

Figure 24. EMI Data Summary Statistics. 
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Site 1 has the lowest mean, median, minimum, and the second to lowest maximum ECa 

values. This is consistent with there being no official spill reports for this location. This site had 

an oil well (#2375), which has been plugged and reclaimed. Sites 1 and 2 are managed by the 

same landowner and are geographically closer to each other than they are to the other four sites. 

In keeping with the soil similarities that result from proximity and similar land management, Site 

2 has the most similar ECa summary statistics with Site 1. Site 2’s maximum ECa level of 145 is 

the lowest maximum among the 6 study sites. Though the maximum ECa measurements of Site 1 

and 2 are the two lowest among the sites, these levels (145 and 152 mS/m) are still three times 

greater than the background level observed in this study.  

Site 3 has the highest maximum ECa level among the sites surveyed, as well as the 

highest median and mean – though the latter two statistics are not good measures to compare 

across sites. As mentioned previously, there are no brine sources within the survey area at Site 3, 

but there are two oil wells located nearby (#14508 and #13926). The very elevated ECa 

maximum of 529 is only found in a very small area of the surveyed location, which sharply 

decreases to the 100-200 mS/m range. This abrupt decrease could be occurring because of the 

relatively long distance between the surveyed area and the two brine sources - with which the 

high ECa measurements appear to correspond. Even if the relatively few EMI signals in the 500+ 

range are discarded as outliers, the multitude of ECa measurements in the 100-200 range are 2-4 

times that of the assumed background ECa level themselves. The two oil wells located directly 

west of the two clusters of elevated ECa levels indicates that those two oil wells should be 

included in the survey area if another EMI survey were done.  

Site 4 had an oil/gas well (#2673) that is no longer in operation. There is only one official 

spill report for this site and it indicates that no brine was spilled, only oil. Reportedly this 2011 

oil spill amounted to 15 bbls. This is not consistent with the ECa measurements at the site. Nor is 

it consistent with the ECa levels and associated extent occurring at Site 1 – which also had no 

brine spills reported. However, the maximum ECa of 476 mS/m as well as the interpolated ECa 

map indicate that ECa levels exceed the assumed background level by a factor as great as nine. 

 At Site 5 there are three potential brine sources: an oil/gas well, saltwater disposal 

well, and a central battery tank. Its maximum ECa measurement of 303 is more than six times 

that of the background level. If the few ECa measurements above 250 are excluded, the site still 

has as numerous measurements in the 100-250 mS/m range – which exceed background level by 
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a factor of 2-5. As such, it is possible that the excavation depth or extent at this site was not 

adequate, or that more brine has been spilled since the excavation. When the excavation depth is 

not adequate the salinity can return to the excavated site via the groundwater which carries the 

salt from the adjacent or underlying soil, resulting in re-contamination of the site. 

 At Site 6, spills from the oil well (# 14653) have resulted in soil excavation and 

replacement. With a maximum measurement of 325 mS/m, ECa levels exceed background by a 

factor greater than 6. If the relatively few measurements above 250 are excluded, there are still 

numerous ECa measurements 2-4 times that of the background level. Based on this, and the 

interpolated contour map, it is possible that the soil excavation resulting from the relatively large 

80 bbls spill that reached the slough may not have been adequate. It is also possible that more 

brine has been spilled since the excavation. 

Apparent Conductivity Maps and Satellite Imagery  

The interpolated map images shown hereafter were interpolated using all of the same 

EMI data as the interpolated images created using Surfer (shown above). However, areas outside 

of the data collection area, such as wetlands, were included in the interpolation calculation - 

resulting in rectangular images. Map images of the EMI data collection route for each site, the 

corresponding interpolated map, and the soil sample locations are shown below (Figures 25, 26, 

28, 29, 30, and 31). As shown by the underlying satellite imagery, the higher levels of ECa 

correspond to the location of “brine sources” (i.e. oil wells, “saltwater disposal wells,” brine 

storage tanks, brine pipelines, and roadways). The number displayed next to each soil sample 

location is the soil sample’s ID number. 

The oil well at Site 1 is no longer in operation and has been plugged (see Figure 25). The 

well is shown to demonstrate that the location of the elevated ECa levels (> 50 mS/m) 

corresponds to the location of the oil well, as shown in Figure 25. The areas in which there is no 

coloration in the contour map are areas of no data due to signal error during the EMI survey. 

Signal error of the EMI device only occurred at this site – presumably due to the heavy fog that 

was present at the time. The fog had lifted by the beginning of the next survey. The EMI device 

did not experience signal error at any of the other study sites. 
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Figure 25. Site 1 Interpolated Apparent Conductivity and Soil Sample Locations

 

     Site 2 is an exception to the other sites in that the source of the brine is not visible from above 

ground (see Figure 26). The spills that occurred at this site were from an underground brine 

pipeline due to a “valve/piping connection leak.” There is a wetland to the east of this spill 

location that begins to the right of the faint black line running diagonal in between the right edge 

of the survey and the right edge of the image. The most recent reported brine spill at this site 

occurred in 2013, and the contaminated soil was excavated as a result. The location of that 

excavation is pictured via satellite imagery in Figure 27. It is possible that the excavation did not 

extend far enough east, as there is still a cluster of ECa levels 2-3 times higher than that of the 

assumed background level just east of where the excavation took place – as shown in Figure 26 

and Figure 27. A state spill inspector noted that the brine spill flowed across the site from west to 

east and into the aforementioned pothole wetland. That wetland has been tested for brine 

contamination since the 2013 pipeline spill, and the chloride strip test indicated contamination of 

the wetland. Based on the ECa data showing markedly increased ECa levels in between the 
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excavation site and the wetland that the brine flowed into, salt from the brine spill likely remains 

in the soil on the eastern portion of the spill site where the elevated ECa levels occur as shown in 

Figure 26 below. 

Figure 26. Site 2 Interpolated Apparent Conductivity and Soil Sample Locations.  
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Figure 27. Satellite Imagery of Site 2 Excavation Area.  
This satellite imagery from Google Earth reveals the general area of the soil excavation on August 19th, 

2013 in response to the brine spills that had occurred at this location. Image adapted from Google Earth 

Pro. 
 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At Site 3, the area that was surveyed does not actually contain any brine sources, but 

there are two located in close proximity (see Figure 28). Two oil wells are located to the west 

(left) of the colored image, but were not included in the survey area due to being across the 

property line. Salinity from oil development was suspected at this site due to barren soil and 

thriving weeds growing within the site. These weeds were sampled and identified as halophytes, 

with one of the species being a salt-accumulator. This is discussed further later on the in this 

chapter. As shown in Figure 28, the location of the two areas of highest ECa measurements (red) 

correspond to the location of the two oil wells, with the levels decreasing with distance from the 

wells.  
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Figure 28. Site 3 Interpolated Apparent Conductivity Map and Soil Sample Locations 

 

      At Site 4 the oil well shown via satellite imagery is no longer in operation and has been 

plugged (see Figure 29). Similarly, the well access road has been removed. The well and 

roadway are pictured here to demonstrate that the location of the elevated ECa levels (> 50 

mS/m), particularly above 78 mS/m, correspond to the location of the oil well and well access 

road as shown in Figure 29 below.  
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Figure 29. Site 4 Interpolated Apparent Conductivity Map and Soil Sample Locations. 

 

     Unlike the other study sites, Site 5 has multiple brine sources within the surveyed area. These 

brine sources are located in two general areas (see Figure 30).  An oil well is located toward the 

north end of the survey site near the wetland boundary, and a saltwater disposal well and brine 

storage tanks are located in the middle of the survey site – as indicated by the relatively large, 

oval area roughly in the center of the survey area. As shown in Figure 30 the major cluster of 

highest ECa levels (red area) corresponds to the location of the saltwater disposal well and the 

brine storage tanks. The cluster of the highest ECa measurements (red) around these brine 

sources is considerably larger than the cluster of highest ECa measurements at the north end of 
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the survey site. The location of the larger cluster of elevated ECa levels is consistent with the 

relatively larger spill volumes reported for the brine well/tanks (832 bbls) compared to the oil 

well (0 bbls brine, 15 bbls oil). The relatively smaller clusters of elevated ECa levels on the north 

end of the site – which are nearer to the oil well than the brine well/tanks - could be due to the 

brine injection well’s high-volume spills. The elevation is lower towards the north end of the 

site, as evidenced by the wetland north of the surveyed area; so the brine from the injection 

well’s spills may have migrated north to those locations. 

Figure 30. Site 5 Interpolated Apparent Conductivity Map and Soil Sample Locations. 
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The brine source at Site 6 is an oil/gas well. The location of the largest cluster of the 

highest ECa levels correspond to the location of the well, as shown in Figure 31. However, 

smaller clusters of those 100+ ECa levels also occur at the north end of the site. Remediation has 

occurred northwest of the well - which could explain why the elevated ECa levels decrease 

abruptly directly northwest of the well, and then increase again abruptly further northwest. One 

spill at this location reportedly contaminated the wetland at this site, so the elevated ECa levels 

further away from the well could be from that spill. 

Figure 31. Site 6 Interpolated Apparent Conductivity Map and Soil Sample Locations. 
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Soil Sample Testing  

Electromagnetic induction (EMI) surveys require soil sampling and consequent 

conductivity testing in a lab setting to be properly interpreted. An adequate number and design of 

soil samples must be collected to be representative of the variation in soil properties at the site 

(Corwin and Lesch, 2005). Though an adequate number of samples were not collected for 

conversion from ECa to ECe measurements for interpolation purposes, the three samples 

collected at each site can provide incidental verification of the salinity levels present within the 

EMI survey area.  

The site that each sample came from is indicated by the first digit of their “sample ID” 

number. For example, samples 4.1, 4.2 and 4.3 are from Site 4. The digit in the tenths place 

simply indicates the order in which they were sampled within the site. Together these digits are 

used as the “sample ID” for plotting the location of these samples in ArcMap. The results of each 

of the soil analysis are below, followed by discussion of each soil property (EC, clay, pH) 

regarding the EMI survey’s ECa measurements. 

Soil Electrical Conductivity  

The raw results of the EC probe measurements with error bars are provided below (Figures 32 

and 33), followed by interpretation of the EC measurements with respect to soil texture class in 

order to estimate soil salinity (Table 3). The EC values were later converted from the 1:2 dilution 

to the equivalent saturated paste extract value, but the original EC measurements are in the two 

figures below. The EC values are accurate within 0.05 for measurements less than 2 mS/cm, as 

shown in Figure 32. The EC values are accurate within 0.30 for measurements ranging from 2-4 

mS/cm, as shown in Figure 33. Thus, the soil samples’ are shown in two graphs to display those 

differing error margins. Each soil sample’s salinity class, adjusted for its corresponding texture 

class, is displayed in Table 3. 
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Figure 32. Soil Samples with EC (1:2) under 2.0 mS/cm. 

 
 Figure 33. Soil Samples with EC (1:2) over 2.0 mS/cm. 
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Table 3. Soil Salinity as Indicated by ECe Measurement. 

Texture-Adjusted Salinity Key 

  Non-saline 

  Slightly  

  Moderately 

  Strongly 

  Very Saline 

The salinity levels of the soil samples vary from an extract electrical conductivity value 

of ~2.2 to 162 mS/cm, with the average measurement being ~36 mS/cm. A soil ECe value from 

0-2 mS/cm (or dS/m) indicates “non-saline” soil. According to the Natural Resource 

Conservation Service’s most recent soil survey data, the general area containing these study sites 

has a soil electrical conductivity of 1-2 mS/cm (NRCS). However, the NRCS’s soil surveys are 

done for agricultural purposes so the sampling done is on a larger (5 acre) scale than would be 

necessary for these sites. This survey by the NRCS does not provide definitive soil data for each 

site as it lacks the precision for the small scale of these sites, but it can serve as a reference. An 

ECe in the 1-2 mS/cm range does not explain the barren soil that is evident in portions of the 

EMI survey sites, nor the reduced crop yields that landowners report. Given the larger scale at 

Sample 

EC 1:2 

(mS/cm) Texture Class 

Texture-Adjusted 

Salinity Class 

1.1 0.27 Sandy Loam Non-saline 

1.2 6.02 Sandy Clay Loam Strongly 

1.3 6.03 Sandy Clay Loam Strongly 

2.1 1.34 Clay Non-saline 

2.2 5.56 Sandy Clay Loam Strongly 

2.3 5.85 Loam Strongly 

3.1 0.41 Sandy Clay Loam Non-saline 

3.2 20.25 Clay Very saline 

3.3 0.42 Sandy Clay Loam Non-saline 

4.1 9.09 Sandy Clay Loam Strongly 

4.2 0.82 Sandy Clay Loam Non-saline 

4.3 4.36 Sandy Clay Loam Moderately  

5.1 4.99 Sandy Clay Loam Moderately  

5.2 8.40 Sandy Clay Loam Strongly 

5.3 1.55 Sandy Loam Strongly 

6.1 0.27 Clay Non-saline 

6.2 0.47 Sandy Loam Non-saline 

6.3 5.13 Sandy Loam Strongly 
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which the NRCS’s soil survey is conducted, it is likely that the precision is not adequate to 

account for brine-affected areas like the study sites.  

Since the EC measurements were done using a diluted soil solution rather than the paste 

extract, the range in EC values corresponding to each salinity class varies depending on the 

associated texture class. Several samples are in the non-saline category which is characterized by 

a conductivity of 0-2 mS/cm when measured by the saturated paste extract method. The (7) non-

saline samples are 1.1, 2.1, 3.1, 3.3, 4.2, 6.1 and 6.2 are in this salinity category. The next 

salinity class is “slightly saline” – which consists of ECe values from 2-4 mS/cm when using the 

saturated paste extract method. Seedlings and sensitive crops may be inhibited at this level of 

salinity (UGA). A soil with extract electrical conductivity (ECe) in the range of 4-8 mS/cm is 

classified as “moderately saline” soil. Samples 4.3 and 5.1 are in this range in which sensitive 

crops will be severely impacted, and most crops that are not “salt-tolerant” will be adversely 

affected as well. The next salinity class, “strongly saline,” has an extract electrical conductivity 

ranging from 8-16 mS/cm, which includes eight of the soil samples (1.2, 1.3, 2.2, 2.3, 4.1, 5.2, 

5.3, and 6.3). In this range only salt-tolerant plants will survive. Soil with an extract electrical 

conductivity greater than 16 mS/cm is classified as “very saline” soil in which very few species, 

known as halophytes (salt-lovers), will survive. One sample, 3.2, is in this salinity class. 

Incidentally it is a clay soil, which is susceptible to accumulating salt due to not draining well. 

Therefore, all of the samples collected are saline to some extent and half (9) of the 

samples collected have an ECe measurement indicative of strongly saline soil or higher, in which 

only the most salt-tolerant species can grow. There is at least one such sample from each site, 

which indicates that at least an area within each site contains soil in which even the most salt-

tolerant crops grown in the region would not survive. The eight most saline soils are not only in 

this most extreme soil salinity category, but actually far exceed the 16 mS/m extract electrical 

conductivity threshold in every instance, with all of these samples being at least two times the 

extract conductivity threshold value of 16 mS/cm. The highest conductivity measurement is over 

ten times the highest salinity class threshold ECe value at 162 mS/cm (sample 3.2). Even if 

Sample 3.2 is excluded as an outlier, the next highest measurement is still considerably elevated 

at ~72.7 mS/cm (sample 4.1), which exceeds the highest salinity class threshold 4.5 times over. 

Overall, these results show that there are locations within each study site that have elevated 

salinity to the degree that even the most salt tolerant crops grown in the region will not grow, 
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which is consistent with the reduced crop yields reported by landowners. This exceptionally 

elevated salinity could be from brine spills, as discussed more in depth in the statistical analysis 

section later in this document.  

ECa levels and Salinity 

 To put the ECa measurements into context in terms of the related salinity level of the 

soil, the ECa levels must be compared to the extract electrical conductivity (ECe) measurements 

of the samples. The graph below (Figure 34), shows the ECe measurements of the three soil 

samples per site, and the corresponding ECa level for the location of each sample. Figure 35 

shows the relationship between these two measurements at the sites. The map images (Figures 

36-41) show the location of each soil sample and its ECe measurement amidst the ECa levels 

determined by kriging. The pH and clay measurements, are discussed thereafter. The electrical 

conductivity of the 1:2 soil dilution was converted to the saturated paste extract equivalent. The 

electrical conductivity of the samples is referred to in terms of the saturated paste extract value 

hereafter. 

Figure 34. Comparison of Soil Sample Salinity (ECe) and Apparent Conductivity (ECa).  
This graphs shows the ECe (converted to extract conductivity equivalent) of each soil sample and the 

corresponding ECa measurement from the same location.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
3 Due to GPS signal error while collecting soil samples, one of the samples at both sites 1 and 4 do not have a 

corresponding ECa value. Thus there are only two ECe:ECa comparisons for those sites, as the ECe measurement of 

the soil sample lacking coordinates could then not be matched to the ECa value at the corresponding location. The 

GPS used for the soil samples is separate from the GPS integrated with the EMI device (Profiler EMP-400) – which 

had no noticeable signal errors. 
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Figure 35. Relationship between Soil Sample Salinity (ECe) and Apparent Conductivity (ECa). 

  

 The EMI meter’s ECa measurements and the EC meter’s conductivity measurements 

exhibit only a very weak linear correlation. This is to be expected for two reasons: (a) apparent 

conductivity (ECa) is a site-specific measurements whose specific relationship to ECe will vary 

(by site), and (b.) the linear relationship between these parameters is not expressed at 

conductivity measurements over 10 dS/m. To remedy the former, the ECe measurements are 

discussed on a site-by-site basis with respect to the interpolated ECa maps shown below. Due to 

the latter, more complicated analysis (in addition to more soil samples) would be necessary to 

determine the precise relationship between the EMI meter’s ECa measurements and the ECe 

measurements for purposes of converting the EMI data to equivalent extract conductivity 

measurements. 

 As shown in the map images, the ECe (salinity) measurements are generally 

consistent with the ECa measurements within each site, meaning the magnitude of the ECe 

measurement are higher in the areas of higher ECa. Site 4 is an exception to this expected trend, 

as the soil sample with the lower ECe of the two samples is in a higher ECa area than the other 

sample. Specifically, the sample with lower ECe is in the area of the highest ECa level (red) – 

which corresponds to the location of the brine source. In all other cases, however, higher salinity 

measurements occur in the higher ECa areas. The presence of saline soil, and particularly very 

strongly saline soil, validates the elevated ECa levels of the EMI survey. 
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 At Site 1 the two soil samples have an ECe of about 2 and 48 mS/cm, with a 

corresponding ECa value of 21 and 94 mS/m occurring at those two locations. As shown in 

Figure 36, the sample locations are within the lowest ECa level (<50 mS/m) as shown in green, 

and highest ECa level (>95 mS/m) as shown in red within the site - allowing for the extremes in 

ECa at this site to be represented. Thus the two soil samples represent some of variation in 

salinity at this site, as indicated by the spatial variation in ECa. However, the highest ECa level 

(red) extends from about 100 to 152 mS/m. With the highest ECa level corresponding to a 

sampling location being lower than this range at 94 mS/m, even higher salinity (ECe) levels than 

that of the two samples may exist at this site. For brevity, the rest of the soil samples’ ECe 

measurement and corresponding ECa values for a sample’s location will be reported as follows: 

ECe measurement(ECa value).   

Figure 36. Site 1 Apparent Conductivity Levels and Soil Sample Extract Conductivity. 
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At Site 2 the three soil samples measured about 11(51), 44(96), and 47(84). As shown in 

Figure 37, the three samples were collected from each of the two extreme ECa levels (green and 

red) and one of the intermediate levels (orange). As such, the three soil samples represent some 

of the variation in salinity at this site, as indicated by the variation in ECa. However, the highest 

ECa level (red) extends from about 100 to 145 mS/m. With the highest ECa level corresponding 

to a sampling location with ECe value lower than this range at 96 mS/m, even higher salinity 

(ECe) levels than that of the two samples may exist at this site. 

Figure 37. Site 2 Apparent Conductivity Levels and Soil Sample Extract Conductivity. 
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      At Site 3 the three soil samples measured 3(89), 162(174), and 3(62). As shown in Figure 38, 

the three samples were collected from each of the two extreme ECa levels (green and red) and 

one of the intermediate levels (orange). Thus the three soil samples do represent some of the 

variation in salinity at this site, as indicated by variation in ECa. However, the highest ECa level 

(red) extends from about 100 to almost 530 mS/m at Site 3. Considering that the highest ECa 

corresponding to the location of one of the soil samples was at the low end of this range at 174 

mS/m, even higher salinity (ECe) levels than that of the two samples may exist at this site.  

Figure 38. Site 3 Apparent Conductivity Levels and Soil Sample Extract Conductivity. 
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At Site 4 the conductivity of the two soil samples measured 7(189), and 35(59). As 

shown in Figure 39, the three samples were collected from each of the two extreme ECa levels 

(green and red), thus representing a fair amount of the variation in salinity at this site – as 

indicated by variation in ECa. However, the highest ECa level (red) extends from about 100 to 

just over 475 mS/m at Site 4. Considering that the highest ECa corresponding to the location of 

one of the soil samples was at the low end of this range at 189 mS/m, even higher salinity (ECe) 

levels than that of the two samples may exist at this site. 

Figure 39. Site 4 Apparent Conductivity Levels and Soil Sample Extract Conductivity. 
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      At Site 5 the three soil samples measured 40(78), 67(47) and 12(62). As shown in Figure 40, 

the three samples were collected from areas with low (green) and intermediate (yellow) ECa 

values. Thus the soil samples do not represent the full range of salinity at this site, according to 

the interpolated ECa map. Specifically, the highest ECa level (red) is not represented, which has 

a range of about 100 to over 300 mS/m at this site. Thus, not having a sample from an area with 

this highest ECa level indicates that a considerable range in ECe is not represented. Being that 

the highest ECa (corresponding to the location) of one of the soil samples was considerably 

below this range at 67 mS/m, even higher salinity (ECe) levels than that of the three samples 

likely exist within this site.  

Figure 40. Site 5 Apparent Conductivity Levels and Soil Sample Extract Conductivity.  

 



72 

 

 

 

      At Site 6 the three soil samples measured approximately (40), 4(47) and 41(138). As shown 

in Figure 41, the three samples were collected from each of the two extreme ECa levels (green 

and red), thus representing some of the variation in salinity at this site, as indicated by variation 

in ECa. However, the highest ECa level (red) ranges from ~100-325 mS/m at Site 6. Being that 

the highest ECa corresponding to the location of one of the soil samples was at the low end of 

this range at 138 mS/m, even higher salinity (ECe) levels than that of the three samples may exist 

at this site.  

Figure 41. Site 6 Apparent Conductivity Levels and Soil Sample Extract Conductivity. 
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Soil Clay Content and pH Results 

 The results of the texture analysis via the hydrometer method and pH meter 

measurements are shown below in Figure 42. The data provide more incidental verification of 

the ECa data, in addition to the ECe measurements. The range in the values of ECe, clay content 

and pH measurements among the samples from each site is not necessarily indicative of the soil 

property variation at each site. The samples were collected in an attempt to capture some of the 

variation, as had been indicated by the EMI survey. 

Figure 42. Soil Conductivity, Clay Content, and pH. 
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Soil Texture 

The results of the texture analysis are displayed in Table 4 and Figure 43 below: 

Table 4. Particle Size Distribution and Associated Texture Class. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in the graph below (Figure 43), soil samples consist primarily of sand. The 

clay levels among all the samples vary from 10.6% to 42.6%, with the mean being ~24%. This 

mean value of ~24% is consistent with that reported in the Bottineau County soil survey by the 

Natural Resource Conservation Service, which indicates that the areas containing the study sites 

have a clay content of 23.7% to 24.2%. Three samples have a clay content above 40%, 

classifying them as clay soils. Ten of the soil samples have a proportion of clay particles 

Sample 

% 

Sand 

% 

Silt 

% 

Clay Texture Class 

1.1 66.6 18.8 14.6 Sandy Loam 

1.2 50.6 24.8 24.6 Sandy Clay Loam 

1.3 48.6 24.8 26.6 Sandy Clay Loam 

2.1 32.6 24.8 42.6 Clay 

2.2 52.6 22.8 24.6 Sandy Clay Loam 

2.3 48.6 34.8 16.6 Loam 

3.1 56.6 22.8 20.6 Sandy Clay Loam 

3.2 40.6 16.8 42.6 Clay 

3.3 62.6 22.8 14.6 Sandy Clay Loam 

4.1 52.6 22.8 24.6 Sandy Clay Loam 

4.2 46.6 24.8 28.6 Sandy Clay Loam 

4.3 48.6 22.8 28.6 Sandy Clay Loam 

5.1 60.6 18.8 20.6 Sandy Clay Loam 

5.2 60.6 18.8 20.6 Sandy Clay Loam 

5.3 64.6 22.8 12.6 Sandy Loam 

6.1 32.6 24.8 42.6 Clay 

6.2 64.6 24.8 10.6 Sandy Loam 

6.3 58.6 24.8 16.6 Sandy Loam 
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necessary to be considered sandy clay loams. The rest of the samples do not have consist enough 

clay particles to be considered a clay or partial clay soil.  

Figure 43. Graph of Particle Size Distribution.  

The samples marked 43% are the clay samples, which are composed of 42.6% clay particles. Soils with 

>40% clay particles are clay soils (Samples 2.1, 3.2, and 6.1). 

 

 

 

 

 

 

 

 

 

Clay Content and Salinity (ECe)  

The three clay soils (samples with >40% clay particles) are of particular interest here 

because clay content and type (minerology) affect soil conductivity measurements. Clay has a 

negative net charge and a higher surface area than the other soil particle types, and thus has a 

higher cation exchange capacity (CEC) than the other classes of soil textures. Clay soils that 

primarily have clay minerals with a high CEC will then have a higher conductivity than clay 

soils that primarily have clay minerals with a low CEC. Regardless of the specific minerals, 

clays increase the magnitude of the ECe measurement due to having a higher CEC (NRCS1). The 

“base cations,” or the main soil cations, are calcium, magnesium, potassium, and sodium. All of 

these cations contribute to the conductivity of the soil, yet sodium is of primary interest given its 

high concentration in brine of the Williston Basin. Another result of clay particle high surface 

area, is that clay soils are slower to drain, which also makes them prone to accumulating sodium 

– making them susceptible to becoming sodic soils. See the graphs below for comparison of clay 
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and ECe measurements (Figure 44) and the relationship between those two measurements 

(Figure 45). 

Figure 44. Clay Content and ECe Measurements. 

 

Figure 45. Relationship between Clay Content and ECe Measurements.
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High clay content would occur in the higher ECe samples if clay was the predominant 

influence of the soil conductivity of those samples. Instead, the soil samples in the highest 

salinity class (>16 mS/cm) - which are samples 1.2, 1.3, 2.2, 2.3, 3.2, 4.1, 4.3, 5.1, 5.2, and 6.3 - 

do not correspond to any particular soil texture class despite texture’s effect on conductivity via 

cation exchange capacity and drainage (i.e. salt accumulation). Rather, those most saline samples 

vary among four texture classes: clay, sandy clay loam, sandy loam, and loam. Only one of those 

strongly saline samples is a clay soil (Sample 3.2) – which is also the sample with the highest 

ECe level (162 mS/cm). Thus, for sample 3.2, clay content could be the predominant influence 

of the elevated conductivity. This does not mean that there is not elevated salinity at site 3.2, but 

rather that clay is co-occurring with the elevated salinity levels, and is likely exacerbating the 

soil salinity problem.  

The other two clay soil samples - 2.1 and 6.1 – have salinity levels that are saline to a 

much lesser extent at ~10.7 and 2.2 mS/cm, respectively. In terms of salinity class, they are as 

follows: sample 2.1 has a conductivity in the moderately saline range, sample 3.2 is in the 

strongly saline range, and sample 6.1 is in the very slightly saline range. The ECe measurements 

of these three clay soil samples vary by ~160 mS/m. Each of these clay soils contain 42.6% clay 

particles, so the clay content alone does not account for the variation in ECe among these 

samples. This indicates that clay content (and associated higher CEC) is not the cause of the 

elevated ECe levels of those three clay samples; as the ECe levels would not vary so extremely 

among them if clay content alone were the cause. The inconsistency in ECe levels among the 

clay samples, the variability in soil texture classes of the ten most saline samples, and the general 

lack of a consistent relationship between the two properties’ measurements indicates that clay 

content is not the cause of the high ECe measurements of the samples. These findings in turn 

indicate that the clay is not the predominant influence of the associated high ECa measurements. 

In order to understand the clay content in terms of the EMI survey, more soil sampling and 

analysis would be needed. The precise relationship between the clay and the ECa measurements 

is beyond the scope of this study.  

Soil pH and ECe 

The pH of soil is an important indicator of soil health in terms of the availability of 

nutrients to the plants. Soils with a pH less than 7 are considered acidic, and pH levels greater 

than 7 are considered basic or alkaline. A soil pH ranging from 6.8 to 7.2 is referred to as “near 
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neutral.” Many crops grow best in pH conditions ranging from 6.0-7.0, with some crops thriving 

under even more acidic conditions. When the base cations (calcium, magnesium, potassium, and 

sodium) are replaced by hydrogen ions, the soil becomes acidic. Thus pH indicates how much of 

these nutrients, that is, these ions, are present in the soil. The sodium cation is of particular 

interest as it, along with the chloride anion, are the predominant salt components present in the 

Williston Basin brine. A pH below 7 indicates that the concentration of the base cations, which 

includes sodium, is low, and thus have been replaced by hydrogen ions in the soil. Conversely, a 

high pH indicates that that sodium and the other base cations are present at high levels. This is 

problematic because alkaline soil is less soluble, and the plants are deprived of the nutrients as a 

result, causing reduced growth.  

Figure 46. Extract Conductivity and pH Measurements. 

 
 

The pH of the samples ranges from 7.5 – 8.8, with an average of ~8.2, indicating that all 

the samples are alkaline. These measurements are fairly consistent with the NRCS’ soil survey 

data for the general areas containing the study sites, in which the average pH is reported at 7.0 to 

8.0 (NRCS). However, the NRCS soil survey is not a verified measure of the variation in pH to 

the precision necessary for the scale of the study sites. Differences in pH can even occur within a 

field, due to differing parent material and farming practices (Wick, 2014), so it is possible that 

neither the NRCS soil survey nor the study sampling captures the variation in pH at each site.  

2

48 48

11

44 47

3

162

3

73

7

35 40

67

12
2 4

41

8.7 8.5 8.8 7.7 8.5 8.8 7.5 8.3 8.0 7.6 8.7 8.1 7.8 8.0 8.3
8.2 8.1

7.9

0

20

40

60

80

100

120

140

160

180

1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3 4.1 4.2 4.3 5.1 5.2 5.3 6.1 6.2 6.3

ECe Vs. pH

ECe pH



79 

 

 

 

All the soil samples being alkaline (pH >7) indicates that the soil contains a relatively 

high concentration of the base cations calcium, magnesium, potassium and sodium. Soils 

containing high levels of sodium (“sodic soils”) tend to have a high pH in the range of 8.5-12. 

However, sodic soils have been found in southwest North Dakota with a pH less than 6, with 

some areas in those fields being even more acidic (Franzen, 2007). Thus, soil with pH below the 

8.5-12 range can still have excess sodium. A general guideline for glacial till soils of North 

Dakota is that salt-accumulation be investigated when pH levels exceed 8.4 (Franzen, 2007). The 

pH exceeds this 8.4 threshold for all samples at Site 1, two samples at Site 2, and one sample at 

Site 4. Furthermore, two of the three soil samples at each of these sites (1, 2, & 4) have an ECe 

in the most severe salinity level category (>16 mS/cm), which further evidences the hypothesis 

that these sites have prohibitively high levels of sodium.  

In summary, the ECe measurements verify that soil at each of the study sites contains 

saline soil, with all soil samples being at least “very slightly saline” (>2 mS/cm), and more than 

half being “strong saline” (>16 mS/cm). The alkaline pH measurements are consistent with the 

elevated ECe measurements, with six samples indicating sodic soil. Clay content does not 

appear to be the cause of the elevated salinity levels. Thus, the soil samples confirm the 

variation of ECa measurements of the EMI device, and the markedly elevated ECa levels - as 

shown in the contour maps. Therefore Objective #1 of characterizing the spatial variation of 

salinity – as indicated by ECa - has been addressed. Though the clay content and pH 

measurements help to address the causal relationship of the elevated ECa levels, the proximity 

of the elevated ECa measurements and their distance in relation to similarly elevated ECa 

measurement needed to be addressed for fulfilment of Objective 2.  This was done via spatial 

statistical analysis.  

Spatial Statistical Analysis   

Variogram 

A variogram shows a spatial dataset’s level of semivariance – which is the degree of 

relatedness between points on a surface. The variogram of each site’s EMI data are shown below 

in Figures 47, 48, 49, 50, and 51 below. Later, the raw autocorrelation (Moran’s I) test results of 

each site at shown in Tables 5, 6, 7, 8 and 9. There are no statistical analysis of Site 3 because 

the brine sources associated with that site were not included in the area of the EMI survey, for 

aforementioned reasons. Thus, there was no “station” (i.e. brine source coordinates) from which 

to measure distances at that site. “Gridded” data refers to the averaged ECa measurements used 
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to form a grid in order to establish the sampling necessary for the autocorrelation test, as 

previously discussed. The x-axis “distance” is the separation distance between the averaged ECa 

measurements in the grid, which are compared to calculate autocorrelation at each site. The 

distance units are in decimal degrees, as these are omnidirectional variograms in which the 

measurements are made going out in all directions from each gridded ECa data point. As shown 

in Figures 47-51 below, there is positive autocorrelation at each site, but the separation distance 

between measurements at which autocorrelation exists (the peak or “sill”) varies among the sites. 

Figure 47. Site 1 Variogram.  

As shown, the level of semivariance at Site 1 reaches its peak (the sill) at the corresponding 

distance value (the range) of ~0.0006 decimal degrees. 

 

 

 

 

 

 

 

 

 

Figure 48. Site 2 Variogram.  
The level of semivariance at Site 2 reaches its peak (the sill) at the corresponding distance value (the 

range) of ~0.0023 decimal degrees.  
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Figure 49. Site 4 Variogram.  

The level of semivariance at Site 4 reaches its peak (the sill) at the corresponding distance value (the 

range) of ~0.008 decimal degrees.  

 

Figure 50. Site 5 Variogram.  

The level of semivariance at Site 5 reaches its peak (the sill) at the corresponding distance value (the 

range) of ~0.0013 decimal degrees. 
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Figure 51. Site 6 Variogram.  

The level of semivariance at Site 6 reaches its peak (the sill) at the corresponding distance value (the 

range) of ~0.0007 decimal degrees.  

 
Autocorrelation (Moran’s I) Interpretation  

As alluded to previously, the magnitude of the Moran’s I Index (or “observed” value) 

indicates the tendency of the data towards a pattern - clustering or dispersion, as opposed to 

“complete spatial randomness.” Clustering occurs when similar sample values (i.e. ECa 

measurements) are located in close proximity. Dispersion occurs when similar sample values 

(i.e. ECa measurements) are located relatively far apart and dissimilar sample values are located 

adjacently. A Moran’s I Index of positive 1.0 would indicate total clustering of ECa 

measurements. Contrastingly, a negative 1.0 Moran’s I Index would indicate total dispersion of 

ECa measurements (ESRI). Therefore, a positive Moran’s I Index value indicates that the dataset 

exhibits some degree of clustering, while a negative value indicates that data exhibits some 

degree of dispersion. The null hypothesis of the test is that there is complete spatial randomness 

of the values associated with the observations. In this case, the ECa values in the dataset would 

exhibit no spatial trend with respect to their proximity to the “brine sources.” Of interest here is 

the similar ECa measurements that appear to be clustered around the brine sources as shown in 

the contour maps. Rejection of the null hypothesis, or failure to do so, is determined by two 

factors: (a) the difference between the “observed” (Moran’s I Index) value and the “expected” 

value, and (b) the p-value. To reject the null hypothesis the observed value must differ 
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(greater/less than) the expected value by at least one standard deviation, and the p-value must be 

below the critical value for the chosen confidence level. 

The first Moran’s I test measured the similarity of all the resampled data points with 

respect to their distance from the brine source(s). As shown in Tables 5, 6, 7, 8, and 9, the 

“observed values” (Moran’s I Index) are positive at each of the sites, so a spatial pattern of 

clustering about the brine sources is occurring at all sites. The observed value for each site 

exceeds the expected value by more than one standard deviation, indicating rejection of the null 

hypothesis at every site (except Site 3 which wasn’t tested as previously indicated). Thus, there 

is a statistically greater degree positive autocorrelation, which is clustering of ECa 

measurements, with respect to distance from the brine sources than would occur due to random 

chance alone. There is less than 0.1% chance of the null hypothesis being rejected in error, as the 

p-value is less than 0.001 in each case. Therefore, there is virtually no probability (< one in a 

thousand chance) that the observed spatial pattern of clustering of ECa levels about the brine 

source is occurring by chance at the sites. 

Clustering of high ECa measurements around oil wells at the sites confirms what was 

visibly evident from the interpolated contour maps of ECa measurements (shown in the previous 

section). Based on these maps, there are also high ECa levels clustered along the well access 

roads at sites 4 and 5. Clustering around the roadway was not tested for statistical significance, 

but the clustering of high values shown by the contour maps is consistent with the hypothesis 

that the brine sources are influencing the elevated ECa levels, as trucks carrying brine produced 

or injected into these wells exclusively travel along this road. 

The second version of the autocorrelation test excluded the measurements “near” the 

brine source(s) at each site. The threshold distance at which to exclude measurements varies 

among the sites, as it is the site-specific distance at which the ECa measurements decline to a 

level relatively more consistent with the measurements around the perimeter of the sites away 

from the brine sources. This distance was selected by viewing the gridded ECa data in a 

scatterplot (Figures 52, 53, 54, 55, and 56 below). Selecting the threshold distance based on the 

magnitude of ECa levels at a respective distance divided the data into two groups based on their 

presumed affectedness from the brine spills: within the threshold distance vs. outside the 

threshold distance - which is presumably less/not impacted by brine.  
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The “observed” value (Moran’s I Index) for this “distant” group of measurements at each 

site is positive, so a pattern of clustering in the data occurs even for just the measurements 

located beyond the distance threshold from the brine sources. This was to be expected, however, 

as ecological variables such as soil properties, vegetation, and moisture exhibit autocorrelation 

(i.e. tend to occur in clusters). What is of interest, however, is how the degree of autocorrelation 

of the data far from the brine sources4 compares to the degree of autocorrelation of the data 

within the distance threshold where the ECa levels are particularly elevated. 

Figure 52. Site 1 Scatterplot.  
The distance threshold used for Site 1 was 0.042 decimal degrees. 

 

Figure 53. Site 2 Scatterplot. 
The distance threshold used for Site 2 was 0.1588 decimal degrees. 

 

                                                 
4 The black circles indicate the magnitude of the ECa measurements with respect to their distance from 

the brine source. 
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Figure 54. Site 4 Scatterplot.  
The distance threshold used for Site 4 was 0.0018 decimal degrees. 

 
 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 55a. Site 5 Scatterplot.  
The circles indicate the magnitude of the ECa measurements with respect to their distance from the two ar

eas in which the three brine sources are located.  

 
 

 

Key: 

 

Red = distance to Oil Well 

 

Black = distance to 
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and Brine Storage Tanks 
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distance to the Brine 

Sources 

 

 

 

As shown previously in the interpolated ECa contour map of Site 5, the largest cluster of 

elevated ECa measurements occur around the saltwater disposal well and brine storage tanks – as 



86 

 

 

 

opposed to the oil well on the north end of the site. The cluster of elevated ECa do not 

correspond well with the oil well, as indicated again here by the relatively large distances from 

the oil well at which the highest ECa values occur (red circles). Thus, the distance threshold was 

based on distance from the disposal well and storage tanks. Figure 55b shows the magnitude of 

ECa measurements with respect to their distance the disposal well and tanks.  

Figure 55b. Scatterplot with respect to Saltwater Disposal Well and Brine Storage Tanks. 
The distance threshold used was 0.002 decimal degrees. 

 
Figure 56. Site 6 Scatterplot.  

The distance threshold used for Site 6 was 0.002 decimal degrees. 
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For the second trial of the autocorrelation test excluding the ECa measurements within 

the threshold distance, the null hypothesis of complete spatial randomness is rejected. The 

“expected” value is less than the “observed” (Moran’s I Index) value at each site by more than 

one standard deviation, indicating rejection of the null hypothesis (Tables 5-9). The p-value at 

each site is less than 0.001, so there is very low (<0.001%) chance that the null hypothesis is 

being rejected in error. The degree of clustering among those measurements located beyond the 

distance threshold from the brine source is less than the degree of clustering occurring among the 

measurements located within that distance to the brine sources. This is evidenced by the first trial 

of the Moran’s I test (all data points included) having a higher observed value than that of the 

second version, which excluded the measurements sampled near the brine sources. This 

difference between the two versions shows that the degree of clustering is not consistent 

throughout the site. More specifically, the degree of clustering decreases with distance from the 

brine sources. The first trial of the autocorrelation test indicated presence of autocorrelation in 

the EMI data that random chance alone could not cause. The second trial involving only those 

data outside the threshold distance exhibits autocorrelation too, but to a lesser extent. This 

indicates that the ECa measurements near the brine sources, which happen to be the most 

elevated, exhibit a degree of autocorrelation greater than what is characteristic of soil at that site. 

In turn, this implies that the data are influenced by the “station” from which the sampling 

distances were measured. The stations in this case are the brine sources. The autocorrelation test 

results for all the gridded data and the result when excluding the ECa data within the threshold 

distance are shown below in Tables 5, 6, 7, 8, and 9.  

Table 5. Site 1 Autocorrelation Results.  

Site 1 Test 

Statistics 

 All 

Gridded 

Data 

Excluding 

Data Near 

Brine Source 

Observed 0.28 0.13 

Expected -0.012 -0.0025 

Standard Dev. 0.055 0.0042 

P-Value 8.67E-08 0 
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Table 6. Site 2 Autocorrelation Results. 

Site 2 Test 

Statistics 

 All 

Gridded 

Data 

Excluding 

Data Near 

Brine Source 

Observed 0.64 0.27 

Expected -0.008 -0.002 

Standard Dev. 0.067 0.005 

P-Value 0 0 

Table 7. Site 4 Autocorrelation Results. 

Site 4 Test 

Statistics 

All 

Gridded 

Data  

Excluding 

Data Near 

Brine Source 

Observed 0.3 0.13 

Expected -0.008 -0.0016 

Standard Dev. 0.05 0.003 

P-Value 0.24 0 

Table 8. Site 5 Autocorrelation Results. 

Site 5 Test 

Statistics 

 All 

Gridded 

Data 

Excluding 

Data Near 

Brine Sources 

Observed 0.502 0.22 

Expected 0.0016 0.00052 

Standard Dev. 0.033 0.0015 

P-Value 0 
  0 

 

Table 9. Site 6 Autocorrelation Results. 

 

 

Site 6 Test 

Statistics 

 All 

Gridded 

Data 

Excluding 

Data Near 

Brine Sources 

Observed 0.38 0.1 

Expected -0.002 -0.0005 

Standard Dev. 0.024 0.001 

P-Value 0 0 

Given the brine spills that have been reported at each of the sites except Site 1, and the 

presence of brine-bearing infrastructure at all of them (i.e. a “brine source”), brine spills from 

these “stations” have likely influenced the spatial pattern in the ECa measurements. Furthermore, 

the distance from the brine sources at which the measurements no longer present the spatial trend 
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is possibly the extent to which the brine (i.e. salt) spread, or at least the extent to which their 

impact on the soil still remains, as indicated by the lower “observed” value (Moran’s I Index) in 

the Moran’s I trial excluding the gridded ECa within the threshold distance of the brine sources. 

Sign Test Interpretation 

The non-parametric Sign Test was used to determine whether there is a statistically 

significant difference in the magnitude of measurements sampled close to the brine sources and 

those sampled far away. If the reported median is a value between the lower and upper bounds of 

the confidence interval, then the null hypothesis is rejected. The null hypothesis in this case is 

that there is no statistically significant difference between the magnitudes of ECa measurements 

sampled close to the brine sources versus those ECa measurements sampled at a distance from 

the brine sources. The s-statistic is simply the number of observations to which there is a positive 

difference between the data and the designated value of interest (the hypothesized median).  

At all the sites except Site 1, the true median of the measurements within the site-specific 

threshold distance is greater than 50, the “hypothesized median.” As discussed previously, fifty 

(mS/m) was used because ECa measurements <50 mS/m were assumed to be background level. 

The results of the sign test for each site are shown in Table 10. Site 1 had a median value less 

than 50, which appears to be due to the relatively smaller area of elevated ECa levels in 

comparison to the other five sites. As shown in Table 10 below, the true median for Site 1 is ~ 36 

at a 95% confidence level. This likely occurred because Site 1 has a relatively small area in 

which ECa levels are elevated around the brine source. For the other sites, which have median 

values above 50, the true median is within the 95% confidence interval and the p-value is nearly 

zero. Thus, the median of the ECa measurements within the threshold distance from the brine 

sources are significantly higher than 50 mS/m (i.e. background level) at sites where brine spills 

have been reported. 

Table 10. Sign Test Results. 

  Site 1 Site 2 Site 4 Site 5 Site 6 

S 70 469 491 1014 1330 

P-value 0 2.23E-16 2.20E-16 2.20E-16 2.20E-16 

Median 36.03 69.18 65.12 67.36 55.3 

95% C.I. 33.43 - Inf 67.54-Inf. 63.37-Inf.  65.05-Inf.  54.44-Inf. 
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In summary, the results of the first autocorrelation test show that clustering of ECa 

measurements around the brine sources – which happen to be the highest elevated ECa 

measurements at each site - is occurring to a degree that is likely not caused by chance alone. 

This indicates that the brine sources are influencing the ECa levels. Higher autocorrelation 

among all the data in comparison to only the EMI data located beyond the distance threshold 

from the brine sources, indicates that the degree of autocorrelation near the brine sources is not 

entirely attributable to “nature” - referring to the autocorrelation that occurs naturally with 

respect to environmental variables (e.g. soil properties, moisture content). As shown by the sign 

test results, the ECa levels in close proximity to the brine sources being higher than the ECa 

levels farther away confirms the clustering of high ECa levels around the brine sources shown in 

the interpolated contour maps. It is also further indication that the brine sources are having an 

increasing influence on the ECa measurements located nearby (within the threshold distance). 

This suggests that the brine spills that have occurred at the sites may have a remaining impact on 

the soil. 

Supplementary Results 

ECe levels and Crop Yield 

Most plants experience stress from salinity at ECe levels exceeding 2.0 mS/cm (200 

mS/m). All of the samples measured greater than 2.0 mS/cm, so many crop plants would 

experience stress due to excess salt at any of the sampling locations at the study sites. The 

highest measurement ECe measurement among the samples, 162 mS/cm, is more than 80 times 

the salinity threshold of 2 mS/cm. This measurement comes from Site 3 and the apparent 

conductivity reading corresponding to that location is 174 mS/m. An ECa of 174 mS/m is 

considerably elevated in comparison to the minimum, mean, median, and assumed background 

ECa levels at Site 3.  

Barley is one of the more salt-tolerant crops grown in the region in which the study sites 

are located. Within an ECe range of 4.5-5.7 dS/m, barley will experience stress due to salinity, 

making it considered a “moderately salt tolerant” plant. For every EC unit above that threshold, a 

5% reduction in yield will occur. There will be no crop yield above 16 dS/m (Ogle, 2010). Based 

on the ECe measurements of the soil samples and the relationship between ECe and ECa, 

portions of each of the study site are inhospitable to even a moderately salt-tolerant crop, such as 

barley. 
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 Barley’s salt-tolerance was compared to the ECe measurements of the soil samples as an 

exercise in illustrating the effect that the salinity levels of the soil samples would have on barley 

crop yield (Table 20). To be conservative in the estimate of the hypothetical reduction in yield, 

the upper end of barley’s salt-tolerance range was used (5.7 dS/m). Though the percent yield is 

of more importance for purposes here, an actual yield was used as a reference point for 

illustrative purposes in the last column of Table 20. The “hypothetical yield” used was 64.8 

bu/acre – which is based on the National Agricultural Statistics Service crop survey data of 

barley yield in Bottineau county in recent years. 

Table 11. Hypothetical Reduction in Barley Yield. 

This table shows the yield reduction expected to occur in soil with ECe levels of the soil samples. This is 

not a prediction of the percent yield that would happen at any one of the fields in which the study sites are 

located, but rather a demonstration of the percent yield that would occur in soil with EC levels at that of 

the soil samples. Bolded values indicate ECe levels above barley’s salt tolerance threshold. Values in red 

indicate the samples where there would be no yield due to elevated salinity (ECe). 

Site Sample 

ECe 

(dS/m 

or 

mS/cm) 

Expected 

% Yield 

Hypothetical 

Yield 

(bu/acre) 

1 1.1 2.19 100 64.8 

  1.2 48.16 0 0.0 

  1.3 48.24 0 0.0 

2 2.1 10.72 75 48.5 

  2.2 44.48 0 0.0 

  2.3 46.80 0 0.0 

3 3.1 3.31 100 64.8 

  3.2 162.00 0 0.0 

  3.3 3.33 100 64.8 

4 4.1 72.72 0 0.0 

  4.2 6.58 96 62.0 

  4.3 34.88 0 0.0 

5 5.1 39.92 0 0.0 

  5.2 67.20 0 0.0 

  5.3 12.40 67 43.1 

6 6.1 2.18 100 64.8 

  6.2 3.77 100 64.8 

  6.3 41.04 0 0.0 
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As indicated by the values in red, 10 of the soil samples have salinity levels that would 

result in no yield. While the ECe levels are only reference points from specific sampling 

locations, this does indicate that if other locations within each site have ECe levels similar to 

those of the (18) samples, then reduced yields would occur at the study sites. If other locations 

within the study sites have ECe levels that cause complete crop failure, like those 10 samples 

indicated in red, then crop failure would occur within portions of the study sites as well. 

Identification of Halophytic Weeds 

Two weeds were sampled from Site 3 after the EM survey to be identified and researched 

for salt-tolerance and potential remediation effectiveness. Dr. Halse of the Botany Department at 

OSU identified the two plant specimens. He examined both of the specimens using a microscope 

and magnifying glass. After narrowing down the identification of each plant to their respective 

family and genus, the preserved plant specimens in the herbarium were used to verify the 

species. The specimens were identified as Rumex cf stenophyllus and Suaeda depressa (See 

Figures 57 and 58 below)  

Figure 57. Rumex cf. stephophyllus                            Figure 58. Suaeda depressa 
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In the case of the Rumex specimen, the species name is not absolutely positive, as 

indicated by “cf”. The sample of the plant from study site #3 was from late in the season and did 

not include leaves, which would have helped the botanist to be able to definitively identify the 

specific species. It is commonly referred to as “Narrow-leaf dock,” as “dock” refers to the 

Rumex genus. It is a member of the Polygonaceae, or “Buckwheat” family. It is native to parts of 

Siberia, central Asia, and portions of Europe, but is not native to the U.S. or Canada. It has been 

introduced to North Dakota and many states in the mid- and south-west of the U.S., and some 

Canadian provinces – including those neighboring N.D (NRCS3). Löve and Bernard (1958) point 

out that the prairies of Manitoba and North Dakota (and adjacent provinces and states, 

respectively) provide soil conditions similar to its native habitats in Europe and Asia. The US 

Department of Agriculture classifies it as a noxious weed (NRCS3). The conditions most 

conducive for this plant is slightly saline soil that is submerged in water occasionally. It is known 

to spread to wasteland and road shoulders, and can also appear in fields (Löve and Bernard, 

1958). 

The other weed sampled, Suaeda depressa, common name Pursh seepweed or Sea-blite 

(NRCS3), is a leafy, succulent, salt-tolerant plant with spatial distribution from southern Canada 

to Mexico west of the Mississippi River (Williams, 1972). This member of the Goosefoot family 

(NRCS3) has long been known to only germinate in wet saline soils that offer limited drainage – 

such as saline seeps (Williams and Ungar, 1972). This species is also called Suaeda 

calceoliformis in some literature, so the name will be used interchangeably depending on the 

species name used by the author. Suaeda calceoliformis is found in communities of “salt 

grasses” and in saline seeps (Khan and Weber 2006). This halophyte has been observed to grow 

best at a salt concentration of 1% sodium chloride, though flowering and its full life cycle was 

completed at NaCl concentrations as great as 4.44%. Furthermore, S. depressa has most 

commonly presented itself in heavy clay soils, but the soil texture appears to have little influence 

over the location of its germination (Williams, 1972). Not only is this plant salt-tolerant, it also 

accumulates salt in its tissues. Redman and Fedec analyzed the ions in the plant’s tissue and 

found primarily sodium (Na+) and chloride (Cl-) (Khan and Weber, 2006). It has been shown to 

be effective at removing salt from the soil for remediation purposes, with a 59% reduction in soil 

salinity when harvested (Keiffer & Ungar, 2002). This species has been tested for its ability to 
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remove salt from soil contaminated with oil formation brine, thus this plant has remediation 

value for situations such as the study sites.  

Phytoremediation Potential 

For Site 3 in particular, further EMI surveying would be beneficial prior to thorough soil 

sampling, as the cause of the elevated ECa levels appears to be coming from outside the survey 

site. Specifically the source of the elevated ECa levels are the two oil wells located directly west 

of the two clusters of elevated ECa levels within the survey site. One of the two salt-tolerant 

(halophytic) weed species sampled from Site 3 – Suaeda depressa/calceoliformis could be used 

to help remediate the site because it accumulates the salt in its tissues. As stated previously, the 

salt ions this plant absorbs in particular are sodium (Na+) and chloride (Cl-). It has been shown 

to be effective at removing salt, with a 59% reduction in soil salinity when harvested (Keiffer & 

Ungar, 2002). In a soil remediation study of soil contaminated with oilfield brine in Ohio, the 

feasibility of using salt-accumulating halophyte plants to remediate the soil was assessed. Of the 

five halophytes tested for salt-accumulation from contaminated soil, Suaeda calceoliformis was 

among two other species tested that produced the greatest yields (Keiffer and Ungar, 2002). They 

concluded that the use of S. calceoliformis and the other salt-accumulating plants can effectively 

return brine-impacted agricultural land to agricultural productivity. The authors add that the 

specific halophyte species selected, watering, and fertilizer applications should be tailored to 

each specific remediation site. The mature plant should be harvested regularly for optimal effect 

(Keiffer & Ungar, 2002). Suaeda depressa was not noticed at the other five survey site locations, 

but, given its reported effectiveness in remediating brine-contaminated soil, landowners could 

consider harvesting it and planting it in areas experiencing elevated ECa. Adequate soil sampling 

should be done before intentional seeding, however, to establish robust current salinity levels at 

the sites. After harvesting the plants, that soil sampling regime could be repeated for comparison 

of salinity levels to determine the effect of the salt-accumulating plants. If found to be effective, 

this salt-accumulating plant, and other similar species, could be seeded at the other case study 

sites, if desired by landowners. A study of the salt reduction achieved after each harvest of the 

“crop” would provide a valuable phytoremediation framework for other affected landowners. 
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Chapter 5: Summary and Conclusions 

Summary 

The soil ECe measurements support the hypothesis that the observed elevated ECa levels are 

indicative of elevated salinity levels, with the measurements ranging from “very slightly” saline 

to “strongly” saline soil. The contour maps of the ECa data in conjunction with the soil samples’ 

elevated ECe levels illustrate the spatial variability of salinity within each study site. As shown 

by the statistical analyses of the EMI data, higher levels of clustering with proximity to the brine 

sources indicate the brine sources have influenced the spatial pattern at the sites. Statistically 

higher levels of ECa near the brine sources indicate that this influence has elevated the ECa 

levels of the soil nearby. A summary of this study’s findings are listed below:  

(1) At least one soil sample per site has an elevated ECe level above the saline soil threshold 

for its respective soil texture class, indicating all sites contain saline soil in which some 

plants would experience reduced growth. 

(2) Each of the sites contain soil with salinity in one of the two highest salinity classes, 

indicating that the soil at the locations associated with  “strongly” or “very” saline 

samples have a salinity level that is prohibitive to crops, including the more salt-tolerant 

crops grown in the region (e.g.. barley). 

(3) The presence of two species of salt-tolerant weeds thriving at Site 3 are biological 

indicators of saline soil. 

(4) Clustering of elevated ECa measurements around the “brine source” occurs to a degree 

that random chance alone cannot explain, indicating that the brine sources have had an 

influence on the spatial pattern of conductive material clustering at the sites. 

(5) Clustering of considerably elevated ECa measurements (>145 mS/m) is present 

surrounding the brine sources, and decreases with distance from the brine source at each 

site. 

(6) The elevated ECa measurements around the brine sources occurred at levels up to over 

ten times higher than the ECa levels along the perimeter of the surveys, which were 

assumed to be background level (<50 mS/m) 

 

In fulfillment of Objective #1, the first three items are indicators that the elevated ECa levels 

shown in the contour maps are significantly influenced by the elevated salinity levels at the study 

sites. In fulfillment of Objective #2, the last three items are evidence that the elevated salinity, as 

represented by the ECa contour maps, is influenced by the brine sources. In light of the official 

spills reports issued for 5 of the 6 study sites, this “influence of the brine sources” can be 

considered as brine spills. Ideally, the causal relationship of the elevated salinity would be 

addressed via more thorough chemical analysis of soil samples, as well as water samples taken 
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from the sites for comparison with geochemical and isotopic characteristics of the Madison 

Formation brine. Though this study does not definitively determine that the “brine sources” and 

associated spills at the study sites are causing the elevated ECa levels, the results of the statistical 

analyses indicate that the spills are influencing the ECa levels of the soil near the brine sources, 

and the brine spills are the likely cause of that influence. 

Recommendations for Future Study 

Though ECa is correlated to ECe, an EMI survey alone does not definitively determine 

the salinity levels or the cause thereof. Based on the aforementioned findings, further soil 

sampling is warranted, and using the ECa contour maps to do “ECa-guided soil sampling” will 

ensure that the variability in the associated soil properties is represented in the sampling.  In 

addition to measuring the salinity via EC, the specific salts should be identified as well. The 

proportions of anions and cations in the soil samples could then be compared to the chemical 

composition of the brine of the relevant formation. This would more definitively determine the 

source of the elevated salinity. It would also allow the landowners to make informed decisions 

on how to remediate the soil with various soil amendments. Soils affected by salt typically 

contain a mixture of the cations sodium, calcium, magnesium and potassium, as well as the ions 

chloride, sulfate, bicarbonate, carbonate, and occasionally borate and nitrate (Ogle, 2010). 

Determining whether the saline soils contain excess soluble salts vs. excess exchangeable 

sodium is typically done when the cause of the salinity is presumed to be natural (e.g. weathered 

bedrock) or caused by farming practices (e.g. irrigation with saline water). In this situation 

however, it would be beneficial to compare the salts present in the soil samples to the chemistry 

of the brine from the Madison Formation to the salt composition that occurs naturally or due to 

farming practices. This could be accomplished in a manner similar to how a team of Duke 

University researchers determined the “geochemical and isotopic tracers” of Bakken Formation 

brine (Lauer et al., 2016).  

Researchers from Duke University s investigated the chemical make-up of water samples 

from surface waters in oilfields located in North Dakota producing from the Bakken Formation. 

By conducting analyses of the element chemistry and isotopic ratios of Bakken brine and the 29 

bodies of water studied, they established “geochemical and isotopic tracers” of Bakken brine. 

Analysis of surface waters impacted by brine contained elevated levels of dissolved salts sodium, 

chloride, and bromide. In addition, the impacted surface waters also contained contaminants 
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selenium, vanadium, lead and ammonia (NH4) at levels above background for surface waters in 

the area. Soil and sediment sampled from the study sites contained radium (isotopes 228 and 

226) at levels elevated above background. These levels in the water and soil samples have 

persisted despite the spills associated with the study sites occurring up to four years prior to 

sampling (Lauer et al., 2016). 

Once the level of salt at each survey site has been determined with adequate soil samples 

in a design tailored to represent the spatial variation in ECa (as shown in the contour maps of the 

EMI data), and the specific salts present have been identified and compared to the chemical 

makeup of the Madison Formation brine, the cause of the elevated ECa and ECe found in this 

study would be definitively determined. If the cause is determined to be brine spills, as other 

studies using EM technologies to detect brine impacts have done, other important impacts of 

brine spills could be assessed. Of particular interest to the landowners is the negative impact 

brine spills are reportedly having on their crops caused by the soil’s inability to support the 

growth of crops. A study examining the success rate of various crops would help quantify the 

impact that brine spills are having on landowners at the farmstead scale. Landowner historical 

yield records for each crop type would serve as baseline crop yield data for the areas that have 

sustained spills. These baseline levels would then be compared to post-spill yield data to 

determine whether a statistically significant change has occurred pre- vs. post-spill(s). Ideally, 

both the pre- and post-spill crop yield data would be on a scale comparable to the scale of the 

land with reduced yield. This may not be possible for landowners who have kept their farm 

records at larger scales (e.g.100+ acres). If pre-spill yield data is not available at a scale 

comparable to the post-spill impacted area, it would be beneficial to take into account the 

variations in natural phenomena and farming practices that have occurred for each year of yield 

data (e.g. variations in temperature, moisture, pest levels, and fertilizer and herbicide 

applications). The case study sites are not irrigated as they are naturally wet areas, but in cases 

where irrigation is practiced, the salinity level of the irrigation water would need to be 

determined, as well as the amount and frequency of irrigation.  

Weather, pest, chemical application, and spill data for each year of yield data would be 

useful for determining the impacts on crop yield. For a county-wide assessment, the historical 

averages for moisture, temperature, crop yield and other environmental factors could be assessed 

to determine the crop yield expected for a particular area under various conditions (dry vs. wet 



98 

 

 

 

year, warm vs. cool summer, etc.). By taking these factors into account, confounding variables 

could be removed from the brine spill to crop yield relationship. This will allow for more 

accurate determination of the causal link between brine spills and reduced crop yield. Such a 

study would not only be valuable to the landowners impacted, but also to the state government 

and citizens, as brine spills are not isolated to the location of the case study sites. Given the 

number of wells in the north-central region of the state, and their location amidst farmland, the 

impact of oil activities on soil, and thereby crop yield, is a matter of importance to the local and 

state economies. The area of land, and volume of soil impacted by brine spills in the state would 

take immense time, labor, and resources to assess. Electromagnetic devices can reduce all three 

of these inputs by providing data for researchers and landowners to optimize resources for 

sampling of soil and water.  

The amount of brine spilled and the year(s) in which the spill(s) occurred is important 

information for understanding how brine spills are affecting soil and spreading from their source. 

Spill report records are available on the Environmental Impacts database on the website of the 

Dept. of Health’s Environmental Division. However, these spill reports reflect the spills that 

have been observed and reported by an oil or brine company employee or a state spill inspector 

who happens to be on location at the time of a spill, or shortly thereafter. Landowners report that 

spills have occurred that have not been reported, and that amounts spilled are not accurate 

assessments.  

Further study on brine contamination of natural resources in the Prairie Pothole Region of 

North Dakota was also recommended by USGS scientists based on their findings of surface 

water and groundwater contamination (Gleason & Tangen, 2014). Based on the findings of this 

study as well as other brine detection studies in North Dakota, it would be valuable to conduct 

brine detection studies in other locations in Bottineau County that have oilfield infrastructure. To 

optimize use of funds, it would be beneficial to conduct EMI surveys first to locate general areas 

where soil or water resources may be contaminated by brine. The (2014) USGS study provides 

recommendations regarding aquatic resources to prioritize for future study. They identified the 

areas with the highest likelihood of potential impact from brine spills on the water resources and 

aquatic habitats within the Willison Basin boundaries in North Dakota. They based this 

probability on the supposition that the occurrence of brine spills increases with potential sources 

of that brine, and that brine impacts to water resources increase with proximity to a body of 
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water. Therefore they identified areas with high density of wells in close proximity to wetlands.  

They located a total of 30,000 km2 of wetlands and about 190,000 km of streams in North 

Dakota within the boundaries of the Williston Basin and Bakken Formation. Within the area, 

they identified approximately 290,000 wetlands spanning an area of nearly 1,800 km2 and more 

than 7,000 km of streams as the water resources most likely to contain brine contamination, 

based on their proximity to oilfield infrastructure. They also emphasize that brine impacts may 

be greater in areas containing wells drilled prior to 1980, as reserve pits were not required to be 

lined by law until this year. As mentioned previously, brine contaminants at such reserve pits 

were discovered remaining for four to five decades (Gleason & Tangen, 2014).   

Given their findings of long-lasting impacts from brine, and the prevalence of oil wells 

and wetlands, more investigation of brine spill impacts in the Williston Basin is warranted. Since 

the land area within the Williston Basin is relatively large, studies on the detection and impact of 

brine spills could be assessed to estimate the impact of brine spills on the basin scale. Areas 

where brine spill contamination is detected could then be further investigated for impacts on 

vegetation, wildlife, and human health. Further study on the effect of brine spills on crop yield, 

as described above, would allow for the net economic impacts of brine spills on farmland to be 

assessed. If more EMI studies were done, a county or even regional (i.e. Williston Basin) 

assessment of the estimated economic impacts of brine spills could be done. The results of such a 

study could assist landowners and policy-makers to make more informed decisions about the 

placement of oil and gas wells and saltwater injection wells amidst valuable farmland. The 

impacts to crops and the costs associated with reduced yield would be useful information for 

determining the cost-effectiveness of brine spill prevention and soil remediation. 
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Appendix A – Soil Maps and Soil Property Tables 

Appendix Figure 1. Site 1 Soil Maps and Soil Property Tables. 

Site 1 consists entirely of the Barnes-Svea-Tonka complex. This complex is 24% clay, has an EC of 1 

dS/m, and a pH of 7.0. Adapted from the Web Soil Survey of the Natural Resource Conservation Service.  
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Appendix Figure. Site 2 Soil Maps and Soil Property Tables. 
Site 2 consists primarily of Divide Loam, with some Marysland loam and Barnes-Svea-Tonka along the 

east and west sides, respectively. The electric conductivity of the Divide and Marysland loams are 2 dS/m 

while the other two soils have an EC of 1 dS/m. The pH ranges from 7.0-8.0 at this site. The clay content 

is about 24%. Adapted from the Web Soil Survey of the Natural Resource Conservation Service. 
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Appendix Figure 2. Sites 3-6 Soil Maps and Soil Property Tables. 

Sites 3-6 are all in Section 32 (T 161 R 82) and contain the following soil complexes: Barnes-Svea-Tonka 

complex, Parnell silty clay loam, Hamerly-Tonka. Adapted from the Web Soil Survey of the Natural 

Resource Conservation Service. 
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Appendix B - Additional Data from Soil Testing 

 

Table 12. Soil Conductivity, Clay Content, and pH. 

The EC measurements of the samples in solution (2:1) were converted to the “extract 

conductivity” (ECe) value (shown in column 3), as this is the standard measurement in the 

literature. 

Sample ID 

(by site 

number) 

 Soil Solution 

(2:1) 

Conductivity 

(mS/cm) 

ECe (1:1) 

Conductivity 

(mS/cm) 
pH   % Clay 

1.1 0.2741 2.1928 8.7 14.6 

1.2 6.0200 48.16 8.5 24.6 

1.3 6.03 48.24 8.8 26.6 

2.1 1.3400 10.72 7.7 42.6 

2.2 5.5600 44.48 8.5 24.6 

2.3 5.8500 46.8 8.8 16.6 

3.1 0.4140 3.312 7.5 20.6 

3.2 20.2500 162 8.3 42.6 

3.3 0.4159 3.3272 8.0 14.6 

4.1 9.0900 72.72 7.6 24.6 

4.2 0.8223 6.5784 8.7 28.6 

4.3 4.3600 34.88 8.1 28.6 

5.1 4.9900 39.92 7.8 20.6 

5.2 8.4000 67.2 8.0 20.6 

5.3 1.5500 12.4 8.3 12.6 
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6.1 0.2731 2.1848 8.2 42.6 

6.2 0.4716 3.7728 8.1 10.6 

6.3 5.1300 41.04 7.9 16.6 

 

Appendix Figure 3. Results of Two EC Devices. 

Comparison of two EC devices: an EC meter for field use and an EC probe unit for “bench”/lab use. 
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Appendix Figure 4. Results of Two pH Measurement methods.  

The pH of the samples was also measured via two methods - a pH probe and colorimetric 

(“tablet”) method. The Hanna Instrument pH probe’s results were used as the device has better 

accuracy. 

 

  

 

 

 

 

 

 

  

Sample pH Probe pH Tablets Temp *C

Site 1 (AT) 1.1 8.7 8.5 21

1.2 8.5 8 21

1.3 8.8 9 21

Site 2 (Artz) 2.1 7.7 8 21

2.2 8.5 8.5 21

2.3 8.8 8.5 21

Site 3 (Weeds)3.1 7.5 8 21

3.2 8.3 7.5 21

3.3 8.0 8 21

Site 4 (North Pete)4.1 7.6 7 21

4.2 8.7 8 21

4.3 8.1 7.5 21

Site 5 (SDW)5.1 7.8 8.5 21

5.2 8.0 8 21

5.3 8.3 8.5 21

Site 6 (Huber)6.1 8.2 7.5 21

6.2 8.1 8 21

6.3 7.9 8 21
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