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Abstract

Enhanced biodenitrification is a technique for remediation of nutrient impacts that uses

electron donor amendments to stimulate the microbial community present in natural groundwater

aquifers.  This study evaluated ethanol as a carbon source to decrease elevated nutrients in

groundwater and soil microcosms under cold climate conditions.  Initial microcosm nutrient

concentrations of ammonia-N, nitrate-N, and nitrite-N were 2010 mg/L, 1690 mg/L, and 118

mg/L, respectively.  Ethanol treatments showed that the nitrate-N and nitrite-N concentrations

decreased to non-detectable limits in 56 days and ammonia-N decreased by 48% in 231 days.  A

second experiment examined the effect of vadose zone ethanol injections into nutrient impacted

soil columns.  The study indicated the ethanol amendments degraded 1.3, 13.9, and 27.2% of

nitrate-N concentrations in the three soil columns.  However, the vadose zone showed a decrease

of 92.4 to 99.4% due to displacement and degradation.  Overall biodenitrification shows promise

as a cost-effective remedial solution.
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1 Introduction

1.1 Overview

Nutrient impacts on potential water sources resulting from manure and fertilizer storage,

application, or spills are of growing concern in rural, predominately agricultural areas.

Remediation techniques that can address nutrient impacted soil and groundwater are necessary

for the protection of potable groundwater sources and the health of aquatic ecosystems.  The

denitrification process, which degrades nitrate and nitrite to nitrogen gas, can occur naturally in

soil and groundwater but becomes minimal when organic carbon is limited (Knowles 1982;

Salminen et al. 2014; Tartakovsky et al. 2002).  This thesis examines a remedial strategy for

nutrient impacts termed enhanced bioremediation or biodenitrification.  This technique uses

carbon substrate amendments added into an aquifer to assist in the natural degradation of nitrate

and nitrite nutrients (Korom 1992; Matějů et al. 1992).

In this study, nutrients have infiltrated into soil and groundwater as a result of a liquid

fertilizer spill at a Bulk Fertilizer Storage Facility in Manitoba, Canada.  Following emergency

response activities, a Phase II Environmental Site Assessment (ESA) was conducted that

determined elevated levels of nitrate-N, nitrite-N and ammonia-N in the central portion of the

fertilizer spill (Amec Foster Wheeler 2016).  There is limited literature on research reporting on

the effects of carbon amendments in cold climates and areas with a high nutrient load, such as

those present at this facility.  Studies were done elsewhere (Tartakovsky et al. 2002;

Vishnivetskaya et al. 2010), under conditions similar to that prevailing in Manitoba, that show

ethanol is advantageous as a carbon source for promoting the biodenitrification process.
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The first portion of this research is a microcosm study to assist in treatment design of

ethanol amendments and the modelling of the results through the use of the Monod equation in

comparison with zero-order reaction rates.  The second portion of the research includes a soil

column experiment to mimic the hydraulic response of the aquifer to an in-situ carbon

amendment and its effect of ethanol addition on pore water distribution.  This research is critical

for understanding the microbial and aquifer material response to ethanol addition, which is

helpful for developing effective methods for nitrate remediation in cold groundwater climates.

1.2 Objectives

1.2.1 Elevated Nutrient Concentrations

Ethanol enhanced biodenitrification studies have shown successful nutrient degradation

in concentrations ranging from 3 to 350 mg/L as nitrate-N (Borden et al. 2012; Salminen et al.

2014; Tartakovsky et al. 2002; Vishnivetskaya et al. 2010).  Due to the spill at this bulk fertilizer

facility, the site has concentrations of 1810 mg/L of nitrate-N + nitrite-N, well beyond the range

reported in other biodenitrification studies.  Elevated nitrate levels have shown to accumulate

nitrite, a more toxic by-product, due to heterotrophic bacteria’s preference for nitrate degradation

(Adav et al. 2010; Ge et al. 2012; Wilderer et al. 1987).  The fertilizer spill also contained

elevated ammonia-N concentrations (2010 mg/L of ammonia-N).  The effect of ethanol

enhanced biodenitrification on anaerobic ammonia degradation has not been examined in depth.

Current research, on nutrient impacted sites, indicates anaerobic ammonia oxidation (anammox)

bacteria are naturally present in some soil and groundwater environments and the presence and

degradation capacity require further evaluation (Moore et al. 2011).

Review of available literature has suggested elevated nutrient concentrations may

decrease degradation rates.  Therefore, the first objective of this research is to determine the
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degradation rates with the addition of ethanol as a carbon substrate in enhanced biodenitrification

of high nitrate, nitrite, and ammonia concentrations.

1.2.2 Temperature Dependence

Minimal research has been completed regarding the effectiveness of enhanced

biodenitrification in cold groundwater conditions, such as prevailing in Manitoba, Canada.

Based on the literature review presented in Section 3.6 the majority of enhanced

biodenitrification studies were completed at temperatures ranging from 15 – 30°C, with only two

studies evaluating the effects of cold groundwater climates, below 10°C (Martin et al. 2009;

Salminen et al. 2014).  For successful remediation as well as regulatory support, increased

research evaluating cold climate enhanced biodenitrification is essential prior to implementation.

Colder temperatures have been shown to lead to slower degradation rates, which may

have an increased accumulation of nitrites (Martin et al. 2009; Salminen et al. 2014).  Therefore,

the second objective of this study is to evaluate the potential for enhanced biodenitrification at

low temperatures prevailing in cold climate scenarios.

1.2.3 Application of In-situ Bioremediation Strategies

Nutrient impacts typically originate at the ground surface, which then percolates through

the vadose zone before reaching the groundwater.  The leaching of nitrates from the vadose zone

will continue due to the infiltration of precipitation, and therefore it is necessary to either account

for the potential future nutrient load or remediate the vadose zone as part of the biodenitrification

process.  The vadose zone is typically aerobic and not conducive to denitrification which

requires anaerobic conditions.  In addition, the majority of reviewed literature deals with the

addition of ethanol in wastewater treatment which is a liquid environment compared to ethanol
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application into the vadose zone. The degradation of nitrate releases nitrogen gas, which is

expected to decrease hydraulic conductivity.   The ethanol addition may change pore water

surface tension, which may impact soil water distribution.  Therefore, the third objective of this

study is to evaluate in-situ amendments in the vadose zone to determine how this impacts

nutrient migration and degradation.

1.2.4 Use of Time Domain Reflectometry (TDR) Probes as a Non-Destructive Method for

Nitrate-N Approximation

The monitoring of vadose zone remediation is difficult and costly due to the need for

continual soil sampling or pore water extraction to assess the success of remediation techniques

(Wellman et al. 2012).  The use of TDR ECb measurements as a proxy for nitrate-N

concentrations have been documented in several other studies (Das et al. 1999; Krishnapillai and

Sri Ranjan 2009; Miyamoto et al. 2010); however, the use in biodenitrification studies has not

been reported in the literature.   Therefore, the fourth objective of this study is to evaluate the

non-destructive method of using of using soil bulk electrical conductivity measurements (ECb),

using TDR probes as a proxy for determining nitrate-N concentrations in a biodenitrification

study.

1.3 Thesis Format

Following this introduction, Chapter 2 documents site conditions that include information

on contaminant concentration ranges, soil surficial geology, hydrogeology, and climate.  The

literature review in Chapter 3 initially discusses the effects of nutrient parameters on human

health and aquatic ecosystems, the denitrification process, and the fate and transport of nitrate.

Following this, the literature review examines in-situ biodenitrification, possible in-situ

application issues, research examining carbon substrates, and the basis of ethanol selection for
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use within this study.  Lastly, the literature review discusses the measurement techniques and

biodenitrification kinetics used in this study.

Following the literature review are manuscript chapters.  Chapter 4 entitled “Ethanol

Enhanced Bioremediation of Nitrates in Cold Groundwater Environments” focuses on a

microcosm study that evaluates ethanol on the degradation of ammonia-N, nitrate-N, and nitrite-

N.  The results of the microcosm study were modelled in the geochemical model PHREEQC

using the double Monod equation, elected for its more accurate prediction of degradation rates.

Chapter 5 entitled “Effect of Ethanol as a Bioremediation Amendment on Nitrate-contaminated

Vadose Zone” focuses on the use of vadose zone injections, real-time measurement techniques,

and the effect on soil water retention and electrical conductivity (EC).  Chapter 6 is a conclusion

section evaluating the findings of the study and concluding this thesis is Chapter 7 providing

recommendations for further research.
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2.2 Environmental Site Assessment

In 2013 an 80,000 L liquid ammonia phosphate fertilizer spill (N-P2O5-K2O; 10-34-0)

occurred at the bulk fertilizer facility, of which emergency response efforts recovered

approximately 54,000 L of the fertilizer spill.  Following initial response, an electromagnetic

(EM) survey was conducted at the site by Penserv of Calgary, Alberta.  The survey, conducted

with a GEM 2 EM combined with GPS, allows for the approximation of bulk soil conductivity at

various depths (Penserv 2013).  Based on visual assessment as well as the EM survey, the spill

occurred from the liquid fertilizer tanks near the central western portion of the site and extended

west into the ditch (Amec Foster Wheeler 2016; Penserv 2013).  The EM survey also indicated

high elevated bulk soil conductivity surrounding the granular fertilizer bins to the north;

however, this was attributed to operational impacts of the granular fertilizer bins and not a result

of the liquid fertilizer spill (Amec Foster Wheeler 2016; Penserv 2013).

2.3 Source Characterization

Two locations from the Phase II ESA were selected for further study in partnership with

the University of Manitoba in which soil and groundwater samples were collected for use in this

thesis research.  One location termed the “source” area was located near the central portion of the

liquid fertilizer spill and the second termed “edge” was located approximately 60 metres up-

gradient, near the edge of the fertilizer spill.  Soil and groundwater chemical characteristics for

the two locations are summarized in Table 2.1 noting if the laboratory analysis was conducted as

part of the Phase II ESA or in the context of this study.  The source area contained elevated

groundwater and soil concentrations of ammonia-N, nitrate-N, and nitrite-N.  Also,

concentrations of sulphate, total organic carbon, and phosphate were higher in the source area

than in the edge area.  The higher total organic carbon in the source area may be attributed to the
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higher denitrifying bacteria presence.  The source and edge areas contained concentrations of

nitrate-N and nitrite-N greater than the Health Canada drinking water standards (Health Canada

2014).

Table 2.1 Initial groundwater and soil concentrations

Parameter Media Source Edge

Ammonia-N (mg/L) Groundwater 2010 [2] <0.018 [2]

Nitrate-N (mg/L) Groundwater 1690 [2] 188 [2]

Nitrite-N (mg/L) Groundwater 118 [2] 1.42 [2]

Sulphate (mg/L) Groundwater 2270 [1] 370 [1]

Total Organic Carbon (mg/L) Groundwater 33.6 [1] 7.5 [1]

Oxidation Reduction Potential (mV) Groundwater 275.5[1] 192.4[1]

pH Groundwater 7.50 [1] 7.73 [1]

Phosphorus total (mg/L) Groundwater 5.48 [1] 1.81 [1]

pH Soil 7.91 [1] 8.00 [1]

Nitrate-N (available) mg/kg Soil 303 [1] 47.8 [1]

Phosphate-P (available) mg/kg Soil <0.5 [1] <0.5 [1]

Total Organic Carbon Soil 0.36 – 1.50% [1]

[1] Chemical analysis conducted as part of Amec Foster Wheeler’s Phase II ESA (Amec Foster Wheeler,

2016). [2] Chemical Analysis conducted as part of this study.

2.4 Site Surficial Geology

Based on the soil provided, detailed physical soil characteristics were determined for bulk

density (ASTM 2009), specific gravity (ASTM 2014), moisture content (ASTM 2010), hydraulic

conductivity (ASTM 2016), and particle size distribution (ASTM 2007a).  Porosity, volumetric

water content, and saturation were also calculated using these results.  The detailed soil analysis

conducted at approximately 0.4 m depth intervals for both the source and edge test hole locations

from approximately 0.8 to 4.5 m in depth are included in Appendix A.  The soil type was

predominantly a sandy loam with an average soil bulk density of 1,550 kg/m3.  The majority of

the soil profile was near saturation at the time of sampling, and soil porosities ranged from 0.36
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to 0.52 with an average of 0.43.  The majority of the soil profile contained less than 10% clay,

with a larger composition of silt encountered at around 4.0 m.  The Phase II ESA indicated

impacts remained relatively localized in the surface silty loam or sandy loam and had not

infiltrated into the lower silt (Amec Foster Wheeler, 2016).

2.5 Site Hydrogeology

Field slug tests indicated an average bulk hydraulic conductivity value of 3.6 x 10-6 m/s

using the Bouwer-Rice equation which is consistent with the silt and fine sand present on the site

(Freeze and Cherry 1979).  Based on data collected in 2015, depth to groundwater was an

average of 2.22 metres below grade level (m bgl) with a calculated hydraulic gradient of 0.002

m/m towards the northeast (Amec Foster Wheeler 2016).
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3 Literature Review

3.1 Nutrient Health and Ecosystem Effects

Elevated nutrient concentrations, specifically nitrate and nitrite, are of increasing concern

in rural areas that rely on groundwater for potable water.  Common sources of nitrate are often

correlated to agricultural uses such as fertilizer application, manure application, and manure

storage (Health Canada 2014; Vurton and Ryan 2000).  Domestic sewer, septic tanks and

industrial uses are also sources of nitrate groundwater contamination (ITRC 2002).  Nitrate can

be present in native situations with natural groundwater containing up to approximately 0.7 mg/L

of nitrate-N (ITRC 2002).

The Health Canada drinking water standards dictate a maximum acceptable concentration

of 10 mg/L of nitrate-N and 1 mg/L of nitrite-N, in drinking water (Health Canada 2014).  A

detailed study of groundwater conditions within Manitoba’s Assiniboine Delta Aquifer indicated

that shallow groundwater samples underlying agricultural fields commonly had nitrate levels

greater than the Health Canada drinking water standards (Vurton and Ryan 2000).  These nitrate

exceedances occurred less frequent when collected from native grassland areas (Vurton and

Ryan 2000).  These elevated concentrations were attributed to fertilizer application in

agricultural settings which directly contain nitrate or contain ammonia which converts to nitrate

through nitrification (Health Canada 2013).

A study conducted in the Province of Manitoba determined that 25% of tested shallow

potable groundwater wells exceeded the Health Canada drinking water standard for nitrate-N

(Frost 2006).  Health effects of drinking nitrate-impacted water have been exhibited in infants

through Methaemoglobinaemia disease or more commonly known as the blue baby syndrome
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which affects the oxygen distribution within the body (EPA 2007; Health Canada 2014; Vurton

and Ryan 2000).  Several organizations have indicated contradictory research on the

carcinogenic risk of nitrate and nitrite, and the World Health Organization noted the high priority

for the evaluation of nitrate/nitrite carcinogenic risk (EPA 2007; Health Canada 2014; ITRC

2002; World Health Organization 2007).  Ingestion of elevated nitrate and nitrite concentrations

have been shown to affect fetal growth and nervous system development (EPA 2007; World

Health Organization 2007).

Nutrient loading from nitrate and nitrite also affect aquatic life receptors such as lakes,

rivers, and marshes.  The Canadian Council of Ministers of the Environment (CCME) limit

concentrations of nitrate-N to 3.0 mg/L in long-term exposures and 124 mg/L in short-term

exposures due to toxic effects on freshwater aquatic ecosystems (Canadian Council of Ministers

of the Environment 2012).  High ammonia and nitrate in freshwater ecosystems lead to increased

bacterial growth, which along with the breakdown of ammonia to nitrate, results in decreased

dissolved oxygen levels that are required for a healthy aquatic ecosystem (Environment Canada

and Manitoba Water Stewardship 2011; U.S. Geological Survey 1999).  For these reasons, it is

important to ensure nutrient impacted groundwater does not discharge into aquatic systems.

3.2 Nitrogen Cycle and Denitrification

The nitrogen cycle consists of several biological and physical processes which transform

nitrogen and includes procedures such as nitrogen fixation, ammonification, nitrification,

denitrification, dissimilatory nitrate reduction to ammonium (DNRA), and anaerobic ammonia

oxidation (anammox) (ITRC 2002).  A diagram of these processes within the nitrogen cycle is

shown in Figure 3.1.  The nitrogen cycle is an important biological process that allows the

recycling of nutrients, required for biological organisms and plant growth (Knowles 1982).
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an anaerobic process, which is defined as water with less than 2 mg/L of dissolved oxygen

(ITRC 2002) but has been shown to occur under aerobic conditions given the right microbial

community (Matějů et al. 1992).  The enzyme-catalyzed process follows the general reduction of

nitrate, nitrite, nitric oxide, nitrous oxide, and finally nitrogen gas.

Denitrifying bacteria require an electron donor (organic or inorganic) for the process as

an energy source (Matějů et al. 1992).  The microbial groups responsible for the denitrification

process are primarily heterotrophs that use carbon as an electron donor.  Autotrophic bacteria,

using hydrogen, iron, or sulphate as well as photosynthetic microbial groups are also present

(Knowles 1982; Korom 1992; Matějů et al. 1992).  The denitrification process occurs slowly in

natural aquifers due to limited organic carbon or inorganic substrates that could be used as an

electron donor (Borden et al. 2012; Knowles 1982; Matějů et al. 1992).  In addition, nitrate-N

degradation decreases considerably as temperature decreases (Knowles 1982).  The

denitrification process converts nitrate to inert nitrogen gas with the intermediate by-product of

nitrite, which is more reactive and toxic than nitrate (EPA 2007).  Previous research has shown

that nitrite degradation is limited in the presence of elevated nitrate, due to the preference of

heterotrophic bacteria towards nitrate, which often results in an accumulation of nitrite (Adav et

al. 2010; Bancroft et al. 1979).

Another process termed DNRA is an anaerobic process that converts nitrate directly to

ammonium instead of nitrogen gas (Korom 1992).  It is carried out by fermenting bacteria, and

this process does not assist with the removal of nitrogen from a system (Carrey et al. 2014b).

This process has been shown to potentially out-compete denitrification in areas with high carbon

loading and where nitrate is scarce (Carrey et al. 2014a; Korom 1992).
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A recent addition to the nitrogen cycle is a process termed anaerobic ammonia oxidation

(anammox).  This process includes the direct conversion of ammonia and nitrite to nitrogen gas

as shown in the schematic in Figure 3.1.  Initially discovered with a study finding unexplained

ammonia reduction under anaerobic conditions (Richards 1965) the process was further

evaluated with bioreactor research that confirmed the results and determined the loss was a result

of bacterial degradation (Graaf et al. 1996; Mulder et al. 1995).  Research is ongoing into the

specifics of the process and microorganisms responsible (Kartal et al. 2011).  The anammox

process was initially assumed to be limited to wastewater due to the high bacteria and ammonia

concentrations present (ITRC 2002).  However, recently soil and groundwater studies have

shown the presence of anammox bacteria in both native background and nutrient impacted sites

under cold climate conditions in Canada (Moore et al. 2011; Robertson et al. 2012).  Anammox

is a slower nitrogen reduction process with one study calculating approximately 18 - 35% of

nitrogen gas production was attributed to the anammox process, with the remainder attributed to

denitrification (Moore et al. 2011).

3.3 Fate and Transport of Nitrate and Nitrite

Nitrate is a key element required for the growth of plants and is capable of degrading in the

natural environment.  In bulk fertilizer and agricultural operations, nitrate contamination occurs

when nutrients applied on the surface are at concentrations greater than that can be taken up by

plants or degraded by natural microorganisms.  Typically these impacts start in the vadose zone

due to the surficial application, storage, or spills.  As nitrate is a chemical that is highly soluble

in water with little sorption, periodic recharge from rainfall events will percolate nitrate deeper

into shallow groundwater aquifers.  This low sorption and high solubility allows nitrate to be a
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highly mobile chemical, with little to no retardation, and travels at speeds similar to the

groundwater flow (Almasri and Kaluarachchi 2007).

In the natural aquifer systems, nitrate degradation is often limited by available organic

carbon, micronutrients, temperature, and ORP which allow nitrate to be a fairly persistent

chemical.  Several studies show that the half-life of nitrate in natural environments to be in the

range of 1 to 2.3 years (Almasri and Kaluarachchi 2007; Borden et al. 2012; Carroll et al. 2009;

Postma and Boesen 1991).  These degradation rates would classify nitrate as a Class 8 Chemical

with regards to its persistence where Class 1 degrades in less than 10 hours, and a Class 10 is

non-degradable (Mackay et al. 2001).

3.4 In-situ Enhanced Biodenitrification

Monitored natural attenuation is often a strategy for nutrient contamination. This approach

monitors concentrations at nutrient impacted sites and evaluates the natural denitrification that

occurs.  However, as previously discussed, nitrate is a relatively persistent chemical with

degradation rates dependent on the availability of electron donors (mainly organic carbon),

micro/macro nutrients at the site, temperature, and ORP (ITRC 2002).  One study indicated that

the different organic carbon concentrations in soil at several nutrient impacted sites accounted

for the variation in natural attenuation rates (Bradley et al. 1992).  Due to the low natural

degradation rates and risk of off-site migration different remediation strategies are necessary to

lower nutrient levels to regulatory standards.

One such technique, enhanced biodenitrification, includes the addition of a carbon source

and/or macro or micronutrients to promote denitrification by native microbial populations (ITRC

2000).  The benefit of enhanced bioremediation includes the promotion of the natural microbial

population, limited disturbance of the land, and a sustainable green solution to remediation.  For



16

the purpose of this research, denitrification is described, as the microbial process whereas

enhanced biodenitrification is the remedial strategy to promote this natural process.  As enhanced

biodenitrification is an in-situ process, a thorough understanding of the site-specific conditions

including geology, hydrogeology, groundwater and soil composition through a conceptual site

model is crucial in the design and implementation of the remediation strategy (ITRC 2002). In-

situ techniques successfully implemented at one site may have different results at another

location due to various hydraulic gradients, groundwater composition, and climate.

ORP is a measurement technique that can indicate the preference for oxidizing (aerobic) or

reducing (anaerobic) conditions (ITRC 2002).  Denitrification can occur in either aerobic or

anaerobic conditions; with the preference for nitrate reduction to occur at around 250 to 100 mV

(EPA 2013).  Studies have shown the correlation between decreasing ORP values and decreasing

nitrate-N and nitrite-N concentrations with ORP ranging from 100 to -200 at the end of the

denitrification process (Ge et al. 2012; Moran et al. 2007).  The addition of a carbon source has

shown to lower ORP values to a more anaerobic state, allowing for a more conducive

environment for denitrification (ITRC 2000).

3.5 Application of Enhanced Biodenitrification and Possible Issues

The addition of a carbon source changes the geochemical composition of the soil and

groundwater and therefore substantial monitoring to the change in alkalinity, pH, ORP, and

electron acceptor/donor concentrations are necessary for a successful in-situ enhanced

biodenitrification (ITRC 2002).  Several techniques for the application of bioremediation

strategies have been evaluated that include the injection of a carbon amendment into existing

wells, specified injection well with recycling, addition of the amendment into a subsurface gravel
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infiltration gallery, and pulsing techniques (Borden et al. 2012; Carrey et al. 2014a; Khan and

Spalding 2003; Martin et al. 2009; Matějů et al. 1992; Smith et al. 2001).

Biofouling occurs due to the increased growth of microorganisms from the added carbon

source (Khan and Spalding 2003).  The subsurface infiltration gallery and pulsing techniques

have shown to minimize biofouling and clogging of the remedial system (Khan and Spalding

2003; Martin et al. 2009).  In addition to biofouling from increased microbial activity, the

production of nitrogen gas within the soil and groundwater aquifer matrix has been observed

(Borden et al. 2012).  The combined microbial activity, effects of the surface tension and density

of the amendment, and increased nitrogen gas within the aquifer matrix has the potential to affect

soil water distribution and the movement of water through the aquifer (Antonella and Leij 2012;

Cápiro et al. 2007; Powers et al. 2001).

3.6 Research on Carbon Substrates and Evaluation

Research has been conducted to evaluate efficient carbon sources for biodenitrification

including acetate, ethanol, formate, glucose, glycerol, hydrogen, lactate, methanol, sucrose, and

starch.  A review of the literature on enhanced biodenitrification, nitrate-N/nitrite-N

concentrations, temperature, and efficiencies are shown in Table 3.1 with a focus on

biodenitrification groundwater remediation studies.

Substantial literature is available on biodenitrification in wastewater treatment studies and

Table 3.1 highlights some relevant research.  Although useful for evaluating potential carbon

substrates for further investigation, the hydraulic properties of the carbon substrate need to be

assessed to determine the appropriateness for use in groundwater remediation. The carbon

sources summarized in Table 3.1 identify the success of biodenitrification in different scenarios
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for nutrient concentrations ranging from 3 to 350 mg/L nitrate-N.  In addition to providing a

carbon substrate, one study has shown the ability of the microbial community to continue

nutrient removal following complete degradation of the carbon substrate by using the remaining

microbial biomass (Borden et al. 2012).
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Table 3.1 Review of enhanced biodenitrification studies

Nutrient
Impacts

Media Electron Donor Degradation Rates Comments Source

NO2-N

200 mg/L

Activated Sludge
and synthetic
wastewater

Acetate (1500 mg/L)

Methanol (700
mg/L)

Ethanol (700 mg/L)

2.07 mg NO2-N g-1 Volatile
Suspended Solids (VSS) h-1

1.20 mg NO2-N g-1 VSS h-1

1.60 mg NO2-N g-1 VSS h-1

Rate Type: Linear

Temperature 25°C

Best degradation rates were acetate,
ethanol, then methanol on weight basis

Determined peak rates at various
concentrations

(Adav et al. 2010)

NO3-N

11.3 mg/L

Groundwater

Batch experiment

Acetate (50 mg/L) 0.15 mg N L-1 day-1

Rate Type: Linear

Temperature not indicated

Author indicated acetate is known to
accumulate nitrite

(André et al. 2011)

NO3-N

14-34 mg/L

Soil & Groundwater

Field Experiment

Push-pull test
ethanol (5% by
volume)

Single Well Test
ethanol (1% by
volume)

33 year-1 (t1/2  = 10 days)

25 year-1 (t1/2 = 7.6 days)

Rate Type: First Order

Temperature not indicated

Nitrous oxide was measured in the wells

Low nitrate concentrations persisted for
600 days

Sulphate concentrations decreased
following nitrate degradation

(Borden et al. 2012)

NO3-N

17 mg/L

Soil & Groundwater
Batch Experiment

Glucose (200 mg/L) Rate Type: Monod equation

μmax – 4.93 d-1

Temperature 17°C (Calderer et al.
2010)

NO3-N

12 mg/L

Lake Sediment and
Groundwater

Flow through
experiment

Glucose NO3 was attenuated after 13
days and NO2 by day 27

Rate Type: Observation

Temperature 18-27°C

Sediment prior to enhancement did not
support denitrification

(Carrey et al. 2014a)

NO3-N

125 mg/kg

Soil

Batch experiments

Organic Carbon

Ethanol

Methanol

0.7 year-1  (t1/2 = 351 days)

17.6 year-1 (t1/2 = 14 days)

14.5 year-1 (t1/2 = 17 days)

Rate Type: First Order

Temperature 23 °C (Carroll et al. 2009)
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NO3-N

840 mg/kg

Soil Control

Lactate

Ethanol

Glucose

Hydrogen

3.64 mg kg-1 d-1

8.0 mg kg-1 d-1

37.8 mg kg-1 d-1

39.8 mg kg-1 d-1

3.78 mg kg-1 d-1

Rate Type: Linear

Temperature 28°C (Edwards et al.
2007)

NO3-N

100 mg/L

Groundwater
inoculated with
activated sludge

Submerged biofilter

Sucrose

Ethanol

Methanol

Process yields (ratio C/N)
2.5, 1.08, and 1.1 sucrose,
ethanol and methanol

Rate Type: Linear

15-20°C

Ethanol and Methanol showed lower
nitrite accumulation

(Gómez et al. 2000)

NO3-N

28 mg/L

Activated Sludge Methanol

Ethanol

Rapid adaptation to ethanol

Rate Type: Observation

15°C (Hallin and Pell
1998)

NO3-N

14 mg/L

Soil & water Ethanol (68 mg/L) 100 mg N kg-1year-1

Rate Type: Linear

Temperature not indicated (Jordan et al. 2008)

NO3-N

40 mg/L

Field Study

Soil & Groundwater

Ethanol (500 mg/L) Degradation of nitrate to
non-detectable encountered
after 150 hours

Rate Type: Observation

Temperature not indicated (Khan and Spalding
2003)

NO3-N

10 mg/L

Soil & Groundwater
Batch Experiment

Formate Monod equation modelling
of experimental results

Rate Type: Monod Equation

15°C (Killingstad et al.
2002)

NO3-N

45 mg/L

Sand (small layer of
site soil)

Ethanol

Acetate

0.48 nmol h-1 g-1

0.49 nmol h-1g-1

Rate Type: Linear

6 + 2°C

Less nitrite accumulation in ethanol
treatment

(Martin et al. 2009)

NO3-N

30 mg/L

Wastewater
activated sludge

Methanol

Ethanol

Acetate

9.2 mg NO3-N/gVSS/hr

30.4 mg NO3-N/gVSS/hr

31.7 mg NO3-N/gVSS/hr

Rate Type: Linear

13°C (Mokhayeri et al.
2008)
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NO3-N

 3-100 mg/L

Soil & Groundwater

Batch Experiment

Ethanol (3-15 mg/L) Negligible to 100 nmol/L/h

Rate Type: Observation

5°C (Salminen et al.
2014)

NO3-N

50 mg/L

Wastewater &
Activated Sludge

Starch

Ethanol

Ethanol showed greater
denitrification rate

Rate Type: Observation

25°C (Shen et al. 2013)

NO3-N

14 mg/L

Groundwater & Soil

Field Study

Batch Experiment

Formate 186 nmol g-1 day-1

Rate Type: Linear

15°C

Nitrite accumulation

(Smith et al. 2001)

NO3-N

25 mg/L

Soil & Groundwater

Batch Experiment

Ethanol

Acetate

1.2 mg N L-1day-1

Rate Type: Linear

15°C (Tartakovsky et al.
2002)

NO2-N

350 mg/L

Wastewater &
Activated Sludge

Ethanol, activated
sludge, glycerol and
landfill leachate

0.13 to 0.25 g N g-1 VSS d-1

Rate Type: Linear

23°C (Torà et al. 2011)

NO3-N

225 mg/L

Soil & Groundwater Acetate

Methanol

Ethanol

Butyrate

Complete nitrate
degradation by day 8

Rate Type: Observation

Temperature not indicated

Sulphate degradation occurred after
nitrate degradation was complete

(Vishnivetskaya et
al. 2010)

NO3-N

15-50 mg/L

Activated Sludge &
Groundwater

Biodegradable
Snack Ware

9-10 mg L-1 h-1

Rate Type: Linear

12°C (Wang and Wang
2012)
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3.7 Ethanol as a Carbon Source

Ethanol was chosen as a carbon source in this experiment due to its faster degradation and

less accumulation of nitrite in comparison to other carbon sources (Hallin and Pell 1998; Martin

et al. 2009; Mokhayeri et al. 2008; Shen et al. 2013; Vishnivetskaya et al. 2010).  Ethanol has

also been shown to promote the denitrification process instead of the DNRA process which is

beneficial from a remediation standpoint (Edwards et al. 2007).  As such, ethanol is expected to

be successful under cold climate scenarios.

Ethanol at low concentrations is non-toxic, not persistent, and limited retardation as it has

no sorption to soil particles (Chen et al. 2013).  Although toxic to microbial communities at high

concentrations (40,000 to 100,000 mg/L), ethanol used within biodenitrification studies are

orders of magnitude lower (Powers et al. 2001).  Ethanol like other alcohols is fit for human

consumption and can cause liver damage with prolonged excess consumption (Ahmed 1995).

Natural ethanol degradation has been shown to be relatively fast with a half-life ranging from 1

to 3 days under aerobic and anaerobic conditions (Powers et al. 2001; Zhang et al. 2006).  This

fast natural degradation rate places ethanol as a Class 2-3 in persistence, which is ideal as a

carbon amendment as it will dissipate following complete nutrient degradation if excess ethanol

is used (Mackay et al. 2001).  Similar to nitrate, ethanol has limited retardation as it has no

sorption to soil particles (Chen et al. 2013).  This limited sorption is beneficial for the application

of ethanol amendments allowing it to migrate at similar speeds with the groundwater and nitrate.

3.8 Measurement Techniques

Nitrate concentrations in a solution can be indirectly determined by the measuring of the

solution EC. In-situ measurement of EC can be used as a proxy for nitrate concentrations in
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biodenitrification studies.  Time domain reflectometry (TDR) is a non-destructive measurement

technique that has successfully been used for soil bulk volumetric water content and EC

measurements (Dalton and Van Genuchten 1986; Krishnapillai and Sri Ranjan 2009; Miyamoto

et al. 2010; Moret-Fernández et al. 2012; Muñoz-Carpena et al. 2005).

The TDR measures the dielectric constant of the soil, air, and water surrounding the probe

and it is converted to water content through an empirical relationship which has been shown to

be accurate to 1-2% of soil volumetric water content (Or et al. 2004; Topp et al. 1980).  The

TDR probes are also capable of recording bulk soil electrical conductivity (ECb) (Dalton et al.

1984).  Past research has evaluated different linear, non-linear, and empirical relationships to

correlate ECb to the EC of soil pore water (ECw) which can then be correlated to nitrate

concentrations assuming nitrate is the predominant ion present in the porewater (Krishnapillai

and Sri Ranjan 2009; Muñoz-Carpena et al. 2005; Rhoades et al. 1976, 1989; Vogeler et al.

1996).

3.9 Denitrification Kinetics

Typically, bioremediation kinetics are modelled as a zero or first-order reaction, which are

simplifications of the Monod equation (ITRC 2002). These equations are formed with the

assumption that the substrate concentration is much smaller than the half-saturation constant for

the substrate (first-order) or that the substrate concentration is much greater than the half-

saturation constant for the substrate (zero-order) (Bekins et al. 1998).  The half-saturation

constant cannot be computed until calibrated as part of the Monod equation (Bekins et al. 1998).

Therefore as concentrations increase, the error associated with the first-order reaction rate also

increases and as concentrations decrease, the error associated with the zero-order reaction rate

increases.  Despite numerous studies showing the large error contributing to overestimation of
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degradation in typical bioremediation studies, the first and zero-order reaction rates continue to

be the standard modelling equations used due to the ease of calculation and comparison of half-

lives to other bioremediation studies (Agah et al. 2013; Bekins et al. 1998; Cheyns et al. 2010;

EPA 2002).

An examination of literature values has shown nitrate half-saturation constants ranging

from 0.04 mmol/L to 1.55 mmol/L (0.56 mg/L to 22 mg/L for nitrate-N) (Calderer et al. 2010;

Mastrocicco et al. 2011; Rodríguez-Escales et al. 2014).  Bekins et al. (1998) recommend that

the error with the first-order reaction is acceptable when the nitrate concentrations are at least ten

times lower than the half-saturation constant (KS), and the concentrations are at least ten times

greater than KS for the zero-order reaction.  Although it requires additional calibration, the full

Monod equation allows for better decision making because it tends to be a more conservative

degradation estimate.  This allows for comparisons between a range of concentrations, which in

turn evaluates the effect of the carbon source concentrations on nutrient degradation (Bekins et

al. 1998). Various degradation rates reported in the literature for enhanced biodenitrification

studies are summarized in Table 3.1.
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4 Ethanol Enhanced Bioremediation of Nitrates in Cold Groundwater

Environments

4.1 Abstract

Remediation techniques that can address nutrient impacted soil and groundwater are

crucial for protecting drinking water aquifers in rural areas.  Enhanced bioremediation, often

termed biodenitrification, is one method that uses an added carbon source to promote nutrient

degradation by native microbial populations.  Anaerobic soil and groundwater microcosms from

a nutrient-impacted fertilizer storage facility were used to evaluate the effects of ethanol on the

microbial community.  Ethanol was selected as a carbon source as it has shown promise for high

denitrification rates in cold climates.  Initial concentrations of ammonia-N, nitrate-N, and nitrite-

N were 2010 mg/L, 1690 mg/L, and 118 mg/L, respectively. By the end of 230 days of ethanol

treatments, all n-compounds were significantly decreased (p = 0.05). Treatments showed the

degradation of nitrate-N and nitrite-N concentrations to non-detectable limits in 56 days, and

ammonia-N decreased by 48%. Simulation of experimental results using PHREEQC and the

double Monod equation indicated a good comparison for the degradation of nitrate-N and nitrite-

N concentrations with ethanol as a carbon source (R2 = 0.96).  The results of this study show

ethanol as a promising carbon source in high nutrient loaded and low-temperature environments

which will assist in developing regulatory support for field-scale studies.

4.2 Introduction

Elevated nitrate concentrations in potential domestic aquifers are of increasing concern

throughout rural agricultural communities that are highly dependent on groundwater as a potable

water source.  Common sources of nitrate are often correlated to agricultural uses such as
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fertilizer/manure storage and application as well as domestic sewer, septic tanks, storage

facilities, and industrial uses (Health Canada 2014; ITRC 2002; Vurton and Ryan 2000).  In

Canada, the drinking water standards regulate a maximum acceptable concentration of 10 mg/L

of nitrate-N and 1 mg/L of nitrite-N, in drinking water (Health Canada 2014).  However, 25% of

shallow groundwater wells tested in the Province of Manitoba exceeded the Health Canada

drinking water standard (Frost 2006).

Fertilizer handling and storage is common in rural agricultural areas to support the extensive

use of fertilizer in agricultural operations. Accidental spills and operational procedures during

fertilizer handling have the potential to contaminate the soil and groundwater. Remediation

techniques that can address these nutrient impacts are crucial for protecting drinking water

aquifers in rural areas.  Enhanced bioremediation or biodenitrification is one such method, which

increases the natural anaerobic microbial process, reducing nitrate to nitrogen gas in the presence

of a carbon source (ITRC 2000; Korom 1992; Matějů et al. 1992).  The benefit of

biodenitrification includes the promotion of natural microbial population, limited disturbance of

the land, especially near building foundations, and a sustainable remedial solution.

Substantial literature evaluating carbon sources for biodenitrification in wastewater

treatment is available (Peng et al. 2007; Shen et al. 2013; Torà et al. 2011).  Although

denitrifying bacteria are present in native soils and groundwater, studies have shown minimal

natural degradation due to low organic carbon content and low groundwater temperatures

(Mastrocicco et al. 2011; Salminen et al. 2014; Tartakovsky et al. 2002).  Ethanol as a carbon

source has been examined in several studies and shows promise for biodenitrification in

wastewater and groundwater scenarios at concentrations ranging from 25 to 350 mg/L as nitrate-

N (Borden et al. 2012; Salminen et al. 2014; Tartakovsky et al. 2002; Vishnivetskaya et al.
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2010).  In comparison to alternative carbon sources, ethanol promotes faster degradation and

produces less nitrite, which is more toxic than nitrate (Hallin and Pell 1998; Martin et al. 2009;

Mokhayeri et al. 2008; Shen et al. 2013; Vishnivetskaya et al. 2010).  Availability of a carbon

source promotes the proliferation of bacteria leading to greater biomass production, which can

lead to biofouling with die-off.  Ethanol has been shown to have higher biomass production

compared to other carbon sources (Khan and Spalding 2003). Application techniques for ethanol

amendments need to be assessed to limit biofouling during field applications.

Groundwater modelling is often used to simulate the impact of remediation techniques to

the regulatory body and assist with remedial planning options for contaminated sites.  Zero or

first-order reactions are used as simplified mathematical models to represent the Monod equation

for describing nitrate degradation (Bekins et al. 1998).  Bekins et al. (1998) recommend that the

error with the first-order reaction is acceptable when the nitrate concentrations are at least ten

times lower than the half-saturation constant (KS), and the concentrations are at least ten times

greater than KS for the zero-order reaction.  The Monod equation is a better conservative

approach for modelling nitrate degradation which requires site-specific parameter calibration and

allows for more flexibility in modelling a wider range of concentrations (Bekins et al. 1998).

Ethanol was evaluated as a carbon source to promote the natural denitrification process

resulting from a liquid fertilizer spill at a bulk fertilizer facility in Manitoba, Canada.  A viable

remedial strategy must have remediation degradation rates substantially greater than natural

attenuation conditions. An evaluation of available technologies shows that groundwater

remediation solutions in cold climate scenarios are limited.  Biodenitrification has the potential

to be a sustainable and cost effective solution for groundwater remediation.

This study had two objectives:
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· The first was to examine if ethanol could be used as a carbon source under high nutrient

loading conditions similar to that observed at the bulk fertilizer storage facility.  The

concentration range obtained at this location were substantially greater than those

reported in other studies, and the nitrite-N concentration present has been shown to limit

the population of denitrifying bacteria due to its toxic effects (Adav et al. 2010).

· The second objective was to determine if ethanol is a successful carbon substrate under

cold conditions (<7.5°C) typical of this area. Based on the air and groundwater

temperatures present at the facility, the site falls under the cold climate site classification

in terms of bioremediation (Van Stempvoort and Biggar 2008).  Several studies examined

various carbon substrates at high or ambient temperatures not representative of aquifers

in Manitoba or Canada, and there is limited information available on the effect of carbon

substrates at low temperatures (Tartakovsky et al. 2002; Vishnivetskaya et al. 2010).

Studies that have evaluated low-temperature dependence indicate that the ethanol is an

efficient carbon substrate and further research is required to evaluate under site-specific

aquifer conditions (Martin et al. 2009; Mokhayeri et al. 2008)

4.3 Materials and Methods

4.3.1 Site Description

An 80,000 L ammonia phosphate liquid fertilizer spill resulted in impacted soil and groundwater

at a bulk fertilizer facility in Manitoba.  Emergency response efforts recovered approximately

54,500 L of the spilt fertilizer.  In 2015, Amec Foster Wheeler conducted a Phase II ESA to

evaluate the extent of the spill area.  As part of the assessment, soil and groundwater from the

site were collected to assist in determining remedial options for this study.  Two locations were

selected in the context of this research project; one located near the centre of the spill (termed
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“source”) and one located 60 metres up-gradient, near the edge of the surface area of the spill

(termed “edge”).

Soil samples were collected in 108 mm diameter, 1.5 m length disposable plastic tubes

advanced using a Geoprobe® direct track rig.  Groundwater was collected from the source and

edge monitoring wells, installed as part of the investigation.  Monitoring wells were developed

and purged to remove fine-grained material from the vicinity of the well screen and filter-pack

and remove stagnant water before sampling.   Each well was developed and purged

consecutively until three well volumes of water were removed or until the well was dry.

Groundwater samples were collected using dedicated disposable bailers.  Approximately six

litres of water was collected from each well and placed in clean sampling containers.  The

groundwater and soil samples were transported in insulated coolers with ice packs and stored at

4°C to maintain the integrity of the samples until used as part of this investigation.

4.3.2 Microcosm Study

Serum bottles (120 mL) were filled with approximately 25 g dry soil equivalent

containing native bacteria and 60 mL of groundwater from the source or edge locations.  The

bottles were sealed with a septum stopper and subject to anaerobic conditions.  Anaerobic

conditions were created by displacing the air in the headspace with nitrogen gas injected through

the septum at a pressure of approximately five psi (34 kPa) for one minute followed by a four

minute degassing.  This step was then repeated four times.

This study consisted of four treatments in triplicates for both of the source and edge

locations.  The four treatments were:

1. Sterile (termed Sterile) - autoclaved twice for 10 minutes;
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2. Natural attenuation  (termed NA) - no treatment, expected to represent on site conditions;

3. Ethanol + (termed Eth+) - a 4% concentration of ethanol added at a volume 10% greater

than the ratios reported in the literature concentrations; and

4. Ethanol – (termed Eth-) a 4% concentration of ethanol added at a volume 10% less than

the ratios reported in the literature.

A water solution with 4% ethanol was selected as this volume would allow for proper

distribution of contact time with the groundwater matrix in a field scale setting as well as its

success in a field scale biodenitrification study (Salminen et al. 2014).  Experimental ratios

reported above are greater than the stoichiometric relationships due to bacteria cell synthesis and

have been reported at 2.00 mg ethanol to remove 1 mg nitrate-N and 1.53 mg ethanol to remove

1 mg of nitrite-N (Matějů et al. 1992).  Sufficient bottles of each treatment were created for

sacrificial sampling during temporal analysis.  To ensure treatments represented site conditions,

the bottles were incubated in the dark at 7.5°C, based on groundwater temperatures at the time of

the Phase II ESA.  The bottles were incubated until sample analysis was conducted on the

individual bottles to determine the effect of the various treatments.

4.3.3 Data Collection

Weekly pressure readings were taken to detect gas production and microbial activity.  A

Type 2089 pressure gauge (Ashcroft, Stratford, CT, USA) with a needle fitting was inserted

through the septum of the microcosm bottles to take pressure readings, except sterile treatments

to ensure sterile conditions throughout the duration of the study.  An increase in pressure is an

indication of microbial activity by the denitrification process with the eventual degradation of
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nitrate-N and nitrite-N to nitrogen gas.  Pressure readings were corrected to account for pressure

losses arising from the withdrawal of gas samples into the manifold.

Sacrificial samples were taken at day 14, 21, 35, 56, 105, 168, and 231 for the source area

and day 14, 21, 35, 56, and 168 for the edge area.  The sacrificial samples were used for the

measuring of water quality parameters, gas composition, nutrient concentrations, as well as

ethanol and organic acids concentrations.  Water quality parameters pH and ORP were measured

with a portable pH and ORP Reader (Hanna, Woonsocket, RI, USA).  Periodic gas composition

for hydrogen, carbon dioxide, methane, and nitrogen was analyzed by gas chromatograph

(Agilent 7890A, Wilmington, DE, USA).  Ethanol and organic acid concentrations were

analyzed using High-Performance Liquid Chromatography (HPLC) (Waters, Mississauga, ON,

Canada) with an Aminex HPX-87H column with a 5 mM H2SO4 mobile phase.  Water samples

were filtered through 1.1 µm filter paper and submitted to Amec Foster Wheeler’s Edmonton

Chemistry Laboratory for analysis of dissolved nitrate-N (detection limit of 1.0 mg/L), nitrite-N

(detection limit of 1.0 mg/L), and ammonia-N (detection limit of 0.018 mg/L).  Sample analysis

was conducted as per APHA 4110 for nitrate-N and nitrite-N and APHA 4500NH3-G for

ammonia-N (APHA 1992).  The Canadian Association for Laboratory Accreditation Inc.

certified the Amec Foster Wheeler’s Edmonton Chemistry lab.

4.3.4 Denitrification Modelling with PHREEQC

The geochemical modelling program PHREEQC Version 2  was used to model the

biodenitrification process (Parkhurst and Appelo 1999).  Although the Monod equation requires

more parameters and calibration to site-specific data, it is described as a more conservative

approach to modelling concentration degradations when compared to the first-order and zero-

order reactions and allows for comparison with variable concentrations (Bekins et al. 1998).  The
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double Monod equation is used in situations where both the electron acceptor and the electron

donor limit microbial growth (Calderer et al. 2010; Monod 1949).  The modelling was completed

for the source and edge ethanol treatments to model ethanol (Eq. 1-3), nitrate-N (Eq. 4), and

nitrite-N (Eq. 5).  Previous research has shown that nitrite degradation is limited in the presence

of elevated nitrate, due to the preference of heterotrophic bacteria towards nitrate, which often

results in an accumulation of nitrite (Adav et al. 2010; Ge et al. 2012; Wilderer et al. 1987).  To

account for the lower degradation rates in the presence of excess nitrate a calibrated inhibition

factor was included in the nitrite-N degradation equation (Kinh in Eq. 2) (Rodríguez-Escales et al.

2014).

The double Monod equation for the degradation of nitrate-N to nitrite-N by ethanol is:

, = ∗
,

∗
,

(1)

, = ∗
,

∗
,

∗ (2)

= , + , (3)

= ∗ , (4)

= ∗ , − ∗ , (5)

Where r is the rate of ethanol (Eth), nitrate-N (NO3-N), or nitrite-N (NO2-N) degradation, with a

concentration of S.  The stoichiometric comparison of degradation rates observed in the

experiment, Q, correlates the ethanol degradation with the nitrate-N and nitrite-N degradation.

Ks, the half-saturation constant for the three parameters (mmolL-1), and µmax, the substrate

utilization rate (mmolL-1day-1), are parameters calibrated within PHREEQC.
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Zero-order reaction rates were also determined for comparison to the Monod equation as

well as to literature values (Eq. 6).  Literature values for nitrate-N Ks, from a variety of studies

show a range of 0.04 mmol/L to 1.55 mmol/L (0.56 mg/L to 22 mg/L for nitrate-N) (Calderer et

al. 2010; Mastrocicco et al. 2011; Rodríguez-Escales et al. 2014).  Zero-order reactions rates are

assumed to be valid when the concentrations are at least ten times greater than half-saturation

constant, Ks (Bekins et al. 1998).  Therefore the zero-order reaction is expected to be accurate for

the source modelling; however, a moderate error may be present for the edge modelling as

concentration ranges are within ten times greater than the half-saturation constant.  Zero-order

reaction rates were calculated for the source and edge locations for the sum of nitrate-N and

nitrite-N.

= , − (6)

= , (7)

where, NOx, is the concentration of nitrate-N + nitrite-N at time 0 or t, with k as a reaction rate

(day-1).  The reaction rate is often described as a half-life, t1/2 (Eq. 7) that is the amount of time

required to decrease the concentration by half.

4.3.5 Statistical Analysis

Final nutrient concentrations, gas concentrations, and water quality parameters were

analyzed for statistical significance using ANOVA and the Scheffe grouping comparison for the

different treatments.  The Scheffe analysis was selected as it can accommodate the non-normality

of the distributions and the independent variance for each of the parameters.  Also, the Scheffe

grouping provides a more conservative analysis in comparison to other statistical methods.  The

statistical analysis was conducted in SAS University Edition, and statistical significance between



34

the treatments was determined by p values equal or less than 0.05 (SAS University Edition,

Toronto, ON, Canada).  As the Scheffe grouping is a multiple comparison between all

treatments, exact p values for each comparison are not reported.

4.4 Results

4.4.1 Initial Soil and Groundwater Concentrations

The Phase II ESA classified the soil as predominantly silty sand with a medium plastic clay

encountered at an average depth of 4.3 meters below ground surface.  Depth to groundwater was

approximately 2.22 m with a calculated hydraulic gradient of 0.002 m/m. Field slug tests

indicated an average bulk hydraulic conductivity of 3.6 x 10-6 m/s using the Bouwer-Rice

equation (Amec Foster Wheeler 2016).

Results from the Phase II ESA showed substantial impacts in the shallow silty sand at the

centre of the fertilizer spill that had not yet infiltrated through the medium plastic clay.  Elevated

ammonia-N, nitrate-N, and nitrite-N concentrations were observed at the source area, and

elevated nitrate-N and nitrite-N concentrations were observed at the up-gradient, edge location

near the boundary of the spill.  The overall nutrient concentrations encountered at the source and

edge locations are presented in Table 4.1.
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Table 4.1 Initial groundwater concentrations

Parameter Source Edge

Ammonia-N (mg/L) 2010 [2] <0.018 [2]

Nitrate-N (mg/L) 1690 [2] 188 [2]

Nitrite-N (mg/L) 118 [2] 1.42 [2]

Sulphate (mg/L) 2270 [1] 370 [1]

Total Organic Carbon (mg/L) 33.6 [1] 7.5 [1]

pH 7.50 [1] 7.73 [1]

Phosphorus total (mg/L) 5.48 [1] 1.81 [1]

[1] Chemical analysis conducted as part of Amec Foster Wheeler’s Phase II ESA.
[2] Chemical Analysis conducted as part of this study.

4.4.2 Gas Composition

Soil and groundwater microcosms were maintained at 7.5°C and held for 231 days for the

source microcosms and 168 days for the edge microcosms to determine the effect of the

treatments on the nutrient concentrations.  Pressure readings within the serum bottles were taken

approximately weekly (excluding the sterile treatment) and used as an indication of microbial

activity, as well as assisting in temporal sampling selection.

Natural attenuation microcosms in both the source and edge areas exhibited minimal

pressure changes from the initial conditions of 5 psi (34 kPa), whereas the ethanol treatments

experienced larger pressure increases as shown in Table 4.2.

 The change in nitrogen and carbon dioxide gases for the source and edge samples are

shown in Figure 4.1. There was an increase in nitrogen and carbon dioxide gases in both of the

source ethanol treatments in comparison to the control treatments.  The edge treatments
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experienced an increase in nitrogen gas (Figure 4.1C) and only a small carbon dioxide

concentration at day 35 and 56 for the Eth+ and Eth- treatments, respectively.  At the end of the

study duration, nitrogen gas in both the source and edge areas was found to be significantly

different between the ethanol treatments and the control treatments.  However, the observed

difference in carbon dioxide gas production was not statistically significant (Scheffe grouping p

= 0.05) for both the source and edge areas.

Table 4.2 Maximum pressure readings in microcosms

Source Edge

Treatment Maximum Pressure

Reading (kPa)

Day of Reading Maximum Pressure

Reading (kPa)

Day of Reading

NA 43.4 + 2.3 231 34.5 + 2.8 7

Eth+ 127.1  + 8.9 70 48.4 + 2.4 14

Eth- 133.8  + 3.4 70 48.4 + 1.2 28
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Figure 4.1 Changes in gas composition for nitrogen gas in the source (A) and edge (B)
locations as well as carbon dioxide gas in the source (C) and edge (D) locations

4.4.3 Ammonia-N

Nutrient concentrations throughout the duration of the study are shown in Figure 4.2.

Final concentrations, as well as statistical comparisons for the nutrient parameters, are found in

Table 4.3. Source ammonia-N concentrations decreased from the original concentration in the

four treatments from day 0 to day 56.  After day 56, Sterile and NA treatments remained

relatively similar with the Eth+ and Eth- ammonia-N concentrations continuing to decline.
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showed an average decrease of 30.3% + 1.1%, 29.0% + 1.7%, 48.1% + 0.6%, and 48.4% + 3.2%

for the Sterile, NA, Eth+, and Eth- treatments, respectively. Based on the statistical analysis

conducted on the final ammonia-N concentrations, both ethanol treatments in the source samples

had significantly lower concentrations compared to the controls.  Edge ammonia-N

concentrations were non-detectable or near non-detectable limits for the duration of the study.

Therefore statistical analysis was not conducted.

Table 4.3 Final nutrient concentrations and statistical analysis

Initial (mg/L)

Final Concentrations (mg/L)

Sterile NA Eth+ Eth-

So
ur

ce

Ammonia 2010 1410 + 10 A 1427 + 35 A 1043 + 12 B 1038 + 65 B

Nitrate-N 1690 1103 + 13 B 1450 + 212 A 7 + 11 C < 1 C

Nitrite-N 118 73 + 6 B 91 + 8 A < 1 C < 1 C

Nitrate-

N+Nitrite-N 1810 1173 + 21 A 1543 + 215 B 7 + 10 C < 2 C

Ed
ge

Ammonia <0.018 <0.018 <0.018 0.027 0.062

Nitrate-N 188 173 + 40 A 152 + 2 A < 1 B < 1 B

Nitrite-N 1.42 1.87 + 2.38 < 1 < 1 < 1

Nitrate-

N+Nitrite-N 189 175 + 42 A 152 + 2 A < 2 B < 2 B

Means with the same letter are not significantly different at a 95% confidence level.
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Figure 4.2 Nutrient concentrations showing ammonia-N in source (A) and edge (B), nitrate-
N in source (C) and edge (D), and nitrite-N in source (E) and edge (F)

800

1000

1200

1400

1600

1800

2000

2200

0 50 100 150 200 250
Day of Study

Sterile

NA

Eth+

Eth-

A

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150Day of Study B

0

500

1000

1500

2000

0 50 100 150 200 250

Day of Study C A

0

50

100

150

200

0 50 100 150

Day of Study D

0

200

400

600

800

0 50 100 150 200 250
Day of Study EA

0

2

4

6

8

10

0 50 100 150Day of Study
F



40

4.4.4 Nitrate-N

Source nitrate-N concentrations experienced almost complete degradation in both ethanol

treatments from initial concentrations of 1690 mg/L to non-detectable (<1 mg/L) at day 35 and

56 for Eth+ and Eth-, respectively.  Nitrate-N concentrations throughout the study duration are

shown in Figure 4.2.  One of the replicates in Eth+ contained a detectable concentration at day

231; however, the remaining samples and replicates remained non-detectable for the duration of

the study.  Sterile and NA treatments experienced a minimal decrease in nitrate-N concentrations

throughout the study (33.6% + 2.8% and 14.2% + 12.5% decrease, respectively).  At the end of

the study (Day 231), both ethanol treatments were found to be significantly different from the

controls.

Nitrate-N edge concentrations decreased in both the ethanol treatments, from an initial

concentration of 188 mg/L to non-detectable before the first sampling at day 14.  The NA and

Sterile treatments decreased 19.1% + 0.9% and 7.8% + 21.1%, respectively, from the original

concentrations.   Similar to the source samples, the ethanol treatments in the edge locations were

significantly different from the controls.

4.4.5 Nitrite-N

Source Eth+ nitrite-N concentrations increased from 118 mg/L at day 0 to a maximum of

713 + 105 mg/L before decreasing to non-detectable (<1 mg/L) at day 105.  Nitrite-N

concentrations throughout the study duration are shown in Figure 4.2.  Source Eth- nitrate-N

increased to a maximum of 638 + 159 mg/L before decreasing to non-detectable at day 56.  This

conversion from nitrate-N to nitrite-N was expected as part of the denitrification process.  The

Sterile and NA treatments did not experience this increase in nitrite-N and experienced an overall

decrease of approximately 37.7% + 4.1% and 22.8% + 7.0%, respectively.  At the end of the
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study duration, the source ethanol treatments had a significantly lower nitrite-N concentration

when compared to the controls.

The edge nitrite-N concentrations remained near or below the detection limit of 1 mg/L

throughout the study duration, as such statistical analysis was not conducted. The nitrite-N

accumulation that was observed in the source zone was not seen in the edge samples.  As the

nitrate-N concentrations were depleted in the ethanol treatments before the first sampling event

at day 14, the nitrite-N accumulation may not have been captured.

4.4.6 Nitrate-N + Nitrite-N

The total nitrate-N + nitrite-N concentrations from the source ethanol treatments were

decreased from 1810 mg/L to non-detectable (< 2mg/L) at day 56 (Eth-) or the next sampling

period on day 105 (Eth+).  The Sterile and NA treatments in the source samples experienced a

decrease of 33.8% + 2.8% and 14.7% + 11.9%, respectively.  Eth+ and Eth- treatments in the

edge samples decreased to below detection limits (2 mg/L) at the sampling event on day 14.  In

comparison, the Sterile and NA treatments only experienced a decrease of 7.6% + 22.2% and

19.6% + 0.9%, respectively.  The two ethanol treatments in both the source and edge samples

had significantly lower nitrate-N + nitrite-N concentrations compared to the Sterile and NA

treatments at a 95% confidence level.

4.4.7 Ethanol & Acetic Acid Concentrations

Ethanol and acetic acid concentrations throughout the study duration for the source and edge

samples are shown in Figure 4.3.  Overall, ethanol concentrations decreased concurrently with

the nutrient concentrations.  Though, once the nitrate-N+nitrite-N concentrations were depleted,

ethanol concentrations continued to decline.  This continued decline may have been due to the
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conversion into acetic acid, as can be seen by the increasing acetic acid concentrations at these

time periods.
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Figure 4.3 Ethanol and acetic acid concentrations
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remained relatively similar during the study duration with the ethanol treatments having slightly

lower pH than the Sterile and NA treatments at the end of the study.  The final water quality

parameters at the end of the study as well as statistical analysis are shown in Table 4.4. The ORP

in the ethanol treatments for both the source and edge samples decreased during the study

duration with final ORPs considerably lower compared to the Sterile and NA treatments.  The

final ORP for both of these areas was found to be quite similar.  These results indicate that the

ethanol addition, regardless of the concentration, modifies the redox state of the groundwater to

an increasingly reducing state.

Table 4.4 Final water quality parameters and statistical analysis

Area Parameter Sterile NA Eth+ Eth-

Source pH 7.21 + 0.04 A 7.15 + 0.01 A 7.30 + 0.59 A 7.80 + 0.52 A

ORP (mV) 141 + 21 A 140 + 8 A -117 + 48 B -116 + 47 B

Edge pH 7.42 + 0.05 AB 7.56 + 0.10 A 7.07 + 0.10 C 7.20 + 0.04 BC

ORP (mV) 86 + 47 A 133 + 5 A -148 + 21 B -155 + 2 B

Means with the same letter are not significantly different
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Following the complete degradation of nutrients in the ethanol treatments, in both source

and edge microcosms, a black film was seen in the microcosms.  Figure 4.5 shows the

microcosms with the black film on the right compared to the control microcosms as seen on the

left.  This black film is suspected to be the result of biofouling arising from microbial community

die-off, following the degradation of nitrate-N.
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Table 4.5 Modelled calibrated values

Parameter Calibrated or
Selected Value Literature Values Sources

µmax
(mmol/L/day) 3.3

1.08

52 – 138

7.2

(Carrey et al. 2014b)

(Mastrocicco et al. 2011)

(Gu et al. 2007)

KS,NO3-N
(mmol/L) 0.79

0.08

0.008

0.186 – 1.55

0.1

0.04

(Carrey et al. 2014b)

(Kinzelbach et al. 1991)

(Rodríguez-Escales et al. 2014)

(Mastrocicco et al. 2011)

(Calderer et al. 2010)

KS,NO2-N
(mmol/L) 0.54 5.06 (Rodríguez-Escales et al. 2014)

KS,Ethanol
(mmol/L) 103

7.41 (organic carbon)

0.1 (organic carbon)

3 (organic carbon)

72.8

(Calderer et al. 2010)

(Mastrocicco et al. 2011)

(Kinzelbach et al. 1991)

(Rodríguez-Escales et al. 2014)

Q (mg/mg) 5.65 Stoichiometric
relationship (Knowles 1982)
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Figure 4.6 PHREEQC modelled results
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4.5 Discussion

Previous research has shown that ethanol is a potential carbon substrate for the

acclimatization of the microbial community (Hallin and Pell 1998; Salminen et al. 2014).  The

high degradation rates of nitrate-N and nitrite-N have been shown in other biodenitrification

studies; though, not at the concentrations and at temperatures encountered in this experiment.

Based on the calibrated KS values for nitrate-N and nitrite-N the error associated with the

zero-order reaction rate is expected to be less than the first-order reaction rate as the

concentrations for nitrate-N and nitrite-N are near ten times greater than the calibrated KS values

for the majority of the study (Bekins et al. 1998).  Minimal research has examined the KS,Ethanol

within denitrification studies, this study determined that the KS,Ethanol was nearly 30 times greater

than that of organic carbon, which is similar to that encountered in Rodriguz-Escales et al

(2014).

Natural degradation rates are limited when relied on native organic carbon and not

subject to enhanced conditions.  This research showed minimal natural attenuation with a

calculated zero-order half-life of 1.6 years for nitrate-N + nitrite-N.  This degradation rate is

within values found in other studies that have shown the natural attenuation of nitrate-N to be in

the range of 1 to 2.3 years (Almasri and Kaluarachchi 2007; Borden et al. 2012; Carroll et al.

2009; Postma and Boesen 1991).  Due to this persistence under natural conditions, especially in

low temperatures, the enhancement of the natural denitrification process is necessary.  Ethanol

biodenitrification in this study showed complete degradation of nitrate-N + nitrite-N with half-

lives of 19.6 days for the source ethanol treatments and 7.0 days for the edge ethanol treatments.

These rates are similar to the other ethanol field and laboratory studies conducted at higher

temperatures that had half-lives of around 7.5 to 10 days (Borden et al. 2012; Santos et al. 2004).



49

This slower degradation in areas with substantial nutrient concentrations is expected to be due to

the preference of heterotrophic bacteria for nitrate which results in the accumulation of nitrite

(Adav et al. 2010; Ge et al. 2012; Wilderer et al. 1987).

Nitrite-N accumulation in the source treatments was seen in this study; however, the

accumulation was temporary, with concentrations of nitrate-N and nitrite-N reaching near non-

detectable limits at day 56 for the source treatments.  Nitrite-N accumulation, as encountered in

this study, has been variable in the literature (Rodríguez-Escales et al. 2014; Salminen et al.

2014).  The use of ethanol as a carbon substrate has been shown in several studies to limit nitrite

production, in comparison to other carbon substrate selections (Martin et al. 2009; Rodríguez-

Escales et al. 2014).  The higher nitrite-N production encountered in this study may be a factor of

the lower studied temperature (7.5°C).

The decrease of ammonia-N that was observed in this study during anaerobic conditions

as well as the continual anaerobic degradation of ammonia-N past day 50 once the nitrate-N and

nitrite-N concentrations had been decreased to below non-detectable concentrations is unusual.

Recent studies have shown that Anaerobic Ammonium-Oxidizing (anammox) bacteria have been

reported in natural groundwater (Carson 2011; Moore et al. 2011) and biodenitrification studies

(Salminen et al. 2014).  Based on the statistical difference between the natural attenuation and

both ethanol treatments, it is suspected that the ethanol addition may have played a role in the

anaerobic degradation of ammonia.  However, this study did not directly test for the presence of

anammox bacteria.

A concern with biodenitrification is the modification of the geochemical composition of

the aquifer and how the changes in pH and ORP will affect the aquifer characteristics and

denitrification potential.  The initial pH of around 7 to 7.5 with a maximum encountered of 8.37
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during the biodenitrification in the source microcosms, was greater than the ideal denitrification

range of 7 to 7.5 (Thomas et al. 1994).  However, this pH returned to near natural conditions

following complete degradation of the nutrients.  The elevated pH in the source microcosms in

comparison to the edge microcosms may also be a factor of slower degradation rates in the

source area.  The increase in pH in the source ethanol treatments was expected to occur due to

the bicarbonate and hydroxide production as part of the enhanced denitrification with ethanol as

a carbon source.  Following complete degradation of the nitrate-N and nitrite-N components, the

decreasing pH was attributed to the ethanol conversion to acetic acid, a weak acid (Rivett et al.

2008).  Both the source and edge locations experienced decreasing ORP values in the ethanol

treatments in comparison to the sterile and NA treatments.  Final ORP values ranged from -116 +

47 mV (Eth- in the source location) to -155 + 2 mV (Eth- form the edge location).  These

negative ORP values are similar to those encountered in other biodenitrification studies (Moran

et al. 2007; Ge et al. 2012) and indicate that the ethanol addition modifies the redox state of the

groundwater to an increasingly reducing state.

Literature values based on zero-order reaction rates are convenient, but in the case of

nitrate-N and nitrite-N degradation, it does not indicate the dependency on initial electron donor

concentrations as well as the accumulation of nitrite-N. The Monod equation has a single

calibrated equation for the entire site whereas there are different zero-order reaction rates for the

source and edge study locations.  The Monod equation calibration allows for better decision

making for field implantation studies to allow for determination of site-specific values such as

ethanol concentrations consumed and more conservative remedial timelines.  Although the

Monod equation modelling was within the residuals of the nitrate-N and nitrite-N concentrations

(R2 = 0.96), it would benefit from a more refined sampling period and calibrated for a variety of
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ethanol and nitrate-N and nitrite-N concentrations to further validate the model. The calibrated

Monod model over-estimated the ethanol concentrations at day 168 and 231 (data not shown)

when the nitrate-N and nitrite-N had decreased to below non-detectable concentrations.  This

further decline of ethanol, once the nitrate-N and nitrite-N concentrations had decreased to non-

detectable, is expected as other electron acceptors such as sulphate and iron are present in the

groundwater.  Ethanol degradation under sulphate and iron-reducing conditions have occurred at

similar degradation rates to nitrate; with nitrate degradation typically occurring first before

sulphate or iron-reducing conditions (Chen et al. 2008; ITRC 2002; Silva et al. 2005).  Several

other denitrifying studies experienced sulphate degradation following the complete degradation

of nitrate concentrations (Borden et al. 2012; Tartakovsky et al. 2002). The direct role of

decreasing sulphate concentrations or other electron acceptors was not conducted as part of this

study.

This study experienced an increase in pressure in the source microcosm bottles as well as

biofouling following the complete degradation of the nitrate-N and nitrite-N concentrations.  The

increased pressure correlates to the degradation of nitrate-N into nitrogen gas and has been

reported in other research studies (Borden et al. 2012).  Biofouling is attributed to the die-off of

the microbial community following the degradation of nitrate-N and nitrite-N. It is expected that

following the degradation of nitrate-N the remaining electron acceptors, such as sulphate, cannot

support the microbial population that is present.  As such, the denitrifying microbial population

decreases.  Further field-scale studies are needed to examine the effect of possible biofouling and

its overall impact on site remediation.

This is the first study of its kind (to the author’s knowledge) that evaluates

biodenitrification of extremely elevated nutrient concentrations (1810 mg/L of nitrate-N +

nitrite-N) and at low temperatures (< 7.5 °C).  A review of available literature indicates previous
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studies have evaluated biodenitrification for concentrations ranging from 25 to 350 mg/L as

nitrate-N (Borden et al. 2012; Salminen et al. 2014; Tartakovsky et al. 2002; Vishnivetskaya et

al. 2010).  Ethanol as a carbon substrate was successful for biodenitrification under cold

conditions (< 7.5°C) with complete degradation of 1810 mg/L nitrate-N + nitrite-N observed in

approximately 56 days.  Although nitrite-N accumulation in the ethanol treatments was observed,

it was transient with rapid degradation.  Modelling of nitrate-N and nitrite-N concentrations

using the Monod equation is a conservative technique that can be used to estimate the success of

field-scale studies.  Overall, this research shows that biodenitrification can be a sustainable

solution for nutrient impacted sites.  This study provides support for regulatory approval for

field-scale implementation.
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5 Effect of Ethanol as a Bioremediation Amendment on Nitrate-

contaminated Vadose Zone

5.1 Abstract

Nutrient impacts resulting from fertilizer/manure application and spills typically originate

as surficial impacts, which percolate through the vadose zone before reaching the groundwater

table.  Remediation strategies for nutrient impacts must include the treatment of the vadose zone

or account for this future nutrient load in groundwater treatment.  Ethanol as an amendment has

shown promise as a carbon source to stimulate the denitrification process.  This soil column

study evaluated the effects of a vadose zone ethanol amendment on the soil water content and the

decreasing concentrations of nitrate-N following a simulated fertilizer spill.  Results indicated

that the ethanol amendment did not affect the soil water distribution within the soil column.  The

total nitrate-N decrease from the ethanol amendment in the vadose zone ranged from 92.4 to

99.4% in the three soil columns, in which 1.3 to 27.2% was attributed to degradation.  This study

also evaluated the use TDR for bulk soil EC measurements (ECb) as a proxy for determining the

nitrate-N concentration.  An initial calibration between ECb and nitrate-N concentrations without

degradation was successful (residual R2 = 0.98).  However, when nitrate-N was allowed to

degrade during the experiment the TDR ECb readings were found to be greater than those

modelled using non-degraded nitrate-N concentrations used in the calibration phase.  The

difference between the TDR ECb readings and the model calculated ECb readings were attributed

to the possible presence of acetic acid and ammonia-N concentrations within the soil profile.

Despite low accuracy, the TDR ECb readings showed the general trend of decreasing nitrate-N

concentrations.
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5.2 Introduction

The nitrogen cycle is necessary for biological organisms and plant growth.   Major

processes of the nitrogen cycle include nitrogen fixation, ammonification, nitrification,

denitrification, DNRA, and anaerobic ammonia oxidation (anammox) (Knowles 1982).  Nutrient

contamination can occur when these nitrogen nutrients (ammonia-N, nitrate-N, and nitrite-N) are

applied to the surface at a greater rate than can be degraded by the native microbial population or

the uptake by the plants.  These nutrients, due to their high solubility and low sorption, percolate

through the soil profile with infiltration of precipitation and eventually reach the groundwater

table (Almasri and Kaluarachchi 2007; ITRC 2000).  Regulatory requirements tend to focus on

groundwater nutrient concentrations and rarely consider the effects of nutrient loading from the

vadose zone (Wang et al. 2013).  Remediation strategies for nutrient contamination become

inefficient when they only evaluate groundwater nitrogen degradation and do not account for the

nutrient load present in the vadose zone.

Due to its high mobility and minimal degradation rates under natural conditions (half-life

ranging from1 to 2.3 years) nitrate is a persistent contaminant (Borden et al. 2012; Carroll et al.

2009; Postma and Boesen 1991).  An in-situ remedial strategy for dealing with nitrate

contamination is enhanced bioremediation or biodenitrification.  This process adds a carbon

source amendment to stimulate the natural microbial population present, which increases

denitrification degradation efficiencies (ITRC 2002).  This strategy has been shown to be

effective in wastewater treatment as well as several groundwater remediation applications

(Jordan et al. 2008; Martin et al. 2009; Torà et al. 2011; Vishnivetskaya et al. 2010).  However,

unsaturated conditions in the vadose zone are typically not conducive for nitrate degradation.

Denitrification occurs under anaerobic conditions more often present under saturated conditions
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(Mehmannavaz et al. 2001). Therefore, it is important to either account for the future nutrient

load to the saturated zone from the infiltration of nutrients or include the vadose zone in the

treatment application (Wellman et al. 2012).

Several studies have shown the successful application of carbon amendments into the

vadose zone that decrease various contaminant concentrations through degradation or

displacement for treatment in the saturated zone (Matějů et al. 1992; Salminen et al. 2014; Wu et

al. 2012).  In addition to the treatment of the vadose zone these injections have shown to

minimize biofouling, the build-up of microbial biomass that decreases hydraulic conductivity,

compared to injections directly into groundwater wells or systems (Khan and Spalding 2003;

Matějů et al. 1992).

The monitoring of vadose zone remediation is difficult and costly due to the need for

continual soil sampling or pore water extraction to assess the success of remediation techniques

(Wellman et al. 2012).  The techniques available include the destructive soil sampling or suction

methods to extract pore water solutions (Peranginangin et al. 2009).  Both of these techniques

require constant supervision and the resulting soil or soil pore water samples being analyzed for

nutrient concentrations.  This study evaluated a non-destructive method to use soil bulk electrical

conductivity measurements (ECb), using TDR probes as a proxy for determining nitrate-N

concentrations.  The TDR probes measure the EC arising from all the ions present in the soil.

Although, nitrate-N is only one component of the all the ions in the soil the TDR measurement is

still a financially viable real-time method for continuous vadose zone monitoring and decision-

making.  This correlation assumes the change in ion concentration is mainly due to changes in

nitrate-N concentrations.
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The TDR uses the principle of time of travel analysis to send an electromagnetic wave

through the probe.  The travel time of the waves is related to the dielectric constant of the media

in which the waveguide is embedded.  The waveguide of the embedded probe in a soil system is

a combination of the soil properties, volumetric water content, and air surrounding the probe

(Jones et al. 2002; Or et al. 2004).  Empirical relationships are available for the comparison of

the dielectric constant to the volumetric water content in soil (Topp and Reynolds 1998).  The

TDR probes are also able to record bulk soil electrical conductivity (ECb) by the evaluation of

the energy dissipation, as a media with a higher electrical conductivity will have larger voltage

energy loss (Dalton et al. 1984; Or et al. 2004).  The ECb values can be correlated to nitrate-N

concentrations when it is the primary ion contributing to EC in the soil pore water solution

(ECw).  The use of TDR ECb measurements as a proxy for nitrate concentrations have been

documented in several other studies (Das et al. 1999; Krishnapillai and Sri Ranjan 2009;

Miyamoto et al. 2010); however, the use in biodenitrification studies has not been reported in the

literature.

In this study, soil from a bulk fertilizer facility was used to create soil columns and

recreate the nutrient impacts arising from a liquid fertilizer spill.  The fertilizer spill followed by

an ethanol amendment was conducted to examine the effect of a vadose zone injection on the

displacement/degradation of nitrate-N concentrations and the effects on soil water distribution

and retention.  Ethanol has shown to be successful in biodenitrification studies for degrading

concentrations ranging from 3 to 350 mg/L of nitrate-N (Tartakovsky et al. 2002; Vishnivetskaya

et al. 2010; Salminen et al. 2014; Borden et al. 2012).  Ethanol, in high concentrations, has been

shown to decrease soil pore water retention due to changes in surface tension and hydraulic
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conductivity (Antonella and Leij 2012; Powers et al. 2001). Therefore,  additional research into

the effects of low concentration ethanol amendments on the soil matrix is required.

The first objective of this study was to evaluate the response of the soil columns to a

vadose zone ethanol injection with regards to measured decreases in nitrate-N concentrations as

well as the effects of ethanol on soil water distribution.  The second objective was to determine if

TDR measurements can be used as a real-time measurement technique that can monitor nitrate-N

movement or degradation in biodenitrification studies.

5.3 Materials and Methods

5.3.1 Site Description.

Nutrient impacted soil and groundwater occurred due to a liquid bulk fertilizer spill as

described in Chapter 2.  A Phase II ESA, conducted by Amec Foster Wheeler (2016), evaluated

the extent of the fertilizer spill and collected soil cores as part of this study.  The soil collected

was used to evaluate the effect of ethanol addition to the vadose zone and the pore water

distribution following biodenitrification amendments.  Soil samples were collected in 108 mm

diameter, 1.5 m long disposable plastic tubes advanced using a Geoprobe® direct track rig.  The

soil samples were transported in insulated coolers with ice packs and stored at 4°C to maintain

the integrity of the samples until used as part of this investigation.

5.3.2 Soil Column Design

Triplicate 1.25 m length and 0.0613 m diameter soil columns were created with the site

soil compacted in acrylic tubing.  A porous membrane (Pall Corporation, Ann Arbor, MI, USA)

with lubricated O-rings was installed at the bottom of each acrylic tube to allow for the creation

of an artificial groundwater table as well as solution migration into the attached silicone tubing
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for effluent sampling.  Sieving through a 2 mm sieve homogenized the soil received from the site

investigations the soil was then air dried (1.7% moisture), and was thoroughly mixed by sieving

again.  The columns were packed similar to recommendations by the compaction of air-dried soil

using a ram and pulley system (Gilbert et al. 2013).  A consistent volume of soil was added and

rammed 50 times in a pattern described in the ASTM Proctor Method (ASTM 2007b).  An initial

calibration of rams required for a volume of dried soil to meet site bulk density (1,550 kg/m3)

was conducted to determine the 50 rams.  The soil was compacted in approximately 0.015 m lifts

and scarified in-between lifts to eliminate smearing of the soil surface of each lift during

packing.

Following compaction, the TDR probes were placed in pre-drilled holes at 0.15 m, 0.40

m, 0.65 m, 0.91, and 1.15 m depths to monitor moisture and ECb.  The TDR probes were sealed

in place with silicon to prevent air and water leakage during the experiment.  Thermocouples

were placed at each TDR location for temperature measurement and correction. Figure 5.1 shows

a photo of the TDR probe installation within the soil column and the porous membrane.

Following the installation of the TDR in the soil columns and installation in the upright position,

they were wrapped with black polyethene to minimize effects from light (Gilbert et al. 2013).

Initially, the columns were saturated by introducing water from the bottom up to remove

trapped gas bubbles within the soil column.  The porous membrane was connected to silicon

tubing and a graduated cylinder which was raised above the soil profile to promote the upward

movement of water through hydraulic pressure.  This upward movement continued until the soil

columns had reached saturation with ponded water appearing at the top of each soil column.

Following complete saturation, the tubing was lowered and placed at 1.1 m below the top of the
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5.3.3 Soil Analysis

Soil characteristics were determined from the native soil profile at the site.  Physical soil

characteristics were determined for bulk density (ASTM 2009), specific gravity (ASTM 2014),

moisture content (ASTM 2010), hydraulic conductivity (ASTM 2016), and particle size

distribution (ASTM 2007a) throughout the soil profile.  Based on the results porosity, volumetric

moisture content, and saturation were also calculated.

5.3.4 Data Collection

The TDR readings were collected to evaluate moisture content and EC as a proxy for

nitrate-N concentrations throughout the study duration.  The mini TDR probes were three-

pronged, 50 mm long, and 10 mm width.  The probes were calibrated as per literature

recommendation for moisture contents using de-ionized water and de-aired water for EC (Or et

al. 2004).  The TDR probes are capable of recording EC in a water solution; however, require to

be calibrated based on the site-specific soil to account for soil bulk electrical conductivity values

(Dalton and Van Genuchten 1986; Dalton et al. 1984; Rhoades et al. 1976, 1989).

The 15 TDR probes (five in each soil column) were connected to a 16-channel Vazec

multiplexer (Vadose Zone Equipment Company, Amarillo TX USA), which was connected to a

Metallic TDR Cable Tester 1502B (Tektronix, Inc. Beaverton, OR, USA) which collected the

TDR readings.  The TDR readings were recorded and saved using the WinTDR 6.1 software

(Department of Plants, Soils and Biometeorology, Utah State University, Logan, UT, USA).  The

moisture content and EC values were temperature corrected as described by Kahimba and Sri

Ranjan (2007).  Data was averaged through three consecutive readings for each of the three soil
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column replicates to determine the average volumetric water content and bulk soil electrical

conductivity (ECb) values.

5.3.5 Model Calibration ECb to Nitrate-N

The TDR probes are capable of recording EC which for soil pore water can be correlated

to nitrate-N concentrations.  A direct relationship between ECb and nitrate-N concentrations

would occur within the soil matrix with constant volumetric water contents (Krishnapillai and Sri

Ranjan 2009).  However, the soil bulk EC is a factor of soil moisture, pore water nitrate-N and

other ion concentrations (Krishnapillai and Sri Ranjan 2009; Muñoz-Carpena et al. 2005; Or et

al. 2004). The theoretical understanding of this relationship between the tortuosity, % soil and %

water of the material and how it affects the bulk soil ECb is described by Muñoz-Carpena et al.

(2005).  The soil was used to calibrate, similar to other studies, to determine which available

model (as per Table 5.1) was the best fit for the site-specific soil (Krishnapillai and Sri Ranjan

2009; Muñoz-Carpena et al. 2005).

The EC calibration consisted of soil mixed with various nitrate-N concentrations and

moisture contents, which were packed in 101 mm long and 68 mm diameter acrylic containers at

similar bulk densities to the site (1,550 kg/m3).  The TDR readings were then collected for

moisture and ECb values.  A regression model for the various existing relationships available as

per Table 5.1was calculated and calibrated by the least squares method.  Where ECw is the pore

water conductivity, ECb is the bulk soil electrical conductivity, ECs is the soil EC, θsol is the ratio

between the soil bulk density and the particle density; and a, b, c, and d are calibration constants.

The pore water EC was then converted to nitrate-N concentrations, NO3, by a separate linear

regression.
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Table 5.1. Existing soil bulk conductivity to pore water conductivity relationships

Relationship Equation Source

Linear =  [1] (Rhoades et al. 1976)

Non-Linear
= [2]

(Rhoades et al. 1989)

Empirical =  [3] (Vogeler et al. 1996)

Empirical =  [4] (Muñoz-Carpena et al. 2005)

5.3.6 Laboratory Analysis

Effluent water samples or pore water samples at the end of the study were filtered

through 1.1 µm filter paper and submitted to a lab meeting the Canadian Association for

Laboratory Accreditation Inc. (Amec Foster Wheeler, Edmonton, AB or ALS Winnipeg, MB).

Soil pore water samples were extracted from the soil samples as per the recommended method

(Canadian Society of Soil Science 2006).   The nutrient analysis was conducted as per

recommended methods: APHA 4110 for nitrate-N and nitrite-N (1.0 mg/L detection limit) and

APHA 4500NH3-G for ammonia-N (0.018 mg/L detection limit) (APHA 1992).  Effluent pH

and ORP were measured with a portable pH and ORP Reader (Hanna, Woonsocket, RI, USA).

5.3.7 Statistical Analysis

Statistical analysis was conducted in SAS University Edition for several initial and final

conditions for the TDR moisture and EC values (SAS University Edition, Toronto, ON, Canada).

Statistical significance was determined by p values equal or less than 0.05.  As discussed in the

following sections the drainage rates through the soil columns were not equal, and the absolute

moisture and TDR values had large variations between the three columns.  However, the changes

between initial and final values for moisture and EC throughout the soil columns were
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comparable.  To accurately compare the data, the differences in readings were evaluated between

the three columns instead of absolute values.  Therefore, a paired two-tailed statistical test was

conducted as the initial and final TDR ECb or moisture observations are correlated at each probe

location.  Trend analysis for the effluent nutrient concentrations and water quality effluent

parameters were conducted in the ProUCL software (ProUCL 5.1, US EPA) using the Mann-

Kendall Trend Test with significant statistical trends determined by a p-value equal or less than

0.05.

5.4 Results & Discussion

5.4.1 Site Conditions

The 2015 Phase II ESA indicated nutrient impacts of ammonia-N (2010 mg/L), nitrate-N

(1690 mg/L), and nitrite-N (118 mg/L) were present near the centre of the liquid bulk fertilizer

spill.  Groundwater levels were an average of 2.2 m below ground surface (Amec Foster Wheeler

2016).  Soil laboratory testing conducted as part of this experiment indicated that the soil profile

consisted mainly of sandy loam material typically with less than 10% clay.  The average bulk

density was determined to be 1,550 kg/m3.

Table 5.2 shows the range of parameters and average characteristics of the soil profile at

the site.

Table 5.2 Soil characteristics

Parameter Minimum
Value

Maximum
Value

Average
Value

Bulk Density (kg/m3) 1260 1730 1550
Specific Gravity (kg/m3) 2,620 2,727 2,673
Porosity 0.35 0.52 0.43
Gravitational Moisture 0.21 0.44 0.29
Volumetric Water Content 0.38 0.55 0.43
% Sand 2 85 40
% Silt 12 81 47
% Clay 3 33 13
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5.4.2 Model Calibration and Validation

The TDR EC measurements were calibrated to liquid solutions of various nitrate-N

concentrations (ECw of the solution) through linear regression (n = 7).  The calibration, as shown

in Figure 5.2, resulted in the following calibration equation where ECw is the conductivity of the

solution (dS/m), and NO3 is the nitrate-N concentration (mg/L) with an R2 of 0.99.  This

calibration for the TDR probes is comparable to literature values for nitrate-N contributing to

ECw (Smedma et al. 2004).

= 0.007 3 + 0.3496 [5].

Figure 5.2 ECw to nitrate-N calibration

The bulk soil EC calibration for ECb (n = 47) was conducted for the available model

equations as described in Table 5.1.  Results for the calibration models are shown below in Table

5.3.  The calibrated model included moisture values ranging from 0.11 to 0.33 and nitrate-N

concentrations ranging from 0 to 2000 mg/L.
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Table 5.3 Calibrated model results

Model Calibrated Equation R2 (ECb Measured Vs. ECb Predicted)

Linear [1]
=

− 0.57
4.78 − 0.53

0.70

Non-Linear [2]
=

− (0.57 − 0.09 + 0.08)
0.57

+ 0.09 − 0.08

0.90

Empirical [3] =
− 1.96 − 0.36

0.93 − 0.11
0.98

Empirical [4]
=

− 11.62
1.12 + 0.25

0.93

The empirical equation [3], provided by Vogeler et al. (1996) provided the best fit for the

soil calibration and was used to predict nitrate-N concentrations.   The R2 values for the

calibration were similar to those reported in Muñoz-Carpena et al. (2005) R2 = 0.98 to 0.99 and

Krishnapillai and Sri Ranjan (2009) R2 = 0.84.  Section 5.4.7 describes the use of the model to

predict nitrate-N concentration following the presentation of the experiment results.

5.4.3 Soil Column Results

The soil columns were packed with an average bulk density of 1524 + 5 kg/m3.  Porosity

was calculated by the ratio of bulk density and particle density determined for the soil with a

calculated porosity of 0.43 + 0.002, similar to the average soil conditions found on the site.  The

operation of the soil columns occurred for a total of 175 days.  The TDR moisture content and

ECb readings were monitored throughout the study duration to determine the effect of the

biodenitrification treatments, and the following sections describe the different stages of the

experiment.  Graphs for the ECb and moisture content readings are shown in Figure 5.3 and were

created with Surfer (Golden Software, Colorado) using the Kriging gridding method.  Appendix

B presents the individual data periods with standard errors.
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i) Stage 1 – Steady State Saturated (Day 0)

At day 0 the columns were fully saturated with ponded water following the upward flow

of water to displace air present within the soil column.  Saturated conditions in the column had a

volumetric moisture content of 0.35 + 0.04 and an initial ECb of 0.44 + 0.09 dS/m, representative

of the saturated ECb of the bulk soil.  Figure 5.3 at Day 0 shows a graph of the moisture content

and ECb distribution per depth at initial conditions.

ii) Stage 2 – Drainage (Day 0 to 12)

At day 0 the groundwater table was lowered to 1.1 m, and the soil columns were allowed

to drain.  The initial drainage flow rates through the columns were 864 + 11.6 cm3/day expected

to be representative of steady-state saturated flow rate.  Figure 5.3 at Day 12 shows a graph of

the moisture content and ECb per depth at the end of Stage 2.  Steady-state unsaturated

conditions indicated that with capillary pressure from the groundwater table near saturated

conditions occurred at a depth of approximately 0.9 m.  The unsaturated soil moisture at depths

of 0 to 0.9 was 0.29 + 0.05.  The ECb averaged over the unsaturated zone from the soil profile

ranged from 0.42 to 0.79 dS/m.

iii) Stage 3 – Application of Nutrients (Day 12 – 45)

At day 12 the nutrient solution was added as a slug of nitrate-N solution to mimic a

fertilizer spill.  The situation was monitored for changes in TDR measured ECb until steady state

conditions (effluent drainage was not experienced for two days).  Figure 5.3 at Day 45 shows a

graph of the moisture content and ECb at the end of Stage 3.  Average unsaturated drainage rates

for the nitrate-N solution were 346 + 61 mL/day (Column 1), 171 + 20 mL/day (Column 2), and

95 + 15 mL/day (Column 3).  As discussed in Section 5.3.7 the drainage rates through the three
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columns varied, as such TDR readings for statistical purposes were viewed as changes between

initial and ending values instead of absolute values.  Higher ECb values were encountered at the

surface of the spill (0.15 m) and the water table depth 0.90 m.  The ECb values averaged over the

unsaturated zone from the three soil columns following the infiltration of the nitrate-N solution

ranged from 1.96 to 3.67 dS/m.

iv) Stage 4 – Natural Attenuation (Day 45 to 60)

The soil columns were maintained for 15 days to determine if any natural decrease in ECb

(correlated to nitrate-N) occurred.  Results of the paired statistical analysis indicate that the probe

location at 0.15 m had a statistically significant decreased in ECb values during the 15-day

natural attenuation stage (p = 0.0187) as shown in Figure 5.3 at Day 60.  The probe location had

decreased ECb values of 0.09 + 0.02 dS/m.  The decrease could be attributed to the removal of

nitrate-N with the drainage water.  Statistical analysis (p = 0.05) indicated that there was not a

significant decrease in ECb values in the remaining probe locations.

v) Stage 5 – Ethanol Amendment (Day 60 to 175)

A 1.0 L - 4% ethanol amendment was added to each soil column to determine the effects

of a biodenitrification amendment in the vadose zone.  Due to the differing drainage rates in each

soil column, TDR ECb and moisture values were averaged on a volume drained basis instead of a

time basis.  The averaged ECb and moisture values at every 100 mL displaced through the soil

column are shown in Figure 5.3 at each volume stage.  By the end of the experiment at day 175

the 1 L of the amendment had been displaced through the effluent sampling in Column 1 and

Column 2; however, only approximately 800 mL of effluent was collected from Column 3.
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Therefore, the graphs in Figure 5.3 are only averaged for Column 1 and Column 2 for the 800,

900, and 1000 mL diagrams.

As shown in the plots (Figure 5.3), the displacement of the nitrate-N contributed to the

decrease in the ECb readings in the unsaturated zone due to the ethanol amendment.  Significant

decrease in ECb values from the start of the amendment to the last readings taken were

encountered at depths of 0.15 m (p = 0.0179), 0.40 m (p = 0.0266), and 0.65 m (p = 0.0325).

The ECb decreases in these probe locations ranged from 0.37 to 2.29 dS/m from the initial

reading to the final reading.  The ECb at a depth of 0.91 did not have a significant difference

between readings and the saturated probe depth at 1.15 m had an increased ECb values (p =

0.0493), indicating that the displacement due to the ethanol amendment had minimally decreased

ECb values in these areas.  The results indicate that the ethanol treatments significantly decreased

ECb values in the vadose zone.
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5.4.4 Effluent Sampling

Nutrient concentrations for the effluent water are shown below in Figure 5.4.  Standard

errors are noted in samples from 0 to 800 mL; however, as the third column did not complete the

treatment standard errors could not be calculated for the remaining volumes.  Effluent

concentrations are an indication of the nutrient load that would be added to the saturated zone as

part of the vadose zone injection.  Effluent nutrient concentrations had increasing trends by the

Mann-Kendall Trend Test for nitrate-N + nitrite-N (p = 0.0009) and ammonia-N (p = 0.0434).

The ECb values remained elevated in the TDR probe at 1.15 m which are consistent with the

elevated nitrate-N + nitrite-N effluent concentrations found by chemical analysis.  Effluent

samples contained ammonia-N concentrations with an average final ammonia-N concentration of

73 mg/L in Column 1 and Column 2.  The presence of ammonia-N indicates the possible

degradation of nitrate-N and nitrite-N to ammonia-N through the DNRA process.

Figure 5.4 Effluent nutrient concentrations
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pH of only 0.16 was experienced throughout the effluent sampling.  ORP parameters did not

contain a significant trend.

Figure 5.5 Effluent water quality parameters

5.4.5 Vadose Zone Nitrate-N Degradation

The final nitrate-N concentrations at each TDR probe location for each soil column are

shown in Table 5.4.

Table 5.4 Final nitrate-N concentrations

Nitrate-N Concentration (mg/kg)

Depth (m) Column 1 Column 2 Column 3

0.15 2.0 0.4 0.3
0.40 ND ND ND
0.65 ND ND ND
0.91 ND ND 385
1.15 33 299 373

ND = concentration was non-detectable

A mass balance was conducted for the three soil columns based on the nitrate-N

concentrations applied to the column, effluent nitrate-N results, and final nitrate-N

concentrations at each of the probe locations.  Approximations for final nitrate-N concentrations
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final mass balance for the three columns showing total decrease in nitrate-N concentrations and

decreasing concentrations due to degradation is shown in Table 5.5.  The percent nitrate-N

degradation experienced in the columns ranged from 1.3 to 27.2% which was attributed to

aspects such as denitrification, abiotic reduction, or DNRA as ammonia-N concentrations were

encountered in the effluent sampling.  Column 3 which did not complete the entire ethanol

amendment had the highest percent decrease.  The longer retention time in the soil column may

have contributed to the higher decreasing mass.  The total nitrate-N decrease in concentrations

from the ethanol amendment displacement or degradation ranged from 92.4 to 99.4%.  The

nitrate-N was either degraded or mobilized to the saturated zone.  Therefore the ethanol

treatments successfully decreased nitrate-N concentrations in the vadose zone.

Table 5.5 Nitrate-N mass balance

Column 1 Column 2 Column 3

Nitrate-N added to column (mg) 2949 2949 2949
Nitrate-N remaining in column at start of treatment 2077 1900 2046
Nitrate-N removed by displacement through effluent sampling (mg) 1776 1760 1333
Nitrate-N remaining in column at the end of experiment (mg) 13 116 156
Percent degraded 13.9% 1.3% 27.2%
Total decrease in concentrations 99.4% 93.9% 92.4%

5.4.6 Soil Pore Water Distribution

The initial unsaturated soil water distribution was compared to the final soil water

distribution as a function of depth as shown in Figure 5.6.  Paired statistical analysis indicated

that there was no significant difference between the starting moisture content distribution and the

moisture distribution following the ethanol amendment.
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Figure 5.6 Unsaturated moisture as a function of time
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Figure 5.7 ECb to nitrate-N model validation

The relationship by the depth of the TDR ECb readings compared to the EC

measurements attributed to nitrate-N is shown in Figure 5.8.  A large variation was encountered
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Throughout the unsaturated soil profile, the ECb measured in the soil is approximately

1.16 + 0.24 dS/m greater than what is accounted for using the calibration obtained only for

nitrate-N concentrations.  Given typical moisture ranges within the three soil columns of 0.25 to

0.35, this leaves an ECw of 2.53 to 0.53 dS/m, respectively, within the soil pore water not

correlated to nitrate-N concentrations, based on the empirical calibration equation.  Based on a

calibration (n = 6, R2 = 0.97) shown in Figure 5.9 of ammonia-N to ECw TDR readings, the

effluent ammonia-N concentration of 73 mg/L, if evenly distributed throughout the soil column,

could contribute an ECw of 1.06 dS/m.

Figure 5.9 ECw to ammonia-N calibration
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However, soil pore water was not sampled for ammonia-N or acetic acid concentrations and

therefore cannot be validated.  Based on this assessment, the empirical model assumption that

nitrate-N concentrations were the primary ion in the solution contributing to the changes in ECb,

is not valid.

5.5 Conclusion

This first objective of this study was to evaluate the soil water distribution and nitrate-N

concentration movement as a result of a vadose zone ethanol injection.  Several studies have

shown that ethanol in high concentrations lowers soil water retention due to the decrease in

surface tension by the addition of ethanol (Antonella and Leij 2012; Powers et al. 2001).  This

study did not encounter a statistically significant decrease in soil moisture at the TDR probe

locations, which may be due to the lower ethanol concentrations used.  Additional work is

required to determine if the degradation of nitrate-N encountered in this study contributes to a

long-term decrease in unsaturated hydraulic conductivity in the soil matrix.  The ethanol

amendment decreased vadose zone nitrate-N concentrations ranging from 92.4 to 99.4% in the

three soil columns, in which 1.3% to 27.2% was attributed to degradation.  The nitrate-N

concentrations removed by displacement indicate the additional nutrient load that will be

supplied to the saturated zone in which enhanced denitrification is more conducive due to its

anaerobic nature.   The microcosm study in Chapter 4 showed the successful application of

ethanol enhanced biodenitrification of extremely elevated nitrate-N concentrations under

anaerobic conditions.

The second objective of this study was to determine if TDR ECb measurements were an

adequate real-time measurement technique to monitor nitrate-N movement or degradation in

bioremediation studies. The initial calibration to an available empirical relationship relating soil
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moisture, bulk soil conductivity, and soil pore water conductivity was successful (residual R2 =

0.98).  The soil pore water conductivity was then related to nitrate-N concentrations through a

separate linear regression (R2 = 0.99).  The validation of the model indicated that the TDR ECb

values predicted high nitrate-N, in which nitrate-N concentrations were non-detectable.  The

TDR ECb measurements recorded higher EC values than what would be contributed solely by

nitrate-N present in the soil columns.  The difference between the ECb readings measured in the

soil columns and the calculated ECb attributed to nitrate-N was assumed to be due to EC

influences from ammonia-N concentrations and acetic acid concentrations.  As biodenitrification

studies have various chemical transformations, in which nitrate-N may no longer be the primary

ion contributing to EC measurements, the use of EC as a proxy for accurate nitrate-N

concentrations may not be feasible.  However, the ECb data within the study indicated overall

trends in nitrate-N concentration, thus eliminating the need for destructive sampling.
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6 Conclusions

The work completed as part of this thesis examined the effect of ethanol enhanced

bioremediation or biodenitrification of nutrient impacts resulting from a spill at a liquid bulk

fertilizer facility.  The first portion of the experiment dealt with a microcosm study to determine

the effect of cold climate on ethanol-enhanced denitrification of extremely high nutrient

concentrations.  The second portion of the experiment examined the use of real-time

measurement techniques for measuring nitrate-N concentrations and the effects of ethanol

amendment applied to the vadose zone on the biodenitrification process.

 Key findings of the research gave the following conclusion:

· Ethanol enhanced biodenitrification microcosms successfully decreased the nitrate-N +

nitrite-N concentrations in the source ethanol treatments from 1810 mg/L to near non-

detectable concentrations in approximately 56 days and the edge ethanol treatments from 188

mg/L to non-detectable concentrations in 14 days.

· Ethanol enhanced biodenitrification in the microcosm study decreased ammonia-N

concentrations by 48.1 + 0.6%, and 48.4 + 3.2% for the Eth+, and Eth- treatments, which was

significant in comparison to the natural attenuation, and sterile control treatments.

· The successful degradation of nitrate-N + nitrite-N of the microcosm studies occurred in a

cold groundwater climate scenario (7.5°C).

· Monod equation modelling from the microcosm results allowed for a calibrated equation for

the entire site, regardless of initial concentration in comparison to zero-order reactions which

are initial concentration specific.  This Monod equation calibration allowed for better

remediation decision making in comparison to zero-order reaction rates.
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· Following complete degradation of the nitrate-N + nitrite-N impacts, biofouling occurred in

the ethanol treatments.  The effects of the biofouling were not examined but would need to

be addressed in a field-scale study.

· The real-time measurement technique of TDR ECb measurements was evaluated as a proxy

to predict pore water nitrate-N concentrations due to the financial benefit of reduced

laboratory analytical costs and real-time decision-making.  Although ECb TDR

measurements have been successful at predicting nitrate-N concentrations in other studies,

the results of this study indicate it does not appear to be a successful technique due to the

presence of other ions.  The major assumption in the ECb to pore water nitrate-N calibration

is that nitrate-N is the major ion contributing to changes of EC in the soil matrix.  This study

has shown that other ions arising from ammonia-N production or acetic acid concentrations

from the breakdown of ethanol may have a significant effect on the ECb of the soil matrix.

· The vadose zone ethanol amendment decreased nitrate-N concentrations by 92.4 to 99.4% in

the three soil columns, in which 1.3 to 27.2% was attributed to nitrate-N degradation.

Overall, ethanol enhanced biodenitrification shows promise for the treatment of nutrient

impacts in areas of extremely elevated nutrient concentrations and cold climate scenarios.  The

results of this research give support for regulatory approvals for further field-scale research.
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7  Recommendations

The findings of this work provide support for the use of biodenitrification in cold groundwater

climates such as Manitoba.  As part of the findings, there are two types of recommendations for

further work; the first is additional refinements to the study completed to allow for additional

data collection and analysis.  The second is next steps to advance the research conducted in this

study towards full-scale application through pilot scale studies and research on application

techniques.  The specific recommendations include the following.

· Ammonia-N degradation in this study was significant in the ethanol treatments in

comparison to the controls and was attributed to the possible presence of anammox

bacteria.  Further work is recommended to confirm the source of the ammonia-N

degradation through microbial testing.

· The two ethanol treatments in the microcosm studies (Eth+ and Eth-) were not found to

have a significant difference in nutrient degradation.  Additional evaluation of ethanol

concentrations could be examined to determine the optimal carbon to nutrient ratio for

application.  A decrease in the required carbon source (ethanol) would provide cost

savings during remediation implementation.

· The TDR EC measurements were not successful as an accurate measurement technique

for nitrate-N concentrations in the presence of other ions in large concentrations.  Further

refinement of the column study could include methods to extract pore water for periodic

testing of nutrient concentrations as well as ethanol and acidic acid concentrations.  This

additional sampling would allow for analyzing the nitrate-N and ethanol movement

within the soil column and allow for modelling this movement.



81

· Laboratory scale studies often have higher degradation rates encountered than in field-

scale projects due to the homogeneity and controlled situations.  A field-scale study

evaluating the aquifer response to a vadose zone injection and the decrease of nutrient

concentrations would be beneficial prior to full-scale remediation application to confirm

degradation rates.  In addition, total organic carbon or biological testing during field-scale

applications to quantify the microbial community and hydraulic conductivity testing will

determine if biofouling experienced in the ethanol treatments decreases the permeability

of the aquifer.

· Data from the field application studies for nutrient and ethanol concentrations should be

used to validate the Monod equation calibration that was conducted as part of the

microcosm study.
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Appendix A – Detailed Soil Physical Analysis



Depth Bulk Density Specific Gravity Porosity (Calc) Moisture (%)
Volumetric
Moisture

(Calc)

Saturation
(Calc)

%Gravel % Sand %Silt %Clay Soil Classification Soil Triangle

1.1 1.67 2.71 38 22.7 38 99 0 47 32 21 Medium Loam
1.4 1.63 2.69 39 23.4 38 97 0 46 44 10 Medium Loam
2.0 -- -- -- 28.2 -- -- -- -- -- -- --
2.3 1.46 2.63 44 28.4 41 93 0 63 30 7 Sandy Loam
2.6 -- -- -- 23.5 -- -- -- -- -- -- --
2.9 1.73 2.69 36 22.6 39 110 0 85 12 3 Loamy Sand
3.3 -- -- -- 33.5 -- -- -- -- -- -- --
3.7 1.43 2.69 47 33.3 48 102 0 28 65 7 Silty Loam
4.0 -- -- -- 37.4 -- -- -- -- -- -- --
4.3 1.56 2.66 41 31.1 48 117 0 9 81 10 Silt

Depth Bulk Density Specific Gravity Porosity (Calc) Moisture (%)
Volumetric
Moisture

(Calc)

Saturation
(Calc)

%Gravel % Sand %Silt %Clay Soil Classification Soil Triangle

0.8 -- -- -- 23.2 -- -- -- -- -- -- --
1.1 1.70 -- -- 23.4 40 -- 0 54 30 16 Sandy Loam
1.2 -- -- -- 20.6 -- -- -- -- -- -- --
1.5 1.47 2.73 46 32.1 47 102 0 4 63 33 Silty Clay Loam
2.1 1.47 2.65 44 27.5 41 91 0 77 15 8 Loamy Sand
2.7 1.47 2.62 44 28.5 42 96 0 51 42 7 Medium Loam
3.0 1.26 2.63 52 44.3 56 108 0 2 71 27 Silty Loam
3.4 -- -- -- 37.1 -- -- -- -- -- -- --
3.8 1.65 2.66 38 28.0 46 122 0 22 63 15 Silty Loam
4.5 1.64 2.72 40 26.0 43 107 0 32 63 5 Silty Loam

Appendix A.1 - Source Test Hole Soil Characteristics

Appendix A.2 - Edge Test Hole Soil Characteristics
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Appendix B – TDR Moisture and ECb Data



Replicate Depth (m) Saturated no NO3 start of NA end of NA 100 200 300 400 500 600 700 800 900 1000
0.15 0.34 0.56 2.62 2.51 2.06 0.87 0.76 0.73 0.72 0.71 0.70 0.68 0.67 0.65
0.40 0.04 0.44 1.52 1.50 1.58 1.60 1.54 0.66 0.52 0.53 0.66 0.75 0.81 0.81
0.65 0.41 0.37 2.05 2.01 2.06 2.08 2.09 1.99 1.98 1.15 0.51 0.49 0.70 0.90
0.91 0.50 0.61 3.76 3.71 3.81 3.80 3.82 3.80 3.90 3.85 3.77 3.45 1.13 1.45
1.15 0.39 0.43 2.87 2.85 3.13 3.31 3.52 3.58 3.63 3.67 3.71 3.76 3.69 3.53
0.15 0.47 0.56 2.08 2.01 1.91 0.75 0.68 0.66 0.65 0.63 0.60 0.61 0.60 0.60
0.40 0.57 1.30 1.39 1.38 1.51 1.48 1.42 0.66 0.77 0.90 1.00 1.01 0.94 1.00
0.65 0.52 0.65 3.61 3.52 3.55 3.68 3.70 3.55 3.45 1.66 1.29 1.67 1.53 1.63
0.91 0.49 0.67 3.99 3.95 4.06 4.03 4.02 4.05 4.20 4.21 4.00 3.30 0.95 2.92
1.15 0.31 0.44 2.58 2.90 3.15 3.38 3.57 3.08 3.31 3.33 3.32 3.48 3.72 3.40
0.15 0.58 0.56 4.13 4.05 3.45 1.76 1.48 1.34 1.24 1.53 1.77 NM NM NM
0.40 0.45 0.62 2.98 3.04 2.90 2.92 2.52 1.45 2.61 2.67 2.54 NM NM NM
0.65 0.40 0.55 2.76 2.72 2.66 2.73 2.78 2.84 2.57 0.79 1.58 NM NM NM
0.91 0.35 0.40 3.26 3.41 3.51 3.56 3.68 3.88 3.93 4.11 4.05 NM NM NM
1.15 0.33 0.37 2.64 2.51 2.68 2.91 3.11 3.54 3.46 3.56 3.60 NM NM NM
0.15 0.46 0.56 2.94 2.86 2.47 1.13 0.98 0.91 0.87 0.96 1.02 0.65 0.63 0.63
0.4 0.51 0.79 1.96 1.97 2.00 2.00 1.83 0.92 1.30 1.37 1.40 0.88 0.87 0.91

0.65 0.44 0.52 2.81 2.75 2.76 2.83 2.86 2.79 2.67 1.20 1.13 1.08 1.12 1.27
0.91 0.45 0.56 3.67 3.69 3.80 3.80 3.84 3.91 4.01 4.06 3.94 3.37 1.04 2.19
1.15 0.34 0.42 2.70 2.75 2.99 3.20 3.40 3.40 3.46 3.52 3.54 3.62 3.70 3.46
0.15 0.07 0.00 0.61 0.61 0.49 0.32 0.25 0.22 0.19 0.29 0.37 0.03 0.03 0.02
0.4 0.05 0.26 0.51 0.54 0.45 0.46 0.35 0.26 0.66 0.66 0.58 0.10 0.05 0.08

0.65 0.04 0.08 0.45 0.44 0.43 0.46 0.46 0.45 0.43 0.25 0.32 0.48 0.34 0.30
0.91 0.05 0.08 0.22 0.16 0.16 0.14 0.10 0.07 0.09 0.11 0.09 0.06 0.07 0.60
1.15 0.02 0.02 0.09 0.12 0.15 0.15 0.14 0.16 0.09 0.10 0.12 0.11 0.01 0.05

Average

Standard
Error

Electrical Conductiviy (dS/m)

A

C

B



Replicate Depth (m) Saturated no NO3 start of NA end of NA 100 200 300 400 500 600 700 800 900 1000
0.15 0.33 0.26 0.28 0.27 0.28 0.29 0.29 0.29 0.29 0.29 0.29 0.30 0.29 0.30
0.4 0.37 0.22 0.23 0.22 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23

0.65 0.27 0.21 0.22 0.22 0.22 0.22 0.23 0.23 0.23 0.22 0.22 0.22 0.22 0.22
0.91 0.36 0.36 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.36 0.34
1.15 0.39 0.35 0.33 0.33 0.33 0.33 0.34 0.33 0.33 0.33 0.34 0.33 0.33 0.34
0.15 0.30 0.27 0.26 0.26 0.26 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.26
0.4 0.42 0.34 0.28 0.28 0.29 0.28 0.28 0.28 0.28 0.27 0.28 0.28 0.27 0.27

0.65 0.37 0.37 0.33 0.32 0.32 0.33 0.33 0.33 0.33 0.34 0.32 0.31 0.31 0.31
0.91 0.38 0.38 0.37 0.37 0.34 0.36 0.36 0.35 0.35 0.35 0.37 0.35 0.35 0.34
1.15 0.39 0.36 0.36 0.35 0.34 0.33 0.34 0.35 0.35 0.34 0.35 0.34 0.34 0.33
0.15 0.35 0.33 0.32 0.32 0.32 0.31 0.32 0.31 0.32 0.31 0.31 NM NM NM
0.4 0.35 0.31 0.29 0.30 0.30 0.30 0.30 0.30 0.29 0.29 0.29 NM NM NM

0.65 0.35 0.28 0.34 0.31 0.30 0.29 0.28 0.27 0.29 0.29 0.27 NM NM NM
0.91 0.33 0.32 0.32 0.33 0.33 0.33 0.33 0.34 0.34 0.35 0.35 NM NM NM
1.15 0.37 0.36 0.33 0.32 0.32 0.31 0.31 0.33 0.32 0.33 0.32 NM NM NM
0.15 0.33 0.29 0.29 0.28 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.28 0.28 0.28
0.4 0.38 0.29 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.26 0.27 0.25 0.25 0.25

0.65 0.33 0.29 0.29 0.28 0.28 0.28 0.28 0.27 0.28 0.28 0.27 0.27 0.27 0.27
0.91 0.36 0.35 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.35 0.35 0.35 0.36 0.34
1.15 0.38 0.36 0.34 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.34 0.33 0.33 0.34
0.15 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01
0.40 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
0.65 0.03 0.05 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04
0.91 0.02 0.02 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00
1.15 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00

Italics and Bold
Outlier removed from analysis

Average

Standard
Error

Moisture Content

A

B

C
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