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ABSTRACT 

 The growth of fossil fuel production in North Dakota has resulted in numerous releases of 

brine. Brine releases cause vegetation mortality as well as the deterioration of soil structural and 

edaphic properties. Little research to date has been dedicated to the germination response of 

plant species grown in North Dakota to brine-induced salinity. Through the exposure of plant 

seeds to increasing levels of brine and NaCl-induced salinity, it was determined that the 

graminoid species Elymus hoffmannii (AC Saltlander) and Pascopyrum smithii (Western 

Wheatgrass) exhibited the greatest germination at high salinities. Current remediation 

technologies for brine-impacted lands often produce mixed results, requiring further research and 

testing. In two laboratory experiments, the ability of materials to wick salts from brine-

contaminated soils was tested.  The results of these studies show that some materials reduced Na 

concentrations in sandy loam, loam, and silty clay soils by upwards of 88, 89.5, 38.4% 

respectively.  
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GENERAL INTRODUCTION 

 Global population growth and industrialization have greatly increased the demand for 

both food and energy. This increasing demand for both agricultural products and energy has led 

to unprecedented economic growth and development in the state of North Dakota. Through the 

use of hydraulic fracturing and horizontal drilling, the production of oil and gas from the Bakken 

and Three Forks formations has increased exponentially over the past two decades. While 

proving to be economically beneficial, oil and gas production poses significant risks to 

agriculturally dominated regions in the form of produced water or “brine” spills. Anthropogenic 

salinization resulting from brine spills coupled with the approximately 5.8 million acres of land 

already affected by salinity in the state accentuates the need for effective management and 

remediation strategies for these soils (Brennan and Ulmer, 2010). Brine, a regulated by-product 

of the oil and gas extraction process, is a solution consisting of high levels of dissolved salts, 

primarily NaCl, and other minor components such as drilling fluids and hydrocarbons (Bader, 

2016; Clark and Veil, 2009). On average, for every barrel of oil produced in the region, three 

barrels of brine may also be produced. The use of reinjection wells has been proven to be the 

most cost-effective and environmentally secure method for brine disposal, however, failures of 

well pad storage facilities and transportation infrastructure (pipelines etc.) to reinjection wells 

has resulted in a significant number of accidental brine releases to the present day (Lauer et al., 

2018; Patterson et al., 2017). 

 Brine-contaminated soils often exhibit structural and edaphic properties that severely 

inhibit the growth of vegetation, creating landscapes susceptible to both wind and water erosion 

(Qadir et al., 2007; Murphy et al., 1988). Without active remediation, the effect of salts on soil 

and vegetation can last many years due to the semi-arid climate of the region (Murphy et al., 
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1988). The establishment of vegetation is a key component in the successful remediation of 

brine-contaminated soils. To achieve successful revegetation in a cost-effective and efficient 

manner, information concerning the salt tolerance thresholds of various plant species becomes an 

important consideration. In the literature, significant focus has been dedicated to the 

determination of salinity thresholds for a wide variety of plant species in response to differing 

concentrations of specific salt species (i.e. NaCl, Na2SO4, MgSO4, etc.) (Grieve et al., 2012; 

Keiffer and Unger, 2002). Little research, however, has been dedicated to the germination 

tolerance thresholds for plant species in the presence of oil-field brine, which often contains a 

suite of dissolved salt species and chemicals.  

 Numerous remediation strategies have traditionally been employed for salt-affected soils 

and are often grouped into on-site (in-situ) and off-site (ex-situ) methods. The choice of 

remediation method depends on the severity of contamination, environmental factors (i.e. 

climate, relief, soil texture, etc.), cost-effectiveness, and relative efficiency of salt removal 

(Vavrek et al., 2014). In-situ remediation practices often rely on use of chemical amendments 

such gypsum (CaSO4) or organic amendments (manure, straw, etc.) to promote soil flocculation 

and the downward leaching of NaCl out of the topsoil (Vavrek et al., 2014). Current methods, 

however, can fail to achieve sustained remediation success in a cost-effective and timely manner, 

making continued research into alternative methods necessary (Klaustermeier et al., 2017).   

 The research objectives in this thesis include: 1) the determination of germination 

thresholds for a number of crop and graminoid species in the presence of brine and NaCl 

solutions at increasing levels of electrical conductivity (EC) and 2) the determination of the 

remediation potential in using the surficial application of wicking materials to absorb and 

remove salts from brine-contaminated soils. To achieve objective 1, the germination of four crop 
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and four graminoid species were tested using guidelines specified by the Association of Official 

Seed Analysts (AOSA) at various levels of salinity. To achieve objective 2, two separate soil 

column experiments were conducted in laboratory settings utilizing various soil textures, wicking 

materials, and irrigation solutions while measuring total sodium removal and evaporation rate.  
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THESIS ORGANIZATION 

This thesis consists of four chapters and is organized in a manuscript format. Chapter 1 is 

a literature review regarding the production of brine during the oil and gas extraction process, 

brine genesis and characteristics, causes of brine releases, effects of brine-contamination on 

vegetative growth and soil properties, considerations for remediation, current remediation 

techniques, and contemporary remediation methods. Chapter 2 is titled “Germination of Selected 

Crop and Graminoid Species in Response to NaCl and Oil-field Brine Induced Salinity” and 

focuses on the germination response of various plant species to increasing levels of NaCl and 

brine induced salinities. Chapter 3, titled “Wicking Salts from Brine-Contaminated Soils: 

Potential Method for In-Situ Remediation,” spotlights a preliminary soil column study which 

was used as a proof of concept for the proposed remediation method of wicking salts from brine-

impacted soils and has been submitted and published in Agricultural & Environmental Letters. 

Chapter 4, titled “Brine Spill Remediation Utilizing Capillary Transport and Wicking Materials: 

Efficacy in Loam and Silty Clay Soils”, presents the results from a second soil column 

experiment focusing on the effectiveness of the proposed remediation technique in loam and silty 

clay soils and provides additional evidence for the continuation of research into the effectiveness 

of this method in field-scale trials. 
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CHAPTER 1: TRADITIONAL AND CONTEMPORARY REMEDIATION OF BRINE-

IMPACTED SOILS: A REVIEW 

Introduction 

 Since 2012, North Dakota has been the second leading producer of crude oil in the United 

States (US EIA, 2018). The production of crude oil in the state occurs primarily from the Bakken 

and Three Forks formations located in the Williston Basin, which collectively, have been 

characterized as one of the most significant reserves of oil and gas in the world (Durham, 2010; 

Gleason et al., 2014). The primary byproduct of oil and gas production is known as produced 

water or “brine” (Gleason et al., 2014; Guerra et al., 2011; Clark and Veil, 2009). Brine is a 

saturated solution of dissolved salts, oil, and drilling chemicals that exhibits elevated levels of 

total dissolved solids (TDS), electrical conductivity (EC), and sodium adsorption ratio (SAR) 

(Lauer et al., 2016; Gleason et al., 2014; Guerra et al., 2011; Clark and Veil, 2009).  

 The accidental release of brine into the environment can have severe deleterious effects 

on soil quality and vegetative health. To remediate these impacts, a variety of in-situ and ex-situ 

techniques are used to remove or reduce salt concentrations in the topsoil and restore previous 

levels of vegetation production (Derby et al., 2016; Vavrek, 2004). The remediation of brine-

contaminated soils is often costly in terms of time and financial resources, making the choice of 

remediation strategy an important decision for the various stakeholders in the region. The 

objectives of this literature review are to provide a detailed analysis of 1) brine production and 

releases in the Williston Basin, 2) the effects of brine releases on soil quality and vegetation, 3) 

current ex-situ and in-situ methods used for remediation, and 4) contemporary and experimental 

methods for remediation. 
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Oil and Gas Production in North Dakota 

Regional Characterization 

 The Williston Basin is the primary oil and gas producing region of the upper Great 

Plains, covering parts of Manitoba, Saskatchewan, Montana, North Dakota, and South Dakota 

(Gleason et al., 2014; Gaswirth et al., 2013; Lefever, 1991). By area, the basin covers nearly two 

thirds of North Dakota and encompasses numerous oil-bearing geologic formations, with the 

highest producing consisting of the Bakken and Three Forks formations (Lefever, 1991). The 

Bakken and Three Forks are comprised primarily of shale and siltstones exhibiting low porosities 

(≤5%) and permeabilities, with the highest oil production occurring from the geographic center 

of the Williston Basin near Williston, North Dakota (Pitmann et al., 2001). The climate of this 

region is characterized as continental and semi-arid, with average annual precipitation and 

potential evapotranspiration (PET) of ≤36 cm yr-1 and ≥140 cm yr-1, respectively (NDAWN, 

2018; NDGF, 2016). Northeast of the Missouri River, soil parent materials consist of recently 

deposited glacial till and to the southwest consist primarily of highly weathered residuum 

(Gleason et al., 2014; Bluemle, 2016). Many soils in North Dakota contain significant amounts 

of clays including smectite, illite, and kaolinite, (Franzen and Bu, 2018) making them highly 

valuable for crop production and livestock grazing. Within the extent of the Williston Basin of 

North Dakota and Montana, land use is largely agricultural, with this region producing a 

significant portion of the nation’s wheat (Triticum aestivum), dry beans (Phaseolus vulgaris), 

and peas (Pisum sativum) (USDA, 2017; Preston and Kim, 2016). 

Current and Historical Trends in Oil and Gas Development 

  The presence of oil and gas reserves in North Dakota dates back over a century. As early 

as the 1890’s, gas from artesian wells were used as an energy source to provide heat to a number 

of small towns and farms across western North Dakota (Bluemle, 2016; Anderson and Eastwood, 
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1963). Commercial production of natural gas in the state began in the 1920’s, however, limited 

interest inhibited further exploration for another 30 years (Gleason et al., 2014; Lefever, 1991; 

Anderson and Eastwood, 1963). The first successful oil producing well in North Dakota was 

completed in 1951 and was followed by the successful establishment of numerous other 

exploratory wells throughout the Williston Basin (Lefever, 1991; Gerhard et al., 1990). The 

geological characteristics of the Bakken and Three Forks formations resulted in initial production 

and development to increase gradually, as conventional (i.e. vertical) drilling methods were 

incapable of extracting economical amounts of oil and natural gas for sustained development 

(Lefever, 1991). In the 1980’s, production substantially increased as the use of unconventional 

drilling technologies, horizontal drilling and hydraulic fracturing, became more widely adapted 

throughout the Williston Basin (NDSWC, 2016; Gleason et al., 2014; Lefever, 1991). The 

practice of drilling horizontally into oil-bearing formations allows for a significant increase in 

total area in which individual wells can drain while hydraulic fracturing improves oil recovery by 

increasing the porosity and permeability of shale and sandstone formations (Vengosh et al., 

2014; Guerra et al., 2011; Deans et al., 1991; Lefever, 1991). Using these techniques, oil and 

natural gas production began increasing exponentially by the year 2007 (Lauer et al., 2016) and 

between 1980 and 2006, the average annual oil production in the state was approximately 37.5 

million barrels (MMBL) (NDDMR, 2017). Following 2007, annual production increased to 

nearly 250 MMBL of oil per year with a maximum production of 432 MMBL in 2015.  

 The estimated amount of recoverable oil reserves available in the Bakken and Three 

Forks formations is of considerable debate, however, estimates of the total oil resources 

contained in the formations have exceeded 400 billion barrels (BBBL) (Price, 1999). In 2013, the 

United States Geological Survey estimated the Bakken and Three forks formations contained 
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recoverable oil reserves of approximately 7.375 BBBL, while other estimates range anywhere 

from 3 to 24 BBBL (McNally and Brandt, 2015; Gaswirth et al., 2013). Although a considerable 

amount of uncertainty exists in recoverable oil reserve estimates and future oil prices, 

development in the Williston Basin is expected to continue to expand for many years into the 

future. 

Unconventional Drilling Techniques 

 The growth of the oil and natural gas industry across the Williston Basin can be attributed 

to the use of the unconventional drilling techniques of horizontal drilling and hydraulic 

fracturing (Patterson et al., 2017; Rodriguez and Soeder, 2015; Vengosh et al., 2014; Gaswirth et 

al., 2013; Deans et al., 1991). Horizontal drilling is the process of drilling vertically to a 

considerable depth and then parallel or nearly parallel across oil-bearing geologic formations 

(Rodriguez and Soeder, 2015). These wells can be drilled laterally to a distance greater than 3 

km from well sites, improving the probability of intersecting rock fractures and thereby 

increasing the productivity and profitability of individual wells (Gregory et al., 2011; Deans et 

al., 1991). Hydraulic fracturing utilizes the injection of large volumes of fluids, proppants (sand, 

ceramics, etc.), and chemicals (e.g. surfactants, biocides, acids) at high pressure to create and 

maintain fractures in tight rock formations, significantly increasing the overall porosity and 

permeability of the rock and releasing much greater volumes of oil than horizontal drilling alone 

(Vengosh et al., 2014; Gregory et al., 2011; Deans et al., 1991). Hydraulic fracturing is often 

carried out in stages to maximize production and increase the life of individual wells (Rodriguez 

and Soeder, 2015; Gregory et al., 2011). The effectiveness of unconventional drilling techniques 

has greatly increased the amount of technically recoverable oil and natural gas reserves 
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throughout the world and is expected to be a significant driver of energy development throughout 

the Williston Basin for the next few decades (McNally and Brandt, 2015). 

Principle Waste of Oil and Natural Gas Production: Brine 

Genesis and Chemistry 

 The utilization of conventional and unconventional drilling techniques for oil and natural 

gas production in the Bakken is associated with a number of byproducts and potentially 

hazardous wastes. The most significant component of the oil and natural gas waste stream 

consists of produced water or “brine” (Gleason et al., 2014; Guerra et al., 2011; Clark and Veil, 

2009). Oil-field brine is derived from water released by geologic formations (i.e. formation 

water) and the dissolution of mineral and organic compounds into fluids used in the hydraulic 

fracturing process (Gregory et al., 2011; Guerra et al., 2011; Veil et al., 2004).  Fresh water is the 

most common fluid used for hydraulic fracturing, a majority of which is delivered to the well 

from local surface or ground water sources (NDSWC, 2016; Gleason et al., 2014; Gregory et al., 

2011). The volume of fresh water required for each stage of fracturing can be highly variable 

from well to well, however, the North Dakota State Water Commission (2016) estimates that 

over the entire drilling process, fracturing in the Bakken uses approximately 113,789 BBL or 

13552 m3 for each well. Preceding the drilling and fracturing stages, fluids in the well bore are 

depressurized and flow back to the earth’s surface with the oil, where it is then separated and 

treated through gravitational methods, physical methods (e.g. filtration, centrifugation, etc.), 

thermal distillation, and/or chemical methods before disposal (Kurz, 2016; Gregory et al., 2011; 

Clark and Veil, 2009; Veil et al., 2004). The volume of brine produced from wells often varies 

with geographic area, geologic formation, and the age of a particular well, with older wells 

producing more brine as the amount of recoverable oil decreases (Kondash et al., 2017). In the 
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Williston Basin, significant volumes of brine are produced per barrel of oil, with most wells 

exhibiting brine to oil ratios between 3:1 and 18:1 (Guerra et al., 2011; Clark and Veil, 2009; 

Otton, 2006; Veil et al., 2004). Based on an assumed well life of 30 years, Kondash et al. (2017) 

estimated an average brine production for individual wells in the Bakken of approximately 

143,848 BBL. 

 The chemistry of oil-field brine makes it extremely hazardous to the soil and water 

resources of the region due to elevated concentrations of dissolved salts and organic compounds. 

Brines produced in the Williston Basin have been characterized as some of the most concentrated 

in the United States, exhibiting TDS averaging 250 g L-1 and EC exceeding 200 dS m-1 

(Klaustermeier et al., 2017; Lauer et al., 2016; Gleason et al., 2014; Guerra et al., 2011). From 

data provided in the U.S. Geological Survey National Produced Waters Geochemical Database 

(v2.3), brines in the Williston Basin exhibit mean levels of TDS of 230 g L-1 (Table 1) (Blondes 

et al., 2017). The most concentrated brines from this dataset were found within the extent of the 

Bakken formation (Figure 1). Dominant ionic composition varies throughout the Bakken and 

Three Forks regions, with Na-Cl brines found in the Canadian portions of the basin and Na-Ca-

Cl dominated brines found near its geographical center in Williston, North Dakota (Iampen and 

Rostron, 2000). In North Dakota, however, brine composition is predominantly composed of 

NaCl (~90%) and lesser amounts of dissolved Ca, Mg, and K (Bader, 2016; Guerra et al., 2011; 

Clark and Veil, 2009 ). From the sources provided in Table 1, the average concentrations of Cl, 

Na, K, Ca, and Mg are 137.2, 72.0, 3.49, 11.7, and 1.21 g L-1, respectively. Reflecting the 

prevalence of Na, average SAR values for brine produced in North Dakota are among the highest 

in the nation, with values often approaching or even exceeding 300 (Guerra et al., 2011).  In 

Table 1, mean SAR values ranged from 263 to 176. In addition to elevated concentrations of 
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salts and hydrocarbons, analyses of numerous brine samples have shown that brine produced in 

the region also contains high amounts of naturally occurring radioactive materials (NORM) and 

trace metals including boron, arsenic, radium, and strontium (Lauer et al., 2016). These trace 

elements have received significant attention in the literature due to the significant risks they pose 

to human health (Cozzarelli et al., 2017; Lauer et al., 2016; Guerra et al., 2011).  

Management Practices and Contamination 

 Given the large volume and high concentrations of potential contaminants found in oil-

field brine, its management has proven to be a significant issue confronting industry, government 

agencies, and landowners. In the early to mid-20th century, much of the brine produced across 

the United States from oil extraction was disposed of through direct discharge into surface waters 

(streams etc.) or were stored in large evaporation pits (Gleason et al., 2014; Whittenmore, 2007; 

Kharaka et al., 2005; Murphy et al., 1988; Pettyjohn, 1971). Evaporation pits were used to 

reduce the volume of brine through evaporation, however, a significant amount of brine often 

infiltrated into the surrounding soil and ground water systems, causing severe salt contamination 

(Murphy et al., 1988; Pettyjohn, 1971; Reiten and Tischmak, 1993). Following the cessation of 

production, many of these pits were filled in and abandoned, eventually resulting in the 

formation of salt plumes which extend for considerable distance both laterally and vertically 

beneath the pits (Murphy et al., 1988). In semi-arid regions such as the Williston Basin, where 

annual precipitation (≤36 cm) is much less than that of PET (≥140 cm), sufficient leaching and 

dilution of salts does not often occur naturally, and in many cases, the salts from these pits 

continue to persist in the soil and ground water systems to the present day. 
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Table 1: Number, mean, median, and standard deviation of total dissolved solids, chloride, sodium, potassium, calcium, magnesium, 
and sodium adsorption ratio of brine samples obtained across the Williston Basin from various sources. 

Source 
 Total Dissolved Solids  Chloride  Sodium  Potassium  Calcium  Magnesium  Sodium Adsorption 

Ratio 
 n  Mean  MD  SD  n  Mean  MD  SD  N  Mean  MD  SD  n  Mean  MED  SD  n  Mean  MD  SD  n  Mean  MED  SD  n  Mean  MD  SD    

  #  -------- g L⁻¹ --------  #  -------- g L⁻¹ -------- #  ------- g L⁻¹ -------  #  ------- g L⁻¹ -------  #  ------- g L⁻¹ -------  #  ------ g L⁻¹ ------  #  ------- g L⁻¹ ------ 
NDSU, 
2019†  26  271  295  74.0  26  159  173  37.9  26  83.7  84.8  16.7  26  6.81  7.89  3.04  26  12.6  14.3  4.77  26  1.20  1.20  0.26  26  200  189  53.0 
Peterman 
and Thamke, 
2016  33  106  61.5  85.2  33  64.1  36.0  53.1  33  38.3  22.6  31.2  33  0.59  0.47  0.50  33  1.57  0.86  1.80  33  0.18  0.12  0.17  33  248  205  148 
ND DMR, 
2013  7103  245  289  102  7103  149  176  63.4  7103  75.5  86.3  32.9  3958  3.27  2.86  2.97  7103  15.6  12.2  15.1  7103  1.41  1.14  1.48  7103  184  178  121 
Shouakar-
Stash, 2008  33  268  301  79.4  33  162  185  48.0  33  75.3  80.8  23.6  33  4.92  5.31  2.66  33  20.1  18.2  16.0  33  1.95  1.53  1.31  33  176  159  97.8 

Jensen, 2007  11  284  274  27.2  11  183  182  12.6  11  96.4  92.8  9.90  11  4.94  4.88  0.35  11  14.4  13.8  3.79  11  1.46  1.49  0.21  11  209  214  36.6 
Iampen, 
2003  44  302  305  62.3  44  177  180  20.4  44  81.9  85.5  16.3  44  5.77  5.88  2.49  44  22.9  19.0  15.3  44  2.08  1.76  1.10  44  181  154  112 
Briet and 
Otton, 2002  3400  166  150  132  3399  98.9  88.0  80.5  3400  55.2  50.3  44.0  750  2.10  1.16  2.42  3400  6.59  3.03  9.31  3400  1.03  0.57  1.33  3400  192  167  143 
Rostron et 
al., 2002  26  213  251  118  26  121  148  67.1  26  68.4  86.1  36.5  26  3.05  3.27  1.89  26  6.62  3.01  9.01  26  0.76  0.46  0.79  26  263  269  141 
Reiten and 
Tischmack, 
1993  20  204  210  73.1  20  121  126  48.9  20  73.4  77.6  25.7  0  0  0  0  20  5.07  4.34  2.89  20  0.78  0.66  0.55  20  259  248  59.4 
†Unpublished data obtained from brine samples collected by various researchers at North Dakota State University and provided by the ND Department of Health. 
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Figure 1: Location and total dissolved solids (TDS) of brine samples collected across the 
Williston Basin (Blondes et al., 2017). 

 Environmental contamination caused by these early methods culminated in the passage of 

state and federal regulations prohibiting their use throughout many of the country’s oil producing 

regions (Pettyjohn, 1971). The disposal of brine has been regulated in the state of North Dakota 

since the 1970’s, however, the frequency and volume of brine spills in the region has increased 
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exponentially with oil production over the past decade (ND DOH, 2018; Klaustermeier, 2016). 

Currently, a vast majority (~98%) of onshore derived brine in the United States is disposed of 

using class II reinjection wells, which are regulated through the Underground Injection Program, 

a provision of the Safe Drinking Water Act of 1974 (Bader, 2016; Clark and Veil, 2009; US 

EPA, 2018; Veil et al., 2004). In most situations, reinjection wells are of considerable distance 

from oil and natural gas producing wells, necessitating the storage and transportation of brine 

prior to disposal. The most prevalent storage methods used at well sites in North Dakota include 

the use of large storage tanks (Kurz, 2016). Transportation of brine from production sites to 

reinjection wells occurs primarily using tanker trucks or pipelines (Rodriguez and Soeder, 2015).  

 The primary causes of brine releases include storage tank leaks, pipeline leaks, trucking 

accidents, and well casing failures (Patterson et al., 2017; Lauer et al., 2016; Rodriguez and 

Soeder, 2015; Gleason et al., 2014; Guerra et al., 2011; Kharaka et al., 2005; Reiten and 

Tischmak, 1993). A majority of these spills occur during the first few years of oil production and 

nearly half are constituted by multiple incidents occurring from the same wells or pipelines 

(Patterson et al., 2017). Since 2001, the North Dakota Department of Health has recorded the 

frequency and volume of uncontained (off drilling pad) brine and hydrocarbon spills throughout 

the state. In the period between 2001 and 2015, a total of 6,247 brine spills occurred with an 

average volume each of 12,590 L (ND DOH, 2018; Klaustermeier, 2016). According to Lauer et 

al. (2016), approximately 3,900 of these spills occurred following the expansion of oil 

development in 2007. The largest of these incidents occurred from a pipeline leak near Black 

Tail Creek in northwestern North Dakota, which released nearly 11,400 m3 of brine into the 

surrounding environment (Cozzarelli et al., 2017). 
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Effects of Brine Contamination on Soil and Plant Health 

Soil Chemistry and Structure 

 The discharge of brine into the environment results in significant alterations to soil 

chemistry and structure. These changes are caused by the chemical consistency (i.e. ionic 

species) and high concentrations of solutes found in brine that interact with the soil matrix. 

Following a spill, the dissolved ions in brine saturate the soil solution and through mass action, 

Na cations (Na+) adsorb to soil exchange sites. 

 The clay fraction is the most chemically reactive portion of soil matrix and causes soils to 

exhibit significant changes in both chemical and structural properties following a brine spill 

(Qadir et al., 2007; Goldberg et al., 2000). The behavior of the clay fraction in soils is dependent 

on mineralogical consistency, the ionic concentration and speciation of the soil solution, and the 

adsorbed cationic species on cation exchange sites (Shainberg and Letey, 1984). The surface of 

clay particles are often negatively charged due to a number of processes and characteristics 

including isomorphic substitution (permanent charge), surface dissolution of ionic compounds 

(hydroxyl groups), and the presence of negatively charged organic compounds (Sposito, 2008; 

Schaetzl and Anderson, 2005; Goldberg et al., 2000; Sparks, 1998). This negative charge results 

in the attraction and adsorption of oppositely charged cationic species found in the soil solution 

(Smith et al., 2015; Marchuk and Rengasamy, 2011; Qadir et al., 2007; Shainberg and Letey, 

1984). In the Bakken and Three Forks region, brine-impacted soils are most commonly 

dominated by the monovalent cation Na (≥ 90%) and to a lesser degree, the divalent cations Ca 

and Mg and thus, following a spill, Na dominates the exchange sites.  

 Soil structure is often characterized as being in a state of flocculation or dispersion. In 

flocculated soils, clay particles are organized in structural aggregates or tactoids (Shainberg and 
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Letey, 1984; Oster et al., 1980). In dispersed soils, there are no structural associations between 

clay particles due to electromagnetic repulsion (Schaetzl and Anderson, 2005). The relationship 

between adsorbed cations and the structural properties of the soil is often described using the 

ionicity index, which is used to determine the relative binding strength of particular cations in 

solution to clay particle exchange sites (Smith et al., 2015; Marchuk and Rengasamy, 2011; 

Sposito et al., 2008). The ionicity index value (binding strength) of cations in solution follows 

the relationship: Li > Na > K > Mg > Ca > Sr > Ba where the larger ionicity values (Li) indicate 

weaker binding strength to exchange sites while smaller values (Ba) represent stronger binding 

strength (Smith et al., 2015; Marchuk and Rengasamy, 2011; Sposito et al., 2008). Na, the 

dominant cation in brine-contaminated soils, has one the greatest ionicity indices (i.e. weakest 

binding strengths) and is present in such high concentrations that it overwhelms most clay 

particle exchange sites, increasing the potential for swelling and dispersion of clay particles in 

the soil (Marchuk and Rengasamy, 2011; Hanor, 2007). Swelling and dispersion cause a 

significant decrease in overall porosity and connectivity of soil pores, which in turn reduces the 

hydraulic conductivity and infiltration capacity of the soil (Derby et al., 2016; Hanor, 2007; 

Shainberg and Letey, 1984; Quirk and Schofield, 1955). Although Na is the dominant cation in 

brine-impacted soils, clay particles often remain in a flocculated state due to ionic saturation and 

elevated EC levels (Derby et al., 2016; Merrill et al., 1990). Over a number of leaching events 

from precipitation, however, the EC of the soil solution may be sufficiently reduced that sodic 

soil, imparted by the Na within the brine, conditions may prevail, resulting in swelling and 

dispersion (He et al., 2015; Merrill et al., 1990). For soils with different clay contents, clay 

mineralogies, and organic matter contents, the point at which swelling and/or dispersion results 

in a significant decrease in soil hydraulic conductivity has been described through the 
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determination of “threshold” concentration or flocculation value of salts in the soil solution 

(Shainberg and Letey, 1984; Quirk and Schofield, 1955). If the salt concentration in the soil 

solution (i.e. EC) drops below the threshold concentration or flocculation value for a soil, clay 

particles will begin to swell and/or disperse, even at relatively low SAR values (He et al., 2015; 

Shainberg and Letey, 1984). Alternatively, swelling of clay particles may occur above the 

flocculation value of a soil over a range of SAR values, however, this process decreases at higher 

levels of overall salinity (Shainberg and Letey, 1984). Recent research suggests that reductions 

in EC <2 dS m-1 can result in the dispersion of montmorillonite clays at SAR values as low as 5 

(He et al., 2013). Furthermore, He et al. (2015) indicate that to prevent swelling of Na-affected 

soils, the EC of the soil solution should be maintained at/or above 4 dS m-1 when the SAR is ≥5. 

Saurez et al. (2008) observed that the application of irrigation water exhibiting SAR values of 4 

and EC values <2 dS m-1 resulted in an overall decline in saturated hydraulic conductivity in 

loam soils as a result of clay swelling. 

 In semi-arid regions, such as the Williston Basin, capillary action promotes the upward 

movement of water and dissolved solutes towards the soil surface (NDAWN, 2018; NDGF, 

2016; Jambhekar et al., 2015; Thimm, 1990). Over time, continual salt accumulation and 

precipitation results in the formation of crusts (Qadir et al., 2007; Keiffer and Ungar, 2002; 

Mullins et al., 1990). Crusting of the soil surface results in a reduction of infiltration rates as well 

as gas diffusion into and out of the soil, all of which cause a marked decrease in plant growth and 

increase in soil erosion potential (Leskiw et al., 2012; Young et al., 2011; Aschenbach and 

Kindscher, 2006).  
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Seed Germination and Plant Growth 

 Prior to the expansion of oil and natural gas development in the Williston Basin, the 

economy of the region was, and largely remains, based primarily on the agricultural production 

of both livestock and crops (USDA, 2017; Preston and Kim, 2016). The increasing frequency 

and severity of brine spills in recent years has raised concerns from agricultural producers over 

the loss of plant productivity and soil function at many sites where these spills have occurred. 

Brine spills often leave the land devoid of vegetation for extended periods of time through both 

direct, and indirect effects of induced salinity and sodicity (Young et al., 2011; Aschenbach and 

Kindscher, 2006; Keiffer and Ungar, 2002).  The effects of salinity and sodicity to plant growth 

can vary significantly between various plant species and growth stages, however, a significant 

amount of research has been dedicated to characterize numerous plant species as either salt-

sensitive (i.e. glycophytic) and salt-tolerant (i.e. Halophytic) (Grieve et al., 2012; Manousaki and 

Kalogerakis, 2011; Lauchli and Epstein, 1990; Reis and Hoffman, 1983).  

 Across the various growth stages of a plants’ life cycle, seed germination is one of the 

most crucial, particularly in salt-affected soils (Shaygan et al., 2017; Schmer et al., 2012; Keiffer 

and Ungar, 2002; Ungar, 1978). In brine-contaminated soils, a number of processes play a role in 

impeding seed germination and plant establishment. Indirect effects, such as physical changes to 

soil structure including: salt crust formation, dispersion, and hardsetting, can significantly reduce 

seed germination rates and the chances of plant establishment (Leskiw et al., 2012; Qadir et al., 

2007; Aschenbach and Kindscher, 2006). The formation of salt crusts, dispersion of clay 

particles, and hardsetting of the soil surface act as structural mechanisms that inhibit the growth 

and elongation of the radical, epicotyl, and hypocotyl of newly germinated seeds (Aschenbach 

and Kindscher, 2006; Qadir et al., 2003; Mullins et al., 1990; Shainberg, 1990). In addition, these 
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structural changes reduce the ability of water and gases to infiltrate into the soil, resulting in 

either a lack of soil water for seed imbibition or the prolonged inundation of the soil surface, 

both of which severely restrict plant establishment and survival (Grieve et al., 2012; Qadir et al., 

2007; Shainberg and Letey, 1984). 

 The direct effects of brine-contamination on seed germination and plant growth are 

caused primarily by the ionic saturation of the soil solution, which inhibits plant productivity 

through a number of deleterious processes (Grieve et al., 2012). The ability of a seed or plant 

root to uptake water is based on the establishment and maintenance of an osmotic gradient with 

the soil solution (Lauchli and Epstein, 1990). In soils exhibiting high salt concentrations, the 

osmotic potential of the soil solution becomes increasingly negative, resulting in the reversal of 

this osmotic relationship (Aschenbach and Kindscher, 2006; Lauchli and Epstein, 1990). This 

change in hydraulic gradient severely limits the imbibition of soil water by both plant roots and 

seeds, often resulting in induced seed dormancy (i.e. delayed seed germination) and the 

expression of drought-like symptoms in plants at later growth stages (Keiffer and Ungar, 2002; 

Lauchli and Epstein, 1990; Ungar, 1978).  

 In conjunction with these effects, high concentrations of NaCl also disrupts the 

absorption of essential plant nutrients needed for germination and growth (Grieve et al., 2012; 

Grattan and Grieve, 1998).  Grattan and Grieve (1998) indicate that the adsorption of NO3, K, 

PO4, and Ca by plants can be inhibited by the presence of high concentrations of both Na and Cl 

in the soil solution. In addition, nutrient imbalances and osmotic stress have been shown to 

significantly inhibit plant metabolic and photosynthetic processes through the closure of stomata, 

the reduction of CO2 diffusion into the plant, and the production of hormones which limit 

cellular growth and division (Chaves et al., 2009; Munns and Tester, 2008).  
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 The ionic saturation of the soil solution caused by brine spills often cause physiological 

harm to seed and emerging plants through the direct uptake of salts. To promote water uptake 

and alleviate osmotic stress, some plants will absorb and store various amounts of soluble salts in 

their tissues (Grieve et al., 2012; Manousaki and Kalogerakis, 2011; Lauchli and Epstein, 1990). 

This accumulation of salts can have either beneficial or deleterious effects on plant growth 

depending on the concentrations of the various ionic species found in the soil solution (Grieve et 

al., 2012). Although brines produced in the Williston Basin contain a number of elements that 

are essential plant nutrients (i.e. Ca, Mg, K), their elevated concentrations in conjunction with Na 

and Cl render them toxic (Keiffer and Ungar, 2002; Munn and Stewart, 1989). In addition, 

various trace elements found in solution such as B and Se, can cause direct toxicity if adsorbed 

into plant tissue (Grieve et al., 2012; Lauchli and Epstein, 1990; Ungar, 1978). Similar to plants 

at later growth stages, the effects of ionic adsorption on seed germination vary considerably 

across plant species and the concentration of salts found in solution (Neumann, 1997; Ungar, 

1978). Ion toxicity in seeds, which is caused primarily by the absorption Na and Cl, occurs 

through the disruption of the metabolic processes required for cell division and germination 

(Neumann, 1997). In addition, the uptake of salts into seeds may result in the expression of 

oxidative stress in cells, which is caused by an imbalance in the production of various reactive 

oxygen species (Ibrahim, 2016). High levels of reactive oxygen species in cells often causes cell 

death by damaging cellular structures such as membrane lipids and enzymes (Ibrahim, 2016; 

Ashraf and Foolad, 2005). 

Salt Tolerance Mechanisms  

  Anthropogenic salinity caused from oil and natural gas production has created a 

significant need for the identification of salt tolerant plant species that can restore the economic 
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and ecological benefits lost to various stakeholders across the Williston Basin. In the literature, 

the salt tolerance of plant species is based on the level of salinity at which plant germination, 

growth, and reproduction is able to meet the purposes of their intended use (Grieve et al., 2012). 

In general, plants are designated as either glycophytes (i.e. salt-sensitive) or halophytes (i.e. salt-

tolerant) based on their ability to survive across a range of growth stages at increasing levels of 

salinity (Manouski and Kaleogerakis, 2012; Munns and Tester, 2008). Glycophytes, or plant 

species sensitive to salinity, encompass a wide range of crop and graminoid species commonly 

grown throughout the Williston Basin including alfalfa (Medicago sativa) and wheat (Triticum 

aestivum) (Steppuhn et al., 2009; Lauchli and Epstein, 1990). Halophytes, or salt tolerant plant 

species, employ a number of defense mechanisms that facilitate germination and growth in soils 

exhibiting high levels of salinity and sodicity (Grieve et al., 2012; Munns and Tester, 2008; Khan 

and Gul, 2006). 

 In saline and sodic soils, seed germination is one of the most important life stages in a 

plants life cycle (Pujol et al., 2000; Ungar, 1978). Glycophytic and halophytic plants often 

exhibit delayed germination and reduced final germination rates in response to salinity, with 

germination in halophytic species reduced primarily by osmotic effects and glycophytic species 

by ionic effects (Zhang et al., 2012; Dodd and Donovan, 1999). Significant amounts of research, 

however, indicates that halophytic plants, in general, are more resistant to salinity at this stage of 

development (Kieffer and Ungar, 1997; Lauchli and Epstein, 1990; Ungar, 1978). Ungar (1978) 

indicates that halophytic seeds avoid salinity-induced osmotic stress through induced dormancy 

during periods in which high salt concentrations are present in the topsoil. In contrast to the seed 

of most glycophytes, halophyte seeds can remain dormant for a number of years while 

maintaining their viability, allowing germination to occur during periods of high precipitation 
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when the majority of salts have been leached from the topsoil and optimal growing conditions 

are present (Kieffer and Ungar, 2002; Ungar, 1978). 

 At later growth stages, halophytic, and to a lesser degree, glycophytic plant species utilize 

a number of structural and chemical defense mechanisms which contribute to their overall 

tolerance to salinity-induced stress. Structural traits exhibited by halophytes such as glands, 

bladders, and salt hairs allow these plants to excrete excess salts when salt concentrations begin 

to reach toxic levels in their tissues (Grieve et al., 2012; Hasegawa et al., 2000; Glenn et al., 

1999; Ungar, 1998). The osmotic imbalance created in saline-sodic soils forces plants to make 

osmotic adjustments to maintain sufficient water and nutrient uptake (Manouski and 

Kaleogerakis, 2012; Hasegawa et al., 2000; Lauchli and Epstein, 1990). In halophytic species, 

osmotic adjustments are achieved through the uptake and subsequent storage of Na in the 

vacuoles of mature leaf tissue and by the production of organic acids, sugars, soluble solids, and 

proteins which regulate osmotic processes within the plant (Grieve et al., 2012; Flowers and 

Colmer, 2008, Ashraf and Harris, 2004). Similarly, glycophytes produce significant 

concentrations of these organic compounds in an attempt to achieve osmotic homeostasis, 

however, the concentrations produced are often not enough to sufficiently alter osmotic gradients 

in highly saline soils. (Flowers and Colmer, 2008; Hasegawa et al., 2000). Furthermore, 

glycophytes are incapable of compartmentalizing Na and Cl in plant tissues and, conversely, 

avoid its adsorption through stomatal closure, which reduces transpiration and subsequent water 

uptake (Chaves et al., 2009; Hasegawa et al., 2000). Salt exclusion is a short-term defense 

mechanism for osmotic stress, as it results in the decrease of photosynthetic activity which 

reduces plant growth and function (Munns and Tester, 2008). Comparatively, the ability of 

halophytic plant species to resist stressors induced by salinity through salt exclusion and efficient 
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osmotic regulation gives them significant potential for revegetation activities on brine-

contaminated soils, while the various defense mechanisms of glycophytes are often insufficient 

to sustain growth in these conditions (Vavrek et al., 2004). 

The Effects of Brine on Biotic Systems 

 Soil biology including various species of fungi, bacteria, nematodes, and other microbes 

can be negatively impacted by both direct and indirect effects of brine releases. For example, 

Sublette et al. (2007) discovered an average reduction in phospholipid fatty acid (PLFA) 

concentrations, a measure of microbial biomass, of approximately 50% in brine-impacted soils. 

Similarly, Rhykerd et al. (1995) found a decrease in microbial activity and CO2 production from 

soils contaminated with brines at increasing level of EC. The primary direct effect of salts on 

microbial communities in the soil occurs through the induction of osmotic stress, which reduces 

microbial metabolic activity and results in the mortality of many species (Chowdhury et al., 

2011). Indirect effects of salinity on soil biology include the loss of vegetation following a spill, 

which over time reduces the organic matter required by organisms for metabolic processes 

(Sublette et al., 2007). 

 Brine spills may also have significant effects on aquatic and terrestrial biota. In a study of 

brine spills across the states of Pennsylvania, New Mexico, Colorado, and North Dakota, 

Maloney et al. (2017) estimated that brine spills in these states occurred at an average distance of 

580 m away from streams, causing brine releases to be particularly hazardous to the health of 

aquatic ecosystems. In a study testing the effects of major ionic constituents most commonly 

found in brine (i.e. Na, Cl, K, Ca) on aquatic organisms, Wang et al. (2019) found that over a 

period of 7-d, the survival and growth of fathead minnow (Pimephales promelas) and fatmucket 

(Lampsilis siliquoidea) were significantly decreased at salt concentrations of 4X and 2X 
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reference conditions, respectively, following a brine spill near Blacktail Creek, ND. In terrestrial 

environments, Efroymson et al. (2004) suggested the deleterious effects of brine and 

hydrocarbon spills on habitat quality may harm vertebrates more than the potential for direct 

toxicity and, over time, may result in population declines and decreased species richness. 

Remediation of Brine-Contaminated Land 

Factors Influencing Remediation 

 The deleterious effects of oil-field brine to soil and plant health often persist for some 

time following spill incidents and, due to the solubility of NaCl (360 g L-1 at 25°C) (Haynes, 

2014), contamination can spread quickly to adjacent areas. The simultaneous reduction in 

agricultural productivity, surface/ground water quality, and ecosystem services of contaminated 

land often requires that the soils of these sites be remediated, and vegetation be restored in some 

capacity. Remediation of brine-contaminated land is attempted utilizing a variety of in-situ or ex-

situ methods. The choice of remediation method is based on site characteristics, the cost-

effectiveness of inputs, and the potential for contamination to migrate to land and water 

resources adjacent to the site (Sublette et al., 2007; Harris et al., 2005). Important site 

characteristics that determine the applicability of remediation methods include the severity of 

contamination, soil texture, drainage capability, depth of contamination, depth to ground water, 

the topography of the site, and the prevailing climatic conditions (Qadir et al., 2007; Harris et al., 

2005; Vavrek et al., 2004; Qadir et al., 2000). In addition to the characteristics of the site, the 

cost-effectiveness of various methods is governed by the remediation goals established between 

landowners and industry personnel in conjunction with the approval of plans by government 

agencies (ND DOH, 2016). In cases where contamination has the potential to migrate to adjacent 
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land and water resources, government agencies may require additional steps to be taken to 

mitigate and contain the effects of the spill (ND DOH, 2016). 

Ex-Situ Remediation 

 Ex-situ remediation techniques involve the mechanical excavation of contaminated soil 

and its transportation to an offsite location for treatment or disposal (Kuppusamy et al., 2016; 

Newell, 2006; Harris et al., 2005). The most prevalent ex-situ remediation method used for 

brine-contaminated soils consists of the excavation and disposal of impacted soils and 

vegetation. Excavation and removal, which is commonly referred to as “dig and haul” within the 

Williston Basin, is used for impacted sites that are extremely contaminated with salts, situated 

near important water resources, or incompatible with in-situ remediation methods (Sanchez, 

2017; Gleason et al., 2014; Harris et al., 2005). Following excavation, contaminated soil is 

disposed of in landfills which have been pre-approved by state agency officials (ND DOH, 2016; 

Young et al., 2011). Soil that has been removed from the spill site is often replaced with locally 

sourced topsoil exhibiting similar, pre-disturbance, physical and chemical properties (Derby et 

al., 2016).  

Another form of ex-situ remediation that has been used for brine-impacted soils is soil 

washing or scrubbing. The washing of excavated soil occurs in a separation unit which utilizes 

aqueous solutions composed of either fresh or brackish water in conjunction with various 

chemical amendments to remove Na from soil exchange sites (Kuppusamy et al., 2016). 

Following the washing process, soil can then be placed back in its original location. The use of 

ex-situ remediation techniques provides stakeholders with an expedient and efficient means to 

mitigate or remove the harmful effects of brine-contamination to soils. However, the financial 

costs associated with these methods, $154 Mg-1 (Kuppusamy et al., 2016) for soil washing and 



 

26 
 

$1632 Mg-1 (Dustin Anderson, personal communication, 2018) for dig and haul, often makes 

them far more expensive than other methods of remediation (Gleason et al., 2014; Harris et al., 

2005). While being the most prevalent remediation technique used in the Williston Basin due to 

its expediency, the dig and haul method requires the use of heavy equipment and the construction 

of transportation infrastructure, which may cause damage to adjacent, non-contaminated soils 

through compaction and vegetation removal. Furthermore, the removal of native topsoil only 

displaces the contamination problem to specially constructed landfills, where the space for 

copious amounts of soil may be limited (Young et al., 2011). A final limitation to this method is 

the scarcity of high-quality replacement soil in the region. 

In-Situ Remediation 

Natural Attenuation 

 In-situ remediation consists of treating brine contamination onsite with the native soils 

left in place (Kuppusamy et al., 2016). Natural attenuation, a passive, or hands-off form of in-situ 

remediation, relies on natural precipitation and drainage regimes to leach salts out of the topsoil, 

allowing for subsequent revegetation of the site and the recovery of soil function (Leskiw et al., 

2012; Auchmoody and Walters, 1988). The capability of brine-contaminated sites to recover 

through natural attenuation has received little attention in the literature, however, factors 

including climate, soil texture, and water table depth have been identified as the primary 

determinants for the successful use of this method (Leskiw et al., 2012). In their analysis of a 

brine spill site in British Columbia, Leskiw et al. (2012) found that over a period of eight years, 

annual precipitation amounts were adequate to significantly leach brine salts from a sandy loam 

topsoil and clay loam subsoil. In northwestern Pennsylvania, Auchmoody and Walters (1988) 

concluded that high amounts of precipitation in the study area during a four-year period was able 
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to sufficiently remove salts from a silt loam soil and allowed for the re-establishment of 

vegetation. Alternatively, natural attenuation of brine-contaminated soils in semi-arid and arid 

regions may be limited due to the lack of precipitation for leaching, prevalence of fine-textured 

soils, and the high concentrations of salts found in brines produced in the region (Kieffer and 

Ungar, 2001; Murphy et al., 1988). In their study of an abandoned brine disposal pit in North 

Dakota, Murphy et al. (1988) found that little dilution of salts had occurred over a 10 yr period 

and estimated that salt concentrations at this site would remain high for decades or even 

centuries without active remediation. 

Soil Amendments and Leaching 

 The active, in-situ remediation of brine-contaminated soils, in a majority of cases 

reported in the literature, is attempted through the use of a combination of soil amendments, 

irrigation, and drainage (Chaganti and Crohn, 2015; Qadir et al., 2014; Bahceci, 2009; Harris et 

al., 2005; Vavrek et al., 2004; Qadir et al., 2003; Artiola et al., 2000; Atalay et al., 1999; 

Ashworth and Crepin, 1999; Dejong, 1982). Soil amendments are often classified as either 

chemical or organic, with the choice of amendment(s) determined by their availability, cost, and 

effectiveness in improving soil physical, hydraulic, and edaphic properties (Chaganti and Crohn, 

2015; Vavrek et al., 2004; Atalay, 1999). In the remediation of sodic and saline-sodic soils, 

chemical amendments provide a source of divalent cations such as Ca which aid in the 

displacement of Na from soil exchange sites and help promote the aggregation of soil particles, 

thereby improving the ability of water to move through the soil profile (Vavrek et al., 2004; 

Dejong, 1982). Gypsum (CaSO4•H2O), has traditionally been employed as the primary chemical 

amendment for ameliorating the effects of sodic soils (Sanchez, 2017; Oster et al., 1999). 

Although gypsum exhibits a relatively low solubility in water (2.1-2.6 g L-1), it provides a 
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significant amount of Ca for the mobilization of Na in the soil and, in low EC soils, provides 

enough electrolytes to increase the EC of the soil solution and promote a state of flocculation 

between clay particles (Artiola et al., 2000; Shainberg and Letey, 1984; Dejong, 1982). In an 

experiment comparing the Na removal efficiencies of CaSO4, CaCl2 and organic (manure, 

Medicago sativa, and Sorghum bicolor) treatments, Robbins (1986) found that gypsum provided 

the most significant increase in Na removal efficiency.  

 The gypsum requirement (Mg ha-1) for Na-impacted soils can be calculated using a 

variety of different formulas available in the literature. However, significant variation is often 

found between the values calculated using these equations (Ashworth and Crepin, 1999; Oster et 

al., 1999). A commonly used equation to determine the gypsum requirement of sodic soils was 

developed by Oster et al. (1999) and is based on the initial and desired (final) exchangeable 

sodium percentage (ESP) of the soil: 

𝐺𝐺𝐺𝐺 = 0.86𝐹𝐹𝐹𝐹𝜎𝜎𝑏𝑏(𝐶𝐶𝐶𝐶𝐶𝐶)(𝐶𝐶𝐸𝐸𝐸𝐸𝑖𝑖 − 𝐶𝐶𝐸𝐸𝐸𝐸𝑓𝑓)/100 [1] 

GR= gypsum requirement (Mg ha-1) 

F= 1.3 or 1.1 for ESPf of 5 or 15%, respectively 

D= soil depth (m) 

σd= soil bulk density (Mg (m3)-1) 

CEC= cation exchange capacity (mmolc kg-1) 

ESPi, ESPf= initial and final exchangeable sodium percentage, respectively. 

Other chemical amendments including CaCO3, CaCl2, Ca(NO3)2, MgSO4, MgCl2, and H2SO4 

have also been used in research applications to reclaim sodic and saline-sodic soils with varying 
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amounts of success (Artiola et al., 2000; Atalay et al., 1999; Merrill et al., 1990; Clark and 

Thimm, 1975; Prather et al., 1978). An app for iOS and Android mobile devices has been 

developed by North Dakota State University that can be used to calculate GR, just search 

“gypsum requirement” in the app store. 

 The application of organic amendments, in conjunction with chemical amendments, to 

brine-contaminated soils has been shown to provide several benefits that aid in the successful 

remediation of brine spill sites. Commonly used organic amendments include straw, wood chips, 

hay, composted livestock manure, food processing wastes, green manure, biochar, and humates 

such as leonardite (Zhang et al., 2008; Sublette et al., 2007; Vavrek, 2004; Conway, 2001; 

Barzegar et al., 1997). In general, organic amendments improve soil structure, enhance the 

growth and activity of microbial communities, increase percolation and infiltration rates of the 

soil, and decrease water loss to evaporation from the soil surface (Zhang et al., 2008; Sublette et 

al., 2007; Vavrek, 2004; Conway, 2001; Barzegar et al., 1997). In their work remediating a brine 

spill site in Oklahoma, Harris et al. (2005) found that the application of a thick layer of native 

hay in combination with an artificial subsurface drainage system was effective in maintaining 

soil permeability, reducing evaporation from the soil surface, and removing significant 

concentrations of Na and Cl from the soil. Barzegar et al. (1997) found that the addition of pea 

straw to soils at increasing levels of sodicity had a positive influence on the structural stability of 

the soil and could aid in the removal of Na from salt-affected soils. 

 Conventional in-situ remediation techniques require sufficient volumes of water to leach 

salts out of the topsoil (Young et al., 2011; Bahceci, 2009; Qadir et al., 2000). The need for 

sometimes large amounts of water is often confounded by the lack of precipitation in arid and 

semi-arid environments (Bahceci, 2009; Keiffer and Ungar, 2002). In these conditions, irrigation 
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is often required to supplement natural precipitation. For saline soils, Qadir et al. (2000) 

identified three irrigation techniques (continuous ponding, intermittent ponding, and sprinkling) 

that are commonly used to leach salts out of the topsoil. The leaching efficiency of these three 

methods had been tested previously by Oster et al. (1972) and were found to decrease in the 

following order: intermittent ponding, sprinkling, and continuous ponding.  

 The amount of time and volume of water needed to leach salts from brine-impacted soils 

depends on the depth to be remediated, the soil texture, soil amendments applied, the quality of 

irrigation water, and the prevailing climatic conditions (Bahceci, 2009; Oster et al., 1999; 

Shainberg and Letey, 1984). For brine-contaminated soils, various estimates concerning the 

amount of time and water needed for sufficient leaching of Na have been given by a number of 

authors in the literature. For example, Jury and Weeks (1978) estimated approximately 31 pore 

volumes of a saturated gypsum solution would be needed to leach Na from a fine-textured soil, 

while Munn and Stewart (1989) estimated that a 100-fold dilution of freshwater was necessary to 

decrease salt concentrations of a brine-contaminated soil in Ohio to levels in which crop species 

would be able to survive. Using Hydrus 1-D software to model solute travel times of brine 

through a homogenous, silt loam soil under continuous ponding conditions of freshwater, 

Klaustermeier (2016) indicated that a prohibitive amount of time would be needed to completely 

remove Na from a 150 cm profile. These studies suggest that significant amounts of time and 

water would need to be applied to sufficiently leach salts from the topsoil. 

 In addition to the need for adequate volumes of water for leaching, soil drainage is an 

important factor that can determine the effectiveness of this remediation method (Conway, 2001; 

Qadir et al., 2000). For leaching to be effective, salts must be transported to a significant depth in 

the subsoil to reduce the risk of capillary rise or be translocated to a natural or manmade pour 
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point where it can be collected and removed. Limiting factors for soil drainage include the 

presence of a high water table, impermeable subsoil layers, and reduced infiltration/permeability 

rates of the topsoil caused by swelling and dispersion of clay particles (Bahceci, 2009; Harris et 

al., 2005; Vavrek et al., 2004; Oster, 2001). In situations where high water tables or impermeable 

subsoil layers are present, artificial subsurface drainage may be used to lower water table depths 

and collect the leachate from the topsoil for disposal (Derby et al., 2016; He et al., 2015; Young 

et al., 2011; Harris et al., 2005). 

 The use of this remediation strategy in semi-arid environments can often produce mixed 

results, while in most situations, incurring significant costs to stakeholders. Gypsum, for 

example, has traditionally been the most common amendment used to reduce the harmful effects 

of Na in the soil profile, yet its’ low solubility causes it to only be effective to the depth at which 

it is applied, which in most cases is not to the entire depth of soil contamination (Sublette et al., 

2007; Harris et al., 2005; Qadir, 2000; Artiola, 1999; Ilyas, 1997; Robbins, 1986). In addition to 

this limitation, a significant amount of irrigation water and time is needed to leach salts from 

these soils, even with the addition of amendments (Kieffer and Ungar, 2001; Munn and Stewart, 

1989; Jury and Weeks, 1978). With the increase in freshwater water use for oil development and 

the continued need for agricultural irrigation, competition for the sometimes scarce water 

resources of the region may limit the water availability for remediation purposes (NDSWC, 

2016). If sufficient water resources can be found, drainage may also become an issue for many 

brine spill sites. The presence of high water tables, fine-textured soils with low infiltration rates 

and permeabilities, and impermeable subsurface layers have been found to be the main 

determinants of remediation failure or success when using leaching to remove Na from the soil 

profile (Harris et al., 2005; Vavrek, 2004; Oster et al., 2001; Qadir et al., 2000). When these 
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conditions are found, the installation of subsurface tile drainage has been used to collect the 

leachate and permanently remove it from the soil profile, however, high installation costs and/or 

topography may limit this option in some instances (Derby et al., 2016; Young et al., 2011; 

Harris et al., 2005). A final factor which may limit the long-term success of this methodology for 

brine spill remediation is the potential for resalinization of the topsoil through capillary rise of 

groundwater and dissolved solutes (Derby et al., 2016; Thimm, 1990).  

Phytoremediation 

 Phytoremediation, also referred to as phytoextraction, is the use of growing vegetation to 

ameliorate the effects of various pollutants found in environment (Manouski and Kalogerakis, 

2011). Phytoremediation has been identified as a potential method for the remediation of brine-

impacted soils in oil producing regions, although a limited amount of research has been devoted 

to its efficacy in the Williston Basin (Young et al., 2011; Manouski and Kalogerakis, 2011; 

Keiffer and Ungar, 2002; Keiffer and Ungar, 2001). In some situations, phytoremediation utilizes 

halophytic (salt-tolerant) plants that are capable of completing their lifecycles in soils exhibiting 

EC values upwards of 20 dS m-1 (Flowers et al., 2010; Keiffer and Ungar, 2002; Keiffer and 

Ungar, 2001). The establishment of halophytes stabilizes salt-affected soils and promotes the 

removal of NaCl through direct uptake and improvement of soil structure and chemistry (Qadir 

et al., 2007). 

 In sodic and saline-sodic soils, various halophytes have been shown to accumulate 

significant amounts of Na in the vacuoles of leaf and stem tissues in an effort to maintain the 

osmotic gradient between the soil solution and the plant (Flowers and Colmer, 2008; Grieve et 

al., 2012; Manouski and Kalogerakis, 2011; Ashraf and Harris, 2004; Ke-Fu et al., 1991). 

Through the harvest and disposal of the above ground biomass, this process has been used to 
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decrease the overall concentration of Na in the soil profile (Young et al., 2011; Qadir et al., 2007, 

Qadir et al., 2003; Keiffer and Ungar, 2002; Keiffer and Ungar, 2001; Qadir et al., 2000). For 

example, Ke-Fu et al. (1991) estimated that through the establishment and harvest of the 

halophyte species Suaeda salsa, approximately 3,090-3,860 kg Na ha-1 or 4.5% of total Na could 

be removed from a saline, medium-textured soil. In their research of brine spill site in Ohio, 

Keiffer and Ungar (2001) found that the halophyte species Atriplex prostrata, Salicornia 

europaea, Salicornia calceoliformis, and Hordeum jubatum decreased Na concentrations in the 

soil by 17%, 10%, 10%, and 9%, respectively, over the course of a single growing season.  

 The establishment of halophytic vegetation has also been proven to enhance several of 

the physical and hydraulic properties of salt-affected soils. Root systems established by 

halophytic plants, especially those that protrude deep into the soil profile, provide numerous 

pathways by which water can move through the soil profile, thus increasing the leaching 

efficiency of Na and Cl out of the topsoil (Manousaki and Kalogerakis, 2011; Qadir et al., 2003;  

Qadir et al., 2000; Ilyas et al., 1993). For example, Ilyas et al. (1993) found that the growth of 

alfalfa roots in a fine-loamy, saline-sodic soil, resulted in an increase of saturated hydraulic 

conductivity of approximately 258% when used in association with gypsum, allowing for 

significant reductions in Na and soluble salt concentrations of the upper profile over a one-year 

period. Plant roots, through the respiration of CO2, have also been shown to increase the rate of 

calcite (CaCO3) dissolution in calcareous soils, providing a source of Ca to displace Na from 

cation exchange sites and flocculate soil particles (Qadir et al., 2007, Qadir et al., 2000). 

Similarly, microorganisms in the soil increase the partial pressure of CO2 in the soil profile and 

produce organic acids that further promote the dissolution of calcite in calcareous-sodic soils 

(Qadir, 2000). 
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 In comparison to ex-situ methods or the in-situ method of using soil amendments, 

irrigation, and leaching, phytoremediation has the potential to provide an inexpensive alternative 

to stakeholders (Young et al., 2011; Manousaki and Kalogerakis, 2011; Qadir et al., 2003). The 

effectiveness of phytoremediation in brine-impacted soils, however, has received little attention 

in the literature, particularly in the Williston Basin (Manouski and Kalogerakis, 2011; Young et 

al., 2011; Keiffer and Ungar, 2002; Keiffer and Ungar, 2001). The lack of information 

concerning the use of this method in these soils extends to the identification of appropriate 

halophytic plant species and their tolerance to various contaminants found in oil-field brine 

(Vavrek et al., 2004). In addition, the time needed for phytoremediation to be effective in brine-

impacted soils may prove to be a limiting factor in many situations, as the salt concentrations of 

these soils are much greater than those found in agricultural settings where this method has been 

proven to have the most success. Qadir et al. (2007) state that in highly sodic soils, the 

establishment of halophytic species is often uneven, reducing their effectiveness in promoting 

the leaching of Na from the soil profile and uptake through above-ground biomass. For example, 

at a brine spill site in Alberta, Canada, Young et al. (2011) found that there was significant 

spatial variation in the establishment of the halophyte Atriplex patula, with some areas showing 

little establishment over a three-year period. In addition, salt uptake by halophytes contributes 

little to their efficiency in reducing Na from the soil profile, indicating that reductions through 

harvest and removal of above-ground biomass may take decades to be effective, even under 

optimal growing conditions (Jesus et al., 2015; Qadir, 2007).  

Contemporary and Experimental Remediation Methods 

 Due to the increase in frequency of brine spills over the past decade throughout western 

North Dakota, an urgent need has been created for alternative methods to expedite and improve 
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the effectiveness of brine spill remediation. Over this time period, several methods have been 

proposed to fulfill these needs including electrokinetics, crystallization inhibitors, wicking 

materials, and microbial-assisted phytoremediation. Electrokinetics is a method of in-situ 

remediation that utilizes electrical fields established in the soil matrix using low intensity direct 

currents (Acar, 1993). These electrical fields induce the migration of soil contaminants to an 

anode (positive) or cathode (negative) that have been inserted into the soil profile (Camaselle, 

2013). In brine-impacted soils, a phenomenon known as electromigration causes positively 

charged ions such as Na, Ca, and Mg to migrate towards the cathode and negatively charged ions 

such as Cl and SO4 to migrate towards the anode (Athmer et al., 2012). Ion migration also occurs 

through electro-osmotic, or fluid flow to the cathode, which enhances the accumulation of 

cations such as Na but limits the absorption of anions such as Cl by the anode. In laboratory 

studies using electrokinetics to remediate a clay/silt loam soil contaminated with NaCl (1000 mg 

L-1), Athmer and Wilkens (2013) found Na and Cl concentrations could be reduced by 85% and 

65%, respectively. Field scale application of electrokinetics has been conducted at a brine spill 

site near Williston, North Dakota with results from the first 191 days of operation indicating an 

average reduction in Cl concentration of approximately 47% (Athmer et al., 2017). 

 In semi-arid environments where PET is much greater than precipitation, the upward 

capillary transport of both water and solutes to the soil surface is a common process. This 

characteristic process of dryland environments often limits the effectiveness of many 

conventional methods of in-situ remediation such as leaching and contributes to the high costs 

internalized by various stakeholders. To work with this process rather than against it, 

Klaustermeier et al. (2017) suggested the use of the crystallization inhibitor hexacyanoferrate 

(Fe4[Fe(CN)6]3) to induce hopper crystal growth of NaCl on the soil surface, which could then be 
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harvested and permanently removed from the soil profile. Conceptually, this method would 

utilize the evaporative flux established at the soil surface following a brine spill and the capillary 

rise of soil water to accumulate salts in the upper portions of the soil profile, where the 

crystallization inhibitor would then induce the growth of NaCl hopper crystals (Klaustermeier et 

al., 2017). In laboratory experiments utilizing a surficial application of the crystallization 

inhibitor to NaCl-contaminated sandy loam, loam, and silty clay soils, this method was found to 

reduce the mass of Na (34.75 g total) in the soil by 0.46, 0.57, and 0.29 g g-1 (grams harvested 

salt at the soil surface per total grams of NaCl applied to the soil), respectively (Klaustermeier et 

al., 2017). In subsequent experiments, the authors found that the re-application of the 

crystallization inhibitor following the initial harvest of salts produced little to no additional salt 

growth, indicating that this method may only be applicable for the partial remediation of brine-

impacted soils (Swallow and O’Sullivan, 2019; Klaustermeier et al., 2017). Furthermore, it was 

found that the effectiveness of the crystallization inhibitor was limited at low salt concentrations 

(<0.5M NaCl) and produced little efflorescence in the presence of SO4-based salts 

(Klaustermeier et al., 2017). 

 To overcome the limitations confronted by the methodology tested by Klaustermeier et 

al. (2017), Swallow and O’Sullivan (2019) and Green et al. (2019) suggested the use of highly 

absorbent “wicking” materials treated with or without the crystallization inhibitor potassium 

cyanoferrate to remediate brine-impacted soils. Wicking materials contain high amounts of fine- 

to medium-sized pores which, through capillary suction, can absorb significant volumes of water 

and dissolved solutes from the soil medium. Highly absorbent materials have previously been 

applied for several uses including the removal of heavy metals from aqueous solutions (Yu et al., 

2018), desalinization of seawater (Hansen et al., 2015), and oil spill clean-up (Adebajo et al., 
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2003). In part one of their experiment, Swallow and O’Sullivan (2019) used Jiffy-Strips® peat 

pots that had been treated with 50 mL of 0.01 M potassium ferrocyanide as a wicking medium. 

Treatments included: 1) a control consisting of surficial application of the crystallization 

inhibitor and no wick, 2) a wick treated with a crystallization inhibitor connecting the soil and 

water reservoir, 3) a wick treated with a crystallization inhibitor placed on the soil surface, and 4) 

a combination of treatments one and two. Following a 14-day incubation period, Na 

concentrations in treatments one, two, three, and four were reduced by 50, 5, 50, and 81% 

respectively. In part two of the experiment, the authors used the design of treatment four in part 

one to test the effectiveness of 0.01 M, 0.005 M, 0.001 M, and 0 M concentrations of the 

inhibitor over a 30-day incubation period. Of the inhibitor concentrations tested, the 0.01 M 

solution caused the greatest reduction in Na concentration of approximately 90% (Swallow and 

O’Sullivan, 2019). Although proven effective in the laboratory, the authors note that field 

implementation still needs to be conducted to prove its effectiveness in these conditions. 

 A final experimental method for the remediation of brine-impacted soils that has been 

proposed for commercial use consists of a form of phytoremediation that utilizes plant growth in 

association with the synergistic effects of soil microbes to achieve successful contaminant 

reduction or removal (Gerhardt et al., 2009). A subset of soil microbial communities commonly 

referred to as plant-growth promoting rhizobacteria (PGPR) have been identified for their 

potential in soil impacted with salts and heavy metals (Glick, 2010; Glick, 1995). PGPR reduce 

plant stress by decreasing the levels of the plant hormone ethylene, which is responsible for 

reducing plant metabolism and growth when osmotic or edaphic stressors, such as high 

concentrations of salts, are present in the soil (Chang, 2014; Glick, 2010; Cheng et al., 2007; 

Mayak et al., 2004). Following a brine release, soil microbial communities may experience 
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significant declines in both species richness and density, requiring the isolation and introduction 

of various strains PGPR to plant seed, often through inoculation or seed coatings (Chang et al., 

2014; Cheng et al., 2007; Sublette et al., 2007; Rhykerd et al., 1995). Through the use of seed 

inoculated with various strains of the bacteria Psuedomonas putida, Chang et al. (2014) observed 

an increase in roots biomass and growth of Hordeum vulgare (barley) and Avena sativa (oats) in 

salt-affected soils (EC = 9.4 dS m-1), when compared to the control (non-treated seed), of 200 

and 50%, respectively. In field trials located in Saskatchewan, Canada, Chang et al. (2014) also 

observed enhanced growth rates of treated barley and oats in soils exhibiting EC between 4 and 

24 dS m-1. Similarly, Cheng et al. (2007) found that the growth Brassica napus (canola) seed 

inoculated with Psuedomonas putida was equal to or greater than the growth of non-treated seed 

in salt solutions at 10° and 20° C, respectively. Although the use of PGPR in association with 

phytoremediation has shown promising results, the potential limitations for this method may 

require additional field-scale trials to be conducted to ascertain this methods effectiveness in 

other locations. 

Conclusions 

 The immense growth of oil and natural gas production in the Williston Basin has resulted 

in a significant increase in the number and frequency of brine spills. These spills occur through 

various pathways including, but not limited to, pipeline leaks and trucking accidents. Due to the 

high concentrations of dissolved salts found in brine, its release can cause significant impacts to 

the surrounding environment. The dominant salt species found in brine, NaCl, can cause the 

deterioration of soil structural and hydraulic properties through processes including swelling, 

dispersion, surface crusting, hardsetting, and surface sealing. Vegetation is often killed on 

contact with brine, leaving spill sites barren and susceptible to wind and water erosion. In 
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addition, the growth of new vegetation following a spill is inhibited by poor soil structure, 

osmotic stress, and ion toxicity. Certain halophytic (salt-tolerant) plant species, however, can 

survive in highly saline environments through structural and chemical adaptions such as salt 

glands and bladders, osmotic regulation through the uptake of salts and production of organic 

solutes in their tissues, and ability to maintain seed viability for as many as four years until 

edaphic conditions are conducive for germination.  

 The harmful effects of brine on the environment coupled with the semi-arid climate of the 

region often necessitates the use of anthropogenic remediation techniques to expedite the 

removal of contaminants and limit the risk of further contamination to surrounding areas. 

Remediation of brine contaminated soils is often conducted through ex-situ methods such as 

excavation and disposal (i.e. dig and haul) or in-situ methods including soil amendment 

application and leaching. Current remediation methods are associated with high costs to 

stakeholders and often achieve only partial or short-term amelioration of contaminated soils. To 

confront the expanding issue of brine contamination and reduce the time and financial resources 

needed for remediation, several novel remediation techniques have been proposed including the 

use of plant growth promoting rhizobacteria, electrokinetics, crystallization inhibitors, and 

wicking materials in combination with crystallization inhibitors. These methods have been 

shown to be relatively effective in removing NaCl from contaminated soils in laboratory settings, 

however, further research in field trials needs to be conducted before these methods can be 

efficiently used at a commercial scale. 
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CHAPTER 2: GERMINATION OF SELECTED CROP AND GRAMINOID SPECIES IN 

RESPONSE TO NACL AND OIL-FIELD BRINE INDUCED SALINITY1 

Abstract 

 Oil and gas development is often associated with the production of copious volumes of 

produced water or “brine”, which is a solution of dissolved salts (NaCl ≈90%) exhibiting 

electrical conductivities (EC) upwards of 200 dS m-1. Accidental releases of brine to soils 

inhibits seed germination through osmotic and ionic stressors. The final germination (FG; %) of 

four crop species: Hordeum vulgare (barley), Helianthus annus (sunflower), Carthamus 

tinctorius (safflower), Beta vulgaris (sugar beet) and four graminoid species: Pascopyum smithii 

(western wheatgrass), Elymus hoffmannii (AC Saltlander), Leymus triticoides (beardless 

wildrye), and Elymus trachycaulus (slender wheatgrass) were determined using NaCl and brine 

solutions prepared at EC levels of 0, 4, 8, 16, 24, and 32 dS m-1. No differences (p >.05) in FG 

were found between NaCl and brine solutions across graminoid species or the crop species 

barley, sunflower, and sugar beet. AC Saltlander had the highest FG (81.9%) at the maximum 

EC level (32 dS m-1), compared to 47.2% and 0.8% for western wheatgrass and beardless 

wildrye, respectively. Within crop species, safflower exhibited the highest germination (10-30%) 

across both solutions at 32 dS m-1. Barley (0-2.9%), sugar beet (4.9-7.7%) and sunflower (0-

1.4%) exhibited low germination at 32 dS m-1. The implications of this experiment are that 

previously established NaCl tolerance indices may be used to accurately determine the FG of 

 
1 The material in this chapter was co-authored by Aaron W. Green, Thomas M. DeSutter, and 
Miranda A. Meehan. Aaron W. Green had primary responsibility for collecting samples in the 
field and data analysis. Aaron W. Green was the primary developer of the conclusions that are 
advanced here. Aaron W. Green also drafted and revised all versions of this chapter. Miranda A. 
Meehan and Thomas M. DeSutter served as proofreaders and checked the math in the statistical 
analysis conducted by Aaron W. Green. 
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plant species in brine-contaminated soils and that AC Saltlander as well as western wheatgrass 

have the highest FG at 32 dS m-1, indicating these species may have the greatest potential for 

successfully revegetating brine-contaminated soils. 

Introduction 

 The Williston Basin, which covers portions of North Dakota, Montana, South Dakota, 

Manitoba, and Saskatchewan, has experienced a significant increase in oil and gas development 

over the past two decades (Gaswirth et al., 2013). The primary waste product associated with oil 

and gas extraction consists of produced water or “brine”, which is a solution of dissolved salts, 

drilling chemicals, and emulsified hydrocarbons (Gregory et al., 2011). On average, brines 

produced near the geographical center of the basin (Williston, ND, USA) exhibit some of the 

highest levels of total dissolved solids (≥ 250 g L-1) in North America, with the predominant 

ionic species consisting of Na+ and Cl- (≥ 90%) (Clark and Viel, 2009). Although brine disposal 

has been highly regulated across the region, hundreds of spills of varying sizes have occurred 

due to pipeline leaks, storage tanks failures, well casing failures and trucking accidents (Gleason 

et al., 2014). The release of brine to the landscape often results in the mortality of vegetation 

communities and the saturation of the soil exchange complex with Na (Murphy et al., 1988). 

Further vegetation growth on these soils often does not occur for months to years following a 

spill, particularly in semi-arid environments where precipitation is not adequate to effectively 

leach salts from the soil profile (Keiffer and Ungar, 2002).  

 Soils contaminated with oil-field brine often exhibit structural and hydraulic 

characteristics in which only the hardiest plant species can successfully complete their life cycle. 

High concentrations of Na in the soil profile can cause the deterioration of soil structure by 

causing clay particles to swell or disperse, reducing the ability of water to infiltrate into and 
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percolate through the soil profile (Zhang and Norton, 2002). In dry seasons, salt migration 

towards the soil surface results in the formation of hard crusts that restrict infiltration of water 

and the diffusion of gases into the soil profile (Qadir et al., 2007). In addition, hardsetting of the 

soil surface may also occur, increasing the bulk density of soil which restricts the proliferation of 

plant roots (Mullins et al., 1990). 

 The edaphic properties of soils are also significantly deteriorated by the infiltration of 

brine into the soil matrix. Although brines consist primarily of Na and Cl, other ionic species that 

are necessary for seed germination and plant growth including Ca, Mg, and K are also present. 

The high concentration of these elements, however, render them toxic to vegetation (Keiffer and 

Ungar, 2002; Munn and Stewart, 1989). Furthermore, the saturation of the soil solution with salts 

creates an osmotic imbalance between plant roots or seeds and the soil matrix. This osmotic 

imbalance restricts the absorption of water from the soil, inducing drought-like symptoms to 

develop in growing plants and seeds to become dormant. (Grieve et al., 2012). High 

concentrations of salts in the soil solution also restricts adsorption of essential nutrients needed 

for seed germination and plant growth (Grieve et al., 2012). For example, the absorption of NO3, 

K, PO4, and Ca by plants has been shown to be significantly reduced by the presence of high 

concentrations of both Na and Cl (Grattan and Grieve, 1999). 

 In addition to causing nutrient imbalances and osmotic stress in seeds, high levels of 

salinity often results in ion toxicity through absorption Na and Cl, which restricts germination 

through the disruption of the metabolic processes required for cell division (Neumann, 1997). In 

conjunction, the uptake of salts into seeds may result in the expression of oxidative stress in 

cells, which is caused by an imbalance in the production of various reactive oxygen species 

(Ibrahim, 2016). High levels of reactive oxygen species in cells often causes cell death by 
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damaging cellular structures such as membrane lipids and enzymes (Ibrahim, 2016; Ashraf and 

Foolad, 2005). 

 In-situ or ex-situ remediation of brine-contaminated land is often required in the 

Williston Basin due to the persistent, deleterious effects of salts on soil health, plant growth, and 

water quality. The re-establishment of vegetation is often an integral step towards the successful 

remediation of many brine-contaminated sites. Seed germination is of particular importance in 

the remediation process, however, little information is available in the literature concerning the 

germination response of specific plant species to varying levels of salinity caused by oil-field 

brine (Keiffer and Ungar, 2002; Ungar, 1978). On the other hand, copious amounts of research 

has been dedicated to the effects of specific salt species on germination (e.g. NaCl).  

 Germination research that has been conducted in brine-contaminated soils has focused 

largely on the response of halophytic, or salt-tolerant, plant species for use in phytoremediation, 

which utilizes plants to hyper-accumulate and/or promote the leaching of salts downwards in the 

soil profile (Manousaki and Kalogerakis, 2011; Qadir et al., 2007). Many halophytic plant 

species used in these studies, however, are introduced, scarcely available, costly, or the same 

species that are controlled as weed species in agricultural settings. These characteristics of 

halophytic plants often restricts their use by remediation specialists, particularly in the Williston 

Basin. 

 The lack of information concerning the germination response of high value or common 

plant species found throughout the Williston Basin to brine-induced salinity has created a 

considerable amount of uncertainty for remediation specialists in determining 1) what levels of 

salinity seeds can tolerate?, 2) what seeding rate is needed to successfully revegetate 

contaminated sites?, and 3) what species to plant. The purpose of this study was to determine the 
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final germination of four crop and graminoid species across increasing levels of NaCl and oil-

field brine induced salinity. The results from this study can then be used to determine any 

differences in final germination between salt solutions (i.e. NaCl vs. brine), the salinity 

thresholds at which the selected species can successfully germinate, and the plant species that 

may be best suited for revegetating brine-contaminated land. 

Materials and Methods 

 The four crop species evaluated were: Hordeum vulgare (barley), Helianthus annus 

(sunflower), Carthamus tinctorius (safflower), Beta vulgaris (sugar beet) and the four graminoid 

species were: Pascopyrum smithii (western wheatgrass), Elymus hoffmannii (AC Saltlander), 

Leymus triticoides (beardless wildrye), and Elymus trachycaulus (slender wheatgrass). These 

plant species were chosen based on their availability and relative tolerance to salinity. The 

tolerance to salinity of the chosen plant species at later stages in their life cycles are provided in 

Table 2.  

Table 2: Salt tolerance indices for crop species (barley, sugar beet, safflower, and sunflower) and 
graminoid species (beardless wildrye, AC Saltlander, slender, and western wheatgrass). 

Plant Species  Production Affected   Plant Mortality  Tolerance Level   dS m⁻¹  dS m⁻¹   

Beardless Wildrye†  13  26  Very High 
AC Saltlander†  13  26  Very High 

Slender Wheatgrass†  10  22  Very High 
Western Wheatgrass†  8  16  High 

Barley†  8  16  High 
Sugar beets†  7  13  Moderate 
Safflower†  6  10  Moderate 
Sunflower‡  4.8  variable  Moderate 

 †Source: Ogle and St. John (2009).  
‡Source: Francois (1996). 
 Seed was obtained from Agassiz Seed & Supply (West Fargo, North Dakota). An 

equivalent of 20 pure live seeds (PLS) for each crop and graminoid species was calculated, 
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counted, and stored prior to germination testing (Table 3). Sugar beet seed was encapsulated with 

clay to increase the size of individual seeds for ease of handling. The seed of the other plant 

species used in this study were not subjected to any form of specialized coating or chemical 

treatment.  

 In this study, NaCl and oil-field brine, obtained from a production well in western North 

Dakota, solutions were prepared at electrical conductivity (EC) levels of 4, 8, 16, 24, and 32 dS 

m-1, respectively. The EC of the solutions were measured using a Sension 378 conductivity probe 

(Hach Co., Loveland, CO, USA). Distilled water (0 dS m-1) was utilized as the control in this 

experiment. NaCl solutions were prepared across EC levels through the addition of various 

amounts (g) of crystallized NaCl (purity = 99%; VWR International™), to 500 mL of distilled 

water. Brine solutions were prepared across target EC levels through the addition of various 

amounts (mL) of brine (EC= 226 dS m-1; SAR= 290) added to 500 mL of distilled water. The 

cation concentrations (Ca, Mg, Na, and K) across each level of EC for brine and NaCl solutions 

were determined using an atomic absorption spectrophotometer (Table 4; Model 200A, Buck 

Scientific).
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Table 3: Seed characteristics provided by Agassiz Seed & Supply and germination testing procedures of plant species based on the 
Association of Official Seed Analysts (AOSA) rules for testing seeds. 

Plant Species  Pure Seed 
(%)  Germination 

(%)  Pure Live Seed  Substrate   Chill  Temperature 
(°C)  Photoperiod 

(h)  Count  
(d) 

AC Saltlander†  97.0  90.0  23  T-2‡   No  15-25  8:16  7-14-21-28 

Beardless wildrye†  98.9  95.0  22  P-1§   Yes  15-25  8:16  7-14-21-28 

Western wheatgrass  96.2  89.0  24  T-1‡   No  15-25  8:16  7-14-21-28 
Slender wheatgrass  98.0  95.0  22  P-1§   Yes  20-30  8:16  14 

Sugar beet  49.6  85.0  48  T-1‡   No  20-30  8:16  3-7-10 

Barley  99.8  90.0  23  T-1‡   Yes  20  8:16  7 
Safflower  99.5  85.0  24  T-3‡   No  20  8:16  4-7-14 

Sunflower  99.0  85.0  24  T-3‡   No  20  8:16  7 
†species without AOSA guidelines. Methods for determining the final germination (FG, %) of AC Saltlander and Beardless wildrye 
were developed by North Dakota State Seed Dept. and are based on professional standards for testing seed. 
‡T-1, T-2, and T-3 substratum consisted of germination paper of various dimensions that were folded to envelope the tested seed. 
§P-1 substratum consisted of petri dishes lined with 8.57 cm diameter blotter paper on the bottom with germination placed on top.  
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Table 4: Cation (K, Na, Mg, Ca) concentrations of NaCl and brine solutions at EC levels of 4, 8, 
16, 24, and 32 dS m-1. Distilled water (0 dS m-1) was used as a control. 

Solution  EC  K  Na  Mg  Ca 
  ---dS m⁻¹---  -------------------------------mg L⁻¹------------------------------ 

Brine  

 4  29.6  742  12.9  43.0 
 8  63.4  1440  28.5  89.1 
 16  122  4200  67.2  162 
 24  199  5480  92.0  269 
 32  279  7900  128  356 

NaCl 

 4  0  840  0  0 
 8  0  1800  0  0 
 16  0  3540  0  0 
 24  0  6020  0  0 
 32  0  7560  0  0 

 Germination testing of both the crop and perennial grass species was conducted at the 

North Dakota State Seed Lab in Fargo, North Dakota. Methods used for determining the final 

germination (FG; %) of each of the selected species utilized the Association of Official Seed 

Analysts (AOSA) rules for testing seed. Three replications of 20 PLS from each species were 

placed in petri dishes with a base layer of blotter paper and germination paper (beardless wildrye, 

slender wheatgrass) or wrapped in sheets of germination paper (AC Saltlander, western 

wheatgrass, sugar beet, barley, sunflower, safflower) that had been thoroughly wetted with either 

oil-field brine, NaCl, or distilled water solutions prepared at one of the six EC levels. In total, 

288 units (8 species*6 EC levels*2 solutions*3 replications) were prepared in this experiment.  

 Prior to being placed in germination chambers, units containing seed of the species 

beardless wildrye, slender wheatgrass, and barley were chilled at 4 °C for a period of five, three, 

and five days, respectively. Chilling, or seed stratification, is necessary to break seed dormancy 

and allow germination to occur (AOSA, 2010; Bentsink and Koorneef, 2008). The remaining 
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species tested in this study did not require a chill period and thus were placed directly into 

germination chambers.  

 Following the initial preparation, units of seed from each species were wrapped in plastic 

to prevent desiccation and subsequently organized on trays in a completely random design. Seeds 

were placed in Hoffman Seed Germinators (model no. SG30SC, Hoffman Mfg. Inc. Jefferson, 

OR, U.S.A.) programmed at temperatures and photoperiod cycles as defined by AOSA standards 

(Table 3). The germination chambers containing AC Saltlander, beardless wildrye, and western 

wheatgrass were programmed to alternate between photoperiods of 8 hr of light and 16 hr of dark 

at temperatures of 15 and 25 °C, respectively. Germination chambers containing barley, 

safflower, and sunflower seed were programmed to alternate between photoperiods of 8 hr of 

light and 16 hr of dark at a constant temperature of 20 °C, while chambers containing the sugar 

beet and slender wheatgrass seed alternated between the same photoperiod at temperatures of 20 

to 30 °C, respectively. 

 Trays were removed from germination chambers following the count days for each 

species as specified by AOSA guidelines and the seeds from each unit were inspected to identify 

germinated or abnormal seedlings. Seed from each species was deemed to be successfully 

germinated when a healthy radicle (first part of the root) and hypocotyl (first leaf) could readily 

be identified. Successfully germinated seeds were counted, recorded, and disposed of prior to the 

units being placed back into germination chambers. Abnormal seedlings were identified by a 

missing or deformed radicle and/or hypocotyl and were either discarded or allowed to remain in 

the unit until the next counting period to ensure abnormality. Following the final counting period, 

the number of successfully germinated seeds from each species were tallied by EC level and 

solution type. The FG was then calculated by dividing the number of successfully germinated 
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seeds by the initial number of seeds tested within each unit (i.e. PLS) and multiplied by 100. To 

determine whether salt type, EC level, and plant species had a significant effect on the FG of 

tested seed, a general linear model analysis of variance was used in SAS® (version 9.4, SAS 

Institute, Inc.) with a Tukey’s adjustment and significance determined at the 0.05 level of 

confidence for crop and graminoid species. The percent contribution to the model was calculated 

for each of the main and interaction terms of the model for crop and graminoid species to 

determine how much of the variance could be explained by each term (Table 5). 

Results 

Crop Species 

 For crop species, the main effects of species, salt type, and EC level as well as the 

interactions species*EC level and species*EC level*salt type were significant (p≤0.05) (Table 

5). Overall, EC level (0, 4, 8, 16, 24, and 32 dS m-1) contributed the highest percentage of 

variation to the model (82.7%), indicating that it had the greatest influence on the FG (%) of the 

species tested in this study. Species (barley, safflower, sunflower, and sugar beet) and the 

interaction between species and EC level accounted for 2.61 and 12.4% of variation in the 

model, respectively, indicating that the particular crop species had a minor impact on the FG of 

tested seed. Although salt type was found to be significant, it accounted for just 0.43% of the 

variation in the model. Thus, it may be assumed that it had little overall effect on the FG of 

tested seed. Similarly, the three-way interaction between species, salt type, and EC level was 

significant, however, this interaction contributed little to the overall variation present in the 

model.
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Table 5: Analysis of variance for the germination of crop and graminoid species as effected by species, salt type (brine vs NaCl) and 
electrical conductivity (EC) level with significance determined at an alpha level ≤ 0.05. 

SOV  DF  Crop Species  Graminoid Species 
  F Value  Pr > F  % Contribution†  F Value  Pr > F  % Contribution† 

Species‡  3  21.2  <.0001  2.61  342  <.0001  44.1 
Salt type (brine/NaCl)  1  10.5  0.0017  0.43  3.70  0.0573  0.16 
Species*Salt type  3  2.20  0.09  0.27  2.72  0.0485  0.35 
EC level (dS m-1)§  5  403  <.0001  82.7  173  <.0001  37.1 
Species*EC level  15  20.2  <.0001  12.4  25.8  <.0001  16.6 
EC level*Salt type  5  1.28  0.2780  0.26  0.86  0.5116  0.18 
Species*EC level*Salt 
type  15  2.04  0.0198  1.26  2.24  0.0097  1.44 
†% Contribution represents the calculated amount of variation in the model that can be explained by each of the main effects or 
interactions. [% Contribution to the model = (DF * F Value * Mean Squared Error for main effect/interaction)/(Σ DF * F Value * 
Mean Squared Error for all main effects/interactions)*100]. 
‡Crop Species: Hordeum vulgare (barley), Helianthus annus (sunflower), Carthamus tinctorius (safflower), Beta vulgaris (sugar 
beet). 
‡Graminoid Species: Pascopyrum smithii (western wheatgrass), Elymus hoffmannii (AC Saltlander), Leymus triticoides (beardless 
wildrye), Elymus trachycaulus (slender wheatgrass). 
§EC levels were 0, 4, 8, 16, 24, and 32 dS m-1.  
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 With the NaCl solution, barley, sugar beet, and sunflower exhibited statistically similar 

FG (98.6-75.0%) at EC levels of 0 and 4 dS m-1 (Table 6). Interestingly, safflower had a 

significantly lower FG (62.5-58.3%) at these levels of EC. At the EC levels of 8 and 16 dS m-1, 

barley and sugar beet experienced no significant decline in germination to that of the control and 

maintained significantly higher FG (99.7-84.0%) than that of both sunflower (63.9-54.2%) and 

safflower (66.7-55.6%). At the highest levels of EC tested using NaCl solutions (24 and 32 dS m-

1), significant declines in FG occurred for barley (5.77-2.87%), sugar beet (11.1-7.67%), and 

sunflower (22.0-0%). In contrast, safflower did not experience a significant decline in FG at an 

EC level of 24 dS m-1 (44.4%) but did, however, have a statistically similar FG to that of the 

other species tested at 32 dS m-1 (11.1%). Using the brine solution, barley (95.7%) and sugar 

beet (93.1%) had significantly higher FG than both sunflower (69.5%) and safflower (72.2%) at 

4 dS m-1. At levels of 8 dS m-1, barley (98.6%) and sunflower (83.3%) had the highest FG of the 

species tested. At 16 dS m-1, barley (92.8%) and sugar beet (75.7%) again had significantly 

higher FG than either sunflower (66.7%) and safflower (61.1%) and both species experienced no 

significant decline in germination from that of the control. At 24 dS m-1 (brine), significant 

declines in FG occurred in barley (27.5%), sugar beet (13.2%), and sunflower (26.4%). Similar 

to the response observed using NaCl solutions, safflower had significantly higher FG at 24 dS m-

1 (61.1%). In addition, safflower had a significantly higher FG than that of barley and sunflower 

at 32 dS m-1 (29.1%) when brine was used as the saturating solution. 
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Table 6: Mean values (with standard deviation) for the germination percentage as affected by 
electrical conductivity (EC; dS m-1), salt type (NaCl and brine), and crop species. A significant 
difference found between salt type and FG (%) (p≤ 0.05). 

Salt 
Type  

EC  
dS 
m⁻¹ 

 Barley  Sugar beet  Sunflower  Safflower 

NaCl 

  0   98.6 (2.48)  Aa   92.4 (3.15)  Aa   90.3 (2.42) Aa   58.3 (4.15)  Ba 
  4   97.1 (2.48)  Aa   75.7  (15.8)  Aa   75.0 (4.20)  Aab   62.5  (4.20)  Ba 
  8   99.7  (0.0) Aa   84.0  (9.42)  Aa   63.9  (8.65)  Bb   66.7  (12.5) Ba 
  16   91.3  (4.35)  Aa   84.0 (2.36)  Aa   54.2  (15.0)  Bb   55.6  (2.37)  Ba 
  24   5.77  (6.62)  Bb   11.1  (9.87)  Bb   22.2 (12.7) Ac   44.4  (10.5) Aa 
  32   2.87 (2.48) Ab   7.67  (9.87)  Ab   0.0  (0.0)  Ac   11.1  (10.5)  Ab 

Brine 

  0   98.6  (2.48)  Aa   92.4  (3.15)  Aa   90.3 (2.42) Aa   58.3  (4.15)  Ba 
  4   95.7  (7.51) Aa   93.1  (3.16)  ABa   69.5  (8.69) Ca   72.2 (2.42)  BCa 
  8   98.6  (2.48)  Aa   72.2  (9.81)  Bb   83.3  (11.0)  Aba   70.8  (15.0)  Ba 
  16   92.8 (6.62) Aa   75.7  (11.8)  ABab   66.7  (12.5)  BCa   61.1  (12.0)  Ca 
  24   27.5  (15.3) Bb   13.2  (6.69)  Bc   26.4  (10.5)  Bb   61.1  (2.42)  Aa 
  32   0.0 (0.0)  Bc   4.87  (4.33) ABc   1.40  (2.42)  Bc   29.1  (7.22)  Ab 

*Upper case letters separate germination (%) means across plant species by EC level and lower 
case levels separate germination means across EC levels for each individual plant species. 

Graminoid Species 

 In graminoid species, the main effects of species and EC level as well as the interactions 

of species*salt type, species*EC level and species*EC level*salt type were all found to be 

statistically significant (Table 5). Species (44.1%), EC level (37.1%), and the interaction 

between species and EC level (16.6%) contributed to nearly all of variation exhibited by the 

model and thus had the greatest influence on FG. Although salt type (brine/NaCl) had no 

significant influence on FG, the two-way interaction between salt type and species as well as the 

three-way interaction between salt type, species, and EC level were also found to be significant. 

These interactions, however, contributed little to the overall variation (1.79%) that can be 

explained by the model. 
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 In Table 7, means and standard deviations for the combination of FG from both brine and 

NaCl solutions are shown for the four graminoid species across each level of EC tested in this 

study. Values for FG were combined across salt types for each species and EC level 

(replications= 6) due to the finding of no significant difference in FG between NaCl and brine 

solutions. At EC levels of 0, 4, and 8 dS m-1, the FG for AC Saltlander (98.6-92.8%), western 

wheatgrass (93.1-88.9%), and slender wheatgrass (87.9-83.3%) were all significantly higher than 

that of beardless wildrye (77.3-32.6%) and, in addition, exhibited no significant decline from that 

of the control. At 16 dS m-1, a significant decline in FG occurred in slender wheatgrass (45.5%), 

while AC Saltlander (92.1%) and western wheatgrass (84.1%) experienced no significant decline 

in FG from that of the control. At an EC of 24 dS m-1, AC Saltlander (84.8%) and western 

wheatgrass (69.4%) experienced significant declines in FG from the control, however, both were 

significantly higher than that of beardless wildrye (3.02%) and slender wheatgrass (0.0%). 

Beardless wildrye (0.75%) exhibited little germination at 32 dS m-1, while western wheatgrass 

experienced a significant decrease in FG (47.2%) from 24 to 32 dS m-1. Overall, the FG for AC 

Saltlander at 32 dS m-1 (81.9%) was significantly higher than the other graminoid species tested 

in this study and can be expected to perform the best in salt-impacted environments.  
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Table 7: Mean values (with standard deviation) for the germination percentage as affected by 
Electrical Conductivity (EC; dS m-1) and graminoid species. There was no significant difference 
found between salt type and germination percentage (p ≤0.05). 

Salt 
Type 

 EC      
dS 
m⁻¹ 

  AC             
Saltlander   Western    

Wheatgrass   Slender       
Wheatgrass   Beardless    

Wildrye 

NaCl & 
Brine 

 

0   98.6 (2.22)  Aa   93.1 (2.12) ABa   87.9 (2.32) ABCa   77.3 (0.0) BCa 
4   89.9  (6.54)  Aabc   88.9 (10.4) Aa   82.6  (12.7) Aa   62.1 (17.9)  Ba 
8   92.8 (7.61) Aab   91.0 (7.18) Aa   83.3  (11.0) Aa   32.6 (6.70) Bb 
16   92.1  (5.07) Aabc   84.1 (10.7) Aab   45.5  (21.7) Bb   17.4 (17.6)  Cbc 
24   84.8  (7.17)  Abc   69.4 (9.74) Ab   0.0 (0.0) Bc   3.02 (3.71)  Bc 
32   81.9 (6.40) Ac   47.2 (10.1) Bc   0.0  (0.0) Cc   0.75 (1.84) Cc 

*Upper case letters separate germination (%) means across plant species by EC level and lower 
case levels separate germination means across EC levels for each individual plant species. 

Discussion 

Salt Type and Germination Response 

 The germination and growth of various plant species in the presence of soil salinity has 

been shown in the literature to be dependent not only the concentration of salts in solution (i.e. 

EC), but also the salt speciation (Grieve et al., 2012). For example, Matthees et al. (2018) found 

that the germination of pennycress (Thlaspi arvense L.) was significantly lower in the presence 

of Na-based salts than in solutions of Ca-based salts.  In another study, Curtin et al. (1993) 

observed that the growth of barley was significantly better in systems dominated by SO4-based 

salts than those containing Cl-based salts. Although predominantly composed of NaCl, the oil-

field brine used in this study consisted of various amounts of Ca, Mg, and K, all of which are 

essential nutrients for plant growth. It is evident, however, that the presence of these essential 

nutrients had little positive effect on the germination response of the tested graminoid species as 

well as the crop species consisting of barley, sugarbeet, and sunflower across all levels of 

salinity. This may be explained by the inhibitory effects of Na which restricts seeds from 
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absorbing these nutrients from solution, causing the seed to exhibit similar FG across both NaCl 

and brine-based salts. This indicates that previously established values for the FG of these 

species in NaCl-dominated soils can be extrapolated accurately for use in brine-contaminated 

soils. In contrast to the other species tested, safflower exhibited a significantly higher FG in the 

presence of brine-based salt solutions than that observed with NaCl-based salt solutions. 

Although not readily apparent for the other species tested, it is possible that the presence of Ca, 

Mg, and K concentration in the brine solutions were sufficient to alleviate the inhibitory effects 

of Na on safflower seed germination (Kopittke, 2012). There is not sufficient evidence present in 

this study, however, to definitively make the conclusion that the effects of these cationic species 

promoted the FG of safflower seed. 

Germination Response for Plant Species Among EC Levels 

 Of the main effects used in the model for crops, EC level contributed the greatest amount 

of variation (82.7%) and therefore had the greatest impact on FG of tested seeds. This can likely 

be explained by the abrupt declines in FG for barley, sugar beet, and sunflower at salinities of 24 

dS m-1 in both NaCl and brine solutions. Similar reductions in germination were found with 

increasing EC levels of NaCl solutions for barley (Askari et al., 2016; Zhang et al., 2010), sugar 

beet (Khayamim et al., 2014; Jamil et al., 2006), sunflower (Achakzai, 2014; Bajehbaj, 2010; Liu 

et al., 2010), and safflower (Siddiqi et al., 2007, Kaya et al., 2003) in the literature and confirm 

the significant influence of EC level on the FG of these crop species. In contrast, a significant 

amount of variation in the model for the FG of graminoid species was attributed to the species 

type (44.1%), which was likely caused by the high and low performance of AC Saltlander and 

beardless wildrye, respectively, regardless of EC level. Of the species tested in this study, AC 

Saltlander was the sole species bred specifically to grow in highly saline environments 
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(Steppuhn et al., 2006). In greenhouse trials testing the emergence, height, and yield of AC 

Saltlander (e.g. green wheatgrass) in NaCl-CaCl2 solutions prepared at EC levels ranging from 

1.5 to 48 dS m-1, Steppuhn and Asay (2005) observed that the emergence and survival of AC 

Saltlander did not significantly decline until the EC of the solutions reached or exceeded 24 dS 

m-1. Their findings match well with this study and confirm the high performance of AC 

Saltlander at high salinities. In contrast, the low performance of  beardless wildrye in this study 

are similar to the findings of Salo et al. (1996), who classified the species as being somewhat 

salt-tolerant with 50% germination occurring at salinities as low as 1.6 dS m-1.  

Management Implications  

 The germination response of crop and graminoid species to increasing levels of salinity 

were analyzed separately to reflect differences in life cycles (annual vs. perennial) and land use 

(cropland vs. pastureland). In cropland situations, where the goals of producers and remediation 

specialists is not only to provide cover to reduce erosion but also to obtain sufficient return on 

investment, the results of this study indicate that the germination of barley and sugar beet are not 

significantly affected at EC levels up to 16 dS m-1. These species would give stakeholders the 

highest chance of meeting the before stated goals in brine-contaminated soils. In the case of 

sugar beet, however, its use in brine-contaminated-soils above 4 dS m-1 may be limited by the 

high initial cost of seed (~11 USD kg-1) and the potential for subsequent reseeding should it be 

needed. Barley seed (0.62 - 2.51 USD kg-1), on the other hand, is relatively inexpensive and thus 

may provide the lowest amount of financial risk for remediation specialists and producers, alike. 

In pastureland situations where the goals of remediation are to provide ground cover while also 

providing palatable forage for livestock, the results of this study indicate that both western 

wheatgrass and AC Saltlander, both of which are reported in the literature to be palatable for 
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livestock, would provide the highest chance of germination and remediation success in soils 

exhibiting EC levels up to or exceeding 16 dS m-1, respectively. Although the most successful 

species of those tested in this study, it is also important to note the high costs associated with 

both AC Saltlander (~19.30 USD kg-1) and western wheatgrass (~13.11 USD kg-1) seed. In 

addition, the availability of AC Saltlander may be limited by the small number of vendors who 

keep seed on hand. 

Conclusions 

 The development of oil and gas resources throughout the Williston Basin, which spans 

portions of both the U.S. and Canada, has resulted in an ever increasing number of brine spills. 

Due to the severe salinization of the soil caused by these spills, it is often necessary to implement 

various remediation strategies to restore land use, which often entails the reestablishment of 

beneficial vegetation. In this study, seven out of the eight species tested exhibited similar 

germination responses to various levels of NaCl and oil-field brine induced salinity, indicating 

previously established germination thresholds using NaCl can be accurately used to inform the 

selection of salt tolerant plants for revegetation efforts in brine-contaminated lands. Of the crop 

species tested, barley and sugar beet exhibited high germination rates up to 16 dS m-1, giving 

these species a higher chance for success in revegetation efforts of brine-contaminated cropland. 

In graminoid species, AC Saltlander exhibited little decline in FG up to the maximum EC level 

of 32 dS m-1, potentially making it the most effective species in brine-contaminated pasturelands. 
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CHAPTER 3: WICKING SALTS FROM BRINE-CONTAMINATED SOILS: 

POTENTIAL METHOD FOR IN-SITU REMEDIATION2  

Abstract 

 Accidental releases of brine, derived from oil and gas development, in the Williston 

Basin have become frequent in recent years. Oil-field brines are primarily composed of sodium 

chloride and exhibit electrical conductivities (EC) and total dissolved solids (TDS) exceeding 

200 dS m-1 and 250 g L-1, respectively. Current in-situ remediation strategies involve the 

incorporation of divalent-cation rich amendments to displace and then rain/irrigation to leach 

sodium out of the soil profile. These methods in semi-arid climates, where the evaporative 

demand exceeds precipitation, often achieves limited results. This study assessed the feasibility 

of remediating brine-contamination by “wicking” salts from the soil surface when a shallow 

water table is present. During a five week period, two engineered paper-based humidifier wicks 

and two non-engineered wicks (wheat straw and hydraulic mulch) placed on the surface of brine-

contaminated soils reduced the total soil Na concentrations by 65-88% and 5-80%, respectively. 

Based on this study, deployment of engineered wicks may be a feasible in-situ remediation 

strategy for brine-contaminated soils. 

 
2 Chapter 3 has been published in Agricultural and Environmental Letters with the citation: 
 
Green, A.W., T.M. DeSutter, A.L. Daigh and M.A. Meehan. 2019. Wicking Salts from Brine-
Contaminated Soils: A Potential Method for In Situ Remediation. Agric. Environ. Lett. 4(1).  
doi:10.2134/ael2018.12.0069 
 
Aaron W. Green was the lead author on the publication and had the primary responsibility for all 
data collection, analysis, interpretation, and manuscript preparation. 
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Introduction 

 The production of oil and gas from the Bakken and Three Forks formations in Western 

North Dakota has increased exponentially over the past decade. During oil extraction, upwards 

of 18 barrels of salt water or “brine” are produced for each barrel of oil (Clark and Viel, 2009). 

Accidental releases of brine have become a common occurrence over the past decade. Brines 

produced in the region are largely composed of NaCl and exhibit electrical conductivities (EC) 

of 200 dS m-1 (Gleason, 2014; Lauer, 2016). In the event of a release, the chemistry of brine 

often causes the disturbance of soil structure and vegetation mortality. 

 Brine spill mitigation utilizing the ex-situ method of excavation and removal (i.e. dig and 

haul) is the predominant practice used in Williston Basin. Dig and haul provides an expedient 

and effective method of contaminant removal, however the financial costs (2,650 USD m-3; D. 

Anderson, personal communication, 2018) and the scarcity of suitable replacement soil 

diminishes its applicability in some situations. In-situ remediation of brine-contaminated soils is 

often attempted through the provision of divalent cations to displace Na from soil exchange sites 

and subsequent leaching by precipitation events or irrigation to remove it from the topsoil. In 

semi-arid climates such as Williston Basin, where annual evaporative demand is often four times 

that of annual precipitation, the potential for resalinization of the topsoil through upward 

capillary rise causes this method to be time-intensive and costly while often achieving limited 

results (Harris et al., 2005). Given the limitations of traditional methods, novel forms of in-situ 

remediation from the soil surface through the use of crystallization inhibitors and the capillary 

rise of water and dissolved salts have been presented in the literature with promising results 

(Swallow and O’Sullivan, 2019; Daigh et al. 2017). The objective of this proof-of-concept study 

was to determine the efficacy of using highly absorbent “wicking” materials to draw water and 
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dissolved salts from the soil profile, without the use of a crystallization inhibitor, as a means of 

permanent salt removal (Figure 2A). We hypothesize that under constant soil water conditions 

and the presence of a high evaporative demand, significant quantities of sodium may be removed 

from brine-contaminated soils.  
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Figure 2: Diagram showing (A) Conceptual illustration of proposed method, (B) Schematic for 
soil column set-up and water table depths (i.e. WT-1, WT-2), and (C) Illustration of wicking 
treatments used in the experiment.



 

77 
 

Materials and Methods 

 This study was conducted over a five week period (Nov. 13th-Dec. 18th, 2017) in a 

greenhouse located on the campus of North Dakota State University (Fargo, North Dakota). 

Mean air temperature and relative humidity within the greenhouse were 26.5 ± 3.2°C and 18.6 ± 

0.07%, respectively. 

 To simulate brine-contamination, 3.3 kg batches of a fine sandy loam soil (EC1:1 < 0.5 dS 

m-1) were mechanically mixed with 265 mL of oil field brine (EC ≈ 226 dS m-1). After mixing, 

the soil was allowed to air dry for a 7-d period before being ground to pass a 2-mm sieve and 

mixed again for a five minute period. The resulting brine and soil mixtures exhibited average 

EC1:1 and %Na values of 18 dS m-1 and 70.5, respectively. The soil was then packed into 30 

polyvinyl chloride (PVC) columns (10.2 cm diameter by 38.1 cm height) to 30 cm depths 

(Figure 2B). The top of each column was left open to the atmosphere to allow for the placement 

of wicking materials and permit an evaporative flux. The bottom of each column was sealed 

using a PVC test cap modified with a nylon garden hose barb. Water reservoirs consisted of 30 

four-L Mariotte siphons filled with degassed, purified water (reverse osmosis), and sealed using 

#6 rubber stoppers containing two separate 0.16 cm by 0.32 cm tubes to act as a water supply 

line and air intake, respectively. Siphons were connected to each soil column and assigned one of 

two water table depths at 5 cm (WT-1) and 15 cm (WT-2) below the soil surface (Figure 2B). 

Wicking treatments were (I) a bare soil surface [(control (C)] (II) ground wheat straw (S), (III) 

Second Nature® Wood Fiber Plus Hydraulic Mulch (Profile Products®) (HM), (IV) 1043 Super 

Wick (Essick Air Products, Inc.) (SW), and (V) CBW9 Humidi-Wick (BestAir Pro®) (HW) 

(Figure 2C). Soil columns were then placed into wooden stands in a completely random 

arrangement.  
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 The S and HM were placed into soil columns to form 7.5 cm thick layer above the soil 

surface. The SW and HW materials were placed into the soil to a depth 2.5 cm (7.5 cm areal 

height). Wicking materials were carefully removed and any soil adhering to the wicks were 

placed back into the column and replaced at 7-d intervals. Evaporation losses (mL d-1) were 

determined by recording the weight (g) of the Mariotte siphons daily over 14-d. Following the 

cessation of the experiment, soil columns were frozen at temperatures of -12o C for 3-d. Once 

frozen, columns were cut and the soil was dissected into 5 cm sections. Soil samples were air-

dried, weighed, and prepared using 1:20 soil/1M ammonium acetate (pH = 7). Cation 

concentrations (Na, Mg, and Ca) from the extracts were determined using an atomic absorption 

spectrophotometer (Model 200A, Buck Scientific). EC1:1 of soil samples were measured from 

suspensions of 10 g soil and 10 mL of deionized water using a Sension 378 conductivity probe 

(Hach Co., Loveland, CO, USA).  Wicking materials were washed in one L of distilled water and 

the extracts quantified for Na, Mg, and Ca and EC as above. A mass balance analysis was then 

conducted to determine the total mass Na+ reduction (%) from each of the soil columns by: 

%𝑁𝑁𝑁𝑁 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 100𝑤𝑤𝑟𝑟𝑟𝑟𝑤𝑤𝑓𝑓/(𝑤𝑤𝑟𝑟𝑟𝑟𝑤𝑤𝑓𝑓 + 𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠𝑓𝑓) [2]                                                                                             

Where 𝑤𝑤𝑟𝑟𝑟𝑟𝑤𝑤𝑓𝑓 is the Na+ extracted by the wicking material and 𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠𝑓𝑓 is the Na remaining in the 

soil expressed on a mass basis (mg).  

 To determine if water table depth and wicking material affected the % reduction of Na in 

the soil profile and the average rate of evaporation, a mixed model analysis of variance was used 

in SAS with a Tukey’s adjustment at the 0.05 level of confidence (version 9.4, SAS Institute, 

Inc.). No reduction in Na occurred in columns with no wicking material (i.e. control) and thus 

were not compared to the other treatments. Regression analysis was used to determine the 
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relationship between average evaporation rate (mL d-1) and total mass Na reduction in the soil 

(%) and fit by a logarithmic model in SigmaPlot 10.0 (2006 Systat Software, Inc. San Jose, CA). 

Results and Discussion 

 Over a five week period, the wicking treatments: SW, HW, HM, and S reduced the mass 

of Na in the soil columns by an average of 87, 74, 79, 39%, respectively, at WT-1 (Fig. 2A). 

Similarly, the wicking treatments SW, HW, HM, and S decreased the mass of Na in the soil 

profile by an average of 88, 81, 60, and 14%, respectively, at WT-2. No significant difference (p 

> 0.05) in percent Na reduction occurred between the two water table depths (WT-1 and WT-2) 

for SW, HW, and the HM wicking treatments. However, water table depth did significantly 

affect the reduction of Na in the soil for the S wicking treatment.  The ratio of average daily 

evaporation rate (mL d-1) between the control and each of the respective wicking materials at 

both water table depths is presented in Figure 3A. The average evaporation rate for the HW at 

WT-1 (32.9 mL d-1) and for the SW at both WT-1 (32.7 mL d-1) and WT-2 (30.9 mL d-1) were 

significantly higher than the control (23.6 mL d-1), while the HW at WT-2 (22.6 mL d-1) and the 

HM at WT-1 (24.8 mL d-1) and WT-2 (23.2 mL d-1) exhibited no significant differences. The 

relationship between water loss through evaporation into the atmosphere (mL d-1) and reduction 

of Na (%) was fit using a logarithmic model and was found to be highly significant (p < .0001) 

(Figure 3B). 
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Figure 3: Depiction of (A) Na reduction in the soil (%) by wicking material and water table 
depth (upper (WT-1) and lower (WT-2) case letters represent significant differences in Na 
reduction; ratios of evaporation rate between wicking treatment, water table depth, and the 
control are shown above respective box plots), (B) Relationship between Na reduction (%) and 
daily evaporation rate (mL d-1), and (C) Initial and Final EC 1:1 and %Na† for SW and WT-1 
treatments. 
†%Na calculated using method presented in DeSutter et al. 2015. 
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The amount of soluble salts accumulated by the wicking materials was dependent on the 

soil water content, the difference in matric potential between the soil matrix and the material, and 

the evaporative demand of the atmosphere. Wicking treatments that absorbed greater amounts of 

water from the soil (i.e. SW, HW, and HM), as indicated by higher daily evaporation rates, were 

able to accumulate the largest quantities of Na over the 35-d period of the experiment. The 

capillary suction exerted SW, HW, and HM was greater than that of S due to the distribution of 

fine-sized pores in these materials. The size distribution of straw used in this experiment (>2.5 

cm) most likely did not provide the necessary pore size distribution and pore connectivity to 

draw water out of the soil profile, thereby reducing the effectiveness of this material to decrease 

Na concentrations in the soil. 

 The likelihood of soils exhibiting high concentrations of Na occupying soil exchange 

sites and in the solution phase to undergo swelling and dispersion is determined by the soil 

texture, dominant clay mineralogy, and the electrolyte concentration of the soil solution (Quirk, 

2001; Zhang and Norton, 2002). Swelling and dispersion can significantly restrict water 

movement into and through the soil profile. In soils exhibiting elevated levels of exchangeable 

Na, soil flocculation and water movement can be maintained if the EC of the soil solution is 

above a critical threshold (Suarez et al., 2008). In this study, as salts were removed from the soil 

by the wicking materials, the EC of the soil solution decreased at depths between 5 and 30 cm 

(Fig. 3C). The reduction of soil EC to <1 dS m-1, however, did not cause Na to have significant 

effect on soil physical properties or water movement, as the soil used in this experiment had a 

relatively low percentage of clay (<8%). In applications of this method to other soil textures, a 

source of divalent cations (i.e. Ca) may need to be provided over time to maintain electrolyte 

concentrations in the soil solution to prevent swelling and dispersion. 
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Conclusions 

 In-situ remediation of brine-contaminated soils by the placement of highly absorbent 

wicking materials onto the soil surface may provide a low disturbance alternative to conventional 

ex-situ and in-situ remediation methods, particularly in sensitive environments such as wetlands 

and areas with high water tables. Wicking materials in this study reduced the mass of Na in the 

soil profile by as much as 88% over a 35-d period. Further research is needed to (I) determine the 

effectiveness of this method in other soil textures, (II) identify wicking materials that can 

maximize salt-uptake as well as withstand field conditions, and (III) determine the most effective 

placement and layout in field conditions to maximize salt reduction. 
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CHAPTER 4: BRINE SPILL REMEDIATION UTILIZING CAPILLARY TRANSPORT 

AND WICKING MATERIALS: EFFICACY IN LOAM AND SILTY CLAY SOILS3 

Abstract 

 During oil and gas extraction within the Bakken and Three Forks shale-oil reserves, 

highly saline water, or brine, is also extracted. The accidental release of brines into the 

environment often causes soils to exhibit poor structural and edaphic properties. Due to these 

effects, active remediation is often attempted through the use of a variety of in-situ and ex-situ 

techniques, however, many of the conventional methods used are often time intensive, costly, 

and only partially successful. The purpose of this study was to determine whether salts could be 

quickly and effectively removed from coarse and fine-textured soils through the surficial 

applications of an engineered, paper-based humidifier wick or ground wheat straw and irrigated 

with either purified water or a gypsum solution. Over a period of 56-d, soil columns containing 

silty clay and loam soils treated with the humidifier wick and sub-irrigated with a saturated 

gypsum exhibited average reductions of extractable Na of 89.5 and 38.4%, respectively. In 

columns with the humidifier wick and purified water treatments, reductions of 86.7 and 16.0% 

were observed between loam and silty clay soils, respectively. The results of this study indicate 

that the effectiveness of evaporative wicks in removing salts is comparable to other surficial 

remediation techniques that have previously been tested in laboratory settings.  

 
3 The material in this chapter was co-authored by Aaron W. Green, Thomas M. DeSutter, Aaron 
L.M. Daigh and Miranda A. Meehan. Aaron W. Green had primary responsibility for collecting 
samples in the field and analyzing data. Aaron W. Green was the primary developer of the 
conclusions that are advanced here. Aaron W. Green also drafted and revised all versions of this 
chapter. Miranda A. Meehan, Aaron L.M. Daigh and Thomas M. DeSutter served as 
proofreaders and checked the math in the statistical analysis conducted by Aaron W. Green. 
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Introduction 

 The increasing demand for energy derived from fossil fuels, in combination with 

advances in drilling technologies, including hydraulic fracturing and horizontal drilling, has 

resulted in the rapid development of previously infeasible oil and gas reserves throughout the 

world (Vengosh et al., 2014). Oil and gas production from these reserves often results in the co-

production of significant volumes of produced water or “brine” (Clark and Viel, 2009). Brine 

derived from oil production is an emulsion of dissolved salts (NaCl), drilling chemicals, and oil 

(Guerra et al., 2011). The total dissolved solids (TDS) of these brines are often highly variable 

between producing formations with values ranging from 1 to 450 g L-1 (Gleason et al., 2014; 

Guerra et al., 2011). Although the disposal of these brines has been regulated in many oil and gas 

producing regions throughout the world, accidental releases frequently occur due to pipeline 

leaks, storage tank failures, and trucking accidents. 

 Following a release, brine infiltrates into the soil and the dissolved ions in solution, 

primarily the monovalent cation Na, can occupy negatively charged clay and organic matter 

exchange sites through mass action (Hanor, 2007). High levels of exchangeable Na in the soil 

profile often results in plant mortality, restricted plant growth, and the deterioration of soil 

structural and hydraulic properties (Keiffer and Ungar, 2002). In the presence of Na or Mg 

(Rengasamy et al., 1986), the deterioration of soil structure often occurs through the swelling 

and/or dispersion of clay particles as the electrical conductivity (EC) of the soil solution falls 

below a particular threshold. This threshold is primarily determined by soil texture, clay 

mineralogy, and the EC of the soil solution (Marchuk and Rengasamy, 2011; Shainberg and 

Letey, 1984). In semi-arid and arid environments, where annual precipitation rates are exceeded 

by the evaporative demand of the atmosphere, salt concentrations often persist at high levels 
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throughout the soil profile due to the upward capillary transport of soil water and dissolved salts 

towards the soil surface (Thimm, 1990; Murphy et al., 1988). The potential for brine 

contamination to spread to adjacent land or water resources as well as the long term impacts (i.e. 

months to years) of salts on soil quality and plant production often necessitates the active 

remediation of these sites. Conventional in-situ and ex-situ remediation techniques for brine-

contaminated land are often costly, time-intensive, and in many instances achieve only partial or 

short term remediation success (Angin et al., 2018; Young et al., 2011; Harris et al., 2005).  

 The limitations of current techniques, in conjunction with the rising number of brine 

spills associated with increased energy exploration throughout the world, has created a pressing 

need for the development of more cost-effective, expedient, and permanent remediation 

techniques. For these reasons, contemporary research has investigated the efficacy of harvesting 

salts via the soil surface (Green et al., 2019; Swallow and O’Sullivan, 2019; Klaustermeier et al., 

2017). In concept, surficial remediation may provide a number of advantages when compared 

with other conventional methods. Conventional methods of remediation often focus on the 

downward translocation of salts in the soil profile or the complete removal of the native soil 

through excavation. In comparison, the advantages of surficial remediation techniques may 

include the permanent removal of salts from soil and groundwater systems, low disturbance to 

the soil profile, and savings in both time and financial resources (Klaustermeier et al., 2017). 

One of the more recent surficial remediation techniques was proposed by Klaustermeier and 

Daigh (2016) utilizing the crystallization inhibitor ferric hexacyanoferrate (Fe4 [Fe (CN)6]3) to 

induce hopper crystal growth of NaCl on the soil surface. In soil column trials conducted over a 

period of 7-d, the surficial application of the inhibitor resulted in total salt reductions of 46, 57, 

and 29% in sandy loam, loam, and silty clay soils, respectively (Klaustermeier et al., 2017; 
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Klaustermeier and Daigh, 2016). Further laboratory research utilizing a wicking medium (Jiffy 

Strips® peat pots) treated with the crystallization inhibitor potassium cyanoferrate was 

conducted by Swallow and O’Sullivan (2019). On average, their methodology resulted in total 

reductions in salt concentrations between 90 and 23% in a clay loam soil (Swallow and 

O’Sullivan, 2019). Although proven effective in laboratory trials, the use of crystallization 

inhibitors to remediate contaminated soils in field settings has been met with limited results and 

further field-scale research has not been conducted. In contrast to surficial methods which utilize 

a crystallization inhibitor, we hypothesize that the placement of highly absorbent “wicking” 

materials on the soil surface could be used to accumulate and remove salts from brine 

contaminated soils through similar capillary mechanisms (Green et al., 2019). 

 The purpose of this study was to investigate the ability of two materials, an engineered, 

paper-based humidifier wick and ground wheat (Triticum aestivum) straw, to accumulate salts 

from the surface of silty clay and loam textured soils given that water conditions are maintained 

near saturation. An additional goal of this research was to determine whether a saturated solution 

of gypsum would enhance the removal of Na from contaminated soil columns while, in addition, 

promoting soil flocculation and water movement in comparison to other columns sub-irrigated 

with distilled (DI) water. Though the specific wicking materials tested in this study may not be 

applicable in field conditions due to feasibility or practicality, the overall purpose of this study 

was to provide conceptual evidence to encourage further research towards the economical use of 

this method in field-scale trials. 

Materials and Methods 

 This study was conducted over an eight week period (Aug. 6th-Oct. 1st, 2018) in a 

greenhouse located on the campus of North Dakota State University (Fargo, North Dakota). 
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Mean air temperature and relative humidity within the greenhouse over this period were 20.7 ± 

3.2°C and 68.3 ± 12.4%, respectively. Two brine-contaminated soils with loam (427, 432, 140 g 

kg-1 sand, silt, and clay, respectively) and silty clay (117, 430, 453 g kg-1 sand, silt, and clay, 

respectively) textures from the Williston Basin in western North Dakota were air-dried, ground 

to pass a 2-mm sieve, and analyzed for cation concentrations at AGVISE Laboratories 

(Northwood, ND). Calcium (Ca2+), Mg2+, Na+, and K+ were extracted from the exchanger and 

solution phases (i.e. extractable) using 1:10 soil/1M ammonium acetate (pH = 7) ratio, filtered, 

and cations quantified using inductively-coupled plasma spectrometry (Optima 5300V, 

PerkinElmer, Waltham, MA). To determine the EC of the two soils, samples were prepared using 

1:1 suspensions of soil and DI water and measured using a Sension 378 conductivity probe 

(Hach Co., Loveland, CO, USA). The extractable Na of each soil (i.e. %Na) was calculated using 

the methodology outlined by DeSutter et al. (2015), which is correlated closely with values of 

both the sodium adsorption ratio (SAR) and exchangeable sodium percentage (ESP). The loam 

soil had an EC1:1 value of 16.3 dS m-1 and %Na of 44.9%, while the silty clay soil had an EC1:1 

value of 13.1 dS m-1 and %Na of 26.6%. The silty clay soil also exhibited high initial Ca2+ 

concentrations (8130 ± 418 mg kg-1), indicating that this soil may have previously been amended 

with a Ca2+ amendment such as gypsum (CaSO4). The clay mineralogy of the loam and silty 

soils were determined by X-ray diffraction with the loam soil consisting predominately of illite 

(50%) and the silty clay soil primarily consisting of smectitic clays (78%). 

 Silty clay (n = 18; pb = 1.14 g cm-3) and loam soils (n = 18; pb = 1.22 g cm-3) were packed 

into polyvinyl chloride (PVC) columns (10.2 cm diameter by 38.1 cm height) to a depth of 30.5 

cm, respectively. The top of each column was left open to the atmosphere to allow for the 

placement of wicking materials and permit an evaporative flux. The bottom of each column was 
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sealed using a PVC cap modified with a nylon garden hose barb. Each soil column was 

connected to a 4-L bottle modified to act as a Mariotte siphon which could maintain the soil 

water conditions in each column near saturation. Each Mariotte siphon was filled with either DI 

water (n = 18) or a gypsum solution (n = 18). The gypsum source was flue gas desulfurization 

gypsum (CaSO4•H2O), which had a purity of 90% (20% Ca and 17% S). Gypsum solutions (EC 

≈ 2.26 dS m-1) were prepared by adding 10 g of oven dried (105°C) gypsum to 4-L of degassed 

DI water, which was then stirred for a period of 1-hr. The Na, K, Mg, and Ca concentrations of 

the gypsums solutions were 0.42, 0.11, 0.86, and 29.9 mmolc L-1, respectively. 

 The wicking treatments were ground wheat straw (n = 12), an engineered paper-based 

humidifier wick (1043 Super Wick, Essick Air Products, Inc.) (n = 12), and a control which 

consisted of a bare soil surface (n = 12). The wheat straw (S) was ground and sieved to achieve a 

size distribution of 1-5 cm in length and packed (30 g) into the soil columns to a depth of 7.5 cm 

above the soil surface. Humidifier wicks (SW) consisted of multiple sheets of pressed paper 

fibers glued together and modified to occupy the top 7.5 cm of each soil column. SW treatments 

were placed directly onto the surface of each soil. Each SW was in contact with approximately 

40% of the soil while the other 60% was exposed to the atmosphere. The average mass of each 

SW treatment was 38 g. 

 Prior to the initiation of this study, soils were wetted with DI water from the bottom of 

each column for a period of 21-d, at which point each column had been wetted completely to the 

surface. Following the initial wetting of the columns, bottles were either refilled with DI water or 

emptied and filled with the gypsum solution. On day one of the study, each column was 

connected to a Mariotte siphon containing either DI water or a gypsum solution and assigned one 

of the three wicking treatments with three reps for each combination of soil, wick, and wetting 
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treatment (n = 36). Soil columns and treatments were organized utilizing a completely random 

design prior to the initiation of sub-irrigation. The experiment lasted for 56-d and the wicking 

materials S and SW were removed and replaced every 14-d. The removed wicking materials 

were immediately weighed with mass recorded, and then allowed to air dry within the 

greenhouse. To prevent the buildup of air pressure in the head space of the Mariotte siphons, 

each bottle was wrapped in a water-saturated cotton towel and cooled through evaporative 

processes. To determine the evaporative loss from each soil column, the initial weight (g) of each 

bottle was recorded on day one of the study and bottles were subsequently reweighed on a 3-d 

basis until the conclusion of the experiment. To determine evaporative losses from the soil 

columns, the sum of the final bottle weights (g) and the water contained in the wicking materials 

upon removal (g) were subtracted from the initial weights of the Mariotte siphons (g).  

 Following the cessation of the experiment, soil columns were disconnected from their 

respective Mariotte siphons and frozen at temperatures of -12oC for 7-d. Once frozen, columns 

were dissected into six, 5 cm sections using a reciprocating saw. Soil samples from each column 

were weighed, air dried, ground to pass a 2-mm sieve, and analyzed at AGVISE Laboratories 

using the same methodology used to determine the initial soil cation concentrations and EC of 

the soil solution. Each of the removed wicking materials were washed in 1L of DI water for a 15-

min and the extracts were quantified for cations and EC as described above. A mass balance 

analysis was then conducted to determine the total mass Na reduction (%) from each of the soil 

columns using Eq. [2]. 

Statistical Analysis 

 To determine if the solution type, soil texture, and wicking material influenced the total 

mass reduction of Na in the soil (%), average EC of the soil solution (dS m-1), and total 
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evaporative loss (mL) from each column over the duration of the experiment, a mixed model 

analysis of variance was used in SAS with a Tukey’s adjustment and significance determined at 

the 0.05 level of confidence (version 9.4, SAS Institute, Inc.). No reduction in salts occurred in 

columns with no wicking treatment (i.e. control) and thus these columns were not used in the 

statistical analysis for the mass reduction of Na (%). The statistical analysis of the average EC of 

the soil solution was conducted by calculating the difference from the initial and final EC levels 

for each soil and determined by averaging the values across depth for both the silty clay and 

loam soils, respectively. To compare the EC of the soil solution and the extractable Na (i.e. 

%Na) across 5 cm depths, 95% confidence intervals were calculated across depths from the 

mean values of the replicates for each combination of wick, soil, and solution treatments. 

Results and Discussion 

Na Removal from the Soil Profile 

 The effect of wick material (S and SW), solution (gypsum and DI water), soil texture 

(silty clay and loam), the interaction between soil texture and wick material, and the three way 

interaction between wick material, solution, and soil texture all had a significant (p ≤ .05) 

influence on the total mass reduction of Na (%) in the soil profile as shown in Table 8. Across 

soil textures and solutions, average Na reductions from soil columns with the SW (57.7%) 

treatment were significantly greater than those with the S treatment (9.22%) (Table 9). In 

columns irrigated with the gypsum solution, significantly greater amounts of Na (37.6%) were 

removed from the soil profile than in the columns irrigated with purified water (29.3%). Across 

soil textures, significantly greater amounts of Na were removed from the loam soil (52.1%) than 

the silty clay soil (14.8%). Columns treated with the SW treatment exhibited a significantly 
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greater amount of Na removal from the loam soil when compared to the silty clay soil. A similar 

relationship between the two soil textures was also found in columns treated with the S. 
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Table 8: Analysis of variance for electrical conductivity (dS m⁻¹), mass Na reduction in the soil (%), and the cumulative evaporative 
loss from individual columns. 

 Electrical Conductivity (dS m⁻¹)†   Na Reduction (%)‡   Evaporative Losses (mL)§ 

Effect Num. 
DF 

Den. 
DF F Value Pr > F   Num. 

DF 
Den. 
DF F Value Pr > F   Num. 

DF 
Den. 
DF F Value Pr > F 

Wick  1 14 202.5 <.0001   1 14 462.28 <.0001   2 21 162.01 <.0001 

Solution 1 14 1.74 0.2083   1 14 13.83 0.0023   1 21 18.09 0.0004 

Soil 1 14 121.8 <.0001   1 14 274.06 <.0001   1 21 29.9 <.0001 

Wick*Solution 1 14 1.43 0.2519   1 14 3.48 0.0833   2 21 3.03 0.0696 

Wick*Soil 1 14 39.9 <.0001   1 14 109.5 <.0001   2 21 70.84 <.0001 

Solution*Soil 1 14 2.08 0.1709   1 14 2.67 0.1244   1 21 0.52 0.478 

Wick*Solution*Soil 1 14 0.07 0.7958   1 14 7.34 0.017   2 21 0.28 0.7585 

†Measured from 1:1 suspensions of distilled water:soil with values averaged across depth for each treated column. Comparison of 
final and initial EC was conducted utilizing the difference between the initial and final values. Control columns were not included in 
this analysis. 
‡Extracted from the exchanger and solution phase using 1:10 soil:1M ammonium acetate. Mass balance of N was conducted using Eq. 
[2] (Ch. 3). Control columns were not included in this analysis. 
§The cumulative evaporative loss (mL) from individual columns containing the silty clay soil was determined from the diff. between 
initial and final bottle weights (assuming that 1 g → is equal to 1 mL) of Mariotte siphons. In columns with the loam soil, the diff. 
between the initial/final bottle weights and the final mass of water in the soil were used.  
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Table 9: Descriptive statistics for total mass Na reductions (%) across sub-irrigating solution, 
wick, and soil textural treatments. 

Treatment N Max Min Mean SD 

Gypsum 12 92.3 2.00 37.6 34.3 

DI Water 12 91.1 0.55 29.3 35.4 

SW 12 92.3 5.82 57.7 33.5 

S 12 26.4 0.55 9.22 8.20 

Loam 12 92.3 9.06 52.1 38.0 

Silty Clay 12 49.4 0.55 14.8 16.5 

 In silty clay soils with the SW treatment, significantly greater amounts of Na was 

removed from the soil profile when the gypsum solution was used for sub-irrigation than in the 

columns sub-irrigated with DI water (Figure 4). In contrast, no difference in Na removal was 

exhibited between solutions in the silty clay soils treated with the S treatment. Across columns 

containing the loam soil, the SW treatment reduced Na concentrations by upwards of 90% for 

both the gypsum and DI water treatments. Similar to the silty clay soils, columns with the S 

treatment had relatively low Na removal totals (< 20%) across both solutions. In addition, no 

significant difference in average Na removal between the solutions was found in the loam soils 

treated with the S. 
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Figure 4: Mass Na reduction (%) in columns containing silty clay and loam soils across wicking 
materials (super wick, SW; wheat straw, S) and solution types (gypsum solution and distilled, 
DI, water). 

Electrical Conductivity 

 The difference between the initial and the final EC of the soil solution (i.e. reduction 

from the initial), averaged across 5 cm depths for each column, was significantly influenced by 

the wicking material, soil texture, and the interaction between the two (Table 8). On average, the 

greatest reductions in final EC occurred in soil columns treated with the SW materials (9.7 dS m-

1; data not shown). In columns containing the loam soil, the SW treatment resulted in an average 

reduction in soil EC of 14.4 dS m-1, while the same treatment in columns containing the silty 

clay soil exhibited reductions of slightly more than 5 dS m-1. Across the two soil textures and 

solutions used in this study, only modest reductions in average soil EC were observed in columns 
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treated with the S (2.05 dS m-1), which reflects the low amounts of Na removed from the soil 

profile by this treatment over the duration of the experiment.  

 In figure 5, the average EC of the soil solution (dS m-1) and the concentrations of 

extractable Na (%) are shown at incremental depths of 5 cm in columns containing both soil 

textures and treated with each combination wicking material and sub-irrigating solution. During 

the 56-d of the experiment, both EC and extractable Na decreased with increasing depth from the 

soil surface across all treatments. In columns with the silty clay soil, the EC of the soil solution 

was not significantly different between wick and sub-irrigation treatments at depths of 0-5, 10-

15, 20-25, and 25-30 cm (Figure 5). Values of extractable Na across all depth increments were 

not significantly different across both wick and sub-irrigation treatments. In columns containing 

the loam soil, the EC of columns treated with the SW and sub-irrigated with gypsum solution 

were significantly lower than the S treatment in combination with both sub-irrigation treatments 

at 0-5 and 5-10 cm depths, while at 10-15 and 15-20 cm depths the EC of the SW treated soils 

were significantly lower than that of the S treated soils. At 20-25 cm depths, the loam soil with 

the S and gypsum treatments were significantly greater than that of the SW treated soils. No 

significant difference at 25-30 cm depths was found in EC across treatments in the loam soil.  In 

loam soils, the concentrations of extractable Na (%) across depths of 10-15, 15-20, 20-25, and 

25-30 cm were significantly lower in columns treated with the SW in comparison to those treated 

with the S. 
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Figure 5: Electrical conductivity (dS m-1) and extractable Na (%) measured at 5 cm depths 
across silty clay and loam soils treated with every combination of wicking material and solution. 
Error bars represent the 95% confidence intervals from the mean across replicates for each 
combination of soil, wicking, and sub-irrigation treatments. 

 The relationship between the EC of the soil solution and the concentration of Na 

occupying exchange sites or within the soil solution determines whether structural deterioration 

caused by swelling or dispersion will occur (DeSutter et al., 2015; Hanor, 2007; Shainberg and 

Letey, 1984). The specific thresholds of soil EC and extractable Na concentration that determine 

when these processes begin to materialize varies across soil characteristics; however, the primary 

determinants include the clay mineralogy of the soil (e.g. kaolinite, smectite, illite), soil texture, 

the concentration of Na on the exchange sites or within the soil solution, and the EC of the soil 
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solution (He et al., 2013; Marchuk and Rengasamy, 2011; Quirk, 2001; Zhang and Norton, 

2002). Through the application of irrigation water exhibiting SAR values of 4 and EC values less 

than 2 dS m-1, Saurez et al. (2008) observed an overall decline in saturated hydraulic 

conductivity in a loam soil, indicating that at these EC levels, Na caused clay particles to swell 

and/or disperse. In suspensions of montmorillonite clays, He et al. (2013) concluded that the 

dispersion of clay particles could be prevented if the EC of the solution is >6 dS m-1 and SAR 

values are ≤24 or when the EC of the solution was ≥2dS m-1 and SAR values were ≤12. To use 

the thresholds found by both Suarez et al. (2008) and He et al. (2013) for comparison between 

EC and extractable Na (%) across depth to determine the risk for swelling and dispersion, the 

EC1:1 values in this study were converted to ECe (solution phase) values using the logarithmic 

equations developed by Klaustermeier (2016) while the values for extractable Na (%) have 

previously been shown to be directly correlated to SAR when values are ≤50 (DeSutter et al., 

2015; Oster et al., 1999). Across treatments used in this experiment, the highest risk for swelling 

and/or dispersive behaviors to occur were found in columns containing the loam soil and SW 

treatment.  

Evaporative Losses 

 The amount of water lost to evaporation from each column was significantly influenced 

by the wicking material, soil texture, sub-irrigating solution, and the interaction between wicking 

material and soil texture (Table 8). Over the 56-d of the experiment, the cumulative evaporative 

loss from the columns with the SW treatment (654 mL) were significantly greater than the 

control (400 mL), while the evaporative losses from columns containing the S treatment (153 

mL) were significantly less across both soil textures and solutions (Table 10). Columns irrigated 

with the gypsum solution (452 mL) lost much greater amount of water to evaporation than those 
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irrigated with purified water (355 mL). Across the two soil textures, the average evaporative loss 

from columns containing the loam soil (468 mL) were significantly higher than those of the 

columns containing the silty clay soil (332 mL). In columns containing the loam soil and the SW 

treatment (910 mL), the cumulative losses were significantly greater than that of the control 

columns (387 mL). In contrast, the average losses from the S were significantly less than the 

control (108 mL). In columns containing the silty clay soil, the evaporative losses with the SW 

treatment (398 mL) were not significantly different than that of the control (416 mL), while 

losses from columns with the S treatment were significantly less than the control (197 mL).  

Table 10: Descriptive statistics for the evaporative loss from columns across sub-
irrigating solution, wick, and soil textural treatments. 

Treatment N† Min Max Mean SD 
Gypsum 17 102 1016 452 307 
DI Water 18 70.0 874 355 237 
Control 11 284 591 400 110 

SW 12 290 1016 654 284 
S 12 70.0 220 153 50.9 

Loam 18 70.0 1016 468 354 
Silty Clay 17 179 590 332 126 

†One column containing the silty clay soil with the control and gypsum treatments was 
omitted from this analysis due to a persistent leak over the 56-d duration of the 
experiment. 

Relationships between Wick Properties, Na Removal, Solution Type and Soil EC 

 The effectiveness of the methodology used in this study to 1) remove Na from the soil 

profile and 2) decrease the EC of the soil solution was dependent on the physical properties of 

the wicking materials, the texture of the soil, and the ability of the sub-irrigated solutions to 

facilitate the movement of ions into the wicking medium. The SW treatment consisted of a 
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number of paper-based, fibrous sheets glued together into a rigid design. The intent of this design 

is to maximize the absorptive capacity of the material as well as its total surface area which, in 

turn, promotes the rapid evaporation of absorbed water. These characteristics explain why 

columns treated with the SW material exhibited significantly higher evaporative losses, Na 

removal totals, and average reductions in soil EC over the course of this study. In contrast, the S 

treatment (i.e. ground wheat straw) had little pore connectivity between the various strands, 

which restricted the capillary transport of water upwards towards the evaporative front (Green et 

al. 2019). 

 A secondary goal of this study was to determine whether the solution saturated with 

gypsum would provide an increase in total mass Na removal, promote water movement through 

the soil, and maintain the average soil EC across depths when compared to columns sub-irrigated 

with DI water. In the silty clay soil columns treated with the SW material, a significant 

difference in total mass Na removal (%) was found between the DI water and gypsum sub-

irrigation treatments (Figure 4). In this case, it is likely that the Ca provided by the gypsum 

solution was effective in displacing Na from soil’s exchange sites, which in turn allowed Na to 

be readily translocated upwards into the wicking material. Although a similar relationship was 

not shown in the data for the silty clay soils treated with the S treatment, it is plausible that the 

inability of wheat straw to absorb significant quantities of water through the use of either 

solution confounded the effects of the gypsum in displacing Na from soil’s exchange sites. In 

columns containing the loam soil, no significant difference in Na removal was found between 

sub-irrigation solutions for both the SW and S treatments. This was most likely due to the 

coarser texture of the soil and the greater distribution of large pore sizes which, in turn, allowed 
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for a greater amount of solution to pass through the soil over the course of the experiment while 

removing significant amounts of Na regardless of the solution used for sub-irrigation. 

Comparison of Surficial Remediation Techniques 

 Previous research of surficial remediation techniques for salt-affected soils have relied on 

the application of a crystallization inhibitor to the soil surface and/or the addition to a wicking 

medium and have been met with some of measure of success in laboratory settings. 

Klaustermeier and Daigh (2016) and Klaustermeier et al. (2017) observed reductions in total 

NaCl concentrations of 46%, 57%, and 29% in sandy loam, loam, and silty clay soils over period 

of only 7-d, while Angin et al. (2018) noted a similar reduction of 42.9% in a silty clay soil over 

a period of 14-d. Using the surficial application of a wicking media treated with the 

crystallization inhibitor potassium ferrocyanide, Swallow and O’Sullivan (2019) observed 

average reductions in NaCl concentrations of 81% in clay loam soils. Furthermore, a 23% 

reduction in NaCl concentration was also found using an untreated wicking material over a 

period of 30-d (Swallow and O’Sullivan, 2019). With the methodology used in this study, the 

maximum Na reductions from loam soils (89%) exceeded those of similar textured soils that had 

been treated with a crystallization inhibitor by Klaustermeier and Daigh (2016) and 

Klaustermeier et al. (2017). On average, the total proportion of Na removed from the columns 

containing the silty clay soil used in this study (14.8% ± 16.5) were comparable to the findings 

of Swallow and O’Sullivan (2019), Klaustermeier and Daigh (2016), and Klaustermeier et al. 

2017, however the reductions in this experiment were achieved over a much longer duration (56-

d).  
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Wicking Salts: Advantages, Limitations, and Potential for Field Scale Remediation 

 The use of wicking materials for the remediation of salt-affected soils may provide a 

number of advantages when compared to conventional (e.g. leaching, dig and haul, 

phytoremediation, etc.) and contemporary (e.g. crystallization inhibitors) salt removal 

techniques. In comparison to the conventional practice of applying soil amendments (e.g. 

gypsum) and large amounts of water to leach Na from the soil profile, the placement of wicking 

materials into or across the soil surface to accumulate and permanently remove salts would work 

passively with natural processes such as the capillary rise of soil water and dissolved salts in arid 

and semi-arid climates. When compared to the ex-situ method of soil excavation and removal 

(i.e. dig and haul), the use of wicking materials may provide a less expensive and intrusive 

alternative, while also negating the need to replace the excavated soil with topsoil from another 

location. Phytoremediation, or the use of salt-tolerant (i.e. halophytic) plants to either 

bioaccumulate and/or promote the leaching of salts downwards in the soil profile, has been 

studied by a number of researchers in brine-contaminated soils (Young et al., 2011; Manouski 

and Kalogerakis, 2011; Keiffer and Ungar, 2002). The effectiveness of using plants for 

remediation on highly saline soils, however, may have a number of limitations including the 

uneven establishment and growth of vegetation, the prohibitive amount of time needed to 

accumulate appreciable amounts of salts, and the lack of availability of halophytic plant species 

to remediation specialists (Young et al., 2011; Qadir et al., 2007). The use of wicking materials, 

on the other hand, would be applicable in soils exhibiting varying degrees of salinity and based 

on the results of this study and that of Green et al. (2019), appreciable reductions in salt 

concentrations could be achieved in much less time. 
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 The surficial application of crystallization inhibitors has been proven to be both expedient 

and effective in laboratory settings, however, a number of factors may limit their effectiveness 

when used as the sole remediation amendment in field settings. Crystallization inhibitors are 

often only effective for specific salt species such as NaCl (Angin et al., 2018). In their research, 

Klaustermeier and Daigh (2016) and Klaustermeier et al. (2017) found that the salt removal 

efficiency of the crystallization inhibitor ferric hexacyanoferrate decreased significantly when 

the concentration of salts in the soil decreased and when sulfate-based salts were prevalent. 

Wicking materials, on the other hand, are indiscriminate in their absorption and removal of salt 

species at varying concentrations. In addition to salt specificity, the surficial application of 

crystallization inhibitors to large tracts of contaminated land may leave it susceptible to erosional 

processes from both water and wind. This would require additional measures to be adopted by 

remediation specialists to prevent the translocation of the inhibitor as well as the resulting salt 

efflorescence to other locations. In contrast, wicking materials could be placed into rigid 

columns or applied in mats, thereby providing increased resistance to the effects of erosional 

processes and weather conditions. There is also the potential that wicking materials could be 

washed and reused over time, making them a more sustainable option in comparison to 

crystallization inhibitors. 

 Before the methodology presented in this study can be applied in field settings, a number 

of considerations need to first be addressed. The wicking materials used in this study may have 

limited applicability in field settings due to practicality. To make the application of this method 

feasible in field settings, wicking materials need to be identified that are both effective in 

accumulating salts and durable enough to withstand weather conditions. The ideal material 

would have physical properties similar to those exhibited by the SW material including a high 
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surface area, large absorption capacity, high porosity, and structural rigidity. In addition, this 

material would need to be readily available to remediation specialists at costs low enough to 

justify the use of this method over other, more expedient methods such as dig and haul.  

 The mass of salts removed from the soil columns used in this study were closely tied to 

the ability of wicking materials to pull water from the soil through capillary suction. As soils dry, 

the matric potential of the soil matrix becomes increasingly negative to a point where wicking 

materials would no longer be able to effectively absorb soil water and remove salts. In 

consequence, the effectiveness of this method in arid and semi-arid environments may be limited 

unless the contaminated soil is irrigated, or a shallow water table is present to maintain hydraulic 

contact between the soil and wicking material. Further research needs that are required before 

this method can be used commercially in field settings include the determination of 1) the most 

effective placement of wicking materials in field conditions to maximize salt uptake, 2) the cost-

benefit relationship of this method compared to other conventional methods, and 3) the 

applicability of this method for larger spill sites. 

Conclusions 

 In this study, it was shown that significant amounts of Na can be removed from brine-

contaminated soils through the application of highly absorbent wicking materials on the soil 

surface given that soil water contents are sufficient to maintain hydraulic contact with the 

wicking materials. In soils with silty clay and loam textures, wicking materials reduced Na 

concentrations upwards of 38.4 and 89.5%, respectively. On average, the use of a gypsum 

solution to sub-irrigate brine-contaminated, silty clay soils significantly increased the amount of 

Na removed by the wicking material SW over the 56-d experiment. In comparison to other 

contemporary remediation techniques that utilize crystallization inhibitors to effloresce salts 
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above the soil surface, this method achieved similar reductions, however, these reductions 

occurred over a much longer time period. The potential advantages of using manufactured 

wicking materials for salt removal over other methods include, low energy input, minimal 

disturbance to the soil profile, the permanent removal of salts, the potential for reuse of 

materials, and its applicability in sensitive environments such as wetlands. Further research is 

needed to determine the effectiveness of this method in field scale trials. 
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GENERAL CONCLUSIONS 

 The first objective of this research was to determine the germination thresholds of four 

crop and graminoid species in the presence of brine and NaCl solutions at increasing levels of 

electrical conductivity (EC). Across the eight plant species tested in this research, Hordeum 

vulgare (barley), Helianthus annus (sunflower), Beta vulgaris (sugar beet), Pascopyrum smithii 

(western wheatgrass), Elymus hoffmannii (AC Saltlander), Leymus triticoides (beardless 

wildrye), and Elymus trachycaulus (slender wheatgrass) exhibited no significant difference in 

final germination between NaCl and brine solutions at increasing levels of salinity, indicating 

that previously established salt-tolerance thresholds for these species in NaCl-dominated 

environments can be accurately applied for determining their suitability in brine-contaminated 

environments. In addition, AC Saltlander and western wheatgrass exhibited statistically greater 

rates of germination than the other species tested in this study at EC levels above 24 dS m-1, 

making them the most desirable species for revegetation efforts in brine-contaminated soils. 

 The second objective of this research was to determine the remediation potential of using 

the surficial application of wicking materials to absorb and remove salts from brine-

contaminated soils. In a preliminary study, significant mass reductions of Na in sandy loam, 

brine-contaminated soils were achieved using Second Nature® Wood Fiber Plus Hydraulic 

Mulch (Profile Products®), 1043 Super Wick (Essick Air Products, Inc.), and CBW9 Humidi-

Wick (BestAir Pro®) as wicking materials. In a second study utilizing a similar methodology, 

the 1043 Super Wick reduced Na concentrations in brine-contaminated silty clay and loam soils 

by upwards of 38.4 and 89.5%, respectively. In addition, it was found that the use of a gypsum 

solution to sub-irrigate the silty clay soil significantly increased the amount of Na removed by 

the 1043 Super Wick over the course of the experiment. The results of these studies indicate that 
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further research in field-scale trials is warranted. In addition, this method may provide a more 

permanent means of salt-removal in brine-contaminated environments than conventional ex-situ 

and in-situ remediation methods. 
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