
ABSTRACT 

FETZER, BRIAN LEWIS. Determination of Subsurface Nitrogen Contamination Using Tree 

Leaves and Stable Nitrogen Isotope Ratios. (Under the direction of Elizabeth Guthrie 

Nichols). 

 Swine waste lagoons and waste application fields are a potential source of NH4 and 

NO3 contamination in groundwater and surface waters.   Stable nitrogen isotopes can be used 

to determine nitrogen sources and their contribution to groundwater and surface waters when 

sources are specifically known.   Swine waste has a unique ŭ
15

N signature, usually in the 

range of +10ă to +20 ă, while ŭ
15

N signatures for trees are usually in the range of -4ă to 

+2ă.  This difference can be used to differentiate between an anthropogenic and non-

anthropogenic nitrogen sources to waters.  This study focuses on the use of stable nitrogen 

isotope ratios, 
15

N/
14

N, of tree tissues as an indicator of subsurface nitrogen contamination 

from swine waste lagoons and waste application fields.  Analysis of in situ groundwater 

parameters, nutrients (N-NO3 and NH4), chlorides, and ŭ
15

N-NO3 isotopic values of 

groundwater was used to determine the extent of swine waste contamination in groundwater 

at an inactive swine facility in North Carolina.   Increased concentrations of N-NO3 and 

ammonium, chlorides, as well as more positive ŭ
15

N-NO3 indicated areas of swine waste 

contamination due to lagoon seepage or prior spray application.  Comparisons of tree foliage 

ŭ
15
N and known areas that have swine waste in groundwater have more positive ŭ

15
N than 

areas not impacted by swine waste.   An existing spray application field, now populated with 

4 year old loblolly pine, was evaluated for soil N-NO3, TKN, and ŭ
15

N values and compared 

to pine needle ŭ
15

N values.    Results indicate that pine trees reflect ŭ
15

N values in soils rather 

than groundwater for a majority of the field due to age (shallow rooting depth) although 



pines did reflect groundwater ŭ
15

N-NO3 values in areas were the water table was close to the 

surface.  
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Chapter 1: Literature Review 

 

1.0 Problem Statement 

The extent of nitrogen release to groundwater and surface waters from Concentrated 

Animal Feed Operation (CAFO) lagoons as well as waste application fields (WAF) is still 

poorly understood.  Currently, North Carolina is home to approximately 4,100 active or 

abandoned swine waste lagoons, excluding buried lagoons, with ~ 850 lagoons located in the 

Neuse River Basin alone (CGIA, 2003).  These lagoons have the potential to contribute 

elevated concentrations of nitrate (NO3) and ammonium (NH4) to groundwater and surface 

waters.   Elevated ammonia or nitrate levels can cause not only human health issues via 

drinking water contamination but also threaten livestock and wildlife (Cook et al., 2008). 

 Recent studies have evaluated nitrogen transport from CAFO lagoons within the 

Neuse River Basin.  Research, conducted by Showers et al. (2008), Israel et al. (2005), Karr 

et al. (2002), and Karr et al. (2001), determined that nitrate and ammonium contamination in 

shallow groundwater from swine lagoons and waste application fields were dominant sources 

of excess nutrients to surface waters within the Neuse River Basin.  These studies used 

nutrient concentrations, chlorides, and stable isotopes of nitrogen, oxygen, and deuterium to 

determine endpoint nitrogen sources.  Because swine waste has an enriched nitrogen isotope 

values between +10ă to +20ă, swine waste export from CAFO operations can be 

monitored in groundwaters and surface waters (Kendall and McDonnell, 1998; Karr et al., 

2001). 

 Researchers have used stable isotopes of nitrogen, oxygen, and deuterium to identify  
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sources of nitrate contamination in drinking water wells from buried waste lagoons (Showers 

et al., 2008), surface run-off from WAFs (Israel et al., 2005), and lagoon seepage due to  

construction method, age, or failure (Huffman, 2004; Cook et al., 2008).  Currently, 

groundwater monitoring wells are used to determine the amount and extent of nitrate 

contamination in groundwater.  The overall costs to determine if swine CAFOôs are 

impacting surrounding subsurface hydrology are substantial.  These costs include monitoring 

well installation, sampling and required personnel, as well as lab analysis.  The purpose of 

this study is to test an alternative approach to detect CAFO-derived nitrogen contamination 

in groundwater.  This approach utilizes the stable nitrogen isotope (ŭ
15

N) analysis of tree 

leaves and stem cores.   This concept assumes that trees adjacent to and down-gradient of 

swine waste lagoons and WAFôs access near surface and subsurface water potentially 

impacted by elevated nitrate and ammonium concentrations from leaching lagoons and 

WAFôs infiltration.   

Trees integrate nutrients through several pathways; ammonium is absorbed through 

the root system while nitrate can be absorbed by both leaves and roots (Evans, 2001).   

Nadelhoffer et al. (2004) found that trees treated with a 
15

N-enriched NO3 tracer had more 

enriched ŭ
15

N isotopic values in tissue compared with trees labeled with an NH4 tracer.  This 

study demonstrated that NO3-N can be assimilated more readily into trees than NH4-N when 

nitrate is the main source of N available.  Jordan et al. (1997) used foliar tree tissues to 

determine the impact of wastewater nitrogen cycling in deciduous and coniferous trees.   The 

authors observed an increase in foliar ŭ
15

N values from -2ă pre-irrigation to +6ă after two 

years for all trees in the study.    
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My research will determine if ŭ
15

N values in trees can be used to detect swine waste 

in the subsurface.  I hypothesize that trees that utilize groundwater containing swine waste 

will have more positive ŭ
15

N values than trees that utilize groundwater that does not contain 

swine waste.  The goal of this project is to determine if tree leaves can be used to provide  

proxy-maps of swine waste contamination in groundwater. 

1.1  Nitrogen Export from Swine CAFO Lagoons 

 Swine lagoons can release nitrogen by diffuse subsurface seepage, volatilization, 

inadvertent spillage/overtopping, and land application on waste application fields (WAF) 

(Hunt et al., 1995; Gilliam, 1996; Sloan et al., 1999a).  Mineralization, denitrification, 

nitrification, ammonia volatilization, as well as sorption/desorption at soil interfaces 

represent biological, physical, and chemical processes that alter nitrogen released from swine 

lagoons (Kendall and McDonnell, 1998).  These pathways can cause potential increases or 

decreases in ammonia and nitrate concentrations in groundwater and surface waters.  Figure 

1 shows nitrogen pathways from lagoon to surface waters as summarized from the literature 

cited in Tables 1 and 2 and discussed in further detail in the next section.   

1.1.1 Mineralization, Nitrification, and Denitrification   

 Mineralization, or ammonification, is defined as the production of ammonium (NH4) 

from soil organic matter through microbial actions:  organic N ĄNH4.  Temperature, water 

content, and soil architecture (pore size distribution and soil aeration) are the dominate 

factors that control N mineralization in soils (Dessureault-Rompre et al., 2010).  In 

laboratory experiments performed by Dessureault-Rompre et al., (2010), N mineralization 

increased exponentially with temperature and reached maximum N mineralization when the  
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Figure 1.  Nitrogen cycle for swine waste lagoons with ammonium and nitrate concentrations found in prior research.  Cook et al. 

2008; Karr et al. 2002; Karr et al. 2001; Aneja et al. 2000; Harper and Sharp, 1998 
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soils reached field-water holding capacity.  

Nitrification refers to the oxidation of ammonium into several oxides of nitrogen 

including NO2, NO, N2O, as well as NO3 through various chemical reactions.  Nitrification of  

ammonium into nitrate is a two-step oxidation reaction in which hydroxylamine, or NH2OH, 

mediates the reaction between ammonia and water resulting in nitrite followed by a reaction 

with water into nitrate (Kendall and McDonnell, 1998; Jetten, 2008). 

Oxidation by Nitrosomanas:    NH4
+
 + H20 Ą NH2OH +2[H] + H

+
 

     NH2OH + O2 Ą NO2
-
 + [H] + H

+  

Final Oxidation by Nitrobacter: NO2
- 
+ H20 Ą NO3

-
 + 2[H] 

(Kendall and McDonnell, 1998) 

 

If  nitrification occurs, acidity in groundwater will increase and pH will decrease due to the 

production of hydrogen ions or hydronium ions (H3O
+
)(Stumm and Morgan, 1988; Paul and 

Clark, 1989; Kendall and McDonnell, 1998). 

Heterotrophic denitrification refers to the reduction of nitrate into N2O, NO, and 

gaseous N2 through the actions of heterotrophic bacteria (utilizes organic matter)(Kendall 

and McDonnell, 1998; Hill, 2000; Jetten, 2008).   

Nitrate reduction by Pseudomonas denitrificans: 

4NO3
-
 + 5C + 2H2O Ą 2N2 + 4HCO3

-
 + CO2                   (Kendall and McDonnell, 1998) 

 

Denitrification usually occurs in situ where oxygen levels are moderately low, but studies 

show that it can occur in anaerobic pockets within oxygenated sediments or waterways 

(Koba et al., 1997).  The reduction of nitrate causes an increase in groundwater pH due to the 

consumption of hydrogen ions (Stumm and Morgan, 1988; Kendall and McDonnell, 1998). 
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Table 1.  Select studies of nitrate and TAN (total ammoniacal nitrogen) concentrations found at swine facilities in  

groundwater and surface waters in North Carolina. 

Lagoon/WAF           Groundwater Wells  Surface Water  Source 

   Up-gradient           Down-gradient 

         (mg/L)          (mg/L)         (mg/L) 

 

Buried Lagoon      NOї below     NOї:  0.1 ï 22.0  NA  Showers et al. (2008) 

 Det. Limits 

 

Lagoon  TAN <0.01 TAN <2.0  Ditch:  TAN  Cook et al. (2008) 

     NO3 ~ 20.0  10.0 ï 25.0 

 

WAF   NA  WAF1:  NO3~18.0 Streams:    Israel et al. (2005) 

     WAF2:  NO3~12.0 NO3 3.0 

 

Lagoon Seepage TAN + NO3 TAN + NO3  NA   Huffman (2004) 

 

Moderate to Severe 0.4 to 35.1 3.3 to 116.8     Huffman (2004) 

 

Lagoon  NA  NH4 ~ 6.5  Ponds:    Karr et al. (2002) 

     NO3 ~70.1  NO3 ~ 23.6 

        TAN < 0.01 

        Stream: 

        NO3 ~0.6 

        (2000 meters) 

WAF   NA  NO3 ~ 30.0  Streams:  Karr et al. (2001) 

        NO3~0.04 to 8.6 

WAF   NA  NO3 ~ 8.7 to 12.1 Streams:  Stone et al. (1998)      

   NO3 ~ 1.12
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1.2  Impacts of Lagoon Seepage and Waste Application on Ground and Surface Waters 

 Several studies have examined waste lagoon seepage and waste application fields 

(WAF) as a potential source of nitrate contamination in groundwater around CAFOs.  

Groundwater down-gradient from subsurface lagoon discharge and WAFôs are expected to  

have elevated Total Kdjedhal Nitrogen (TKN) and nitrate concentrations (Huffman, 2004).  

This is due to waterôs tendency to flow from a higher potential to a lower potential in 

subsurface hydrology (Freeze and Cherry, 1979).  Table 1 summarizes recent studies in 

North Carolina that observed elevated levels ammonia and nitrate concentrations in 

groundwater derived from swine sources.   

Showers et al., (2008), Cook et al., (2008), Israel et al., (2005), Karr et al., (2002), 

Karr et al., (2001), and Stone et al. (1998) observed elevated nitrate concentrations in 

groundwater at or above the 10 mg/L EPA maximum contaminant level (MCL) around swine 

operations. Showers et al., (2008), Cook et al., (2008), and Huffman (2004) observed that 

nitrate and total ammoniacal nitrogen, or TAN (NH3-N + NH4-N), concentrations in 

groundwater up-gradient of the lagoons/WAFôs were at or below detectible limits (0.01 

mg/L).  Huffman (2004) observed similar trends in 34 older lagoons in North Carolina (pre-

1993). Of the 34 lagoons studied, 28 of the 34 lagoons had moderate to very strong seepage 

from lagoons to groundwater. Thirty one of the 34 sites had higher concentrations of nitrogen 

down-gradient of the lagoons (Huffman, 2004). 

Nitrification appears to dominate N transformation in the near surface groundwater of 

WAFôs and swine lagoons. The resulting nitrate that has leached into the subsurface 

groundwater migrates into surface waters unless denitrification occurs.  Research conducted  
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by Israel et al. (2005) and Sloan et al. (1999) observed an increase in nitrate concentrations 

in groundwater below a WAF due to nitrification; nitrate concentrations decreased as 

groundwater infiltrated a riparian zone and denitrification occurred.  Sloan (1999) observed a 

decrease in nitrate concentrations from ~ 60 mg/L NO3 before the riparian zone to < 10 mg/L 

NO3 after groundwater infiltrated the riparian zone.  

 Lagoon effluents, through direct seepage or spray application, have the potential to 

impact surface waters with elevated nitrate and ammonium concentrations. Seepage from the 

lagoons enters the groundwater and migrates to sources of discharge, such as onsite ditches, 

streams, or larger waterways.  Depending on specific processes dominating the subsurface 

hydrology, such as nitrification (NH4 into NO3) or denitrification (NO3 into NO, N2O, or 

gaseous N2), concentrations of nitrate or ammonium may be higher in surface waters.  Cook 

et al. (2008) observed that a channelized stream, down-gradient of a swine waste lagoon, had 

elevated nitrate concentrations ranging between 10 to 25 mg/L due to the nitrification of 

TAN.  Stone et al. (1998) found elevated nitrate concentrations (1.12 mg/L compared to non-

impacted sites close-by) in an adjacent stream next to a WAF, indicating potential 

groundwater or runoff discharge.  The authors reported that during cooler months, nitrate 

concentrations increased, indicating reduced denitrification through the riparian zone due to 

cooler temperatures (Stone et al., 1998).  Karr et al. 2002 observed elevated nitrate 

concentrations in surface pond waters indicating either deposition or surface runoff of 

ammonium and organic N (nitrified into NO3) from the spray application of swine waste 

effluents (Karr et al., 2002).   

General water quality parameters, such as dissolved oxygen (DO) and pH, are  
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important tools to indicate if denitrification or nitrification processes dominate in the 

subsurface.  Karr et al. (2002) cross plotted ammonium vs. nitrate concentrations and found a 

positive correlation (r
2
 = 0.77) that these N species originated from the same source.  The 

authors cross plotted dissolved oxygen vs. nitrate or ammonium concentrations to show a 

negative correlation of DO vs. nitrate (r
2
 = -0.56) and DO vs. ammonium (r

2
 = -0.64) which 

showed that nitrification dominated the subsurface.   

 An additional tool to source track hog waste to surface water and groundwater is 

chloride ion concentrations.  Swine waste is concentrated in chlorides due to feed additions 

of NaCl and KCl in order to prevent potassium and sodium deficiencies (Hatfield et al., 

1998).  This chloride is concentrated during digestion and excreted and disposed of into 

swine waste lagoons.  Lagoons and groundwater wells contaminated with lagoon effluent 

will have elevated chloride concentrations ranging from 54 to 153 mg/L for lagoons and 15 

to 124 mg/L for groundwater wells (Table 2).  Israel et al. (2005) found that chloride 

concentrations were greatest near the sources (anaerobic swine waste lagoons, WAF) and 

decreased with distance away from the source.  Karr et al. (2001) used cross plots of chloride 

vs. nitrate or ammonia to show a positive correlation (Cl vs. nitrate:  r
2
 = 0.46; Cl vs. 

ammonium: r
2
 = 0.71) between nutrient concentrations and chloride ions.   

Table 2.  Chloride concentrations found at existing/abandoned swine facilities and WAF 

Well/Lagoon/WAF  Chloride Concentrations   Source 

     (mg/L)   

Well (Closest to Buried Lagoon) 25.5 to 124.0   Showers et al., (2008) 

Well (WAF)    15.3 to 4.59   Showers et al., (2008) 

Well (WAF)    20 to 90   Israel et al., (2005) 

Stream     18 to 24   Israel et al., (2005) 

Lagoon    54 ï 153   Karr et al., (2001) 

WAF     16 to 44   Karr et al., (2001) 
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1.3   Impacts of Atmospheric Transport  

Animal wastes contain several N-bearing constituents, but most of the N found in 

waste application effluents is in the form of urea.  This source of urea is hydrolyzed to 

ammonia and then later nitrified into nitrates.  This process can cause hydrolyzed ammonia 

to diffuse from aqueous ammonia into gaseous ammonia. Ammonia release at CAFOs occurs 

when ammonia volatilizes from surface soils and open top lagoons; several factors enhance 

ammonia release such as warmer temperatures, elevated pH, greater wind-speed, and air-

moisture (Kendall and McDonnell, 1998).   

Atmospheric transport of NH3, N2O, and N2 from swine waste lagoons is dependent 

on ammonium concentrations within the lagoon (Harper et al., 2004).  During warmer 

weather and higher temperatures, biological activity greatly increases in lagoon sludge, 

producing ammonia that diffuses upwards and replaces volatilized ammonia from the surface 

(Aneja et al., 2008).  Ammonium concentrations and ammonia flux from the waste lagoons 

are highly dependent on temperature and have been shown to vary diurnally as well as 

seasonally.  Studies by Aneja et al. (2008), Harper et al., (2006),  Aneja et al. (2001), and 

Harper and Sharpe, (1998), indicate major differences in ammonia flux seasonally with 

increased concentrations observed during the summer while lower concentrations were 

observed during the winter.  Days with greater wind speeds will also enhance ammonia loss.  

Table 3 provides seasonal ammonia flux, TAN, and TKN concentrations from anaerobic 

swine waste lagoons. 

Deposition of ammonia and aerosol ammonium is highly dependent on atmospheric 

conditions (i.e. wind speed, temperature, dry or wet deposition, and surface) (Aneja et al.,  
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2001; Bajwa et al., 2008).  Deposition of volatilized ammonia close to hog lagoon sources is 

more likely due to its high dry deposition rates, low source elevation, and relative short 

lifespan (1 ï 5 days) in the atmosphere (Aneja et al., 2001).  Ammoniaôs short lifespan is 

attributed to its reactive tendencies with other atmospheric compounds to form other 

molecules.  These factors help to inhibit ammonia transport away from the source causing a 

deposition rate of about 20% ï 40% of ammonia close to the source.   Ammonium aerosols 

tend to have a much longer atmospheric lifespan (1-15 days) causing deposition over larger 

areas away from the source (Aneja et al., 2001).     

Recent studies evaluated ammonia deposition on different plant surfaces  

including crop and forest canopies (Table 3).  Walker et al. (2008) and Bajwa et al. (2008) 

found that the amount of ammonia deposition differed depending on wind speed, wind 

direction, temperature, distance, as well as plant surfaces themselves.  The authors found that 

the greatest concentrations of ammonia deposition occurred closest to the lagoons, 

downwind, during warmer conditions (Table 4).  Table 4 provides distance and atmospheric 

dry deposition concentrations of ammonia from swine waste lagoons during different 

seasonal periods.   
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Table 3.  Lagoon ammonia emissions (flux) as well as lagoon TAN and TKN  

concentrations. 

            Lagoon    Lagoon 

Period     NH3 Flux TAN (NH4 + NH3)     TKN  

                       (ɛg-N/m
2
/min)        (mg/L)     (mg/L)   

Sept. 9-20, 2002 2349 ± 986.4 442 ± 18.1 561 ± 33.3  

Aneja et al., 2008 

Jan. 6-17, 2003 153 ± 52.4 560 ± 19.4 700 ± 18.3  

Aneja et al., 2008 

Sept. 30 to Oct. 11, 2002 1685 ± 516.4 364 ± 35.9 583 ± 136  

Aneja et al., 2008      

Jan. 27 to Feb. 2, 2003 371 ±147 636 ± 36.9 782 ± 38.9  

Aneja et al., 2008 

                       (kg NH3-N/ha/day) 

Jan 2001 ï Mar 2001  1 to 3   NA         NA  

Harper et al., 2006 

Apr 2001 ï July 2001  20 to 65  NA         NA  

Harper et al., 2006 

Aug. 1-15, 1997  34 to 123  NA   587 to 695 

Aneja et al., 2000 

Feb.  1 ï 26, 1998  1.3 to 10  NA   580 to 727 

Aneja et al., 2000 

Aug. 6-9, 1997  15.4 to 22  574          NA 

Harper and Sharpe, 1998 

Jan. 23 ï 29, 1997  4.7 to 12.1  538           NA 

Harper and Sharpe, 1998  
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Table 4.  Modeled ammonia dry deposition vs. distance downwind of a swine waste lagoon in North Carolina using ammonia flux and 

meteorological (temperature, relative humidity, wind speed, and wind direction) measurements. 

Season/Period         Distance from Lagoon             NH3 Deposition   Source 

 (m)   (kg NH3/ha/yr)   

 

Winter: 2003 ï 2005  Ò 500   48 to 60   Walker et al., (2008) 

(Forest) 

Spring:  2003 ï 2005  Ò 500   72 to 84   Walker et al., (2008) 

(Forest) 

Summer:  2003 ï 2005 Ò 500   36 to 48   Walker et al., (2008) 

(Forest) 

Fall:  2003 ï 2005  Ò 500   36    Walker et al., (2008) 

(Forest)  

Cumulative Deposition  Ò 75   50    Walker et al., (2008) 

        

Season/Year   Distance from Lagoon  (gram/hr)  

   (m) 

Winter 2002 (Crop)  Ò 500   38    Bajwa et al., (2008) 

Winter 2002 (Crop)  500 to 2500  20    Bajwa et al., (2008) 

Summer 2003 (Crop)  Ò 500   327    Bajwa et al., (2008) 

Summer 2003(Crop)  500 to 2500  173    Bajwa et al., (2008) 

Note:  NH3 deposition determined by using the following models:  Walker et al., (2008):  short range dispersion/air quality model 

(AERMOD);   Bajwa et al., (2008):  two layer canopy compensation point model.   
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1.4  Tracking Nitrogen Contamination in Groundwater and Surface waters using 

Stable Isotopes 

1.4.1  Using Stable Nitrogen Isotopes to Track Swine Waste 

A stable isotope is defined as an atom that has the same number of protons but 

different numbers of neutrons in an atoms nucleus.   As an example, nitrogen has two stable 

isotopes: the heavier isotope 
15

N and the lighter isotope 
14

N.  The ratio of the isotopes 

(
15

N:
14

N) provide valuable information about nitrogen sources as well as what processes may 

be altering nitrogen from those sources. The atmosphere is ~ 99.6337% 
14

N and ~ 0.3663% 

15
N; biological, chemical, and physical processes generally utilize the lighter isotope of 

14
N 

over 
15

N and cause an enrichment of 
15

N in residual substrates.   In order to quantify this 

isotope ratio, we express the analyzed sample relative to an internationally known standard, 

which for N is N2 or the atmosphere (0ă) (Kendall and Mcdonnell, 1998; Bedard-Haughn et 

al., 2003; Hoefs, 2004; Dawson et al., 2007).  Proper notation for the isotopic ratio is ñdeltaò 

( )ɻ, expressed as permil (ă), with the formula: 

ŭ
15

N (ă) = [(
15

N/
14

Nsample) / (
15

N/
14

Nstandard)-1] * 1000 

Table 5 below provides examples of ɻ
15

N values for both anthropogenic and natural 

background isotopic values. 

 Stable nitrogen isotopes are used in ecology to determine food web positions of 

various organisms from primary producers to consumers.   Nitrogen isotopes are useful in 

determining the contribution of plants and animals to a food web and whether an 

anthropogenic source of nitrogen is present.  Kelly (2000) and Crawford (2008) have shown  

that ɻ
15

N ratios increase from lower to higher trophic levels on an average of 3ă - 4ă per  
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Table 5.  Stable nitrogen isotope ratios (ɻ
15

N) of anthropogenic and natural sources (Xue et 

al. (2009) and references therein). 

 

Source       ŭ
15
N (ă) 

 

Ammonium Fertilizer     -5 to +5 

Nitrate Fertilizer     -4 to +6 

Urea       -5 to +2 

Soil N        0 to +8 

Swine Waste      +10 to +20 

Sewage      +4 to +19 

Ammonium Precipitation    -13 to +13 

Nitrate in Precipitation    -8 to +8 

Uncontaminated Groundwater   -2 to +6 

Uncontaminated Surface Water   -5 to +8 

 

trophic step.  This is caused by the fact that 
14

N is preferentially removed during urea 

production from the nitrogenous waste production in the digestive tract of animals.  Because 

swine are omnivores, they occupy a trophic position between herbivores and carnivores with 

an average ɻ
15

N value between 5ă and 8ă as measured by bone collagen (Kelly, 2000). 

Thus, relative to natural background nitrogen (soil N = 0ă to +8ă), swine manure ɻ
15

N 

values are enriched to approximately +17ă ± 11ă (n = 9) (Cravotta, 2002) through 

fractionation during digestion.  This enriched ɻ
15

N value in swine waste allows for a natural 

isotopic tracer in groundwater and surface waters.   

 ʵ15
N ratios in subsurface hydrology are susceptible to processes that can cause further 

fractionation and alteration of 
15

N/
14

N ratios.  Processes such as nitrification, denitrification, 

and ammonia volatilization can alter ʵ15
N values beyond expected values.  Hence, inorganic 
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fertilizers with low ɻ
15

N ratios may undergo denitrification and increase its 
15

N/
14

N ratio to 

ʵ15
N ratios observed for swine waste.  The use of other isotopes, such as ʵ18

O and ɻ D, can  

assist in source identification as well as identify subsurface processes that may be causing 

ʵ15
N isotopic shifts.  Figure 2 below shows expected ɻ

15
N values at swine facilities in North 

Carolina that may be impacted by different chemical, biological, or physical processes 

(denitrification, nitrification, or ammonia volatilization).     

1.4.2  Isotope Fractionations Affecting Ground and Surface Waters 

Isotopic fractionation of subsurface and surface waters are characterized by mass-

dependent isotopic effects (N ï 
14

N, 
15

N); the small differences in mass between isotopes of 

the same element may induce isotopic shifts during physical, chemical, and biological 

processes, causing a relative proportion of different isotopes in different substrates (Peterson 

and Fry, 1987; Kendall and McDonnell, 1998).  This isotopic effect can identify a particular 

nitrogen source or processes that formed particular nitrogen species.   There are two main 

forms of isotopic fractionations:  equilibrium and kinetic (Kendall and McDonnell, 1998; 

Hoefs, 2004; Xue et al., 2009). 

 Equilibrium fractionations occur in mainly closed systems at equilibrium where 

reactions are reversible, allowing for the redistribution of isotopic values among substrates.  

In an equilibrium fractionation, the heavier isotope usually accumulates in the element with 

the higher oxidation state.  This implies that as a reaction occurs and the state of the element 

changes (i.e. liquid to vapor), the more dense, remaining material will become more positive 

with the heavier isotope while the newly formed product will be more negative with the 

lighter isotope (Kendall and McDonnell, 1998;Hoefs, 2004; Xue et al., 2009). 
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Figure 2.  Stable nitrogen isotope values of surface and subsurface hydrology found at swine facilities in North Carolina.  Showers 

et al. 2008; Israel et al. 2005; Karr et al. 2002; Karr et al. 2001.   
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 Kinetically driven isotopic fractionations are usually unidirectional, dependent on 

mass ratios of the isotopes, their atomic vibrational energies, and occur in systems not at  

equilibrium (chemically and isotopically) (Kendall and McDonnell, 1998; Hoefs, 2004).  

Kinetic fractionation has several limiting factors including reaction pathway, reaction rate, as 

well as the bond strength of the reactant.  These limiting factors ensure that as fractionation 

occurs, the bonds that are easily broken (lighter isotopes) will react first, causing the heavier 

isotope to become more positive in the substrate, while the newly formed product will be 

isotopically more enriched with the lighter isotope or more negative than the parent material 

(Kendall and McDonnell, 1998; Hoefs, 2004; Xue et al., 2009). 

 Isotopic fractionation can occur during oxidation/reduction reactions 

(nitrification/denitrification), ammonia volatilization, mineralization, assimilation, 

evaporation, as well as sorption/desorption at soil interfaces (Kendall and McDonnell, 1998; 

Widory, 2005; Xue et al., 2009).  Most of the reactions that affect groundwater and surface 

waters are considered kinetic fractionations due to an irreversible reaction and are the most 

relevant to groundwater isotope studies.  An example of this is denitrification (NO3Ą N2 and 

N2O), nitrification (NH4, NH3Ą NO3), and mineralization (organic N Ą NH4) (Kendall 

andMcDonnell, 1998; Bedard-Haughn et al., 2003; Widory, 2005; Xue et al., 2009).  The 

only exception is ammonia volatilization that has both equilibrium (reversible) and kinetic 

(irreversible) fractionations.  In ammonia volatilization, the inputs of ammonia from both 

direct input and hydrolyzed urea can have reversible (equilibrium) reactions of ammonia 

between liquid phase and gaseous phase as well as irreversible (kinetic) reactions during 

nitrification of ammonia into nitrate (Kendall and McDonnell, 1998; Hoefs, 2004). 
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1.4.3  Isotope Fractionations:  Rayleigh Equations, Fractionation Factor, and 

Enrichment Factor 

 

The Rayleigh Equation is used to determine the partitioning between two isotopic  

reservoirs of a material when one reservoir is decreasing in size (Kendall and McDonnell, 

1998; Hoefs, 2004).  The equation can be used only if (1) a material is continuously removed 

and contains two elemental species (
18

O and 
16

O), (2) the fractionation occurring in the 

material is known and expressed as the fractionation factor, and (3) the fractionation factor 

does not change.  This can be useful in estimating isotopic shifts during processes 

(denitrification or nitrification) that can alter isotopic composition in groundwater and 

surface waters.   

 As mentioned previously, isotopes are subject to kinetic isotopic fractionation causing 

the products to have more negative isotopic values (lighter isotope) while the remaining 

substrate becomes more positive with the heavier isotope.  An enrichment factor (ă) 

characterizes the fractionation process which causes the substrate to become more positive 

with the heavier isotope (Xue et al., 2009).  The enrichment factor is determined by the 

following formula: 

Ů =10į ( hï 1) 

where h  is the fractionation factor.  The fractionation factor ()h is defined as the rate constant 

of the heavier isotope divided by the rate constant of the lighter isotope.  In a closed system, 

isotopic enrichment can be expressed by the Rayleigh Equation: 

ŭS(t) = ŭS0 + Ůln(St/S0) 

where Ů is the fractionation factor, ŭS(t) and ŭS0 is the isotopic composition at time 0 and t, and  

 



20 
 

S0 and St are the concentrations of the substrate at time 0 and t, respectfully (Xue et al., 

2009).   

1.4.4  Isotope Studies:  Utilizing ŭ
15

N to track nitrogen in ground and surface waters   

 Stable nitrogen isotopes alone cannot always differentiate between nitrogen sources; 

the use of other stable isotopes, including ʵ18
O-NO3, can help identify N sources to waters.   

These isotopic tracers can be used to determine the source of nitrogen contamination as well 

as track potential nitrogen plumes that may be derived from animal feed operations.  The use 

of dual isotopes, such as the ŭ
15

N-NO3 and ŭ
18

O-NO3 can distinguish between subsurface 

denitrification and nitrification processes. 

 Israel et al. (2005) found that ŭ
18

O-NO3 and ŭ
15

N-NO3 values were proportional 

indicating similar trends during fractionation.  Subsurface denitrification in the riparian zone 

caused both the isotopic values of nitrate-N and nitrate-O to become more positive.  These 

results show that as the ŭ
15

N-NO3  approached ~ +50ă in the riparian buffer, the ŭ
18

O-NO3 

approached ~ +20ă, which follows a 1:2 vector plot indicating denitrification in the 

subsurface hydrology (Israel et al., 2005).  This1:2 denitrification vector occurs because the 

isotopic enrichment factor value for nitrogen is twice that of oxygen in nitrate (Aravena and 

Robertson, 1998; Kendall and McDonnell, 1998; Seiler, 2005).  Hence, ŭ
18

O-NO3 values that 

are not elevated indicate that denitrification is not occurring.  Table 6 provides ŭ
18

O values 

for nitrate from different sources including atmospheric, fertilizers, and organic manure. 

Dual plots of ŭ
18

O-NO3 vs. ŭ
15

N-NO3 can be used to identify when nitrification is 

occurring (Figure 3).  Showers et al. (2008) used a dual isotopic approach to (ɻ
15

N-NO3 and 

ʵ18
O-NO3) show that nitrification in groundwater leads to elevated nitrate concentrations in  
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groundwater.  Nitrate concentrations in wells down-gradient from a buried animal waste 

lagoon were 20-22 mg/L, with ʵ15
N-NO3 values ranging from +11ă to +15ă.   If 

denitrification is occurring, the dual plot of ŭ
15

N-NO3 vs. ŭ
18

O-NO3 in wells down-gradient 

of the lagoon should fall along a 1:2 vector plot resulting from more positive ŭ
15

N-NO3.  If  

Table 6.  ɻ
18

O values in nitrate from different sources and or biological or chemical 

processes. 

 

Source     ŭ
18
O (ă)  Source 

 

Background Soil Nitrate and   -5 to +15  Kendall and McDonnell (1998) 

Organic Manures    -5 to +15  Kendall and McDonnell (1998) 

Nitrification (process)     0 to +18  Xue et al. (2009) 

Nitrate Fertilizer   +18 to +25  Xue et al. (2009) 

Ammonia Fertilizer     0 to +15  Showers et al. (2008)         

Nitrate Precipitation   +23 to +78  Xue et al. (2009) 

 

 

 

Figure 3.  Cross plot of ŭ
15

N-NO3 and ŭ
18

O-NO3 of groundwater; a 1:2 vector plot 

indicates denitrification is occurring in the subsurface hydrology.  Showers et al. 

(2008). 
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this is not the case, other processes may dominate such as nitrification.  In Figure 3, this 1:2 

vector plot is not apparent indicating that nitrification dominates subsurface hydrology 

(Showers et al., 2008). 

Ammonia volatilization is important to N isotopic enrichment of nitrogen found 

beneath waste application fields (WAF).  The ŭ
15

N of N in the remaining materials (soils and 

groundwater) may be between +7ă to +30 ă (Kendall and McDonnell, 1998; Sloan et al., 

1999b; Israel et al., 2005; Xue et al., 2009).  Karr et al. (2002) observed an increase from 

~15.0 ă (total N) in lagoon biosolids to ~ 28.0 ă (total N) in lagoon biosolids during spray 

application due to ammonia volatilization (Table 7).   

 Volatilization and ammonia loss are at their greatest during the summer months with 

an ammonia loss of approximately 50% relative to the lagoon with ŭ
15

N-NH4 values Ó18ă 

compared to 10ă for lagoon sludge during the winter (Table 7) (Karr et al., 2001).  Wetted 

soil cores were collected in order to determine how cooler temperatures affected ammonia 

volatilization during spray application.    Spray application in cooler temperatures had ŭ
15

N 

isotopic values that remained consistent with lagoon samples (+10ă) indicating very little 

ammonia volatilization. 

 Shifts in isotopic values (more positive or less positive) in groundwaters and surface 

waters can result from biological, physical, or chemical reactions.  Cross-plots of nitrate, 

ammonium, pH, and dissolved oxygen can help to differentiate between denitrification or 

nitrification.   For example, a strong negative correlation between dissolved oxygen and 

nitrate indicate that nitrification is dominating subsurface hydrology (Karr et al., 2002).  

When nitrate concentrations are high, dissolved oxygen concentrations are low due to the  
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Table 7.  Values for ʵ15
N-NO3, ɻ

15
N-N, ɻ

18
O-NO3, ɻ

18
O-water, and ɻ

2
H-water in groundwater and lagoons at swine facilities.  

  

Well/Lagoon  ŭ
15

N-NO3 (ă)   ŭ
18

O-NO3 (ă)  ŭ
18

O-water (ă) ŭ
2
H-water (ă) Source 

 

Wells (near lagoon) 11.4 to 15.4  6.3 to 8.8  -2.6 to  -13.4  -10.9 to -23.9        Showers et al. (2008) 

Wells (Central) 7.6  to 11.4  2.2 to 11.3  -3.5 to -6.9  -18.6 to -31.8        Showers et al. (2008) 

Wells (WAF)  18 to 30  5 to 28   NA   NA   Israel et al. (2005) 

Wells (Streamside)   Ó 20   10 to 30  NA   NA   Israel et al. (2005) 

Wells (WAF)  +14.7    NA   NA   NA    Karr et al. (2002) 

Wells (WAF)  +16.7   NA   NA   NA    Karr et al. (2001) 

Streams  +15.2    NA   NA   NA    Karr et al. (2001) 

 

Total N   ŭ
15

N-Total N (ă) ŭ
15

N-NH4 (ă)                                     

Lagoon     +15.7   NA        Karr et al. (2002) 

Spray (WAF)    +28.0   NA        Karr et al. (2002) 

Lagoon Sludge (June)  NA   +Ó18.0        Karr et al. (2001) 

Lagoon Sludge (Jan.)  NA   +10.0        Karr et al. (2001) 
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oxidation reaction, or the utilization of oxygen, that occurs during nitrification (Kendall and 

McDonnell, 1998).  A similar trend is seen between a cross plot of dissolved oxygen and 

ammonium; a strong negative correlation occurs because oxygen has been depleted by  

biochemical oxygen demand associated with the nitrification of ammonium into nitrate (Karr 

et al., 2002).  

 One can determine which processes dominate subsurface groundwater by comparing 

ŭ
15

N-NO3 values to pH and concentrations of nitrate and dissolved oxygen.  Karr et al. 

(2001) used cross plots of ŭ
15

N-NO3 and nitrate to show that denitrification occurs when 

nitrate concentrations were low and ŭ
15

N-NO3 were more positively enriched (Figure 4).  

 

Figure 4. Elevated ŭ
15

N-NO3 and low NO3 concentrations indicate denitrification  Karr et 

al. (2001). 

 

Low dissolved oxygen in conjunction with more positive ŭ
15

N-NO3 ratios is an indicator for 

denitrification (Figure 5).  The authors also found that higher pH values accompanied more 

positive ŭ
15

N-NO3 values during denitrification (Figure 6).  As mentioned previously,  
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Figure 5.  Elevated ŭ

15
N-NO3 and low DO concentrations indicate denitrification Karr et 

al. (2001). 

 

  
Figure 6.  Elevated ŭ

15
N-NO3 and higher pH values indicate denitrification  Karr et al. 

(2001).   
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McDonnell, 1998).     

 Karr et al., (2001) observed that shallow monitoring wells have more positive ŭ
15

N-

NO3 values and lower nitrate concentrations than deep wells.  The authors concluded that 

denitrification is more prevalent in the shallow monitoring wells due to the presence of 

higher concentrations of organic matter.  Additionally, temperature plays an important role in 

groundwater processes; more positive ŭ
15

N-NO3 values were observed during warmer 

seasonal temperatures indicating enhanced dentrification (Karr et al., 2001).   

1.5  Stable Nitrogen Isotope Studies of Trees 

 The stable nitrogen isotopic values of tree tissues reflect internal nitrogen 

translocation and intermixing between ŭ
15

N sources.   ŭ
15

N sources include atmospheric 

deposition (ammonia) as well as nitrate and ammonium assimilation from soil, groundwater, 

and surface waters.   Robinson et al. (1998) discussed several factors that can affect ŭ
15

N 

values in tree tissues.  These factors include: the uptake of different N sources with varying 

ŭ
15

N values; internal fractionations during assimilation and translocation; N efflux by the 

roots; and the uptake of N from soil microbes such as mycorrhizal fungi.   

 The ŭ
15

N values in tree leaves have been used to trace sources of nitrogen deposition 

from the atmosphere due to industrial discharge.  Xiao et al., 2010, used leaves of the 

Cinnamomum Camphora tree to trace the deposition of anthropogenic nitrogen from 

industrial sources such as fertilizers like ammonia and urea.  The authors observed that foliar 

ŭ
15

N values between -9.8ă to -4.3ă.  In our study, atmospheric deposition of inorganic N is 

not as potentially important as atmospheric deposition of ammonia from lagoons.  This 

ammonia would also have elevated ŭ
15

N values because of the N source, swine waste 
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sediment, and years of ammonia loss without replacement of swine N for ongoing CAFO 

operations.   

1.5.1  Tree Physiology Effects Nitrogen Cycling and 
15

N in Tree Tissues 

The uptake and assimilation of nitrogen into tree tissues involves the uptake of 

nitrogen from the soil solution, nitrogen translocation to the site of assimilation, and finally 

inorganic nitrogen assimilation into organic nitrogen of tree tissues (Bloom, 1988; Kozlowski 

et al., 1997; Evans, 2001).   Evans (2001) showed that ammonium and nitrate are assimilated 

in trees by two different mechanisms that are dependent on NH4 and NO3 concentrations.  

Ammonium is assimilated in a single process (GS-GOGAT) at one location (roots) while 

nitrate can be assimilated (NRA) via multiple pathways (roots, shoots, or leaves) within a 

tree (Evans, 2001; Dawson et al., 2002).   

Nitrate acquisition into tree tissues occurs through the root system or through leaves 

and uses the nitrate reductase-NR pathway.  The conversion from nitrate to ammonium in 

tree tissues is mediated by two enzymes, nitrate reductase activity (NRA) which converts the 

nitrate to nitrite, and nitrite reductase, which converts the nitrite to ammonium (Gebauer and 

Schulze, 1997). NRA is localized in the cytoplasm of tree cells while the nitrite reductase 

activity is localized in the chloroplasts of green tissues or the proplastids of roots (Kozlowski 

et al., 1997; Evans, 2001).  Evans (2001) states that the ammonium produced from NRA 

enter the GS-GOGAT pathway for further assimilation.  Glutamine synthetase and glutamate 

synthetase enzymes (GS-GOGAT), located in the plastids and in the cytosol of plant cells, 

convert the ammonia/ammonium into glutamine for plant uptake (Gebauer and Schulze, 

1997; Kozlowski et al., 1997).  NRA and GS-GOGAT reactions preferentially consume the 
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lighter isotope 
14

N over the heavier isotope 
15

N, causing a residual accumulation of 
15

N in the 

inorganic nitrogen pool of the tree (Robinson et al., 1998; Evans, 2001). 

The phloem is responsible for the transport of nutrients needed throughout the tree for 

growth/survival while the xylem is responsible for the transport of water from the roots to all 

parts of the tree (Raghavendra, 1991; Kozlowski et al., 1997).  The analyses of xylem and 

phloem have found that the ŭ
15

N values in phloem (1.6ă ± 1.9ă) are less positive than 

xylem (4.2ă Ñ 2.0ă).  Xylem ŭ
15

N are also more positive than 
15

N in the roots (0.8ă ± 

0.9ă) (Yoneyama et al., 1997).  The ŭ
15

N isotopic value varies within different tissues of 

trees due to organ specific loss of nitrogen, reallocation of nitrogen during translocation and 

assimilation, or different patterns of assimilation within different tree tissues (Evans, 2001; 

Dawson et al. 2002;   Kolb and Evans, 2002).   

When soil inorganic/organic N is abundant, plants do not utilize mycorrhizae fungi 

for N uptake (Allen et al., 2003) and isotopic values reflect the abundant N source (Evans, 

2001).  When nitrogen is limiting, plants will use mycorrhizae fungi to take up N.  This 

causes a residual increase in ŭ
15
N of the fungi and a decrease in ŭ

15
N in the plants (Hogberg, 

1997; Hobbie, 2000; Evans, 2001).  When mycorrhizae fungi supply N to the plants, percent 

foliar nitrogen is low and leaf ŭ
15

N ratios are lower (Hobbie et al., 2000).    

When the main source of N is nitrate, variations of 
15

N within tree tissues are 

observed due to various pathways (leaves and roots) of nitrate entry into the tree (Evans, 

2001; Dawson et al., 2002).  Kolb and Evans (2002) found that the ŭ
15

N composition of tree 

leaves was more positive than roots due to the utilization of prior assimilated N by tree 

leaves.  Tree leaves use nitrogen already processed by the tree and thus have ŭ
15

N more  
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positive relative to nitrogen assimilation by root tissue.  When trees were provided a specific 

nitrate source solution, both Yoneyama et al. (1989) and Evans et al. (1996) found that 

leaves more closely reflect the isotopic value of assimilated nitrate than roots.   Yoneyama et 

al. (1989) observed that leaf ŭ
15

N was 10.6ă and root ŭ
15
N was 4.9ă when a nitrate source 

of 10.3ă was provided to trees.  Evans et al. (1996) observed similar trends; leaf ŭ
15

N was 

3.3ă and root ŭ
15

N was -0.1ă when a nitrate source of 1.8ă was provided to plants 

(Lycopersicon esculentum).    

Table 8 compares isotopic values for N sources and tree leaves as well as ŭ
15

N values 

of nitrate and ammonia in tree leaves and soil.  Several important trends are apparent in 

Table 8.  The Hobbie et al. (2000) study showed typical ŭ
15

N values from -6.91ă to 0.35ă 

for trees in natural environments without specific anthropogenic N sources.  The other 

studies demonstrated that ŭ
15

N of leaves more closely reflected the ŭ
15

N nitrogen source to 

the tree.  When the ŭ
15

N of the nitrogen source changed, the ŭ
15

N of tree leaves reflected that 

relative positive or negative change over time. 

When trees drop their leaves, bud, or hibernate, nitrogen is translocated among tree 

tissues altering the stable nitrogen isotope values in leaves and stem cores (Kolb, 2002).  

Trees generally reabsorb half of their total leaf nitrogen before dropping leaves (Bausenwein 

et al., 2001).  This translocation of N becomes a source of N for new leaf growth; thus ŭ
15

N 

values in leaves change due to the use of stored N and absorbed N (Kolb and Evans, 2002).  

Kolb and Evans (2002) observed that cohorts of new leaves had ŭ
15

N values that were more 

positive over time reflecting the use of absorbed N sources in the tree.   However, although 

abscised leaves had 56% less N than living leaves, no significant differences between ŭ
15

N  
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Table 8.  Stable nitrogen isotopes found in various studies involving soil ammonium and nitrate, bole wood, and foliar tree tissues.   

Tree Species  
15

N - Enriched  
15

N-NO3      
15

N-  
15

N-Foliar   
15

N-Foliar       Source  

   Tracer (ă)  Soil (ă) Soil (ă) (1999) (ă)   1-yr old (ă) 

Tracer (ă) ï Urea  

Loblolly Pine (July) -2.7 (urea)  -8.6 ± 1.5 -4.9 ± 1.4 -1.3 ± 0.9  -1.2 ± 0.4 Choi et al. (2005) 

Loblolly Pine (Sept.) -2.7 (urea)  -8.2 ± 0.8 -2.8 ± 1.0 -0.6 ± 0.4  -1.5 ± 0.6   

Tracer (ă) ï Soil N  

Populus (genus)  none   -0.36 to 2.42 NA  -6.91 to 0.35  NA  Hobbie et al. (2000)  

      Bole wood FoliarïNH4   FoliarïNO3      

      ŭ
15
N (ă) ŭ

15
N (ă)    ŭ

15
N(ă)                         

Hardwoods (Oak)         

Before tracer addition (1996)   -1.5  -2.6  ----    Nadelhoffer et al. (2004) 

After 
15

NH4Cl addition +965 (2003)  17.2  16.4  ----      

After K
15

NO3 addition +761 (2003)   17.9  ----  15.6    

Pine  

Before tracer addition (1996)   -1.3  -1.8  -----      

After 
15

NH4Cl addition +965 (2003)  12.7  13.9  -----      

After K
15

NO3 addition +761 (2003)  17.0  -----  17.7      

 

     Foliar ŭ
15
N (ă)  Foliar ŭ

15
N(ă)       

Wastewater Irrigati on   pre - irrigation  (1987)  post ï irrigation  (2years of irrigation) (1989) 

         

Wastewater ŭ
15

N  +13 to +25 ă 

All trees (Control)   -5 to -2    -4.0 to -1.0     Jordan et al. (1997) 

Quercus alba    -2.0 to 1.0   4 to 6.0        

Quercus velutina   -4.0 to -3.0   3.0 to 6.0       

Pinus Rigida    -4.0 to -2.0   4.0 to 7.0         
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values of living leaves and abscised leaves were observed for Quercus rubra or Quercus 

alba.  Thus, analysis of leaves for ŭ
15

N values should avoid early spring budding for 

deciduous trees and composite sampling of new and established leaves/needles should be 

used during stable growth periods such as mid-summer.  The reduction of total N (% N) 

inabscised leaves can interfere with isotopic analysis by reducing analytical sensitivity; 

collection from trees in late fall is not ideal compared to collection during mid-summer 

months. 

1.5.2  Use of Foliar ŭ
15

N Tree Tissues as an Indicator of Subsurface Nitrogen 

Contamination:  Recent Studies  

 

Recent studies have utilized ŭ
15

N values to trace subsurface/surface nitrogen 

transport, understand tree uptake and translocation of nitrogen, as well as help to determine 

the environmental fate of nitrogen (Table 8).  Choi et al. (2005) determined the extent of 

ammonium and nitrate uptake using foliar ŭ
15

N values and the application of fertilizers 

containing primarily urea with a ŭ
15

N value of -2.7ă.  According to foliar analysis of current 

and 1-year old needles, loblolly pine (Pinus taeda L.) preferentially absorbed ammonia to 

nitrate.  The plots of ammonium vs. ŭ
15

N-NH4 were positively correlated for 1 year old 

needles (average r
2
 = 0.49).  Thus, the ŭ

15
N values of needles represented ŭ

15
N-NH4 of soil 

N, and not ŭ
15

N-NO3  (Table 8) (Choi et al., 2003; Choi et al., 2005).   

 Nadelhoffer et al. (2004) evaluated nitrogen isotopes of NH4 and NO3 in various tree 

tissues, including foliar, cores, and roots of oak, maple, and pine before and after an addition 

of 
15

KNO3 or 
15

NH4Cl tracers.  The study evaluated which N source was conserved more 

within the tree nitrogen pools over seven years.  ŭ
15

N-NO3 values were more positive  
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compared to ammonium, especially in the foliar tree tissues (Table 8).  This study showed 

that nitrate was more likely to enter the tree nitrogen pools due to rapid assimilation in roots 

and leaves. 

Jordan et al. (1997) used 
15

N enriched-wastewater to study the fate of nitrogen in 

grassland and forested ecosystems for two years.   Wastewater had ŭ
15

N differences of +13ă  

to +25ă relative to vegetation and +6ă to +20ă  relative to soil-N.  The authors observed a 

dramatic increase in foliar ŭ
15

N values by +10ă over a two year application period.  Pre-

application ŭ
15

N values were between -2.0ă to -4.0ă for all trees (Quercus alba, Pinus 

ridida, and Quercus velutina) and +4.0ă to +6.0ă for all trees two years after irrigation 

started (Table 8). 

1.6  Hypothesized Isotopic Values in Trees Impacted by Swine Waste Lagoons/WAFôs 

  Groundwater impacted by swine lagoon effluent will have ŭ
15

N isotopic values 

between +5ă to +25ă for both nitrate and ammonia (Xue et al., 2009).  Trees that use 

groundwater enriched with swine waste should see rooting zone ʵ15
N values in the range of 

+5ă to +25ă.  Foliar tissues should have more positive ɻ
15

N values compared to the stem 

and roots, especially if the tree preferentially absorbs nitrate.  However, as shown in the prior 

section, the ŭ
15
N of leaves more closely reflects the ŭ

15
N of the N source, particularly if the 

primary N source is nitrate.   Figure 12 provides hypothesized ʵ15
N values expected in trees 

if groundwater and soil are impacted by swine waste lagoons leachate or land application of 

lagoon waters on waste application fields.     

 The literature review supports the premise that ʵ15
N values in tree tissues can be used 

as a proxy indicator of subsurface nitrogen contamination from swine waste lagoons.  Several  
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objectives need to be evaluated to determine the feasibility of this method: 

1. Characterize the extent of swine waste contamination (N) in subsurface.  

2. Characterize tree leaves for ʵ15
N values. 

3. Correlate groundwater data to isotopic tree data. 

I hypothesize that when trees utilize groundwater contaminated with swine waste, these trees  

will have more positive ɻ
15

N values than trees that utilize non-contaminated groundwater.  

Secondly, I hypothesize that higher concentrations of swine waste in the subsurface will 

result in more positive ɻ
15

N values in tree leaves. 

 

Figure 7:  Hypothesized stable nitrogen isotopes found in tree tissues impacted by swine 

waste lagoons/WAF. 
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Chapter 2 ï Site Introduction 

 

2.1 Research Site Description 

 The study site is located in Johnston County, NC, and is an inactive hog operation 

with two lagoons (Figure 8).    The Johnston County (JC) site is 127 acres that was given to  

 

Figure 8:  Johnston County, NC, research site with soil and 0.6 meter contours. 

the NC State Natural Resource Foundation in 2007.  The property consists of a 5 acre pasture 

on the west side of the property and a 60-100 year old hardwood forest that was logged in 

2006 prior to donation of the property to NCSU.  The adjoining hog operation, owned by Mr. 

Parrish, used the pasture area for land application of lagoon waste from 1978 to 2002  
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(Piedmont Geologic, 2006).  The 5-acre pasture was planted with Loblolly Pine (Pinus  

taeda) in 2007 by North Carolina State University.   

 Piedmont Geologic completed a Phase II Environmental Site Assessment (ESA) of 

the site in February 2007.  The ESA involved collection and analysis of groundwater, surface 

water, and soils samples (Figure 9; Piedmont Geologic, 2007).  Soil samples were analyzed 

for nitrates, ammonia nitrogen, and Kjeldahl nitrogen; ground water and surface water 

samples were analyzed for nitrates, ammonia nitrogen, and Kjeldahl nitrogen.   At that time, 

the regulatory standards were 10 mg/L for nitrate in ground water/drinking water (Piedmont 

Geologic, 2007).  

2.2  Historical Water Quality Data 

2.2.1  Piedmont Geologic ESA Phase II Data 

 Results of the Phase II ESA for soil samples and surface waters are shown in Table 9 

and 10.  Surface water samples were all less than 0.7 mg/L nitrate, 0.10 mg/L or less for 

ammonia, and < 1.9 mg/L for Kjeldahl nitrogen (Table 10).  Soil samples collected on the 

waste application field (WAF) had nitrate concentrations ranging between <1.0 mg/kg (S-2) 

and 19.0 mg/kg (S-5).   Regulatory standards do not exist for soil and surface waters (Class C 

waters, NCDENR Redbook, Surface Waters and Wetlands Standards).  Piedmont Geologic 

concluded no major impact on soil or stream quality due to land application of hog lagoon 

materials to the pasture area (Piedmont Geologic, 2007). 

Piedmont Geologic also installed temporary ground water monitoring wells to 

evaluate nitrate, ammonia, and Kjeldahl N in ground water at the WAF and down gradient of 

the lagoons (Table 11).  Wells 1, 3, and 5 had nitrate concentrations at 10, 10, and 14 mg/L, 
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Figure 9:  Sampling locations for the Phase II ESA completed in February, 2007 (Piedmont Geologic 2007). 
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Table 9.  Soil sampling results taken in February 2007 at various locations on the WAF, JC.  

Sources:  Piedmont Geologic (2007).  
Sample ID     Nitrate/Nitrite N         Ammonia Nitrogen             Kjeldahl Nitrogen 

 (mg/kg) (mg/kg) (mg/kg)  

 

Background Sample-1 <1.0 <5.0 1200 

S-1 1.5 <5.0 1200 

S-2 <1.0 <5.0 580 

S-3 4.0 <5.0 3200 

S-4 1.2 <5.0 970 

S-5                        19                                 10                           1300  

 

 

Table 10.  Surface water sampling results collected in February, 2007 at various locations 

along the stream running through the property.  Source:  Piedmont Geologic (2007). 

Sample ID       Nitrate/Nitrite N         Ammonia Nitrogen             Kjeldahl Nitrogen 

 (mg/L) (mg/L) (mg/L)  

 

S1-Downstream 0.66 <0.10 0.56 

S2-Midstream 0.68 <0.10 1.7 

S1-Upstream 0.59 <0.10 1.8 

S2-Downstream 0.57 <0.10 0.71 

S2-Midstream 0.56 0.10 1.9 

S2-Upstream 0.60 <0.10 <0.50 

 

 

Table 11.  Concentrations of nitrate, ammonia, Kjeldahl nitrogen (mg/L) in groundwater 

collected at site in February 2007 (Piedmont Geologic, 2007).   

Sample ID Sample Depth  Nitrate/Nitrite N   Ammonia Nitrogen   Kjeldahl Nitrogen 

 (m) (mg/L) (mg/L) (mg/L)  

 

GW-Background  8.5 0.84 <0.1 1.7 

GW-1 4.3 10.0 1.8 5.7 

GW-2 5.5 8.7 3.1 5.1 

GW-3 4.3 10.0 0.20 5.9 

GW-4 4.1 0.15 0.25 4.1 

GW-5 12 14 0.14 2.2 

NCDENR State Standards (NC 2L) 10.0
a
  1.5

b
   

a 
NCDENR State Standards, 15A NCAC 02L .0202 Groundwater Quality Standards 

b
 NCDENR State Standards, IMAC, 15A NCAC 02L .0202 Groundwater Quality Standards 

(NCDENR Redbook, 2007).   
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respectively, which is at and above the 10 mg/L NC 2L Groundwater Standards.  Wells 1 and 

2 had ammonia concentrations at 1.8 and 3.1 mg/L which is above the 1.5 mg/L Interim 

Maximum Allowable Concentrations (IMAC), NC 2L, groundwater standard (NCDENR 

DWQ Groundwater Standards, 2010).  Methods utilized for soil, surface water, and 

groundwater for analysis were EPA Method 9056 for Nitrate N, EPA Method 350.1 for 

ammonia, and EPA Method 351.2 for Kjeldahl nitrogen.  These 2007 data show that 

groundwater down-gradient of the lagoons (well 3) as well as on the waste application field 

was contaminated with ammonia and nitrate nitrogen at and above the current North Carolina 

regulations.   

2.2.2  North Carolina State University Water Quality Data 

 Students and student interns from the Department of Forest and Environmental 

Resources collected surface water and ground water samples from the site in 2008 (Figure 

10).  NCSU students hand- augered a one-inch diameter PVC shallow ground water 

monitoring well in 2007 in accordance with USGS, National Field Manual for the Collection 

of Water Quality Data (USGS, 2006).  Surface water samples were collected at nine specific 

locations along the stream running through the property including the two inactive swine 

waste lagoons and a natural seep located down gradient of the lagoons.    

 Surface water and groundwater samples collected from April 2008 through December 

2008 were analyzed for nitrate/nitrite, ammonia, total Kjeldahl nitrogen (TKN), and total 

phosphate at the Center for Applied Aquatic Ecology (CAAE) (Table 12).  Surface water (7 

sampling locations along the stream) remained at or below 0.67 mg/L for nitrates, 0.08 mg/L 

for ammonia, 0.64 mg/L total Kjeldahl nitrogen (TKN), and 0.09 mg/L total phosphate (TP).  
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Figure 10: Mean nitrate/nitrite and ammonia concentrations (mg/L; + one standard deviation) in surface water and groundwater 

samples collected in 2008 (April ï December). Mean nitrate concentrations are shown in bold.  (personal communication ï 

Elizabeth Nichols.

0.61 mg/L ± 0.90 mg/L

0.03 mg/L ± 0.03 mg/L

(n = 7)

Nitrate Concentrations (mg/L)

Ammonia Concentrations (mg/L)

SW-1

0.58 mg/L ± 0.36 mg/L

0.08 mg/L ± 0.05 mg/L

(n = 9)

SW-2

0.60 mg/L ± 0.40 mg/L

0.07 mg/L ± 0.04 mg/L

(n = 8)

SW-3
0.67 mg/L ± 0.46 mg/L

0.07 mg/L ± 0.05 mg/L

(n = 7)
SW-4

6.96 mg/L ± 0.51 mg/L

0.05 mg/L ± 0.02 mg/L

(n = 7)

SW-7

0.53 mg/L ± 0.32 mg/L

0.06 mg/L ± 0.05 mg/L

(n = 8)

SW-8

0.44 mg/L ± 0.16 mg/L

0.06 mg/L ± 0.04 mg/L

(n = 8)

SW-9

SW-6 (Seep)

0.57 mg/L ± 0.34 mg/L

0.07 mg/L ± 0.04 mg/L

(n = 6)

GW-5 (Well 7)

2.75 mg/L ± 1.09 mg/L

0.04 mg/L ± 0.02 mg/L

(n = 7)

0.06 mg/L ± 0.06 mg/L

0.26 mg/L ± 0.23 mg/L

(n = 3)

0.05 mg/L ± 0.04 mg/L

1.89 mg/L ± 1.58 mg/L

(n = 3)

NC State Regulations, NC 2L Standards (Groundwater) 

Nitrate/Nitrite ï 10 mg/L 

Ammonia ï 1.5 mg/L 
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Table 12.  Concentrations of nitrate, ammonia, total Kjeldahl nitrogen (TKN), total phosphate (TP) for surface water and groundwater 

samples collected in 2008 by NCSU (personal communication ï Elizabeth Nichols).   

 Sampling Date 

 4/1/2008 5/14/2008 6/18/2008 7/11/2008 8/2/2018 8/16/2008 10/3/2008 11/7/2008 12/19/2008 

SW-1  

Nitrate (mg/L) 0.15 0.17 - 2.5 - 0.93 0.04 0 0.48 

Ammonia (mg/L) 0.02 0.03 - 0.03 - 0.10 0.02 0.01 0.02 

TKN (mg/L) 0.26 0.16 - 0.65 - 1.1 0.32 0.19 0.28 

TP (mg/L) 0.03 0.04 - 0.06 - 0.28 0.04 0.04 0.04 

SW-2 

Nitrate (mg/L) 0.37 0.25 1.2 0.32 - 0.48 0.51 0.36 0.57 

Ammonia (mg/L) 0.06 0.18 0.03 0.13 - 0.13 0.07 0.04 0.07 

TKN (mg/L) 0.52 0.70 0.52 0.83 - 0.89 0.62 0.64 0.53 

TP (mg/L) 0.05 0.06 0.08 0.18 - 0.17 0.06 0.05 0.06 

SW-3 

Nitrate (mg/L) 0.35 1.4 0.41 0.97 - 0.45 0.47 0.18 0.57 

Ammonia (mg/L) 0.05 0.05 0.11 0.04 - 0.13 0.06 0.02 0.06 

TKN (mg/L) 0.49 0.63 0.82 0.44 - 0.95 0.58 0.58 0.57 

TP (mg/L) 0.05 0.11 0.17 0.06 - 0.18 0.06 0.07 0.06 

SW-4 

Nitrate (mg/L) - - 1.6 0.35 0.84 0.42 0.49 0.33 0.61 

Ammonia (mg/L) - - 0.06 0.14 0.03 0.12 0.05 0.01 0.06 

TKN (mg/L) - - 0.66 0.86 0.48 0.80 0.65 0.45 0.57 

TP (mg/L) - - 0.11 0.19 0.05 0.15 0.07 0.05 0.07 

GW-5 (Well 7) 

Nitrate (mg/L) 1.9 2.2 - 1.8 - 4.8 2.9 3.5 2.1 

Ammonia (mg/L) 0.07 0.05 - 0.04 - 0.01 0.03 0.01 0.05 

TKN (mg/L) 1.1 0.32 - 1.0 - 0.42 1.0 0.49 0.71 

TP (mg/L) 0.28 0.03 - 0.29 - 0.07 0.17 0.09 0.19  
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Table 12. (Continued) 

   

 Sampling Date 

 4/1/2008 5/14/2008 6/18/2008 7/11/2008 8/2/2018 8/16/2008 10/3/2008 11/7/2008 12/19/2008 

SW-6 (Seep)  

Nitrate (mg/L) - 6.7 7.8 7.0 - 6.1 7.0 7.2 7.0 

Ammonia (mg/L) - 0.05 0.04 0.10 - 0.05 0.03 0.04 0.02 

TKN (mg/L) - 0.17 0.41 0.85 - 0.89 0.30 0.31 0.24 

TP (mg/L) - 0.02 0.03 0.26 - 0.10 0.02 0.04 0.05 

SW-7 

Nitrate (mg/L) - - 1.2 0.39 - 0.41 0.43 0.32 0.64 

Ammonia (mg/L) - - 0.12 0.14 - 0.04 0.05 0.03 0.07 

TKN (mg/L) - - 0.55 0.48 - 0.57 0.63 0.65 0.52 

TP (mg/L) - - 0.09 0.18 - 0.07 0.03 0.08 0.07 

SW-8 

Nitrate (mg/L) 0.41 0.53 1.3 0.42 - 0.22 0.46 0.31 0.57 

Ammonia (mg/L) 0.04 0.14 0.05 0.13 - 0.04 0.04 0.01 0.06 

TKN (mg/L) 0.47 0.64 0.36 0.87 - 0.48 0.62 0.50 0.56 

TP (mg/L) 0.05 0.05 0.06 0.17 - 0.07 0.06 0.05 0.07 

SW-9 

Nitrate (mg/L) 0.40 0.55 0.69 0.40 - 0.20 0.46 0.29 0.56 

Ammonia (mg/L) 0.03 0.12 0.04 0.12 - 0.03 0.03 0.02 0.06 

TKN (mg/L) 0.47 0.67 0.35 0.80 - 0.45 0.54 0.46 0.49 

TP (mg/L) 0.05 0.06 0.07 0.17 - 0.06 0.06 0.05 0.06  
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Well 7, located down-gradient of the lagoons and within close vicinity of the stream had 

average concentrations of 2.75 mg/L ± 1.09 (n = 7) for nitrate, 0.04 mg/L ± 0.02 mg/L(n = 7) 

for ammonia, 0.72 mg/L ± 0.32 mg/L (n = 7) for TKN, and 0.16 mg/L ± 0.10 mg/L for TP.  

The seep, located south of well 7, down-gradient of the lagoons, had concentrations 

averaging 6.96 mg/L ± 0.51 mg/L (n = 7) for nitrate, 0.05 mg/L ± 0.02 mg/L (n = 7) for 

ammonia, 0.45 mg/L ± 0.29 mg/L (n = 7) for TKN, and 0.07 mg/L ± 0.08 mg/L (n = 7).  

Lagoon waters had concentrations of 0.06 mg/L ± 0.04 mg/L (n = 6) for nitrate, 1.07 mg/L ± 

1.35 mg/L (n = 6) for ammonia, 15.3 mg/L ± 16.2 mg/L (n = 6) for TKN, and 44.7 mg/L ± 

19.7 mg/L (n = 6) for TP.    

 The 2008 data shows that the highest nitrate concentrations are in well 7 (2.75 mg/L ± 

1.09 mg/L, n = 7) and the seep (6.96 mg/L ± 0.51 mg/L, n = 7) while ammonia 

concentrations remain low over the sampling period except for the smaller swine waste 

lagoon. The small lagoon served as the pump out lagoon for waste application and exchange 

water with the larger lagoon.  The smaller lagoon also has cattle in it during summer months 

which would explain the higher ammonia and phosphorus concentrations when compared to 

the large lagoon (Table 13).   Low nitrate in both lagoons and higher ammonia concentrations 

indicate that ammonia leaching from the lagoons is nitrified in groundwater as it moves 

towards the stream which results in elevated levels of nitrate/nitrite in groundwater for well 7 

and the seep. Well 7 has lower nitrate concentrations compared to the seep most likely due to 

denitrification of nitrate in groundwater as it moves through the riparian zone to the stream.   
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Table 13.  Concentrations of nitrate, ammonia, total Kjedhal nitrogen (TKN), and total 

phosphorus (TP) (mg/L) in lagoon samples in 2008.  (personal communication ï Elizabeth 

Nichols). 

         

              Sampling Dates 

 8/16/2008 8/30/2008 11/7/2008 
       

 Small Lagoon  

 Nitrate/Nitrite (mg/L) 0.10 0.03 0.03 

 Ammonia (mg/L) 2.9 2.7 0.08 

 Total Kjedhal Nitrogen (mg/L) 47 19 4.6 

 Total Phosphate (mg/L) 69 68 25 

 Large Lagoon 

 Nitrate/Nitrite (mg/L) 0.03 0.03 0.13 

 Ammonia (mg/L) 0.12 0.12 0.52 

 Total Kjedhal Nitrogen (mg/L) 6.9 6.4 8.1 

 Total Phosphate (mg/L) 32 31 44 

       

 

2.2.3 Prior Tree Foliar ŭ
15

N and Percent Nitrogen Sampling 

 Prior tree foliar sampling for both ŭ
15

N signatures and %N occurred during the 

summer of 2007.  A targeted sampling of trees around the lagoons, down-gradient of the 

lagoons, as well as north of the lagoons had areas of more positive 
15
N signatures (6ă to 

12ă) (Figure 11).   More positive 
15

N in foliar tree tissues occurred in areas directly 

surrounding the lagoons mainly concentrated around the small lagoon and several trees 

close to as well as down-gradient to the large lagoon.  Percent nitrogen was analyzed for 

tree foliar samples collected in 2007 finding areas of higher nitrogen, specifically down 

gradient of the large lagoon as well as north of the small lagoon.  Higher percent nitrogen 

values may be contributed to high amounts of debris/litter due to logging activities (Figure 

12). 
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Figure 11.  ŭ

15
N values (ă) for composite foliar samples of individual trees collected in 

September 2007. 

 

 
Figure 12. Percent nitrogen (% N) of individual trees collected in September 2007. 
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2.3  Summary 

 Groundwater was sampled in 2007 as part of a Phase II Environmental Site 

Assessment (ESA) as well as in 2008 by NCSU personnel.  Piedmont Geologic (Phase II 

ESA, 2007) wells were installed at various locations around the site including down-gradient  

of the lagoons and on the waste application field.  Comparisons between nutrient 

concentrations collected in 2007 (GW-4, N-NO3 = 0.15 mg/L; NH3 = 0.25 mg/L) and 2008 

(GW-5, or Well 7, N-NO3 = 2.7 mg/L ± 1.1 mg/L; NH4 = 0.04 mg/L ± 0.02 mg/L, n = 7) 

indicated an increase in nitrate concentrations and a decrease in ammonia concentrations in 

the lagoon side riparian area.  These findings indicate an increase in lagoon seepage due to 

lagoon deterioration or overtopping due to excess precipitation (greatest rainfall event, 

10/2007 ï 12/2008 = 22cm, July 08).   Drainage pathways located directly behind the 

lagoons (from behind the small lagoon, flowing to the east towards the creek) provide surface 

water drainage during heavy rain events.  During lagoon overtopping, waters can flow 

directly down this drainage pathway towards the creek.  Although an increase was observed 

in riparian zone nitrate concentrations, little impact to the nearby creek was found.    

Additionally, a targeted foliar sampling of trees around the lagoons and down-

gradient of the lagoons was conducted in September 2007.   Large trees down-gradient in the 

lagoon side riparian area as well as within close vicinity to the lagoons, especially around the 

small lagoon, had more positive ŭ
15

N isotopic values.  This indicates that trees closer to the 

lagoons or within a direct path of lagoon seepage are using a source of nitrogen that is 

isotopically more positive than trees located further away or not impacted by the lagoons.   
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Chapter 3:  Materials and Methods 

 

3.1 Introduction 

 The goal of this project is to determine if foliar ŭ
15

N values of trees can be used as a 

proxy indicator of nitrogen contamination in groundwater around specific sources such as 

hog lagoons and waste application fields.  To accomplish this, groundwater, soils, and foliar 

tree tissues were collected and analyzed for specific parameters to determine if foliar ŭ
15

N 

isotopic values reflect a particular nitrogen source, in this case, hog waste versus biogenic 

nitrogen.  Groundwater and lagoon surface waters were analyzed for nutrients (NO3 and 

NH4), general parameters (pH, conductivity, and dissolved oxygen), chlorides, ŭ
15

N-NO3, 

and ŭ
15

N-NH4 at times provided in Table 14.  These parameters were used to characterize the 

extent of groundwater contamination by the inactive hog lagoons.  Lagoon sludge was 

collected and analyzed for ŭ
 15

N and %N to determine ŭ
15

N of swine waste source material.    

 Foliar tree tissues around the lagoons and in the waste application field (WAF) were 

collected and analyzed for ŭ
15

N and % N to compare to groundwater nitrate concentrations 

and groundwater 
15

N-NO3 isotopic values.   Foliar tree tissues were collected in June 2009, 

2010, and 2011 and September 2010; prior 2007 foliar tree tissue data were provided by E. 

Nichols for historical context.  In June 2010, trees around the lagoons were first inventoried 

at the site for diameter and height then stratified by biomass before trees were randomly 

selected for foliar collections (n=129).  Tree samples in June 2009 (n=43) and 2011 (n=27) 

were collected by targeted sampling to acquire foliar ŭ
15

N values in areas near to new wells 

and the timbered portions of the forest.  Loblolly pines in the waste application field were 
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Table 14.  Johnson County groundwater sampling parameters from January 2009 to March 2011. 

 Average 

 Depth to Well Water 

 Well Water Elev. Table ŭ
15

N ŭ
15

N 

Well Installation Well Dia. Depth Mean±(SD) Screen Surf. Elev. Sampling NH4 NO3 Cl NO3 NH4 

  (Coordinates) # (cm) (m)  (m) (m) (m) (m) Dates 

Jan. 2010 (DENR) 1 2.0 13 7.3 (0.70) 12-13 82 75 2/26/2010 x x   

Lat.:  35.59669228        4/1/2010 x x  x 

Long.: -78.46150557        6/24/2010 x x x x  

        9/17/2010   x 

        3/18/2011 x x x 

Jan. 2010 (DENR)  2 2.0 10 8.2 (0.30) 7.3-10 78 70 2/26/2010 x x 

Lat.:  35.5973077        4/1/2010 x x 

Long.:  -78.46052743       6/24/2010 x x x x  

        9/17/2010   x 

        3/18/2011 x x x 

Jan. 2010 (DENR) 3 2.0 8.5 7.4 (0.30) 7.0-8.5 76 69 2/26/2010 x x  

Lat.:  35.59780734        4/1/2010 x x  x 

Long.:  -78.46056189       6/24/2010 x x x x  

        8/25/2010 x x 

        9/17/2010   x 

        10/6/2010 x  

        10/19/2010     x 

        3/18/2011 x x x 

Jan. 2010 (DENR) 4 2.0 2.7 1.2 (0.30) 1.2-2.7 73 72 2/26/2010 x x 

Lat.:  35.59807544        4/1/2010 x x  x 

Long.:  -78.46103012       6/24/2010 x x x x           9/17/2010   x 

        3/18/2011 x x x 
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Table 14.  (Continued). 

 Average 

 Depth to Well Water 

 Well Water Elev. Table ŭ
15

N ŭ
15

N 

Well Installation  Well Dia. Depth Mean±(SD) Screen Surf. Elev. Sampling NH4 NO3 Cl NO3 NH4 

  (Coordinates) # (cm) (m)  (m) (m) (m) (m) Dates 

Jan. 2010 (DENR) 5 2.0 13 11 (0.40) 9.8ï13 73 62 2/26/2010 x x 

Lat.:  35.59808843        4/1/2010 x x  x 

Long.:  -78.45967678       6/24/2010 x x x x  

        9/17/2010   x 

        3/18/2011 x x x 

Jan. 2010 (DENR) 6 2.0 7.6 7.3 (0.30) 6.1-7.6 77 69 2/26/2010 x x 

Lat.:  35.59747598        4/1/2010 x x  x 

Long.:  -78.46053923       6/24/2010 x x x x  

        9/17/2010   x 

2007 (NCSU) 7 2.5 1.9 1.6 (0.10) 0.60-1.9 57 56 2/26/2010 x x 

Lat.:  35.59785875        4/1/2010 x x  x 

Long.:  -78.45807270       6/24/2010 x x x x  

        8/25/2010 x x 

        9/17/2010   x 

        3/18/2011 x x x 

Drinking Well  8 - - - - - - 2/26/2010 x x 

Lat.:  35.59673142        4/1/2010 x x  x 

Long.:  -78.46041997       6/24/2010 x x x x  

        9/17/2010   x 

        3/18/2011 x x x 
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Table 14.  (Continued). 

 Average 

 Depth to Well  Water 

 Well Water Elev. Table ŭ
15

N ŭ
15

N 

Well Installation  Well Dia. Depth Mean±(SD) Screen Surf. Elev. Sampling NH4 NO3 Cl NO3 NH4 

  (Coordinates) # (cm) (m)  (m) (m) (m) (m) Dates 

July 2010 (NCSU) 9 2.5 1.2 0.85 (0.40) 0.60-1.2 62 61 8/25/2010 x x x 

Lat.:  35.59810045 

Long.:  -78.45895452       

July 2010 (NCSU) 11 2.5 1.3 0.57 (0.40) 0.60-1.3 58 58 7/30/2010 x x x x  

Lat.:  35.5978440        8/25/2010 x x 

Long.:  -78.45859800       9/17/2010   x 

        3/18/2011 x x x 

July 2010 (NCSU) 12 2.5 1.6 1.1 (0.40) 0.60-1.6 57 56 7/30/2010 x x x x  

Lat.:  35.5979830        8/25/2010 x x 

Long.:  -78.45838700       9/17/2010   x 

        3/18/2011 x x x 

Feb. 2011 (NCSU) 13 2.5 2.4 1.8 1.4-2.4 58 56 3/18/2011 x x x x 

Lat.:  35.5974345        4/18/2011 x x 

Long.:  -78.45835481 

Feb. 2011 (NCSU) 14 2.5 2.6 1.9 2.0-2.6 58 56 3/18/2011 x x x x 

Lat.:  35.5974360        4/18/2011 x x 

Long.:  -78.45828465 

Feb. 2011 (NCSU) 15 2.5 1.2 1.2 0.60-1.2 58 56 3/31/2011 x x x x 

Lat.:  35.5972797 

Long.:  -78.45825001 
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Table 14.  (Continued). 

 

 Average 

 Depth to Well Water 

 Well Water Elev. Table ŭ
15

N ŭ
15

N 

Well Installation  Well Dia. Depth Mean±(SD) Screen Surf. Elev. Sampling NH4 NO3 Cl NO3 NH4 

  (Coordinates) # (cm) (m)  (m) (m) (m) (m) Dates 

Feb. 2011 (NCSU) 16 2.5 2.0 1.2 1.4-2.0 57 56 3/18/2011 x x x x 

Lat.:  35.5975749 

Long.:  -78.45810595 

Seep        2/26/2010 x x 

Lat.:  35.59728285        4/1/2010 x x  x 

Long.:  -78.45853435       6/24/2010 x x x x           9/17/2010   x 

        3/18/2011 x x x x 

        4/18/2011 x x 

Small & Large Lagoons       4/1/2010 x x 

        6/24/2010 x x 

        9/17/2010   x 

        10/11/2010 x 

        10/19/2010     x 

        3/18/2011 x x x 
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collected using a simple random approach. 

Soil samples in the waste application field were collected in March 2011 for nutrient, 

ŭ
15
N, and %N analyses by stratifying the site based on foliar ŭ

15
N values and random 

selection of sampled trees in stratified areas.   Soils from the waste application field (WAF) 

were analyzed for nutrient, ŭ
15

N, and %N to understand relationships between isotopic values 

of soil N, pine N, and groundwater N.  All sampling locations were recorded utilizing a GPS 

(Tremble GeoXT Handheld, Sunnyvale, CA) handheld unit.  ArcGIS 9.3 (ESRI ArcGIS, 

Redlands, CA) was utilized to plot all sampling locations and to produce site maps for data 

display.     

3.2 Sample Collection Container Preparation 

 All containers used for groundwater collection were prepared and cleaned according 

to procedures outlined in the USGS National Field Manual for the Collection of Water-

Quality Data, Chapter A3, Cleaning of Equipment for Water Sampling (Wilde 2004).  To 

briefly summarize, containers were cleaned in the lab prior to field sample collection and 

sealed to avoid contamination.  All glassware and high density polyethylene (HDPE) 

containers were triple rinsed with tap water, scrubbed with phosphate free detergent 

(Liquinox), and triple rinsed again with tap water.   Containers were then dipped in 

hydrochloric acid (provide % HCL) to remove any trace nitrogen.  Containers were then 

triple rinsed with deionized water (Pure Water Solutions, Hillsborough, NC) and allowed to 

air dry.  All containers were covered with aluminum foil to ensure containers remained 

contaminant free and ready for sample collection (Wilde 2004).  
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3.3 Additional Well Installation  at the JC Research Site 

 Groundwater wells 1-6 were installed by NC DENR from December 2009 to January  

2010 (Figure 13).  The holes were augured with a truck mounted GeoProbe and  0.75 inch 

PVC well linings and 5 foot screens were installed in accordance to the NC DENR, DWQ, 

Well Construction Standards (NC DENR ï DWQ, 2009) (Table 14).  Each well was 

 

Figure 13.  Groundwater monitoring wells installed by NC DENR (wells 1-6) during 

December 2009 and January 2010.  Remaining wells, well 7 (2007), wells 9-12 (2010), and 

wells 13-16 (2011), were installed by NCSU.  ñSò refers to a natural seep, and rg1 is a rain 

gauge on site. 
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supplied with a dedicated 200 mL Teflon EcoBailer (Forestry Suppliers, Inc., Jackson, MS) 

with nylon rope.   In July 2010 and February 2011, three one-inch  PVC wells with 5 foot 

screens (wells 9, 11, 12) and four one-inch  PVC wells with 5 foot screens (wells 13 ï 16),  

respectively, were installed by NCSU using Construction Standards, NC DENR (NC DENR,  

DWQ, 2009) (Figure 13 and Table 14).  Dedicated 200 ml Teflon Ecobailer (Forestry 

Suppliers, Inc., Jackson, MS) with nylon rope were supplied for each well and used for 

sampling.  Wells were developed by repeated purging of three well volumes over several 

days or weeks.     

3.4 Groundwater Collection  

 Groundwater and surface waters were sampled from February 2010 through March 

2011 as shown previously in Table 14.  Groundwater wells were purged prior to sampling in 

accordance with the USGS, National Field Manual for the Collection of Water-Quality Data, 

Chapter A4, Collection of Water Samples (USGS, 2006).  To briefly summarize, water levels 

were first recorded using a Keck 100 ft water level meter (Geotech Environmental 

Equipment Inc., Denver, CO).   Based on water levels, three well volumes were removed 

prior to sampling using the dedicated bailer at each well by using the equation: 

V (3) = (0.0408*H*D² )*3 

where V(3) = 3 purge volumes (gal), H = height of the water column (ft), and D = inside 

diameter of the well (inches) (USGS, 2006).   

3.4.1 General Water Quality Parameters  

 General water quality parameters, including pH, dissolved oxygen, specific 

conductivity and temperature, were recorded for each well and lagoon according to methods  
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set forth in the USGS National Field Manual for the Collection of Water-Quality Data 

(USGS, 2006).  The sampling equipment was calibrated in the laboratory prior to field 

collection of groundwater and periodically checked with known check standards in the field.   

The measurement of specific conductivity, dissolved oxygen, and temperature was collected 

utilizing the YSI Model 85 (YSI, Yellow Springs, OH).  In addition, pH was measured 

during the collection of groundwater samples utilizing a Hach Sension 1 portable meter 

(Hach, Loveland, CO).     

3.4.2 Chloride Sampling 

 Chloride concentrations were quantified for groundwater and surface water by using a 

Hach Digital Titrator Model 16900 titration method (Hach, 2006) (Hach, Loveland, CO).  

Samples were collected in pre-cleaned 250 ml HDPE bottles, transported on ice, and stored at 

4º C prior to analysis within 7 days. .  In order to analyze each sample, an estimated range of 

chloride concentration is required to select the correct sample volume to analyze.  Swine 

lagoons and groundwater contaminated with lagoon effluent usually contain chloride 

concentrations from 54 to 153 mg/L for lagoons and 15 to 124 mg/L for groundwater wells 

(Karr et al., 2001; Israel et al., 2005).  This range of chloride concentrations requires sample 

volumes between 40 and 100ml.    

3.4.3 Nutrient Sampling 

 Nutrient concentrations (NO2/NO3 and NH4) were determined for groundwater and 

surface waters using discrete grab samples.  Each water sample was preserved with seven 

drops of 50% H2SO4 to achieve a pH of less than 2.0, kept cool at 4° C or below, and 

analyzed for ammonium (NH4) and nitrate + nitrite (NO3 + NO2) at CAAE within 28 days of  
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collection.  Analysis was performed on a Bran and Luebbe QuAAtro Segmented Flow 

Analyzer (Bran + Luebbe Inc., Delavan, WI) following Standard Methods and EPA methods.  

Analysis of nitrate + nitrite followed the Standard Method 4500NO3F, EPA Method 353.2,  

by means of Automated Cadmium Reduction.  Analysis of ammonia nitrogen followed the  

Standard Method 4500NH3H, EPA Method 350.1, by means of Automated Phenate.   Sample 

analysis occurred within the max 28-day holding time allowed by the Environmental 

Protection Agency (EPA).   

3.4.4  ŭ
15

N-NO3 Isotopic Analysis of Groundwater and Surface Water 

 Ground water and lagoon surface water samples were collected and analyzed for ŭ
15

N 

-NO3 values.  The volume of sample required for each 
15

N analysis was based on prior 

nutrient concentrations of nitrate for that sample.  Samples were collected in clean 1- 2.5 liter 

HDPE containers, kept cool at 4°C, and frozen until analysis.   

Nitrate extraction from groundwater followed procedures in Silva et al. (2000).   To 

summarize, collected water samples were first filtered through a Whatman 934-AH glass 

micro-filter by vacuum (Gast ï Model #:  DOA-P704-AA, Benton Harbor, MI) to remove 

particulates.  The sample was then transferred into a 1 liter glass separatory funnel attached 

to a Bio-Rad (Hercules, CA) plastic column filled with an anion exchange resin (Bio-Rad ï 

AG 1-X8, Chloride Form, 100-200 mesh).   A flow rate of 500 to 1000 ml/hour was 

established to ensure complete absorption of nitrate.  The flow rate was calculated to be 

approximately 9-16 ml/min and determined by running deionized water through the column, 

under vacuum, for 1 minute and measuring the amount of liquid that passed through.  The 

stop cock on the separatory funnel was then adjusted to ensure total volume for 1 minute of  
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flow fell in the range between 9-16 ml. 

    In order to remove the nitrate from the anion exchange column, 15ml of a 3M HCl 

solution was used to rinse the column in 5 ml increments resulting in a solution of HNO3 and 

HCl.  The addition of AgO caused the pH to increase to 6.0 as HNO3 reacted to form AgNO3 

and AgCl(s); the AgCl(s) precipitate was removed (Silva et al., 2000).  The solution of AgNO3 

+ H2O was frozen and freeze dried resulting in a solid precipitate for isotopic analysis of 

ŭ
15

N-NO3.  Samples (0.5 ï 6.0 mg) were tarred using a micro-balance (Mettler Toledo ï 

MX5, Columbus, OH), in silver capsules (Costech ï 041066, Valencia, CA) with an 

additional 2 mg of reagent grade sucrose to ensure complete combustion, and then sealed.  

Sample weights were determined by calculating the total amount of nitrogen in the sample 

and ensuring that 20 ï 150 µg N, minimum, was present.  Samples were analyzed at one of 

three isotope facilities listed in Table 15 below.  

Table 15.  Facilities and instruments that were used for Stable Isotope Analyses. 

Isotope Lab   EA     IRMS 

NCSU    Thermo ï Flash 1112 Series  Thermo ï Delta V Plus 

UC Davis   PDZ-Europa ANCA-GSL  PDZ-Europa 20-20 

Cornell University  Thermo-TC/EA   Thermo ï Delta V  

Advantage 

 

3.4.5  ŭ
15

N-NH4 Isotopic Analysis of Groundwater and Surface Water 

 The ŭ
15

N-NH4 isotopic values of groundwater and surface waters were determined by 

using an adopted method from Lehmann et al. (2001).  Samples were collected in clean, 

HDPE containers, placed on ice for transport and cooled to 4°C or lower.  Samples were 

processed within 6 hours of collection to minimize ammonia loss.  Lagoon waters and  
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groundwater were pre-filtered through a Whatman #1 glass microfiber filter under vacuum 

(GAST ï DOA-P704-AA) and processed through an initial anion exchange resin (Bio-Rad ï 

AG 1-X8, Chloride form converted to OH
-
 form, 100 ï 200 mesh, Hercules, CA) and finally 

through a cation exchange resin (Bio-Rad ï AG 50W ï X8, Hydrogen form, 100 ï 200 mesh, 

Hercules, CA).  The initial anion exchange resin removes dissolved organic nitrogen (DON)  

which may interfere with the absorption of ammonium onto the cation exchange column.  

The cation exchange resin is then oven dried at 50°C for 24 hours, and ground until well 

homogenized.  Approximately 10 ï 15 mg of resin was tarred in a tin capsule by 

microbalance (Mettler Toledo ï MX5, Columbus, OH) and submitted to Cornell Isotope 

Laboratory (Ithaca, NY) for analysis. 

3.5   Lagoon Sludge  

 Lagoon sludge was collected to quantify the ŭ
15

N-N isotopic signature of the lagoon 

solids.  Sludge samples were collected according to modified methods found in Moore et al., 

(2005).  Using a clean sampling pitcher on an extension pole, sludge was collected from 

several spots around the edge of the lagoon and composited into a 2.5 L HDPE container, 

homogenized, and sealed.  The sample was placed on ice for transport and frozen for storage.  

The sample was then freeze-dried, homogenized, crushed by mortar and pestle, and prepped 

for isotope analysis.  Approximately 5 ï 7 mg of dried lagoon sludge was tarred into tin 

capsules using a microbalance (Mettler Toledo ï MX5, Columbus, OH) and submitted to 

Cornell Isotope Laboratory (Ithaca, NY) for analysis.      

3.6  Foliar Sampling of Trees at Johnston County 

 Foliar sampling occurred between 2009 and 2011.  Foliar samples were collected by  
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generating a composite sample small and large leaves around the circumference of the tree at 

a height of approximately six feet.  The number of leafs collected ranged from 12 ï 14 leaves 

per sample.  High foliar samples were collected with a 40 foot cutter on an extension post.  

All samples were collected wearing latex free rubber gloves and placed in 20 ml glass 

scintillation vials, marked, and frozen for storage.   

The most prevalent species on site are evergreens (Pinus taeda) and deciduous  

(Liquidambar styraciflua, Quercus alba, Quercus rubra, Quercus nigra) trees.   In June of 

2009, a targeted sampling event focused on selected trees that had a diameter breast height 

(DBH) of ten inches or greater on the periphery of the lagoons.  Foliar samplings included 

high and low grab sampling to determine if height mattered for the analysis of ŭ
15

N-N.  

Approximately 4 ï 6 mg of freeze dried leaf material was tarred into tin capsules (Costech, 

Valencia, CA) utilizing the microbalance (Toledo ï MX5, Columbus, OH) and analyzed at 

the North Carolina State University Isotope Laboratory.   

In June-July 2010, a full tree inventory was completed of all trees on the lagoon acre 

property (5 acres) and in the riparian zone.  Tree species, diameter breast height (DBH), and 

height were recorded, and each tree globally positioned.  Utilizing the DBH (m) and height 

data (m), the biomass (m³) of each tree was calculated using the equation (Denny and 

Siccama, 2001): 

 Biomass = ˊ*((DBH/2)Į)*Height  

Using biomass data, the tree population was stratified between large trees ( Ó 1.9 mį) 

and small trees (< 1.9 m³).  Large and small trees were randomly selected in each strata for 

foliar sampling using GIS.   Foliar samples of selected large and small trees were collected  



59 
 

between June and August 2010.  Of the 73 large trees, 60 were selected and sampled at 

variable distances from the waste application field and lagoons.  Of the 316 small trees, 69 

were randomly selected for foliar collection.   

In October 2010, needles were collected from loblolly pine trees planted on the waste 

application field in 2007 by NCSU.   A simple random sample approach was used to collect 

composite needles from six different locations of each tree.  A total of 91 trees were sampled 

from a total population of 2,647 four year old pines.  Needles were stored in 20 mL glass 

scintillation vials, freeze dried, and homogenized by using a small pair of clean stainless steel 

scissors to produce a fine mixture.  Approximately 4-6 mg was tarred into tin capsules 

(Costech, Valencia, CA) utilizing a microbalance (Toledo ï MX5, Columbus, OH) and 

submitted to UC Davis Isotope Facility (Davis, California) for N Isotope analysis.   

In October of 2010 and June 2011, foliar samples were collected from accessible trees 

(n = 10) in the vicinity of well 12 and in the riparian zone near wells 13-16 on both sides of 

the creek (n=10).  In June 2011, foliar samples were also collected from remaining trees in 

the timbered portion of the site between the waste application field and stream (n=14).  These 

targeted collections were completed to quantify isotopic values of trees that were near newly 

installed wells and trees that were on the other side of the creek and thus, hydrologically 

separated from groundwater influenced by lagoon seepage.  Approximately 4 ï 6 mg of 

freeze dried leaf material was tarred into tin capsules (Costech, Valencia, CA) utilizing the 

microbalance (Toledo ï MX5, Columbus, OH) and submitted to Cornell Isotope Laboratory 

for N isotopic analysis. 
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3.7  Soil Sampling of Waste Application Field 

 In March 2011, soil samples were collected in the waste application field to quantify 

soil TKN, N-NO3, and ŭ
15

N isotopic values.  Soils were collected according to approved EPA 

protocols (Mason B., 1992).    A 2ò manual auger was used to drill holes to approximately 

0.15 to 0.30 meters to collect soil from the bottom most part of the hole.  Sampling 

equipment was washed with Liquinox, rinsed with DI water and finally with acetone in 

between cores.   The samples were placed in a cooler for transport and frozen for storage.  

Samples were quartered in the field to homogenize and split between a 20 mL vial (10-20 g) 

for ŭ
15

N as well as %N analysis and a ziplock bag (200-300 g) for nutrient analysis (TKN 

and N-NO3).  Soil samples in the 20 mL vials were freeze-dried, homogenized, and crushed 

in a mortar and pestle for isotopic analysis.  Approximately 80 mg of prepped soil was tarred 

into tin capsules (Costech, Valencia, CA) using a microbalance (Toledo ï MX5, Columbus, 

OH) and submitted to Cornell Isotope Laboratory for ŭ
15

N and %N analysis.   Samples in the 

ziplock bags were submitted to NCSU Weaver Labs for TKN and N-NO3 analysis. 

3.8 Quality Assurance/ Quality Control 

 NCDENR required that a quality assurance project plan be prepared and approved 

prior to any field work.  The quality assurance project plan was approved by NCDENR in 

July 2009.  The QAPP focused on sampling methods (probabilistic versus targeted) for 

sample collection, what method would be used for collecting different types of samples (such 

as foliar versus ground water), how samples would be handled and processed to ensure 

representative samples from the sampled population, what standard methods would be used 

for sample analysis, calibration and maintenance of equipment, and how analytical data  
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would be maintained and evaluated for quality control.  For each parameter described below, 

field blanks, field duplicates, analytical duplicates, method blanks, and reference standards 

were used to demonstrate field sampling precision, analytical precision, accuracy and 

precision of equipment, and good field and laboratory practice to avoid cross-contamination 

of samples.   

To determine precision and accuracy, I used relative percent deviation and percent 

error, respectively.  Precision and accuracy were expected to be less than 10% to ensure 

quality control.  The equation for relative percent deviation is: 

RPD = |[((x1 ï x2)/((x1 + x2)/2))]| * 100 

The equation for percent error is: 

% Error = [|(Experimental ï Theoretical)|/Theoretical] * 100 

There was only one deviation from the use of RPD and Percent Error in quality control.  

Stable isotope data is not amenable to RPD and % Error for evaluating precision and 

accuracy.  Precision and accuracy were determined by calculating the per mil difference of 

two samples, whether field duplicates or reference standards.  The per mil difference was 

expected to be less than or equal to the per difference of the instrument precision.   

3.8.1  Groundwater Sampling (QAQC) 

 For each groundwater sampling event, I randomly selected 1 or 2 wells for duplicate 

ground water collection for a minimum percent field duplication of 10% of all wells sampled.  

A field blank was not collected because each well has a dedicated bailer which helped to 

reduce chances of cross-contamination.  Equipment that was utilized for sampling more than 

one well (water level meter, testing equipment, etc.) was subjected to a rinsate blank and 
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analyzed along with other samples.  The following sections describe QAQC efforts for 

specific parameters that were determined either in the field or laboratory.   

3.8.2  QAQC for Ground Water and Lagoon Water pH,  DO, and Specific Conductivity 

 All equipment was calibrated in the laboratory prior to field sample collection 

according to the USGS National Field Manual for the Collection of Water-Quality Data 

(USGS, 2006).  Known standards were used to check equipment calibration in the laboratory 

and later periodically checked in the field to evaluate instrument accuracy and precision over 

time.  The equipment was recalibrated if the percent error was greater than 10%.  RPD ± one 

standard deviation for pre-field and field check reference standard calibration were as 

follows: pH = 0.43% ± 0.03%, n = 9; Conductivity = 2.54% ± 2.64%, n = 9; and Dissolved 

Oxygen = 1.66% ± 0.73%, n = 5).   

3.8.3  Chloride Sampling (QAQC) 

    Collection of water samples for chloride analysis followed USGS methods for 

ground water collection and guidance from Hach for proper preservation and analysis of 

water samples for chloride.  Chloride samples were analyzed at NCSU by myself and an ET 

undergraduate researcher.  Equipment was properly calibrated according to the instrument 

manual. An accuracy check was performed every 10 samples.   The mean percent error was 

103% ± 3.34% (n = 10).   The mean RPD of field duplicates was 2.10% ± 0.9% (n = 5); the 

mean RPD of analytical duplicates was 7.45% ± 3.75% (n = 9).  In addition to field and 

analytical duplicates, field blanks were collected and analyzed along with the rest of the 

samples to rule out cross contamination (mean blank [Cl] = 0.20 mg/L ± 0.08 mg/L, n = 3).  

Lab blanks were analyzed to rule out cross contamination from lab equipment and to  
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determine zero for the pipette before beginning analysis.   

3.8.4  Nutrient Sampling (QAQC) 

 Collection of nutrient samples (NO2/NO3 and NH4) followed the USGS methods for 

ground water and surface water sampling.  Field duplicates and field blanks were collected 

for QA/QC purposes and analyzed at NCSU-CAAE.  A mean RPD of field duplicates was 

calculated for both nitrate (2.60 % ± 3.59 %, n = 10) and ammonium (9.12 % ± 6.92 %, n = 

6).  Field blanks were also collected during each sampling session with an average nitrate 

concentration of 0.004 mg/L ± 0.005 mg/L, n = 7, and ammonium concentration of 0.016 

mg/L ± 0.009 mg/L, n = 7.  

3.8.5  ŭ
15

N-NO3 Isotopic Analysis of Groundwater and Surface Water (QAQC) 

I used known concentrations of KNO3 to check the proficiency of the anion exchange 

column for nitrate extraction.  Known volumes of KNO3 standards, KNO3 (NO3-N of 0.2, 10, 

25 mg/L) were filtered through the anion exchange column.  Nitrate was then extracted from 

the column, and the supernatants containing nitrate were submitted to CAAE for 

determination of nitrate concentrations.  The mean percent recovery was 106.8% ± 0.15% (n 

= 3) with four outliers.  Two of the samples submitted (0.2 mg NO3/L) for analysis at CAAE 

yielded very low percent recoveries most likely due to the low concentration of nitrate 

absorbed onto the anion exchange resin.  According to the literature, nitrate concentrations 

found in groundwater around hog waste lagoons and WAFôs are expected to be in the range 

of 8.7 to 70.1 mg/L (Karr et al., 2002; Stone et al., 1998).  Since the lower end of standard 

range was well below expected values, these samples were not re-analyzed and another 

extraction efficiency test was conducted.    
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Another set of KNO3 standards (NO3-N of 0.2, 1.0, 10.0, and 25.0 mg/L) were 

prepared to test the proficiency of the exchange columns for the analysis of 
15

N-NO3.  Nitrate 

concentrations were used to calculate the amount of NO3-N present in the sample; at least 

200 µg-N is required for a proper 
15

N analysis.  The same procedure was followed to absorb 

nitrate onto the columns and then eluted, freeze dried, and prepped for isotope analysis.   

Samples were analyzed at the NCSU Isotope Laboratory finding an average percent recovery 

of 92.9% ± 7.13% (n = 6).  Table 16 below lists the QAQC results for all 
15

N groundwater 

sampling events categorized for specific isotope laboratories.   

3.8.6  ŭ
15

N-NH4 Isotopic Analysis of Groundwater and Surface Water (QAQC) 

 Quality assurance procedures included method recovery using known concentrations 

of ammonia chloride.  Since the 
15

N-NH4 isotopic signature was not known for the 

ammonium chloride solution, three different concentrations (0.7, 3.5, 20 mg/L) were 

analyzed.  Duplicate samples for each QAQC sample were processed with an average RPD 

of 11.1% ± 5.2% (n = 2) with one outlier.  A field duplicate was collected for the composite 

sample of the JC lagoons finding a RPD of 0.97 % for 
15

N and 15.4 % for percent nitrogen.     

3.8.7  Foliar Sampling (QAQC) 

 Foliar samples were analyzed at several different isotope labs listed in Table 15. Field 

duplicates, analytical duplicates, and known standards were analyzed along with sample 

analysis for quality assurance purposes (Table 16).  Mean foliar field duplicate RPD for all 

isotope laboratories averaged 7.10 % Ñ 4.26 % (n = 28) for ŭ
15

N and 6.60 % ± 1.14% (n = 

28) for percent nitrogen.  Per mil differences between foliar field duplicates averaged 0.21 ă 

Ñ 0.05 ă (n = 26).  Mean analytical duplicates for all isotope laboratories averaged 11.3 % ±  
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9.8 % (n = 4) for ŭ
15

N and 5.80 % ± 5.06 % (n = 4) for percent nitrogen.  Table 16 provides 

for all mean, RPD, permil differences and sample error calculations for QAQC.  Foliar 

samples were analyzed on an Elemental Analyzer coupled with an Isotope Ratio Mass 

Spectrometer.  Known standards were used to calculate a calibration curve to encompass 

expected percent nitrogen and 
15

N isotopic values.    

 Lab standards were analyzed as unknowns during sample processing for QAQC 

purposes.   An IAEA ŭ
15

N standard (0.4ă Ñ 0.2ă) was included with samples as an 

unknown to check for equipment precision and accuracy.  The mean ŭ
15

N value was 0.44ă Ñ 

0.10ă and mean precision or RPD was 21% Ñ 10% for n = 6.  Additionally, a NIST apple 

leave standard with a %N of 2.31 was included to ensure %N accuracy and precision with 

mean accuracy of 2.16% ± 0.07% for n = 39.   
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Table 16.  QAQC calculations for all isotopic data processed at Cornell, UC Davis, or NCSU Isotope Labs. 

Total 

Samples 

Analyzed n Sample Type 

% 

Freq 

Known 

Value Mean (SD) 

Mean % 

Error 

(SD) 

Highest 

% 

Error  

Mean 

RPD 

(SD) 

Std
a
 

Error  

Mean Diff 

(SD) 

Highest  

Diff.  

Cornell Isotope Lab, Ithaca, NY                   

15
N (ă) 

           
138 28 Lab Std. BCBG, 

15
N 20 0.58 0.59 (0.15) 18 (18) 74 - 3.4 0.11 (0.10) 0.43 

138 8 Lab Std. Rice, 
15

N 5.8 1 1.0 (0.08) 5.5 (4.7) 16 - 1.7 0.06 (0.05) 0.16 

138 4 IAEA NCSU Std., 
15

N 2.9 0.4 0.46 (0.11) 23 (16) 40 - 8.2 0.09 (0.07) 0.16 

7 1 Groundwater Std., KNO3, 
15

N 14.2 66.1 65 1.65 - - - 1.09 - 

92 6 Foliar, Apple Leaves, 
15

N 6.5 - 0.66 (0.06) - - - 0.02 - - 

119 7 Foliar Field DUP, 
15

N 6.7 - - - - 6.5 (4.3) 2.5 0.18 (0.18) 0.38 

2 2 Groundwater, FD, 
15

N-NH4 100 - - - - 3.2 (3.1) 2.2 0.78 (0.76) 1.3 

7 1 Groundwater, FD, 
15

N-NO3 14 - - - - 0.22 - 0.03 - 

40 4 Soil, FD, 
15

N 10 - - - - 3.6 (2.0) 4 0.29 (0.11) 0.42 

40 4 Soil, AD, 
15

N 10 - - - - 3.9 (4.3) 2.2 0.28 (0.25) 0.63 

%N 

           138 28 Lab Std. BCBG, %N 20 3.4 3.4 (0.08) 1.7 (1.5) - - 0.003 - - 

7 1 Groundwater Std., KNO3, %N 14 2.9 3.4 15 - - - 0.45 - 

92 6 Foliar, Apple Leaves, %N 6.5 2.3 2.2 (0.04) 5.7 (1.9) 9.1 - 0.76 0.13 (0.04) 0.21 

119 7 Foliar Field DUP, %N 6.7 - - - - 8.7 (3.4) 2 0.16 (0.04) 0.17 

7 1 Groundwater, FD, NO3-%N 14 - - - - 2.1 - 0.02 - 

2 2 Groundwater, FD, NH4-%N 100 - - - - 18 (4.3) - 0.05 (0.02) - 

40 4 Soil, FD, %N 10 - - - - 12 (8.1) 4 0.01 (0.01) 0.02 

40 4 Soil, AD, %N 10 - - - - 11 (11) 5.5 0.01 (0.01) 0.02 
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Table 16.  (Continued) 

Total 

Samples 

Analyzed n Sample Type 

% 

Freq 

Known 

Value Mean (SD) 

Mean % 

Error (SD)  

Highest 

% Error  

Mean 

RPD 

(SD) 

Std
a
 

Error  

Mean Diff 

(SD) 

Highest  

Diff.  

UC Davis Isotope Lab, Davis, CA 

         15
N (ă) 

           
146 39 Lab Std. Nylon, 

15
N 27 -9.8 -9.8 (0.20) 1.5 (1.1) 4.8 - 0.18 0.14 (0.11) 0.47 

135 11 Lab Std., Glutamic Acid, 
15

N 8.1 -4.3 -4.8 (0.89) 14 (20) 67 - 6.2 0.58 (0.83) 2.9 

92 4 Lab Std., Glutamic Acid En., 
15

N 4.3 45 45 (0.06) 0.10 (0.04) 0.14 - 0.02 0.05 (0.02) 0.06 

92 2 Peach Leaves, 
15

N 2.1 2 2.1 (0.04) 7.1 (2.1) 8.5 - 1.5 0.14 (0.04) 0.17 

92 2 Bovine Liver, 
15

N 2.1 7.7 7.8 (0.01) 0.36 (0.18) 0.49 - 0.13 0.03 (0.01) 0.04 

92 1 IAEA NCSU Std., 
15

N 1.1 0.40 1.1 162 - - - - - 

81 11 Foliar, Apple Leaves, 
15

N 14 - 0.42 (0.11) - - - 0.03 - - 

173 15 Foliar Field DUP, 
15

N 8.7 - - - - 2.6 (1.7) 0.96 0.17 (0.11) 0.68 

43 2 Foliar Analytical DUP, 
15

N 4.7 - - - - 18 (24) 17 0.21 (0.12) 0.29 

%N 

           135 5 Lab Std., Glutamic Acid, % N 3.7 9.5 9.4 (0.16) 1.9 (1.6) 4.1 - 0.74 0.18 (0.16) 0.39 

92 2 Peach Leaves., %N 2.1 2.9 2.9 (0.05) 2.0 (1.8) 3.2 - 1.2 0.06 (0.05) 0.09 

173 15 Foliar Field DUP, %N 8.7 - - - - 5.6 (4.6) 2.7 0.10 (0.08) 0.37 

43 2 Foliar Analytical DUP, %N 4.7 - - - - 9.4 (7.1) 5 0.26 (0.25) 0.44 

81 11 Foliar, Apple Leaves, %N 14 2.3 2.2 (0.11) 4.9 (4.6) - - 1.5 0.11 (0.11) 0.62 

NCSU Isotope Lab (MEAS), Raleigh, NC 

         15
N (ă) 

           
145 37 Lab Std., Acetanilide 10, 

15
N 26 1.3 1.3 (0.15) 8.3 (8.8) 39 - 1.4 0.11 (0.11) 0.5 

33 12 Lab Std., Acetanilide 9, 
15

N 36 1.8 1.8 (0.13) 5.8 (4.9) 17 - 1.4 0.10 (0.09) 0.31 
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Table 16.  (Continued) 

Total 

Samples 

Analyzed n Sample Type 

% 

Freq. 

Known 

Value Mean (SD) 

Mean % 

Error (SD)  

Highest 

% 

Error  

Mean 

RPD 

(SD) 

Standard
a
 

Error  

Mean Diff 

(SD) 

Highest  

Diff.  

NCSU Isotope Lab (MEA), Raleigh, NC  
15
N (ă) 

         
73 18 Lab Std., Acetanilide 11, 

15
N 25 1.6 1.6 (0.11) 4.6 (5.2) 20 - 1.2 0.07 (0.08) 0.32 

17 2 IAEA NCSU Std., 
15

N 12 0.4 0.42 (0.13) 23 (7.1) 28 - 5 0.09 (0.03) 0.11 

34 6 Groundwater, Std., KNO3, 
15

N 18 66 66 (0.37) 0.56 (0.31) 1.1 - 0.12 0.37 (0.20) 0.69 

145 14 Foliar, Apple Leaves, 
15

N 9.6 - 0.33 (0.22) - - - 0.06 - - 

42 2 Foliar Analytical DUP, 
15

N 4.8 - - - - 4.3 (3.0) 2.1 0.08 (0.01) 0.08 

97 7 Foliar Field DUP, 
15

N 7.2 - - - - 11 (17) 6.4 0.26 (0.45) 1.3 

18 2 Groundwater, AD, 
15

N 11 - - - - 

0.66 

(0.38) 0.27 0.16 (0.15) 0.26 

34 4 Groundwater, Field DUP,
 15

N 12 - - - - 6.8 (9.2) 4.6 0.93 (1.4) 3 

%N 

           145 37 Lab Std., Acetanilide 10, %N 26 10 11 (0.25) 1.9 (2.0) 8.1 - 0.32 0.19 (0.20) 0.84 

33 12 Lab Std., Acetanilide 9, %N 36 10 10 (0.14) 1.3 (0.96) 3 - 0.28 0.13 (0.10) 0.31 

73 18 Lab Std., Acetanilide 11, %N 24 10 11 (0.45) 2.6 (3.8) 15 - 0.9 0.27 (0.40) 1.5 

34 6 

Groundwater, Std., KNO3, 

%N 18 2.9 2.7 (0.50) 15 (10) 33 - 4.2 0.43 (0.30) 0.97 

200 22 Foliar, Apple Leaves, %N 11 2.3 2.1 (0.04) 7.6 (1.9) 13 - 0.4 0.17 (0.04) 0.29 

42 2 Foliar Analytical DUP, %N 4.8 - - - - 2.2 (1.3) 0.88 0.04 (0) 0.04 

97 7 Foliar Field DUP, %N 7.2 - - - - 7.9 (8.2) 3.1 0.18 (0.16) 0.47 

18 2 Groundwater, AD, %N 11 - - - - 17 (14) 10 0.18 (0.22) 0.34 

34 4 Groundwater, Field DUP, %N 12 - - - - 16 (13) 6.4 0.14 (0.12) 0.3 

Note:  
a 
- Standard Error pertains to either Mean % Error (SD) or Mean RPD (SD)-whichever is displayed  
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3.8.8  Soil Sampling (QAQC) 

 Soil samples were analyzed for TKN and nitrates at the Environmental Analysis 

Laboratory (Weaver Labs, NCSU) as well as 
15

N isotopes at the Cornell Isotope Laboratory 

in Ithaca NY.  Field duplicates were collected and analyzed for QAQC purposes with a mean 

RPD of 7.49 % ± 4.60 % (n = 3) for TKN, 9.67 % ± 4.65% (n = 4) for nitrate, 15.6 % ± 1.99 

% (n = 4) for percent nitrogen, and 5.84 % Ñ 4.06 % (n = 4) for ŭ
15

N.   Analytical duplicates 

were processed and analyzed for the ŭ
15

N isotope samples sent to Cornell with a mean RPD 

of 11.1 % ± 10.9 % (n = 4) for percent nitrogen and 3.87 % Ñ 4.29 % (n = 4) for ŭ
15

N.   As an 

additional QAQC check, two IAEA standards (0.4 ă Ñ 0.2 ă) were sent for analysis (0.23 

ă, RPD = 54%; 0.32ă, RPD = 22%).    

3.9.  Statistical and Spatial Analysis 

 Non-parametric statistical tests were used to analyze between wells and for each well 

due to seasonal/temperature changes as well as biological or chemical alterations of 

parameters in groundwater.  Non-parametric tests were used because data were not normally 

distributed.  All statistical analysis was performed utilizing SAS software (SAS Institute Inc., 

Cary,  NC) including SAS JMP and SAS Enterprise.  A Kruskal Wallis test was used to 

examine differences between three or more wells.  Analysis of individual wells on the waste 

application field and wells located in the lagoon side riparian utilized Mann-Whitney non-

parametric (2 wells) tests to determine if parameters differed over time.   In order to 

determine if nutrient concentrations were different due to seasonal changes, a Freidmanôs test 

was utilized on wells located on the waste application field.   Parametric tests were used on 

foliar data that was found to be normal; a one-way ANOVA was used to determine if  
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biomass, %N, and ŭ
15

N values differed between large and small trees. 

 Simple linear regressions and Pearson correlation coefficients were used to describe  

relationships between parameters, such as % N and ŭ
15

N of pine needles.  Log 

transformations were conducted on some the data before regression analysis.   Basic 

statistical analysis including mean, standard deviation, relative percent difference, standard 

error, and percent recovery was performed for QAQC reporting.   

 A spatial kriging statistical analysis was performed on tree foliage 
15

N isotopic values 

and percent nitrogen data collected in 2010 for both large and small tree populations.  

Prediction standard error maps were also produced to show areas of high predictive error to 

low predictive error indicating the strength of the kriging analysis.  All foliage data (ŭ
15

N and 

percent nitrogen) utilized ordinary kriging interpolation methods to produce prediction maps.  

The model equation is: 

Z(s) = Õ + ɏ (s) 

where (µ) is the constant stationary function (global mean) and (ɏ (s)) is the spatially 

correlated stochastic part of variation (variability in the data ï caused by natural spatial 

variation and inherent noise due to measurement error) (Hengl, 2007).  Predictions were 

made utilizing the equation: 

OK (so) =  ɚ
T

O * z 

where OK (So) is the spatially predicted variable pertaining to ordinary kriging at a new 

location (So), ɚ
T

O is the vector of kriging weights (wi ) (weight assigned by a weighting 

function to ensure an unbiased interpolator), and z is the vector of n observations at primary 

locations (Hengl, 2007).   Spatial variation was determined and modeled utilizing SAS  
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software (SAS Institute Inc.) to estimate variogram parameters (partial sill, range, and 

nugget) of an exponential variogram model.  A combination SAS (SAS Institute Inc., Cary, 

NC) and GIS (ESRI, Redlands, CA), ArcGIS 9, Geostatistical Analyst was used to produce 

the Kriged maps and supporting predictive error maps.   

 Groundwater parameters could not use Kriging methods due to the limited number of 

sampling points.  Groundwater nitrate (N-NO3), chloride, and ŭ
15

N-NO3 were modeled using 

Inverse Distance Weighting (IDW) due to its simple interpolation methods.  ArcGIS, 

Geostatistical Analyst package (ESRI, Redlands, CA), was used for interpolation.  The 

general equation for IDW is: 

Ὓέ  ‗ὭὛέz ὤὛὭ 

where (S0) is the value that is being predicted at location S0, n is the number of measured 

sample points surrounding the prediction location, ɚi are the weights assigned to each 

measured point (decreases with distance), and Z(Si) is the observed predictive value at 

location Si (Johnston et al., 2001).  In order to determine the weights for measured points, the 

inverse distances from all points to the new point follows the equation: 

‗Ὓέ
ȟ

В ρȾὨ‍ὛέȟὛὭ
Ƞ ‍ ρ 

where d (So, Si) is the distance between the new point to a known sampled point and ɓ is a 

coefficient that is used to adjust weights.  The higher the coefficient ɓ, the less importance 

wil l be put on distant points.  This allows points which are close to each other to have large 

weights and points that are further away from each other to have small weights (Hengl, 

2007).   
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Chapter 4:  Results 

 

Evaluation of how well foliar ŭ
15

N isotope values reflect subsurface swine N 

contamination requires actual characterization of soil and groundwater at the site.  Chemical 

analyses of soil, groundwater, and lagoon waters were used to establish the extent of swine N 

waste contamination.  In situ measurements, chloride and nutrient analyses, groundwater 

elevation levels, and d
15

N isotope values of nitrate were used to evaluate the presence of 

swine waste in groundwater.  Soil nutrient and d
15

N isotope analyses at the waste application 

field were used to delineate areas of greater swine N deposition by spray application and 

thus, residual hot spots of swine N in soil.   

4.0 Groundwater Flow Direction  

 Groundwater flow direction was determined by finding the gradient of the 

potentiometric surface from groundwater elevation data (Appendix B, Appendix D).  

Groundwater flows from the west southwest to the east northeast as shown in Figure 14. 

   

Figure 14.  Groundwater flow direction for site (calculations - Appendix D).   
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Directional flow varies slightly on the waste application field (wells 1, 4, and 5).  These flow 

directions help predict which wells will likely contain swine N from the waste application 

field or lagoon seepage. 

4.1 In -Situ Measurements of Groundwater and Lagoons 

pH. In situ measurements of pH showed the least spatial and temporal variability among 

water quality parameters (Figure 15).  The pH of lagoon surface waters was consistently 

higher than groundwater samples which is expected for static water bodies containing aquatic 

vegetation and algae (Stumm and Morgan, 1995).  When nitrification occurs, groundwater 

pH will decrease due to the production of hydronium ions in the formation of nitrate (Stumm 

and Morgan, 1988; Paul and Clark, 1989; Kendall and McDonnell, 1998) .  Lower pH values  

 
Figure 15.  Observed pH in lagoons, natural seep, and groundwater waters between April 

2010ï2011.  The order of wells is presented based on spatial locality. 
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were observed in groundwater from the waste application field and riparian areas and are 

slightly acidic as expected for groundwater in this area.  Excessive loading of groundwater 

with organic waste can lower pH due to anaerobic conditions but differences of pH among 

wells did not distinguish particular wells with very low pH. 

Dissolved Oxygen (DO).  Biological oxygen demand increases with greater organic waste 

loading which, in turn, will lower dissolved oxygen concentrations.  Dissolved oxygen was 

lowest for the large lagoon regardless of sample date and time of year (Figure 16).  DO for 

the small lagoon was much more variable than the large lagoon due to photosynthetic  

 
 

Figure 16.  Dissolved Oxygen (mg/L) observed in groundwater and lagoon waters between 

June 2010 and April 2011.  The order of wells is presented based on spatial locality. 
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production of O2 during the day and more O2 exchange from the atmosphere due to its 

shallow depth.  DO in wells 1-6 and 8 at the WAF and in riparian wells 7-16 did not follow a 

consistent trend based on topographical position in those two areas.  A lower DO was 

observed for riparian wells and the seep relative to wells 1-6 in the waste application field. 

Conductivity.  Conductivity measures total dissolved solids in water, and increases as water 

temperature and the concentration, oxidation, and mobility of dissolved ions in water 

increase (Stumm and Morgan, 1995).  Conductivity can change based on groundwater 

exposure to different geological formations.  Conductivity also increases when dissolved 

solids from erosion, storm water runoff, and wastewater enter groundwater or surface waters.  

Higher temperatures can alter conductivity by enhancing dissolution of ions into water and 

increasing the relative concentration of ions for static surface waters by evaporation of 

surface water (Stumm and Morgan, 1995).  As shown in Figure 17,  conductivity 

measurements more clearly aggregate into groups that suggest swine N contamination. 

Lagoons waters had the highest conductivity measurements.  Wells located on the 

waste application field (1-6, 8) had conductivity measurements ranging between 42 µS (well 

1) and 179 µS (well 4).  Well 4 averaged 136 µS ± 47 µS (n = 3), and well 1 averaged 56 µS 

± 12 µS (n = 3).  Conductivity data for wells 1-5 and 8 were not significantly different 

(Kruskal Wallis (Ŭ = 0.05), p = 0.16). 

Conductivity was higher and more variable for some riparian wells than waste 

application field wells (Figure 17).  Groundwater wells located in the lagoon-side riparian 

area (7, 11, 13-15) had conductivity measurements ranging between 63 µS (well 15) and 406 

µS (well 11).  Wells 7 and 11 had the highest conductivity measurements of all wells.   
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Figure 17.  Total dissolved solids (conductivity (µS)) observed in groundwater and lagoon waters between April 2010 ï 2011.  The 

order of wells is presented based on spatial locality. 
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Groundwater flow direction from the large lagoon is directly in the path of these two wells 

(Figure 14).  Conductivity data for wells 7, 11, and lagoon waters were not significantly 

different (Kruskal Wallis (Ŭ = 0.05), p = 0.20), but conductivity values in wells 7 and 11 

were significantly greater than the natural seep and control well 12 (Kruskal Wallis (Ŭ = 

0.05), p = 0.04).  Additional wells (13-16) were installed in April 2011 to evaluate  

groundwater quality between the seep and stream relative to wells 7 and 11.  Based on the 

estimated groundwater flow direction from the large lagoon (Figure 14), these wells would 

not receive as much lagoon leakage as wells 7 and 11.  Statistical analysis was not possible 

due to the limited number of data points, but Figure 17 does show that wells 13 and 14 had 

conductivities much lower than wells 7 and 11.  Well 16, across the stream, had a 

conductivity measurement similar to well 12.  Well 15 is often dry, but one sample was 

obtained in which the conductivity measurement was lower than all riparian wells.   

4.2 Nutrient and Chloride Analyses of Groundwaters and Lagoons 

Nitrite/Nitrate (N -NO3).  In 2007, groundwater samples were collected by Piedmont 

Geologic, Inc. and analyzed for N-NO3, ammonia, and Total Kjeldahl Nitrogen (TKN) as 

part of a Phase II Environmental Site Assessment (Piedmont Geologic Inc., 2007).  Figure 18 

shows the spatial location for N-NO3 data for Piedmont Geologic and NCSU, respectively. 

Nitrate concentrations in groundwater for Piedmont Geologic wells in close proximity to 

NCSU wells are shown in Table 17.  From 2007 to 2011, groundwater concentrations of N-

NO3 decreased in the waste application field (GW-1 and well 4) and increased in the riparian 

area (GW-4 and well 7; Figure 18).   

 Groundwater data for N-NO3, ammonia, and TKN analyses in well 7 and lagoon 
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Table 17.  Comparison of N-NO3 in groundwater between Piedmont 

Geologic wells and NCSU wells (mg/L). 
           

Piedmont Geologic  NCSU  Mean (+1SD) 

   Wells (2007) (N-NO3) Wells (2010)   (N-NO3) n 
  

 GW-1 10 Well 4 2.7 ± 0.65 4 

 GW-2 10 Well 11 6.5 ± 1.1 3 

 GW-4 0.15 Well 7 2.3 ± 0.64 5 

 GW-5 14 Well 3 0.92 ± 0.23 5 
       

 

 

Figure 18.  2007 Piedmont Geologic N-NO3 (mg/L) in groundwater and lagoon waters 

(Boxed, closed circles; Piedmont Geologic, 2007) and NCSU mean N-NO3 (mg/L) + one 

standard deviation for February 2010 ï March 2011 (bold, open circles). 
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waters were also collected in 2008 by NCSU and analyzed by the Center for Applied Aquatic 

Ecology (CAAE).  There were no significant differences between 2008 and 2010 N-NO3 data 

for well 7 (Mann-Whitney test (Ŭ = 0.05), p = 0.46) or lagoon waters (Kruskal Wallis test(Ŭ = 

0.05), p = 0.64).  These results would suggest that N-NO3 concentrations in well 7 and lagoon 

waters have remained stable between 2008 and 2011. 

 Figure 19 shows temporal N-NO3 data for all wells and lagoon waters between 2010 

and 2011.  In the waste application field, there were no significant differences in seasonal 

(2010 ï 2011 - summer or winter) concentrations at each well (1-6, 8) (Friedmanôs test (Ŭ = 

0.05), p = 0.10).  There were no significant differences between wells 1-4, 6, and 8 for N-

NO3 concentrations (Kruskal-Wallis (Ŭ = 0.05),  p = 0.04).  Only N-NO3 concentrations in 

well 5 were significantly lower than all other wells in the waste application field area 

(Kruskal-Wallis test (Ŭ = 0.05), p = 0.01).   

N-NO3 concentrations in wells 11, 13, 14, and the seep were similar and much higher 

than wells in the waste application field (Figure 19).  N-NO3 concentrations in well 11 and 

the seep were not significantly different (Mann Whitney test (Ŭ = 0.05), p=0.83).  Statistical 

comparisons for wells 12-16 are not possible due to limited data.  Although well 7 and 11 are 

within close vicinity of each other (~ 10m), lower nitrate concentrations in well 7 were 

observed.  These lower nitrate concentrations may be caused by denitrification and/or the 

close vicinity of well 7 to the stream.  Surface waters, in addition with groundwater recharge, 

may be impacting well 7 causing a dilution, or lowering, of nitrate concentrations.  Wells 12 

and 16, located across the creek, and well 15, located on an adjacent hillslope, are not 

hydrologically impacted by the lagoons and have lower N-NO3 concentrations than the  
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                  Figure 19. N-NO3 concentrations (mg/L) between February 2010 and March 2011.  
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seep and wells 11, 13, and 14 as shown in Figure 19. 

Ammonia (NH4
+
).  Groundwater samples were analyzed for ammonium in 2007 by 

Piedmont Geologic and in 2008 and 2010 ï 2011 by NCSU.  Figure 20 shows the spatial 

location for ammonium data for Piedmont Geologic and NCSU, respectively.  Table 18 

compares 2007 and 2010 ammonium data at wells in close proximity to each other.  These 

data do not indicate declines in ammonium concentrations; in fact, ammonium may have 

increased for areas near to the small lagoon and well 3.   

Table 18. Comparison of ammonium concentrations (mg/L) groundwater 

between Piedmont Geologic wells and NCSU wells..  
           

Piedmont Geologic  NCSU  Mean (+1SD) 

   Wells (2007)    (NH4
+
) Wells (2010)      (NH4

+
) n 

           

 GW-1 1.8 Well 4 0.58 ± 0.53 4 

 GW-2 3.1 Well 11 1.0 ± 0.53 3 

 GW-4 0.20 Well 7 0.14 ± 0.07 5 

 GW-5 0.10 Well 3 0.86 ± 1.4 6 
       

  

In 2008, NCSU analyzed groundwater from well 7 and lagoon waters for ammonium.  

Observed ammonium concentrations in well 7 for 2008 were significantly lower than 

ammonium found in 2010 ï 2011 (Mann Whitney test (Ŭ = 0.05), p=0.009).  Observed 

ammonium concentrations in lagoon waters were not significantly different (Kruskal Wallis 

(Ŭ = 0.05), p = 0.39).   

 Temporal ammonium data is provided in Figure 21.  The small and large lagoons 

showed the most temporal variability in ammonium concentrations over the sampling period 

as well as the highest observed measurements in March 2011.  Mean concentrations of 

ammonium in small and large lagoons were 2.7 mg/L + 3.1 mg/L and 3.8 mg/L + 4.7 mg/L,  
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Figure 20.  2007 Piedmont Geologic ammonium (mg/L) concentrations (boxed, closed circles; Piedmont Geologic, 2007) and NCSU 

mean ammonium (mg/L) + one standard deviation for February 2010 ï March 2011 (bold, open circles). 
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Figure 21.  Ammonium concentrations (mg/L) observed in groundwater and lagoon waters between February 2010 and March 2011.   
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respectively.   Interestingly, a spike in ammonium, 3.7 mg/L, was observed in groundwater at 

well 3 (Figure 20 and 21) for June 24
th
, 2010 after several weeks of no rain.  Based on the 

topographical position of this well relative to the small lagoon, this spike may represent 

transpiration pull by trees from the small lagoon towards well 3.   

 For all other wells in the waste application field, significant differences in temporal 

variability for each well (Friedmanôs test (Ŭ = 0.05), p = 0.10) and ammonium concentrations 

between wells (Kruskal Wallis test (Ŭ = 0.05), p = 0.91) were not observed.  Similar findings 

were observed for ammonium in the natural seep and riparian wells.  Significant differences 

in ammonium concentrations between wells 7, 11, 12, and the seep were not observed 

(Kruskal Wallis test (Ŭ = 0.05), p = 0.15). 

Chloride.  Elevated chloride concentrations (4.6 mg/L to 90 mg/L) can indicate the presence 

of swine waste in groundwaters and surface waters (Karr et al., 2001; Israel et al., 2005). 

Figure 22 shows temporal chloride concentrations for 2010 to 2011 at each well, and Figure 

23 shows the spatial relationship of mean chloride concentrations for all wells.  Wells 4 had 

the highest and least variable chloride concentrations (10 mg/L + 1.4 mg/L) on the waste 

application field (Figure 23); well 6 had higher chloride concentrations (7.4 mg/L and 17 

mg/L) but greater variability (Figure 22 and 23).  Chloride concentrations for remaining 

waste application field wells ranged from 2.9 mg/L to 4.1 mg/L. 

 As observed for conductivity and nitrate, the highest chloride concentrations in 

groundwater were observed in lagoon-side riparian wells.  Chloride concentrations in these 

wells ranged from 8.9 mg/L ± 1.4 mg/L (seep) to 62 mg/L ± 12 mg/L (well 7).  Wells 7, 11, 

and the seep had significantly higher chloride concentrations than well 12 across the creek 
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              Figure 22.  Chloride concentrations in groundwater and lagoon waters between June 2010 and March 2011.  
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Figure 23.  Mean chloride (mg/L) concentrations observed in groundwater and lagoon waters 

between June 2010 and March 2011.  

(Kruskal Wallis test (Ŭ = 0.05), p = 0.02).   

Lack of data does not allow for statistical comparison for wells 13 ï 16, but chloride 

concentrations for wells 13 and 14 (21 mg/L and 26 mg/L, respectively) were similar to 

chloride concentrations in lagoon waters (19 mg/L ± 1.0 mg/L, n = 6; Figure 22).  Well 16 

had a chloride concentration of 8 mg/L and was higher than mean chloride concentrations 

observed in well 12 (4.1 mg/L ± 1.0 mg/L, n = 3).  Well 15, located on the lagoon side 

riparian area but hydrologically isolated from the lagoons, had the lowest chloride 

concentration (2.5 mg/L) of any of the wells down-gradient of the lagoons.   

 Both chloride and conductivity data were log transformed then cross-plotted to  
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Figure 24.  Cross plot of log-transformed conductivity (µS) and chloride (mg/L) 

concentrations. 

 

determine if wells would aggregate into groups (Figure 24). Wells do aggregate in groups 

that suggest swine waste contamination in groundwater moving from the lagoon to riparian 

wells as well as swine waste in groundwater near to the small lagoon and waste application 

field.  Wells 1,3,5, and 15 aggregate together as expected for wells either up-gradient of 

lagoons and waste application field or wells peripheral to expected groundwater flow 

direction from lagoons or the waste application fields. 

4.3    Stable Nitrogen Isotopic Analysis of Groundwater and Lagoons 

 Stable nitrogen isotopes can be used to help elucidate the contribution of nitrogen 

sources or biological or chemical processes, such as denitrification or nitrification, to  
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groundwater and surface waters (Aravena and Robertson, 1998; Kendall and McDonnell,  

1998; Israel et al., 2005).   Determination of ŭ
15

N values for nitrogen source materials is  

important to track nitrogen once released into the environment.  For swine waste, source 

materials for nitrogen are sludge waste and ammonia.  The ŭ
15

N for lagoon sludge was 

determined to be 18ă.  The ŭ
15

N-NH4 signatures for the small and large lagoons were 

measured at 24.7ă and 20.4ă, respectively.  These ŭ
15

N signatures fall within the range of 

measured animal waste between +10ă and +20ă (Xue et al., 2009), and are potential 

source signatures to soil and groundwater on the waste application field.   

As lagoons age over time, lagoon sludge and ammonia grow more positive due to 

ammonification of sludge and evaporative loss of ammonia from lagoon waters.  Because 

land application of waste ceased in 2002, current ŭ
15

N signatures of groundwater and soil on 

the WAF reflect N sources from past land application inputs and do not directly reflect 

current lagoon sludge and ammonia isotopic values.  Current ŭ
15

N signatures of groundwater 

down gradient of the large lagoon would more directly reflect N leached from the large 

lagoon.  Figure 25 shows the ŭ
15
N isotopic values of nitrate (ŭ

15
N-NO3) extracted from 

groundwater at all wells.   Wells with more positive ŭ
15

N-NO3 values indicate either a more 

positive N source to that well (hog waste) and/or denitrification of nitrate in the groundwater 

that elevates ŭ
15

N-NO3 values due to fractionation.   

In the waste application field, well 4 and 6 had the most positive mean ŭ
15

N-NO3 

values of 14ă Ñ 2.9ă (n = 2) and 11ă Ñ 0.40ă (n = 2), respectively.  Well 1 had low 

ŭ
15

N-NO3 signatures of 3.8ă in April 2010 and 0.9ă in late June 2010.  Both well 1 and 4 

had isotopic shifts greater than -2ă from April 2010 to June 2010.  This shift may reflect a  
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   Figure 25.  ŭ

15
N-NO3 signatures in groundwater at select time periods.  
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new N source such as inorganic fertilizers applied to row crop fieldôs up-gradient or more 

negative nitrate from ammonification and nitrification of residual soil N.  Inorganic fertilizers 

have low ŭ
15

N-NO3 signatures ranging from -5ă to 0ă (Xue et al., 2009).   Biological 

transformation of soil N produces products with lower ŭ
15

N-NO3 values than parent material 

or reactants. The observed isotopic shifts for well 1 and 4 may reflect both processes; 

available data cannot distinguish mixing ratios and contributions.  ŭ
15

N-NO3 in other wells do 

not vary as much and indicate a more constant N source to those wells. 

   In some riparian wells, groundwater ŭ
15

N-NO3 was more positive in wells closer to 

the stream than wells closer to the large lagoon.  This trend was apparent for wells 7 and 11 

with ŭ
15

N-NO3 values of 28ă Ñ 1.2ă (n = 2) and 26ă, respectfully, and wells 14 and 13 

(Figure 25).  This isotopic shift is attributed to denitrification in riparian areas (Kendall and 

McDonnell, 1998; Xue et al., 2009) whereby nitrate is transformed to nitrous dioxide. 

Control wells 12, 15, and 16 all had comparable ŭ
15

N signatures (9.2, 8.4, and 9.5ă, 

respectfully) and were the least positive of all of the wells down-gradient of the lagoons. 

4.4 Isotopic and Nutrient Analysis of Soils in Waste Application Field 

 Forty locations (Figure 26) were randomly selected for soil N-NO3, soil TKN, and 

bulk soil ŭ
15

N to map the extent of residual swine nitrogen across the waste application field 

to better understand foliar ŭ
15

N values of pines that were planted on the field in 2007.  At 

each location, soil was collected at 30 cm depth using a cleaned, steel auger.  Soil was 

composited, quartered, then split for soil nutrient and isotopic analyses. Figure 27 shows soil 

nutrient and isotopic data for each location. The highest soil nitrate and TKN concentrations 

were located predominantly in the middle of the field as shown in Figure 26 (grey insert) and 
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Figure 28 (grey box).  Soil nitrate concentrations ranged between 0.5 µg/g to 8.4 µg/g, and 

TKN concentrations ranged between 453 µg/g to 1,655 µg/g (Figure 27).  The lowest soil 

TKN concentrations were aggregated at the extreme southern and northern end of the field in  

  

Figure 26.  Locations of soil samples collected for nutrient and isotopic analysis at the waste 

application field in March 2011. Areas of highest observed N-NO3 and TKN concentrations 

(grey box) correspond to grey area on the waste application field in Figure 30. 

areas most distant from the reach of spray application (Figure 27).  Concentrations of soil 

nitrate (0.7 µg/g to 2.0 µg/g) were lowest at the top of pasture directly west of the small 

lagoon; moderate soil nitrate concentrations were found at the bottom (northern) end of the 

field.   

 Figure 28 shows a cross plot of log-transformed soil TKN (µg/g) vs. soil N-NO3  
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Figure 27.  Soil ŭ

15
N (ă), soil N-NO3 (µg/g), and soil TKN (µg/g) for random locations on the waste application field.  Actual TKN 

concentrations were divided by 100 to plot on figure.  
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Figure 28.  Cross plot of log transformed soil data (soil N-NO3 (µg/g) and soil TKN (µg/g)) 

at the waste application field.  The grey box refers to locations in the middle of the field. 

 

(µg/g) for all locations.  The highest soil nitrate and TKN concentrations were located 

predominantly in the middle of the field as shown in Figure 26 (grey insert) and Figure 28. 

Surface and subsurface transport of nitrate from the top of the field, coupled with generally  

lower amounts of applied swine waste to the top of the field, would explain current soil 

nitrate and TKN distributions. 

As shown in Figure 27, soil ŭ
15
N isotopic signatures ranged between 9.0ă and 14ă 

at the top of the field and 5.3ă to 6.9ă at the bottom of the field.  Bulk soil ŭ
15

N increased 

linearly (Figure 27, R
2
 = 0.56) from locations at the bottom of the field (northern end) to  
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locations at the top of the field (southern end), but concentrations of TKN and soil nitrate did 

not follow this trend.  The middle of the field contained the highest concentrations of TKN 

and soil nitrate with mean soil ŭ
15
N values of 9.1ă + 1.1ă.  The top of the field contained  

more positive soil ŭ
15
N, 11ă ± 1.3ă, than the middle or lower areas.  More positive ŭ

15
N 

values reflect either an enriched N source to this area or a greater degree of biological 

transformation and N removal at the top of the field than elsewhere.  Greater distances of 

aerial transport to the top of the field would result in waste with greater ŭ
15

N because the 

waste water would have more time to evaporate ammonia and undergo isotopic fractionation 

(Karr et al., 2002).  Biological N transformation also results in isotopic fractionation and 

enriches the ŭ
15

N value of remaining parent material while providing more negative ŭ
15

N 

products (nitrate) to middle and lower reaches of the field (Kendall and McDonnel, 1998; 

Faure and Mensing, 2005).  These processes possibly explain soil ŭ
15

N distribution across the 

waste application field as observed in Figure 27.   

4.5 Biomass and Species Inventory of Native Trees 

 Prior to 2010, some trees had been sampled at the site using targeted sampling as part 

of a preliminary study to evaluate foliar ŭ
15

N.  Several sampling approaches were used to 

collect leaves from native trees and pines on the waste application field.  In order to evaluate 

if tree size (biomass) was significant to foliar ŭ
15

N values, a stratified random collection of 

native trees leaves was completed in June and July 2010.  In June 2010, trees around the 

lagoons were inventoried for species, diameter breast height (DBH), and height (Figure 29; 

Appendix A). Overall, more than 50% of the native tree population was Liquidamber 

styraciflua (L., sweet gum) followed by Quercus alba (L., white oak), Quercus nigra (L.,  
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Figure 29. Summary of biomass inventory.  Trees are identified by common names, number of trees per species, and percent of 

total inventory.  Biomass calculation = ˊ * ((diameter breast height/2)Į) * height.  
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water oak), and Pinus taeda (L., Loblolly pine).      

Biomass was determined using DBH and height, and the native tree population was 

stratified into large trees (> 1.9 m
3
) and small trees (< 1.9 m

3
).  Trees were randomly selected  

within each stratum for foliar collections in July 2010.  Sixty large trees, which represents 

82% of the large tree inventory (n=73), and sixty-nine small trees, which represents 22% of 

the small tree inventory (n = 316), were selected; composite leaf samples were collected for 

each tree.  Table 19 shows sampling data and mean biomass for all trees that were randomly 

sampled.  

Figure 30 shows boxplot distributions of biomass, percent nitrogen, and ŭ
15

N foliar 

signature for each species in the small and large tree collections.  Overall, biomass 

distributions of large trees were more variable and skewed than small trees of the same 

species (Figure 30).  Distributions of foliar ŭ
15

N were likewise greater for small trees when 

compared to their larger species counterpart.  Percent N, %N, appeared more normally 

distributed for all species regardless of size except for loblolly pine (Pinus taeda) and small 

sweet gum trees (Liquidamber styraciflua).   

 The waste application field was planted with loblolly pine in July 2007 by NCSU 

Department of Forest and Environmental Resources.   These trees were sampled using a 

simple random sample design to evaluate relationships between the distributions of swine 

waste (as indicated by soil TKN and soil nitrate; Figure 28), bulk soil ŭ
15

N soil, groundwater 

ŭ
15

N- NO3, and ŭ
15

N pine needles (Appendix A).  Of the total 2,647 pines planted, ninety-one 

pines were sampled which represents 3.4% of the total population with a precision level of + 

10% at a confidence level of 95%.   

 



97 
 

Table 19.  Summary of trees randomly selected for 2010 foliar isotopic analyses after stratification by biomass (Ŭ = 0.95). 

          

Sample Size Common Name Genus/species n Mean % of Population Precision (%) 

                         Biomass (m
3
)  Sampling Error 

Large trees     60 ( > 1.9 m³) 82 + 8.8 

 Sweet Gum Liquidamber styraciflua 14 2.6 ± 1.2 23 

 White Oak Quercus alba 11 4.7 ± 2.3 18 

 Loblolly Pine Pinus taeda 10 4.0 ± 1.0 17 

 Water Oak Quercus nigra 8 3.8 ± 2.3 13 

 Tulip Poplar Liriodendron tulipifera 6 5.4 ± 3.4 10.0 

 Willow Oak Quercus phellos 5 2.3 ± 0.34 8.3 

 American Beech Fagus grandifolia 4 7.0 ± 3.3 6.6 

 Red Maple Acer rubrum 2 4.3 ± 2.7 3.3 

Small Trees   69 (< 1.9 m³) 22 + 11 

 Sweet Gum Liquidamber styraciflua 43 0.63 ± 0.34 62 

 Water Oak Quercus nigra 8 0.38 ± 0.21 12 

 Black Cherry Prunus serotina 7 0.52 ± 0.40 10.1 

 White Oak Quercus alba 3 0.98 ± 0.65 4.3 

 Red Maple Acer rubrum 3 0.18 ± 0.15 4.3 

 Tulip Poplar Liriodendron tulipifera 2 0.84 ± 0.42 2.9 

 Laurel Oak Quercus laurifolia 1 0.61 1.4 

 Loblolly Pine Pinus taeda 1 0.22 1.4 

 Mockernut Hickory Carya tomentosa 1 0.21 1.4 

Pines (waste application field)¹      

 Loblolly Pine Pinus taeda 91 0.08 ± 0.06 3.4 + 10  
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Table 19. (Continued) 

         

Sample Size Common Name Genus/species n Mean % of Population Precision (%) 

                         Biomass (m
3
)  Sampling Error 

 

2011 Targeted native trees
2
  28                         not applicable 

 Sweet Gum Liquidamber styraciflua 8 0.45 ± 0.89 29 

 Tulip Poplar Liriodendron tulipifera 6 4.0 ± 2.9 21 

 American Beech Fagus grandifolia 4 9.7 ± 5.7 14 

 Water Oak Quercus nigra 3 0.37 ± 0.18 11 

 Musclewood Carpinus caroliniana 2 1.2 ± 0.54 7.1 

 Black Gum Nyssa sylvatica 1 0.46 3.6 

 Black Oak Quercus veluntina 1 0.56 3.6 

 Winged Elm Ulmus alata 1 1.6 3.6 

 White Oak Quercus alba 1 0.02 3.6 

 Unknown  1 0.06 3.6 

        

 

¹ Loblolly pines (n= 2,647) were planted on the waste application field by NCSU in July 2007. 
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Figure 30.  Biomass, %N, and ŭ

15
N foliar signature distributions of large and small samples collected in July 2010.  
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In 2011, additional trees in the riparian area and in the 2006 harvested area, (southeast) of the 

waste application field, were selected by target sampling; composite leaves were collected 

for ŭ
15

N, and each tree was inventoried for biomass, height, and species. These trees were 

sampled to improve spatial analysis of isotopic data by adding additional data points to 

riparian zones and the harvested area which had low tree numbers from the native tree 

stratified sampling event.  Metrics for these trees and loblolly pines in the waste application 

field are included in Table 19 and Figure 30.   

4.6  ŭ
15

N and Percent Nitrogen (%N) of Tree Leaves 

Foliar ŭ
15

N.   ŭ
15

N values for trees sampled in 2007 and 2009 are shown in Figure 31 and 32, 

respectively.  These data are presented with 2010-11 data because they can be used to 

evaluate temporal changes to ŭ
15

N and %N for the same trees over several years.  For both 

years, foliar ŭ
15

N of trees adjacent to and down-gradient of the small lagoon were more 

positive than foliar ŭ
15

N of trees down-gradient of the large lagoon.  Trees located north of 

the lagoons, outside of the property fence line, had more negative foliar ŭ
15

N values as 

expected for trees in natural systems.  2007 and 2009 data show variable foliar ŭ
15

N for trees 

located in the overspill drainage of the small lagoon.  This drainage pathway is located 

directly north of the small lagoon flowing east towards the creek.  Some trees in this area had 

very positive foliar ŭ
15
N (6ă to 13ă) while other trees had more negative foliar ŭ

15
N 

values.  Differences in these data warranted the separate sampling of small and large trees to 

address potential biomass and root access to groundwater. 

 Foliar ŭ
15

N values for large and small trees randomly sampled in 2010 are shown in 

Figure 33 and 34, respectively.  Large trees (n=60) with a biomass of 1.9 m
3
 or greater had  
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foliar ŭ
15

N distributions from -1.7ă to 12ă (Figure 33).   Small trees (n = 69) (Figure 34) 

with a biomass less than 1.9 m
3
 had foliar ŭ

15
N distributions from -2.7ă to 17ă.    Targeted 

tree samples collected in June 2011(n = 28) from the riparian area and in the 2006 harvested 

area had foliar ŭ
15

N distributions from -5.5ă to 7.3ă (Figure 35).  Boxplots of foliar ŭ
15

N 

for Liquidamber styraciflua and Quercus alba show greater isotopic distribution of smaller 

trees to their larger species counterpart (Figure 30).   

 

Figure 31.  ŭ
15

N signatures (ă) for composite foliar samples of individual trees 

collected in September 2007. 
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Figure 32:  ŭ

15
N signatures (ă) for composite foliar samples of individual trees 

collected in June 2009.   

 

 

Figure 33.  ŭ
15

N signatures (ă) for composite foliar samples of individual large trees 

(Ó 1.9 mį) collected in July 2010.   
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Figure 34.  ŭ
15

N signatures (ă) for composite foliar samples of individual small trees (< 

1.9 m³) collected in July 2010. 

 

 
Figure 35.  ŭ

15
N signatures (ă) for targeted foliar samples collected in June 2011.  
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Changes to ŭ
15

N for trees that were sampled multiple times between 2007 and 2010 

are shown in Table 20 and Figure 36.  Significant change in foliar ŭ
15

N represents an average 

per mil difference that was greater than 0.26 per mil (ă), the upper precision value for field 

duplicates.  The mean precision of field duplicates was 0.21ă Ñ 0.05, n = 26.  Several trees 

(#s 11-14, 20 and 21) had foliar ŭ
15

N signatures that either became more positive or remained 

the same between 2007 and 2010.  These trees are located in close proximity to the small and 

large lagoons.  Trees 1-4, 7, and 19 had negative foliar ŭ
15

N change and are located farther 

away from either lagoon. 

 

Figure 36.   ŭ
15
N (ă) change for trees sampled more than once between 2007-2010 as 

shown in Table 15.  Up or down arrows indicate a change in foliar ŭ
15

N greater than 0.26 

per mil.  The mean precision of field duplicates was 0.21ă Ñ 0.05ă, n = 26.   
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Table 20. Foliar ŭ
15

N values (ă) of trees sampled more than once from 2007 to 2010. 

 2010 2010 

  2007 2008 2009 Large Small Overall       

  Sept. June June July July Mean SD Diff  ă         2007 2008 2009 Large Small         Sept. June June July July Mean  

Tree Species ID 
15

N 
15

N 
15

N 
15

N 
15

N ă ă ă Change
ʰ
  

Beech 1    3.2 1.9  2.6 0.91 1.3 Ź 

Beech 2    7.1 5.7  6.4 1.0 1.5 Ź 

Loblolly Pine 3  9.2   8.9  9.0 0.21 0.30 Ź 

Sweet Gum 4  8.7    7.4 8.0 0.90 1.3 Ź 

Sweet Gum 5  8.8  9.0   8.9 0.13 0.18 ź 

Sweet Gum 6    1.9 2.1  2.0 0.12 0.17 ź 

Sweet Gum 7    3.3 2.3  2.5 0.71 0.69 Ź 

Tulip Poplar 8  4.9 5.2 4.5 4.8  4.9 0.27 0.03 ź 

Tulip Poplar 9    4.0 4.4  4.2 0.28 0.39 ŷ 

Water Oak 10 1.1  1.9 1.5  1.5 0.40 0.19 ź 

Water Oak 11 8.8  9.0  8.9 8.9 0.06 0.04 ź 

Water Oak  12 7.6  8.7  8.8 8.3 0.69 0.63 ŷ 

Water Oak  13 6.9  7.9   7.4 0.74 1.0 ŷ 

Water Oak  14 7.0    9.2 8.1 1.5 2.2 ŷ 

Water Oak 15 2.5  2.2   2.4 0.18 0.25 ź 

Water Oak 16 4.4 5.7  5.2  5.1 0.64 0.39 ŷ 

Water Oak 17 1.8  1.9   1.8 0.07 0.10 ź 

Water Oak 18 2.3  2.2   2.2 0.10 0.14 ź 

Water Oak  19  0.25  -0.80  -0.28 0.74 1.1 Ź 

Water Oak 20   8.4 8.3  8.3 0.07 0.10 ź 

Water Oak 21   9.1 9.3  9.2 0.16 0.22 ź 

Water Oak 22   4.5 4.4  4.5 0.08 0.11 ź 

Water Oak 23   1.5 1.6  1.6 0.07 0.10 ź 

Water Oak 24 6.5   7.5  7.0 0.70 0.99 ŷ  
a 
Per mil change determined by comparing absolute ă difference to  mean (+1SD) 

15
N 

precision of field duplicates (2009 ï 2010, 0.21 ă Ñ 0.05, n = 26).  

 

Foliar Percent Nitrogen (% N).   Isotopic analyses require elemental N or percent nitrogen 

analyses as part of the analytical method.  These data were also evaluated for spatial trends 

and temporal changes.  Figures 37-41 show %N data 2007, 2009, large 2010 trees, small 

2010 trees, and 2011 trees, respectively.  Percent N content is dependent on tree species 

(Jordan et al., 1997; Nadelhoffer et al., 2004) as evident in the data distribution shown in  
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   Figure 37. Percent nitrogen (% N) of individual trees collected in September 2007. 

 

 
Figure 38.  Percent nitrogen (% N) of individual trees collected in June 2009. 
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Figure 39.  Percent nitrogen (% N) of individual large trees collected in July 2010. 

 
Figure 40. Percent nitrogen (% N) of individual small trees collected in July 2010. 
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Figure 41.  Percent nitrogen (% N) of individual small trees collected in June 2011. 

Figure 30 so spatial comparisons must be made by species. However, Figures 38-41 do show 

a cluster of higher %N for trees sampled east of the large lagoon. 

Table 21 and Figure 42 show %N changes for trees sampled multiple times between 

2007 and 2010.  Changes in %N represents an absolute difference greater than 0.20, the 

upper precision for field duplicates; mean foliar field duplicates for 2009 ï 2010 was 0.14 % 

± 0.06 %, n = 39.  Fifty percent of the trees remained unchanged (ź) while the remaining 

50% showed an increase or decrease in %N over time.  Spatially, no major trend was 

apparent in changes to %N for trees sampled multiple times (Figure 42).  Table 22 compares 

changes of foliar ŭ
15

N and % N for trees sampled multiple times; a consistent relationship 

between changes to ŭ
15

N and % N is not evident. 
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Figure 42.  Percent nitrogen of trees sampled more than once between 2007 ï 2010.  

Arrows indicate overall percent (%) change.   

 

Table 21. Foliar percent nitrogen (%N) for trees sampled between 2007 and 2010. 

 2010 2010 

  2007 2008 2009 Large Small Overall       

  Sept. June June July July Mean SD Diff  ă         2007 2008 2009 Large Small         Sept. June June July July Mean  

Tree Species ID 
15

N 
15

N 
15

N 
15

N 
15

N ă ă ă Change  

Beech 1    2.5 2.4  2.5 0.09 0.13 ź 

Beech 2    2.5 2.5  2.5 0.04 0.06 ź 

Loblolly Pine 3  1.0   1.1  1.0 0.03 0.04 ź 

Sweet Gum 4  1.4    2.0 1.7 0.44 0.62 ŷ 

Sweet Gum 5  2.1  2.3   2.2 0.15 0.21 ŷ 

Sweet Gum 6    2.1 1.7  1.9 0.30 0.42 Ź 

Sweet Gum 7    1.7 2.2  1.9 0.36 0.84 ŷ 

Tulip Poplar 8  2.0 4.1 3.4 2.9  3.1 0.87 0.30 ŷ 

Tulip Poplar 9    4.0 2.4  3.2 1.1 1.6 Ź 

Water Oak 10 2.0  2.1 1.8  2.0 0.14 0.08 ź 

Water Oak 11 1.9  1.9  1.8 1.9 0.07 0.04 ź 

Water Oak  12 1.9  2.1  2.0 2.0 0.06 0.04 ź 

Water Oak  13 2.0  2.2   2.1 0.11 0.16 ź 

Water Oak  14 1.8    2.1 1.9 0.16 0.23 ŷ 
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Table 21. (Continued) 

 2010 2010 

  2007 2008 2009 Large Small Overall       

  Sept. June June July July Mean SD Diff  ă         2007 2008 2009 Large Small         Sept. June June July July Mean  

Tree Species ID 
15

N 
15

N 
15

N 
15

N 
15

N ă ă ă Change  

Water Oak 15 2.5  2.0   2.2 0.36 0.51 Ź 

Water Oak 16 2.2 4.2  2.2  2.9 1.1 0.01 ź 

Water Oak 17 2.3  2.2   2.3 0.06 0.09 ź 

Water Oak 18 1.9  1.9   1.9 0.02 0.03 ź 

Water Oak  19  2.7  1.7  2.2 0.72 1.0 Ź 

Water Oak 20   2.1 1.7  1.9 0.26 0.37 Ź 

Water Oak 21   2.2 2.3  2.2 0.11 0.16 ź 

Water Oak 22   2.1 2.0  2.1 0.08 0.12 ź 

Water Oak 23   2.3 1.7  2.0 0.46 0.65 Ź 

Water Oak 24 1.8   2.8  2.3 0.69 0.98 ŷ  
a
 Percent N change determined by comparing absolute ă difference to  mean (+1SD) 

15
N 

precision of field duplicates (2009 ï 2010, 0.14 % ± 0.06 %, n = 39).  

Table 22. Foliar ŭ
15

N and %N for trees sampled between 2007 and 2010.  

            

 ŭ
15

N Signatures Percent Nitrogen   

    Overall  Overall       

  Mean SD Diff.   ă Mean SD Diff  ă         2007 2008 2009 Large Small         Sept. June June July July Mean  

Tree Species ID ă ă ă Change  ă ă ă Change  

Beech 1  2.6 0.91 1.3 Ź  0.09  0.13 ź 

Beech 2  6.4 1.0 1.5 Ź  2.5 0.04 0.06 ź 

Loblolly Pine 3  9.0 0.21 0.30 Ź  1.0 0.03 0.04 ź 

Sweet Gum 4  8.0 0.90 1.3 Ź  1.7 0.44 0.62 ŷ 

Sweet Gum 5  8.9 0.13 0.18 ź  2.2 0.15 0.21 ŷ 

Sweet Gum 6  2.0 0.12 0.17 ź  1.9 0.30 0.42 Ź 

Sweet Gum 7  2.5 0.71 0.69 Ź  1.9 0.36 0.84 ŷ 

Tulip Poplar 8  4.9 0.27 0.03 ź  3.1 0.87 0.30 ŷ 

Tulip Poplar 9  4.2 0.28 0.39 ŷ  3.2 1.1 1.6 Ź 

Water Oak 10 1.5 0.40 0.19 ź  2.0 0.14 0.08 ź 

Water Oak 11 8.9 0.06 0.04 ź  1.9 0.07 0.04 ź  

Water Oak  12 8.3 0.69 0.63 ŷ  2.0 0.06 0.04 ź 

Water Oak  13 7.4 0.74 1.0 ŷ  2.1 0.11 0.16 ź 

Water Oak  14 8.1 1.5 2.2 ŷ  1.9 0.16 0.23 ŷ 

Water Oak 15 2.4 0.18 0.25 ź  2.2 0.36 0.51 Ź 

Water Oak 16 5.1 0.64 0.39 ŷ  2.9 1.1 0.01 ź 

Water Oak 17 1.8 0.07 0.10 ź  2.3 0.06 0.09 ź 

Water Oak 18 2.2 0.10 0.14 ź  1.9 0.02 0.03 ź 

Water Oak  19 -0.28 0.74 1.1 Ź  2.2 0.72 1.0 Ź 

Water Oak 20 8.3 0.07 0.10 ź  1.9 0.26 0.37 Ź 

Water Oak 21 9.2 0.16 0.22 ź  2.2 0.11 0.16 ź 

Water Oak 22 4.5 0.08 0.11 ź  2.1 0.08 0.12 ź 

Water Oak 23 1.6 0.07 0.10 ź  2.0 0.46 0.65 Ź 

Water Oak 24 7.0 0.70 0.99 ŷ  2.3 0.69 0.98 ŷ  
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4.7  ŭ
 15

N and Percent Nitrogen of Pine Planted on Waste Application Field in 2007 

 Composite needles from randomly selected four-year old pines (n=91) were collected 

and analyzed for their isotopic and %N composition to compare to soil nutrient and bulk soil 

ŭ
15

N data at the waste application field.  Pine needle ŭ
15
N ranged from 3.1ă to 11.9ă 

(Figure 43).  More positive ŭ
15
N values (8ă to 11.9 ă) were observed in pines adjacent to 

the small lagoon where spray equipment was located and for pines near the top (or southern) 

end of the field.  Lower ŭ
15

N values were observed near the bottom of the field (northern 

end).  This trend was observed for soil ŭ
15

N.  Percent nitrogen ranged from 0.9% to 3.0% 

(Figure 43).   Percent nitrogen values were dispersed across the pasture with no apparent 

trend.   As shown in Figure 44, a correlation between percent nitrogen and ŭ
15

N values is not 

apparent.   

 A simple linear regression of pine needle ŭ
15

N versus soil ŭ
15

N values were positively 

correlated with an R
2
 of 0.54 (Figure 45).  In almost all cases, soil 

15
N values were higher 

than nearby foliar/pine needle 
15

N values.  Higher 
15

N in soils is expected because soil N 

must ammonify and nitrify for trees to take up nitrogen.  These reactions will preferentially 

use the lighter 
14

N available and result in a fractionation effect.  Hence, trees should have 

lower ŭ
15

N values relative to nearby soils.    For pine trees on the waste application field with 

groundwater depth > 10m, foliar ŭ
15

N values largely reflect soil ŭ
15

N.  Near well 4, where 

groundwater depth is < 2m, foliar ŭ
15

N values largely reflect mixed values of soil ŭ
15

N and 

ŭ
15

N in groundwater.   
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Figure 43:  2010 ŭ

15
N signatures (ă) and % N of composite needles from loblolly pines in the waste application field. 
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Figure 44.  Correlation of foliar ŭ

15
N and % N for loblolly pines on waste field. 

 

 

 

Figure 45.  Simple linear regression of pine needle and soil ŭ
15

N isotopic signatures collected 

in October 2010 and March 2011, respectfully.   
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Chapter 5:  Discussion 

 

5.1 Swine N Contamination in Groundwater 

 Elevated concentrations of nitrate, ammonium, and chloride are indicative of swine 

waste contamination in groundwater (Showers et al., 2008; Israel et al., 2005; Huffman 

2004; Karr et al., 2001).  As shown in Figure 46, groundwater nitrate at riparian wells (7,11, 

13, 14, and seep) were within the range of values, 3 mg/L to 117 mg/L, reported for 

groundwater contaminated with swine lagoon seepage (Huffman, 2004).  Prior studies have 

reported nitrate concentrations between 8 mg/L and 20 mg/L in groundwater at waste 

application fields for swine lagoon waste (Karr et al. 2002; Karr et al., 2001; Israel et al.,  

 

Figure 46.  Inverse distance weighting (IDW) of nitrate concentrations (mg/L) in 

groundwater sampled in June 2010.    

2005).  I observed lower groundwater nitrate concentrations (~2 mg/L) in groundwater on the  


