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ABSTRACT
As global freshwater sources decline due to environmental contamination and a growing
population, there is an increasing need for sustainable wastewater renovation techniques to
ensure fresh water for future generations. Wastewater re-use is one way to simultaneously reduce
freshwater use and recycle valuable nutrients into ecosystems. The Living Filter, located on the
campus of The Pennsylvania State University, is an example of a wastewater renovation system.
For fifty years, Penn State has sprayed treated wastewater onto agricultural fields and forest
ecosystems, leaving natural processes to further filter the wastewater. The localized water
recycling process is considered sustainable because the wastewater filters through the soil,
providing nutrients to agricultural crops and forests, until it eventually reaches the groundwater
system where it is extracted for university drinking water again.
Previous studies at the Living Filter have examined soil physical property changes,
surface runoff water quality, and phosphorous accumulation. However, most of these studies
have only examined these issues in the first 120 cm of the soil profile. Few investigations into
deeper subsurface profile phenomena have been conducted. Given that spray irrigation has
occurred for 50 years, the concern for excess nitrogen in the subsurface, and that deeper soil
profile studies have not been conducted, the purpose of this project was to analyze the potential
for nitrate saturation and more broadly the fate and budget of nitrogen in the system. This study
examines the cycling and accumulation of nitrate, and investigates the factors that control nitrate
accumulation. Using a combination of soil core and monitoring tools, ecosystem indicators
including soil nutrient capacities, moisture levels, and soil characteristics were measured.
Comparing data from the time of initial system installation to present illuminates how the system
has changed.
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Results reveal a systematic difference between irrigated and non-irrigated soil nitrate
concentrations, regardless of land use. Spray field soil nitrate concentrations were elevated
compared to non-irrigated sites; however, it is difficult to determine if that is caused by just
spray irrigation or by fertilizer input. Although elevated, groundwater concentrations are below
the EPA drinking water threshold. Soil analysis including particle size distribution, soil
elemental composition, and texture did not distinctively illuminate factors that control nitrate
accumulation, whereas it is generally understood that porosity, soil moisture, and soil texture all
impact nitrate presence. The results of soil analysis did match previous studies in that only weak
relationships were found between specific soil characteristics and soil nitrate accumulation in the
field area. The nitrogen budget analysis revealed that the soil incorporation in the Living Filter
serves as an important N sink, but there is unaccounted nitrogen that could be incorporated by
soil processes besides adsorption accumulation.
These findings suggest that spray irrigation at the Living Filter under the current rates of
application has not caused the ultimate stage of nitrogen saturation to occur in the spray
irrigation site, although there is evidence of nitrate bypass at the site because groundwater
concentrations beneath the Living Filter are continually above background levels. Because
groundwater nitrate concentrations are below regulated thresholds, and soil nitrate concentrations
are less than sprayed nitrate concentration inputs, the system can be interpreted to not have
reached capacity nitrogen saturation, and the ecosystem continues to use nitrogen and transform
it. Analysis of effects of variation in land use illuminates possible causes of differences in soil
nitrate concentrations. From the viewpoint of nitrate accumulation and potential for
environmental contamination, the Living Filter continues to serve as a viable mechanism for
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absorbing nutrient discharge and serving as the final stage of wastewater treatment after fifty
years, although should be continually monitored.

v

List of Figures
Figure 1.1. Location of the Living Filter (white box) relative to State College, PA, located in
Central Pennsylvania……………….……………………………………………………............. 5
Figure 1.2: Location of Living Filter “Gamelands” and “Astronomy” sites in State College, PA.
The “Astronomy site” was established in 1964 is the location of the study. It occupies about 191
ha and is approximately two miles from University Park Campus of The Pennsylvania State
University………………………………………………………………………………………….6
Figure 2.1: The First Hypotheses of Nitrogen Saturation developed by Aber et al (1989)……...12
Figure 2.2: Aber’s Saturation Model Revisited and Observations Developed (Aber et al.,
1998)………………………………..……………………………………………………………12
Figure 4.1- Aerial photograph of Astronomy Site at Penn State Living Filter, University Park, Pa.
Sampling locations marked by Core A (Non-Irrigated Control), Core B (Irrigated Agricultural),
Core C (Irrigated Agricultural), Core D (Irrigated Forest)………………………………………20
Figure 5.1: Measured soil nitrate-N concentrations from KCL extractions (mg/kg) in Core A
(Non-Irrigated Control), Core B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D
(Irrigated Forest)…………………………………………………………………………...…….34
Figure 5.2: Soil DI water wash nitrate-N concentrations (mg/kg) and adsorbed nitrate-N
concentrations (mg/kg) in Core A (Non-Irrigated Control), Core B (Irrigated Agricultural), Core
C (Irrigated Agricultural), Core D (Irrigated Forest)…………………………………………… 35
Figure 5.3: Measured soil DI water wash ammonium-N concentrations (mg/kg) in Core A (NonIrrigated Control), Core B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D
(Irrigated Forest)…………………………………………………………………………………36
Figure 5.4. Bulk Density values of four soil core profiles. Core A (Non-Irrigated Control), Core
B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest)………….39
Figure 5.5. Calculated porosity for all sample sites by soil profile depth. Core A (Non-Irrigated
Control), Core B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated
Forest)……………………………………………………………………………………………40
Figure 5.6. Depth vs Volumentric soil moisture content of Core A (Non-Irrigated Control),
Core B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated
Forest)………………………………………………………………………………………...….43
Figure 5.7. Depth vs Saturation Ratio. Core A (Non-Irrigated Control), Core B (Irrigated
Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest)……………………….44

vi

Figure 5.8. Depth vs Particle size < 2µm (%). Core A (Non-Irrigated Control), Core B (Irrigated
Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest)……………………….47
Figure 5.9. Soil adsorbed nitrate-N compared to particle size < 2µm (%) in four soil cores. No
significant trends were found. Core A (Non-Irrigated Control), Core B (Irrigated Agricultural),
Core C (Irrigated Agricultural), Core D (Irrigated Forest)………................................................48
Figure 5.10. Aluminum concentrations according to depth. Core A (Non-Irrigated Control), Core
B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated
Forest)……………………………………………………………………………………………50
Figure 5.11. Total Nitrogen (inorganic plus organic) (mg/kg) compared to depth (m). Core A
(Non-Irrigated Control), Core B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D
(Irrigated Forest). ………………………………………………………………………………..54

vii

List of Tables
Table 5.1. Results of the DI wash nitrate concentrations (mg per kg of dry soil), representative of
the pore water nitrate, compared to the total nitrate measured in the KCL extraction (pore water
plus adsorbed) (mg/kg), and the adsorbed nitrate calculated from the difference of the two
extractions (mg/kg)………………………………………………………………………………33
Table 5.2. Distribution of soil mineralogical composition in soil core …………...……………52
Table 5.3. Concentration and mass (g/m2) of adsorbed NO3-N computed from soil measurements
reported above. Core A (Non-Irrigated Control), Core B (Irrigated Agricultural), Core C
(Irrigated Agricultural), Core D (Irrigated Forest)………………………………………………56
Table 5.4. Range of reconstructed pore water nitrate-N concentrations (mg/L) with
corresponding depth ranges (m). Core A (Non-Irrigated Control), Core B (Irrigated Agricultural),
Core C (Irrigated Agricultural), Core D (Irrigated Forest)………………………………………57
Table 5.5: Nitrogen budget values for pertinent processes in the Living Filter by land use…….61

viii

Acknowledgements
First, I would like to thank my advisors, Demian Saffer and Michael Arthur. They
introduced me to the Living Filter, supported my independent project, and were patient with my
steps and missteps as I attempted to tackle work in a new area. I also appreciate the advice and
support of my committee member Sue Brantley.
Many thanks also go to the other faculty members of the Geosciences department, the
coursework, teaching experience, and other opportunities that I received through the program. I
would specifically like to offer my thanks to Dick Parizek for giving me a detailed history of the
Living Filter.
I also appreciate the financial and social support of the Sustainability Institute at Penn
State. Funding from the Sustainability Institute through the reinvention fund project made the
data collection for this project possible, and has enabled this research to continue through the
work of undergraduate students and interested community members. Additionally, I would like
to thank the Richard R. Parizek Graduate Fellowship, which also supported the data collection
and analysis. Furthermore, I would like to thank the Petroleum Geosystem Initiative for partial
support of the M.S. degree.
I am also grateful for the support of my family and friends.

ix

Table of Contents
List of Figures

vi

List of Tables

viii

Acknowledgements

ix

Chapter 1 Introduction
Nitrogen in the Environment
Penn State Living Filter History
Chapter 2 Literature Review
Previous Research on the Penn State Living Filter
Nitrogen Saturation Theory Development
Nitrate Fate and Transport
Nitrate-N Mass Balance and Nitrogen Budgets
Chapter 3 Goals, Objectives, Hypotheses
Research Goal
Objectives
Hypotheses
Chapter 4 Materials and Methods
Site Description
Soil Sampling Procedure
Soil Analysis
Soil Characteristics
Chapter 5 Results and Discussion
5.1: Nitrate in Subsurface
5.2: Ammonium Nitrogen Distribution
5.3: Bulk Density
5.4: Soil Moisture and Saturation Ratio
5.5: Particle Size Distribution (PSD)
5.6: X-ray Fluorescence (XRF)
5.7: X-ray Diffraction XRD
5.8: Total Nitrogen
5.9: Nitrate-N Mass Balance and Nitrogen Budget
Chapter 6 Conclusions and Future Work
Conclusions
Future Work

1
1
3
7
7
9
13
13
15
15
15
16
18
18
20
20
25
29
29
37
37
41
45
49
51
53
55
62
62
64

References

66

Appendix

69

x

Chapter 1: Introduction
Nitrogen in the Environment
Nitrogen is one of the most essential elements for life on Earth. Harnessing nitrogen as
fertilizer through the Haber-Bosch process, i.e., production of inorganic nitrogen is responsible
for much of the green revolution and increase in human population in the past 80 years (Tilman,
1998). Despite this positive effect, in recent years there has been increased concern for this
agricultural nitrogen addition in the environment. Environmental problems, such as groundwater
contamination, eutrophication, and algal blooms, are directly connected to increases in nitrogen
in water supplies (Chapin, Vitousek, & Matson, 2011). These contamination events are
ecologically and economically detrimental as they make ecosystems unusable for farming and
unviable for native flora and fauna. Low oxygen, caused by algae blooms, creates anoxic zones
where organisms are unable to survive. According to a study conducted by the environmental
Protection Agency (EPA) in 2009, 44 percent of streams, 64 percent of lakes and 30 percent of
bays and estuaries surveyed showed signs of nutrient impairment. Understanding human inputs
of nutrients into the environment is therefore crucial for better management of our interactions
with our surroundings (USEPA, 2009).
While non-point agricultural applications are the primary source of nutrient
contamination, wastewater disposal also contributes to pollution of water resources. Human
waste contains large amounts of nutrients in high concentrations that can be harmful to
ecosystems without treatment. The majority of wastewater treatment plants dispose of treated
effluent into local streams where nutrients are diluted enough to not cause serious harm to the
environment. A standard wastewater treatment facility will take a municipality’s waste and treat
it using a series of techniques that typically include aeration, activated carbon, and trickling
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filtration. These processes use microorganisms to consume many of the nutrients in waste,
thereby reducing concentrations to a given standard. Throughout this process the wastewater is
monitored for nutrient concentration to ensure levels are below EPA standards (EPA, 2004).
Once nutrient and bacteria levels are low enough, the residual sludge, containing heavy metals, is
sent to a landfill, and the wastewater is typically discharged into nearby surface water systems.
This disposal method into rivers as been a concern over the past 25 years because of the known
environmental problems caused by excess nutrient addition. Questions have also been raised
about how traditional wastewater disposal techniques influence the local hydrologic cycle,
especially in areas that experience water shortages. This has inspired many scientists and
municipalities to innovate and adopt new strategies that attempt to reuse nutrients for human
benefit, keep the wastewater within the local hydrologic basin, and even convert wastewater
directly to drinking water (Toze, 2006).
Spray irrigation with treated wastewater is an example of innovation that addresses the
management and disposal of excess nutrients in the environment. Spray irrigation is the process
by which secondary treated wastewater is applied to large land areas, where natural processes are
responsible for the final treatment of the waste. This process reduces nutrient loading into
streams and lakes and simultaneously replenishes water withdrawn from the local hydrologic
system. Systems like this have great potential to preserve freshwater resources and lessen the
impact of human activities on the environment. Despite these positive effects, it is important to
monitor and assess the spray irrigation process and nutrient loading in order to ensure its
viability and long-term sustainability. This study examines one such innovation and
implementation of long-lived spray irrigation at the Living Filter (Figure 1.1).
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The Pennsylvania State Living Filter
Set within the nutrient-sensitive Chesapeake Bay Watershed, The Pennsylvania State
Living Filter system was established in 1962 after fish were killed in an event in Spring Creek,
the discharge location of the university’s wastewater treatment plant, operated by Office of
Physical Plant (OPP). Charged with the task of diverting wastewater disposal out of the creek, a
group of professors and scientists collaborated with the state of Pennsylvania to develop a
wastewater renovation system that used nearby agricultural and forested lands as the tertiary
treatment process for the university’s wastewater (Parizek, 1967).
The implementation of the irrigation system required considerable research to determine
the best management scenario for nutrient loading that the land area could accommodate without
groundwater contamination or surface runoff (Sopper, 1978). Since initial installation, nutrient
management strategies have been adjusted to account for increasing volumes and rates of
wastewater application, and changes in wastewater composition (Parizek, 2006). After 50 years
of use, the system has proven to be effective, as it has not caused any major environmental
issues. For this reason, the Living Filter serves as a viable study site for understanding the longterm effects of spray irrigation in a hydrologic system, and specifically for observing the
mechanisms that control nitrate retention and removal in the soil column (Walker, 2005). The
Living Filter is also an ideal site to assess ecosystem changes that have occurred in response to
spray irrigation. This study investigates the sustainability of the Living Filter with respect to
nitrate accumulation. Nitrate was selected as the focus because of the Living Filter’s concern for
the prevention of groundwater contamination, and the propensity for nitrate to be involved in
groundwater contamination as a result of treated wastewater spray irrigation. The purpose of this
study was to assess the impacts that 50 years of wastewater irrigation have had on the
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accumulation and movement of nitrate the thick soil column underlying the Living Filter area.
To do this I designed a project that measured soil nitrate concentrations and possible controls on
that accumulation through a series of steps outlined here:
1. Sampling of soils from four soil cores and measurement of soil nitrate concentration, soil
water ammonium, soil moisture content, and total nitrogen to compare between nonirrigated and irrigated sites.
2. Conducting detailed measurements of soil properties and composition in order to evaluate
potential controls on nitrate retention. These properties included particle size
distribution, porosity, gravimetric water content, bulk density, soil mineralogy and
elemental content.
3. Computing a nitrate mass balance using these findings to assess the fate of nitrogen,
degree of soil nitrogen storage and soil adsorption at the Living Filter.
These observations have important implications not only for the effectiveness of spray
irrigation system, but also for understanding long-term responses of the ecosystems to elevated
nitrate application, as is typical in agricultural settings. This research investigated nitrate
dynamics in forested and cropped sites, and compared them to non-irrigated (control) sites. The
intent was to assess the degree of saturation for nitrate in the soil profile and to identify soil
characteristics that control nitrate accumulation after 50 years of wastewater application. By
investigating the nitrate soil dynamics in a site that has had increased nitrate inputs, conclusions
can be drawn regarding long-term impacts of spray irrigation, with insight into how different
ecosystems react to excess nitrogen.
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5 mi

Figure 1.1. Location of the Living Filter (white box) relative to State College, PA, located in
Central Pennsylvania.

5

Game lands site

Astronomy Site

Beaver Stadium

Figure 1.2. Location of Living Filter “Gamelands” and “Astronomy” sites in State College, PA.
The “Astronomy”site was established in 1964 is the location of the study. It occupies about 191
ha and is approximately two miles from University Park Campus of The Pennsylvania State
University.

6

Chapter 2: Literature Review
This chapter provides an overview of prior research on wastewater reuse at the Living
Filter, and how the addition of nitrogen saturation theories and applications can be combined to
evaluate sustainable wastewater disposal. Please reference the site description in Chapter 4 for
detailed overview of the operation of the Living Filter.

Previous Research on the Penn State Living Filter
A few major studies concerning nutrient retention and soil characteristic changes have
been conducted at the Living Filter site by Sopper and Richenderfer (1978), Walker (2005),
Hook (1978), and Parizek et al. (1967). These studies analyzed soil morphological features and
nutrient retention efficiency.
During the development and implementation of the system, Parizek (1967) examined
initial soil features and water quality as a baseline for monitoring the system. The results showed
that pore water nitrate concentrations were reduced in the soil as compared to the applied
effluent. However, the concentration of nitrate varied with depth, and these variations did not
follow clear trends. Measurements of pore water taken in the forested area reported elevated
concentrations (greater than 10 ppm NO3-N) of nitrate in the uppermost 15 cm and lower
concentrations (2-10 ppm) below). This result of high nitrate at the surface and lower nitrate
deeper was interpreted to be the product of the limited time (5 months) spray irrigation effluent
had been implemented at the site. Other surface soil measurements of nitrate ranged from 2 to
20 ppm across the site, with an average of 10.2 ppm. Groundwater quality measurements
showed that after one year of irrigation, nitrate concentrations in the underlying aquifer had
increased slightly from 3.5 to 5 ppm (reported as an average of 5 monitoring wells). It was
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concluded that the system had removed the majority of nutrients from the effluent and that
roughly 80 percent of sprayed wastewater was recharged into the groundwater.
Hook and Kardos (1978) examined nine years of effluent spray irrigation for nitrate
concentrations in the soil water. Their work monitored two smaller irrigation sites, both in
hardwood forests in the “Astronomy region” of the Living Filter (Figure 1.1), and focused on
sampling using porous cup lysimeters. The sampling stations were drilled in soil to a depth of
120 cm, which they determined to be beneath the root zone. Beneath the root zone, infiltrating
effluent was expected to leach into the groundwater. Results indicated that the hardwood forests
on a sandy Morrison loam, a soil series composed of Gatesburg Fm limestone and dolomite
residuum, were ineffective in keeping nitrate concentrations below the EPA drinking water limit
of 10 ppm at the 120 cm depth. In contrast, in well-drained clay loam soils, soil water nitrate
levels were rarely above 10 ppm and only a fraction of the total nitrogen applied had penetrated
to the 120 cm depth. Further measurement at this clay loam site showed that when application
rates were increased by 50 percent to 3 inches per week, the clayey loam soil exhibited
concentrations of nitrate that exceeded 10 ppm and increased groundwater concentrations. These
results suggest that the interplay of soil composition, structure and application rate is a key factor
to determine nitrate accumulation and groundwater concentration increases. Initially, clay loam
was more effective than sandy loam at retaining soil nitrate, but above certain application rates
the clay loam also allowed larger amounts of nitrate to pass through to the groundwater.
Walker (2005) revisited work that had been conducted by Sopper and Richenderfer
(1978) to examine saturated hydraulic conductivity and bulk density changes as a result of spray
irrigation in the “Astronomy site” of the Living Filter (Figure 1.2). Walker’s work incorporated
the effects of 22 additional years of spray irrigation beyond the initial 15 years of irrigation
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sampled by Sopper and Richenderfer (1978). Using samples within the “Astronomy site” at
different topographic locations, it was estimated that hydraulic conductivity decreased due to
continued water application, with reported values of 6.50 cm/hr in 2005 compared with of 9.06
cm/hr in 1978, in irrigated sites. Walker (2005) suggested that the greatest reduction in saturated
hydraulic conductivity occurs during the first few years of wastewater irrigation and then reaches
a threshold after which hydraulic conductivity decreases more slowly or reaches a steady state.
Bulk densities in irrigated areas reported by Walker (2005) in the upper 10 cm of the soil profile
ranged from of 1.42 to 1.51 g/cm3; Sopper and Richenderfer (1978) reported values of 1.41
g/cm3. Although the difference is small, the observed increase in bulk density with time was
interpreted to be consistent with more compaction caused by to spray irrigation.
Previous work investigating the sustainability of wastewater spray irrigation projects
outside of the Living Filter is scarce because few long-term spray irrigation sites exist. Many
wastewater reuse systems were implemented only in the past fifteen years to mitigate declines in
freshwater sources due to environmental contamination (Collins, 2013). Despite this, other
ecosystems, such as estuaries and agricultural farms, with potential nitrogen overloading from
agricultural fertilizer or nitrogen deposition have been well researched and share similar
characteristics with wastewater spray irrigation. Although examining different sources of
nitrogen, these studies share a focus and techniques aimed at understanding excess nitrogen
introduction and ecosystem response. It is from these related studies that I adopted sustainability
indicators for this investigation (Aber et al. 1998; Magill et al. 1999; Lovett et al. 2011)

Nitrogen Saturation Theory Development
Nitrogen behavior in the environment has been of growing concern in the past three
decades because of the increased use of fertilizers and their direct effects on estuarine
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ecosystems. In an effort to understand the nitrogen cycle in other ecosystem types, long-term
studies have monitored and evaluated responses to nitrogen loading. Researchers began to
question if there was a maximum capacity of nitrogen that an environment could handle, and if
this differed based on deposition rates and types of ecosystems.
In a pioneering study, Aber et al. (1989) conducted studies in temperate forest sites across
New England to evaluate nitrogen saturation. Their study assessed atmospheric nitrogen
deposition in natural settings. Experimental plots were also created for controlled nitrogen
additions to investigate ecosystem responses to nitrogen loading. Initial hypotheses were that
nitrogen additions would lead to nitrate mobility in soils, causing forest decline and nutrient
imbalances. It was hypothesized that responses from nitrogen deposition would be non-linear
and critical thresholds would likely develop based on forest responses (Figure 2.1). As nitrogen
inputs increased it was thought that nitrogen mineralization, nitrification, and loss to
groundwater would increase in a non-linear pattern continuing through forest decline. The main
control on the behavior in the system was thought, at least initially, to be plant uptake because
plants are typically the most nitrogen-limited organisms in a temperate ecosystem. Figure 2.2
illustrates how the original hypotheses changed after a long-term examination of nitrogen
loading. The most significant difference is the change in nitrogen mineralization trend:
specifically, in the new paradigm, nitrate mineralization peaks during the saturation as the
ecosystem reaches nitrate capacity. A second significant result from this study suggests that the
largest sink that accumulates nitrogen is not plant uptake, as previously thought, but mycorrhizal
assimilation into soil nitrogen. It was concluded that mycorrhizae fungi around plant roots ahd
taken up a large amount of nitrogen, more than previously estimated.
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From this study and NITREX (nitrogen saturation experiments) (Tietma, 1998)
examinations in Europe, the theory of nitrogen saturation evolved in the past few decades. This
theory includes the idea that nitrogen in soils eventually saturates, and thus can ultimately
increases nitrogen availability over time, resulting in an alleviation of nitrogen limitation on rates
of biological functions and increases in nitrate mobility in soils (Aber et al 1992; Stoddard 1994).
More recently, new investigations have revisited nitrogen saturation theory providing
additional insights. For example, Lovett et al. (2011) used an experimental approach and
monitored concentrations of nitrogen in pore fluid at nitrogen-treated study plots. The results
suggest that nitrogen saturation depends on the mass balance of nitrogen in the ecosystem. This
led to the separation of saturation into two terms, capacity and kinetic, in order to distinguish
between systems in which the nutrient sink was saturated and systems in which the rate of
nutrient application was greater than the rate that the sink could absorb the nutrients. Capacity
saturation refers to a saturated sink in which nitrogen inputs equal the nitrogen outputs. This is
distinguished from kinetic saturation in which the rate of nitrogen input exceeds the rate at which
the sinks can retain nitrogen, leading to the loss of nitrogen through movement below the root
zone (Lovett et al. 2011). Capacity saturation can be thought of as a steady state system in which
the inputs equal the outputs and the storage does not change, but which remains at maximum
capacity.
This study uses both concepts of nitrogen saturation as the foundation for evaluating the
lifespan and sustainability of the Living Filter. The primary component of the research is nitrate
movement into groundwater and accumulation in soils. Evaluating the intersections of nitrogen
saturation theory and relative nitrogen loading at the Living Filter, I attempt to quantify the
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ability of the Living Filter to handle nitrogen loading and predict the site’s stage for nitrogen
saturation in terms of kinetic and capacity saturation (Lovett et al., 2011).

Figure 2.1. The First Hypotheses of nitrogen saturation developed by Aber et al (1989).

Figure 2.2: Aber’s saturation model revisited and observations developed (Aber et al., 1998).

12

Nitrate Fate and Transport
Nitrogen’s ubiquitous nature is central to understanding its behavior and movement in the
environment. The primary concern about the impact of nitrogen on the environment is loss of
nitrate into groundwater. Nitrate is soluble in water, which makes it prone to rapid movement
beneath the root zone, where plant uptake no longer occurs (Shuman et al, 1975). The primary
sources of nitrate are fertilizer, waster application, nitrification, and atmospheric deposition.
Once nitrate flows beneath the root zone, the primary controls on the distribution and transport
are soil moisture content, soil texture, soil structure, and soil composition. Because nitrate is an
anion, it does not adsorb strongly to negatively charged soil particles like clay or organic matter.
For this reason, cation exchange capacity (CEC) does not a large role in the adsorption of nitrate.
However, anion exchange does occur with nitrate in soils with highly weathered kaolinite
minerals or aluminum oxides. Anion exchange capacity (AEC) was not measured in this
investigation, but it is a noted to have a capacity to adsorb of nitrate (Singer and Munns, 2006).
The distribution of nitrate is most influenced by hydrologic characteristics such as porosity,
permeability, soil moisture content, and flows that control its transport through the pore space
(Chotpantarat, 2011). Thus, characterizing the vadose zone hydrology is key for estimating the
fate and distribution of nitrate in the soil water.

Nitrate-N Mass Balance and Nitrogen Budgets
Nitrogen budgets are essential tools used to develop and propose nitrogen management
strategies for human-altered or natural settings. Developing a nitrogen budget requires
understanding the fate and transport of nitrogen as well as the sinks and sources of nitrogen.
Sources and sinks of nitrogen vary according to ecosystem type; however, nitrogen budgets are
most influenced by fertilizer sources in agricultural settings (NRCS, 1995). In a typical upper
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soil column in the vadose zone, nitrogen inputs include nitrogen fixation (assimilation of N2
from the atmosphere) , atmospheric deposition (wet and dry), and decomposition of litter fall.
Nitrogen outputs include nitrate bypass into groundwater, nitrous oxide emissions from
denitrification, and harvesting (Chapin et al. 2011). Lovett et al. (2011) used a mass balance
approach to describe nitrogen saturation, suggesting that added nitrogen in a system can be
included into one of four categories: nitrogen in detritus and soil organic matter, plant biomass
nitrogen, flow into groundwater, and gaseous losses.
Besides inputs and outputs, a nitrogen budget can also include internal sinks. Sinks are
areas in which pools of nitrogen exist, and they include soil mineral nitrogen, microbial biomass,
and root mass. Sinks can absorb and release nitrogen for a variety of reasons such as
temperature, nutrient availability, time, and moisture level. Different ecosystems have unique
pool quantities and flow rates that can be estimated based on previously published work, or
measured directly in situ or via controlled experiments.
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Chapter 3: Goals, Objectives, Hypotheses
This chapter presents the reasons for studying the Living Filter and using measures of soil
nitrate concentration to evaluate its sustainability. It also outlines the measurable steps to be
taken in pursuit of this goal, and the outcomes that are expected.

Research Goal
Nutrient management strategies and understanding of underlying pathways and fluxes
can lead to improvement of the distribution of effluent in spray irrigation systems. The longterm fate and transport of nitrogen in wastewater irrigation systems is an essential component to
understanding the sustainability and effectiveness of such systems. By examining nitrate in the
context of soil saturation, conclusions we can conclude how much nitrogen an ecosystem can
accommodate before environmental problems might occur. Because of its long history of
effluent application, the Living Filter provides a unique opportunity to investigate the response
of ecosystem and soils to nitration application. Previous studies have not examined the complete
soil profile at the Living Filter, leaving open question about the fate and transport of nitrogen
below the upper ~1.2 meters of soil. The goal of this investigation was to test the hypothesis that
after 50 years of spray irrigation, soil nitrate has accumulated more in sprayed irrigation sites
than in non-irrigated sites. Following this investigation, two sub-goals were to (1) evaluate if
there were specific soil characteristics that control nitrate accumulation by combining measured
soil nitrate concentrations with total nitrogen, soil composition, soil moisture, porosity, and bulk
density measurements; and (2) develop a nitrate mass balance for the Living Filter, to assess
loading rates and storage capacity of nitrogen in the soils.

Objectives
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The overarching objective of this project is to evaluate the sustainability of the Living
Filter wastewater spray irrigation system in terms of nitrate saturation by investigating the
hypothesis that consistent nitrogen application increases soil nitrate concentrations at depths >
120 cm in the soil profile. In order to achieve this objective, groundwater samples and soil core
were evaluated in order to measure the degree of nitrate saturation. Following previous forest
ecosystem saturation studies, I measured soil nitrate concentrations, developed a nitrate mass
balance from known surface loading; measured nitrogen in the soil column, estimated sources
and sinks due to plant uptake, atmospheric deposition, and other processes; and measured soil
physical properties to assess the effectiveness of the Living Filter. Specifically, my analysis
included:
1. Collection of four deep (4.5m to 10.52m) soil cores in irrigated agricultural fields,
irrigated temperate forest, and a temperate forest site outside of the spray areas as a
control.
2. Evaluation of soil nitrate concentration found at different depths in the soil profile using a
KCL Extraction/Cadmium Reduction Method.
3. Comparison of soil-water nitrate concentrations across land use sites and with depth.
4. Evaluation of the role of soil characteristics in controlling nitrate accumulation and
transport.
5. Creation of a nitrate mass balance and nitrogen budget for the Living Filter to better
characterize the fate of nitrate at the spray site.

Hypotheses
It is expected that if nitrogen saturation occurs, it will be in an area of increased,
consistent nitrogen input. The wastewater renovation site of the Living Filter is a high nitrogen
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input system for which it is suitable to evaluate an ecosystem’s ability to absorb and attenuate
nutrients. In general, excess nitrogen loading by wastewater application should lead to increased
soil nitrate concentrations in sprayed irrigation sites compared to unsprayed sites. Additionally,
one would expect forested sites to have lower concentrations of soil nitrate because the root zone
is deeper and more expansive at agricultural sites. However, this may be offset by the addition of
nitrogen in these forest ecosystems by biomass (i.e. leaf litter) that is not removed each harvest
season, as in agricultural sites. This project is an opportunity to evaluate the nitrogen threshold of
a forest ecosystem as a whole compared to seasonal agricultural fields. The fundamental
hypotheses tested by my work are:
1. Soil nitrate concentrations are greater in the Living Filter across all land-use sites
compared to the control site.
2. Migration of nitrate beneath the root zone is greater in agricultural sites than forested
sites, because root zones in agricultural sites are at shallower depths than forested sites.
3. Soil profiles with high clay content have greater retention of nitrate because flow is
retarded.
4. Nitrate mass balance and nitrogen budget will reveal that the site has approached a
capacity steady state where the nitrate concentration of output via percolation to
groundwater is equal to the sprayed nitrate concentration (input), suggesting maximum
nitrate storage has been reached.
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Chapter 4: Materials and Methods
Site Description
The Living Filter site at Penn State is comprised of 600 aces of managed agricultural and
forested lands that the Office of Physical Plant (OPP) maintains and monitors. There are two
sites, the Gamelands site and the Astronomy site (See Figure 1.1). The Astronomy site was
chosen as the study site because it was the first site to be sprayed with treated effluent in 1963.
Because it has the longest history of application, the site was selected to have the most potential
for nitrate migration and accumulation.
The research site is located at the western edge of the ridge and valley region of the
Appalachian Province. The valleys are primarily underlain by several hundred feet of limestone
and dolomite bedrock of the Gatesburg formation. The water table depth ranges from 10-75 feet
below the land surface in the valleys, but the research site, located on a local topographic high,
has a water table depth of greater than 75 feet, resulting in soil thickness of about 75 feet
(Parizek, 1967). Hummocky surface topography provides temporary depressions for surface
water that control complex drainage patterns. The region is a well-known karst environment
with many fractures that serve as recharge and migration pathways for groundwater and surface
water (O’Driscoll, 2003)
Soils sampled at the research site were the Hagerstown, Hublersburg, and Morrison series
(Appendix 1). All three of these soils formed in limestone residuum, meaning the soils were
formed in place from the underlying bedrock (NRCS, 2009). A detailed soil map from the
NRCS is provided in Appendix 1 for reference to specific soil classifications and geographic
extent. Specific coring locations were selected based on treatment and drill rig accessibility. One
non-irrigated control site and three irrigated sites were chosen for the study. Two of the irrigated
sites were in agricultural fields, and the other irrigated site in was in a forested area. The Living
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Filter site is rated to receive up to 2 inches of wastewater effluent per acre per week, but has been
operating at a reduced load approximately 62 inches per year for the past 20 years. Prior to that,
the water application load was smaller because the volume of university-produced effluent was
smaller. Combined with the average of 38 inches of precipitation per year, the Living Filter site
receives a total of about 100 inches of water per year. This elevated water application relative to
non-irrigated locations increases recharge into the local aquifer and presents a mechanism for
enhanced subsurface water movement.

Core C (Irrigated
Agriculture)

Core D
(Irrigated
Forested)
Core A (Non-Irrigated
Control)

Core B
(Irrigated
Agriculture)
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Figure 4.1- Aerial photograph of Astronomy Site at Penn State Living Filter, University Park, Pa.
Sampling locations marked by Core A (Non-Irrigated Control), Core B (Irrigated Agricultural),
Core C (Irrigated Agricultural), Core D (Irrigated Forest).

Soil Sampling Procedure
Previous Living Filter studies analyzed the top meter of soil extensively. One goal of this
study was to examine deeper soils to track nitrate accumulation through the profile. The
investigation required that 3” diameter Shelby tube cores be hydraulically pushed to maximum
depth. This method of soil sampling as chosen because it preserves soil texture and structure
more effectively than other forms of drilling. In December 2014, four soil cores were drilled by
hydraulic compression to various depths ranging from 7.5m to 12m in four selected locations
within three different land use locations in the study site (Figure 4.1). Site A was a non-irrigated
control site in an area of elevated topography that has not received effluent spray over the history
of the Living Filter site. Site B is located in a depression in the topography in an irrigated
cornfield along a fracture trace, in a karst environment. Site C is located in the middle of an
agricultural field. Site D is located in a sprayed forested environment. Sites B, C, and D received
effluent application for 50 years. These four core sites serve as representatives of the array of
ecosystem effluent applications in the Living Filter. Over the course of 4 days, over 30 meters of
soil core was drilled, labeled, and refrigerated to preserve soil moisture, nutrient content, texture
and structure. The core is in refrigerated storage at The Pennsylvania State University.

Soil Analysis
The soil cores were stored in a 4-degree Celsius refrigerator after drilling and collection.
Soil cores were then evaluated for a series of characteristics. In approximately 30 cm intervals,
depending on the quality of the soil core, sub samples (100 in total) were extracted and used for
soil parameter tests. All tests occurred in Deike Laboratory, Research West Laboratory, and the
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Material Characterization Lab (MCL) at The Pennsylvania State University. For all
measurements of total nitrogen, X-ray Fluorescence (XRF), X-ray diffraction (XRD), and
particle size distribution, subsamples were air-dried and ground to pass through a 10-mesh
(2mm) sieve. Additional subsamples were analyzed for soil nitrate concentration.
Nitrate-N Soil Concentrations
Nitrogen-N was measured using a KCL extraction/ Cadmium Reduction Method (Keeney
et al. 1982). For each subsample, five (5.00) grams of air-dried soil were weighed and placed
into a plastic 50-milliliter (mL) centrifuge tube. Twenty-five (25.0) mL of 2.0 M KCL solution
was added to each centrifuge tube and placed on a mechanical shaker for 30 minutes. Extract
was filtered through Whatman No. 42 filter paper and re-filtered if cloudy. Extract was then
analyzed using a Hach 4000 Spectrophotometer. Calibration for nitrate was conducted
periodically to ensure consistent procedures and results. After testing, subsample extract was
stored in a 4°C refrigerator. Concentrations of the extract (measured in ppm (mg/L)) were
converted to units of mg/kg of dry soil. The measured nitrate values represent a combination of
soil pore water nitrate and any adsorbed nitrate. This measurement differs from total nitrogen,
which includes nitrate in soil pore water, ammonia on soil particles, organic nitrogen, and nitrite.
To better understand the concentration of adsorbed nitrate on the soil particles versus
residual nitrate as salt left in pore spaces upon evaporation of the situ interstitial waters, a
deionized water (DI) wash was performed on selected air-dried subsamples. Using the same
procedure as the KCL extraction, except with DI water, DI water wash extraction for 60 seconds
dissolves unbound (and highly soluble) nitrate, assumed be derived from evaporated pore water,
while adsorbed nitrate remains fixed on the soil because there are no ions to replace adsorbed
nitrate (Reilly et al 2006, Herbei et al 1993). This is in contrast to the KCL extraction, which
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extracts both residual nitrate from evaporated pore water and adsorbed nitrate. In this procedure,
five grams of air-dried soil and 5 milliliters of DI water were combined in a 50 ml centrifuge
tube and shaken for one minute. Samples were centrifuged and extracts were filtered through
Whatman No. 42 filter paper. Standards were created and samples were analyzed for nitrate
concentrations. These DI water wash nitrate concentrations are representative of soil pore water
nitrate in the sample, distinct from the adsorbed nitrate. The spectrophotometer yields
concentrations in NO3-N mg/L but since a specific amount of dry soil was used the value must
be converted to NO3-N mg/kg of dry soil. The following equation and calculation was used to
convert.
Example calculation for KCL: Given: 2 mg/L NO3-N in 25 mL of KCL with 5 grams of dry soil
2 mg/L 0.025L = 0.05 mg NO3-N
0.05 mg NO3-N / 0.005 kg dry soil = 10 mg/kg NO3-N
To reconstruct the soil pore water NO3-N concentration using the DI water wash concentration,
porosity (ϕ) (found by using dry bulk density (ρb) and particle density (ρs)) and soil moisture (θ)
were used in the following equation assuming a water density (ρw) of 1.0 g/cm3 (equal to 1.0
kg/L) (Waller and Yitayew, 2015).
Pore water NO3-N (mg/L) = DI water wash NO3-N (mg/kg) * [ρs (1 -ϕ)/ (ρw ϕ)]
Ammonium-N
Ammonium nitrogen was measured using the indophenol blue method described in
Keeney and Nelson (1982). For selected subsamples, five grams of air-dried soil were placed in
25 milliliters of 2M KCL and samples were placed on a mechanical shaker for 30 min. Samples
were centrifuged and then filtered using No. 42 Whatman paper. Using a phenol-nitroprusside
reagent, buffered hypochlorite reagent, and ethylenediaminetetraacetic acid (EDTA disodium),

22

ammonium concentrations were measured using a spectrophotometer at the 636 nm wavelength.
Sample filtrate was stored in a refrigerator. Ammonium results were recorded in ppm (NH4-N
mg/L) in the extract and converted to mg/kg on a dry soil basis using the same equation as the
KCL extraction concentration conversion.
Nitrogen Measurements: Strategy and Relationship to in situ components of Nitrate and
Ammonium
The flow chart below describes the soil nitrogen extraction and measurement procedure
for each stage of the study. From the air-dried soil mass of the soil core subsamples, a DI water
wash was conducted to estimate the pore water concentration of nitrate and ammonium in the
samples (Herbei et al 1993). A KCL extraction was used to find the combined adsorbed nitrate
and pore water nitrate in the sample, and the total nitrogen was found using the Dumas method
of combustion. Adsorbed nitrate was calculated by the nitrate concentration difference between
KCL extract and DI water wash extract.
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Nitrate-N Mass Balance and Nitrogen Budget
A nitrate mass balance using the measured bulk densities and absorbed nitrate-N
concentrations was calculated for depth intervals of the cores to for comparison. Averaged across
the depth interval, adsorbed nitrate-N (mg/kg) concentration and bulk density (g/cm3) were used
to calculate the nitrate content of that interval in gNO3-N/m2. An example calculation is
demonstrated below.
Mass of soil in interval (g): Volume of soil (cm3) * Bulk Density (g/cm3)
Nitrate-N content in soil (kg/ha): Adsorbed NO3-N (mg/kg) * Mass of soil (kg)
Example Calculation: Given: For interval of 1 meter of soil depth: Average NO3-N (mg/kg) =
0.25, Average Bulk Density (g/cm3) = 1.43, Volume given depth and one ha area= 1x1010 cm3
Mass of soil = 1x1010 cm3 * 1.43 g/cm3 = 1.43x1010 g or 1.43x107 kg
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Nitrate-N content (kg/ha) = 0.25 mg/kg NO3-N * 1.437x107 kg = 3.6x106 mg NO3-N
3.6x106 mg NO3-N = 3.6 kg NO3-N per ha area = 0.36 gNO3-N/m2
The overall nitrogen budget was constructed using both directly measured values and
indirect values from literature sources. Directly measured data of wastewater input was recorded
in units of NO3-N ppm, and converted to a mass quantity based on the effluent application rate
and area. An example calculation follows,
Given: Application rate = 1.5” spray per area per week, Average NO3-N = 10.58 mg/L
Volume of effluent added (L/week)= 0.125 ft * 43560 ft2 = 5445 ft3 = 1.54x105 L
Nitrate-N Applied (mg/acre/week) = 10.58 mg/L * 1.54x105 L = 1.63x106 mg NO3-N
Nitrate-N Applied (g/m2/year) = 1.63x105 mg NO3-N * 1kg/1x106 mg *2.47 acre/1 ha
*52wk/1yr= 20.9 g/m2/year
To measure the output loss of nitrate to groundwater in the system, the nitrate
concentrations in the deepest parts of the core were used as a proxy for the flux into
groundwater. While no time series data was collected in this study, if a quasi-steady state
assumption is made regarding the flux, then single nitrate measurement represents the average
flux leaving the system. Following the method describing the reconstruction of pore water values
in units of mg/L, and using porosity and soil moisture values, an output flux into groundwater
was estimated in g/m2/yr.

Soil Characteristics
Bulk Density
Wet and dry bulk densities were measured in 30 cm intervals of the four soil cores. A
cylindrical metal tube with a known volume was inserted into the soil core at selected locations
and a subsample was extracted. The specimen was removed then, weighed, dried, and weighed
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again. The technique is commonly used in field soil studies (McKenzie, 2002), however larger
subsamples are usually extracted with greater diameter PVC cylindrical tube. Due to the small
core sizes, this method was modified to accommodate smaller sample sizes. Total porosity was
derived from the bulk density values assuming a particle density that was derived from XRD
measurements according to this equation. Because XRD results showed the dominant mineral in
all soil samples was quartz, 2.65 g/cm3 was used for ρs.
Porosity was derived from measured bulk density by:
1−

!!
∗ 100
!!

ρb is the measured dry bulk density, and ρs is particle density.
Soil Moisture
Gravimetric soil moisture was measured using a standard method derived from Black
(1965). This method required extracting a wet sample (representative of field conditions),
weighing it, oven drying for 24 hours and reweighing. The difference between the first and
second mass, which represents the mass of the water in the original sample, was divided by the
dry soil mass to yield the gravimetric soil water content (reported as a weight percentage).
Volumetric soil moisture content was obtained from gravimetric water content by multiplying
the gravimetric water content by the dry bulk density, with the assumption that the water density
is 1.0 g/cm3. The saturation ratio, a value between 0 and 1 representing the degree of water
saturation, was calculated by dividing the volumetric water content by the total porosity.
X-ray fluorescence (XRF)
XRF measurements were conducted using a GeoTek XRF core scanner. The purpose of
X-ray fluorescence was to better understand the distribution of major elements in the soil profile.
Since there is theory suggesting elemental ratios are indicators of N saturation, specifically Ca:Al
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ratios, this XRF analysis provides insight into the distribution of these ratios. The original Shelby
tube soil core did on fit the scanner so a modified technique was used. Subsamples from selected
locations were placed into a feeding device with isolated compartments to separate individual
unconsolidated soil samples, fabricated from thin pine wood planks. The carriers were filled with
subsamples; wrapped in plastic wrap and scanned in the XRF. Each sample was measure under
XRF independently of the others and after each run of 12 samples the XRF was recalibrated to
ensure consistency. The system was configured to detect all elements under the preprogrammed
category of “mining plus”. This included all major elements with an atomic number greater than
12, including the suite of metals usually associated with rock core measurements. A total of 44
samples were run in the XRF core scanner; 8 from Core A, 15 from Core B, 14 from Core C, and
7 from Core D.
Particle Size Distribution (PSD)
Using the Malvern Masterizer S by laser diffraction, each subsample was analyzed for
particle size. This work was conducted in the Materials Characterization Lab on the campus of
The Pennsylvania State University. The laser diffraction method detects particle sizes ranging
from sand (>50µm) to clay (< 2µm). Results were aggregated to determine soil texture fractions
and for each sample. Fifty subsamples were analyzed for PSD.
X-ray Diffraction (XRD)
XRD measurements were conducted using a PANalytical Empryean in the MCL of the
Pennsylvania State campus to analyze twelve soil samples for mineralogical composition. XRD
data was reported in intensity and theta (20o) angle, and peaks of composition were identified
according to the International Centre for Diffraction Data and Inorganic Crystal Structure
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Database. Quantification of the sample composition was assessed using these peaks by the
Rietveld method (Bish, 1988).
Total Nitrogen
Total nitrogen was measured in 44 representative soil samples at the Pennsylvania State
Agricultural Analytical Services Lab at University Park, PA. Using the combustion method in
accordance with soil analysis procedures detailed in Bremner (1996) measured values were
reported as dry soil percent by weight later converted to gN/kg dry soil, yielding an estimate of
the amount of nitrogen in the soil at various depths. Total nitrogen includes pore fluid, adsorbed,
bound and organic nitrogen.
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Chapter 5: Results and Discussion
This chapter provides an overview of the findings from this study. Results from nitrate
measurements in the deep subsurface soil profile are displayed. Measurements of soil
characteristics are presented, and their relation to nitrate accumulation is discussed.

5.1 Nitrate in the Subsurface
Nitrate-N was the measured nutrient in the soil in this study because of its understood
solubility and mobility the subsurface. It was assessed in different land use ecosystems to
evaluate concentrations in the soil column, both in potentially bound states and in soil water. The
soil extract, from KCL extraction, samples represent the bound nitrate and pore water nitrate,
thus representing the total nitrate (Figure 5.1). The DI wash method, used to estimate the pore
water nitrate concentration remaining on the sample (mg/kg), revealed that the majority of nitrate
in the system was in the pore water phase at the time of sampling (Figure 5.2). Comparing the DI
wash concentration to the total soil KCL extraction concentrations reveals that some of the
nitrate was also bound to the particles (Table 5.1, Figure 5.2). For example, in Core A the highest
nitrate concentration in DI wash was 8.3 mg/kg while the soil KCL extraction showed 9.31
mg/kg which means that 1.01 mg/kg of nitrate was bound to the sediment.
Measuring the total amount of nitrate (adsorbed plus pore water) in the soil sample with
the KCL soil extract method, the highest nitrate-N concentration in the non-irrigated control site
was 9.3 ± 5.0 mg/kg of soil at 7.6 cm. Between 7.6 cm and 1.57m we did not detect nitrate
concentrations and from 1.57 m to 2.34 m nitrate-N concentrations ranged from 0.81± 0.13
mg/kg to 2.0 ± 2.5 mg/kg. Below 2.34 m to a depth of 5.0 m, nitrate-N concentrations were
below the detection limit of 0.5 mg/kg. The two agriculture sites showed elevated levels of soil
nitrate-N compared to the control site. Core B had a maximum nitrate concentration of 15.8 ± 1.0
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mg/kg at a depth of 1.9m. From 1.34 m to 2.5 m had the highest range, from 10.6 ± 2.04 mg/kg
to 15.8 ± 1.2 mg/kg. Between 2.5 m and 3.7 m no nitrate was detected. Below 3.7 m, measured
soil nitrate concentrations varied from less than 0.5 mg/kg to 9.7 ± 1.4 mg/kg. Core C had a
maximum nitrate concentration of 28.9 ±6.0 mg/kg at a depth of 5.6 m. From the surface, at 5.1
cm to 3.55 m, concentrations ranged from no detection to 22.6 ± 5.7 mg/kg. Below 4.0 m to 10.5
m, concentrations varied from 0.66 ± 0.4 mg/kg to the core maximum of 28.9 ± 6.0 mg/kg. At
the greatest depths of 10.5 m, nitrate was measured as 9.0 ± 0.75 mg/kg . Core D, the irrigated
forest site, had a maximum nitrate concentration of 7.28 ± 4.5 mg/kg at the core maximum depth
of 4.72m. From the surface depth of 5.1 cm to 4.62 m, concentrations ranged from 1.7± 1.8
mg/kg to 4.8 ± 3.1 mg/kg. Overall, all study site cores had scattered concentrations in the
profiles, however cores B and C had on average higher concentrations than cores A and D. The
trends in the cores (Figure 5.2) show that soil nitrate concentrations decrease with depth in cores
A, B, and D, while core C shows a slight increase with depth. The trends in A, B, and C were
statistically significant with p values less than 0.01. Core D’s negative trend was not statistically
significant.
The trends of Core A, B, and D, in which soil nitrate concentrations decrease with depth,
were similar to findings in different studies evaluating nutrient concentrations in agricultural
sites across the U.S.A. However, the significant trend observed at Core C, a slight increase of
concentration with depth, is not commonly found in subsurface nitrate studies (Gast, 1978).
Specific to spray irrigation, previous studies at the Living Filter (Hook and Kardos, 1978;
Parizek et al. 1967) evaluated soil nitrate concentrations from the land surface to 1.8 meters in 15
cm intervals. These previous studies, in which spray irrigation had only occurred for 10 years,
showed that the majority of soil water nitrate concentrations decreased with depth, though there
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were some results in which soil nutrient concentration increased with depth. This variable nature
in soil nitrate concentration was observed in the present investigation as well, with the addition
of elevated concentrations at depths below 1.8 meters.
Our evaluation of deeper soil cores supports previous observations of Living Filter nitrate
trends in the shallow surface, but also sheds new light on deeper soil core concentrations. A
notable observation is that soil nitrate concentration is variable in occurrence and concentration.
While three core soil nitrate trends were significant, there were still some samples that had no
detection. This study demonstrates there have been significant increases in soil nitrate
concentration in irrigated sites compared to the non-irrigated control site. Whereas it is evident
that nitrate has accumulated in significant quantities below depths measured in previous studies,
this raises questions as to why accumulation varies. One possible explanation is that factors such
as clay fraction, porosity, soil composition, and texture play a significant role in the distribution
of soil nitrate through the profile.
Another important observation is the difference between the forested and agricultural
ecosystems. The irrigated forest site has similar downcore nitrate concentrations to the nonirrigated control site, which is also forested. The agricultural sites have elevated nitrate
concentrations downcore compared to the forested sites. The differences in soil extract nitrate
concentrations between the land use sites indicate that the forest ecosystems might be doing a
more effective job taking up nitrate because soil concentrations downcore are less than the
agricultural core, even though both have experienced the same spray irrigation treatment.
Applying the forest concentration to the saturation model explained in the literature review, it
would appear that there is a lower concentration of nitrate downcore in the forest compared to
the agricultural corn site. This observation suggests that nitrogen saturation, as defined by the
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Aber (1998) model, has not yet been reached in the forest system, because soil nitrate
concentrations are not as high as either agriculture soil nitrate concentrations or input spray
irrigation nitrate concentrations. Meanwhile, in the agricultural sites, where soil nitrate
concentrations are higher relative to the control and forest sites, nitrate saturation is more closely
approaching capacity, where soil nitrate concentrations have maximum detections of 15.8 + 1.05
mg/kg (Core B) and 28.95+ 8.9 mg/kg (Core C).
Overall, the nitrogen saturation trends observed here are similar to trends found in
previous studies of nitrogen saturation in both forested and agricultural sites. Agricultural sites in
the Midwestern United States, which employ tile drains and typically have nitrogen application
rates greater than 250 kg/ha/yr are associated with immediate increases in nitrate groundwater
concentrations and accumulation in the profile (Gast, 1978). In that case, soil water nitrate
concentrations reached ~12 ppm at 1.2m depth. In contrast, forest soil water nitrate
concentrations beneath the root zone in the Northeast United States were observed to be similar
to background concentrations even in the presence of nitrate additions for loadings up to 200
kg/ha/yr for five continuous years. This response in the forested ecosystem was interpreted to
indicate that the forest stand was nitrogen-limited and therefore accepted all available nitrogen
until it reached capacity and could not accept more (Magill, 1999). The Living Filter study
complements these findings by supporting the idea that forest vegetation continues to uptake
nitrogen, as evidenced by reduction of nitrate accumulating at greater depths, despite prolonged
application rates.

32

DI Wash (Pore
Water)

KCL Extract Nitrate
(Pore + Adsorbed)

Adsorbed N

Depth
Sample ID
(m)
Nitrate-N (mg/kg)
Nitrate-N (mg/kg)
Nitrate-N (mg/kg)
A1-1
0.08
8.3
9.31
1.01
A3-1
1.57
0.5
0.81
0.31
A4-2
2.44
1.5
2.00
0.50
B1-1
0.08
8.2
9.14
0.94
B1-3
0.33
8.3
9.39
1.09
B3-1
1.35
6.5
10.99
4.49
B7-2
4.11
3.2
5.24
2.04
B8-1
4.32
7.6
9.20
1.60
B9-1
4.93
1.9
2.39
0.49
B9-3
5.44
0.5
0.19
0.09
B10-2
5.79
0.5
0.63
0.13
B11-1
6.20
3.4
7.49
4.09
B14-1
7.98
4.5
7.56
3.06
C1-1
0.05
8.7
10.86
2.16
C2-1
0.69
0.6
0.68
0.28
C3-2
1.57
1.2
1.93
0.73
C4-2
2.16
3.4
7.05
3.65
C5-1
2.59
3.4
4.54
1.14
C7-2
3.56
0.5
0.51
0.41
C13-1
6.86
7.5
8.13
0.63
C15-2
10.52
5.8
9.03
3.23
D1-1
0.05
1.1
1.79
0.69
D1-2
0.25
0.9
1.75
0.85
D2-1
1.07
3.2
4.55
1.35
D2-2
1.42
4.1
4.60
0.50
D3-1
1.68
0.5
0.19
0.09
D4-1
3.12
3.1
3.31
0.21
D5-1
4.62
2.1
2.63
0.53
Table 5.1. Results of the DI wash nitrate concentrations (mg per kg of dry soil), representative of
the pore water nitrate, compared to the total nitrate measured in the KCL extraction (pore water
plus adsorbed) (mg/kg), and the adsorbed nitrate calculated from the difference of the two
extractions (mg/kg).
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Soil Nitrate-N Concentration from KCL Extraction (Pore Water + Adsorbed) (mg/kg)

Figure 5.1: Measured soil nitrate-N concentrations from KCL extractions (mg/kg) in Core A (Non-Irrigated Control), Core B (Irrigated
Agricultural), Core C (Irrigated Agri cultural), Core D (Irrigated Forest)

34

Partitioning of total Nitrate into adsorbed and residual component from interstital water

Figure 5.2: Soil DI water wash nitrate-N concentrations (mg/kg dry soil) and adsorbed nitrate-N concentrations (mg/kg dry soil) in
Core A (Non-Irrigated Control), Core B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest).
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Soil Ammonium-N Concentration (mg/kg)

Figure 5.3: Measured soil DI water wash ammonium-N concentrations (mg/kg) in Core A (Non-Irrigated Control), Core B (Irrigated
Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest).
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5.2 Ammonium Nitrogen Distribution
The results of the ammonium nitrogen concentration measurements are reported in Figure
5.3. There were detectable amounts of ammonium in the selected samples that also had
detectable nitrate and total nitrogen concentrations. The maximum ammonium concentration in
the non-irrigated control site, Core A, was at 0.076 m with 2.3 mg/kg. Core B had a range of 1.3
mg/kg to 4.3 mg/kg with the highest concentration at the 0.076 m. Core C had range of 1.3
mg/kg to 3.5 mg/kg with the highest concentrations at 0.68 m and 10.5 m. Core D had a range of
1.1 mg/kg to 3.1 mg/kg, the highest concentration at 0.254 m. Core A had an average ammonium
concentration of 1.93 mg/kg, Core B an average of 2.81 mg/kg, Core C an average of 2.48
mg/kg, and Core D an average of 1.95 mg/kg. The results of the ammonium distribution indicate
that there is ammonium in the system throughout the entire depth of the system, with slightly
elevated concentrations in the agricultural sites compared to the forested site. Because
ammonium is a positively charged ion, it is strongly bound to negatively charged clay particles,
resulting in an increase in adsorption. The distribution of ammonium in the agricultural cores is
similar to concentrations found in other work in agricultural fertilized fields studying the vadose
zone (USGS, 1992)

5.3 Bulk Density
Overall, bulk densities at all four coring sites were similar, and decreased with depth
from 1.44 g/cm3 at the surface to 1.63 g/cm3 at 5.00 m depth in Core A; from 1.43 g/cm3 at the
surface to 1.8 g/cm3 at 8.38 m depth in Core B; from 1.42 g/cm3 at the surface to 1.71 g/cm3 at
10.52 m depth in Core C; and from 1.52 g/cm3 at the surface to 1.63 g/cm3 at 4.72 m depth in
Core D (Figure 5.4). This increase with depth is consistent with literature and known soil
development processes (Chaudhari, 2013). Analysis of soil bulk density through the soil profile
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revealed the heterogeneity of soils at the sampling sites. The modest variability in bulk density
values with depth could reflect subtle heterogeneities in soil texture or composition.
Porosity measurements (Figure 5.4) decrease with depth and ranged from 45.8% at the surface to
38.5% at 5 m depth in Core A; from 46.4% at the surface to 32.1% at 8.38 m depth in Core B;
from 46.4% at the surface to 35.5% at 10.5 m depth in Core C; and from 42.6% at the surface to
38.5% at 4.72 m depth in Core D.
When the porosity and bulk density values were compared with soil nitrate
concentrations there was only weakly significant relationship in Core B (p <0.01), in which soil
nitrate concentrations increased with lower bulk density and higher porosity (Figure 5.5).
Because no statistically significant correlations were found in Core A, C, and D, the study did
not find that bulk density and porosity directly controlled nitrate concentration accumulation in
the Living Filter.
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Core A (Non-Irrigated Forest)

Core B (Irrigated Agriculture)

Dry Bulk Density (g/cm3)
1.20
0.00

1.30

1.40

1.50

1.60

Dry Bulk Density (g/cm3)
1.70

1.80

1.2

Depth (m)

6.00
8.00
10.00

10.00

1.2

Core D (Irrigated Forested)

1.3

1.4

1.5

1.6

Dry Bulk Density (g/cm3)
1.7

1.8

1.2
0.00

2.00

2.00
Depth (m)

Depth (m)
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Figure 5.4. Bulk Density values of four soil core profiles. Core A (Non-Irrigated Control), Core B (Irrigated Agricultural), Core C
(Irrigated Agricultural), Core D (Irrigated Forest).
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Figure 5.5. Calculated porosity for all sample sites by soil profile depth. Core A (Non-Irrigated Control), Core B (Irrigated
Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest
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5.4 Soil Moisture and Saturation Ratio
Because nitrate is highly soluble in water, the degree of water saturation in the soil is the
important for estimating the total nitrate in the soil column. Soil moisture data provide a snapshot
of general soil moisture at the time of coring; however, it is important to note that soil moisture
can vary seasonally and/or with individual precipitation and effluent application events,
especially in the upper 30 cm. As noted in the next paragraph, our results are nonetheless
generally consistent with other soil moisture measurements in the Living Filter.
Results of volumetric soil moisture content (Figure 5.6) show that volumetric soil
moisture content ranged from 10.2% to 46.1% within the Living Filter spray irrigation site. This
is similar with the range of findings from other soil studies in the Living Filter, in which realtime soil moisture monitoring reported a volumetric soil moisture range from 5% to 60% (Lin,
2011). These previous real-time soil moisture studies monitored soil moisture values at 5 cm, 40
cm, and 90 cm depths. While monitoring depths the shallow end of this investigation, the
previous study concluded volumetric water content was more constant and, on average, higher at
depths of 90 cm and greater. Results from the present study partially support this conclusion, as
soil moisture values that increase with depth, from 28.8% at the surface to 45.2% at 5.0 m depth
in Core A and from 23.3% at the surface to 45.4% at 8.4 m depth in Core B (p < .005). Results
from Cores C and D do not display any statistically significant trends for moisture with depth,
but results do fall within the range of soil moisture content measured previously in the Living
Filter Site. Variation is expected because of variations in soil horizon composition that might
influence porosity or mineralogical composition and thus the tendency to retain water.
The saturation ratio, defined as volumetric water content divided by total porosity,
provides additional insight into how moisture filled the pore spaces are in the soils. Figure 5.7
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demonstrates the saturation ratios for each core. Cores B (p <0.001) and C (p<0.06) show
significant relationships between saturation ratio and depth: saturation ratio weakly correlates
with depth.
The relationships between soil nitrate concentration, depth, and soil moisture content is
highly variable in this study, in part because of the heterogeneity of soil in the subsurface.
Because of the karst environment with preferential flow paths, nitrate concentrations and soil
moisture content are not uniform in the soil core. (Hopkins, 2013).
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Figure 5.6. Depth vs Volumetric soil moisture content of Core A (Non-Irrigated Control), Core B (Irrigated Agricultural), Core C
(Irrigated Agricultural), Core D (Irrigated Forest).
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Figure 5.7. Depth vs Saturation Ratio. Core A (Non-Irrigated Control), Core B (Irrigated Agricultural), Core C (Irrigated
Agricultural), Core D (Irrigated Forest).
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5.5 Particle Size Distribution (PSD)
Results from the particle size distribution analysis help describe the soil composition to
evaluate if specific percentages of clay, silt or sand influence soil nitrate concentration. The
focus of this study was percentage of clay size fraction because clay size particles, measuring
less then 0.002 mm or 2µm, increase soil water retention because of smaller pore spaces and
therefore slow vertical flow and increase surface area for adsorption. The relationship between
depth and clay size fraction (Figure 5.8) shows significant trends in the four core sites, with claysized grains ranging from 4.5% to 13.5% in all cores. Core B (p<0.001) and D (p<0.001) reveal
decreasing clay fraction with depth and Core A (p<0.01) and C (p<0.01) show the opposite
trend. While these trends are significant, the heterogeneity at the site and in the soil profile might
be the reasoning for opposing trends. Sand contents range from 28.2-53.2 % in Core A, 26.559.4% in Core B, 36.8-66.8 % in Core C, and 36.3-63.5 in Core D. Silt contents range from 15.965.2 % in Core A, 33.3-67.5 % in Core B, 23.6-57.9% in Core C, and 24.4-64% in Core D.
These distributions aggregate together to classify the majority of soil at the Living Filter site
loam soil texture (Appendix 1).
Overall, soil texture results in this study differed compared to previous Living Filter
studies. Larson (2010) found clay fraction (<2µm) contents ranging from 16.3% to 33.3% at
depths ranging from 0 to 120 cm depth, which are higher than the reported clay fraction contents
reported here. This investigation reports clay fraction values for depths below 120 cm, which can
be compared to future studies. Comparing particle size distribution to soil adsorbed nitrate
concentrations; there are no significant correlations between the variables in any of the cores
(Figure 5.9). This is significant because it is inconsistent with the hypothesis that higher clay
contents lead to greater retention of nitrate due to retardation of fluid flow or adsorption.
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Although the results do not support the hypothesis that soil grain size directly influences nitrate
accumulation and storage, this might be a result of larger scale marcropore influence in the
subsurface. At a smaller, laboratory scale, flow through experiments might show greater
adsorption and retention in more homogenous material. Additional studies would help to further
explore the relationship between grain size and nitrogen retention. The raw results of PSD in the
core can be found in Appendix 1.4.
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Figure 5.8. Depth vs Particle size < 2µm (%). Core A (Non-Irrigated Control), Core B (Irrigated Agricultural), Core C (Irrigated
Agricultural), Core D (Irrigated Forest).
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Figure 5.9. Soil adsorbed nitrate-N compared to particle size < 2µm (%) in four soil cores. No significant trends were found. Core A
(Non-Irrigated Control), Core B (Irrigated Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest).
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5.6: X-ray Fluorescence (XRF)
Within the context of nitrogen saturation in the environment, calcium and magnesium
play important roles in ecosystem health indicators that are influenced by nitrogen loading. Aber
et al. (1998) demonstrated this in Figure 2.2, exploring the interplay between
magnesium:nitrogen and calcium:aluminium ratios. It was proposed that as N saturation level
increased, the relative ratios with respect to these elements, decreased linearly. In addition to
nitrogen influences, XRF elemental analysis provides insight into the soil composition. In our
study, XRF results did not reveal significant detections of calcium or magnesium in any of the
tested samples, despite limestone and dolomite bedrock. Aluminum concentration (ppm) results
are represented in Figure 5.10, compared with depth. Aluminum concentrations ranged between
670 ppm to 5500 ppm in the cores. While no statistical trends were derived from the data, it is
demonstrated that aluminum can inhibit nitrate uptake by plants, primarily occurring in
shallower depths, resulting in less nitrogen uptake (Durieux, 1993).
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Figure 5.10. Aluminum concentrations measured with XRF plotted versus depth. Core A (Non-Irrigated Control), Core B (Irrigated
Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest).
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5.7 XRD
Results from 12 bulk soil samples selected at an even distribution among the soil cores
show that the primary mineral in all the samples is quartz. Table 5.2 illustrates the distribution of
mineral composition within each subsample. Samples from all the cores were dominated by
quartz, while kaolinite and microcline contributed significant quantities to some of the
subsamples.
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Table 5.2. Distribution of soil mineralogical composition in soil core.
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5.8 Total Nitrogen
Total nitrogen, as a percentage by weight of the sample, decreased with depth in the four
core sites (Figure 5.11). Core A total nitrogen ranged from 4.2 g/kg at the surface to 0.2 g/kg at
2.44 m depth; Core B from 1.1 g/kg at the surface to 0.2 g/kg at 7.98 m depth; Core C from 0.8
g/kg at the surface to 0.1 g/kg at 10.52 m depth; Core D from 1.2 g/kg at the surface to 0.1 at
4.62 m depth. This is commonly found in most ecosystems because cycling of nitrogen occurs
near the land surface in exchange with the atmosphere and decomposition of organic matter. It is
expected to see total nitrogen decrease with depth as organic matter and decomposition typically
decrease with depth.
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Figure 5.11. Total Nitrogen (inorganic plus organic) (mg/kg) compared to depth (m). Core A (Non-Irrigated Control), Core B
(Irrigated Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest).
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5.9 Nitrate-N Mass Balance and Nitrogen Budget
Understanding the nitrogen pools and flows within the Living Filter at a larger scale
complements the smaller scale soil core analyses. To know where nitrate accumulation and
adsorption is occurring in the system, quantifying the adsorbed nitrate-N on a mass basis in the
profile is useful. In order to estimate the bound nitrate pool, soil concentrations were converted
to a mass per volume basis, following the calculations described in the methods. For a given
interval thickness, an average adsorbed soil nitrate-N concentration was used in addition to the
average bulk density measured in the interval. Table 5.3 shows selected core intervals with the
soil-adsorbed nitrate-N content given in units of g m-2. The results of the adsorbed soil nitrate-N
values show a similar pattern of content distribution as described by the total soil nitrate
concentrations but one important result of the bound soil nitrate-N content calculation is the
differences between the intervals. While the differences between treatments and land use are
observed in the cores, the difference in bound nitrate-N content within specific intervals shows
that nitrate-N accumulation is not constant down the profile. Some intervals have more bound
NO3-N than other intervals, with the agricultural cores (B and C) having higher nitrate-N content
in the deeper subsurface. This demonstrates that there is a characteristic or combination of
characteristics within the soil that cause more accumulation of nitrate-N. Because of the
heterogeneous nature of the profile, only some soil intervals have the characteristics that lead to
more adsorption of nitrate.
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0 to 1 meter interval
Average adsorbed NO3-N (mg/kg)
Average bulk density (g/cm3)
Nitrate Content (gNO3-N/m2)

Core A
0.25
1.43
0.36

Core B
1.01
1.46
1.47

Core C
1.22
1.46
1.78

Core D
0.77
1.54
1.18

1 to 3 meter interval
Average adsorbed NO3-N (mg/kg)
Average bulk density (g/cm3)
Nitrate Content (gNO3-N/m2)

Core A
0.27
1.54
0.83

Core B
1.50
1.50
4.50

Core C
1.84
1.54
5.67

Core D
0.65
1.53
1.98

3 to 5 meter interval
Average adsorbed NO3-N (mg/kg)
Average bulk density (g/cm3)
Nitrate Content (gNO3-N/m2)

Core A
0
1.49
0

Core B
0.59
1.62
1.90

Core C
0.14
1.67
0.46

Core D
0.37
1.58
1.16

5 to 7 meter interval
Core A
Core B
Core C
Core D
Average adsorbed NO3-N (mg/kg)
NA
1.23
0.63
NA
Average bulk density (g/cm3)
NA
1.64
1.63
NA
Nitrate Content (gNO3-N/m2)
NA
4.02
2.03
NA
Table 5.3. Concentration and mass (g/m2) of adsorbed NO3-N computed from soil measurements
reported above. Core A (Non-Irrigated Control), Core B (Irrigated Agricultural), Core C
(Irrigated Agricultural), Core D (Irrigated Forest).
The adsorbed soil NO3-N content distribution again demonstrates that the agricultural
land use sites are more saturated with nitrate-N compared to the forest sites and control. Since
the nitrate concentrations in the agricultural sites is elevated, especially at greater depths, those
sites are most likely contributing the most nitrate output to groundwater and are more susceptible
to reaching a maximum saturation capacity.
To better understand the role the adsorbed nitrate-N accumulation plays in the system a
nitrogen budget details inputs and outputs of the Living Filter. To quantify the input of nitrogen
in the Living Filter, spray irrigation nitrate water concentrations were measured monthly at the
wastewater treatment plant. Data from the treatment plant indicate that the average water nitrate
concentration of sprayed effluent for the past 30 years has been 10.58 ppm NO3-N. Converting
that value to a mass per unit area, as described in the methods, at the dosage of 1.5 inches per
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acre per week, the Living Filter receives about 21 gNO3-N m-2 yr-1 (210 kg ha-1yr-1) of effluent.
The output of the nitrate into groundwater at Living Filter, assessed by using pore water
concentrations on a dry soil basis (mg/kg) and reconstructing into units of mg/L by using bulk
density, porosity, and soil moisture, was constrained by collected groundwater well
concentrations (mg/L) measured beneath the Living Filter between 75 and 200 feet deep over 9
years. If we assume that the Living Filter is quasi steady state, and that the flux of water in is
equal to the flux of water out, then we can say that the reconstructed pore water (mg/L) nitrate
concentrations measured in the deepest part of the cores represent the closest proxy for a nitrate
flux moving into groundwater. Table 5.4 shows the range of reconstructed pore water nitrate-N
values at in the deepest sections of the each core. The reconstructed pore water concentrations in
Cores A and D are approximately equal to the sprayed effluent concentration applied to the site
(10.58 mg/L), while the reconstructed pore water nitrate-N concentrations of Cores B and C are
higher than the reported spray nitrate-N concentration. From 7 to 10 m depth in Cores B and C,
the average reconstructed nitrate pore water concentration is 24.6 ppm (mg/L). These elevated
reconstructed pore water concentrations in B and C are not consistent with the sprayed
concentrations. This inconsistency could be explained because agricultural nitrogen input (only
applied in Cores B and C) increases dissolved nitrate concentration in the infiltrating water or
there is error in the DI water wash method removing adsorbed nitrate, thereby contributing to an
increase in reconstructed pore water nitrate.
Core A
1.5-2.4

Core B
6.3-7.9

Core C
6.8-10.2

Core D
3.1-4.6

Depth Range (m)
Reconstructed Pore water
NO3-N (mg/L)
2.4 - 5.3 15.8-25.3 27.9-29.3
8.7-10.6
Table 5.4. Range of reconstructed pore water nitrate-N concentrations (mg/L) with
corresponding depth ranges (m). Core A (Non-Irrigated Control), Core B (Irrigated
Agricultural), Core C (Irrigated Agricultural), Core D (Irrigated Forest).
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If the output water flux is equal to the input water flux, the reconstructed pore water
nitrate concentration would result in nitrate flux of 48.7 gN/m2/yr. Comparing this reconstructed
nitrate concentration to the groundwater well concentrations, the sample wells had a nitrate
concentration of 4.18 ppm which under steady state yields a flux of 8.1 gNO3-N m-2 yr-1
(Appendix 1, Figure 1.2). The reconstructed pore water nitrate-N concentration and directly
measured groundwater nitrate-N concentration are not identical which means that either the
assumption about an equal input and output flux is not valid or that the Living Filter is
transforming and adsorbing a significant amount of nitrate between the bottom of the core and
the water table several tens of meters below. For the purpose of the budget, characterizing the
entire soil profile, groundwater output flux was based on groundwater well samples. The
differences in the output groundwater loss fluxes between land uses in Table 5.5 are a result of
constraining the values by the degree of reconstructed pore water nitrate-N concentration found
at the greatest depths of each core.
Comparing the Living Filter input flux to other studies, the application rate of spray
irrigation nitrate-N is greater in the Living Filter than of numerous experimental studies that
evaluated how different application rates of nitrogen impacted nitrogen saturation forested
ecosystems (Magill 2002). Reported by Lovett et al. (2011), 150 gN/m2/year was input while the
highest application in the Living Filter is estimated to be 210 gN/m2/year. Since Lovett et al.
(2011) demonstrated significant groundwater nitrate loss events with application rates of
150gN/m2/year, the Living Filter, with a relative steady groundwater output over the past 15
years, must be accumulating nitrogen in the soil or relying on increased plant uptake, as they are
two primary mechanisms that serve as nitrogen sinks besides loss to groundwater.
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Using the discussed experimental concentrations and literature sources, Table 5.5
tabulates a nitrogen budget for the Living Filter Site. Wet and dry nitrogen deposition rates have
decreased over the past two decades but the regional average in Central Pennsylvania has been
1.2 gN/m2/year (Boyer, 2007). Nitrogen fixation estimates were factored into the agricultural
sites because of alfalfa and ryegrass planted during rotations and non-growing seasons
(Martensson et al. 1984). Fertilizer was applied to agricultural fields each year and based on
recommended fertilization rates (Beegle et al. 2003) estimates were converted to similar units of
gN/m2. Fluxes of gaseous losses are expected to be small because the intentional management
strategy that prevents flooding on the surface, thereby keeping oxygen levels high enough to
prevent significant denitrification (Bouwman 2002). Harvesting flux was estimated using yield
reports by Pennsylvania State University Office of the Physical Plant and other reports from
Pennsylvania State managed agricultural lands (Salada, 2007; Fox et al. 1986). Groundwater loss
estimates were derived from the measurements in this study and applied to the budget.
Subtracting the sum of outputs from the sum of inputs, results in sink storage term that
accounts for nitrogen incorporation into the system overtime. This sink storage would contribute
to capacity saturation by increasing the mass of nitrogen in the Living Filter annually. The
primary sink storage mechanisms highlighted in this study are net plant uptake and soil nitrogen
incorporation. These internal cycling recipients are the key acceptors of accumulating nitrate and
can slowly adsorb or release nitrogen. Net plant uptake rates are influenced by climate, forest
age, and tree type. Nitrogen limited plants or young forests will increase uptake of nitrogen when
available, and when growth slows, soil incorporation will become the dominant sink. In
temperate forest ecosystems, plant uptake can account for 20 gN/m2/yr (Kaye 2005). This
represents a low-end member estimate that when compared to litterfall decomposition (16
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gN/m2/yr), yields a net plant uptake of 4 gN/m2/yr. In agricultural sites, net plant uptake would
be minimal because harvest removes the aboveground biomass that could remain. Soil nitrogen
incorporation can occur in multiply ways such as nitrogen adsorption and microbial biomass
accumulation. This study provided a single snapshot of nitrate-N adsorption concentrations in the
Living Filter, and could explain some of the soil N incorporation of nitrogen budget if adsorption
was measured over time. While the time component is missing, the fact that adsorption was
quantified means that nitrate adsorption in the Living Filter is responsible for a portion of the soil
N incorporation. The data can be applied to the budget if we assume that the snapshot of
adsorbed N represents a yearly flux through the system. From values in Table 5.3, the range of
nitrate adsorption is approximately 2-5 gNO3-N/m2/yr for agricultural sites and 2 gNO3-N/m2/yr
for forest sites. If considered a part of the soil N incorporation in the budget in Table 5.5, this
adsorption certainly explains some of the sink, but is not enough to balance the budget, resulting
in the remaining category in the budget.
Microbial soil N incorporation could explain the unaccounted nitrogen in the budget. As
mentioned in the introduction, through symbiosis between microbes and mycorrhizal fungi, Aber
et. al (1998) proposed that mycorrhizae assimilation is the dominant process involved in
immobilization of nitrogen (Aber, 1998; Tietema, 1998). It was estimated that in a healthy
system, in which saturation has not occurred, mychorrizae might account for up to 15gN/m2/yr
of nitrogen storage in the soil. This discovery, while not directly tested, might help explain where
the remaining nitrogen in this budget is stored.
An alternate explanation for explaining the unaccounted for nitrogen in the remaining
category in Table 5.5, is that the groundwater loss flux (previously assumed to be represented by
only groundwater well nitrate concentrations) as more accurately described by a compromise
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between the groundwater well concentrations and the deep core reconstructed pore water nitrate
concentrations. For both land-uses, if the groundwater loss nitrate concentration were 2.0 ppm
NO3-N greater (or 3.9 g/m2/yr NO3-N), then the budget would balance. Given that the
groundwater wells average the entire “Astronomy Site” there could certainly be variations in
point groundwater samples that might support using a nitrate-N concentration and flux more
closely related to the reconstructed pore water nitrate-N concentration.
Overall, the nitrogen budget combined with the adsorbed nitrate mass distribution,
demonstrates that soil nitrogen incorporation by adsorption plays a significant part in the Living
Filters nitrogen storage and accumulation. While the adsorption explains some of soil N storage,
there are unmeasured mechanisms that could play a role as well.
Nitrogen Budget for Living Filter
gN/m2/yr
Inputs
Spray Wastewater
Atmospheric Deposition
Fertilizer
N fixation

Agriculture

Site Location
Forest

Control (Forest)

21
1.2
6
3

21
1.2
0
1

0
1.2
0
1

31.2

23.2

2.2

3
7
8.1

1.5
0
3.7

1
0
0

Total Outputs

18.1

5.2

1

Sink Storage/yr

13.1

18

1.2

Net Plant Uptake

1

4

1.2

Soil Nitrogen Incorporation
(Adsorption or Microbial)
Remaining

8

10

0

4.1

4

0

Total Inputs
Outputs
Gaseous Losses
Harvesting
Groundwater Loss

Table 5.5: Nitrogen budget values for pertinent processes in the Living Filter by land use.
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Chapter 6: Conclusions and Future Work
Conclusions
The Living Filter has functioned for over 50 years with the intent of reusing wastewater
in a sustainable manner that promotes local aquifer recharge and discharge of excess nutrients
away from surface waters. The goals of the investigation were to evaluate the soil nitrate
concentrations in soil cores on two different land use sites, to measure soil characteristics to
evaluate if specific parameters influence nitrate accumulation, and to create a nitrate mass
balance budget in order to assess the state of the Living Filter.
Soil nitrate concentration results showed that spray irrigation has increased the
concentration of soil nitrate in the subsurface at greater depths than previously measured (>120
cm). Nitrate concentrations were elevated in both agricultural and forested sties as compared to a
non-irrigated site. Soil nitrate concentrations varied across the study site, suggesting that
different ecosystem factors influence concentrations of nitrate in the soil profile. The first
distinction between agriculture and forested sites showed that agriculture soils have elevated
concentrations of nitrate compared to the forested site even though both areas received the same
amount of effluent. This distinction in land use suggests that the subsurface soils underlying
agricultural sites are progressing towards nitrogen saturation more quickly than the forested sites
in the region. Continued monitoring of the agriculture soils will be key to determining if soil
nitrate changes over time and how that is impacted by nitrogen fertilizer addition.
Although no significant trends were found concerning a single soil characteristic’s
influence on nitrate concentration in the profile, comparison of results from soil nitrate
concentrations and soil characteristics, allowed evaluation of the complex nature of the vadose
zone, and supported results from other studies. The hypothesis concerning a positive relationship
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between clay fraction (particle size <2µm) and adsorbed nitrate concentration was not found in
this study, but should be assessed in more detail, with more resolution.
The inclusion of a nitrate mass balance created a larger-scale picture for the distribution
of adsorbed nitrate in the system. With increased accumulation of nitrate in the deeper surface of
the agricultural sites, the adsorbed nitrate mass distribution suggests that nitrate adsorption is
heterogeneous in the profile. While this adsorption was quantified it does not definitively show
that the Living Filter has reached capacity nitrogen saturation, but because the input nitrate
concentrations are not equal to the output concentrations and because of the heterogeneous
distribution of nitrate in the profile, the Living Filter could continue functioning. From the
nitrogen budget, in accounting for the variety of flows, sources and sinks of nitrogen in the
Living Filter, it was determined that the nitrate adsorption component of soil incorporation is
significant but unaccounted nitrogen might be explained by other plausible soil incorporation
mechanisms.
The results suggest that the Living Filter site has responded to nitrate inputs in ways
similar to other experimental ecosystem studies conducted in the northeast United States (Magill
2002). While effluent movement into groundwater is occurring as a result of the spray irrigation,
and greater than previously measured nitrate concentrations exist in irrigated sites, the nitrate
concentrations in the groundwater remain lower than EPA drinking water regulation standards.
Based on previous literature, conceptual models, and this current work, the Living Filter is
continuing to accumulate nitrogen at a high enough rate that it is reducing the input nitrate
concentrations before moving into the groundwater. Although this is the case, high soil nitrate
concentrations at lower depths indicate that nitrate has the capability of accumulating in the deep
soil, especially in the agricultural sites. This accumulation has not resulted in groundwater nitrate
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level regulation exceedance but it should continue to be monitored to create a time series of data.
After 50 years of treated wastewater spray irrigation, the Living Filter has removed and adsorbed
the nitrogen applied to date, but there is evidence of nitrate infiltrating to greater soil depths,
which remains a concern for groundwater contamination.

Future Work
Future work should entail continual monitoring of the Living Filter in groundwater and
soil pore water, building a time series of data that can be interpreted over decades. A
continuation of this study should dig more deeply into the relationship between mineralogy and
adsorbed N. This study showed that nitrate adsorption to sediment does occur in the Living Filter
at certain locations in the core, however, finer-scale laboratory studies might reveal the soil
characteristics that have most the control on adsorption. Furthermore, more work should be done
to measure ammonium from KCL extraction measurements. With this information, the bound
ammonium would be known and therefore a better understanding of the distribution of nitrogen
species.
Regarding the nitrogen budget, investigating site-specific plant uptake in agricultural and
forested sites would add to the information and confidence of the nitrogen budget in the Living
Filter. One area of nitrogen saturation that is difficult to measure is the amount and rate of
accumulation of soil nitrogen. This study is a starting point for initial accumulation but the rate
requires data over time. Adding data about mineralization rates and incorporation of litter into
soil would better constrain the results of the study. Further research about the microbiological
influences on nutrient behavior would vastly improve our knowledge of vadose zone hydrology
in relation to the fate and transport of nutrients.
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While the Living Filter is effective at reducing the concentration of nitrate entering the
groundwater, a closer examination of whether that is primarily influenced by the depth of the
vadose zone, and therefore increased time of percolation, or actual nitrogen transformation is a
valuable question to answer regarding the lifespan of the Living Filter. Further soil analysis of
organic N, cation exchange capacity CEC, and detail clay analysis would contribute to the
findings.
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Appendix
Soil Core Site GPS Locations (Lat, Long)
Core A (40.829917, -77.871473)
Core B (40.828194, -77.867825)
Core C (40.835275, -77.873876)
Core D (40.830794, -77.867181)
Groundwater Monitoring Well Location Descriptions
Referencing Appendix Figure 1.1
Astronomy Site
P-1: Furthest from spray irrigation lines this monitoring well is located offsite towards the
downside of the general surface topography. In the subsurface this well intersects flow that
moves through the site NW towards Bellefonte. The local topography has downward migration
from on site to offsite. Observed nitrate concentrations vary from 1 to 6.5 ppm with an average
of 5.5 ppm.
P-2: The well has located at the bottom of the steepest portion of the spray site leading to
possible surface contamination and increased surface flow. P2 is located along the same flow
path as P-1, about 1200 feet from P-1. P-2 nitrate levels are slightly higher than those in P-1,
averaging 7.2 ppm.
P-3: Situated about 20 feet from sample site B, this monitoring well is at the top of the general
topographic high of the spray site. P-3 has stable nitrate concentrations of 4.3 ppm NO3.
P-4: The well closest to the control site A, P-4 has the lowest nitrate of all the wells in the
Astronomy site with an average of 1.5 ppm. P-4 lies on a mid-slope run between the top of a
high and a valley low that has a stream.
P-5: On the edge of the northwest boundary of the site, P-5 serves as a proxy for core C. Located
next to a cornfield in a topographically flat area, P-5 has an average nitrate concentration of 2.5
ppm.
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**Measurements made over the course of seven years.
Soil Descriptions
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Appendix: 1.1: Spray line irrigation detail map of the Astronomy site of the Living Filter with groundwater monitoring well locations
and lysimeter locations.
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Appendix Figure 1.2: Nitrate concentrations of nearby groundwater monitoring well samples for 6 years at Astronomy site at Living
Filter. (Office of the Physical Plant, Penn State)
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Res ult: Analys is Table
ID: C14-1
File: JACOB
Path: C:\SIZERS\DATA\LY MARIS\
Range: 300RF mm
Presentation: 3OID
Modif ications: None

Volume
In %
0.00
0.01
0.01
0.02
0.04
0.07
0.12
0.17
0.24
0.31
0.37
0.39
0.39
0.37
0.35
0.33

Measured: 7/29/2015 2:07PM
Analy sed: 7/29/2015 2:07PM
Source: Analy sed

Beam: 2.40 mm
Sampler: MS1
Analy sis: Poly disperse

Conc. = 0.0215 %Vol
Distribution: Volume
D(v , 0.1) =
3.01 um
Span = 6.881E+00
Size
(um)
0.05
0.06
0.07
0.08
0.09
0.11
0.13
0.15
0.17
0.20
0.23
0.27
0.31
0.36
0.42
0.49
0.58

Run No:
1
Rec. No: 127

Obs': 20.4 %
Residual: 0.687 %

Density = 2.200 g/cm^3
D[4, 3] = 99.85 um
D(v , 0.5) = 43.58 um
Unif ormity = 1.893E+00
Size
(um)
0.58
0.67
0.78
0.91
1.06
1.24
1.44
1.68
1.95
2.28
2.65
3.09
3.60
4.19
4.88
5.69
6.63

Volume
In %
0.32
0.34
0.40
0.46
0.54
0.63
0.72
0.79
0.87
0.93
0.98
1.03
1.07
1.11
1.16
1.22

Size
(um)
6.63
7.72
9.00
10.48
12.21
14.22
16.57
19.31
22.49
26.20
30.53
35.56
41.43
48.27
56.23
65.51
76.32

S.S.A.= 0.5768 m^2/g
D[3, 2] =
4.73 um
D(v , 0.9) = 302.85 um
Volume
In %
1.29
1.39
1.52
1.70
1.93
2.24
2.62
3.06
3.54
4.03
4.47
4.81
5.00
5.01
4.83
4.47

Size
(um)
76.32
88.91
103.58
120.67
140.58
163.77
190.80
222.28
258.95
301.68
351.46
409.45
477.01
555.71
647.41
754.23
878.67

Volume
In %
3.98
3.40
2.77
2.26
1.95
1.84
1.90
2.03
2.15
2.17
2.06
1.84
1.53
1.19
0.82
0.44

Appendix Figure 1.2. Example Results Table from Laser Diffraction for Particle Size Distribution. For sample number C14-1.
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Example results graphic of XRD Empryean for sampe A1-1. The peaks are associated with specific minerals.
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