
ABSTRACT 

WELLS, EARL LASSEN. Integrated Near Surface Geophysical and Geochemical Methods 

for Detecting Groundwater Contamination Plumes from Leaking Waste Lagoons. (Under the 

direction of William J. Showers.) 

 

An electromagnetic induction survey (EM) survey detected changes in the 

conductivity around an inactive anaerobic waste lagoon in the Piedmont of North Carolina. 

Data from the EM survey defined areas with increased conductivity and were used to select 

sites for surface Direct Current (DC)-resistivity surveys.   Resistivity data were used to select 

the locations to drill groundwater-monitoring wells. Groundwater samples from monitoring 

wells were collected to ground truth geophysical data.   δ
15

N and δ
18

O analysis of 

groundwater nitrate suggest that the nitrate contaminant plume is consistent with a lagoon 

source. Furthermore, δ
15

N values from ammonium in the contaminant plume leave little 

doubt that there is a groundwater contaminant plume sourced from the lagoon. - Geophysical 

and geochemical methods worked well in identifying a contaminant plume emanating from a 

swine waste lagoon, even when the plume concentration was below the threshold value for 

safe drinking water of 10 mg/L in a heterogeneous terrain. 
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1. Introduction  

 Humans have significantly affected the amount of reactive nitrogen at the Earth’s 

surface. (Galloway and Cowling, 2002; Vitousek et al., 1997).  Howarth (2004) estimated 

that humans generate more than 160 Tg of nitrogen per year globally.  This represents a 

tenfold increase as compared to the 1890 level of 15 Tg per year globally (Galloway and 

Cowling, 2002). Much of this nitrogen is moved to marine ecosystems through groundwater 

and surface water discharge in the form of nitrate (NO3
-
) (Galloway, 2003).  Nitrates have 

potentially serious environmental consequences. In humans, they are known to cause 

methaemoglobinaemia (blue-baby syndrome) and have been linked to stomach cancer (Clark 

and Fritz, 1997;  Forman et al., 1985). Excess nitrates can also cause algal blooms  leading to 

eutrophication, which is harmful to stream, rivers, lakes and estuaries (Heathwaite, 1993).   

 A potential major source of nitrate contamination is from commercial agricultural 

operations (CAO’s), where the waste from many animals is deposited into earthen-lined 

lagoons (Heathwaite, 1993;  Puckett, 1994).  Nitrate concentrations in swine lagoons have 

been shown to be particularly high, up to six times higher than lagoons used for cattle (Ham 

and DeSutter, 1999). In less than two decades the number of hogs in North Carolina more 

than doubled (USDA, 2007; USDA, 1997). This may be reflective of the changing diet of 

people around the world. People now consume more than twice as much meat as they did in 

1961.  This trend is expected to continue, especially in developing countries (Galloway et al., 

2007).  It is therefore likely that the number of CAO’s and waste lagoons will also continue 

to grow.  



 

2 

Waste lagoons have been shown to be a source of nitrate contamination to 

groundwater (Karr et al., 2002). Lagoons are designed to self-seal through infiltration of fine-

grained material, which clog up the pores of the lagoon bottom clay liner (Miller et al., 1985;  

Humnik et al., 1980). However, random lenses of course grained material or dessication 

cracks and berm defects can cause the lagoon to leak effluent into the groundwater (Hegg et 

al., 1978;  Hegg et al., 1981; Ritter et al., 1980). Most of the nitrogen in lagoons is in the 

form of urea, which may be hydrolyzed to ammonium and then oxidized to form nitrate 

(Kreitler, 1975; Heaton, 1986; Kendall, 1998). Nitrates have low affinity for sorption to ion 

exchange sites, and are therefore highly mobile in the subsurface (Karr et al., 2002; Behnke 

1975; Burt and Trudgill 1993). In regions with high rainfall and or high water tables, this 

mobile nitrate could potentially move into the groundwater (Ham and DeSutter, 1999). It is 

generally acknowledged that even lagoons with properly constructed liners will leak some 

nitrogen into the groundwater (DeSutter et al., 2005).  

Measurements of lagoon seepage, for lagoons with engineered soil liners, range from 

0.2 to 2.44mm/d (Glanville et al., 2001;  Ham, 1992, 2002; Ham and DeSutter, 1999, 2000). 

Estimates for average ammonium seepage from swine lagoons with engineered soil liners are 

thought to be about 0.5 kg m
-2

y
-1

 (Ham and DeSutter, 2000). Therefore, there is the potential 

for large amounts of ammonium to move into the subsurface over the life span of the lagoon 

(DeSutter et al. 2005). If levels of ammonium are sufficiently high, available sorption sites 

can become occupied and allow ammonium to spread into the subsurface (Karr et al., 2002). 

In aerobic conditions, the ammonium is oxidized to highly mobile nitrate and move into the 

groundwater (Huffman, 2004). This is particularly true if the lagoon dries out and free 
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oxygen becomes available (Ham, 2002; Wagner, 2007). The presence of adsorbed 

ammonium under waste lagoons may constitute a significant point source of nitrate 

contamination to groundwater.  

The upper edge of the lagoon appears to be vulnerable to leakage during flooding 

events.  Usually, seepage is prevented by the accumulation of a thick layer of sludge on the 

bottom of the lagoon (Huffman and Westerman, 1991). However, this layer is not present 

along the upper edge of the lagoon.  Therefore, effluent may seep through the upper edge of 

the lagoon if the water level rises too high (Ham et al., 1999; Wagner 2007).  

It is clear that there are a number of mechanisms that may allow lagoon 

contamination to migrate into the groundwater. It is also clear that nitrate is hazardous 

environmental contaminant. It is therefore important to monitor lagoons to ensure that they 

are not contaminating the groundwater with nitrates. However, identifying the contaminant 

plume can be problematic (Urish, 1983). A cost effective method for detecting leaking waste 

lagoons is needed to protect the public and the environment from nitrate contamination. 

A number of researchers have used near surface geophysical techniques, such as 

electromagnetic induction (EM) to detect changes in apparent conductivity of the subsurface 

associated with a contaminant plume (Brune et al., 1988;  Drommerhausen et al., 1995;  

Zheng and Brune, 1991).  Electromagnetic induction (EM) surveys have been shown to work 

well at identifying changes in bulk conductivity (Allred et al., 2008; Burger et al., 2006; 

Mussett and Khan, 2000), and have been shown to be effective in identifying contaminant 

plumes associated with animal waste (Brune et al., 1988; Drommerhausen et al., 1995; 

Eigenberg et al., 1998; Huffman and Westerman, 1991). EM surveys are non-invasive, 



 

4 

inexpensive, and useful for surveying large areas relatively quickly. However, there is some 

doubt as to their effectiveness in areas with heterogeneous soil and geology, such as the in 

Piedmont of the Carolinas (Zheng and Brune, 1994). Therefore, EM surveys alone may not 

be sufficient for identifying a contaminant plume from a leaking waste lagoon in the 

Piedmont. 

Surface resistivity surveys are effective in the identification of nitrate contaminant 

plumes (Fink and Rucker, 2007;Watson et al 2005). In general, resistivity is thought to 

provide a more accurate picture of the changes in conductivity with depth than EM surveys 

(Mussant and Khan, 2000). Saniato et al. (2010) found that surface based resistivity 

measurements were sensitive enough to detect even low concentration nitrate contaminant 

plumes associated with animal waste effluents.  

These surface-based geophysical methods have proven useful in a variety of 

investigations. There is strong evidence to suggest that a change in conductivity is a good 

indicator of lagoon seepage (Brune et al., 1988). This is because conductivity is strongly 

correlated with relative concentration of lagoon effluent (Payne et al., 1985). However, these 

surface-based geophysical measurements cannot definitively prove the presence or absence 

of a contaminant plume in the subsurface. 

Electromagnetic surveys (such as electromagnetic induction and resistivity) are 

complicated measurements that can be effected by any physical soil parameter that alters the 

electrical conductance of the material, such as: pore water content, salinity, the presence of 

clays, temperature, and texture (Allred et al., 2008; Corwin et al., 2008a, 2008b; Johnson et 

al., 2003). Electromagnetic surveys have also shown to be highly site specific (Johnson et al 
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2003). Because electromagnetic surveys do not measure any one parameter, but several 

physical soil properties, and are highly site specific, electromagnetic surveys are best suited 

as a tool to guide subsurface investigations (Allred et al., 2008; Corwin 2005). Ultimately, 

the installation of wells to sample groundwater is needed in order to confirm the presence 

and source of contamination through geo-hydrochemical analysis (Allred et al., 2008). 

Stable nitrogen isotopes have been used effectively to determine the source of 

groundwater contamination (Clark and Fritz, 1997; Faure and Mensing, 2005; Karr et al., 

2001, 2002, 2003; Fetter, 1999; Fontes, 1981; Kendall, 1998).  Specifically, a multi isotope 

approach using both δ
15

N and δ
18

O of nitrate has been shown to work well in identifying the 

source of nitrate contamination in ground water (Aravena et al., 1993, Aravena and 

Robertson, 1999, Pardo et al., 2004; Showers and DeMaster, 2005; Silva et al., 2000;  

Wassenaar 1995; Bottcher et al., 1990; Kendall et al., 1995). The advantage of using dual 

isotopes of nitrate, δ
15

N and δ
18

O, is the ability to distinguish between nitrates derived from 

waste sources versus nitrates derived from fertilizer, which are the two main sources of 

nitrates in agricultural watersheds (Kendall and Aravena, 2000; Howarth, 2004; Boyer et al., 

2006). 

The purpose of this study was to investigate combination of near surface geophysical 

and geochemical methods for the detection of leaking waste lagoons sited in the Piedmont 

physiographic province of North Carolina. It was hypothesized that electromagnetic 

induction surveys can detect changes in conductivity associated with leaking waste lagoons. 

Because EM is thought to have difficulty with heterogeneous terrain, and because there are 

multiple factors that influence apparent conductivity, resistivity data was also collected. The 
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resistivity surveys provide higher resolution data of the changes of conductivity with depth. 

Once an area of increased conductivity has been identified, the presence and concentration of 

the contaminant plume can be verified through the installation of groundwater monitoring 

wells. Lastly, the source of the contamination can be determined using a multi isotope 

approach.  

2. Background 

2.1.  Site Geology 

 The study was conducted on an anaerobic swine waste lagoon, which is part of North 

Carolina State University’s Lake Wheeler Agricultural Research Farm, located south of  

Raleigh North Carolina. The farm lies within the Raleigh Lithotectonic belt in the piedmont 

physiographic province of North Carolina as defined by Parker, 1979 (Figure 1, from 

Chapman 2005). The area has a typical Piedmont hydrogeology that consists of weathered 

regolith up to 50 ft thick consisting of soil, residuum, saprolite, alluvium, and colluvium 

(Harned and Daniel, 1992; Daniel and Dahlen, 2002). Underlying the regolith is a transition 

zone of highly weathered and fractured bedrock, of variable thickness, that has both primary 

and secondary porosity (Chapman et al., 2005; Daniels, 2002). A highly porous transition 

zone overlies the fractured bedrock (Daniels 2002). The bedrock in the study area is 

metamorphosed felsic gneiss. Bedrock is also characterized by sub-vertical foliation, little 

primary porosity, and dominated by secondary fractures (Chapman et al., 2005; Heller, 

1996).  Bedrock fractures are primarily in one of two sets: shallow dip exfoliation fractures 

that cut across foliation, and steeply dipping fractures parallel to foliation. (Chapman et al., 

2005). The felsic gneiss bedrock, is part of the Raleigh Formation, which is a northwest 
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trending belt through the eastern Piedmont of North Carolina (Figure 1, Parker, 1979). The 

regolith generally provides storage of groundwater to the underlying bedrock (Heath, 1980). 

The area is considered to be an unconfined aquifer because the regolith and fractured bedrock 

are in hydraulic communication (Chapman et al., 2005). Piedmont aquifers are considered 

highly susceptible to groundwater contamination due to their shallow depth (Daniel and 

Dahlen, 2002). This area was selected as the type locality representative of Piedmont 

hydrogeology in an intensive two-year study conducted by the USGS (Chapman et al., 2005). 

The USGS study was aimed at refining the ground-water-flow models for the Piedmont 

physiographic province of North Carolina (Chapman et al., 2005). Their findings support the 

model of groundwater flowing from high to low topographic settings, with hydraulic 

gradients directed upward in discharge areas and downward in recharge areas (Chapman et 

al., 2005). They also found upwelling in discharge zones from deeper groundwater during 

storm events that is attributed to water being pushed out of transition-zone fractures 

(Chapman et al., 2005). Additionally, they found elevated levels of nitrate in groundwater, 

which were attributed to agricultural practices including livestock waste and use of synthetic 

fertilizer, but they were unable to determine the exact source (Chapman et al., 2005).  
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Figure 1. Geologic map of North Carolina. The Red dot indicates the location of the study area (Chapman et al., 2005) 
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Figure 2. Typical Piedmont hydrogeology of the area with fractured bedrock, transition zone, saprolite and soil zone.  (after 

Daniel and Dahlen, 2002).  
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2.2. Lagoon 

 The lagoon examined in the study site is a secondary waste lagoon. It receives waste 

from only the top most section of the primary lagoon. The primary lagoon was constructed 

with an engineered clay liner in 1986. The primary lagoon was constructed to accommodate 

waste from 263 sow equivalents. It now receives much less waste than it was built to 

accommodate, because animal numbers on the unit vary and between projects the unit sits 

idle. What is now the secondary lagoon was previously two separate lagoons. These lagoons 

served as secondary and tertiary lagoons for the processing of hog waste. When the primary 

lagoon was also constructed in 1986, these lagoons changed function to serve as secondary 

and tertiary lagoons respectively. Then in 1997, the wall separating the secondary and 

tertiary lagoons was torn out to create the one large secondary lagoon. There are now just 

two lagoons, primary and secondary (Curtis Powell, Manager, North Carolina State 

University Lake Wheeler Road Field Laboratory, oral commun., 2011).  

2.3.  Mutli-Isotope Approach  

 Isotopic compositions of nitrogen and oxygen in nitrates reflect their source due to 

reversible equilibrium and nonreversible kinetic reactions that cause isotopic fractionations 

(Kendall, 1998). Isotopes of oxygen and nitrogen are measured as the ratio of O
18

:O
16 

and 

N
15

:N
14

, respectively, and are expressed in units of per mil (parts per thousand, ‰) of O
18

 or 

N
15

 relative to the ratio of an international standard (Silva et al., 2000). The Greek letter (δ) 

(“delta”) is used for the value obtained from equation (1) bellow. 

(1) δ18
O or δ

15
N=((Rsample/Rstandard)-1) x 1000 



 

11 

 Where Rsample is the ratio of O
18

:O
16

 or N
15

:N
14

 for the sample, and Rstandard is the ratio of 

O
18

:O
16

 or N
15

:N
14

 for the standard. The standard for Oxygen is VSMOW (Vienna Standard 

Mean Ocean Water) and the standard for Nitrogen is atmospheric air. The standards have δ 

values defined as 0‰ (Silvia et al. 2000). In most agricultural watersheds, the main sources 

of nitrate are animal waste and inorganic fertilizer (Kendall and Aravena, 2000; Howarth, 

2004; Boyer et al., 2006). Inorganic nitrogen fertilizers are produced by the fixation of 

atmospheric nitrogen and oxygen (Kendall, 1998). They have low δ
15

N values from -4 to 

+4‰, which reflect the atmospheric source of industrially produced fertilizer (Hubner, 1986). 

Since all three oxygen molecules in synthetic fertilizer are derived from atmospheric oxygen, 

which has as δ
18

O values of +23.5 ‰, synthetic fertilizer will have δ
18

O values that range 

from +18 to 22 
o
/oo (Silvia et al., 2000; Kendall, 1998). Conversely, nitrates derived from 

animal waste are marked by heavy δ
15

N values from +10 to +20‰ or even greater due to 

ammonia volatilization which preferentially removes the isotopically light N
14

, leaving the 

substrate enriched in the heavier N
15

 (Showers et al., 2008; Israel et al., 2005; Karr et al., 

2001,2002; Gromly and Spalding, 1979; Kreitler, 1979; Wassenaar, 1995). Nitrates formed 

from microbial nitrification (as in lagoons) gain two oxygen molecules from isotopically 

light water and one from the heavier atmospheric oxygen molecule (Hollocher, 1984). Thus 

nitrates associated with waste have relatively light δ
18

O in the range of -10 to +10‰ 

(Kendall, 1998; Kendall and Aravena, 2000). Fertilizers and naturally occurring soil 

ammonium can also undergo nitrification, in which case their δ
18

O values would be 

indistinguishable from waste-derived nitrates, if the lagoon effluent were oxidized in the 

same environment as the fertilizer and or soil nitrate (Silvia et al., 2000). In this case, δ
15

N 
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values would be a better indicator of the contaminant source. Waste derived nitrates can have 

a heavier δ
15

N values than soil nitrate derived from chemical fertilizers, but the ranges are 

overlapping in most instances (Kendall, 1998).  

 The identification of nitrate source, is complicated by denitrification, which causes 

enrichment of both δ
15

N and δ
18

O (Kendall, 1998). Enriched δ
15

N in waste effluent can be 

distinguished from other sources of nitrates that have been enriched in δ
15

N via 

denitrification, because the waste effluent will have heavy δ
15

N and light δ
18

O. Groundwater 

nitrate that has undergone denitrification will have both heavier δ
15

N and δ
18

O. It is therefore 

important to use a multi-isotope approach of both δ
15

N and δ
18

O to rule out denitrification as 

a source of δ
15

N enrichment. The results are summarized in figure (1), which is taken from 

Kendall and Aravena (2000). 

 

Figure 3.  Summary of source dependent multi isotope values form Kendall and Aravena (2000). 
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2.4.  Electromagnetic Induction 

 Electromagnetic induction (EM) uses a sender coil that creates a time varying 

electromagnetic field that is directed downward into the subsurface and causes similarly 

alternating currents to flow in conductive materials (Allred et al., 2008). The currents or 

“eddy currents” generate their own secondary electromagnetic field, which will differ from 

the primary field in both phase and amplitude (Mussett and Khan, 2000). The strength of the 

secondary EM field is proportional to the conductivity of the material through which it 

passes. The more conductive materials generate larger secondary fields, and less conductive 

materials will produce weaker secondary fields (Burger et al., 2006; Mussett and Khan, 

2000). The receiver coil records the voltage associated with both the primary and secondary 

electric fields. The ratio of primary to secondary electric fields is then used to make 

interpretations about the subsurface conducting bodies such as size, geometry, and electrical 

properties (Burger et al., 2006).  

 Electrical conduction through soil is primarily a result of exchangeable ions at the 

surfaces of solids and free salts in solution in soil or groundwater (Corwin et al, 2008b). As a 

result, electromagnetic induction surveys have been shown to be very effective at locating 

contaminant plumes associated with leaking waste lagoons due to the presence of electrolytes 

in solution (Ranjan and Karthigesu, 1995; Zheng and Brune, 1991; Brune et al., 1988; 

Huffman and Westerman, 1991). They have also been show to work well for waste treatment 

sites and septic tank leaks (Lee et al, 2006; Eigenberg et al., 1998). The advent of small 

electrode spacing geophysical instruments allows for a great deal of data to be collected over 
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a large area in an efficient manner (Allred et al., 2008; Gibson and George, 2003). EM 

systems can measure multiple depths in a single survey by using multiple frequencies (Won, 

2003). The depth of investigation is highly variable depending on the conductivity of the 

material, underlying geology, ambient noise, coil configuration, and the range of frequencies 

collected in the survey. (Huagn, 2004). In general, the lower the frequencies penetrate deeper 

into the ground, higher frequencies penetrate shallower with increased resolution (Won et al., 

1996). 

2.5.  Resistivity Surveys 

 In electrical resistivity surveys, direct currents (DC) are passed through the 

subsurface and the potential difference is measured between two points (Burger et al., 

2006). The electrode spacing controls the depth of investigation. Various electrode arrays 

(such as: Dipole-Dipole, Schlumberger, and Wenner) can be selected to maximize 

resolution at different depths (Herman, 2001). Since the current and the measured voltage 

(potential) are known, apparent resistivity can be solved for using Ohms law, depending 

on a geometric factor which accounts for the spacing of the electrode array (Musset and 

Khan, 2000; Herman, 2001). The advent of inversion methods (Loke and Barker, 1994) 

and multielectrode resistivity data acquisition systems (such as Syscal), allows for 

efficient procurement and inversion of resistivity profiles of the subsurface (Watson et 

al., 2005). Since the resistivity of subsurface materials primarily depends upon the 

abundance of groundwater and on the amount of salts dissolved in the groundwater, 

resistivity surveys have shown to be useful in groundwater contamination studies (Musset 

and Khan, 2000; Naudet et al., 2004) and for identifying contaminant plumes from land 
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fill leachate plumes (Perozzi and Holliger, 2008). Resistivity surveys have also been 

shown to work well at identifying nitrate contaminant plumes (Sanito et al., 2009; Fink 

and Rucker, 2007; Naudet et al., 2004; Watson et al., 2005, Drommerhausen et al., 1995). 

One possible complication in the application of resistivity surveys to groundwater 

contamination studies is that the electrical conductivity (inverse of resistivity) is expected 

in increase with the presence of clays (Corwin et al., 2008a, 2008b; Gibson and George, 

2004). Therefore in groundwater contamination studies, it important to determine if the 

observed conductive body can be attributed to the presence of clays and heterogenous 

substrates or if it is indeed the result of groundwater contamination. The advantage of 

surface resistivity surveys is that they are relatively non-invasive and low cost (Sanito et 

al., 2009; Naudet et al., 2004).  

3. Methods 

3.1.  Surface Water Monitoring 

 The North Carolina Department of the Environment and Natural Resources noted an 

increase in nitrates in surface water downstream from the secondary lagoon. This led them to 

the hypothesis that the secondary lagoon might be discharging nitrates into the stream. In an 

effort to identify the source of nitrate contamination, an ISCO sampler was deployed in the 

stream channel directly downstream of the secondary lagoon (Figure 4). The sampler had a 

flow-acuated sensor was submerged that began collection at the start of a storm event. The 

sensor was placed approximately 0.33 m above the stream. During a storm event, it was 

predicted that the stream would rise, submerge the sensor, and allow for the collection of 

water samples during a high discharge event. The ISCO sampler collected stream water 
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samples every hour  into 0.5 L pre-rinsed HDPE bottles during the storm event during 

August 5-7, 2010.  These samples were then placed in cold storage for later nutrient analysis. 

 

 
Figure 4. Map of study area with ISCO sampler placement and digital elevation.  
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 Ion concentration analysis was performed on a Lachat auto analyzer (Lachat 

Quickchem Systems, Milwaukee, WI).  Nitrate, ammonia, phosphate, silica, and chloride 

concentrations were ascertained to within ±10‰ uncertainty based on replicate analysis of 

standards.  Calibration curves for instrument response in comparison to the concentration of 

each ion were identified before each run and correlated at R
2
>0.995. Nutrient data were then 

compared to stream stage data obtained from a USGS gauging station in order to ascertain 

the interplay between stream discharge and nutrient concentration.  
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3.2.  EM 

 Two electromagnetic induction surveys were performed in July, 2010 and December, 

2011 (show in figure 5) using the GEM-2 system in order to detect changes in apparent 

conductivity associated with leaks from the secondary lagoon. The GEM-2 uses a coil 

spacing of 1.66 m in either a vertical or a coplanar configuration. The coplanar configuration 

was used in this study. The GEM-2 uses a bucking coil to prevent primary field signal 

saturation at the receiver (Won, 2003). The system was mounted on non-metallic PVC pipe 

sled in order to maintain a constant elevation (1m) above the ground. EM surveys were 

conducted by towing the sled with the GEM-2 attached around the secondary lagoon in a grid 

pattern. Survey lines were spaced approximately every 1.5 m in order to achieve good 

coverage. The GEM-2 was set up to operate in a step-mode function that pushes all available 

energy into each frequency, versus distributing energy over all the frequencies. The GEM-2 

was operated at frequencies of 1470, 5130, 18030, and 63030 Hz for the first survey. The 

second survey used seven frequencies of 1470, 2910, 5790, 9810, 22830, 45330, and 90030 

Hz. The depth of penetration is inversely proportional to the square root of the frequency 

used (Huang, 2004). Thus, investigations at multiple depths can be carried out in a single 

survey. The GEM-2 has a GPS system connected to the console.  The time and positioning 

data from the GPS is stored along with the GEM-2’s EM data.  The GEM-2 uses WinGEM 

software, which uses the GPS data to assign a longitude-latitude (x,y) position to each EM 

data point during the survey. Interpretation of apparent conductivity is determined with the 

WinGEM software based on the measured EM responses of in-phase and quadrature 

components (Won et al., 1996; Won and Keiswetter, 1998;  Huang and Won, 2000, 2003; 
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GEM-2 Manual). Both ArcGIS and Surfer software were used to plot EM data. Surfer 

software was used to interpolate EM data and create a three dimensional image of apparent 

conductivity around the secondary lagoon using the Kriging interpolation method. Both the 

surfer map and ArcGIS maps were overlain on maps of the study area in order to determine 

the spatial variability of apparent electrical conductivity. It was assumed that changes in 

conductivity could be associated with contaminant plumes coming from the secondary 

lagoon. EM data were used to identify areas of increased conductivity as a screening method 

for identifying the best location for more detailed surface DC-Resistivity surveys. 

 
Figure 5. Map of Study area with EM plotted. 
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3.3.   DC-Resistivity Surveys 

  DC Resistivity Surveys were conducted (Figure 6) on areas that were determined 

to have increased conductivity using the Syscal Jr Switch 24 automatic resistivity system. 

Resistivity surveys are more time consuming than EM investigations, but provide a 2-D 

resolution of the earth’s conductivity with depth along the length of the array (Musset and 

Khan, 2000). Five resistivity lines were collected (Figure 6). The first was collected near the 

Eastern end of the lagoon using a Wenner-Schlumberger array, oriented North/South with a 

5m-electrode spacing, and 24 total electrodes. The second line was collected at the same 

location using the Dipole-Dipole method. The third line was collected at a lower elevation 

away from the lagoon towards a stream bed to the East of the lagoon. A third line was 

collected using surface DC-Resistivity in a North/South orientation in an area with increased 

apparent EM conductivity. This line was also collected using a Dipole-Dipole array with a 

2m-electrode spacing. A fourth resistivity line was collected using Dipole-Dipole 

configuration with a 2m spacing that ran perpendicular to the previous surveys (oriented 

East/West) in a depression that had high vegetation and appeared to be a rill (Figure 6). We 

selected this area because it appeared to be an area where water would be flowing 

underground (in a topographic depression). A last resistivity line was collected parallel to the 

lagoon  (oriented along East/West) in a swale along the lagoon’s southern edge. This fifth 

and final resistivity line was collected used a Dipole-Dipole array with 2 m-electrode 

spacing. The switch box on the Sycal Jr automatically alternated current and potential 

electrodes to achieve every possible electrode combination for the given electrode array and 
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method (e.g. Dipole-Dipole or Wenner-Schlumber). Resistivity pseudo-sections were 

constructed using RESD2INV software. The RES2DINV program uses a least-squares 

inversion technique in order to construct a 2D model of the porous media from the apparent 

resistivity data (Loke et al. 2003).  

 
Figure 6. Map of study area showing the positions of resistivity survey electrodes and EM data. 
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3.4.  Groundwater Monitoring Wells 

 Twelve shallow groundwater-monitoring wells were installed in areas that were 

within what appeared to be contaminant plumes from the resistivity surveys (shown in figure 

7). Wells 1, 2, 3, 4, 5, 6, 11, and 12 were installed using Direct Push track-mounted 54DT 

Geoprobe machine (Troxler Geologic), which installed one inch PVC wells. Sediment cores 

were recovered from the Geoprobe wells, and placed in cold storage for later analysis. The 

total depth of each of these ten wells was 24 ft. Sand was placed in the bottom of the well 

from 24 to 20 ft. Then the PVC pipe casing was installed. These wells were screened from 20 

to 10 feet. Sand was poured in around the PVC pipe casing until it covered over the screen 

approximately 2 ft. Then rest of the casing was filled in with bentonite sealing clay and 

hydrated to seal the well. The wells were then caped with PVC protective covers. Larger 2 

inch diameter wells were also installed with an CME 55 truck mounted rotary drill rig and an 

8 inch auger. The total depth of the rotary drilled wells was 24 ft. Sand was placed in the 

bottom of the boreholes and 2 inch PVC pipe casings were then inserted and screened from 

20 to 10 feet. Sand was filled in to cover the tops of the screen depth in the wells. Then 

cement grout was used to seal the tops of the wells. The larger 2 inch wells were then cased 

in concrete pad and covered with bolt on steel plates. Wells 7 and 8 were installed using a 

hand auger, in areas of lower conductivity, in order to serve as control wells. One inch wells 

were installed in the same manner as the Geoprob wells. In all cases wells were developed by 

pumping until the water coming out of the well was clear.  
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Figure 7. Map showing the locations of the groundwater monitoring wells. 

3.5. Groundwater Monitoring and Analysis 

   Water samples were collected monthly in each well for chemical and isotopic 

analysis.  Ground water samples were collected in 1 L pre-rinsed HDPE bottles after 

pumping three to five well volumes to purge the wells.  Samples were kept in a cooler with 

ice in the field, and then placed into cold storage at 4 
o
C until they could be filtered in the 

laboratory. Sample holding times prior to analysis were less than 48 hours.  Approximately 

10 mL of water was sub-sampled from the 1 L containers for ion concentration analysis, and 

the rest of the sample were filtered through pre-combusted glass fiber filters (0.07 µm) and 

kept in the dark at 4°C prior to extraction on an ion exchange resin column (cation and 
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anion).  All samples were put on resin for isotope analysis within 72 hours of field collection. 

Stable isotopic analysis of dissolved nitrate was conducted at the NCSU Stable Isotope 

Laboratory.  Samples were prepared following methods outlined by Chang et al. (1999) and 

Silva et al. (2000).  Filtered samples were passed through a column of cation-exchange resin 

to prevent DOC accumulation followed by a column of anion-exchange resin to collect 

nitrate.  The nitrate was eluted from the anion-exchange resin and into solution using 3 N 

HCL.  The elutant was neutralized with silver oxide (Ag2O), filtered to extract silver nitrate 

(AgNO3), and lyophilized to remove all water.  Values of δ
15

N and δ
18

O were determined on 

a Finnigan Mat Delta XL CF-IRMS.  Sample isotopic compositions are reported in per mil 

(‰) relative to conventional standards (atmospheric air for nitrogen and VSMOW for 

oxygen).  All results were calibrated against internal and international lab standards.   
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3.6.  Particle Size Analysis 

  Particle size analysis was conducted in order to determine if changes in grain size 

affect the measured conductivity. Samples were taken from sediment cores obtained from 

drilling and Geoprobe installation of shallow groundwater monitoring wells. Sediment cores 

were correlated with the 2D  resistivity surveys in order to identify areas of increased 

conductively. These areas were also chosen for particle size analysis. Additionally, samples 

were chosen from within the cores that were above and below the area of increased 

conductivity. Particle size analysis was completed by laser diffraction. Approximately 1 g of 

sediment was placed in a clean beaker, and 10-15 mL of deionized water (DI) was added.  

Then a magnetic stir was used to ensure the sample was fully suspended. Approximately 1 

mL of 2 g/L Sodium Metaphosphate, was added as a dispersing agent to prevent flocculation. 

The correct sample volume was added to the water column of the Beckman Coulter LS 13 

320, Universal Liquid Module using an automated disposable polyethelene pipette. The 

water column was sonicated for 15 seconds and then analyzed for 60 seconds once 

obscuration levels of 7-10‰ was reached (Brulet, 2009). 

 Using the Beckman Coulter LS 13 320 software, the grain size distribution of 

sediment samples at various depths within each core was calculated. The amount clay of each 

sample was determined as the percentage of the sample with grain size less than or equal to 2 

μm (Guggenheim and Martin, 1995). The grain size data were then compared to geophysical 

surveys in order to discriminate the source of geophysical response. Grain size data were also 

compared to chemical data from shallow monitoring wells in order to assess the effect of the 

subsurface lithology on contaminant distribution.  
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3.6 Slug Test 

A slug test was conducted in well 10 and well 3 using the Bouwer and Rice method, 

in order to assess the spatial variability of hydraulic conductivity (Bouwer and Rice, 1976). 

This was important to assess the impact of sediment distribution on hydraulic conductivity, 

and subsequent contaminant transport.  

4. Results 

4.1.   Surface Water Monitoring 

 Nutrient analysis from the stream below the lower lagoon shows an initial decrease in 

nitrate concentration followed by a rapid increase corresponding to a storm event (Figure 8a).  

Stable isotope analysis of nitrates collected in the stream during the August 2010 storm event 

have δ
15

N values between +11 and +12‰. These δ
15

N values are consistent with nitrate 

derived from a waste source.  Similarly figure (8b) shows that ammonium concentration also 

increased in the stream on the falling hydrograph. δ
15

N values were not obtained for 

ammonium in the stream samples, but δ
15

N values for corresponding stream nitrates are also 

plotted in figure (8b) for reference. 
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Figure 8a. Plot showing the relationship between stream stage and concentration of nitrates (and corresponding δ15N values) 

following a storm event. 

 

 

 
Figure 8b. Plot showing the relationship between stream stage and ammonium concentrations for the same storm event with 

δ15N values of nitrates plotted for reference. 
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4.2.   EM Survey 

 The second EM survey had a greater density of survey lines than the first survey, and 

is shown in Figure (5). There was not a significant change in observed conductivity between 

the first and second survey taken in July (low groundwater table) and December (high 

groundwater table). There are three areas of increased conductivity around the secondary 

lagoon that were of interest. The first appears to be an area of increased conductivity near the 

northwestern corner of the lagoon. The second appears to be an area of increased 

conductivity emanating out of the eastern edge of the lagoon and heading in the down slope 

direction towards the creek draining the area. A third zone of increased conductivity runs 

along the southern edge of the lagoon. Figure (9) shows the EM survey interpolated in 3D 

with surfer. The white circle indicates the area of increased conductivity in the northwestern 

corner of the lagoon. The EM scale is different between figures 5 and 9 to emphasize the 3D 

structure in the northwest corner, which appear to be pipes running underground in that area.  
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Figure 9. 3D surfer plot of EM data, with latitude and longitude values, showing what appears to be pipes running under 

ground in the North West corner. 

  

Secondary Lagoon 
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4.3. Resistivity Surveys  

 Once areas of increased conductivity were detected, more detailed resistivity surveys 

were completed to elucidate the 2D structure. Figure (10) shows the final cumulative map of 

EM data, resistivity surveys, and corresponding monitoring wells. Figures 11a, b, and c show 

resistivity cross sections corresponding to areas of interest in the EM survey. The resistivity 

survey in figure (11a) corresponds to the fourth line of electrodes. This line of electrodes 

(line 4) was run in a small topographic depression, with much higher vegetation than the 

surrounding which suggested the possibility of a higher water table elevation. Figure (11a) 

shows what appears to be the longitudinal axis of the contaminant plume with the 

corresponding monitoring wells (wells 1, 2, 3, and 9). There appears to be an elongate plume 

marked by high conductivity diving down with distance away from the lagoon. The shallow 

groundwater monitoring wells were installed in order to sample any contaminant plume 

coming from the lagoon. Similarly figure (11b) shows the resistivity profile from line 3. 

Figure (11b) shows what appears to be the transverse axis of the plume with the 

corresponding monitoring wells (wells 1, 4, 5, 10, and 7). The resistivity survey figure (11c) 

corresponds to the area of high conductivity along the southwestern edge of the lagoon in the 

EM survey. The survey results depict a large resistive zone in this area instead of a 

conductive body that would be expected from the EM survey.  
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Figure 10. Cumulative map of EM data, resistivity surveys, and corresponding monitoring wells. 
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Figure 11a. Resistivity survey from line number 4. This shows the longitudinal axis of the contaminant plume coming out 

of the lagoon. Unit electrode spacing = 1m. Horizontal scale is 33.60 pixels per unit spacing. Vertical exaggeration in model 

section display -0.91. First electrode is located at 0.0m. Last electrode is located at 49.60 m. Dipole-Dipole array with 2m 

spacing. Twelve iterations and RMS error = 3.0.  

North 
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Figure 11b. Resistivity survey from line number 3. This essentially shows the transverse axis of the plume coming out of 

the lagoon. Unit electrode spacing = 1m. Horizontal scale is 33.57 pixels per unit spacing. Vertical exaggeration in model 

section display -0.91. First electrode is located at 0.0m. Last electrode is located at 49.60 m. Dipole-Dipole array with 2m 

spacing. Eight iterations and RMS error = 4.9. 
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Figure 11c. Resistivity survey from line number 5. This was an area that appeared to be highly conductive in the EM 

surveys. Unit electrode spacing = 1m. Horizontal scale is 34.41 pixels per unit spacing. Vertical exaggeration in model 

section display -0.90. First electrode is located at 0.0m. Last electrode is located at 49.60 m. Dipole-Dipole array with 2m 

spacing. Eight iterations and RMS error = 4.9. 

 

4.4 Chemical Analysis 

 Stable isotope analysis of samples taken from the monitoring wells (Figure 12) 

reveals that all of the wells on the down slope side of the lagoon fall into the range of 

expected isotopic values for lagoon nitrate (e.g wells 1 ,2 ,3 ,4 , 5, 9, and 10). Wells 7 and 8 

have isotopically lighter δ
15

N than would be expected from a waste source. These values fall 

into the range associated with ammonium fertilizer. Well 9 had significant levels of NH4. 

Well 9 is also the farthest down slope from the lagoon and had more NH4 than NO3 in the 
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groundwater. Well 9 displayed an average over the six month samling period of 2.4 mg/L 

ammonium and 1.9 mg/L nitrates. Average isotopic values from δ
15

N-NO3 for well 9 were 

+15.57 per mil, and +15.42 per mil for δ
15

N-NH4. Both of these values fall within the range 

expected for a waste source. Wells 2, and 5 also had trace amounts of NH4 (less than 0.3 

mg/L).  Well 5 had an average value of  + 15.2 parts per mil δ
15

N-NH4. Well 2 had an 

average value of  + 17.32 parts per mil δ
15

N-NH4. Both well 2 and 5 fell within the values 

expected for a waste source. Well 8 also had very minute amounts of NH4, 0.128 mg/L. 

However, the δ
15

N-NH4 value from well 8 was +2.33 per mil, which is well below the value 

expected if it were coming from a waste lagoon, and more consistent with a fertilizer source.   

 
Figure 12. This shows the δ15N-NO3 vs. δ18O-NO3 values for the various wells 
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 Figure (13) shows a plot of concentration in mg/L NO3 versus time. There does not 

seem to be a significant seasonal trend, though there is some variability. Wells 1,2, and 3 

seem to group together above 2 mg/L, the rest of the wells fall below 2 mg/L. Wells 7 and 8 

have the lowest concentrations of nitrates, and are in areas of low conductivity. There does 

seem to be a large increase in nitrate concentration (at least in well 3) starting in September. 

This corresponds to the time when the farm began pumping lagoon effluent out of the lagoon 

for use as fertilizer on the adjacent field. The water level in the lagoon from September 

through the winter was periodically very low. The farm pumped the lagoon nearly dry 

several times over this period.  
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Figure 13. Plot of concentration with time in wells 1 through 8. 

In an effort to determine the relationship between isotopic composition and 

concentration in each well, δ
15

N-NO3  (per mil) and concentration of nitrates in mg/L were 

plotted in figure (14). Wells 1,2, and 3 group together with heavy δ
15

N-NO3  values. The 

overall trend in all the wells is that the highest nitrate concentrations were associated with the 

heaviest δ
15

N-NO3  values.  This is consistent with a waste lagoon source of the nitrate in 

groundwater at the site. Similarly, figure (15) shows a plot of nitrate concentration versus 

chloride concentration (both in mg/L). Chloride is a conservative tracer, because like nitrate 

it has a low affinity to adsorb to the porous clay media.  Chloride is also associated with 
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swine waste. The areas with the highest concentrations of chloride should represent areas 

with the greatest influence of swine lagoon leakage. The linear trend in the plot of nitrate 

versus chloride would be expected if the lagoon is leaking swine waste resulting in elevated 

δ
15

N-NO3 values and NO3 concentrations. This relationship is observed for the wells found in 

the areas of high EM conductivity which are interpreted to be in the contaminate plume. 

 

Figure 14. This plot shows δ15N-NO3  (per mil) vs. concentration.  
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Figure 15. This plot shows NO3 concentration in mg/L vs. Concentration of Cl-1in mg/L. 

 

4.5 Resistivity Surveys and Sediment Distribution 

 The resistivity line four is shown in figure (11a). This corresponds to the topographic 

low running from the eastern side of the lagoon in the down slope direction. This was an area 

of particular interest, because the EM survey shows a sharp change in conductivity in the 

vicinity of well 2. The resistivity profile from line four shows what appears to be a 

contaminant plume marked by increased conductivity that emanates out of the lagoon and 

moves in the down slope direction towards the stream. The plume appears to be diving down 

towards the water table away from the lagoon. Wells 1, 2, 3 and 9 were placed along this 

0.00 

0.50 

1.00 

1.50 

2.00 

2.50 

3.00 

3.50 

4.00 

4.50 

0.00 10.00 20.00 30.00 40.00 50.00 60.00 

[N
O

3
  ]

 (
m

g
/l

) 
 

[Cl] (mg/l) 
 

LWF01 
LWF02 
LWF03 
LWF04 
LWF05 
LWF07 
LWF08 
LWF09 
LWF10 
LWF11 
LWF12 



 

40 

transect. The sediment core from Well 3 has an area of exceptionally high conductivity at 5m 

(15ft) in depth (Figure 16). Well 3 also has the highest concentration of nitrates and the 

strongest waste signal suggested by the heavy nitrate nitrogen isotopic composition. This 

area of high conductivity in well 3 seems to correspond with the well-sorted sandbar type 

deposits beginning at about 5m (15 ft, Figure 16).  

 

 

Figure 16. This image shows the sediment core from Well 3. Blue tape is in 1 ft increments. Sediment cores are arranged 

with increasing depth from left to right. The top of the image is stratigraphic up.  At about 15 ft (5 m) there seems to be a 

change to a well sorted coarse-grained sand bar type deposits. This also corresponds to the area of highest conductivity in 

the resistivity profile. This are also has some of the highest concentrations of nitrates observed during this study, and heavy 

δ15N-NO3  values consistent with nitrates from the waste lagoon. 

 

 

 The changes in the grain size distribution with depth do not correspond to the 

changes  in electrical conductivity in Well 3 (Figure 17). Figure (11a) shows an area of low 
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conductivity in the top portion of Well 3.  The grain size distribution changes with depth 

indicates that this area of low conductivity in the upper most portion of Well 3 corresponds to 

the most fine-grained material (silty loam). There is an area of increased conductivity down 

the sediment column in Well 3 that corresponds to coarser material. This is the sandbar type 

material found in the bottom of the core (Figure 16). There is also an area of high 

conductivity in the upper area of Well 1 that has a very similar silty loam grain size 

distribution found in the top of Well 3 (silty loam). Areas with the most clay (silty loam) in 

Well 1 appear to have the highest conductivity in one area, while in Well 3 the same 

sediment type has exceptionally low conductivity. This suggests that the contaminate plume 

EM signal variation is stronger than any EM variation produced by grain size changes at this 

site. 
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Figure 17. On the left, is the grain size distribution with depth taken from Well 3. The tail on the left corresponds to the D25, 

the square in the center is the D50. The tail on the right is the D75. On the right, is electrical conductivity in mS/m taken on a 

one-meter interval again in Well 3. 
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The resistivity profile in figure (11a) shows an anomaly in the middle portion of Well 

2. The sediment core obtained from drilling Well 2 revels that at about 2m in depth, there is 

highly variable, mixed up, manmade material (Figure 18). The material contained charcoal, 

concrete, pieces of brick, etc. It resembled material that could have been pushed in by a 

bulldozer when filling in a trench. 

 
 
Figure 18. The resistivity survey from line 4 shows an anomaly in well 2 at about 2m in depth. The sediment core from well 

2 is shown above. Blue tape is in 1 ft (0.33 m)increments. Sediment cores are arranged with increasing depth from left to 

right. The top of the image is stratigraphic up. From approximately 1.3 to 1.8 m there are chucks of concrete, brick and other 

man made materials (show with arrows). This appears as smaller cobles in the upper section of the second core. This is from 

where the Geoprobe crushed the material as it pushed through.  
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 Another area of interest was the southeastern edge of the lagoon that appeared to be 

very highly conductive in the EM survey. During the collection of the second EM survey 

there was standing water in the swale that runs along this area. The resistivity survey from 

this area is shown in figure (11c). There is an area of high resistivity (or low conductivity) 

beneath well 12. This layer is shown in purple. The sediment core obtained from drilling well 

12 is shown in figure (19) and reveals a layer of very pure quartz in this area below 4 meters. 

It is also important to note that the water table is fairly deep in this area, approximately 6 m 

below ground level. 
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Figure 19. The figure above shows the resistivity survey from the southeastern margin of the lagoon. The area of very low 

conductivity shown in purple corresponds to a thick layer of quartz.  

12
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4.6 Slug Test Results 

 Both a rising head and falling head slug test were conducted in well 10 and well 9. 

Well 9 is inside the proposed paleo-stream channel, and well 10 is outside the channel. Well 

9 had hydraulic conductivity of  2.6 ft/day,  and well 10 had a hydraulic conductivity of 

1.7ft/day.  The difference in hydraulic conductivity between these two wells suggests that 

Well 9 is located in a paleo-stream channel and is different from the conditions at Well 10. 

5. Discussion 

5.1.   Surface Water Monitoring 

 During the storm event there is an initial decrease in nitrates in the stream down 

gradient from the lower lagoon. This may be due to dilution as the steam stage rose. 

Following the initial dilution, there is a large pulse of nitrates. This probably does not 

represent lagoon seepage directly. It would take much longer for the waste effluent to travel 

from the lagoon, through the subsurface into the stream. Instead it may be related to an 

increase in hydraulic head during the storm event and contaminated groundwater moving into 

the surface drainages. The change in head would occur rapidly through the system, and could 

cause deep contaminant laden groundwater stored in the subsurface to upwell into the stream. 

There is also the possibility that this increase in stream nitrate is related to surface water 

runoff. The fact that there was no other adjoining up stream source to the stream at the point 

of surface water collection, indicates that the lower lagoon could be the source of nitrates. 

The purpose of this study was not to investigate the mechanism of surface or subsurface 

nitrate discharge into the streams. The presence of heavy nitrates in the stream suggests a  
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waste lagoon source regardless of different potential surface, shallow, intermediate or deep 

groundwater flowpaths.  

5.2.   Integrated Data 

 The EM survey reveals several areas of increased conductivity. The first is the area to 

along the northwestern edge of the lagoon (Figure 9). The 3D surfer image in Figure (9) 

shows several elongate structures that appear to be running away from the lagoon to some of 

the farm outbuildings. These are interpreted from the EM data to be pipes. The farm manager 

confirmed that there are most likely some pipes in this area (Mr. Curtis Powell, Manager, 

North Carolina State University Lake Wheeler Road Field Laboratory, 2011).  This area was 

ignored since the EM results are most likely not associated with a contaminate plume, but 

farm infrastructure (pipes).  

 The next area of high conductivity is the area to the east of the lagoon where a high 

conductivity area is spatially coherent with the lagoon and heads down slope away from the 

lagoon (Figure 5). This site was covered by several resistivity surveys. The sharp change in 

conductivity in the vicinity of well 2 is noteworthy. The 2D resistivity survey showed in 

Figure 11a depicts what appears to be a contaminant plume diving down with distance from 

the source and is disconnected at Well 2 where the debris conglomerate is found. It is 

common for a contaminate plume to take a path of high hydraulic conductivity, and the EM 

results suggest a bend in the high conductivity area around Well #2 (Figure 10, Fetter, 1999).  

Figure (11b) shows a side view of the transverse axis of the contaminant plume. It appears to 

be shaped like a surfboard, which is a common shape to see in a contaminant plume, because 
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transverse horizontal dispersivity is usually greater than transverse vertical dispersivity 

(Fetter, 1999).  

 Sites were chosen for the installation of shallow groundwater monitoring wells on the 

basis of the EM and 2-D resistivity results. If the contaminant plume is indeed coming from 

the lagoon, it would be expected to have a heavy nitrate nitrogen isotopic signal.  Figure (12) 

illustrates that the wells in the contaminate plume (Wells 1, 2, 3, and 9) all have a very strong 

waste signal of heavy δ
15

N-NO3  and light δ
18

O-NO3. Figures (13, 14, and 15) show that 

these wells also have the highest concentration of nitrates. Well 9, which is the furthest down 

slope and closest to the streambed, had elevated levels of NH4 and NO3. Ammonium is a 

strong indicator of lagoon seepage. Elevated levels of NH4 in groundwater indicate a 

significant rate of lagoon leakage, otherwise the ammonium would oxidize to nitrate in oxic 

groundwater conditions. The δ
15

N-NH4 values from well 9 are isotopically heavy, consistent 

with a waste source. Wells 1,2, and 3 plot together on nearly every graph, which indicates 

influence from a waste lagoon source.  

 The sediment core for Well 3 reveals coarse grained, well sorted, sandbar deposits 

that corresponded to the area of highest conductivity in the resistivity survey. This is 

consistent with the presence of an old streambed at this location that now serves as a carrier 

bed for lagoon contaminants. This hypothesis is further supported by the slug test, which 

shows that the well within the proposed old streambed has higher hydraulic conductivity 

those areas outside of the old streambed. It appears that the sharp change in conductivity in 

the EM survey in the vicinity of well 2 is due to the plume plunging downward due to 

changes in sediment type and permeability. Figures (11a and 17) show that the area of high 
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conductivity in the upper section of well 1 has just as much clay as the very non-conductive 

area in the top section of Well 3. This means that the presence of clays and changes in 

sediment grain size is not the dominant factor in variation in electrical conductivity at this 

location.  

 If there is a sand bed with much higher hydraulic conductivity below a less 

conductive layer, a contaminant plume will follow the more conductive pathway. The 

conductive area in the upper section of Well 1 has water coming from the lagoon, while the 

upper section of well 3 does not.  The lagoon is elevated several meters above the water 

table. If there is a leak from the lagoon berm, then water may make its way down through 

several meters of porous media and into the carrier bed below. The EM responsed to water 

saturated pores spaces in the sediment in the contaminate plume.  This may explain why the 

EM method worked at this site in a contaminant plume with low nitrate concentrations and a 

heterogeneous sediment terrain. The presence of contaminants in those pores would also add 

to the electrical conductivity.  

 There also appears to be an anomaly in the resistivity survey. The sediment core from 

Well 2, shown in Figure (18), reveals what appears to be fill material. It appears that there 

was an old stream running under this area. The lagoon was constructed in this stream 

depression and the stream was filled in with debris to construct the lagoon. This would have 

made for inexpensive lagoon construction, but is problematic because the old streambed 

provides a conduit for the migration of contaminants in the subsurface.  

 In September 2011, the farm began pumping the lagoon and spraying the effluent on 

the adjacent fields as fertilizer. This time corresponds to an increase in the concentration of 
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nitrates in well 3, which is in the suspected paleostream channel. If the lagoon is pumped to a 

low level, it is possible that dessication cracks will allow more ammonium to be transported 

into the contaminate plume and down the paleo-stream channel.  

 The last area of interest which was shown to be highly conductive through the  EM 

survey is the area along the southeastern edge of the lagoon in the vicinity of wells 11 and 12 

(Figure 10). If there were a large contaminant plume seeping out of the lagoon, and if this 

were the cause of the increased surface conductivity as shown through the EM survey, then 

the resistivity survey should show an area of increased conductivity at depth. Instead there is 

a small area of higher conductivity in the unsaturated zone above a large highly resistive area 

that begins at approximately 3m in depth and then extends down through the entire resistivity 

profile, as shown in Figure (19). The sediment core from Well 12 reveals that there is great 

deal of relatively pure quartz in beginning at about 3m in depth. The depth to water in this 

area is approximately 6m. Quartz is a strong insulator. If there is a layer of unsaturated, 

highly pure quartz, above the water table, then perhaps it is occluding the EM signal. Current 

would not be induced in the unsaturated quartz subsurface body. This might explain why the 

resistivity survey in Figure (19) depicts the highly resistive zone extending down into the 

saturated zone. Essentially, the unsaturated quartz is modifying the EM signal over the entire 

sediment column, but not the surface high frequency signal.  It is unclear what the total 

surface EM response, integrating with depth, is due to. The high conductivity zone in the 

upper portion of Figure (19) in Well 12 is unsaturated, so pore fluid is not the cause. There is 

a fair amount of clay in this area (~ 14.5%). However, this is no more clay than other areas in 

the study that did not exhibit such a strong EM response. 
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 The geochemical analysis of the groundwater from this area, (Wells 11 and 12) 

indicates a mixed source.  This is not unreasonable since the swale drains the fields above it. 

These fields have also received fertilizer in the past. The area of increased conductivity along 

the southeastern edge of the lagoon also corresponds to the approximate area the old berm 

was removed that separated the secondary and tertiary lagoons. If this site is now leaking, it 

would explain a mixed fertilizer and waste signal in these wells. The geochemical data 

indicate there could be a leak in this area. However, based on the integrated EM, resisitivity 

and geochemical results, a mixed contaminate source is more likely in this area.  

6. Summary and Conclusion 

An electromagnetic terrain conductivity (EM) survey detected changes in 

conductivity around an inactive anaerobic waste lagoon in the Piedmont of North Carolina. 

This technique allowed for the investigation of a very large area in a short amount of time. 

The data from the EM survey defined areas with increased conductivity and were used to 

select areas for surface more detailed Direct Current (DC)-resistivity surveys.  The resistivity 

surveys provided a higher resolution two-dimensional profile of the ground’s conductivity 

with depth. In effect it provided a 2D cross sectional view of the contaminant plume. 

Resistivity data from the vertical resistivity profile were used to select the locations to drill 

groundwater-monitoring wells. Grain size analysis was conducted on soil samples from the 

well cores in order to help distinguish the source of increased conductivity within the soil 

profile. Grain size distribution revealed that the presence of clays was not a dominant factor 

in the variations in subsurface conductivity. Groundwater samples from the monitoring 

wells provided confirmation of the geophysical data.  Isotopic analyses suggest that the δ
15

N 
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and δ
18

O values from the contaminant plume are consistent with a lagoon waste source. This 

multi isotope approach was able to distinguish between a lagoon waste source, a background 

signal, and a mixed waste/fertilizer signal. Furthermore, δ
15

N values from ammonia in the 

contaminant plume strongly suggest that the lagoon is leaking. It appears that the primary 

contaminant plume is migrating along an old streambed located under the lagoon and 

discharging into the adjacent stream. Increases in nitrate concentration appear to coincide 

with lower lagoon levels. This may be attributed to an increase in available oxygen which 

allows ammonium to oxidize to highly mobile nitrate. A smaller secondary leak appears to 

coincide with the area where the lagoon wall was torn out along the southern edge of the 

lagoon; however, there are likely multiple sources of nitrate to the groundwater in this area.  

 This method worked for a low concentration contaminant plume in a highly variable 

and heterogeneous porous media in the Piedmont of North Carolina. Because this method 

worked on a low concentration plume, it should be applicable to areas with high 

concentration plumes (e.g. commercial sites).  
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Appendix B 

Ancillary Figures 

 

Figure above is a suffer plot of the second EM survey.
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Figure above shows a 3D suffer plot of the first EM survey.
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Figure above shows the first EM survey and the placement of electrodes for the resistivity 

surveys and other pertinent information.  


