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Denitrification removes nitrogen from watersheds under reducing conditions, but
N,O and CH,, both greenhouse gases, can also be produced. The overarching hypothesis
of my thesis was that hydric environments accumulate N,O and CH, in groundwater and
the vadose zone. To test the hypothesis, groundwater samples were taken monthly during
2007-2009 at 64 piezometers in 10 wetlands for analysis of excess N, N,O, CH,4, and
CO,. Vadose zone gas and groundwater samples were taken during 2008-2010 at two

riparian buffers and a hydrologically restored wetland.

The hydrology of the 10 locations was complex. A hydrologic connection across
a transect was determined at one location where NOj" significantly decreased, excess N,
significantly increased, and moderate concentrations of N,O and CH, accumulated.

Within these 10 locations, three N,O and four CH,4 hot spots were identified, and hot



moments accounted for a large percentage of total accumulated N,O and CH,. | found
evidence of CH, ebullition, the production of CH, bubbles in the vadose zone that strip
other dissolved gases. The locations that accumulated the most dissolved CH4 and N,O

were natural wetlands and riparian areas, respectively.

I measured both positive and negative excess N, concentrations in the vadose
zone. Flux estimates ranged from -600 to 880 kg N ha™ yr™*, which brackets missing N
estimates at the watershed scale. These concentrations were calculated using N,/Ar, and
both gases are affected by physical processes. These calculated excess N, profiles could
have been produced through either biological and/or physical mechanisms, and these
processes currently cannot be distinguished. Less than 1% of the missing N on the
transect scale, measured as the difference in N concentration between two piezometers,

was accounted for by calculated diffusional fluxes from groundwater to the vadose zone.

The primary mechanism transporting gases from the vadose zone to the
atmosphere was diffusion, but convection transported 20% of the calculated median CO,
yearly flux. Increased production of N,O and CO, was observed in the vadose zone after
rainfall events. Overall, large concentrations of N,O, CH,4, CO,, and excess N,
accumulated in the groundwater and vadose zone of these locations, supporting the

overarching hypothesis.
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CHAPTER 1:

INTRODUCTION



The original intent of this research was to investigate N,O concentrationsin
groundwater in relation to the “missing nitrogen” on awatershed scale. At the transect
scale, | wanted to examine N>O concentrations as a result of denitrification and
potentially nitrification in wetlands intended to mitigate NO3™ in agricultural settings. My
research was asmall part of two larger projects that were searching for the “missing N” at
the watershed scale and were attempting to evaluate the ability of wetlandsin agricultural
settings to reduce N. These two projects are related as some of the “missing N” islikely
denitrified in wetlands receiving agricultural water. | also wanted to examine CH, as
well as CO, concentrations to give a broader view of aternate electron acceptorsin these

low O, environments.

Themissng N

The nitrogen budget of most watersheds is unbalanced. Stream N export typically
accounts for 10-30% of the net anthropogenic N inputs, or NANI, and the remainder of
the budget is missing (Jordan and Weller 1996, Howarth et al. 1996, Boyer et a. 2002).
The“missing N” isthought to be stored in biomass, soil, or groundwater within the
watershed, or completely lost from the watershed as N, and N,O through denitrification.
Both of these processes are difficult to measure on awatershed scale. Van Breemen et al.
(2002) estimated that for 16 large watersheds in the northeastern US, denitrification
determined by difference was responsible for approximately 50% of N losses, while river
export accounted for 20%, food export accounted for 6%, wood export accounted for 5%,

and soil storage accounted for 16% (estimated).



Prior to maor anthropogenic influences on the nitrogen cycle, the rate of N
fixation and N loss to the atmosphere was approximately in balance (Galloway et a.
1995). Reactive N (usually organic N, NH4", NO,', and NO3) is anthropogenically
produced through energy production, fertilizer production, and leguminous crops.
Reactive N hasincreased substantially since pre-industrial times, and the balance
between N fixation and N loss to the atmosphere has been disrupted (Galloway et al.
1995). With the invention of the Haber-Bosch process in the early 1900's, first
gunpowder and later fertilizer usage increased substantialy. The use of inorganic
fertilizer increased crop outputs, and excess fertilizer was often applied with the intention
of producing higher crop yields under ideal growing conditions (Fisher et a. 2006). The
unused fertilizer N is leached through the soil to groundwater after conversion to NO3°
through nitrification. Inorganic fertilizer applied to agricultural fields is alarge source of
N in agriculturally dominated watersheds. Once in groundwater, NO3™ will either be
denitrified, further transformed, or remain unaltered on its sometimes lengthy passage
(decades) to a surface water body. Many researchers have shown a strong positive
correlation between N inputs (Boyer et al. 2002) or N concentrations in stream flow
(Jordan 1997, Lee et a. 2001) and the fraction of land in agriculture within abasin,
especially when agriculture exceeds 60% of land use (Fisher et a. 2006, 2010). The
residence time of groundwater can be long, but in the Choptank basin where this research
took place, the residence timeisrelatively short, ranging between <1 to 20 years. Food
import and export also affect watershed budgets by decoupling production and

consumption and thereby transferring N across great distances (Jordan and Weller 1996).



Theincrease in reactive N in watersheds since preindustrial times has likely increased

both storage within the watershed and denitrification of N.

Balancing watershed budgets is important in order to understand the watershed
system and for the purpose of making informed management decisions. In agricultural
watersheds, N is either lost as N, or N,O through denitrification or stored within the
watershed soil or biomass N. [If denitrification accounts for the majority of the “missing
N,” the N will be completely lost from the watershed and will not detrimentally affect
downstream water quality. If the N is stored within the watershed, the N can still be
transformed to an active and highly soluble form such as NO3". Under these conditions,
the N can further travel through the watershed and negatively contribute to downstream
water quality. The movement and storage of reactive N as it passes though the earth’s
atmosphere, hydrosphere, and biosphere and causes change is known as the nitrogen
cascade (Galloway et al. 2005). The only pathway out of the nitrogen cascade is the
reduction of reactive N to N, and the storage of N isjust adelay in the eventual progress

of the nitrogen cascade (Galloway et al. 2005).

Fertilizer use and other anthropogenic activities have increased nutrient loading to
Chesapeake Bay (Kemp et a. 2005) where this research took place. High concentrations
of nitrate (NOs3") in groundwater entering the tributaries of the Chesapeake Bay accelerate
eutrophication, increase the occurrence of algal blooms (Andersen et al 2002), decrease
the abundance of submerged aquatic vegetation (Kemp et a. 1983), create more turbid
waters, and generally decrease water quality (Kemp et a. 2005, Fisher et al. 2006). There
isagreat need to reduce the concentration of NOs™ leaving agricultural fieldsin order to
improve water quality within the Chesapeake Bay. Finding the locations of areas with

4



high denitrification rates will allow the protection of these areas, and will provide
information on the types of environments reducing N that can potentially be protected or
restored. Finding these high N reduction areas will reduce the magnitude of the “missing

N” and potentially reduce N losses to surface waters.

Wetlands and NOs reduction

Wetlands as defined by the US EPA section 404 of the Clean Water Act are
"areas that are inundated or saturated by surface or ground water at a frequency and
duration sufficient to support, and that under normal circumstances do support, a
prevalence of vegetation typically adapted for life in saturated soil conditions. Wetlands
generaly include swamps, marshes, bogs, and similar areas (United States Environmental
Protection Agency 2011)." Asthese areas are often water-saturated, oxygen istypically
limiting in wetland environments below the first few surface centimeters (Brady and Well
2002). Thisalowsthe reduction of N in groundwater if contact is made between the
high N groundwater and the wetland, but natural wetlands often only receive N through
atmospheric deposition. Redox within wetlands can often be low enough for iron, sulfur,
and CO, or acetate reduction (methanogenesis, Brady and Well 2002), and wetlands are a
large source of CH4to the natural global budget (Isermann 1994). Wetlands that are able
to intercept agricultural N will likely be N sinks because wetlands are typically not
carbon limited and often operate under reduced conditions. If restored wetlands are built
in such away as to have the hydrological and chemical characteristics of natural wetlands

and also intercept N-rich groundwater, N reductions in groundwater will likely occur.



Historically, the goal of most farming practices, especialy in low lying areas
prone to water saturation, was to guide the water out of the soil and into ditches as fast as
possible in order to create soils suitable for crops. These ditched areas are referred to as
prior converted croplands (PCC). These drainage ditches create a fast-track route for
water and nutrients to enter surface waters. The federal Conservation Reserve
Enhancement Program (CREP) pays volunteer farmers to convert their low-productivity
arable land into conservation practices, including riparian buffers, which are intended to
slow the movement of nitrogen species and increase denitrification. With the current
understanding of the important roles wetlands play in water quality, habitat, and organism
diversity, wetland restoration has been on therise. Wetlands are often restored to
increase and diversify habitat for native animals, as well asto increase water quality by
reducing NOs™ and sediment runoff. This study examined natural wetlands,
hydrologically restored wetlands, riparian buffers, controlled drainage ditches, and PCC’s
with poorly drained areas within them (referred to here as wet spots). The restored
wetlands are considered hydrologically restored as only the hydrology of the locations

were restored, not necessarily the wetland functions.

Riparian areas along streams and next to drainage ditches can serve to reduce
NOj3, either through denitrification or uptake by vegetation (Lowrance et a., 1984 b).
Riparian buffers have been shown to decrease groundwater NO3™ concentrations
(Lowrance et a., 1984 a, Peterjohn and Correll, 1984, Pinay et al. 1993) and denitrify
NOj3 in surface soils (Pinay et al. 1993). However, riparian areas only work to reduce
agricultural N if the groundwater is intercepted by the riparian area. In certain settings,

the groundwater has been reported to subduct below the penetration depth of the riparian



zone resulting in little NO3™ reduction (Lowrance et al., 1997). Riparian areas can also
result in fluxes of N,O to the atmosphere, and high dissolved concentrations of N,O have
been measured in groundwater (Groffman et al. 1998). Understanding the extent of
denitrification in these managed areas would alow the most effective placement of these

practices within watersheds and could potentially account for a portion of the missing N.

Controlled drainage structures are intended to flood ditches and slow the release
of water downstream by restricting flow out of the ditch until the water level in the ditch
is great enough to surpass the restriction. Denitrification is expected to beincreased in
flooded ditch areas because the water is backed up under the field, thereby allowing the
water table to reach higher C regions near the root zone. Dukes et a. (2003), however,
found that the installation of a controlled drainage structure did not result in an increase
in water level between the flooded and unflooded study |ocations because the unflooded
location was randomly installed in a ditch with a shallow impermeable layer, while the
flooded site had much more permeable soils. These authors did observe reduced NO3*
concentrations in the flooded ditch, but did not attribute the loss of NOs™ to increased
denitrification due to the controlled drainage structure as there was no relationship
between water table depth and NO3™ concentration at the ditch edge. In other situations,
this practice has been shown to reduce the average NO3 concentration (Fisher et a. 2010)
and the annual N transport in drainage outflow; however, Evans et a. (1991) indicated
that this trend was mostly due to the reduced flow downstream. Controlled drainage
structures could also increase the concentration of N,O in groundwater (saturated zone)
and the vadose zone (unsaturated zone). Kliewer and Gilliam (1995) observed increased

N>O production and denitrification under experimental conditions intended to simulate



flooded drainage ditches versus treatments exposed to lower water table levels.

However, the percentage of gaseous emissions emerging as N,O remained stable at ~ 2 %
of the denitrification products for all treatments. More recently, Woli et al. (2010)
showed alarge reduction in tile flow and tile N exported in a controlled drainage | ocation

(17 kg N ha* yr?) versus afree drainage location (57.2 Kg N ha yr™).

Restored wetlands have been shown to reduce N in some circumstances (e.g.,
Woltemade and Woodward 2008) and to have limited effect in others (e.g., Orr et .
2007). Bruland et al. (2006) showed that created and restored wetlands had lower
variability in terms of potential denitrification and denitrification related soil properties
than natural wetlands. Peraltaet al. (2010) found significant differences between
bacterial community structure and potential denitrification between natural and restored
wetlands, indicating that the restoration project had not been successful in terms of
restoring denitrification function to the wetlands. This indicates that restored and created
wetlands may not be as capable of reducing N as natural wetlands because wetland
restoration does not always initially restore all wetland services. Wetlands are often
restored for many different purposes including habitat creation, agricultural nutrient
mitigation, and wastewater treatment. Wetlands restored for one specific purpose, e.g.,
waterfowl, may not function to reduce agricultural N. In order to successfully restore
wetlands for agricultural nutrient mitigation, the denitrifying function of wetlands must

be restored, and the wetlands must intercept the N-rich water.

Promoting wetland restoration to mitigate agricultural N loading appearsto be a
partial solution to the problem of excess N loading resulting in accel erated
eutrophication. However, a potentia problem with this approach could be the inadvertent
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production of the greenhouse gases N,O and CH,, which are by-products of non-
oxygenic respiration in hydric environments or soils experiencing long periods of
saturation that inhibit the diffusion of oxygen into the soil, creating reduced conditions

(Brady and Weil 2002).

Denitrification

As denitrification has the ability to reduce N in agriculturaly influenced wetlands
and riparian zones (e.g., Fisher et al. 2010), the process of denitrification is responsible
for at least a portion of the missing N. Denitrification is the reduction of NO3 to N>
through the intermediate and sometimes terminal products of NO,', NO, and N,O
(Knowles 1982). Denitrification istypically a heterotrophic process that requires alabile
carbon source, NOs3', and relatively low levels of O,. Denitrification is performed by a
diverse group of microorganismsthat are able to utilize NO3™ as arespiratory electron
acceptor in the absence of oxygen (Knowles 1982). Most of these bacteria are able to
reduce NOz completely to N, but some only possess the enzymes to compl ete part of the
process (Knowles 1982). Typically, NO3 reduction has been associated with
denitrification, but other NO3™ reduction processes can occur including dissimilatory
nitrate reduction to ammonium (DNRA), chemoautotrophic denitrification which can be
coupled to either sulfur or iron oxidation, and anammox (Mulder et al. 1995, Jetten 2001,
Burgin and Hamilton 2007). A benefit to anammox isthat it removes NO3™ from the
environment as N, without producing N,O. More recently, evidence of anaerobic

methane oxidation coupled to denitrification (AOM-D) has also been observed in lab soil



cores, but not in the field (Raghoebarsing et a. 2006). While al of these processes can
potentially contribute to excess N, gas in groundwater, denitrification is the most well
studied (e.g., Groffman et a. 2006). Inthisthesis, | will therefore refer to
“denitrification”, while acknowledging here that other processes may also contribute to

NOj3 loss and N, production.

Detecting denitrification requires a sensitive, high precision method to measure
N2. Membrane inlet mass spectrometry (MIMS) provides a method for directly
measuring the N, concentration within awater sample. This approach directly introduces
awater sample through a semi-permeabl e membrane into a quadrapol e mass
spectrometer (QMS), which allows the measurement of the N2/Ar ratio (Kana et al.
1994). The membraneinlet permits introduction of the dissolved gases from the water
sample directly to the mass spectrometer, eliminating the necessity for sample

preparation.

Conversely, acquiring direct in situ measurements of soil denitrificationisa
challenging problem due to the 78% background of N in the atmosphere. To measure a
small increase in soil N, from denitrification above the large background N> requires
sensitive instrumentation and precise techniques. Groffman et a. (2006) reviewed current
denitrification techniques; all of the current methods used for measuring soil
denitrification have advantages and disadvantages. However, without these methods we
would not have the current understanding of the controls on denitrification or the large

range of measurements through diverse environments.
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In general, warm and wet conditions increase denitrification rates. It has been
observed that above athreshold of 60% water-filled pore space (WFPS), as is commonly
observed in hydric soils, there are higher rates of denitrification compared to lower
%WFPS (De Klein and Van Logtestijn 1996; Dobbie and Smith 2001; Ruser et a. 2006).
DeKlein and Van Logtesijn (1996) proposed that this threshold is actually field capacity
for agiven soil. Higher %WFPS decreases oxygen availability by reducing diffusion and
higher temperatures increase respiration, creating more hypoxic conditions which are
more conducive to higher rates of denitrification (Leffekaar 1986). Increased
denitrification has also been observed to occur with higher levels of available organic

carbon if sufficient NO3” is present (Weier et a. 1993).

Denitrification can occur in many different settings within awatershed. Soils are
amajor location of denitrification, and Seitzinger et a. (2006) calculated denitrification
within global terrestrial soils to be approximately 33% of the newly fixed plus recycled
terrestrial N (124 Tg N/yr). Globally, under natural vegetation, Houlton and Bai (2009)
estimated that ~ 28 Tg of N was lost annually via denitrification. Agricultural soils
specifically have a high tendency to reduce NO3™ because they hold large concentrations
of NO3". Denitrification in agricultural soilswas estimated at 66 Tg N/yr (Seitzinger et

al. 2006), accounting for the majority of soil based denitrification.

Denitrification in streams and rivers can account for afraction of the missing N.
High spatia variability exists within and between river networks, but Seitzinger et al.
(2006) estimated that 35 Tg N yr'* are denitrified, accounting for 13% of all terrestrial N
sources. Dueto the high surface to volume ratio of low order streams, headwater streams

tend to have great control over the chemistry of a watershed (Peterson et a. 2000). As
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stream NOs3™ concentrations increase, denitrification has been shown to increase, but
denitrification efficiency declines (Mulholland et al. 2008). Nitrogen discharge from a
watershed has been correlated with net anthropogenic inputs of N to watersheds (Jordan
et al. 1997); therefore, watersheds with high anthropogenic N inputs to headwater streams

have low denitrification efficiency and export high concentrations of N downstream.

The occurrence of denitrification within groundwater can be temporally and
spatialy heterogeneous due to carbon limitation and high oxygen concentrations. Asa
result, many investigators have emphasized the hot spot and hot moment nature of
denitrification throughout different systems (Parkin 1987, McClain et a. 2003, Harms
and Grimm 2008). In addition, organic carbon content typically decreases with
increasing depth below ground, and lower denitrification rates have been correlated with
this decrease in organic carbon with depth (Brettar and H6fle 2002). The occurrence of
denitrification in groundwater can be limited by an organic carbon source (e.g., Bradley
et a. 1992) or by O, that stimulates aerobic pathways. Even when denitrification is
favored, some of the N, produced may be lost from groundwater to the vadose zone via
diffusion (Fig. 1.1) and then move to the atmosphere via diffusion or convective flushing
of the vadose zone. The excess N, produced by denitrification may also remain dissolved
in the groundwater until intersecting with a surface water body, with the eventual fate of
diffusing to the atmosphere. M easuring groundwater denitrification is possible through
different methods, but due to the spatial heterogeneity of denitrification, and multiple gas

loss pathways, extrapolating point measurements to an entire watershed is difficult.
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N2O

Denitrification is more complex than just reducing NOs” to N, and areas intended
to increase N loss could also have N,O loss. N2O is a greenhouse gas with a global
warming potentia of 298 over 100 years (IPCC 2007), and N,O also has the capacity to
contribute to the removal of stratospheric ozone (Crutzen 1981). Agriculture isthe major
contributor of anthropogenic N,O, accounting for 36.5% of the yearly anthropogenic
emissions (Isermann 1994). N,O isrising at approximately 0.26% yr™* and reached an

atmospheric concentration of 319 ppb in 2005 (IPCC 2007).

Nitrous oxide can be generated by severa processes within the N cycle. The
major source of N,O isfrom denitrification and to a lesser extent nitrification, although
nitrification is sometimes the major process (e.g., Ambus 1998). The source of N,O is
mostly controlled by the percent water filled pore space (%WFPS) in soils. At lower
%WFPS (more air than water in soils) nitrification is the primary source of N,O because
nitrification is strictly an aerobic process. At higher %WFPS (>60%, more water than air
in soils), which produce more reduced conditions, the major source of N,O isfrom
denitrification (Khalil and Baggs 2005). A larger accumulation of N»O is expected from
denitrification at high %WFPS, and alarger accumulation of N,O would be expected at
intermediate %WFPS from nitrification. Both nitrification and denitrification can occur
simultaneously as anoxic microsites can occur within amostly aerobic soil column

(Azam et a. 2002).

Nitrous oxide is an essential reduction step in the process of denitrification that
can be further reduced to N,. The dominant end product of denitrification istypically No,

but some studies have found N,O to be the mgjor end product (e.g., Mathieu et al. 2006,
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Ruser et al. 2006). High concentrations of N,O could potentially occur in environments
where high levels of NO3™ exist. Both NO3™ and N,O are possible el ectron acceptors for
denitrifying bacteria, but NOgs' is preferentially used because of the higher energy yield
(Blackmer and Bremner 1978). Environments with >60% WFPS and high concentrations
of NOs (e.g., hydric environments in agricultural settings) would be expected to produce
high fluxes of N,O (Dobbie and Smith 2001; Ruser et al. 2006). A caveat isthat % WFPS
values closer to saturation have been associated with alarger conversion of N,O to No.
Nitrous oxide reductase is inhibited by oxygen to a greater extent than the other
denitrification enzymes, resulting in an accumulation of N,O at %WFPS high enough to
allow denitrification, but with sufficient oxygen to inhibit nitrous oxide reductase to
complete the reduction to N, (Otte et a. 1996). Environments high in available organic
carbon are expected to produce low levels of N,O as these conditions have been found to
increase the conversion of N,O to N, (Weler et al. 1993, Mathieu et a. 2006). This
suggests that NOs -rich, carbon-poor areas deeper in the soil column might be important

sources of N,O production.

Denitrification “hot spots” can exist and are associated with anoxic microsites and
patchy organic carbon (Parkin 1987). N,O production has also been shown to occur under
specific conditions that when reached produce hot moments. Large fluxes of N,O have
been observed after fertilizer addition (Khalil et al. 2002, Dobbie and Smith 2001,
Dobbie and Smith 2003), rewetting of soil cores (Ruser et al. 2006), and natural rain
events (Dobbie and Smith 2001, Dobbie and Smith 2003). Increased fluxes have also
been observed after freeze thaw events (Koponen 2004, Teepe et al. 2001). N,O

production tends to occur in pulses after ideal conditions have been met (Xiong et al.
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2006). Agricultura hydric environments are expected to be denitrification-derived N,O

hotspots.

Methanogenesis, methane oxidation, and CH,4 production and consumption

Conditions conducive to denitrification might also be suitable for methanogenesis,
the reduction of CO, or acetateto CH,. This process is the lowest redox reaction,
resulting in the least energy production per unit organic C, and it occurs after all other
electron acceptors have been exhausted. Management practices intended to increase

denitrification could also potentially increase CH, fluxes to the atmosphere.

Methane is the most abundant hydrocarbon in the atmosphere and is released by
both natural and anthropogenic sources. CH, is a greenhouse gas with a global warming
potential of 25 over 100 years (IPCC 2007). The atmospheric concentration of CH,4 has
increased since pre-industrial times, but the concentration leveled off (Dlugokencky et al.
2003) in 1996 through 2006, and then increased in 2007 and 2008 (Rigby et al. 2008,
Dlugokencky et a. 2009). The average atmospheric concentration over both hemispheres

in 2005 was 1,774 ppb (IPCC 2007).

Approximately 1/3 of global CH, emissions are due to natural sources such as
wetlands, oceans, freshwater, CH, hydrates, termites, and undomesticated ruminants.
Agricultural activities comprise 42% of the global CH,4 budget (Isermann 1994). Rice
paddies, domesticated ruminants, animal wastes, and biomass burning are the primary

agricultural emitters of CH4 (Isermann 1994, Mosier et a. 1998).
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Unsaturated soils can function as CH,4 sinks through methane oxidation to CO,
(Mosier et a. 1998). Two forms of CH,4 oxidation have been recognized in soils: high
affinity oxidation and low affinity oxidation (Le Mer and Rogers 2001). High affinity
oxidation occurs at lower CH,4 concentrations close to aimospheric (<12 ppm) and low
affinity oxidation occurs at much higher CH, concentrations (>40 ppm, Le Mer and
Rogers 2001). CH,4 produced at depth in soils or sediments can be oxidized at shallower,
aerobic depths through CH, oxidation (Conrad and Rothfuss 1991), and variationsin CH,4
flux from the soil surface are the net result of methanogens producing CH, and
methanotrophs consuming CH,4. Dunfield et al. (1995) found soil water content to be
negatively correlated with the CH, oxidation rate. Increasing the water content of a soil
to induce denitrification could create hotspot locations of CH,4 production and reduce CH4

oxidation, increasing the net flux to the atmosphere.

N->O, CH,4, and CO, transfer mechanisms

Once N,O, CH,4, and CO, are produced in groundwater or the vadose zone, they
can move away from their original site of production through diffusion or convection.
Diffusion is considered to be the primary mechanism of gas flux from soils (Jury and
Horton 2004). The rate of gaseous diffusion depends on the strength of the concentration
gradient, which is produced in response to the production or consumption of a gas, and
the diffusivity coefficient of that specific gas. Diffusioninfreeair isarelatively fast
process in comparison to diffusion in water. Diffusioninan air or water filled tortuous

environment, such as soil or sediment, is much slower than diffusion in the free
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atmosphere or water column, and corrections for porosity and tortuosity are routinely
made to the free air diffusion coefficients to estimate in situ soil diffusion (e.g., Moldrup

et al. 2000A, 2000B).

Convection is the bulk movement of soil air caused by total gas pressure gradients
(Jury and Horton 2004). Physical mechanisms known to cause convection are wind,
barometric pressure changes, temperature fluctuation, and infiltrating water due to
precipitation (Jury and Horton 2004). Fluxes out of the soil due to convection are
generally considered to be low compared to diffusion, but thereis the potential for large

convective fluxesif soil gas concentrations are high (Clough et a. 2005).

Objectives

This research addresses questions pertaining to the concentrations of N,O, CH,4
and CO; in the groundwater and the vadose zone of soils. | will also examine the
transport mechanisms of these gases from groundwater, through the vadose zone, and
across the soil surface to the atmosphere. Groundwater concentrations of excess N, N0,
CHy, CO,, Ar, O, NO3', and NH4" were monitored monthly from 2007 through 2009
within groundwater piezometers. These piezometers were installed as transects across
hydrologically restored wetlands, riparian areas, PCCs, and natural wetlands. The vadose
zone gas concentrations of excess N, N,O, CO,, and CH4 were examined from the end of
2008 through 2010 using nested equilibration chambers at depths from 0.25t0 1.5 m

(Silver et . 1999).
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Wetlands within agricultural settings have the potential to account for the missing
N at the watershed scale through denitrification of agricultural N. If theselocations are
denitrifying NOgs', they are also potentially accumulating N,O in groundwater and the
vadose zone. CHy,4 is produced through methanogenesis when all other terminal electron
acceptors are reduced, and these wetlands may aso accumulate large concentrations of
CH4. N2O and CH,4 have been shown to be produced during short periods of time known
as “hot moments’ or in small areas of high production in comparison to the surrounding
area, known as “hotspots’ (McClain et al. 2003). Once denitrification occursin
groundwater, the excess N, and N,O either remain dissolved within the groundwater, or
diffuse into the vadose zone (Fig. 1-1). Denitrification and N,O production and
consumption can also occur in the vadose zone, and once in the vadose zone these gases
are either transported to the atmosphere though diffusion or convection. | have examined

each of these processes and will attempt to answer the following hypotheses.

Research questions and hypotheses

Agricultural hydric environments, managed or natural, need to be evaluated from
a greenhouse gas perspective. Conditions conducive to denitrification are also suitable
for the production of N,O and CH,. | hypothesize that agricultural hydric environments
will accumul ate large concentrations of N,O and CH, in groundwater and the vadose
zone. Although only N,O and CH,4 fluxes from the soil surface will be atmospherically

significant, my PhD research primarily focused on N,O and CH,4 concentrationsin the
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unconfined groundwater and vadose zone to understand the dynamics of the production,

consumption, and transport of N,O and CH,4 within the soil.

Chapter 2

Hypothesis 1 - Concentration gradients of N,O and CH, exist in groundwater both

horizontally and vertically.

Hypothesis 2 - Hot spots and hot moments will account for a large percentage of N,O

and CH,4 accumulation.

Hypothesis 3 - Soil conditions created by agricultural management practices, such as
flow-controlled drainage ditches, riparian areas, and hydrologically restored wetlands
will promote the reduction of NO3™ to N, over the width of the buffer, wetland, or ditch
bank while promoting the accumulation of N,O and CH,4 from incomplete denitrification

and methanogenesis.

Chapter 3

Hypothesis 4 - High dissolved concentrations of N, and N,O within groundwater will
fuel adiffusiveloss of N, and N2O into the vadose zone and these diffusive losses will

account for the “missing N” in groundwater at the transect scale.
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Hypothesis 5 - The diffused N, and N,O will be detectable as vadose zone concentration
profiles that we will be able to use to estimate adiffusive flux of N, and N,O from the

soil surface.

Chapter 4

Hypothesis 6 - Diffusion will be the dominant process driving fluxes of N2, CO, and CH4
out of the vadose zone and into the atmosphere, but convection due to rainfall and

barometric pressure changes will be an important but smaller flux mechanism.

Hypothesis 7 - Increased concentrations of N,O, CO,, and CH, will occur in the vadose

zone soil profile after rainfall events.

Chapter 5

Synthesis

20



References

Ambus, P. 1998. Nitrous oxide production by denitrification and nitrification in a
temperate forest, grassland and agricultural soils. European Journal of Soil
Science. 49(3):495-302.

Anderson, D.M., P.M. Glibert, JM. Burkholder. 2002. Harmful algal blooms and
eutrophication: Nutrient sources, composition, and consequences. Estuaries
25(4B):704-726.

Azam, F., C. Muller, A.Weiske, G. Benckiser, J.C.G. Ottow. 2002. Nitrification and
denitrification as sources of atmospheric nitrous oxide- role of oxidizable
carbon and applied nitrogen. 35(1):54-61.

Blackmer, A.M., JM. Bremner. 1978. Inhibitory effect of nitrate on reduction of N,O
to N by soil microorganisms. Soil Biology and Biogeochemistry. 10(3)187-
191.

Boyer, EW., C.L. Goodale, N.A. Jaworki, R.W. Howarth. 2002. Anthropogenic
nitrogen sources and rel ationships to riverine nitrogen export in the
northeastern U.S.A. Biogeochemistry. 57/58:137-169.

Bradley, P.M., M. Fernandez, F.H. Chapelle. 1992. Carbon limitation of
denitrification rates in an anaerobic groundwater system. Environmental
Science and Technology. 26(12):2377-2381.

Brady, N.C., R.R. Welil. 2002. The nature and properties of soils. Upper Saddle River,

NJ. Prentice Hall.

21



Brettar, I., M.G. Hofle. 2002. Close correlation between the nitrate elimination rate
by denitrification and the organic matter content in hardwood forest soils of
the Upper Rhine floodplain (France). Wetlands. 22(2):214-224.

Bruland, G.W., C.J. Richardson, S.C. Whalen. 2006. Spatial variability of
denitrification potential and related soil properties in created, restored, and
paired natural wetlands. Wetlands. 26(4):1042-1056.

Burgin, A.J,, S.K. Hamilton. 2007. Have we overemphazised the role of
denitrification in aquatic ecosystems? A review of nitrate removal pathways.
Frontiersin Ecology and the Environment. 5(2):89-96.

Clough, T.J,, R.R. Sherlock, D.E. Rolson. 2005. A review of the movement and fate
of N2O in the subsoil. Nutrient Cycling in Agroecosystems. 72:3-11.

Conrad, R., F. Rothfuss. 1991. Methane oxidation in the soil surface layer of a
flooded rice field and the effect of ammonium. Biology and Fertility of Soils.
12(1):28-32. DOI: 10.1007/BF00369384.

Crutzen, P.J., 1981. Atmospheric chemical processes of the oxides of nitrogen,
including N2O. In Delwiche,C.C.(ed.). Denitrification, Nitrification, and
Atmospheric Nitrous Oxide. Wiley, New Y ork, pp.17-44.

DeKlein, C.A.M., R.S.P. Van Logtestijn. 1996. Denitrification in grassland soilsin
the Netherlands in relation to irrigation, N-application rate, soil water content
and soil temperature. Soil Biology & Biochemistry 28(2):231-237.

Dlugokencky, E.J., L. Bruhwiler, W.C. White, L.K. Emmons, P.C. Novelli, SA.
Montzka, K.A. Masarie, P.M. Lang, A.M. Crotwell, J.B. Miller, L.V. Gatti.

2009. Observational constraints on recent increases in the atmospheric CH,4

22



burden. Geophysical Research Letters. 36, L18803,
DOI:10.1029/2009GL 039780.

Dlugokencky, E.J., S. Houweling, L. Bruhwiler, K.A. Masarie, P.M. Lang, J.B.
Miller, P.P. Tans. 2003. Atmospheric methane levels off: Temporary pause or
anew steady-state? Geophysical Research Letters, 30(19),
doi:10.1029/2003GL 018126,2003.

Dobbie, K.E., K.A. Smith. 2001. The effects of temperature, water-filled pore space
and land use on N,O emission from an imperfectly drained gleysol. European
Journal of Soil Science. 52(4):667-673.

Dobbie, K.E., K.A. Smith. 2003. Nitrous oxide emission factors for agricultural soils
in Great Britain: The impact of soil water-filled pore space and other
controlling variables. Global Change Biology. 9(2):204-218.

Dukes, M.D., R.O. Evans, JW. Gilliam, S.H. Kunickis. 2003. Interactive effects of
controlled drainage and riparian buffers on shallow groundwater quality.
Journal of Irrigation and Drainage Engineering. 129(2):82-92. DOI:
10.1061/(ASCE)0733-9437(2003)129:2(82).

Dunfield, P.F., E. Topp, C. Archambault, R. Knowles. 1995. Effect of nitrogen
fertilizers and moisture content on CH, and N»O fluxesin a humisol:
Measurements in the field and intact soil cores. Biogeochemistry. 29:199-222.

Evans, R.O., JW. Gilliam, R.W Skaggs. 1991. Controlled drainage management
guidelines for improving drainage water quality. Cooperative Extension

Service, North Carolina State University Publication No. AG-443: 16pp.

23



Fisher, T. R., J. A. Benitez, K.-Y. Lee, A. J. Sutton. 2006. History of land cover
change and biogeochemical impacts in the Choptank River basin in the mid-
Atlantic region of the US. International Journal of Remote Sensing. 27:3683-
3703.

Fisher, T.R., T.E. Jordan, K.W. Staver, A.B. Gustafson, A.l. Koskelo, R.J. Fox, A.J.
Sutton, T. Kana, K.A. Beckert, J.P. Stone, G.W. McCarty, M.W. Lang. 2010.
The Choptank Basin in transition intensifying agriculture, slow urbanization,
and estuarine eutrophication. In Kennish M.J., Paerl H.W.(ed.). Coastd

Lagoons Critical Habitats of Environmental Change, CRC Press, pp 135-165.

Galloway, J.N., J.D. Aber, JW. Erisman, S.P. Seitzinger, R.W. Howarth, E.B.
Cowling, B.J. Coshy. 2005. The nitrogen cascade. Bioscience. 53(4):341-356.

Galloway, J.N., W.H. Schlesigner, H. Levy |1, A. Michagls, J.L. Schnoor. 1995.
Nitrogen fixation: Anthropogenic enhancement-environmental response.
Global biogeochemical cycles. 9(2):235-252.

Groffman, P.M., A.J. Gold, P. Jacinthe. 1998. Nitrous oxide production in riparian
zones and groundwater. Nutrient Cycling in Agroecosystems. 52:179-186.

Groffman, P.M., M.A. Altabet, J.K. Bohlke, K. Butterbach-Bahl, M.B. David, M K.
Firestone, A.E. Giblin, T.M. Kana, L.P. Nielsen, M.A. Voytek. 2006. Methods
for measuring denitrification: Diverse approaches to a difficult problem.
Ecologica Applications. 16(6):2091-2122.

Harms, T.K., N.B. Grimm. 2008. Hot spots and hot moments of carbon and nitrogen
dynamicsin asemiarid riparian zone. Journa of Geophysical Research-

Biogeosciences. 113:1-14.

24



Houlton, B.Z., E. Bai. 2009. Imprint of denitrifying bacteria on the global terrestrial
biosphere. Preceedings of the National Academy of Sciences. 106(51):21713-
21716.

Howarth, RW., G. Billen, D. Swaney, A. Townsend, N. Jaworski, K. Lajtha, J.A.
Downing, R. Elmgren, N. Caraco, T. Jordan, F. Berendse, J. Freney, V.
Kudeyardov, P. Murdoch, Z. Zhao-Liang. 1996. Regional nitrogen budgets
and riverine N & P fluxesfor the drainages to the North Atlantic Ocean:
natural and human influences. Biogeochemistry. 35(1):75-139.

IPCC (Intergovernmenta Panel on Climate Change). 2007. Climate change 2007-
The physical science basis. Contribution of working group | to the forth
assessment report of the IPCC. Cambridge University Press, Cambridge.

Isermann, K., 1994. Agriculture s share in the emission of trace gases affecting the
climate and some cause-oriented proposals for sufficiently reducing this share.
Environmental Pollution. 83(1-2):95-111.

Jetten, M.S.M. 2001. New pathways for ammonia conversion in soil and aquatic
systems. Plant and Soil. 230(1):9-19.

Jordan, T.E., D. W. Weller. 1996. Human contributions to terrestrial nitrogen flux.
BioScience 46(9):655-664.

Jordan, T.E., D.L. Correll, D.E. Weller. 1997. Effects of agriculture of discharges of
nutrients from coastal plain watersheds of Chesapeake Bay. Journal of
Environmenta Quality. 26(3):836-848.

Jury, W.A., R. Horton. 2004. Soil Physics. 6th ed. Hoboken. Wiley.

25



Kana, T.M., C. Darkangelo, M.D. Hunt, J.B. Oldham, G.E. Bennett, J.C. Cornwell.
1994. Membrane inlet mass spectrometer for rapid high-precision
determination of N, O, and Ar in environmental water samples. Analytical
Chemistry. 66(23):4166-4170.

Kemp, W.M., R.R. Twilley, J.C. Stevenson, W.R. Boynton, J.C. Means. 1983. The
decline of submerged vascular plantsin upper Chesapeake Bay- summary of
results concerning possible causes. Marine Technology Society Journal.
17(2):78-89.

Kemp, W.M., W.R. Boynton, J.E. Adolf, D.F. Boesch, W.C. Boicourt, G. Brush, J.C.
Cornwéll, T.R. Fisher, P.M. Glibert, J.D. Hagy, L.W. Harding, E.D. Houde,
D.G. Kimmel, W.D. Miller, R.I.E. Newell, M.R. Roman, E.M. Smith, J.C.
Stevenson. 2005. Eutrophication of Chesapeake Bay: Historical trends and
ecological interactions. Marine Ecology Progress Series. 303:1-29.

Khalil, M.1., A.B. Rosenani, O.Van Cleemput, C.I. Fauziah, J. Shamshuddin. 2002.
Nitrous oxide emissions from the humid tropics under maize-groundnut
rotation. Journal of Environmental Quality. 31(4):1071-1078.

Khalil, M.1., E.M. Baggs. 2005. CH, oxidation and N,O emissions at varied soil
water-filled pore spaces and headspace CH,4 concentrations. Soil Biology and
Biochemistry. 37:1785-1794.

Kliewer, B.A., JW. Gilliam. 1995. Water table management effects on denitrification
and nitrous oxide evolution. Soil Science Society of America. 59(6):1694-
1701.

Knowles, R. 1982. Denitrification. Microbiological Reviews. 46(1):43 -70.

26



Koponen, H.T., L. Flgjt, P.J. Martikainen, 2004. Nitrous oxide emissions from
agricultural soils at low temperatures. A laboratory microcosm study. Soil
Biology and Biogeochemistry. 36(5):757-766.

Le Mer, J., P. Roger. 2001. Production, oxidation, emission and consumption of
methane by soils: A review. European Journa of Soil Biology. 37:25-50.

Lee K., T.R. Fisher, E. Rochelle-Newall. 2001. Modeling the hydrochemistry of the
Choptank River basin using GWLF and Arc/Info: 2. Model validation and
application. Biogeochemistry. 56:311-348.

Leffekaar, P.A. 1986. Dynamics of partial anaerobiosisin amodel soil in respect to
denitrification. Soil Science, 128, 110-120.

Lowrance, R.R., R.L. Todd, L.E. Asmussen. 1984 a. Nutrient cycling in an
agricultural watershed: 1. Phreatic movement. Journal of Environmental
Quality. 13(1):22-27.

Lowrance, R.R., R. Todd, J. Fail Jr., O. Hendrickson Jr., R. Leonard, L. Asmussen.
1984 b. Riparian forests as nutrient filtersin agricultural watersheds.
BioScience. 34(6):374-377.

Lowrance, R.R, L.S. Altier, J.D. Newbold, R.R. Schnabel, P.M. Groffman, J.M.
Denver, D.L. Corrdl, JW. Gilliam, J.L. Robinson, R.B. Brinsfield, K.W.
Staver, W. Lucas, A.H. Todd. 1997. Water quality functions of riparian forest
buffersin Chesapeake Bay watersheds. Environmental Management.
21(5):687-712.

Mathieu, O., J. Lévégue, C. Hénault, M.-J. Milloux, F. Bizouard, F. Andreux. 2006.

Emissions and spatial variability of N,O, N, and nitrous oxide mole fraction at

27



the field scale, revea ed with *N isotopic techniques. Soil Biology and
Biogeochemistry. 38(5):941-951.

McClain, M.E., EW. Boyer, C.L. Dent, S.E. Gergel, N.B. Grimm, P.M. Groffman,
S.C. Hart, JW. Harvey, C.A. Johnson, E. Mayorga, W.H. McDowéell, G.
Pinay. 2003. Biogeochemical hot spots and hot moments at the interface of
terrestrial and aguatic ecosystems. Ecosystems. 6:301-312.

Moldrup, P., T. Olesen, J. Gamst, P. Schjgnning, T. Yamaguchi, D.E. Rolston. 2000
A. Predicting the gas diffusion coefficient in repacted soil: Water-induced
linear reduction model. Soil Society of America Journal. 64:1588-1594.

Moldrup, P., T. Olesen, J. Gamst, P. Schjgnning, T. Yamaguchi, D.E. Rolston.
2000B. Predicting the gas diffusion coefficient in undistrubed soil from soil
water characteristics. Soil Society of America Journal. 64:94-100.

Mosier, A.R., JM. Duxbury, J.R. Freney, O. Heinemeyer, K. Minami, D.E. Johnson.
1998. Mitigating agricultural emissions of methane. Climate Change.
40(1):30-80.

Mulder, A., A.A. Vandergraaf, L.A. Robertson, J.G Kuenen. 1995. Anaerobic
ammonium oxidation discovered in adenitrifying fluidized-bed reactor.
FEMS Microbiology Ecology. 16(3):177-183.

Mulholland, P.J., A.M. Helton, G.C. Poole, R.O. Hall Jr, S.K. Hamilton, B.J.
Peterson, J.L. Tank, L.R. Ashkenas, L.W. Cooper, C.N. Dahm, W.K. Dodds,
S.E.G. Findlay, S.V. Gregory, N.B. Grimm, S.L. Johnson, W.H. McDowell,
J.L. Meyer, H.M. Valett, J.R. Webster, C.P. Arango, J.J. Beaulieu, M.J.

Bernot, A.J. Burgin, C.L. Crenshaw, L.T. Johnson, B.R. Niederlehner, JM.

28



O'Brien, J.D. Potter, R.W. Sheibley, D.J. Sobota, S.M. Thomas. 2008. Stream
denitrification across biomes and its response to anthropogenic nitrate loading.
Nature. 452(7184): 202-205.

Orr, C.H., E.H. Stanley, K.A. Wilson, J.C. Finlay. 2007. Effects of restoration and
reflooding on soil denitrification in aleveed Midwestern floodplain.
Ecological Applications. 17(8):2365-2376.

Otte, S., N.G. Grobben, L.A. Robertson, M.S.M Jetten, J.G. Kuenen. 1996. Nitrous
oxide production by Alcaligenes faecalis under transient and dynamic aerobic
and anaerobic conditions. Applied and Environmental Microbiology.
62(7):2421-2426.

Parkin, T.B. 1987. Soil microsites as a source of denitrification variability. Soil
Science Society of America. 51:1194-1199.

Peralta, A.L., JW. Matthews, A.D. Kent. 2010. Microbial community structure and
denitrification in awetland mitigation bank. Applied and Environmental
Microbiology. 76(13):4207-4215. DOI: 10.1128/AEM.02977-09.

Peterjohn, W.T., D.L. Correll. 1984. Nutrient dynamics in an agricultural watershed:
Observations on the role of ariparian forest. Ecology. 65(5):1466-1475.

Peterson, B.J., W.M. Wollheim, P.J. Mulholland, J.R. Webster, J.L. Meyer, J.L. Tank,
E. Marti, W.B. Bowden. H.M. Vaett, A.E. Hershey, W.H. McDowsell, W .K.
Dodds, S.K. Hamilton, S. Gregory, D.D. Morrall. 2001. Control of nitrogen
export from watersheds by headwater streams. Science. 292(5514):86-90.

Pinay, G., L. Roques, A. Fabre. 1993. Spatial and temporal patterns of denitrification

in ariparian forest. The Journa of Applied Ecology. 30(4):581-591.

29



Raghoebarsing, A.A., A. Pol, K.T. Van de Pas-Schoonen, A.J.P. Smolders, K.F.
Ettwig, W.1.C. Rijpstra, S. Schouten, J.S.S. Damste, H.M.M. Op den Camp,
M.S.M. Jetten, M. Strous. 2006. A microbia consortium couples anaerobic
methane oxidation to denitrification. Nature. 440:918-921.
DOI:10.1038/nature04617.

Rigby, M., R.G. Prinn, P.J. Frazer, P.G. Simmonds, R.L. Langenfeld, J. Huang, D.M.
Cunnold, L.P. Steele, P.B. Krummel, R.F. Weiss, S. O’ Doherty, P.K.
Salameh, H.J. Wang, C.M. Harth, J. Mihle, L.W. Porter. 2008. Renewed
growth of atmospheric methane. Geophysical Research Letters. 35, L22805,
doi:10.1029/2008GL 036037.

Ruser, R., H. Flessa, R. Russow, G. Schmidt, F. Buegger, J.C. Munch. 2006.
Emissions of N»>O, N, and CO, from soil fertilized with nitrate: Effect of
compaction, soil moisture and rewetting. Soil Biology and Biochemistry.
38:263-274.

Seitzinger, S., JA. Harrison, J.K. Bohlke, A.G. Bouwman, R. Lowrance, B. Peterson,
C. Tobias, G. Van Drecht. 2006. Denitrification across landscapes and
waterscapes: A synthesis. Ecologica Applications. 16(6):2064-2090.

Silver, W.L., A.E. Lugo, M. Kéller. 1999. Soil oxygen availability and
biogeochemistry aong rainfall and topographic gradients in upland wet
tropical forest soils. Biogeochemistry. 44:301-328.

Teepe, R., R. Brumme, F. Beese, 2001. Nitrous oxide emissions from soil during
freezing and thawing periods. Soil Biology and Biogeochemistry 33(9):1269-

1275.

30



United States Environmenta Protection Agency. 2011. Clean water act, section 404.
Retrieved: July 15", 2011 from
http://water.epa.gov/lawsregs/guidance/wetl ands/sec404.cfm.

Van Breemen, N., EW. Boyer, C.L. Goodale, N.A. Jaworki, K. Paustian, S.P.
Seitzinger, K. Latha, B. Mayer, D. Van Dam, R.W. Howarth, K.J.
Nadelhoffer, M. Eve, G. Billen. 2002. Where did al the nitrogen go? Fate of
nitrogen inputs to large watersheds in the northeastern U.S.A.
Biogeochemistry. 57/57:267-293.

Weier, K.L., JW. Doran, J.F. Power, D.T. Walters. 1993. Denitrification and the
dinitrogen/nitrous oxide ratio as affected by soil water, available carbon, and
nitrate. Soil Science Society of America Journal 57(1):66-72.

Waoli, K.P., M.B. David, R.A. Cooke, G.F. Mclsaac, C.A. Mitchell. 2010. Nitrogen
balance in and export from agricultural fields associated with controlled
drainage systems and denitrifying bioreactors. Ecological Engineering.
36:1558-1566. DOI:10.1016/.ecoleng.2010.04.024.

Woltemade, C.J., J. Woodward. 2008. Nitrate removal in arestored spring-fed
wetland, Pennsylvania, USA. Journal of the American Water Resources
Association. 44(1):222-234. DOI: 10.1111/j.1752-1688.2007.00149.x.

Xiong, Z., Y. Xie, G. Xing, Z.Zhu, C. Butenhoff. 2006. M easurements of nitrous
oxide emissions from vegetabl e production in China. Atmospheric

Environment. 40(12):2225-2234.

31



Figure 1.1 — Excess N, dissolved in groundwater can either remain dissolved in
groundwater and be transported down the hydraulic gradient, or it can diffuse into the
vadose zone. Diffusion into the vadose zone is hypothesized to be the source of the

missing N on the transect scale (hypothesis 4)
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CHAPTER 2:

TEMPORAL AND SPATIAL VARIABILITY OF DISSOLVED N20 AND CH4 IN

GROUNDWATER OF THE CHOPTANK BASIN
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Abstract

Wetlands, either restored or natural, are areas that can potentially reduce
agricultural nitrogen (N). Wetlands intended to reduce agricultural N may also produce
the greenhouse gases N,O and CH,4 which have high global warming potentials, 298 and
25, respectively. To understand the role of wetlands as sources of greenhouse gases, |
studied the concentrations of dissolved N,O and CH, in groundwater on the Delmarva
Peninsula. Piezometer transects were installed across 10 locations, but I was only able to
conclusively determine that the groundwater flowed across the transect at 1 of the 10
sites. This location was a prior converted cropland (PCC) with a wet spot within the field
which was able to reduce NO3 from ~ 1 mM to 16 uM. Moderate levels of CHy (2.1 pM)
and N,O (0.6 pM) accumulated in separate piezometers along this transect.

In other locations, | documented evidence of CH, ebullition in the shallow
groundwater of the Choptank. Ebullition is the formation and release of CH, bubbles to
the vadose zone or atmosphere above. The CH,4 bubbles stripped the concentration of N,
and Ar, and often made it impossible to determine the occurrence and rate of
denitrification when CH, concentrations were greater than 20 pM.

Spatial and temporal variability was observed both within piezometer transects
and between the different sites. Hot moments accounted for an average of 39% and 49%
of the produced N,O and CH, at individual piezometers in 9.8 and 10.7% of the time,
respectively. Two N,O and three CH,4 hot spots were identified out of the 64
piezometers. This chapter illustrates the temporal and spatial variation of both N,O and
CH, accumulation. It also shows the complexity of groundwater flow paths and the

difficulty in making the assumption of groundwater flow down a topographic gradient.
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| ntroduction

Nitrous oxide (N,O) and methane (CH,) are both potent greenhouse gases with
global warming potentials of 298 and 25 over 100 years, respectively (IPCC 2007). N,O
also has the capacity to contribute to the removal of stratospheric ozone (Crutzen 1981).
Both N,O and CHj, are produced and consumed naturally, but both cycles have been
altered by anthropogenic processes. The atmospheric N,O concentration is rising at
approximately 0.26% yr™ and reached an atmospheric concentration of 319 ppb in 2005
(IPCC 2007). The atmospheric concentration of CH, has increased since pre-industrial
times, but the concentration leveled off (Dlugokencky et al. 2003) in 1996 through 2006,
and then increased in 2007 and 2008 (Rigby et al. 2008, Dlugokencky et al. 2009). The
average atmospheric concentration over both hemispheres in 2005 was 1,774 ppb (IPCC
2007). Soils are the largest contributor to the global N,O budget, accounting for 67.5%
of the globally produced N,O, and agricultural soils alone account for 27% of the budget
(Isermann 1994). In contrast, natural sources, including wetlands, account for 33% of the
global CH, budget. Agricultural practices, mostly rice paddies, domesticated ruminants,
and biomass burning, account for 42% of the budget (Isermann 1994).

Natural N,O production can occur through the heterotrophic process of
denitrification. Denitrification is the reduction of NO3™ to N, through the intermediate
and sometimes terminal steps of NO,, NO, and N,O (Knowles 1982). Denitrification
typically requires conditions of low oxygen, a labile carbon source, and denitrifying
bacteria, but chemolithotrophic denitrification is also possible (e.g., Shao et al. 2010).
Denitrification can produce low excess N,/ N,O ratios for a number of reasons including

high concentrations of NO3™ (Blackmer and Bremner 1978), low pH (Blackmer and
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Bremner 1978, Martikainen & Deboer 1993), and levels of oxygen (O) that limit nitrous
oxide reductase but not nitric oxide reductase (Otte et al. 1996). Many researchers have
looked for consistent excess N2/N,O ratios in different environments, but consistent ratios
have not been found.

Other N transformations also result in N,O production. Nitrification, the
oxidation of NH;" to NO5’, can also be a dominant process that produces N,O (e.g., Ruser
et al. 2006). Nitrification requires oxic conditions and NH,", and can be either
autotrophic or heterotrophic (Wrage et al. 2001), both of which can produce N,O (e.g.,
Cai et al 2010). Nitrifier denitrification is a pathway of nitrification that also produces
N,O (Poth and Focht 1985, Wrage et al. 2001). Nitrifier denitrification is the oxidation
of NH3 to NO,, followed by the reduction of the produced NO, to N,O and N,. NOj’ is
not produced. This process is not coupled nitrification/denitrification because both
nitrifiers and denitrifiers carry out the coupled process whereas only nitrifiers carry out
nitrifier denitrification (Wrage et al. 2001). I will not distinguish between the sources that
produced the N,O concentrations reported in this manuscript, but other gases such as
excess N, a measure of denitrification, and O, will allow insight into the production
source.

Denitrification and nitrification can simultaneously occur (e.g., Abbasi and
Adams 2000) either through coupled nitrification/denitrification, or in locally situated
anoxic and oxic microsites. In the denitrification reaction, nitrous oxide reductase is
inhibited by oxygen to a greater extent than the other denitrification enzymes; therefore
N,O can accumulate at oxygen concentrations high enough to inhibit N,O reductase, but

low enough to allow denitrification to take place. Nitrification requires oxygen, but can
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occur under low oxygen conditions (e.g., Goreau et al. 1980), or in soils with up to 60%
water filled pore space (e.g., Bateman and Baggs 2005). These conditions could overlap
producing both nitrification and denitrification derived N0 in soils.

Methanogenesis is primarily the reduction of CO, (H, mediated) or acetate
(acetotrophy) to CH,4. Acetotrophy is responsible for approximately two-thirds of CH,4
produced (Jones 1991, Le Mer & Roger, 2001). Other substrates can also be used such as
formate, methylated compounds, and primary and secondary alcohols (Le Mer & Roger,
2001). Methanogens carry out the process of methanogenesis, and are members of the
domain Archea. This process yields the least energy production per unit C (Megonigal et
al. 2005) and usually occurs after all other electron acceptors have been exhausted in
perennially or seasonally saturated areas. In contrast, unsaturated soils can function as
CHg, sinks (Mosier et al. 1998) through methane oxidation to CO,.

Both N,O and CH,4 can accumulate in the surficial aquifer either directly through
production in groundwater, or indirectly through the percolation of water through
elevated vadose zone concentrations of N,O and/or CH,4. Denitrification and
methanogenesis can both occur in groundwater, and both processes can occur in soils.
Nitrification has also been cited as the major process producing N,O in groundwater
(Ueda et al. 1993). Both N,O and CH,4 produced in groundwater can be reduced to N,
(N20) or oxidized to CO, (CHy,) in the vadose zone. Therefore, high groundwater
concentrations of N,O and CH,4 do not necessarily represent a source to the atmosphere.
Either gas dissolved in groundwater can diffuse to the atmosphere if exposed to air in
groundwater seeps or streams, which would negatively impact the atmosphere.

Groundwater dissolved N,O concentrations that are derived from the leaching of N into
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groundwater are considered indirect N,O emissions when they emerge in streams or
seeps (IPCC 2007).

High spatial variability is often observed for fluxes of CH, (Adrian et al. 1994)
and N,O (Goodroad et al. 1984, Mathieu et al. 2006). Both gases also show large
temporal variability. Hot spots and hot moments are types of spatial and temporal
variability, respectively. A biogeochemical hotspot is a location with high
biogeochemical reaction rates in comparison to the surrounding area (McClain et al
2003). Hot moments are short periods of time with increased biogeochemical reaction
rates compared to prior time periods (McClain et al. 2003). The hot spot or hot moment
scale can be in the range from micro to macro. Many investigators have emphasized the
hot spot and hot moment nature of denitrification throughout different systems (Parkin
1987, McClain et al. 2003, Harms and Grimm 2008). Parkin (1987) associated these hot
spots with anoxic microsites and patchy organic carbon. The inherently complex structure
of soils and the often patchy distribution of organic carbon appear to cause the
heterogeneity of the respiratory gases. The large spatial and temporal variability
associated with the production of these gases make sampling and extrapolating to a larger
land area (e.g., a watershed) difficult.

I have investigated the concentrations of N,O and CHj, in the groundwater of the
Choptank Basin. | sampled natural wetlands, prior converted croplands (PCC’s, former
wetlands drained for agriculture), the poorly drained wet spots within PCC’s, drainage
ditches, hydrologically restored wetlands, and riparian areas. My research was conducted

as part of two larger projects in the Choptank Basin, of which my research was only a
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small part. Supporting data from the larger projects is presented in order to enhance
interpretation of my data.

The Choptank River is located in the Mid-Atlantic coastal plain on the Delmarva
Peninsula and is a tributary to the Chesapeake Bay. Historically, the Choptank basin was
primarily forested (Fisher et al. 2006), and in 1664 the first Europeans settled in the area.
At that time, agriculture by Native Americans comprised < 2% of the land area (Benitez
and Fisher 2004). As more people moved into the basin and the population grew, the
large primary forests were converted to agricultural land, greatly changing the nitrogen
dynamics of the watershed (Fisher et al. 2006). As agriculture further expanded, wetland
areas that were naturally inundated with water were ditched and drained. Today, the
primary land use in the Choptank basin is agriculture (52%), and forests and wetlands
now only comprise 26% and 4% of the land area, respectively (Lee et al. 2001). The
basin is drained by hundreds of km of ditches that directly transport N out of the
agricultural soils and into surface waters (Bell and Favero 2000). Wetlands account for a
small percentage of the watershed, but have the potential ability to reduce the N export
downstream by acting as an area of increased denitrification if situated to capture the N.
Many areas that were difficult to farm and continuously produced poor crop yields due to
water inundation have been allowed to transition back to wetlands, or were converted to
riparian areas or hydrologically restored wetlands. Some are still cultivated, and these
produce poor crop Yyields in wet years and increased crop yields in dry years. Creating
environments that produce conditions conducive to denitrification has the potential to
significantly improve water quality within watersheds, but incomplete denitrification

resulting in large N,O concentrations could be harmful to the atmosphere.
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The main hypothesis of this chapter is that concentration gradients of N,O and
CH, exist in groundwater both horizontally across transects and between sampling sites
and vertically with depth at nested piezometers. | also hypothesize that hot spots and hot
moments account for a large percentage of N,O and CH, accumulation. Lastly, |
hypothesize that soil conditions created by agricultural management practices, such as
flow-controlled drainage ditches, riparian areas, and hydrologically restored wetlands
will promote the reduction of NO3™ to N over the width of the buffer, wetland, or ditch
bank while promoting the accumulation of N,O and CH,4 from incomplete denitrification
and methanogenesis. These hypotheses will be tested by evaluating the effectiveness of
the wetland management areas in reducing NO3" as well as the production of both N,O

and CH,4, measured as concentrations.
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Methods
Location

The Choptank River is located on the Delmarva Peninsula on the Maryland
coastal plain and is a tributary to the Chesapeake Bay (Fig. 2.1). The Choptank River has
experienced accelerated eutrophication due to increased N and P loading from agriculture
and increased sewage outflow from a growing population (Lee et al. 2001). The more
northerly sampling sites are underlain by the Pensauken Formation, a fluviatile deposit of
Late Cretaceous age, and the more southerly Rfarm sampling location is underlain by the
Kent Island Formation, an estuarine deposit of the middle-Wisconsin period (Owens and
Denny 1979).

Ten locations were sampled for groundwater, and are described briefly in terms of
their land use (Table 2.1). AB and BC are natural, forested wetlands. Piezometer
transects run from the road edge (0 m) towards a ponded wetland. Neither of these
wetlands have N sources other than atmospheric deposition, N fixation, N mineralization,
and N remineralization. Other sites have one or more piezometers that are located in
natural forested wetlands. BNDS, EFAG, and JLAG are hydrologically restored
wetlands with transects that run from an agricultural field through a hydrologically
restored wetland. Mfarm and Rfarm are agricultural locations, but the piezometer
transects are located within a forested and Conservation Reserve Enhancement Program
(CREP) riparian buffer, respectively. These transects run from the field edge (0m)
towards a stream (MFarm) or tidal creek (Rfarm). BRFarm, CFarm, and HFarm have
piezometers located within agricultural fields that are on corn/soybean crop rotations.

The zero point of measurement for these locations is the field edge next to the dominant
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drainage ditch for the crop field. BRfarm has piezometers situated in 3 separate land
uses; within the agricultural field (BFF1-3), situated on a drainage ditch (BR3-5), and in
the adjoining naturally forested wetland (BR1-2). Both CFarm and HFarm have
piezometers located within the agricultural field and adjacent to controlled drainage
structures. CFarm also has piezometers located on a regular, non-flood controlled ditch.
Small areas with poorer drainage are located within these crop fields, and 4 of these
“wetspots” are monitored by groundwater piezometers (BFF2, HFF1, HFF3, and CFF4).
The physical descriptions of the 64 piezometers at these sites are given in Table
2.1. Sets of 2 or more nested piezometers are located at 5 of the 10 sites. The ten sites
have varying soil characteristics that range from sandy loams to silt loams (Table 2.1).
The sampling time period for each piezometer during 2007-2009 is listed on Table 2.1.
Samples were acquired monthly from all of the piezometers if sufficient water was

present, resulting in >1500 N,O samples and CH,4 samples.

Groundwater sampling

Groundwater samples were taken from 5.1 cm (2”) inner diameter piezometers
with 30 cm long sampling screens. The piezometers were installed by hand augering to
depths between 0.5 and 5.0 m (Table 2.1). On the day prior to sampling, the depth to the
water table was measured using a Solinst® water level meter, and the piezometers were
pumped dry using a portable Solinst® Model 410 peristaltic pump. A slightly smaller
diameter fishing float was lowered to the bottom of the piezometer to reduce gas
exchange between the freshly inflowing groundwater and the atmosphere. The next day

the float was removed, and a 5.1 cm (2”) Teflon® bailer was slowly lowered to the
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bottom of the piezometer to acquire an undisturbed groundwater sample. A one-way ball
valve prevented loss of the groundwater when the bailer was removed from the
piezometer. A stopcock connected to a 15 cm length of %2 cm teflon tubing was attached
to the bottom of the bailer to control flow into 25 mL ground glass tubes with ground
glass stoppers. The glass tubes were overflowed from the bottom with sample and
immediately capped and submerged in ice water to prevent gas exsolution. A separate
sample was taken for nutrients, conductivity and pH, and the temperature of the sample
was taken with a VWR digital thermometer (NBS traceable accuracy of + 0.3 °C). The
groundwater samples were analyzed by MIMS for excess N, Ar, and O, (Kana et al.
1994) by gas chromatography for N,O, CH,4, and CO,, and by automated colorimetric

methods for NO3", POy, and NH,".

Groundwater analyses

Groundwater samples were analyzed for N,, O, and Ar using the MIMS method
(Kana et al. 1994). The concentration of Ar within the sample was assumed to represent
physical exchange between air and water at recharge and was used to calculate an
effective recharge temperature of the water at the time of infiltration using the solubility
formulations of Colt (1984) based on Weiss (1970). The Ar temperature was used to
calculate the background N, concentration (e.g., Bohlke and Denver 1995, Mookherji et
al. 2003), and observed N, greater than the background N, was considered “excess N,”
due to denitrification.

Dissolved N,O and CH,4 samples were all analyzed using gas chromatographic

techniques. N,-purged 12 mL Exetainers® were used to equilibrate 8 mL groundwater
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samples with a head space of N gas at room temperature. The concentration of N,O
within the exetainer head space was determined on a Shimadzu GC-14B equipped with
an electron capture detector (ECD) with a Porapak Q column. CH, was determined on a
Shimadzu GC-8A equipped with a flame ionization detector (FID) with a HayeSep A
column. The dissolved concentration in the original water sample was calculated using
groundwater and headspace volumes, and the appropriate solubility data for the measured
room temperature (Weiss and Price 1980, Lange 1961). Matheson Tri-Gas standards

were used along with a blank and an atmospheric air injection to create a standard curve.

Sail physical properties

The soil physical property of porosity was determined using a time domain
reflectometer (TDR) with the Trime®-Pico IPH and Pico-BT. TDR measures the
volumetric water content of a soil along a depth profile. When the soil is completely
saturated, the measured volumetric water content is equal to porosity, assuming no
trapped air within the soil pores.

Hydraulic conductivity was calculated based upon the Hvorslev Slug-Test method

(Fetter 2001):

2
KT In(L,/R)
2Let37

(1)

where K is hydraulic conductivity (cm/s), r is the radius of the piezometer casing (cm), R
is the radius of the well screen (cm), L is the length of the well screen, and ts; is the time
it takes for the water level to rise or fall to 37% of the initial change. The values of R and

r were identical for our piezometer design. The variable t3; was calculated from a water

level response record which | obtained by either pumping the piezometers dry and
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measuring recharge on 1-2 minute time scales or by using the recharge events on the
yearly levelogger 30 minute records (Chapter 3). The water table response record was

used to calculate ts;.

Hot moment and hot spot classification

For quantitative purposes, I defined a hot moment as a month when the N,O or
CH, concentration was in the 95" percentile of all the concentration values from that
piezometer over all of the months. | did not measure production rates; therefore, |
defined a hot spot or hot moment as an increase in concentration instead of a pulse in
rate. This definition allowed each piezometer to be treated independently of one another;
therefore, piezometers with high median concentrations had much higher concentrations
in their hot moments than a piezometer with lower median concentrations.

I have defined a hot spot piezometer as a location where the median concentration
of either N,O or CH, in the piezometer is in the 95" percentile of all of the other
piezometer median N,O or CH, concentrations for all of the sampling periods. Individual
median values from a specific piezometer had to be greater than 5.5 uM N,O-N and 17.5
uM CHy, respectively, to qualify as a hot spot. Both of these values are orders of

magnitude greater than N,O or CH, at atmospheric saturation.

Statistics
Non-parametric statistical tests were used because neither the N,O nor CH, data
was either normally or log-normally distributed (Fig. 2.2A, B). Log transformation failed

to improve the normality of the data (Fig. 2.2C, D), and the N,O data also failed
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homogeneity of variance tests. In order to test differences between two groups of non-
normally distributed data, the Mann-Whitley-Wilcoxon or Wilcoxon rank-sum test was
performed. The Kruskal-Wallis One-Way Analysis of Variance on Ranks was used to
determine differences between more than 2 non-normally distributed populations. When
a significant difference was determined for the Krustkal-Wallis One-Way ANOVA, a
Dunn’s test was used for multiple mean comparisons as it allows for unequal sample size.
Spearman Rank Correlation was used to test for correlation between N,O and CH,, and
the other dissolved constituents (NOs’, excess N»-N, %0, saturation, and NH;") when the
relationship between the dissolved constituents was monotonic. Spearman Rank
Correlation is appropriate for non-normal, monotonic relationships (Quinn and Keough
2004). Spearman rank order uses the rank of the data instead of the value, and then
calculates the Spearman’s Rank correlation coefficient (rs). Positive rs values indicate
positive agreement among the ranks, while negative rs values indicates negative
agreement. Sampling dates with evidence of CHy ebullition (discussed below) were

removed from the N,O correlation analyses.
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Collaborator results

In order to interpret the spatial distribution of groundwater biogeochemical
properties at the 10 locations, the groundwater hydrology must be understood. We
installed piezometers at these sites assuming that groundwater flow paths followed the
local topography, and the groundwater hydrology of the sites was assessed using major
ion and water level data as a part of the larger Conservation Effects Assessment Project
(CEAP) focused on wetlands in the Choptank Basin. The data collected by Judy Denver
and Scott Ator at USGS are summarized below and are available in Denver and Ator
(2011).

In order to assess the effectiveness of the management practices to reduce NOgs’, a
groundwater connection had to be established between the piezometers within the
transects. Originally, |1 assumed that groundwater under an agricultural field flowed
through piezometer 1 and across the management area to the furthest piezometer down
the local topographic gradient. With this simplistic approach, the concentration of NO3’
at the field edge piezometer could be compared to the concentration of NO3™ and excess
N at the furthest piezometer from the field, allowing an evaluation of the effectiveness of
the management area. This assumption is often made in many groundwater piezometer
studies. Unfortunately, groundwater flow is not always simple, and the complexities of
the groundwater flow paths at four of the ten locations will be discussed using both the

hydraulic gradient across the transect and the major ion data for each site.
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Brfarm

Brfarm represents an example of the groundwater gradient following the
topographic gradient (Fig. 2.3A). The ditch functions as intended and pulls groundwater
away from the crop field down the topographic gradient. The depth to the aquiclude is
shallow (~8 m), and the forested upland on the other side of the ditch has a higher water
table which likely slows the flow of groundwater from the farm side of the ditch,
extending the groundwater residence time. Major ion data support this conclusion and
indicate that the groundwater between the three piezometers was originally affected by
agriculture. At this site (Brfarm) we can interpret the piezometer data as points along a

single flow path.

JLAG

The general topographic gradient at JLAG is from the field edge through a
wetland towards the ditch (Fig. 2.3B). The ditch (~ 2.5 m deep) on the right side of the
JLAG panel controls the hydraulic gradient within the wetland, and the water on average
flowed from the field towards the ditch. The hydraulic gradient occasionally varied
between the wetland piezometers, but JLAG5 was always the lowest point in the
piezometer transect. The major ion data indicated that the groundwater flow paths were
controlled by local infiltration, and the groundwater chemistry measured in each
piezometer represented local infiltration. The flow paths appear to be independent, and
this flow pattern does not allow me to interpret the differences in groundwater chemistry

as the result of processes occurring between the piezometers.
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EFAG

At EFAG the land slopes towards the wetland from both the forest and
agricultural field on either side (Fig. 2.3C). The highest topographic locations at EFAG1
and EFFOR1 slope toward the topographic low within the wetland (Fig 2.3C); however,
despite the slope, the average hydraulic gradient indicated groundwater flow from the
forest towards the agricultural field opposed to the local topographic gradient. The local
hydraulic gradient is controlled by the regional topography, and the groundwater is
flowing towards a stream off the left hand side of the EFAG panel of Figure 2.3C.
Occasionally, over the course of 2008 to 2009 the hydraulic gradient switched direction
and flowed from the agricultural field towards the wetland. This was observed from
January to February 2009 when EFAG1 was the highest water table elevation of the
transect in January and the lowest in February. Local recharge occurred around all of the
piezometers, and the inferred, median groundwater flow paths are illustrated from the
individual piezometers down the hydraulic gradient (Fig. 2.3C). The groundwater
chemistry measured in each piezometer represented local infiltration and spatial patterns

cannot be interpreted in terms of biogeochemical processing between piezometers.

BNDS

The topographic and hydraulic gradients at BNDS are from the agricultural field
and forest towards the pond (Fig. 2.3D). The flow paths from BNDS 1 and 2 in the
agricultural buffer originated around the piezometers through local recharge and then
flowed towards the pond. The bottom of the pond was compacted by heavy machinery

during pond construction limiting the movement of water between the pond and the
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deeper groundwater. The major ion data indicated an agricultural source for the BNDS 1
groundwater but indicated a non agricultural source for the BNDS 2 and 3 groundwater
because this groundwater infiltrated through the buffer. Discharge flow paths for the
groundwater could not be determined from these data. Deep groundwater sampling
showed oxic water impacted by agriculture at depth.

As a connection cannot be established between the piezometers within transects
for all but one of the locations, | am unable to evaluate the effectiveness of the
management practices to reduce NOgz’, and | cannot analyze the concentrations within
piezometers in terms of gradients except for Brfarm. For the rest of the locations, I can
report the concentrations of the dissolved gases within the piezometers, and | can discuss
the relationships among the dissolved gases which illustrate the occurrence of

denitrification in these locations.
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Results

CH, ebullition events

CHy, ebullition events, or the formation and release of CH, bubbles, occur in
groundwater when CH,4 accumulates to levels of supersaturation (Fig. 2.4). The
concentration gradient for N, Ar, and N,O is from the groundwater into the bubbles.
This results in the stripping of these gases from groundwater, and these events result in
the mass convective transfer of large concentrations of CH4 and other gases to the vadose
zone and/or atmosphere above. CH, ebullition must be considered before discussing
other gas relationships because it affects the concentrations of all other dissolved gases.

CH, ebullition events present a problem in the estimation of the Ar groundwater
recharge temperature (Fig. 2.4). In the calculation of excess Ny, the Ar concentration is
assumed to be representative of the temperature at which the groundwater infiltrated. A
loss of dissolved Ar through CH4 ebullition results in low Ar concentrations in
groundwater and the calculation of unrealistically high Ar recharge temperatures (30-
100°C). A high Ar recharge temperature then results in the calculation of unrealistically
low background N, concentrations; however, as N; is less soluble than Ar, relatively
more Ny is stripped, and negative excess N, concentrations are calculated. Although
negative N, values are possible as a result of nitrogen fixation (e.g., Fulweiler et al.
2007), it is unlikely at our sites due to the high DIN (usually 100-500 uM), and the
negative excess Ny values are primarily the result of CH, ebullition and gas stripping.
For N,O and N statistical analyses of temporal variability and gas relationships,
groundwater samples with recharge values over 22 °C were not used, but all of the data

was used for CH,4 analyses, including N, because the majority of the high CH,4 values
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were associated with negative excess N, values and eliminating these would eliminate all
significant CH4 accumulations. N,O data points that were potentially influenced by CH,
ebullition were left in the figures of spatial variability.

An extreme case of CH,4 ebullition stripping of dissolved gases is shown in Figure
2.4. In September 2009 | calculated Ar recharge temperatures of 94°C with
corresponding CHy4 concentration of ~600 uM at EFWET 1a (Fig. 2.4). Both EFWET1a
and JLAG3a consistently had unrealistically high Ar recharge temperatures (+30 °C) and
high levels of CH,4 (Table 2.2). For this reason, both of these piezometers have limited
excess N, and N,O data that is reliable. Occasionally, other piezometers had
unreasonable Ar recharge temperatures, which usually occurred in conjunction with CH,
values >20 pM, while other locations had no evidence of CH, ebullition despite high CH,4
concentrations (e.g., 340 uM CH, at EFFOR2 in Dec 09). Evidence of ebullition was
observed throughout the year, but the least number of events were observed in the colder
months January, February, March, and April. A peak in the number of events was
observed in July (Fig. 2.5). Multiple linear regression was performed over the entire data
set, and at most 5.4% of the CH,4 concentration could be significantly predicted by %0,
saturation and pH. As a non-parametric equivalent to multiple linear regression was not

found, multiple linear regression was used, even though it is a parametric statistical test.

Relationships between the gases
Denitrification was evidenced in many of our sampling locations as an
accumulation of excess N,. Typically, the wetland or hydric locations in closest

proximity to agriculture had high oxygen and NO3 concentrations and low excess N,
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values (Fig. 2.6). Locations with lower NO3 concentrations typically had accumulations
of excess N, and lower O, concentrations (Fig. 2.6). The highest excess N,
concentrations were observed with low NO3 concentrations and %O, values under 20%
which suggests that the excess N, was produced through denitrification of the agricultural
N after O, had been consumed (Fig. 2.6). Denitrification of agricultural N is occurring at
many of the sampled locations.

Additional evidence of nitrification and denitrification of agricultural nitrogen
was observed within the data set. In general, nitrification tends to occur under conditions
of higher O, (Bremner and Blackmer, 1978). Nitrification also produces NO3™ as an end
product, whereas NO3 is consumed in the process of denitrification. Denitrification
tends to occur under low O, conditions, and N is typically the dominant end product of
denitrification. From visual inspection of Figure 2.7, the highest N,O values were
observed in conjunction with the lowest O, and NO3” values. These relationships suggest
that the highest N,O concentrations were produced by denitrification. These high N,O
values were also measured with moderate excess N, concentrations, which suggest
incomplete denitrification that halted at N,O production. Lower N,O concentrations that
were observed with higher O, and NO3 values suggest a nitrification source, and the
lower N,O values observed in low O, and NO3™ water were likely produced through
denitrification. The data suggest that the highest N,O concentrations were produced
through denitrification, while the lower N,O concentrations produced in water with high
O, and NO3” were likely from nitrification (Fig. 2.7). Multiple linear regression was

performed on the entire data set and %0 saturation, NO3™ concentration, pH, and
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conductivity were found to be significant variables that predicted 13.5% of the N,O
concentration.

When the data was broken down by site, both significant and non-significant
relationships emerged (Table 2.3). Overall, there was a significant, negative relationship
between excess No-N and NO3;. However, at the sites excess N, had significant negative,
no significant or non-monotonic relationships with NO3™. Excess N, and NO3™ were
significantly negatively related at Hfarm, Cfarm, BNDS, and Mfarm, indicative of
denitrification. The EFAG relationship was influenced by NO3™-rich groundwater that
had not been denitrified at EFAG1 (high NOs3', low excess N,), groundwater that had
undergone denitrification at EFAG2 (moderate NOs’, high excess N>), and then
groundwater that infiltrated locally within the wetland or forest with low NO3 and low
excess N, water, producing a non-monotonic relationship over the entire site. Non-
significant relationships were found between NO3™ and excess N, at BC, JLAG, AB, and
Rfarm. The relationship at Rfarm was marginally significantly positive (p=0.06), and BC
and JLAG had very low NOj3 concentrations which could explain the lack of significant
relationships.

The relationship between NO3™ and N,O-N was significantly positive at JLAG and
significantly negative at Mfarm (Fig. 2.8A). Although a positive relationship was
observed between NO3™ and N,O at JLAG, | do not suspect that this N,O was produced
through nitrification. Instead, the high N,O values at JLAG were likely produced when
higher NO3™ groundwater reached the wetland, as these high N,O concentrations appeared
in groundwater with less than 10% O, saturation. The significantly negative NO3™ and

N0 relationship observed at Mfarm was likely due to denitrification (Fig. 2.8A). Non-
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monotonic relationships were observed and Spearman Rank Correlation was not
appropriate at EFAG, Hfarm, Cfarm, Brfarm, and BNDS. The non-monotonic
relationship could be caused by production through nitrification and denitrification, or
because there were multiple groundwater sources with varying concentrations of NO3™ at
one site, as for excess N,-N at EFAG. For example, a non-monotonic relationship could
be produced if there was high NO3™ groundwater at the buffer edge and low NO3’
groundwater resulting from local wetland recharge in the center of the buffer. This
would produce high NO3™ concentrations with little N,O at the field edge, moderate NO3
concentrations with moderate to high N,O in the buffer closer to the field, and low NO3’
groundwater with low N,O away from the agricultural field (e.g., EFAG, see Fig. 2.14
below). This would produce a relationship that had low N,O concentrations observed
with both low and high NOs’, and high N,O concentrations observed with moderate NO3',
producing a “U-shaped” non-monotonic pattern.

The only sites where significant relationships were found between excess N, and
N,O were Cfarm, EFAG, and Mfarm (Fig. 2.8B). All three sites showed a positive
relationship suggesting denitrification (Table 2.3). %O, saturation was negatively
correlated with N,O at Cfarm and Mfarm, supporting the conclusion of denitrification at
this location. JLAG had a significantly positive relationship between %0, saturation and
N-O, but again, all of the high N,O concentrations were produced in groundwater with
lower than 10% O, saturation. NH," data was somewhat limited, but clear relationships
between NH," and N,O were found at Hfarm and Cfarm, showing a negative and a

positive relationship, respectively.
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The overall CH,4 data strongly shows that CH4 concentrations do not accumulate
until oxygen and nitrogen electron acceptors have been reduced (Fig. 2.7). A sharp
increase in CH,4 concentrations was observed after O, was reduced to less than 10% O,
saturation and NO3™ was reduced below 25 uM. A few high CH,4 concentration values
were observed with higher % O, saturation and NO3 concentrations, and this CH4 was
likely produced in anoxic microsites within predominantly oxic or NO3™-rich
groundwater. The CH, and excess N relationship (Fig. 2.7F) was mostly controlled by
the negative excess N, values from the CH, ebullition events. These negative excess N»-
N values were the result of CH,4 ebullition and are not accurate, but are left in Figure 2.7F
because if they were removed all of the high CH,4 values would also be eliminated.

Significant negative relationships between CH, and % O, saturation and CH,4 and
NOj3" concentration were found at all of the sites except Rfarm (Fig. 2.7). AB produced a
non-monotonic relationship between NO3z™ and CHy, again probably due to mixing of
different groundwater sources. Significant relationships between excess N, and CH,4
were found at approximately half of the sites (Table 2.3), but the relationships were
strongly controlled by the negative excess N, calculated values caused by CH, ebullition
at AB, EFAG, and JLAG, and somewhat controlled by these negative values at Hfarm.
Rfarm had a non-significant relationship between excess N, and CH,4 due to the lack of
substantial CH, accumulation at this site (Table 2.2). Figure 2.9 is a clear example of an
inverse hyperbolic relationship between NO3; and CH,4 at Brfarm.

If the data are segmented into times when the water table is falling (evaporation
exceeds rainfall) versus times when the water table is rising (rainfall exceeds

evapotranspiration), the strength of the relationships between the gases increases (Fig.

56



2.10A), decreases (Fig. 2.10B), or is unaltered. The correlation coefficient between
excess N, and N,O at CFarm for the falling water table months shown on Figure 2.10A
can be compared to the value for the same relationship over the entire sampling period on
Table 2.3 to see that the relationship increases when just the falling water table months
are examined. The opposite is true for the relationship displayed on Figure 2.10B at
EFAG. This analysis indicates that groundwater level does not have a consistent effect

on gas and solute relationships in groundwater.

Horizontal spatial variability

The horizontal variability of N,O and CHy,, as well as excess N2, NOs', and % O,
saturation are presented below for four of the ten sites. | have chosen to present JLAG,
EFAG, BNDS, and BrFarm because the hydrology was determined by Denver and Ator
(2011) and was discussed above.

The wet spot within the PCC on Brfarm is functioning to reduce the majority of
NOg that infiltrated in the upland agricultural field before entering the ditch (Fig. 2.11).
The median concentration of NO3” within the upland agricultural field (BFF1) was ~ 1
mM and decreased to 16 uM at the ditch edge after passing through the wet spot while
excess N, concentration increased to ~ 300 uM. The median rate of N,—N accumulation
(Gn2) in the surface unconfined aquifer between BFF1 and BFF2 was calculated from the
flow (Q, m* d™* (m flow path width)™) and difference in the median concentrations

between BFF1 and BFF2 (Cyifr).
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Gy, = Q*Cyy ®)
where K is the average hydraulic conductivity between BFF1 and BFF2 (0.64 m d™), A is
the cross sectional area of flow (6.75 m?), h; is the median elevation of the water table at
BFF1 (m), h, is the median elevation of the water table at BFF2 (m), and L is the distance
between BFF1 and BFF2 (m). N accumulated at a rate of 5.3 mmol d™* per m width of
flow path over the 6.75 m depth of the unconfined aquifer. Although we did not sample
the exact same flow path, according to the major ion data and hydraulic gradient, the
groundwater flows from BFF1 to BFF3 and has an agricultural chemical composition.
The depth to the aquiclude is shallow (~ 7 m below ground), allowing the zone of
reduction created by the wet spot to extend to the aquiclude. This in turn, resulted in
denitrification through the entire depth of the surface aquifer. The presence of reduced
groundwater at depth was confirmed by deeper groundwater sampling (Denver and Ator
2011). CH4 was highest within the center of the wet spot (BFF2), and N,O was highest at
the ditch edge (BFF3). However, the median concentration of N,O was not as large as
other locations (Fig. 2.11, Table 2.2), and this site was reducing NO3™ while only
producing moderate dissolved concentrations of N,O and CH,. The concentration of N-
N, N,O-N, and CH4 emerging into the stream per meter of stream length was calculated
by multiplying the flux of groundwater through a 1 m wide section of the surface aquifer
(6.75 m?) between BFF1 and BFF3 by the median concentration of each gas at BFF3 and
was 8.0 mmol N,-N (m stream length)™ d, 0.015 mmol N,O-N (m stream length)™*d™,
and 0.0019 mmol CH, (m stream length)™d™.

The JLAG site (Fig. 2.12) contrasted sharply with BrFarm (Fig. 2.11). The

concentration of N,O and CHj, varied greatly, but NO3™ and %0, saturation were low

58



(<25 pM NOs3" and <20% O, saturation, respectively) and varied little (Fig. 2.12). Local
infiltration and land use dominated the groundwater flow and chemistry. Efficient
denitrification underneath the agricultural field likely produced the high excess N,
(median: 485 UM N,-N), low NO3™ (median: 1.8 uM NO3’), and low N,O concentrations
(median 0.5 uM N,0O-N) that were observed at JLAGL1 (Fig. 2.12). The excess N,
concentrations at JLAG1 were the highest concentration observed over all of the sites
(Fig. 2.12 and Fig. 2.13). Excess N2-N concentrations were lower at JLAG2 than at
JLAGI1 and the concentration of N,O, O,, and NO3™ were higher. The hydraulic
conductivity at JLAG2 was large (137 cm day™, Table 2.1), and the chemical
composition of the groundwater was likely influenced by groundwater mixing and the
faster flow of local recharge water through this area. JLAG3 and JLAG 3a were installed
next to one another within the wetland, but only JLAG3 is displayed on Figure 2.12. The
concentration of N,O was largest within the piezometer transect at JLAG3, and the
concentration of CH, was largest at JLAG3a (Table 2.2, Fig. 2.12). Unrealistic Ar
recharge temperatures and negative excess N, concentrations were often calculated at
JLAG3a from methane ebullition. At JLAGA4, the concentration of CH4 was high, but
NOs", %0, saturation, excess Ny, and N,O, were all low due to the local infiltration of
low NO3” water. JLAGS represents the end of a flow path below the ditch, but not
necessarily one of the flow paths that | sampled in the upland transect. The water
sampled in JLAGS5 could also have originated in the area on the other side of the ditch.
The EFAG site slopes from both a crop field and a forest towards a local
topographic low in the wetland (Fig. 2.14). Local infiltration was the dominant control

on the gas concentrations in groundwater at this location. Unlike the field edge
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piezometer JLAG in Figure 2.12, EFAGL in Figure 2.14 had high %O, saturation, high
NOs’, low excess N,-N, and low CH,4 concentrations, which was similar to the other field
edge piezometers (Mfield, BNDS1, BFF1, CFF1 and CFF3). This more oxidized
condition resulted from the infiltration of well-oxygenated water with high dissolved
NOgs from the agricultural field. N,O was more variable between the field edge
piezometers (EFAG1 and 2), but was moderate at EFAG1 (median: 1.1 uM N,O-N, Fig.
2.14). Evidence of denitrification was observed at EFAG2 as excess N, accumulated to
moderate levels (261 pM N»-N), and N,O concentrations were high (median: 4.4 uM
N2O-N). Moderate levels of NO3 were observed at EFAG2 which could have resulted
from the hydraulic gradient switching directions from the dominant forest source to an
agricultural source for short periods of time. The concentration of NO3” at EFWET1a
was often undetectable, and %0, saturation was always under 4%. The only significant
NO;3 (310 uM) and N,O-N (75 uM) concentrations measured were after the wetland
recharged after a dry fall in December 2008. The median concentration of CH, was the
largest of all the piezometers (311 puM) and the highest individual concentration
measured was 1014 uM CH,4. The high CH,4 concentrations caused gas stripping, as
evidenced by negative calculated excess N3 values for 15 of the 21 sampling dates (Fig.
2.5). EFFOR?2, located on the far side of the wetland, had low NOj3™ (47 uM) and excess
N2-N (43 uM), moderate oxygen (45 % O, saturation), and concentrations of N,O and
CHg, less than 1 uM, except during a two month CH4 hot moment in November and
December 2009 when CH,4 concentrations reached 340 uM. The concentration of all of
the dissolved constituents was low at EFFOR1 because the flow path originated within

the forest adjacent to the piezometer transect
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BNDS is a hydrologically restored wetland that borders agriculture and a forest
(Fig. 2.15). Initially, BNDS appeared to be an example of a hydrologically restored
wetland that was functioning to reduce the majority of NO3" leaving the agricultural field
(Fig. 2.15). The redox potential and NO3 concentration decreased with distance across
the buffer transect as excess N»-N accumulated. N,O was highest at BNDS2 halfway
across the transect, and CH,4 was highest on the furthest side of the transect at BNDS4
(Fig. 2.15). However, the hydrology, major ion data, and soil structure of this site
indicate that the wetland was not intercepting all of the water leaving the agricultural
field. The hydraulic gradient did decrease from the field edge to the pond, but the
sampled groundwater at BNDS1 and BNDS2/3 were of a different major ion
composition. According to the major ion data, the NO3™ present at BNDS1 was from
agriculture, but the low concentrations of dissolved NO3™ at BNDS2/3 (median: 86 and 36
MM, respectively) were not of agricultural origin, but likely infiltrated locally through the
buffer. Excess N, did accumulate in BNDS 2/3 from the denitrification of locally
infiltrated NO3 and conditions were conducive for denitrification (median %0,
saturation: 11.7 and 9.6% respectively). Elevated concentrations of both N,O and CH,
were observed at BNDS 2 and 4, respectively. Deep groundwater sampling showed oxic,
high NO3™ groundwater at depth (Denver and Ator 2011), indicating that the flow path
sampled by BNDS1 was flowing below the wetland and not being denitrified. The
piezometers installed at BNDS were in the surface unconfined aquifer and conditions
were conducive for denitrification at this depth. If the agricultural water was diverted

through these soils significant denitrification could result.
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Land usereationships

It would be convenient to assign an average concentration of N,O or CH,4 to
different land use categories to understand which areas produced high or low
concentrations of either gas. The sites were divided into categories based on the
landscape features on which they were situated (Fig. 2.16). Great variability existed
between the piezometers located at different sites in similar land uses. Nonetheless, some
useful conclusions can be made from categorizing the sites.

The natural forests and forested wetlands had low median N,O concentrations, but
large and varied CH,4 concentrations (Fig. 2.16). In order for large concentrations of
NO to accumulate, an N source must be available. At natural sites, the only sources of N
are atmospheric deposition, N fixation, N mineralization, and N remineralization none of
which are likely to produce substantial concentrations of N.

The concentrations of CH4 and N,O were both low for the cropland piezometer
category, but occasional spikes of N,O-N less than 2.5 uM were observed. Both NO3
and O, are present at high concentrations at all of the cropland sites except HFF2, where
%0, saturation levels became lower than 20% in the summer and NO3” was below 100
uM for the entire sampling period.

The piezometers within the anthropogenically altered categories (riparian area,
ditch or buffer edge, wet spot, and hydrologically restored wetland) had median N,O
concentrations along a spectrum from slightly greater than atmospheric to greater than 18
uM N,O-N. The riparian area category had the largest median N,O concentration

followed by the ditch or buffer edge category (Fig. 2.16). The hydrologically restored
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wetland category had the largest median concentration of CH,4 and the two highest

piezometer median CH,4 values of the anthropogenically altered sites.

Hot spots

I defined N,O and CH,4 hot spots as piezometers that had median concentrations
in the 95" percentile of the other sampled piezometer medians (Table 2.4). The 95
percentile value was 5.5 UM N,O-N and 17.5 uM CHy. Using these criteria, three N,O
and four CH,4 hot spots were identified. The piezometers were either N,O or CH,4 hot
spots, but not both.

CREP3 was an N,O hot spot with extremely high N,O concentrations and
moderate excess N»-N values (Fig. 2.17). The median excess N2/N,O ratio at CREP3 for
2007 was 11, which is a low ratio, especially considering the relatively low
concentrations of excess N»-N (median: 187 uM N»-N). The %O, saturation over this
time period was 11.3%, which would be conducive for denitrification, not nitrification,
because nitrification tends to be responsible for N,O production under aerobic conditions
(Bremner and Blackmer, 1978).

The CH4 hot spots EFWET 1a (Fig. 2.4) and JLAG3a both showed strong
evidence of CH, ebullition for the majority of sampling dates. JLAG4 had a few
sampling dates when CH, ebullition was suspected, and BC1 had no evidence of CH,4

ebullition despite the high accumulations of CHj.
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Vertical spatial variability

The concentration of CH, varied with depth at the three BC2 piezometers located
at 0.64 m, 1.08 m, and 1.55 m (Table 2.2, Fig 2.18). The concentration of CHy, at this site
was generally low except during the summer months when hot moment concentrations
were observed at all three depths (Fig. 2.18). The highest CH,4 concentrations were > 100
UM CH,, and high concentrations were observed at all three piezometers in July-August
2008. 2008 was a relatively dry year (86.8 cm of rain), and the shallower piezometers
dried towards the middle of summer and did not flood again until 2009.

Nested piezometers were located within two independent flow paths at JLAG
(Fig. 2.19). Typically, the concentration of N,O was higher at the 2.75 m piezometer
(median: 0.27 vs. 0.02 uM N>0O-N), and the concentration of CH4 was higher at the 0.54
m piezometer (median: 33.3 vs 0.6 uM CH,). N,O only peaked once at the shallower
piezometer, while CH4 was more consistently elevated. This pattern is reversed for the
deeper piezometer (Fig. 2.19). The piezometer depths were greater than 2 meters apart;
therefore, we are unable to resolve what was occurring between the two depths. The
shallower piezometer was most likely influenced by infiltrating surface water from the
ponded wetland, while the deeper piezometer flow path likely infiltrated further from the
ponded wetland closer to the agricultural field. We were unable to consistently measure
excess N, from the shallower piezometer due to CH,4 gas stripping; therefore, N,O
concentrations were likely underestimated due to gas stripping, potentially accounting for
the lower concentration at this piezometer.

Nested piezometers were also installed at BNDS and EFAG. The shallower

piezometer, EFWET1a, had large concentrations of CH, (median: 311 uM), but generally
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low concentrations of N,O (Table 2.2). One exception was December 2008 when the
concentration of N,O-N accumulated to 75.1 uM N,O-N. BNDS had high N,O
concentrations at the shallower 0.6 m piezometer for 7 of the 10 sampled months
(median: 6.2 uM N,O-N). The deeper piezometer at 2.26 m had considerably lower
concentrations of N,O (median: 0.14 uM N,O-N), but a higher median CH,4 concentration
(Table 2.2).

The nested piezometers showed different relationships between the shallower and
deeper depths. The vertical variation could be visualized within the same flow path or in
multiple bordering flow paths. The water that comprises a flow path originates from the
same location; therefore, differences in one flow path would be due to differences in
carbon and electron acceptor availability within that flow path. Multiple flow paths that
run through an area may have infiltrated at different locations with different land uses and
soils. Differences observed with depth could be either due to carbon and electron
acceptor availability or due to differences in recharge location. BC2 (Fig. 2.18) was an
example where a concentration gradient was likely being sampled at all three depths,
which showed an increase in CH,4 concentration in August 2008, although the deepest
piezometer appeared to be slightly delayed behind the shallower depths. In contrast, the
nest at JLAG appeared to be sampling two separate flow paths (Fig. 2.19). The different
relationships at the different locations emphasize the spatial variation between sites as

well as the vertical variation with depth.
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Temporal variability

The temporal variability of N,O and CH,4 was evident from time series of the data
in Figure 2.13. Both gases showed peaks in concentration that lasted for a month to
multiple months. | was able to capture significant temporal variability by sampling
monthly. Less frequent sampling would have missed the large gas concentration peaks at
time scales of ~1 month (Fig. 2.13).

There were no systematic seasonal differences in N,O concentrations. Median
dissolved N,O concentrations were not significantly different between seasons (Fig.
2.20A). However, if a comparison is made between times when water is predominantly
infiltrating into the groundwater (rising water table), versus times when evaporation is
greater than infiltration (falling water table, June, July, August and September), the
periods with little infiltration had significantly higher N,O concentrations (Fig 2.20B).
There was no significant difference in the dissolved N,O concentration in 2008 versus
2009 over all piezometers sampled in both years, but there were some differences at
individual piezometers (Fig. 2.21).

Unlike N,O, there were significant seasonal differences in CH,4 concentration
(Fig. 2.20). Seasonal median dissolved CH, concentrations were significantly higher in
summer (June, July and August) than spring (March, April and May) or winter
(December, January, and February). Because of the variability, fall (September, October,
November) median values were not significantly different than spring, summer, or winter
median concentrations (Fig. 2.20C). If a comparison is made between times of rising
groundwater (net infiltration into groundwater), as defined above, versus falling

groundwater levels (evaporation is greater than infiltration), the periods with no net
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infiltration had significantly greater CH4 concentrations (Fig. 2.20D). Interannually,
CH, concentrations were not significantly different between 2008 and 2009 for all
piezometers but some individual piezometers showed significant variation between 2008

and 2009 (Fig. 2.21).

Hot moments

Hot moments were defined as months when the concentration of N,O or CH4 was
in the 95" percentile of all concentrations measured at that piezometer (Fig. 2.22, Table
2.2). This definition only identified the highest 5% of concentrations of either N,O or
CH,, but also always identified a hot moment because there is always a value in the top
5%. This was a consistent approach, but it eliminated concentrations that were adjacent
to a hot moment (e.g., Fig. 2.22). The concentration prior to and after the defined hot
moment concentrations in Figure 2.22 could have been considered part of the hot
moment, but were not classified in this way in order to maintain a consistent
classification.

66 N,O and 77 CH,4 hot moments were observed (Table 2.2). There were 10
instances when both N,O and CH,4 hot moment concentrations were observed together,
but most hot moments occurred independently. N,O hot moments ranged from 0.086 to
75 uM N,O-N, and CH, hot moments ranged from 0.046-1014 uM CHy4. The hot
moment concentrations were observed for at least one month but no longer than 2
months. On average, hot moments occurred for 9.8 and 10.7 %of the sampling time per
piezometer for N,O and CHy, respectively (Table 2.2). Although these hot moments only

occurred for approximately 10% of the time, they accounted for an average of 39.0% and
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48.5% of the sum of gas concentrations at individual piezometers for N,O and CHg,
respectively (Table 2.2). Hot moment concentrations accounted for between 5 and

99.2% of the sum of N,O gas concentrations, and between 11.1 and 98.3% of CH, at

individual piezometers.
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Discussion

The main hypothesis of this chapter was that concentration gradients of N,O and
CH, exist in groundwater both horizontally across transects and vertically with depth at
nested piezometers. Connecting the groundwater between piezometers horizontally was
difficult, but differences in concentration did exist within transects. These differences
were not necessarily concentration gradients as connections between the water sampled
in the piezometers was only established at one transect. The horizontal differences in
concentration were likely the result of differences in local infiltration location. Vertically
with depth, differences in concentration also existed, but it was difficult to establish
whether these were concentration gradients or different flow paths. | also hypothesized
that hot spots and hot moments would account for a large percent of the yearly N,O and
CH, accumulations in groundwater piezometers. Evidence to support this hypothesis was
found. Hot moment peaks in concentration were observed in the time series data sets,
and accounted for on average 39 and 49% of the total N,O and CH,4 produced per
piezometer but only occurred for ~ 10% of the time. Three N,O and four CH4 hot spots
were located in the 64 piezometer data set and the concentrations produced in these
piezometers were substantial. Lastly, | hypothesized that soil conditions created by
agricultural management practices, such as flow-controlled drainage ditches, riparian
areas, and hydrologically restored wetlands would promote the reduction of NO3 to N,
over the width of the buffer, wetland, or ditch bank while promoting the accumulation of
N,O and CH,4 from incomplete denitrification and methanogenesis. This was observed at
one of the sampling locations where NO3 was reduced from ~ 1 mM to 16 uM over the

transect width. Moderate levels of CH4 (2.1 uM) and N,O (0.6 pM) accumulated in
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separate piezometers along this transect. At the other locations, evidence of

denitrification was observed as elevated levels of excess N,-N.

CH 4 ebullition

CH, ebullition events transfer large concentrations of CH, to the vadose zone or
directly to the atmosphere. These events can be considered hot moment convective
transfer mechanisms because prior to these events the slow process of diffusion would be
the dominant mechanism transporting CH, out of groundwater. Ebullition only occurs
when the concentration of CH,4 has become supersaturated, causing bubble formation and
the flux of CH,4 and other stripped dissolved gases out of groundwater. | found evidence
of CH, ebullition in the form of Ar concentrations lower than would be expected in
equilibrium with air at typical groundwater recharge values (~5-15°C). These low Ar
concentrations precluded the calculation of realistic recharge temperatures (>22°C).

As described above, the ebullition of CH, causes the stripping of N, Ar, and
likely N,O. Mookherji et al. (2003) and Fortuin and Willemsen (2005) also reported CH,4
bubble formation in groundwater that caused the exsolution or ebullition of N, and Ar.
Prior to this research, Blicher-Mathiesen et al. (1998) reported the degassing of N, by
using Ar as a physical tracer of degassing. Fortuin and Willemsen (2005) also reported
that under lower hydrostatic pressures, less methanogenesis was required to produce
conditions that would allow ebullition than at higher hydrostatic pressures. This is the
reason that CH, ebullition is observed most frequently in summer and fall (Fig. 2.5),

when groundwater temperatures are highest and water levels are lowest (Fisher et al.
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2010). However, I did find evidence of CH,4 ebullition throughout the year, but the
lowest occurrence of ebullition was observed in January through April (Fig. 2.5).

The production and ebullition of CH, in groundwater strips the water of dissolved
gas, and eliminates the history of what happened to the groundwater as it moved through
the wetland. CH, ebullition and gas stripping is a limitation to measuring denitrification
using the No/Ar ratio. Reliable excess N values cannot be acquired from piezometers
that have evidence of CH, gas stripping, without additional conservative gas tracers. It is
easy to detect large ebullition events that produced unrealistically high Ar recharge
temperatures, but small changes in the Ar recharge temperature may not be noticed.
Sampling after the groundwater is recovering from an ebullition event could also

potentially produce unreliable excess N, values.

Evaluation of wetlands as landscape NOs sinks through denitrification

In order to assess the ability of the wetlands to reduce NO3™ and produce N,O and
CHg,, a groundwater connection across the wetland had to be established. Denver and
Ator (2011) were able to establish a hydrologic connection at Brfarm. The wet spot at
Brfarm was able to reduce NO3 because the depth of the surface aquifer was shallow,
and the groundwater on the forested wetland side of the ditch was higher than on the
agricultural side of the ditch. This groundwater imbalance reduced the flow of water out
of the agricultural side of the ditch and may have increased the groundwater residence
time. This location reduced NOjs™ throughout the entire soil column because the reduced
zone created by the wet spot at BFF2 was extended through the entire depth of the

surface aquifer. This was determined by deeper groundwater sampling (Denver and Ator
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2011). If the surface aquifer had been deeper, a portion of the groundwater might have
flowed underneath the zone of reduction, maintaining an elevated NO3™ concentration.
Denitrification reduced NO3  to N at BrFarm, and moderate concentrations of dissolved
N,O accumulated. | measured considerably higher values of both N,O and CHj, at other
locations (Table 2.2).

More complex groundwater flow paths were observed at JLAG, EFAG, and
BNDS. Without knowledge of the hydrology or the soil characteristics of the locations,
EFAG and BNDS appeared to be reducing most of the high NO3™ groundwater leaving
the agricultural field to N, across the wetland widths. From the hydraulic gradient at
EFAG, it was determined that the dominant hydraulic gradient sloped from the forest and
wetland towards the agricultural field. For short time periods, the hydraulic gradient
switched directions allowing mixing of the reduced wetland groundwater with the high
NOj3 agricultural groundwater. This resulted in denitrification of some agricultural NO3'.
However, for the majority of the sampling period the agricultural groundwater was not
intercepted by the wetland. At BNDS, the hydraulic gradient flowed along the
topographic gradient from the agricultural field towards the wetland. However, the
history of the construction of the wetland, information gathered from deep groundwater
sampling, and major ion data provided information to interpret more accurate flow paths.
From this data, we were able to determine that infiltration occurred locally around the
piezometers and the groundwater flowed towards the base of the pond, but interaction
between the pond and groundwater was limited due to compaction of the pond bed during

construction. High NO3™ groundwater was observed at depth (Denver and Ator 2011);
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therefore, this wetland location does not appear to be functioning to reduce the majority
of NOj3” exiting the agricultural field.

Understanding the hydrology of a study location is an important aspect of
correctly assessing the groundwater chemistry of an area. This study would have
concluded that these wetlands were working to reduce the majority of agricultural NO3’
leaving an agricultural field when in fact the wetlands were not always intercepting the
agricultural groundwater. Excess N, was measured at all of these wetlands however, and
oxygen concentrations were reduced providing conditions conducive for denitrification.
If the majority of the groundwater had been channeled through these shallow wetland
sediments, significant denitrification would likely have occurred. This emphasizes the
importance of having major ion and hydrology data to understand the movement of
groundwater in a location.

The complexity of groundwater flow underlines the fact that wetlands cannot be
constructed randomly to reduce N loss from agricultural fields. Riparian areas have been
observed to function to reduce N only when the groundwater is captured by the riparian
buffer (Lowrance et al., 1984 a, b). Riparian buffers have been studied where the
groundwater flowed underneath the riparian area and entered surface waters without
passing through a reduced environment (Lowrance et al., 1997). Similar observations
can be made for some of our hydrologically restored wetlands. The wetland at EFAG, for
example is topographically lower than the agricultural field, and it could be assumed that
the groundwater would flow down the topographic gradient. But in fact, the groundwater
predominantly flowed from the wetland towards the agricultural field and towards

another nearby stream (Tuckahoe Creek). If wetlands are installed to reduce N, for
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greatest efficiency they should be installed in a location where the groundwater from the
agricultural field will pass through the reduced zone created by the wetland. The direction
of the hydraulic slope could be obtained simply with relatively little work by installing
mini-piezometers in the prospective wetland and measuring the depth to the water table
periodically for a year. The hydraulic slope could then be determined if the elevation of
the piezometers was known. Understanding the direction of groundwater flow would
ensure that the wetland had the potential to intercept the N-rich groundwater, especially if

the depth to the surface aquifer was shallow.

Spatial and temporal variability; hot spots and hot moments

Spatial variation was seen within transects, both horizontally and vertically,
among sites, and among categories of sites (Fig. 2.11-2.16). The spatial variability of
both N,O and CH,4 production or flux has been reported by many researchers (e.qg.,
Goodroad et al. 1984, Goodroad and Keeney 1985, Adrian et al. 1994, Breuer et al. 2000,
Mathieu et al. 2006, Yao et al. 2010). The complex structure of soils inherently causes
spatial variability due to the heterogeneous accumulation of carbon, and the formation of
microsites.

The spatial variation observed on the transect scale was a result of the location
through which the groundwater infiltrated into the soil and became groundwater.
Groundwater flow paths that originated under agricultural fields had large concentrations
of NO3" and could acquire large concentrations of excess Ny if the flow path went through
an area conducive to denitrification (e.g., JLAG 1, Fig. 2.12). Groundwater flow paths

that originated within wetlands typically had low NO3™ concentrations, low O,, and
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elevated CH,4 concentrations (e.g., JLAG 4, Fig. 2.12 & 2.13). Without understanding the
groundwater flow paths, this spatial variation appeared to be due to an exhaustion of the
different electron acceptors as the groundwater flowed through the wetland, but it was
actually a function of where the water infiltrated.

Variation in the concentration of N,O and CH, between similar land use sites was
also great (Fig. 2.16). Potentially, some of this variation was due to the lack of spatial
coverage at each location. One transect of piezometers was installed at each location
without replication. If more transects were installed, the median N,O or CH,4
concentration within land use categories may have been more similar because within the
single piezometer transect, individual piezometers could have been installed in hot or
cold spots. A greater number of piezometers might have given more representative
concentrations for the entire area.

Hot spots are defined as locations where the median groundwater concentration
was in the 95" percentile of all other median piezometer values. This quantitatively
assigned the hot spot classification to a non-parametric data set, but only allowed a few
hot spots to be defined. It was difficult to establish a means of quantitatively assigning
the hot spot or hot moment classification to the data set. Defining them in terms of
percentiles limited the number of hot spots or hot moments to a few values due to the
nature of percentiles. It also insured that hot moments or hot spots would be assigned
because there would be a value within the 95™ percentile. Although this method had its
flaws, I decided it was better than arbitrarily assigning the hot spot and hot moment

classification.
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Hot spot locations produced large concentrations of N,O or CH,4, and missing
these locations would have resulted in an underestimation of N,O or CH,4 concentrations.
It is difficult to sample hot spot locations without sampling a large area, which requires
time, money, and land owner permission. Spatial variation is often more difficult to fit
into denitrification models because of the lack of high resolution spatial approximations
of denitrification (Groffman et al. 2009).

The large concentrations of N,O and CH, that accumulate in groundwater do not
necessarily flux to the atmosphere. CREP 3 is an example of a hot spot location with
large concentrations of dissolved N,O (Fig. 2.17). This N,O can undergo three fates 1)
further reduction to N in groundwater, 2) transport into the vadose zone where it can
either move across the soil surface or be reduced to Ny, or 3) be carried with the
groundwater as N,O to a surface water body where it can either diffuse from the water
surface or be further reduced to N in the stream sediments. N,O that reaches the
atmosphere through streams or surface water bodies is considered an indirect N,O
emission because the flux occurs far from the source. The hot spot locations may not
contribute large concentrations of N,O through the soil to the atmosphere, but large
indirect N,O emissions are possible. Bowden and Bormann (1986) measured the
concentration of N,O dissolved in water emerging from seeps, and they indicated that the
dissolved N,O emerging in the seep was both temporally and spatially removed from the
actual production of the N,O. Determining whether large fluxes of N,O and CH, are
released at surface water locations receiving hot spot groundwater concentrations would

fill in a portion of the watershed N,O and CH,4 budget.
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Temporal variability existed within individual piezometers, and this variability is
evident from data plotted as a time series (Fig. 2.13). There was no significant difference
between the concentrations of N,O-N dissolved in groundwater between the seasons, but
CH, concentrations were significantly higher in the summer than the winter or spring.
Fall CH, concentrations were variable and not significantly different compared to any
other season. The dissolved concentrations of N,O and CH,4 were higher across all sites
when the water table was falling in June, July, August, and September than it was in the
other months. In the months when the water table was falling, the temperatures were
considerably warmer resulting in increased microbial respiration. In the remaining
months of the year when the water table was rising, dilution of the groundwater by
infiltrating water occurs and groundwater temperatures were lower. The infiltrating
water was also potentially introducing oxygen into previously hypoxic water, halting or
slowing the production of N,O through denitrification and CH,4 through methanogenesis.

Hot moments produced large concentrations of N,O and CH, in a short period of
time. Hot moment fluxes of N,O have been reported after rainfall (e.g., Dobbie and
Smith 2003), fertilizer application (e.g., Dobbie & Smith, 2003, Meng et al 2005), or
freeze-thaw events (e.g., Goodroad et al. 1984, Papen & Butterbach-Bahl 1999, Teppe et
al. 2001, Koponen et al. 2004). As hot moments only last for short periods of time, they
are difficult to sample without spending significant time and resources on a frequent
sampling strategy. Catching these hot moments is extremely important in order to
accurately estimate the total N,O or CH, concentration that accumulated at each
piezometer. Although I did capture what | defined to be hot moments, | am unable to

determine if | sampled the exact peak in concentration. | could have sampled prior to or
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after the actual highest concentrations. Although some hot moments lasted for a few
months (e.g., Fig. 2.9), | could have also completely missed the peak concentrations
because other peaks only lasted for a month (Fig. 2.6). | captured significant variation in
N,O and CH,4 concentrations with a one month sampling strategy and more frequent
sampling may not have produced that much more information for the amount of time
required to acquire and process the samples.

I have shown that large spatial and temporal variations exist within a site and
among sites. In groundwater sampling, a decision has to be made whether to sample
over a large spatial distance and resolve the larger scale spatial variability, or sample
more frequently over a smaller spatial distance and resolve greater temporal variability.
My monthly sampling strategy seemed adequate to capture most temporal changes in
CH,4 and N,O over a yearly time span. Spatially, the area over which | was sampling was
large, but only one transect of piezometers was located at each site. This approach was
useful to see the large variation in concentration at different locations over a large area

and sampling period.
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Conclusions

Groundwater flow paths are often complicated. The assumption that groundwater
flowed along the topographic gradient from a high elevation to a low elevation was often
an invalid assumption (or was not studied). The Choptank basin located on the Delmarva
Peninsula is barely above sea level (<30 m asl), and there is very minor topography,
potentially creating these unusual flow paths. For further groundwater studies, a greater
attempt to understand the local hydrology should be undertaken prior to piezometer
installation.

CH, ebullition presents a problem when trying to estimate denitrification because
it strips the dissolved concentrations of both N, and Ar. The CH,4 bubbles also transfer
large concentrations of CH,4 from the groundwater to the vadose zone, and this process is
most likely to occur in summer months.

At Brfarm, the dissolved concentration of NO3™ was reduced significantly after
passing through a wet spot within a prior converted cropland (from 1mM to 16 uM).
However, only moderate levels of CH,4 (2.1 uM) and N,O (0.6 uM N,O-N) were present
in this piezometer transect. Excess Ny, produced through denitrification, was measured
in most of the agriculturally affected piezometers, indicating that denitrification is a
commonly occurring process in soils. Relationships were determined between the gases,
and the highest N,O concentrations observed were likely produced by denitrification.
The lower concentrations could have been produced by both denitrification (low NOg’,
low O,) and nitrification (high NO3’, high O,). When the piezometers were broken into
land use categories, the median N,O and CH,4 concentrations varied considerably within

the categories; however, forests and forested wetlands had the lowest median N,O due to
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lack of N sources and the highest median CH,. In contrast crop fields had very low N,O
and CH,, whereas groundwater in anthropogenically disturbed landscape features had
highly variable and intermediate CH, and the highest NO.

Temporal and spatial variability was observed within and between all of the
locations. Hot moment peaks in concentration were observed in the time series data sets,
and accounted for on average 39 and 49% of the total N,O and CH,4 produced per
piezometer but only occurred for ~ 10% of the time. Hot spot locations accumulated
large concentrations of N,O or CHy, but not both. Three N,O and four CH,4 hot spots

were located in the 64 piezometer data set.

80



References

Abbasi, M.K., W.A. Adams. 2000. Estimation of simultaneous nitrification and
denitrification in grassland soil associated with urea-N using *°>N and
nitrification inhibitor. Biology and Fertility of Soils. 31:38-44.

Adrian, N.R., J.A. Robinson, J.M. Suflita. 1994. Spatial variability in biodegradation
rates as evidenced by methane production from an aquifer. Applied and
Environmental Microbiology. 60(10):3632-3639.

Bateman, E.J., E.M. Baggs. 2005. Contribution of nitrification and denitrification to
N,O emissions from soils at different water-filled pore space. Biology and
Fertility of Soils. 41:379-388. DOI: 10.1007/s00374-005-0858-3.

Bell, W.H., Favero P. 2000. Moving water. A report to the Chesapeake Bay Cabinet
by the Public Drainage Task Force. Contribution No. 2000-1. Center for the
Environment and Society, Washington College.
http://www.dnr.state.md.us/Bay/tribstrat/public_drainage_report.pdf.

Benitez, J.A., T.R. Fisher. 2004. Historical land-cover conversion (1665-1820) in the
Choptank watershed, Eastern United States. Ecosystems. 7:219-232.

Blackmer, A.M., J.M. Bremner, 1978. Inhibitory effect of nitrate on reduction of N,O
to N by soil microorganisms. Soil Biology and Biogeochemistry. 10(3)187-
191.

Blicher-Mathiesen, G., G.W. McCarty, L.P. Nielsen. 1998. Denitrification and
degassing in groundwater estimated from dissolved dinitrogen and argon.

Journal of Hydrology. 208:16-24.

81



Bohlke, J.K., J.M. Denver. 1995. Combined use of groundwater dating, chemical, and
isotopic analyses to resolve the history and fate of nitrate contamination in
two agricultural watersheds, Atlantic coastal plain, Maryland. Water
Resources Research. 31(9):2319-23309.

Bowden, W.B., F.H. Bormann. 1986. Transport and loss of nitrous oxide in soil water
after forest clear-cutting. Science. 233:867-869.

Bremner, J.M., A.M. Blackmer. 1978. Nitrous oxide: Emission from soils during
nitrification of fertilizer nitrogen. Science. 199:295-296.

Breuer, L., H. Papen, K. Butterbach-Bahl. 2000. N,O emission from tropical forest
soils of Australia. Journal of Geophysical Research. 105(D21):26,353-26,357.

Cai, Y., D. Weixin, X. Zhang, H. Yu, L. Wang. 2010. Contribution of heterotrophic
nitrification to nitrous oxide production in a long-term N-fertilized arable
black soil. Communications in Soil Science and Plant Analysis. 41:2264-
2278, DOI: 10.1080/00103624.2010.507833.

Colt, J. 1984. Computation of dissolved gas concentrations in water as functions of
temperature, salinity, and pressure. Bethesda, MD: American Fisheries
Society.

Crutzen, P.J., 1981. Atmospheric chemical processes of the oxides of nitrogen,
including N2O. In Delwiche, C.C. (ed.). Denitrification, Nitrification, and
Atmospheric Nitrous Oxide. Wiley, New York, pp.17-44.

Denver, J.M., S.W. Ator. 2011. Nitrogen fate and transport through upland
depressional wetlands along an alternation gradient in an agricultural

landscape, upper Choptank Watershed, Maryland. In Prep.

82



Dlugokencky, E.J., L. Bruhwiler, W.C. White, L.K. Emmons, P.C. Novelli, S.A.
Montzka, K.A. Masarie, P.M. Lang, A.M. Crotwell, J.B. Miller, L.V. Gatti.
2009. Observational constraints on recent increases in the atmospheric CH,4
burden. Geophysical Research Letters. 36, L18803.
DOI:10.1029/2009GL039780.

Dlugokencky, E.J., S. Houweling, L. Bruhwiler, K.A. Masarie, P.M. Lang, J.B.
Miller, P.P. Tans. 2003. Atmospheric methane levels off: Temporary pause or
a new steady-state? Geophysical Research Letters, 30 (19).
doi:10.1029/2003GL018126,2003.

Dobbie, K.E., K.A. Smith. 2003. Nitrous oxide emission factors for agricultural soils
in Great Britain: The impact of soil water-filled pore space and other
controlling variables. Global Change Biology. 9:204-218.

Fetter, C.W. 2001. Applied Hydrogeology. Upper Saddle River, NJ: Prentice-Hall,
Inc.

Fisher, T.R., J.A. Benitez, K. Lee, A.J. Sutton. 2006. History of land cover change
and biogeochemical impacts in the Choptank River basin in the mid-Atlantic
region of the US. International Journal of Remote Sensing. 27(17):3683-
3703.

Fortuin, N.P.M., A. Willemsen. 2005. Exsolution of nitrogen and argon by
methanogenesis in Dutch ground water. Journal of Hydrology. 301:1-13.
DOI:10.1016/j.jhydrol.2004.06.018.

Fulweiler, R.W., S.W. Nixon, B.A. Buckley, S.L. Granger. 2007. Reversal of the net

dinitrogen gas flux in coastal marine sediments. Nature. 448:180-182.

83



Goodroad, L.L., D.R. Keeney, L.A. Peterson. 1984. Nitrous oxide emissions from
agricultural soils in Wisconsin. Journal of Environmental Quality. 13(4):557-
561.

Goodroad, L.L., D.R. Keeney. 1985. Site of nitrous oxide production in field soils.
Biological Fertility of Soils. 1:3-7.

Goreau, T.J., W.A. Kaplan, S.C. Wofsy, M.B. McElroy, F.W. Valois, S.W. Watson.
1980. Production of NO," and N,O by nitrifying bacteria at reduced
concentrations of oxygen. Applied and Environmental Microbiology.
40(3):526-532.

Groffman, P.M., K. Butterbach-Bahl, R.W. Fulweiler, A.J. Gold, J.L. Morse, E.K.
Stander, C. Tague, C. Tonitto, P. Vidon. 2009. Challenges to incorporating
spatially and temporally explicit phenomena (hotspots and hot moments) in
denitrification models. Biogeochemistry. 93:49-77. DOI 10.1007/s10533-008-
9277-5.

Harms, T. K., and N. B. Grimm. 2008. Hot spots and hot moments of carbon and
nitrogen dynamics in a semiarid riparian zone. Journal of Geophysical
Research. 113:1-14. G01020. DOI:10.1029/2007JG000588.

IPCC (Intergovernmental Panel on Climate Change), 2007. Climate change 2007-
The physical science basis. Contribution of working group | to the forth
assessment report of the IPCC. Cambridge University Press, Cambridge.

Isermann, K., 1994. Agriculture’s share in the emission of trace gases affecting the
climate and some cause-oriented proposals for sufficiently reducing this share.

Environmental Pollution. 83(1-2):95-111.

84



Jones, W.J. 1991. Diversity and physiology of methanogens. In Rogers J.E., W.B.
Whitman (ed.). Microbial Production and consumption of greenhouse gases:
Methane, nitrogen oxides, and halomethanes. American Society for
Microbiology, pp.39-55.

Kana, T.M., C. Darkangelo, M.D. Hunt, J.B. Oldham, G.E. Bennett, J.C. Cornwell.
1994. Membrane inlet mass spectrometer for rapid high-precision
determination of N,, O, and Ar in environmental water samples. Analytical
Chemistry. 66(23):4166-4170.

Knowles, R. 1982. Denitrification. Microbiological Reviews. 46(1):43-70.

Koponen, H.T., L.FI6jt, P.J. Martikainen. 2004. Nitrous oxide emissions from
agricultural soils at low temperatures: A laboratory microcosm study. Soil
Biology and Biochemistry. 36:757-766.

Lange, N.A., 1961. Handbook of Chemistry and Physics. New York, NY: McGraw-
Hill Book Company, Inc.

Le Mer, J., P. Roger. 2001. Production, oxidation, emission and consumption of
methane by soils: A review. European Journal of Soil Biology. 37:25-50.

Lee, K., T.R. Fisher, E. Rochelle-Newall. 2001. Modeling the hydrochemistry of the
Choptank River basin using GWLF and Arc/Info: 2. Model validation and
application. Biogeochemistry. 56:311-348.

Lowrance, R.R., R.L. Todd, L.E. Asmussen. 1984 a. Nutrient cycling in an
agricultural watershed: 1. Phreatic movement. Journal of Environmental

Quality. 13(1):22-27.

85



Lowrance, R.R., Todd, J. Fail, O. Hendrickson Jr., R. Leonard, L. Asmussen. 1984 b.
Riparian forests as nutrient filters in agricultural watersheds. BioScience.
34(6):374-377.

Lowrance, R.R, L.S. Altier, J.D. Newbold, R.R. Schnabel, P.M. Groffman, J.M.
Denver, D.L. Correll, J.W. Gilliam, J.L. Robinson, R.B. Brinsfield, K.W.
Staver, W. Lucas, A.H. Todd. 1997. Water quality functions of riparian forest
buffers in Chesapeake Bay watersheds. Environmental Management.
21(5):687-712.

Martikainen, P.J., W.De Boer. 1993. Nitrous oxide production and nitrification in
acidic soil from a Dutch coniferous forest. Soil Biology and
Biogeochemistry. 25(3):343-347.

Mathieu, O., J. Lévéque, C. Hénault, M.-J. Milloux, F. Bizouard, F. Andreux. 2006.
Emissions and spatial variability of N,O, N, and nitrous oxide mole fraction at
the field scale, revealed with N isotopic techniques. Soil Biology and
Biogeochemistry. 38(5):941-951.

McClain, M.E., E.W. Boyer, C.L. Dent, S.E. Gergel, N.B. Grimm, P.M. Groffman,
S.C. Hart, J.W. Harvey, C.A. Johnston, E. Mayorga, W.H. McDowell, G.
Pinay. 2003. Biogeochemical hot spots and hot moments at the interface of
terrestrial and aquatic ecosystems. Ecosystems. 6:301-312.

Megonigal, J.P., M.E. Hines, P.T. Visscher. 2005. Anaerobic metabolism: Linkages
to trace gases and aerobic processes. In Schlesinger W.H. (ed).

Biogeochemistry. Elsevier, pp 317-424.

86



Meng, L., W. Ding, Z. Cai. 2005. Long-term application of organic manure and
nitrogen fertilizer on N,O emissions, soil quality and crop production in a
sandy loam soil. Soil Biology & Biochemistry. 37:2037-2045.

Mookherji, S., G.W. McCarty, J.T. Angier. 2003. Dissolved gas analysis for assessing
the fate of nitrate in wetlands. Journal of the American Water Resources
Association. 39(2):381-387.

Mosier, A.R., J.M. Duxbury, J.R. Freney, O.Heinemeyer, K. Minami, D.E. Johnson.
1998. Mitigating agricultural emissions of methane. Climate Change.
40(1):30-80.

Otte, S., N.G. Grobben, L.A. Robertson, M.S.M Jetten, J.G. Kuenen. 1996. Nitrous
oxide production by Alcaligenes faecalis under transient and dynamic aerobic
and anaerobic conditions. Applied and Environmental Microbiology.
62(7):2421-2426.

Owens, J.P., and C.S. Denny. 1979. Upper Cenozoic deposits of the central Delmarva
Peninsula, Maryland and Delaware. US Geological Survey Professional Paper
1067-A.

Papen, H., K. Butterbach-Bahl. 1999. A 3-year continuous record of nitrogen trace
gas fluxes from untreated and limed soil of a N-saturated spruce and beech
forest ecosystem in Germany, 1 N,O emissions. Journal of Geophysical
Research. 104(D15):18,487-18,503.

Parkin, T.B. 1987. Soil microsites as a source of denitrification variability. Soil

Science Society of America Journal. 51(5):1194-1199.

87



Poth, M., D.D. Focht. 1985. **N kinetic analysis of N,O production by Nitrosomonas
europaea and examination of nitrifier denitrification. 1985. Applied and
Environmental Microbiology. 49(5):1134-1141.

Quinn, G.P., M.J. Keough. 2002. Experimental design and data analysis for
biologists. Cambridge University Press. Cambridge, U.K.

Rigby, M., R.G. Prinn, P.J. Frazer, P.G. Simmonds, R.L. Langenfeld, J. Huang, D.M.
Cunnold, L.P. Steele, P.B. Krummel, R.F. Weiss, S. O’Doherty, P.K.
Salameh, H.J. Wang, C.M. Harth, J. Muhle, L.W. Porter. 2008. Renewed
growth of atmospheric methane. Geophysical Research Letters. 35, L22805.
DOI:10.1029/2008GL036037.

Ruser, R., H. Flessa, R. Russow, G. Schmidt, F. Buegger, J.C. Munch. 2006.
Emissions of N,O, N, and CO; from soil fertilized with nitrate: Effect of
compaction, soil moisture and rewetting. Soil Biology and Biochemistry.
38:263-274.

Shao, M, T. Zhang, H.H. Fang. 2010. Sulfur-driven autotrophic denitrification:
Diversity, biochemistry, and engineering applications. Applied Microbiology
and Biotechnology. 88:1027-1042, DOI:10.1007/s00253-010-2847-1.

Soil Survey Staff, Natural Resources Conservation Service, United States Department
of Agriculture. Web Soil Survey. Available online at
http://websoilsurvey.nrcs.usda.gov/ accessed [07/01/2011].

Teepe, R., R. Brumme, F. Beese. 2001. Nitrous oxide emissions from soil during

freezing and thawing periods. Soil Biology and Biochemistry. 33:1269-1275.

88



Ueda, S., N. Ogura, T. Yoshinari. 1993. Accumulation of nitrous oxide in aerobic
groundwaters. Water Research. 27(12):1787-1792.

Weiss, R.F. 1970. The solubility of nitrogen, oxygen and argon in water and
seawater. Deep Sea Research and Oceanographic Abstracts. 17(4):721-735.

Weiss, R.F., B.A. Price. 1980. Nitrous oxide solubility in water and seawater. Marine
Chemistry. 8:347-359.

Wrage, N., G.L. Velthof, M.L. van Beusichem, O. Oenema. 2001. Role of nitrifier
denitrification in the production of nitrous oxide. Soil Biology and
Biochemistry. 33(12-13):1723-1732.

Yao, Z., B. Wolf, W. Chen, K. Butterbach-Bahl, N. Briiggemann, M. Wiesmeier, M.
Dannenmann, B. Blank, X. Zheng. 2010. Spatial variability of N,O, CH4 and
CO;, fluxes within the Xilin River catchment of Inner Mongolia, China: A soil

core study. Plant and Soil. 331:341-359. DOI 10.1007/s11104-009-0257-x.

89



Table 2.1 — Land use and the physical properties of the soils surrounding the piezometers. Nested
piezometers are identified with a letter after the number (e.g; AB1 and AB1a are at different
depths, 3.2 and 0.9 m, at the same location). The hydraulic conductivity and porosity (®) were
measured at select piezometers and selected depths via TDR. The soil data was acquired through
the Soil Survey Staff, Natural Resources Conservation Service, United States Department of

Agriculture (2011).

. Piezo- distfce dept.h, = Sampling Hydra.ulic 25 |® measured .
location Landuse e Ty from edge,| mid- period conductivity k, | & mm’ at depth Soil
m screen cm day-1
AB wetland ABT 40 58 3.18 |2008 215472 Hammontan-Fallsington-Corsica cormplex
natural wetland (shallow) AB1a 40 58 0.81 2008 Hammonton-Fallsington-Corsica complex
wetland wetland edge ABZ 3521 226 (2008 506 +53 354 +156[100cm Hammonton-Fallsington-Corsica cormplex
upland (deep) AB3 25082] 187 [2008 Hammonton-Fallsington-Corsica complex
BC upland (deep) BCA 30.05 20 |2008 ngleside Sandy Loam
natural upland (shallow) BC4a 39.05 21 2008 ngleside Sandy Loam
'wetland lower upland (deep) BC3 48.60 85 12008 Hammonton-Fallsington-Corsica complex
lower upland (shallow) BCia 4860 35 2008 Hammonton-Fallsington-Corsica complex
upperwetland (deep) BC2 57.52 55 2008 Hammenton-Fallsington-Corsica complex
upper wetland (mid) BC2a 57 .52 08 12008 Harmmonton-Fallsington-Corsica cormplex
upper wetland (shallow) BC2b 57 52 64 |2008 Harmmentan-Fallsington-Corsica cormplex
wetland (deep) BC1 &7.20 147 12008 0.65 +0.03 Harmmonton-Fallsington-Corsica cormplex
BNDS field edge 5.25] 247 (2008 756824 91.3+12]200cm Hambrook Sandy Loam
restored agricultural grass buffer 2272 245 2008 243+08 384 +0.0|200cm Corsica Mucky Loam
wetland wetland/pond 38.80 226 |2008 Carsica Mucky Laam
wetland/pond 38.80 0.60 [2008 Corsica Mucky Loam
forest grass buffer, wetlands 83.14] 2327 [2008 Carsica Mucky Loam
BRFarm forested stream hank, wetlands -1.62 3.55 |2008 Woodston Sandy Loam
natural forest]forested strear bed, wetlands 082] 275 [2008 2303 +28 Woodston Sandy Loam
next to forested stream bed (shallow), wetlands 092 073 |2008 Whoodston Sandy Loam
agricultural _ [forest edge, wetlands 8.04] 2.02 |2008 Woodston Sandy Loam
field ditch bordering agricultural field and forested wetland £.86] 058 (9008 WWoodston Sandy Loam
field edge BA] 1.87 12008 Woodston Sandy Loam
field ridge 84.24 1.60 2008 81.1+28 36.7+04|175cm Ingleside Sandy Loam
field wetlandAwetspot 14 67 226 |2008 452 +2.1 320+ 02]120cm Hammonton-Fallsington-Corsica cormplex
field wetland edge near ditch B -4 50 1.08 12008 Hammaonton-Fallsington-Corsica complex
Cfarm upland edge of flooded ditch CFD1 ™ 0.00] 160 [2007-2008 |0.24 +001 Hurlock Sandy Loam
agricultural  Jwaters edge of flooded ditch CFD2 ** 1.85 0.82 [2007-2009 f3.95+09 Hurlock Sandy Loam
field upland edoe of non flooded ditch CFC1 ™ 0.00 84 |2007-2008 |1.42+032 ngleside SandyLoam
waters edge of non flooded ditch CREAN 2.00 15 [2007-2009 |1289+09 ngleside Sandy Loam
upland edge of ditch CFD3 0.00 45 2007 Hammonton Sandy Loam
waters edge of ditch CFD4 2.00 15 12007 Hammonton Sandy Loam
field ridge CFF1 -88 85| 278 |9008 ngleside Sandyloam
rnid-field CFF: -36.65 1.82 12008 nagleside Sandy Loam
field ridge CFF: -105.20 3.18 |2008-2008 ngleside SandyLoam
rmid-fieldAvetsp ot CFF: -56.70 1.94 |2008-2009 Hurlock Sandy Loam
upland edge of flooded ditch CFCD1 ** 0.00f 3.80 [2007 ngleside Sandy Loam
waters edge of flooded ditch CFCDZ ™ 200] 298 [2007 ngleside SandyLoam
upland edge of non flooded ditch CECCT™ 0.00 2.27 2007 ngleside Sandy Loam
waters edge of non flooded ditch BECEET 2.00 1.44 12007 ngleside Sandy Loam
EFAG field edge EFAG! 0.90) 2.63 |2008-2009 ngleside Sandy Loam
restored agricultural grass buffer 2880) 261 [2008-2008 [34B+12 345+13[180cm Hurlock Sandy Loam
wetland wetland 5490)] 4538 |2008-2008 Hurlock Sandy Loam
wetland (shallow) 54.20 0.63  [2008-2009 J238+14 Hurlock Sandy Loam
forest grass buffer 89.43] 249 12008-2003 Hurlock SandyLoam
forest edge. 124 B5 3.40 2008 ngleside Sandy Loam
Hfarm field edge of flooded ditch 400] 119 12007-2008 |8.1+03 Lenni Silt Loam
Agricultural [flooded ditch edge 5.74 0.85 |2007-2009 Lenni Silt Loam
field topodraphic low in fieldiwetspat -60.31] 081 [3007-2009 J216+6.3 Lenni Sitt Loam
topooraphic ridee in field nia 3.17 12008 Wioodston Sandy Loarm
low (old strearn bed) in field/iwetspot nia 1.6 |2008 Lenni Silt Loam
field edgefwetspat njal 177 |2008 Lenni Silt Loam
JLAG field edge LAGT 3.058 2.54 [2008-2009 |29.1 +04 345+ 06[175¢cm Hammanton-Fallsington-Carsica cormplex
restored agricultural grass buffer LAGZ 1645 2.31 2008-2009 |137+6.3 468 +44)150 cm Harmmonton-Fallsington-Corsica complex
wietland wietland LAGE 3085 275 [2008-2008 Hammonton-Fallsington-Corsica cormplex
wetland (shallow) LAG3a 30.95 0.54 |2008-2009 Hammonton-Fallsington-Corsica complex
wetland-ditch buffer LAGY 106 .80 1.33  |2008-2008 Harmmonton-Fallsington-Corsica complex
ditch LAGS 12060] 0.7 [2008-20089 Hammenton-Fallsington-Corsica complex
Mfarm [Field edgefriparian edge [hifield | 702 332 J2007 | | | [Ingleside Sandy Loam
forest |riparian area [brmicd ] 400] 161 [2007 [a1202 J260 £ 02]100cm |ingleside Sandy Loam
riparian area |riparian edgefstream edge [Mstrearm | 52.87] 1561 [2007 |3370.00 | | |ingleside Sandy Loarm
Rfarm |Field edgefriparian edge | EEE=S| 196] 237 [a007 Jaossi2 o209+ 25]160em  [Keyport Sitt Loam
grass/shrub_[riparian area [crREP-3 | 188] 210 [2007 | EEEEE] J27a0 [100cm [Keyport Silt Laam
ripatian area |riparian area closest to tidal estuary |crREF-4 | 1721 207 [2007 | 1 | | Keyport Silt Loam
“*Piezometer situated above 2 drainage control structure on 3 flooded ditch
“Piezometer situated helow 3 drainage control structure on a free flowing ditch
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Table 2.2 — The N>,O and CH4 chemical properties of the piezometers. The median
concentration of both N,O and CHy, the number of hot moments per piezometer, the
percentage of the total N,O or CH,4 concentration accounted for by the hot moments, and
the percent of time that the hot moments were occurring are displayed. The bolded

values are hot spot piezometers with high concentrations of CH4 or N,O.

% of N0 5 * of CHy .

_ Piezo. | Median | #M,0 | N0#hot |accounted for | 20 % OTUMe | posian | wcH, | CH.#hot | accounted for| SHe* oftime

location Landuse accounted for by accounted for

meter ID (N0 N, pM| samples | moments by hot hot i CHy, pM | samples | moments by hot by hot i

moments Sl moments [ ¥ MOt momen

AB [wetland ABT ot sampledt n/a nia N/ na 0.95 12 160% 833%

natural [wetland (shalow) ABTa Mot sampled n/a nfa n/a nfa 330 7 55 6%) 1429%

wetland [wetland edee ABZ ot sampledt N/ i N/ nia 115 12 205%) B33%

Upland (deep] A3 ot sampled N/ Nl /s N/ 015 12 183% 833%

BC upland (deep) BCA 0.02 11 1 6% 9.09% 0.05] 11 67 5%] 909%

natural upland (shallow) BCAa __|Not samplest n/a nia n/a a 005 6 713%) 1667%

wietland lower upland (deep) BC3 Hot sampled n/a nia n/a nfa 11 E_E| 12 78.1 %) 833%

Tower upland (shallow) BC3a ot sampiedt n/a nfa N/ N/ 0.39 E] 325%) T1.11%

upper wetland (deep) BC2 0.01 12 1 624% 8.33% 158 12 31 B%, 833%

upper wetland (mid) BC2a ot samplest n/a nia n/a n/a 435 9 54 4%] 1111%

upper wetland (shallov) BC2b Mot sampledt n/a nia n/a a 215 ] 619%) 1250%

[wetland (dsep BC1 ot sampledt 3 nfa n/a 1/ 2143 0 317 %) 10.00%

BNDS field ede B 0.12 2 30.7% 3.33% 004 1 44 3%] 509%

restored qrass buffer B 0.50 2 15.4% 8.33% 003 2 558 4%] 833%

wetland wetlnd/pond B 014 2 30.9% 5.33% 102 il 257 %) 833%

[wetland/pond B 6.21 3 20.4% T111% 14) B 1% 1250%

forest grass buffer wetlands B 0.01 12 6395% 8.33% [E] 12 53 3%] 533%

BRFarm [forested stream bank, wetlnds B ot sampledt n/a nfa n/a nfa 08 12 11.1% 833%

natural forest _|forested stream bed, wetlands B ot sampled n/a nfa n/a n/a 13 12 115% 833%

ned to |forested stream bed [shallow], wetlands B ot samplest & 1/ n/a a 23 ] 29.2%) 1250%

agricultural___[forest edge wetlands B 0.01 2 5% 8.33% 211 2. 116% 833%

Tield itch bordeting aqricultural field and forested wetland |B 0.84 1 45.4% 5.09% 0.19 Z 135%) B33%

eld edge 0.04 2 28.7% 8.33% 004 2 223%) 833%

eld idge 012 1 % 9.09% 002 1 351 %) 909%

el wetland;w etsp ot 0.01 2 53.1% 8.33% 213 2 157 % 833%

eld wetland edge near ditch 058 3 % 12.50% 007 & 24 5%] 1250%

Cfarm upland edge of flooded dich 253 27 2 255% 741% 004 %5 2 83 4%] B00%

agricullural___|waters edge of flooded ditch 251 35 2 238% 571% 015 34 2] 97 %] 588%

Tield upland edge of non flooded dich 116 29 2 258% B.90% 003 P Bl 57 % 712%

[waters edge of nan flooded dich 142 30 2 72.4% B57% 005 ] 7 9% 590%

Upland edge of dich 0.05 H 0.0% 20.00% 029 T 47 % ZE00%

[waters edge of ditch 0.03 10 21% 10.00% 350 10 4 2% 000%

field ridge 0.08 9 59.9% T111% 003 & 90 5%] 250%

mid-field 0.65 ] 2 67.7% 2500% 001 ] 65 4% 1%

field ridge 0.44 23 2 25.2% 5.70% 002 22 36.9%) 09%

dFieldAwetep 297 5 18.3% B.57% (| 16 432%] 25%

upland edge of flooded dich 1.45 2 27.9% 3.33% 006, 10 5%, 1000%

waters edge of flonded dich 054 2 136% 8.33% 005 9 323%] 111%

upland edge of non flooded dich 0.02 4 956% 25.00% 005 /4| nfa Wa

[wiaters edge of non flooded dich 224 11 31.0% 9.09% 022 q §36%) T111%

EFAG field edee 1.08 24 2 16.7% 8.33% 001 2 2] 25 3%] 833%

testored qrass buffer 441 24 2 221% 3.33% 019 2 2 44 2%] 833%

wetland [wetland acuiduce 2 [ n/a n/aamichide 2z n/a| nfa a

[wetland (shalow) 0.01 20 1 9B.4% S00%| 31055] 19 1 55% 526%

forest grass buffer 0.16 21 2 206% 5.33% 015 21 Fl G 3% 833%

[forest edge 0.02 12 1 353% 3.33% 0.13 12 1 97 % B33%

Hfarm field edge of flooded ditch 051 36 2 14.8% 5.56% 007 2 7] 16% 625%

Agricuttural __|flooded ditch edge 034 35 2 51.9% 571% 116 7 il 15% 625%

field low in fie hwetspat 0.59 27 2 57.6% 7A1% 006, pE] 2 7 5% 870%

i ridge i field 0.01 3 1 0.0% TB.67% 006, 5 1 5 4% 2000%

low {old stream bed) i i 0.08 12 1 31% 3.33% 0.43] 11 1 53% 509%

field edye/wetspot Sowrecharge 2 nfa n/a n/a | sowrscharge) 2 n/a| nfa n/a

JLAG field edge LAGT 0.05 23 2 44.8% 8.70% 004 22 l 546%] 909%

restored Qrass buffer LAG2 0.13 24 2 26.68% 8.33% 0.23] 24 2 56.2%) 833%

wetland wetlan: LAG3 0.27 24 2 43.0% 8.33% 056 24 2 77 7%, 833%

[wetland (shalow) LAG3a 0.0 13 1 T74% 556% 3332 18 1 05% 556%

tland-dtch buffer LAGA 0.0 23 2 18.4% 8.70% 17 87] ] 2] 27 B%] 870%

|ditch LAGS 0. 23 2 157% 5.70% 016 2 25%]| 309%

Wfarm [Field edgeriparian ede WMfield 0 Z 57.9% 14.29% 002 4 513%) 2500%

Torest |riparian area Wrmid 0.50 12 13.6% 8.33% 003 10 ETELA 1000%

tipatian area _|ripatian edgedstream edge WMstream 238 12 24.3% 3.33% 007 10 705%] 1000%

Rfarm Field edgefriparian edge CREP-1 6.98 7 361% 14.29% 013 4 543%) 2500%

rassishrub__|riparian area CREP-3 1811 5 57% 12.50% 0.15 5 317 %) 2000%

liparian area nEam area dosest to tidal estuar CREP-4 0.03 3 59.2% 16.67% 031 3 N 3333%

**Piezometer situzted above a drainage conirol structure on a flooded ditch

“Plezometer situated below a drainage control structure on a free flowing ditch
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Table 2.3- Site specific Spearman Rank Correlation statistics for both N,O and CHy,.

Relationships that were not possible due to a lack of data are denoted with n/a and

relationships that were not monotonic, and therefore not appropriate for Spearman Rank

Correlation are designated as NM. Significant relationships are designated with bold text

in a gray box. In this table excess N,-N is shorted to N..

NQO; vs Ny |[NO; vs NoO (N5 vs N2O [%0, vs N,O  [NH,; vs N,O |%0, vs CH, |[NO5 vs CH, [N, vs CH,
r.=-0.267 NM NM NM r.=0.00641 r,=-0.656 r,=-0.608 NM
All data =0 75
p<0.001 p=0.875 p<0.001 p<0.001
Hi r,=0.335 NM NM 1,=-0.408 r,=-0.522 1.=-0.496
arm | <0.001 p<0.001 p<0.001 p<0.001 06
ci r=-0.581 NM r,=0.348 r,=0.267 r,=-0.660 r,=-0.486 NM
am |5<0.001 p<0.001 p=0.00176 |p<0.001 p<0.001
NM NM 1,=0.529 r=-0.773 r.=-0.716
EFAG P
p<0.001 p<0.001 p<0.001 p=0.0944
BC 0.145 =0.30 NM NM r,=-0.732 r,=-0.399 r,=0.279
=0.219 =0.07( p<0.001 p<0.001 p=0.0143
Brf NM NM r NM r=-0.723 r,=-0.779 NM
am p=0.30 p<0.001 p<0.001
JLAG r,=0.724 NM r=0.199 r=-0.426 r,=-0.216 r=-0.457
p=0.488 p<0.001 p=0.0266 p<0.001 p=0.0129 p<0.001
BNDS r,=-0.630 NM _— r _— ).267 i r,=-0.534 r,=-0.680 r,=0.549
p p<0.001 p<0.001 p<0.001
AB n r;=-0.563 NM rs=-0.364
p<0.001 p=0.0166
r .=0.413 r D 31 r.=-0.203 E 1.322
Rfarm P= (0121052 P= 0518 F =0.1 .I .’I- ! =0, I" =0 ._ e ] P=u '.-:" . ] = .-.'.'-:._'
M r,=-0.829 r,=-0.661 r,=0.615 r,=-0.659 r,=-0.437 r,=-0.547 r,=0.496
arm 1,<0.001 p<0.001 p<0.001 p<0.001 p=0.0329 p=0.00584 [p=0.0140

92



Table 2.4 — The hotspot piezometers for the data set. Hot spots were defined as a
location where the median CH,4 or N,O concentration of a piezometer was in the 95™

percentile of all of the sampled piezometer median concentrations.

N,O hot median CH, hot median
spot >5.49 uM | spot >17.51
piezometer | N,O-N piezometer | yM CH,
BNDS3a 6.21 | BC1 21.43
CREP1 6.98 | EFWET1la 310.55
CREP3 18.11 | JLAG3a 33.32
JLAG4 17.82
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Figure 2.1- The Choptank watershed is located in the Mid-Atlantic region within the
Chesapeake Bay watershed. All of the sampling locations are in the upper Choptank
watershed except RFarm, which is located in the Little Choptank watershed closer to the

mouth of the Choptank River.
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Figure 2.2- The distribution of the N,O and CH, data sets before log transformation

(A,B) and after log transformation (C,D).
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Figure 2.3 — The groundwater flow paths for the sites A) BrFarm, B) JLAG, C) EFAG,
and D) BNDS. Streamtubes are illustrated from the point of infiltration and in the
direction for which the groundwater predominantly flows. The minimum, median, and
maximum values for depths of the water tables for each individual piezometer are

displayed as a black dotted, straight, and white dotted lines, respectively.
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Figure 2.4 — An example of a CH,4 hotspot where large concentrations of CH,4
accumulated causing CH, ebullition and stripping of other gases. Removal of Ar and N,

leads to the calculation of high Ar recharge temperature values and negative excess N,

values.
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Figure 2.5 — The seasonal distribution of the evidence for CH,4 ebullition events,
documented as unusually high Ar recharge temperatures (>22°C), and/or negative excess

N2-N concentrations, in conjuncture with CH4 concentrations >20 yuM.
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Figure 2.6 — The median concentrations of NO3 and excess N,-N (left panel) and %0,

saturation (right panel) for each individual piezometer for 2008
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Figure 2.7 — Relationships over the entire data set between A) %0, and N,O, B) %O,

saturation and CH,, C) NO3™ and N,O, D) NO3™ and CHy, E) excess N, and N,O, F)

excess N, and CHy4, G) NOj3™ and excess N, and F) N,O and CHa.
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Figure 2.8 — A site specific example of significant relationships between A) NO3" and

N,O and B) excess N, and N,O. The Spearman Rank correlation statistics are displayed

in each figure.
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Figure 2.9- By selecting an individual site, a clear relationship between dissolved gas
concentrations becomes apparent. NO3™ concentrations below 50 uM allow CHy
concentrations to increase. The highest CH, values are not observed until after NO3™ has
been reduced to <1 puM. At this site, CH,4 concentrations are relatively low in comparison

to the higher values observed in the entire data set.
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Fig. 2.10 — A) An example at CFarm where the strength of a relationship increased from
rs=0.35 to rs=0.56 when just examining the falling water table concentrations and B) an
example at EFAG where the strength of the relationships decreased (from rs=0.53 to
r=0.44) when just examining the falling water table concentrations. The Spearman Rank

correlation statistics can be compared to Table 2.3.
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Figure 2.11 - The topography and median groundwater table drawn horizontally to scale
for BrFarm (vertically exaggerated 3:1). Groundwater flow is from right to left towards
the drainage ditch. The concentrations of NO3’, excess N»-N, %0, saturation, N,O and
CH, are displayed on the lower panels. The dashed line is the maximum and minimum

concentrations at each piezometer.
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Figure 2.12 — The topography and median groundwater table drawn horizontally to scale
for JLAG (vertical exaggeration is 4:1). The concentrations of NO3’, excess N2-N, %0,
saturation, N,O and CH, are displayed on the lower panels. The maximum and minimum

concentration at each piezometer is shown as the dash marks.
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Figure 2.13 — An example of temporal and spatial variability within a piezometer
transect. Hot moments can be observed as the highest peak concentrations. The

agricultural field is on the left hand side of the graph at distance 0. Data from JLAG-3a

IS not presented in this figure.
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Figure 2.14 — The topography and median groundwater table drawn horizontally to scale
for EFAG. The concentrations of NOs’, excess N,-N, %0, saturation, N,O and CH, are
displayed on the lower panels. The maximum and minimum concentration at each

piezometer is shown as the dash marks.
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Figure 2.15- The topography and median groundwater table drawn horizontally to scale

for BNDS. The concentrations of NO3", excess N»-N, %0, saturation, N,O and CH, are

displayed on the lower panels. The maximum and minimum concentration at each

piezometer is shown as the dash marks.
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Figure 2.16- Spatial variability between the individual piezometers and between land use

categories of piezometers. The median values for each different category are given and

there is a scale change at 1 uM CH,4 and 7 uM N,O. N,O for the forested sites were all

very low, <0.1 pM.
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Figure 2.17- An example of a N,O hot spot at CREP3. The N,O hot spot threshold is a

5.5 uM N,O-N and is displayed as the dotted horizontal line.
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Figure 2.18 — An example of the concentrations of CH,4 throughout 2008 at one of the

piezometer nests in the data set. Hot moment concentrations are circled.
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Figure 2.19 —An example of a time series of N,O and CH, concentrations at the JLAG
piezometer nest. Hot moment concentrations are indicated as circled values. Each time

series graph is positioned vertically at the depth of the piezometer.
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Figure 2.20 — The temporal variability for A) N,O by season, B) N,O for rising or falling

water tables, C) CH,4 by season, and D) CH, for rising or falling water tables. The

different letters indicate significantly different median values.
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Figure 2.21 — An inter-annual comparison of the piezometers sampled in both 2008
(gray) and 2009 (white). The stars indicate statistically significant differences; the gray
stars indicate that the 2008 value was significantly greater, and the white stars indicate

that the 2009 value was significantly greater.
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Figure 2.22 — An example of a hot moment, which was quantitatively defined as a time
period during which the dissolved N,O or CH4 concentration was ranked in the 95"

percentile of all values from that individual piezometer.
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CHAPTER 3:
DIFFUSIONAL FLUXES OF EXCESS N3, N2O, AND CO, ACROSS THE WATER

TABLE AND SOIL SURFACE IN AN AGRICULTURAL RIPARIAN BUFFER
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Abstract:

Watershed nitrogen (N) budgets are usually imbalanced, and a large portion of the
N ismissing. The“missing N” is either stored within the watershed in soil, biomass, or
groundwater, or lost as N, or N,O via denitrification. Both storage and denitrification are
difficult to measure directly because of the large background concentrations of N stored
in watersheds and N, present in air. However, we can measure dissolved N; in
groundwater in excess of atmospheric backgrounds using MIMS. To address the missing
N at asmaller spatial scale, | used a piezometer transect at asite in the Little Choptank
Basin (Mid-Atlantic region of USA) where | have observed that a portion of the NOs” and
excess N dissolved in groundwater is unaccounted for at a mid piezometer within the
horizontal hydraulic gradient. | hypothesized that thismissing N (138.5 uM N) on the
transect scale can be accounted for as a vertical diffusive loss across the water table, and
that | can measure the resulting excess N, diffusiona gradient. Using a new method for
measuring excess N, in gas, | further hypothesized that | can estimate the flux of excess
N, from the soil surface

Themissing N at the transect scale was estimated from the calcul ated transit time
of the groundwater between the piezometers and the calculated diffusive flux estimates
from groundwater into the vadose zone. The transit time and diffusive flux rates indicate
that only 0.1 to 0.5% of the horizontal N decrease can be accounted for by vertical
diffusion. Therefore, my calculations indicate that the missing N on the transect scale
cannot be accounted for as adiffusional l0ss across the water table.

| measured excess N in the gas phase directly using a new in situ method that

measures the No/Ar ratio in a gas sample in comparison to the atmospheric ratio with a
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precision of 0.05%. The groundwater and vadose zone profiles of excess N, and N,O
showed the largest partial pressuresin groundwater, and the partial pressures decreased
approaching the soil surface. The CO, profiles also showed a peak in the soil 1 m below
the surface, but not always in groundwater. The calculated fluxes of CO, from the
vadose zone to the atmosphere ranged from 10.9 to 180 mmol CO,-C m? day™?, the
excess N,-N fluxes ranged from -11.9 to 17.3 mmol No-N m? day™ and the N,O fluxes
ranged from -0.0003 to 0.0019 mmol N»,O-N m™? day™. However, in the calculation of
excess Ny, | assumed that Ar was constant. There are many physical mechanisms that
can potentially affect the concentration of Ar and N, including temperature-mediated
solubility changes. | currently cannot distinguish between the effects of biological and
physical processes on No/Ar, but the addition of other noble gas measurements might
solve this problem. Although our flux estimates span alarge range, that range includes
excess N fluxes sufficient to explain the missing N on the watershed scale. Thisisthe
first attempt at directly measuring excess N, in situ in the vadose zone, and my results
represent an improvement over our current ability to make direct excess N,

measurements in the vadose zone.
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| ntroduction:

The nitrogen budget of most watershedsis unbalanced. Stream N export typically
accounts for 10-30% of the net anthropogenic N inputs, or NANI, and the remainder of
the budget is missing (Jordan and Weller 1996, Howarth et al. 1996, Schaefer and Alber
2007). The“missing N” isthought to be stored in the biomass, soil, or groundwater
within the watershed, or completely lost from the watershed as N, and N,O through
denitrification. Both of these processes are difficult to measure on a watershed scale.

Denitrification isamajor process that removes inorganic nitrogen (N) from
aquatic and terrestrial systems. Denitrification isthe reduction of nitrate (NO3) to
dinitrogen gas (N) through the intermediate and sometimes terminal products of nitrite
(NOy), nitric oxide (NO), and nitrous oxide (N>O, Knowles 1982). The direct
measurement of asmall increase in N, from denitrification over the 78% background
concentration of N in air has been viewed as a difficult problem. N can be directly
measured in water using membrane inlet mass spectrometry (MIMS, Kana et al. 1994)
with high precision (0.05% coefficient of variation, %CV), but the background
concentration of N, in water at 20°C is 531.4 pmol L water*, whilein air the background
N at 20°C is much greater, 32,480 pmol L air™.

N0 is an intermediate and sometimes terminal end product of denitrification.
Besides being a potent greenhouse gas with a globa warming potential of 298 over 100
years (IPCC 2007), N,O has the ability to destroy stratospheric ozone (Crutzen 1981).
N>O can also be produced through nitrification, and can be denitrified in soils after

production and converted to N,. The removal of watershed N through complete
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denitrification to N is an attractive process for N-enriched watersheds, but incomplete
denitrification that stops at N,O has negative atmospheric implications.

Outside of the mgjor urban centers, the mgor source of N in watershedsis
fertilizer applied to agricultural fields and lawns (e.g., Bohlke and Denver 1995, Fisher et
al. 2010). Regardless of the form in which fertilizer is applied, most of the N not
consumed by crops during the growing season is oxidized to NOs" in soils during fall and
winter (Staver and Brinsfield 1998). Because NOs' is highly soluble, it iseasily leached
through the soil by rain infiltrating to groundwater. As aresult, concentrations of NOs™ in
groundwater under agricultural fields and fertilized lawns typically range over 0.2-2 mM
(Staver and Brinsfield 1998, Fisher et al. 2010). In addition to NO3’, concentrations of
excess N dissolved in groundwater in agricultural areas can range from 0-500 uM N»-N
(Fisher et al. 2010), and N>O concentrations range from negligible to ~70 uM N,O-N
(Chapter 2) which implies significant amounts of denitrification. These data suggest that
denitrification or other biological processes producing excess N> (e.g., anammox and
anaerobic oxidation of methane; Mulder et al. 1995, Jetten 2001, Raghoebarsing et al.
2006, Burgin and Hamilton 2007) may be responsible for some of the missing N at the
watershed scale. Here | will use the term “denitrification.” although | acknowledge that
other biological processes may produce excess No.

The concept of missing N appliesto spatia scales smaller than the watershed
scale. In previous research, it has been shown that the amount of N in groundwater from
apiezometer at a higher hydraulic elevation cannot be completely accounted for by the
concentrations of NO3™ and excess N, at subsequent piezometers down a hydraulic slope

on ascale of 10-100 m (Fisher et al. 2010). The missing N on the transect scale may be
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converted to another form of N, such as NH,", utilized by plants, or denitrified and lost
from groundwater into the vadose zone as N, or N,O. Here | will test the hypothesis that
the high dissolved concentrations of excess N, and N,O within groundwater fuel a
diffusive loss of excess N, and N,O into the vadose zone and that these diffusive losses
will account for the “missing N” in groundwater at the transect scale. Second, |
hypothesize that | will be able to detect the diffused excess N, and N,O within vadose
zone concentration profiles and that | will be able to estimate a diffusive flux of excess
N2 and N2O from the soil surface. To test these hypotheses, | measured vertical profiles
of excess Ny, N2O, and CO,, and | estimated the diffusive fluxes from groundwater into
the vadose zone and from the vadose zone to the atmosphere within ariparian buffer of
an agricultural field.

Research was conducted in the Little Choptank watershed which is situated within
the Chesapeake Bay watershed on the Maryland coastal plain (Fig. 3.1). The Chesapeake
Bay and its tributaries have experienced increased nutrient inputs from agriculture and
urban development that have led to accelerated eutrophication, hypoxia (Kemp et al.
2005), and harmful algal blooms (Anderson et a. 2008). Reducing the concentration of
NOj in surface watersis important if we want to minimize further damage and restore
the Chesapeake Bay and its tributaries to a less nutrient-rich, healthier state.
Understanding the location and rates of denitrification is necessary to protect and restore
areas that could reduce the concentrations of NO3™ entering surface waters, in addition to

providing a better understanding of watershed N budgets.
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Methods:
Location

The research was conducted on the Mid-Atlantic coasta plain on the Maryland
portion of the Delmarva Peninsula (Fig. 3.1). Theregion isunderlain by the Kent Island
Formation, an estuarine deposit of the middle-Wisconsin period (Owens and Denny,
1979), and the soils are mostly Keyport silt loam, a moderately well-drained soil (Soil
Survey Staff, Natural Resources Conservation Service, United States Department of
Agriculture, 2011). The study siteisan 11 year old USDA Conservation Reserve
Enhancement Program (CREP) agricultural buffer that lies adjacent to a crop field and a
tidal creek of the Little Choptank River. The agricultural field isplanted in a
corn/soybean crop rotation, which istypical for the Delmarva Peninsula (Staver and
Brinsfield, 2001), and the farm practices include fertilizer application rates of 50-150 kg

N ha* yr* under no-till agriculture.

Groundwater sampling

Groundwater samples were taken from 5.1 cm (27) inner diameter piezometers
with 30 cm long sampling screens. Originally, atransect of piezometers from the
agricultural field (CREPL) to the far buffer edge (CREP3) were installed in 2004 at
depths of ~2 m (Sutton et a. 2010). In the current study, CREPL1 at the agricultural field
edge, and CREP3 in the mid buffer were used. In thefall of 2008, two additional
piezometers were hand augered in the vicinity of CREP3 (2.1 m to mid screen) to add

sampling depths of 3.1 m (CREP3-3.0) and 3.9 m (CREP3-4.0). These CREP3
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piezometers are a nested set within a2 m radius sampling groundwater at 2.1, 3.1, and
3.9 m depths.

Groundwater samples were taken from the piezometers between December 2008
and September 2010. On the day prior to sampling, the depth to the water table was
measured in each piezometer using a Solinst® Model 101 mini water level meter, and the
piezometers were pumped dry using a portable Solinst® Model 410 peristaltic pump. A
fishing float with a5 cm diameter was lowered to the bottom of the piezometer to reduce
gas exchange between the freshly inflowing groundwater and the atmosphere. On the
next day, the float was removed, and a5.1 cm (2”) Teflon® bailer was slowly lowered to
the bottom of the piezometer to acquire an undisturbed groundwater sample. A one-way
ball valve prevented loss of the groundwater when the bailer was removed from the
piezometer. A stopcock connected to a 15 cm length of 2mm id diameter Teflon ® tubing
was attached to the bottom of the bailer to control flow into 25 mL ground glass tubes
with ground glass stoppers. The tubes were overflowed from the bottom with sample and
immediately capped and submerged in ice water to prevent gas exsolution. A separate
sample was taken for nutrients, conductivity, and pH, and the temperature of the sample
was taken with a VWR digital thermometer (NBS traceable accuracy of + 0.3 °C). The
groundwater samples were analyzed for excess N, Ar, and O, by MIMS; N,O, CH,4, and
CO, by gas chromatography; and by automated col orimetric methods for NOs', PO4 and

NH;". Analytical details are given below.

123



Groundwater analyses

Groundwater samples were analyzed for excess Ny, O,, and Ar using the MIMS
method (Kana et a. 1994). The concentration of Ar within the sample was assumed to
represent physical exchange between air and water at recharge and was used to calculate
an effective recharge temperature of the water at the time of infiltration using the
solubility formulations of Colt (1984) based on Weiss (1970). The Ar recharge
temperature was used to cal cul ate the background N, concentration (e.g., Bohlke and
Denver 1995, Mookherji et a. 2003), and observed N, greater than the background N
was considered “excess N,” due to denitrification. The excess N, data reported here were
not corrected for excess air, although we are now evaluating excess air with

measurements of other noble gases.

N2O and CO,

Dissolved and gaseous phase N,O and CO, samples were analyzed using gas
chromatographic techniques. For N,O groundwater analysis, 8 mL of groundwater was
injected into N»-purged 12 mL Exetainers® that were vented to maintain atmospheric
pressure. For CO, groundwater analysis, 4 mL of groundwater was injected into an N»-
purged 12 mL Exetainers® that was vented to maintain atmospheric pressure and then the
vent was removed and 1 mL of 1N H,SO, was added (Stainton 1973). Both N,O and
CO; Exetainers® were shaken vigorously for 2 minutes to allow complete equilibration
between the headspace and groundwater sample. The concentrations of N,O and CO,
within the exetainer head spaces were determined on a Shimadzu GC-14B equipped with

both an electron capture detector (ECD, N,O) with a Porapak Q column and athermal
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conductivity detector (TCD, CO,) with a80/100 Hayesep Q column. The dissolved
concentration in the origina water sample was cal culated using groundwater and
headspace volumes, and the appropriate solubility data for the measured room
temperature and pressure (Weiss and Price 1980). The vadose zone samples were
directly injected into the GC from the gas-filled exetainers® acquired from the vadose
zonein thefield (see below). Matheson Tri-Gas standards were used along with a blank
and an atmospheric air injection to create a standard curve for N,O. Standard
concentrations of NaHCO; solution were used for the dissolved CO; standards. For CO,
in groundwater, a second subsample was equilibrated with air and then injected into an
N-purged exetainer ® vial as above to measure background CO,. The difference

between the two measurements is referred to as “ excess CO,".

Water level monitoring

Half hourly groundwater level and temperature data were recorded at the 2.1 m
piezometer beginning in 2005 using a Solinst® model 3001 levelogger® Silver.
Recorded pressure was corrected for barometric pressure variations using a separate
Solinst® Barologger® record. The corrected water pressure was equivalent to the water
height within the piezometer which was converted to the water table depth below ground

using the fixed depth of the logger at the bottom of the piezometer.

Vadose zone sampling

Vadose zone gas samples were acquired using equilibration chambers. These are

inverted 50 mL centrifuge tubes connected to a section of 3.2 mm (1/8”) copper tubing
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and to athree-way stopcock (Silver et al. 1999). The equilibration chambers were
installed in the CREP buffer near the piezometer nest. Two replicate rows of equilibration
chambers wereinstalled in August 2008 (transect A) and November 2008 (transect B) at
0.25, 0.5, 0.75, 1.0, and 1.5 m. Samplers were inserted into the ground by hand augering
a3.8cm (1.5”) borehole, and the hole was backfilled with approximately the same soil
strata in the appropriate order. We allowed 2-4 weeks for re-equilibration of soil gases
and settling of the soil before sampling.

To sample the equilibration chambers, 60 mL of gaswasfirst pulled out of the
samplers to flush the copper tubing after attaching a 60 mL syringe to the stopcock, and
then 16 ml of gas sample was transferred to over-pressurize 12 mL pre-evacuated
exetainers®. Triplicate samples were taken for each depth. Field air was used as the
standard on each sampling date and treated the same as the sampling tubes. The samples
were analyzed within three days of collection for excess N, Ar, N>O, CH,4, and CO,

(analytical details below).

Vadose zone analytical methods

A new capillary inlet system was created as part of a novel analytical technique to
introduce vadose zone gas (0.6 mL) directly into a quadrapole mass spectrometer (QMYS).
The criteriarequired in the creation of this method were a small injection volume (<1
mL) and high precision to measure small changes in the large background N,
concentration. Thiswas accomplished using a 90 cm length of SGE © fused silica
capillary tubing attached to a Swagel ok ® reducing union which served as a sample

reservoir (Fig. 3.2). The reducing union was partialy filled with epoxy to reduce the
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internal inlet volumeto 0.6 mL. An Exetainer® septa sealed the reducing union from the
atmosphere and allowed injection of sample gasesinto the inlet system. A valved 2-stage
rotary vane pump was used to evacuate the previous sample from the inlet system. The
capillary tube coming from the inlet was thermally stabilized at 50 °C using awater bath.
On the vacuum side, the sample passed across 600°C copper to eiminate O, followed by
aliquid nitrogen cryotrap which eliminated CO, and water vapor prior to entering the
QMS.

Variations in the CO, and O, partia pressure were tested to determine whether
variations in either gas had a significant effect on the measured No/Ar ratio. A gas tank
with 99% N, and 1% Ar and either a UPC CO, or O, tank were connected to flow
controllers to achieve arange of CO, and O, partial pressures against a constant No/Ar
ratio. Without either the copper furnace or the liquid nitrogen cryotrap in line, O, and
CO, significantly deflected the No/Ar ratio. The cryo trap and the copper furnace
eliminated significant effects of O, and CO, on the N /Ar ratio (Fig. 3.3 A, B), and no
further corrections were made. All data except those from December 3, 2008 were
analyzed using both a cryo trap and a copper furnace, and the December 3 data were
corrected in order to account for the effects of both CO, and O.

The QM S monitored the peaks at 14, 28, 32, 40, and 44. The N,/Ar ratio was
used in the determination of excess N, and the 32 and 44 peaks were monitored to ensure
the elimination of all O, and CO, from the sampling stream. The 14 peak (N*) was used
to measure N, gas to avoid potential interference from trace amounts of CO, which
generates the fragment CO", which has the same mass to charge ratio (m/e) as N,". Only

the 14/40 (N*/Ar™) ratio was used to determine an excess or deficit of N, to eliminate any
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possible error caused by an over or under injection of individual gas samples. The
instrument was calibrated using injections of field air which were collected in the same
manner as the samples.

To calculate excess N, atwo-sided t-test was done between the soil sample gas
tubes and the standard field air tubes. Samples that were not significantly different than
the standard field air tubes were reported as zero excess N,. The precision of the method
was determined from the % CV from all samples which averaged 0.05%. Excess N»-N
values were reported in terms of partial pressure (mmHg) to account for the differencesin

the background concentrations of N in vadose zone gas and in groundwater solution.

Concentration gradients and diffusional flux estimates

Concentration gradients cause diffusive exchanges between the atmosphere and
the vadose zone, or the groundwater and the vadose zone. Positive concentration
gradients were defined as concentrations that increase with depth, resulting in a net
upward flux from the groundwater to the vadose zone or from the vadose zone to the
atmosphere. Negative gradients were defined as the opposite: concentrations that were
highest at the surface and decreased with depth resulting in a net downward flux into the
vadose zone or groundwater. The concentration gradient, 5C/5z (mmol m™), was
calculated as

oC _C,-C, )
iz 2-2 (1)

where C is the gas concentration (mmol m™®), z is the depth in meters, C; isthe shallower

concentration, C, is the deeper concentration, z; isthe shallower depth, and z; isthe
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deeper depth. The atmospheric concentration and the concentration at the shallowest
equilibration chamber were used to calculate the concentration gradients from the soil to
the atmosphere. Gradients between groundwater and the vadose zone were calcul ated
using the partial pressure of the respective gas at the shallowest piezometer and the
deepest unflooded equilibration chamber. The concentration gradients from groundwater
to the vadose zone were converted from units of mmHg d™ to pmol L™ day™ using the

following conversions that have units of mmol m™> mmHg*

N,-N conversion=0.4723+0.912* g 0-0385"temperature) (2)
N,O-N conversion =0.0146+0.0635* g"-0-050% temperature) ©)
CO, conversion =181.65+821.47* g 0.04538" temperature) (4)

These conversions are the equations fit to the solubility data of Colt (1980, N>), Weiss &
Price (1980, N,0), and Lange (1961, CO,) divided by the fraction of the gasin the head
space of the solubility experimentsin mmHg (air, N»=593.41 mmHg, pure N,O= 760
mmHg, atmospheric air, CO,=0.266 mmHg).

Excess N,-N and N,O-N diffusional fluxes from the soil to the atmosphere and
from groundwater into the vadose zone were calculated using Fick’sfirst law of

diffusion.

oC
Fq=-D,— (5)
0z

where Fy is equal to the diffusional flux (umol m? d™), Ds is a tortuosity-corrected
diffusion coefficient (m? day™), and 8C/8z is the concentration gradient (mmol m™). The
gaseous diffusion coefficients of N, N2O, and CO, in air were obtained from Massman

(1998) and were corrected for temperature, pressure, porosity, and tortousity according to
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the Buckingham-Burdine-Campbell model for gas diffusivity in undisturbed soil

(Moldrup et al. 1999):

DS _ , £ 2+g
D, ! [¢J ©

where Ds is the gas diffusion coefficient in soil (m* d™), Dy is the diffusion coefficient in
the free atmosphere, ® is total porosity (m> void volume m™ soil), and ¢ is the volumetric
air content m*air m™soil. Values for the Campbell soil-water retention parameter (b)
were taken from Clapp and Hornberger (1978). N, diffusion coefficients in water were
obtained from Wise and Houghton (1966), and a regression of temperature versus N,O
diffusion coefficient values was formed using compiled literature values (Hamborg et a.
2008, Heincke and Kaupenjohann 1999). The CO, diffusion coefficients were obtained
from Mahargih and Walkley (1972). The aqueous diffusion coefficients in groundwater

were corrected for tortuosity (Popovic¢ova and Brusseau, 1997):

D 2

DLZV =¢° (7)
where Dy, is the diffusion coefficient in groundwater (m* d*), Do is the diffusion
coefficient in free water, and @ is the porosity (m> m).

Soil water content (0, m> water m'3soi1; 0=0-¢); data were collected using time
domain reflectometry (TDR) with the Trime®-Pico IPH and Pico-BT. Thisinstrument
provided both porosity (@) and volumetric water content (8) for the July, August, and
September 2010 water content values. Prior to these dates water content was estimated.

Surface air temperature and pressure was obtained from the CBOS weather station at the

Horn Point Laboratory, Cambridge, MD (http://hpl.cbos.org/download.php).

130



Results:
Water table depth and temperature

2009 and 2010 were very different yearsin terms of rainfal (Fig. 3.4 A,B). 2009
was an unusually wet year receiving 114.4 cm of rainfall, and 2010 was adrier than
average year, receiving 87.1 cm of rainfal. Over the past six years, the average amount
of rainfall per year was 97.9 cm, and the long term averageis 110 cm y™* (Leeet al.
2001). Rainfall isnot seasona inthe Mid-Atlantic U.S.A.; precipitation events are
relatively evenly distributed throughout the year (Fig. 3.4A, B, Fisher et a. 2010).

The depth to the water table varied in response to the rainfall in 2009 and 2010
(Fig. 3.4C). As 2009 was an unusually wet year, the average depth to the water table was
only 0.43 m while in 2010 the average depth to the water table was 1.04 m. In 2009, the
water table fluctuated considerably in the summer months as aresult of multiple
infiltration events (Fig. 3.4C), which is not typical, and is not seen in 2010 (Fig. 3.4C).
The rapid rise in groundwater level in the fall typically occurs within a month time frame
in October to November, which is evident in the 2010 data. The water table intersected
the soil surface in both 2009 and 2010, but the water table remained closer to the soil
surfacein fall 2009 and winter of 2010 than in fall 2010.

Groundwater temperature followed a seasonal cycle similar to but delayed
compared to the seasonal atmospheric temperature cycle in the Mid-Atlantic (Fig. 3.4D).
Although 2009 was significantly wetter than 2010, the seasonal temperature cycle was
maintained, and the average temperatures were amost exactly the same, 13.62°C and

13.65°C for 2009 and 2010, respectively (Fig. 3.4D). The groundwater temperature
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variability was dightly greater in 2010, with temperatures ranging between 7.1 and 19.8

°C in 2009 and between 6.67 and 20.24°C in 2010.

Gas Profiles

The excess N2, N2O, and CO, data are presented in order of addressing the
hypotheses. First, the combined measured gas profiles in the vadose zone and
groundwater are presented showing that we can measure excess N, profilesaswell as
N>O and CO, profilesin the vadose zone. Second, calculated diffusional fluxes of excess
N2, N2O, and CO, out of the groundwater and into the vadose zone are presented to
answer whether these fluxes can account for the missing N on the transect scale. Lastly,
estimated diffusional fluxes of excess N, N,O, and CO, from the soil surface are
presented based on the measured vadose zone gas profiles.

We were able to detect excess N, concentrations in the vadose zone and construct
gas profiles from groundwater into the vadose zone (Fig. 3.5A). These profiles are
expressed in partial pressure units of mmHg to standardize the units between the gas
dissolved in water and the gas present in the vadose zone. Excess N partial pressure was
highest in groundwater at 2-3 m depth below ground and decreased towards the soil
surface (Fig. 3.5A). Within the vadose zone, the partial pressure of excess N>-N was
positive (excess N, present relative to atmospheric air), negative (a deficit of N, relative
to atmospheric air) or zero (no significant excess or deficit in Ny, Fig. 3.6A). However,
excess N, in the vadose zone was aways less than the partial pressure of excess N>
dissolved in groundwater (Fig. 3.5A). The vadose zone profiles of excess N>-N showed

evidence of excess N, production in the vadose zone (Fig. 3.6A). An example of thisis
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June 2010 when a mid vadose zone maximum was observed at 1.0 m (Fig. 3.6A). The
large negative excess N, values observed at 1.0 and 1.5 m for July 2009 are likely the
result of soil and/or groundwater physical processes that are discussed below.

The partial pressure of N,O was large in groundwater, and decreased towards the
soil surface (Fig. 3.5B). The concentration of N,O was aways highest in groundwater at
the 3.1 m piezometer and decreased upwards approaching the water table. The highest
N>O concentration in the vadose zone profile was typically seen at the deepest
equilibration chamber, but production of N,O in the vadose zone was inferred from the
convex gas profiles (Fig 3.6B). Production of N,O appeared to occur in the vadose zone
(Fig. 3.6B), but the largest partial pressure of N,O was always observed in groundwater
(Fig. 3.5B).

The partia pressure of CO, increased with depth below the soil surface (Fig.
3.5C). The peak in CO, concentration was always seen at or below 1.0 m, but the peak
concentration was not always observed in groundwater (Fig. 3.5C). More accumulation
of CO, was observed in the vadose zone profiles than either the excess N, or N,O vadose
zone profiles (Fig. 3.6C). The largest measured CO, value (3160 pmoles CO, L™ air)
shown in Figure 3.6 C was taken in June 2010 at the 1 m sampler. Thisvalue was
equivaent to 7.1 vol % of the soil gas and coincided with the large excess N, (600
umoles N, L™ air) and N2O (0.2 pmoles N,O L™ air) values measured at that depth on the
same date.

O, concentrations generally decreased with depth through the vadose zone and
into the groundwater (Fig. 3.5D). In the vadose zone in December 2008, O, was near

atmospheric values and decreased with depth. Vadose zone O, measurements are only
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available for December 2008 before O, was trapped out of the sampling stream. CREP3-
4 had higher concentrations of O, at 3.9 m (88 mmHg for Dec. 08, and ranged from 70-
110 uM O, over the sampling period 2008-2010) than the shallower two piezometers
(10.6 mmHg for Dec. 08, 10-50 uM O, over the sampling period 2008-2010), likely
because it was sampling a flow path that originated further into the agricultura field (Fig.
3.5D).

The ratio of N,O/excess N, concentrations increased downward from the soil
surface (Fig. 3.7). The N,O/excess N, concentration ratios in groundwater were high,
greater than the typical 0.01 to 0.05 observed at our other sites (Fisher et a. 2010). The
N,O/excess N, concentration ratio in the vadose zone was considerably smaller because
the concentration of N,O was typically small while the concentration of excess N, was
often large in both the positive and negative directions. Ratios when the excess N,
concentration was zero were not used in Figure 3.7.

The dissolved NOg3' in groundwater was moderate at this site (50-210 uM NO3™-N,
Fig. 3.8). At other agricultural locations in the Choptank, groundwater NO3™ ranges over
200-1000 UM (Fisher et al. 2010). The concentration was consistently between 100 and
200 uM NOs3™-N at the 3.9 m piezometer, and temporally varied most at the shallowest
2.1 m piezometer. NO3 concentrations in the soil water of the vadose zone were not

measured.
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Calculated diffusional flux of excess N, N>O, and CO, from groundwater into the
vadose zone

Groundwater concentrations of NOs', excess N, and N,O were measured monthly
in 2006 (NOs" and excess N») and 2007 (N.O). These data are used as the concentration
datato estimate the missing N on the transect scale. The 2008-2010 data were not used
because the data were not collected monthly. The median concentration of NO3” was
higher at CREP2 than at CREP3, which was |ocated on the hydraulic gradient below
CREP2 (Fig. 3.9). The observed hydraulic gradient slopes from CREP2 to CREP3
(Sutton et al. 2010), and the piezometers are less than 10 m apart. We therefore assumed
that the groundwater generally flowed from CREP2 to CREP3. The median
concentrations of NO3z', NH,4", excess N,-N, and N,O-N at CREP2 and CREP3 were used
to estimate Ngmz and Ngumz (Fig. 3.9). If all of the measured NOs NH,4", excess N2-N,
and N2O-N at CREP2 (Ngm1) were detected down the hydraulic slope at CREP3 as either
NOs’, NHa, excess N2>-N, or N>O-N, then we would estimate no loss of N to the vadose
zone between the two piezometers. However, the median values at CREP2 and 3
indicated that only 71% of the Ngm1 at CREP2 appeared at CREP3 as Ngmp, and that
there was amedian missing N of 138.5 uM N at CREP3. The missing N was potentially
lost as N2 or N,O to the vadose zone via diffusion, diluted by local infiltration of low
concentration N water, or consumed or transformed by other microbia or plant processes
(Fig. 3.9).

The estimated excess N, and N,O diffusional fluxes from the shallowest sampled
groundwater piezometer to the deepest sampled vadose zone equilibration chamber from

December 2008 through August 2010 are presented in Table 3.1. Themissing N can be
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converted from amissing concentration (138.5 uM N) to adiffusional flux that would
need to occur between CREP2 and CREP3 (9.73 m apart) to account for the missing N.
The diffusional flux required to create the missing N can be calculated by knowing the
travel time and the vertical diffusion distance. The travel time can be calculated from the
average hydraulic conductivity (0.51 m day™, Chapter 2) and was 19.2 days. The median
distance over which the diffusion took place was 0.88 m, which was the difference
between the shallowest piezometer (2.1 m) and the median depth to the water table in
2007 (1.2 m). Thediffusional flux that would need to occur to produce aloss of N of
138.5 pM N between CREP2 and 3 would be 6,348 pmol m? d™*. The calculated excess
N-N fluxes from groundwater to the vadose zone ranged between 4.4 and 24 pmol m? d
! and the calculated N,O-N fluxes from groundwater to the vadose zone ranged between
0.2 and 1.4 pmol m? d* (Table 3.1). Together, these excess N,-N and N,O-N cal cul ated
fluxes only account for between 0.07 and 0.4 % of the flux that would be required to
create amissing N of 138.5 uM. Therefore, the missing N between the two piezometers
cannot be the result of adiffusional flux from groundwater to the vadose zone (Fig. 3.9),
and the data do not support the hypothesis.

The alternative hypothesis was that some of the missing N at the transect scale
was accounted for by plant uptake and/or dilution of low N infiltrating water. Peterjohn
and Correll (1984) estimated N vegetative uptake within their riparian buffer to be 77 kg
N ha* yr* or 1510 pmol N m?d™*. N vegetative uptake at this rate between CREP2 and
CREP3 could account for 24% of the missing N (6,348 pmol m d™*) on the transect

scale.
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Plant uptake appears to potentialy be able to account for 24% of the missing N
and dilution has the potential to account for the remaining missing N on the transect
scale. In 2010, the cumulative increase in water table height due to infiltration events
was 4.5 m (Fig. 3.4c). Corrected for porosity and an assumed yearly average %WFPS of
50% in the vadose zone, this water table height increase translates to 0.57 m® water m™
land area. The median water table depth above the bottom of the piezometer at CREP3
was 0.88 m, or a porosity corrected water depth of 0.22 m or 0.22 m® water m land area.
As amaximum estimate, only 28% of the nitrogen from CREP2 would reach CREP3 if
all of theinfiltration mixed into the median porosity corrected water depth at CREP3. In
contrast, | observed 71% of the Ngym1 of CREP2 at CREP3 as Ngm2. Dilution by local
recharge clearly has the potential to explain the missing N.

The N,O/excess N, ratio is often used to understand the efficiency of
denitrification. Locations efficient in denitrification are considered to have the maority
of the denitrification product accumulating as excess N, while inefficient sites have large
accumulations of N2O. The N,O/excess N, ratio of the calculated fluxes over the water
table ranged from 0.02 to 0.21 (Table 3.1). This site often had a high dissolved
N2O/excess N, ratio, ranging from 0.02-0.26, but in the previous 2007 sampling period it
was as high as 0.54 (Chapter 3). The mgjority of our other sites had dissolved N,O/excess
N> ratiosin the range of 0.01 to 0.05 (Chapter 2).

The diffusive flux of excess CO, across the water table was high, but not always
from groundwater to the vadose zone (Table 3.1). Sometimes the excess CO,
concentration in the vadose zone exceeded the dissolved CO, concentration and caused a

diffusive flux from the vadose zone into groundwater (Table 3.1). The flux into
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groundwater was observed in June, July, and August, but not all of the dates within these
months showed diffusional fluxesinto groundwater. The fluxes across the water table
ranged from -1730 to 1015 pmol m® day™* (Table 3.1). Occasionally, a negative flux was
observed within one transect, and a positive flux was observed in the other transect (e.g.,
August 6" 2009, Table 3.1). Thisvariability illustrates the heterogeneity observed within

soils even just meters apart and emphasi zes the need for replication.

Calculated diffusional fluxesfrom the soil surface

Fickian diffusion was also used to estimate the flux of excess N, N,O, and CO;
from the soil surface. Concentration gradients were cal culated from the shallowest
equilibration chamber to the atmosphere, and are displayed in Table 3.2. The excess N»-
N concentration gradients ranged from -384 to +586 mmole N m™. The N,O-N
concentration gradients ranged from -0.01 to +0.88 mmole N m™, and the CO,
concentration gradients ranged from +1100 to +7770 mmole m™. Large concentration
gradients did not always tranglate into large fluxes from the soil surface because the
diffusivity coefficient used in the calculation of diffusion can be greatly decreased by
small volumetric air contents (equation 6).

The calculated diffusional fluxes of CO, from the soil surface were aways
positive, while both positive and negative excess N, and N,O diffusional fluxes were
calculated (Table 3.2). The calculated fluxes of CO, ranged from 10.9 to 180 mmol CO.-
C m? day™, the N,O fluxes ranged from -0.0003 to 0.0019 mmol N,O-N m? day™, and

the excess N»-N fluxes ranged from -11.9 to 17.3 mmol No-N m™ day™.
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The calculated fluxes from the soil surface were similar or considerably larger
than the calculated fluxes from groundwater into the vadose zone. The N,O flux
estimates from groundwater into the vadose zone were bracketed within the range of N,O
fluxes from the soil surface, but the median flux from the soil surface (3 i mol m? d?)
was greater than the median flux from groundwater (0.64 p mol m? d?). The calcul ated
flux of excess N, from the soil surface (-12 to +17 mmol No-N m? d*, Table 3.2) was
three orders of magnitude greater than the calculated flux from groundwater into the
vadose zone (4-23 umol No-N m? d?, Table 3.1). The highest flux of N,-N from
groundwater into the vadose zone was only 0.13% of the calculated highest flux from the
soil surface. Note that Table 3.1 is expressed in units of pmol m? day™ and Table 3.2 is
expressed in units of mmol m? day™. The CO, flux estimates from the soil surface were
aways positive, while the CO, flux estimates were often into groundwater in the summer
months. The highest calculated flux of CO, from groundwater into the vadose zone was
only 0.4% of the highest CO, calculated flux from the soil surface.

Thisimbalance of gas flux across the water table and soil surface can be dueto
several reasons. (1) Thereisasmaller diffusivity coefficient for the groundwater to the
vadose zone cal cul ations because diffusion is much slower in awater-filled tortuous
environment than a gas-filled tortuous environment. (2) The new vadose zone excess N,
method may only be able to measure high concentrations of excess N; therefore, we are
only capturing high concentrations in the vadose zone that result in the calculation of
large flux estimates from the soil surface. (3) Production of N, and CO; in the vadose

zone must be occurring to maintain this high flux from the soil surface. (4) Physica

139



processes enhance or decrease the N, /Ar ratio in the vadose zone (discussed below). (5)

The measurement error islarge.
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Discussion

The diffusive loss of excess N, and N,O across the water table can only account
for asmall fraction of the N lost horizontally between two piezometers separated by 10 m
(Table 3.1, Fig. 3.9). Other processes, such as plant uptake and dilution by local
recharge, are likely to be responsible for the bulk of the missing N on the transect scale.
Although the diffusive fluxes are small, they represent atransfer of N from groundwater
to the vadose zone. Once excess N, and N,O diffusesinto or is produced in the vadose
zone, it can be measured as excess N, and N»O in the gas phase of the vertical profiles
(Fig. 3.5), using the new method for excess N, described above. These profiles can be
used to estimate the flux of excess N, and N,O from the soil surface to the atmosphere
(Table 3.2). The profiles, fluxes, and the accuracy of these fluxes are evaluated below in

comparison to other valuesin the literature.

Gas profiles

The excess N, and N,O gas profiles are dominated by the large dissolved excess
N> and N,O concentrations in groundwater (Fig. 3.5 A,B). The partia pressure of excess
N was moderate in comparison to other sites that | have investigated on the Delmarva
Peninsula (Fisher et a. 2010), but were still large. The partial pressure of N,O at al three
piezometersis very large compared to other sites (Fisher et al. 2010, Chapter 2); the
concentrations reported here are among the highest that | have observed on the Delmarva
Peninsula. Thereisevidence of production of excess N, and N,O within the vadose

zone, but the largest partia pressures were observed in groundwater. We have shown that
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there was substantial excess N, and N,O accumulation in the groundwater flow paths
under this riparian areathat borders an agricultural field.

The high concentrations of N,O observed in groundwater (4.2 to 38.4 uM N,O-N)
did not trandlate into large concentrations in the vadose zone (Fig. 3.5B & 3.6B). Once
N0 has diffused from groundwater into the vadose zone, the N,O can be absorbed into
the vadose soil water where it can be further reduced to N,. Clough et a. (1999) showed
that NO injected at depth could be denitrified further to N, after passage through the
subsoil. Therefore, the low concentrations of N»O in the upper soil horizon could be the
result of further reduction of N,O to N, upon its journey towards the soil surface through
the more oxic, upper soil horizons (Fig. 3.5D).

The CO, profiles were controlled by the concentration of CO, below 1 minthe
soil column. However, the highest concentrations were not always observed in
groundwater. Large concentrations of excess CO, were observed in the soil profile (0.5-
2mM), with considerable variability observed in the vadose zone (Fig. 3.6C).
Concentrations of CO, in the vadose zone increased to levels greater than dissolved in
groundwater in the summer months likely due to increased respiration in the vadose zone
(Fig. 3.5C). We have shown that substantial concentrations of CO, accumulatein
groundwater and the deeper vadose zone depths (1-3 mM).

The ratio of N,O/excess N, isvery high in groundwater at this site (0.05-0.25).
N>O was either an important end product of denitrification as well as N, or the N,O
accumulated through nitrification. The concentration of O is quite low at the three
nested piezometers (Fig. 3.5D); therefore, the N,O islikely produced through

denitrification as nitrification is an aerobic process. N,O isfavored as the denitrification
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end product at O, levelsthat are low enough, but not optimal, for denitrification. N,O
reductase is limited by moderate O, concentrations more than the other reduction
enzymes (Otte et a. 1996); therefore, at the upper O, denitrification limit, N,O can build
to high concentrations. Although the groundwater N,O/excess N, ratio was high (0.02 to
0.26), other researchers have reported situations where N,O was the dominant
denitrification end product in soils (Mathieu et a. 2006, Ruser et al. 2006). Similarly,
high N,O accumulations have been observed to accumulate in hypoxic and suboxic ocean
waters because oxygen concentrations are sufficiently low for either denitrification or
nitrification derived N,O production (Codispoti and Christensen 1985, Codispoti 2010).

In contrast with groundwater, the N,O/excess N, ratio in the vadose zone was
often quite low (<0.02) dueto large excess N, and low N,O concentrations (Fig. 3.7).
Although the excess N,-N concentrations in the vadose zone were large, we observed
large partial pressures of excess N, in groundwater. If the dissolved N»O that diffused
into the vadose zone was reduced to N, within the vadose zone, then this is another

source that is potentially fueling the excess N, profile.

Missing N on the transect scale

We were unable to account for all of the missing N on the transect scale through
diffusion of N, out of groundwater and into the vadose zone. Diffusion in water isaslow
process, and soils have alow porosity (20-40%) and are highly tortuous; therefore, alow
flux across the water tableis not surprising. The additional missing N is potentially taken
up by plants or diluted by the local infiltration of water with low N concentrations

through the buffer (Fig. 3.9). My calculations indicated that plant uptake could account
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for approximately 24% of the missing N and that dilution by local groundwater recharge
with low N has sufficient magnitude to explain the remaining missing N on the transect
scale. Another possible explanation is that our assumption that the groundwater that
flowed from CREP2 could be sampled later at CREP3 isinvalid. Groundwater flow
paths can be complex (e.g., Chapter 2), but it is generally thought that they flow in curved
flow paths from the point of infiltration to the point of emergence in a surface water

body. Itispossiblethat we sampled two completely different flow paths. However, |
lacked major ion data at this site to test thisidea. Although we could only account for
between 0.1 and 0.53 % of the missing N at the transect scale by diffusion, we were able
to detect differences in the vadose zone concentrations of excess N, that were caused by a
diffusive flux from groundwater and/or by production of excess N, within the vadose

Zone.

Flux evaluation

The N,O and CO; flux estimates to the atmosphere represent the flux driven by
the elevated concentrations at the 0.25 m vadose zone sampler. However, fluxes of N,O
and CO, from above the 0.25 m equilibration chamber were not captured in this study,
and our estimated N,O fluxes are within the low end of N,O-N fluxes summarized by
Eichner (1990). The concentration of N,O within the vadose zone was low, but other
researchers have reported large fluxes of N,O that originated from the top 5 cm of soil
(e.g., Breuer et al. 2000).

The CO; flux estimates were large, but within the range of values reported by

other investigators. Pacific et a. (2008) reported CO, surface flux values from ariparian
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area and adjacent hillslope in Montana to range from approximately 170 to 780 mmol m
day™ over the months June through August, which is the same time that we sampled.
Mander et a. (2008) reported asimilar range of CO, fluxes for riparian buffers, ranging
from median site values of 50-66 mmol m? day™ for the gray alder sites and a median
value of 480 mmol m? day™ from the black alder riparian location with alowered water
table. | believe that our N,O and CO, flux estimates compare well with other reported
values and represent actual fluxes of N,O and CO, from the soil surface. As part of my
post doctoria research | will use chamber methods to evaluate whether the cal culated
N>O and CO fluxes to the atmosphere are reasonable and within range of what | would
calculate from the soil surface based upon the measured soil gas concentration on that
day.

| was able to calculate the flux of excess N, from the soil surface using the excess
N vadose zone profiles. The range of flux estimates was from -12 to 17 mmoles N»-N
m? day™ (Table 3.2). If no additional excess No-N was produced in the vadose zone and
the dissolved N, in groundwater was the only source of N2, then between 3.5 and 6.7
umol N>-N m? day™ would have diffused over the soil surface. The concentration
gradient is calculated from CREP3 in groundwater directly to the aamosphere. The
resulting flux estimates are 1000 times lower than the calculated flux estimates from the
soil surface (-12 to 17 mmoles N,-N) which suggests that production in the vadose zone
isalarge source of excess N»-N.

It isimportant to evaluate whether these computed flux estimates represent an
actual flux of excess N, across the soil surface or whether these apparent excess N, fluxes

are influenced by other processes. Although the positive flux estimates are large, they do
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fall within the range of values reported by other researchers (e.g., Lindau et al. 1990).
Mander et a. (2008) reported N»-N fluxes from riparian alder stands to range from 360 to
1,200 kg ha* yr* which are similar to our positive excess N,-N values (-610 to 880 Kg N
ha' yr, Table 3.2). | only measured the concentration of excess N, in the vadose zone
in the months when the vadose zone was present. Therefore, | have few flux estimates
for late fall, winter, or early spring when the vadose zone was small (Fig. 3.4C). At this
time lower excess N, flux values might occur, or at least alower soil diffusivity
coefficient would be calculated due to the cooler temperatures and increased soil
volumetric water content. | was also only able to detect moderate to large excess N»
concentrations; therefore, low excess N, flux estimates were missed.

The negative excess N»-N fluxes are more difficult to explain from abiological
perspective (Table 3.2). Fulweller et al. (2007) measured nitrogen fixation as a negative
change in the No/Ar ratio in estuarine sediments; however, given the large amounts of
NH.", NO,, and NOs at the agricultural site investigated here, nitrogen fixation is not
likely to be the cause of the negative ratio changes, especially at the greater depths. We
do not believe that the negative excess N,-N values and flux estimates represent an actual
flux of excess N, into the soil, but instead are the result of the physical processes
described below that are associated with temperature changes that occur in soils and
groundwater (Fig. 3.4). However, the positive excess N»-N values could be measuring an
actual excess N flux, but our estimates might be enhanced or reduced by soil physical
processes.

Currently, the flux of excess N, from the soil surface can be constrained only to

within -12 to 17 mmoles No-N m? day™ by directly measuring excess N, concentration
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gradients in the vadose zone and calculating a diffusional flux from the soil surface. In
comparison to typical crop field fertilization rates of 50-150 kg N ha* yr, the calcul ated
soil flux rates are up to six times greater (-610 to 880 Kg N ha* yr*, Table 3.2). This
excess N, rangeis quite large, but it isthefirst attempt at directly measuring the excess
N concentration within the vadose zone of soilsin situ. If the assumption is made that
the largest calcul ated soil surface flux of 881 Kg N ha yr* (Table 3.2) isdueto
biologica nitrogen reduction within riparian buffers, this flux scaled to riparian areasin
the nearby German Branch watershed within the Choptank Basin could account for as
much as 26% of the missing N within that watershed (Fisher et a. in prep). This
calculation assumes a constant 10 m buffer width along the entire German Branch stream
network and also does not take into account additional N reduction in areas other than
riparian areas. If areas other than riparian areas were added into this cal cul ation we could
account for more of the missing N within this watershed. Although the calculated fluxes
are likely affected by both biological and physical processes, similar magnitude fluxes

could account for the missing N at the watershed scale.

Processes influencing vadose zone N, and Ar composition

| calculated the concentration of excess N, assuming that the Ar concentration
remained at the atmospheric concentration in the vadose zone. Unfortunately, the
concentrations of N, and Ar are affected by physical processes in addition to biology, but
these physical effects can potentially be accounted for. We discuss below the biological
and physical mechanisms that affect the concentrations of N, and Ar in the vadose zone.

The cal culated magnitude of each physical process can be found in Table 3.3.
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There are multiple N, source and loss terms in the vadose zone (Table 3.3). These
include the biological processes of denitrification, anammox, and nitrogen fixation, and
the physical processes of solubility-driven diffusion, bubble formation and dissolution
(excess air), CH,4 ebullition events, and evaporation. The concentration of Ar can also
vary but only due to physical processes. These groups of processes influencing gas

concentration are discussed bel ow.

Biological processes

Denitrification and nitrogen fixation may contribute significantly to changesin
the vadose zone No/Ar ratio (Table 3.3). We measured the N,/Ar ratio to calcul ate excess
N> concentrations, which were assumed to be the end product of denitrification. Ideally,
any increase in the No/Ar ratio would be due to biological processes that produced excess
N>. In contrast, nitrogen fixation could cause adeficit in N2 gas, and ideally, any
decrease in the No/Ar ratio would be assumed to be due to this process. Unfortunately,
the soil physical system is complex, and changes in soil properties have the potentia to

affect the No/Ar ratio as well.

Solubility driven changes

Physical processes influencing dissolved gases in groundwater can be a source of
both N, and Ar to the vadose zone (Table 3.3). Groundwater recharge following rain
events primarily occurs during the cooler months in the Mid-Atlantic region (Fig. 3.4).
Infiltrating water acquires its dissolved gas concentrations from the atmosphere as

rainfall or from the soil gases asit percolates through the soil to the water table to
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become groundwater. Seasonal changes in groundwater, soil, and air temperature cause
higher gas solubility in water when it is cooler (winter) and lower solubility whenitis
warmer (summer). Furthermore, N, isless soluble than Ar in water, and the negative
effect of increasing temperature on Ar solubility is slightly stronger than on N solubility.
Thisresultsin asmall, nearly linear, increasing temperature effect on the No/Ar ratio in
equilibrium with air of almost 0.2%/°C (Fig. 3.10). In contrast to seasonal changesin
dissolved No/Ar, atmospheric No/Ar is constant at 83.6. Therefore, infiltrating rain will
bring seasonally varying amounts of N, and Ar gas to groundwater.

Groundwater has long residence times, and heat conduction through the soil
causes seasonal changes in groundwater temperature (Fig. 3.4D). Increasing
groundwater temperature in the spring causes the supersaturation of both N, and Ar, but
the increasing temperature effect has a greater effect in Ar partial pressure dueto its
relatively lower solubility in warmer water. Due to the higher partial pressure increase,
more Ar will diffuse out of the cold groundwater as it warms than N, resulting in an
increased No/Ar in groundwater and a decreased vadose zone N,/Ar ratio (Table 3.3).
Conversely, warm groundwater cooling in fall and winter will preferentially absorb Ar
from the soil gases, lowering the No/Ar in groundwater and enhancing the vadose zone
No/Ar ratio.

Infiltration eventsin the fall and winter may also change No/Ar. This processin
thefall is potentially less likely to affect the No/Ar ratio within the vadose zone if we
make the assumption that the infiltrating water isin equilibrium with the atmosphere
during itsfall to the earth. If the air temperature is similar to the groundwater

temperature, then little effect from infiltrating water is likely as the solubility differences
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will be negligible. If the air temperature is cooler than the groundwater temperature, the
infiltrating water could decrease the No/Ar ratio.

The following exampleis provided to quantify the effect of changing
groundwater temperature. If the temperature of infiltrating groundwater in winter is 7°C
(see Fig. 3.12) and at equilibrium with the atmosphere, the concentrationsin the
recharging groundwater will be 692.9 pmole N L™ water and 18.53 pmole Ar L™ water
(Fig. 3.12A). | will call thiswater “groundwater parcel 1" (GW1) asit moves aong the
groundwater flow path indicated by arrows (Fig. 3.12). Throughout the spring as the
groundwater gradually warms (Fig. 3.12B), the concentrations of N, and Ar could
potentially remain at the equilibrium concentrations of 7°C if there was some hydrostatic
pressure from overlying groundwater and limited exposure to the vadose zone (Fig.
3.12B). The calculated groundwater Ar recharge temperatures at the study location
ranged from 6-17 "C with amedian value of 12°C. By spring, the groundwater warms to
12 °C (Fig. 3.12B) and now has concentrations greater than would be present in
equilibrium with air at the warmer in situ temperature of 12°C (Fig. 3.12B). When
evapotranspiration increases in summer, groundwater levelsfall and temperature
increasesto 19°C (Fig. 3.4), allowing groundwater parcel GW1 from the previous winter
to interact with the vadose zone (Fig. 3.12C). At this point, the gases dissolved in excess
of equilibrium will diffuse from groundwater into the vadose zone. A maximal change
due to solubility-driven differencesisillustrated in Figure 3.12C by assuming isolation of
the groundwater from the vadose zone until a summer sampling. This diffusional flux of
N and Ar out of groundwater and into the vadose zone due to temperature driven

solubility changes would not be associated with a biological process, but could be
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detectable in the N /Ar ratio and could be mistakenly assigned to abiological process.
For the example given in Figure 3.12, if 1 m® of groundwater which recharged at 7°C
comes into equilibration with 1 m® of gasin the vadose zone at 19°C, the solubility driven
changes would result in net increases of 151.8 uM N,-N and 4.34 uM Ar in the vadose
zone, reducing the No/Ar ratio by 0.64%, which is easily detectable by our 0.05%
precision. This calculation assumed that all of the equilibrium excess N, and Ar diffused
into the vadose zone at once, and it illustrates the largest possible solubility driven effect.
Thisexampleis not redistic, but does demonstrate the maximum effect solubility
differences could have on the ratio. The solubility mechanism described could explain
the negative No/Ar values that result in an apparent N, depletion observed in both July
and August and could also explain why the N, depletion increased with depth as the
sampling approached groundwater (Fig. 3.5A). Similarly, the positive excess N, values
seen in December and October could be partially due to the reverse effect, aflux of N,

and Ar from the vadose zone redissolving into the cooling groundwater.

Excessair and air entrapment

Another physical process that could result in an apparent excess of N, in both
groundwater and the vadose zone is air entrapment. Frequent fluctuations in the water
table such as those shown in the summer of 2009 or both wintersin Figure 3.4C, can lead
to air entrapment within the soil matrix below the water table. Entrapped air has been
measured to be as much as 10% of the soil bulk volume (Faybishenko 1995 and citations
within). Entrapped air bubbles within quasi-saturated soils, or soils with entrapped air,

could result in higher proportions of dissolved excess air within groundwater. The
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hydrostatic pressure of the rising water table can partialy or completely collapse
entrapped air bubbles. With such alarge potential volume of entrapped air, it isunlikely
that all of the air bubbles would be completely dissolved, as the hydrostatic pressure
would not be sufficient (Aeschbach-Hertig et al. 2008).

Aeschbach-Hertig et al. (2000, 2008) have proposed a closed-system equilibration
(CE) modél that allows for partial dissolution of gases from the entrapped air due to the

hydrostatic pressure upon the bubble.

Ciw = Ciw (ﬂ] (8)
)

where Cj,, is the concentration of gasi in water, ng is the concentration of gasi in air-
equilibrated water, A isequal to theinitial volume of air (V) in the entrapped bubble
divided by the volume of initially air-equilibrated water (Vy,), B (Vu/Vy) isthefina
volume of the bubble after partial or compl ete collapse over the volume of water (Vy), F
isthe CE-model fractionation parameter which is theratio of the final to the initial bubble
volumes, and H; is the Henry’ s constant. The Henry’ s constants were obtained from
Benson and Krause (1976) and converted to the dimensionless form necessary for the
calculation (Sander 1999). The model was developed for noble gases, which are only
affected by physical processes, unlike nitrogen gas. Therefore, we used this model to
calculate background N,. Theratio of No/Ar dissolved in water increases no matter how
large the bubble, how much of the bubble is dissolved, or what the temperatureis (Fig.

3.10). Asabubbleisforced into solution, more N, would be forced to dissolve above
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equilibrium than Ar. Excessair will cause astronger N gradient out of groundwater
relative to an Ar gradient, thereby increasing the No/Ar ratio in the vadose zone. The
partially collapsed, entrapped air bubble would undergo the opposite effect, and the
N2/Ar ratio within the air bubble would decrease. When the water table dropped and the
bubbles were reintroduced into the vadose zone, the soil gas No/Ar ratio could decrease if

sufficient trapped air was present.

Ingram et al. (2007) have shown that there is a significant relationship between
mean annual water table fluctuations and the % of Ne present over saturation from excess

ar

% ANe= [(Ne[samplel/ N€air equitibriumy) -1] X 100% (10)

Neon is often used to quantify the contribution of excess air in groundwater because of its
relatively high abundance in groundwater, lack of aradiogenic component (e.g., He), and
relative insensitivity to equilibrium temperature (Andrews 1991). Multiple noble gas
tracers alow multiple estimates of groundwater recharge temperature, but these estimates
will be different if excessair is present because the ratio of the gas solubility is different
from the gas volumeratiosin air (Wilson and McNeill 1997). Models have been
developed to determine the corrected groundwater recharge temperature from multiple
noble gas measurements and to determine the amount of excess air entrained in a
groundwater sample (e.g; Aeschbach-Hertig et al. 2000). The largest water table
fluctuation observed at our research site in 2007 was ~ 2.5 m, which corresponds to a %
ANe of 50% based on Ingram et al (2007). In 2009, the water table did not decrease more

than 1.5 m below the surface, and mostly remained within 0.5 m of the surface or less
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(Fig. 3.49). Thisfluctuation would result in a% ANe value of less than 10%. These
estimates indicate that the physical process of excess air dissolution could potentially
influence the No/Ar ratio in the vadose zone, and further noble gas sampling is needed to

estimate the effect of excess air on accumulated N, and Ar in the groundwater of this site.

Degassing events

Methane ebullition and the subsequent stripping of N, and Ar has been
documented to occur in groundwater when methane concentrations are high (Mookherji
et al. 2003, Fortuin and Willemsen 2005, Chapter 2). Blicher-Mathiesen et al. (1998)
have aso reported ebullition of N, that resulted in Ar stripping. We have documented
evidence for CH, ebullition at other sites on the Delmarva Peninsula (Fisher et a. 2010,
Chapter 2), but we have not observed CH, ebullition events at the site described here.
Bubbles caused by CH, supersaturation will strip both N, and Ar from groundwater. As
N> isless soluble than Ar, N, concentrations in groundwater will be stripped more than
Ar. When the gas bubbles reach the vadose zone, relatively more N, than Ar will be

released potentially increasing the No/Ar ratio.

Evaporation and wicking

Evaporation and the subsequent wicking of replacement water from a deeper
depth could also cause a decrease in the No/Ar ratio. In the summer, surface soils are

warmer than deeper soils due to solar radiation warming the soil surface. Evaporation of
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water occurs from the soil surface, and replacement water from a deeper depth iswicked
up viacapillary action. If deeper soil water in equilibrium with cooler temperaturesis
pulled to a shallower depth that is warmer, the gas that diffuses out of the deeper water
will be relatively enriched in Ar, which will cause a decrease in the No/Ar ratio. Asan
example, assume that all of the water from the top 5 cm of soil with a porosity of 0.38 m®
m 3 with a % WFPS of 6.75%, is evaporated and that an equivalent amount of water
wicks up from deeper depths to replace the evaporated water. If the temperature at the
shallower depth (5 cm) is 28 °C and at the deeper depth (30 cm) the temperatureis 22 °C
with a Y%oWFPS of 11%, then we could have a decrease in the No/Ar ratio of 0.04%.
Although thisis asmall decrease, this could potentially be detected as a negative 14/40

ratio.

Atmospheric flushing

A potentia criticism for using excess N, to measure denitrification directly in the
gas phaseisthat excess N, would not build to a detectable level before the profile was
flushed to the atmosphere. Flushing of the vadose zone can occur through infiltration
events or atmospheric pressure changes (Chapter 4). Soil texture and structure greatly
influence the connectivity between the soil and the free atmosphere, and therefore the
flushing time of the vadose zone. Sandier soils have a higher connectivity than fine
textured soils (Paul 2007) such as those on the farm on which the measurements were
made. 2009 was avery wet year, and not only was there very little vadose zone, there

was also alot of infiltration-induced flushing. We have been able to measure changesin
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the 14/40 ratio in the gas phase of the vadose zone, and, therefore the flushing of the

vadose zone appears to be slower than the processes changing the gas composition.
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Conclusions

| was able to calculate fluxes of excess N, from the soil surface using the excess
N profile measured directly in the vadose zone of soils. We calculated the excess N,
concentration by directly measuring the No/Ar ratio in the vadose zone and the reported
measurements are the first reported direct in situ No/Ar measurements in the vadose zone.
N> can be affected by both biological and physical processes, whereas Ar can only be
affected by physical processes. We calculated diffusive fluxes of excess N, from the soil
surface in the range of -12 to 17 mmoles No-N m? day™. The N,O and CO, flux
estimates were in the range of values measured by other researchers. | believe that the
negative fluxes are the result of the physical processes outlined above, and that the
positive fluxes are potentially measuring anet flux of excess N, out of the soil surface,
although these fluxes could be enhanced or reduced by soil physical processes. Currently
it isnot possible to separate the physical and biological processes affecting the No/Ar
ratio in the vadose zone, but | hope to estimate the soil physical processesin future
research by adding additional noble gas measurements (e.g., neon, krypton, xenon) to
separate the biological and physical processes. The N, and Ar concentrations will be
corrected for some of the physical effects mentioned above by creating an appropriate
model for the vadose zone using the noble gases. Also, the Ar concentration can be
measured more precisely with the noble gas method which would eliminate the necessity
for the assumption that the Ar concentration was at the atmospheric concentration. If we
can account for the physical processes using noble gas measurements, this method could
be used to estimate the flux of excess N, from the soil surface which would help find the

“missing N” on the watershed scale.
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Table 3.1 — The calculated fluxes of excess No-N, N,O-N, and CO, and the ratio of
N,O/excess N, fluxes from groundwater into the vadose zone using Fickian diffusion.
The diffusion gradients were calculated from the shallowest piezometer to the deepest

unflooded equilibration chamber.

Flux from groundwater to the vadose zone
pmol m” day'1
excess N,-N N,O-N N,O:Ns,  N,O:N, excess CO,
date transect transect transect transect transect transect transect transect
A B A B A B A B

12/03/08 6.5 6.5 1.35 1.37 0.21 0.21 92 77
12/15/08 0.53 0.37 431 421
07/24/09 19.7 20.2 0.97 0.97 0.05 0.05 -383 -1033
08/06/09 20.8 19.9 1.02 1.04 0.05 0.05 -372 438
08/13/09 114 9.5 0.41 0.34 0.04 0.04 60 268
08/19/09 104 8.5 0.42 0.35 0.04 0.04 62 178
09/15/09 6.8 6.8 0.21 0.21 0.03 0.03 433 340
10/06/09 6.7 6.7 0.47 0.47 0.07 0.07 416 255
10/23/09 5.1 4.4 0.30 0.30 0.06 0.07 750 436
06/18/10 23.3 234 0.66 0.66 0.03 0.03 -333 -434
08/11/10 11.6 11.4 1.25 1.26 0.11 0.11 -59 -185
08/13/10 15.5 15.7 0.28 0.29 0.02 0.02 -244 -1278

min 4.4 0.21 0.02 -1278
median 10.9 0.47 0.05

max 23.4 1.37 0.21 750
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Table 3.2 — Calculated diffusional gradients and fluxes of excess N,-N, N,O-N, and CO,
from the soil surface using Fickian diffusion. The diffusion gradients were calculated

from the shallowest vadose zone sampler to the atmosphere.

date N»>-N ‘ N,O-N ‘ CO,-C N,-N | N,O-N | CO,-C
gradient, nmole m™ flux, mmoles m? day™

< 11/17/08 0.421 | 11495 0.0091 23.8
2 12/03/08 309.65 0.877 | 3978.0 8.31 | 0.0189 82.5
b 12/15/08 0.412 | 2478.5 0.0096 55.2
§ 07/24/09 | -225.93 0.045 | 2929.2 -6.99 | 0.0011 70.0
% 08/06/09 | -236.92 0.095 | 5409.5 -7.09 | 0.0023 125.1
g 08/13/09 152.53 0.300 | 5708.0 4.61 | 0.0073 133.3
s 08/19/09 | -127.64 0.239 | 4839.2 -3.89 | 0.0058 113.9
g 09/15/09 0.00 0.137 | 5566.1 0.00 | 0.0033 128.2
2 10/06/09 377.11 2857.0 10.99 64.3

_‘g 10/23/09 0.00 0.159 | 3338.4 0.00 | 0.0037
= 06/18/10 563.33 0.147 | 1223.4 16.73 | 0.0035 28.1
Er 08/11/10 -57.50 0.112 | 1103.3 -1.80 | 0.0028 26.7
08/13/10 80.24 0.161 | 3303.0 0.34 | 0.0006 10.9

0 11/17/08 not installed not installed
2 12/03/08 116.37 0.868 | 1924.8 3.12 | 0.0187 39.9
b 12/15/08 0.648 | 1684.3 0.0150 375
§ 07/24/09 | -383.76 0.034 | 3682.0 -11.87 | 0.0008 88.0
% 08/06/09 0.00 0.173 | 77711 0.00 | 0.0042 179.7
g 08/13/09 0.00 0.383 | 6414.9 0.00 | 0.0093 149.8
s 08/19/09 -74.71 0.134 | 6122.0 -2.28 | 0.0033 144.1
g 09/15/09 0.00 0.004 | 64594 0.00 | 0.0001 148.8
2 10/06/09 586.32 5106.5 17.08 114.9
_‘g 10/23/09 0.00 3965.6 0.00 89.7
= 06/18/10 580.65 0.064 | 1433.2 17.25 | 0.0015 32.9
Er 08/11/10 80.24 -0.011 | 1354.2 2.52 | -0.0003 32.8
08/13/10 -43.21 0.059 | 7635.0 -0.19 | 0.0002 25.3
min -383.76 -0.01 | 1103.27 -11.87 0.000 10.94
median 0.00 0.15 | 3682.04 0.00 0.003 76.23
max 586.32 0.88 | 7771.10 17.25 0.019 | 179.73

flux, Kg ha yr'l

min -606.70 -0.01 | 479.01
median 0.00 0.17 | 3339.03
max 881.42 0.97 | 7872.16

168



Table 3.3— Processes that potentially alter the N,/Ar ratio in the vadose zone and the degree to which the process might affect

the ratio expressed as a percent increase or decrease.

Increasesin No/Ar relativeto
atmospheric

Percent increasein the
No/Ar ratio

Decreasesin N,/Ar relative
to atmospheric

Percent decreasein
the N,/Ar ratio

Denitrification/ Anammox

0.89% =563 uM N»-N

Nitrogen fixation

-0.89% =563 pM No-N

equilibrium startsto form,
mor e N, will flux out of the
groundwater relativeto Ar.

excess air.

soilsto replace previously
evapor ated water .

Cooling of groundwater in late | Likely slower process, but Warming up of GW in Recharge at 10°C
fall with diffusion of N, and Ar | same magnitude as spring with diffusion of N, | sampling at 18°C
into the groundwater warming of GW and Ar into the vadose -0.42%
zone (Figure 3)

Infiltration of warm Rain=20°C Infiltration of cool Rain=20°C
groundwater that coolsin the | Soil=15°C groundwater that warmsin | Soil=25°C
vadose zone 0.23% the vadose zone A%WFPS = 25%

-0.19%
Complete bubble dissolution — | Small effect. 1ImL bubble Thewicking of cooler 15cm = 27°C
Forcesreatively more N, than | completely dissolved at groundwater with alower | 30cm=22°C
Ar into groundwater When 25°C results in 22.05 uM No/Ar ratioto the surface -0.038%

M ethane ebullition

Unknown, will depend on
the size of the CH, bubbles

Evaporation in the
subsurface

-0.411% (same temps
as above)

Daily salinization of
surface soilsdueto
evapor ation

Salinity=0.5
-0.01%
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Figure 3.1- A) The location of the Little Choptank within the Mid-Atlantic region, B) the
location of the site within the Little Choptank watershed, and C) the location of the
piezometers with respect to the agricultural field. The buffer is a young forest (<10 m

tall) planted in 2000 under the USDA’s CREP (Conservation Reserve Enhancement

Program)
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Figure 3.2 — The capillary inlet system. A fused silica capillary tube is connected to a
Swagelock reducing union via a pierced Teflon ferrule. The inlet system is sealed off
from the atmosphere by a septa and a 2-stage rotary vane pump allows removal of the
previous gas sample. The injected sample passes through a hot water bath, a copper
furnace to remove O, and a liquid nitrogen cryotrap to remove CO; and water vapor

before entering the mass spectrometer.
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Figure 3.3 - A) The effect O, has on the 14/40 signal, B) the effect CO, has on the 14/40
signal, C) The effect O, has on the 14/40 signal with the copper furnace in line to remove
O,, and D) the effect CO, has on the 14/40 signal when CO, has been removed from the

sampling stream by a cryo trap.
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Figure 3.4- The annual rainfall accumulations for 2009 (A) and 2010 (B) and the seasonal
and interannual variations in groundwater depth (C) and temperature (D). The 2010

rainfall data is missing December 13" through December 31°.
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Figure 3.6 — Vadose zone excess No-N (A), N,O-N (B), and CO, (C) concentrations.
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Figure 3.7- The ratio of N,O-N to excess-N,-N concentrations in the vadose zone and
groundwater. The points at 2.1, 3.1, and 3.9 m are the groundwater values and the points

above these depths are vadose zone gas samples.
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Figure 3.8- The dissolved NO3 concentrations in groundwater at the three nested

piezometers
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Figure 3.9 - A cross sectional view of the CREP riparian buffer between piezometers
CREP2 and CREP3. The missing N on the transect scale is computed from medians of
monthly concentration of NO3, NHy4, excess N,, and N,O during 2007. | hypothesized
that the missing N is the result of the diffusion of excess N, and N,O from the

groundwater into the vadose zone between the two piezometers.
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Figure 3.10- The N2/Ar ratio that results from the total or partial dissolution of an air

bubble into 1 L of water calculated using the closed system equilibration model described
by Aeschbach-Hertig et al. (2000, 2008), presented here as equations 8 and 9. The effect
that just temperature (no bubble dissolution) has on solubility is shown as the bottom data

points (stars) connected by the dotted line.
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Figure 3.11 —An example of how changes in groundwater temperature affect the No/Ar
ratio in the vadose zone. As temperatures increase in the spring, N is relatively more
soluble than Ar resulting in a relative increase in Ar over N, in the vadose zone which
decreases the N,/Ar ratio. The boxes in groundwater show the dissolved concentrations
of N2 and Ar and the N,/Ar ratio in groundwater. The boxes in the atmosphere with the
arrow pointing into the vadose zone show the concentrations in the vadose zone. Panel C
shows the concentrations in the vadose zone that will result after the N, and Ar above air
equilibrium dissolved in groundwater has diffused into the vadose zone with the result of

decreasing the N,/Ar ratio.
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CHAPTER 4:
DIFFUSIONAL AND CONVECTIVE FLUXES OF N,O, CO,, AND CH, FROM THE
SOIL TO THE ATMOSPHERE AND CHANGES IN THE VADOSE ZONE GAS

CONCENTRATIONS AFTER RAINFALL EVENTS
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Abstract

The greenhouse gases N,O, CO,, and CHy, are respiratory gases produced in both
the unsaturated and saturated zone of soils. Once produced, these gases will either be
further consumed, or released to the atmosphere via diffusion or convection. To examine
the relative importance of these transport processes, measurements were made in the
Choptank and Little Choptank Basins in two riparian buffers and one hydrologically
restored wetland bordering agriculture. Two transects of equilibration chambers were
installed at each location next to a groundwater piezometer. | have calculated the
contribution of diffusion and the convective fluxes produced by infiltration of
precipitation or decreases in barometric pressure, and | have also measured the soil
concentrations of these gases before and after rainfall events.

Diffusion is the dominant mechanism for the transport of these gases to the
atmosphere. The yearly, combined diffusional and convective flux of N,O to the
atmosphere ranged from 0.1 to 1.5 Kg N,O-N ha™ yr?, which is on the low end of the
range of fluxes reported by other researchers, and the median convective N,O-N flux
constituted 5% of the median total yearly flux. The reported N,O fluxes are only 0.5-2%
of the approximate yearly N fertilization rate of 50-150 kg N ha™ yr™to crop fields. The
combined diffusional and convective flux of CH,4-C to the atmosphere ranged over -0.5 to
12.6 Kg CH,-C ha yr, and the convective fluxes only accounted for 0.31% of the
maximum calculated yearly CH, flux. These CH, fluxes are on the low end of the range
of other reported fluxes. The combined diffusional and convective CO, flux to the
atmosphere was 643-10,627 Kg CO,—C ha™ yr?, and the median convective fluxes

accounted for 20% of the annual median calculated CO,-C flux. These CO, flux
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estimates are in the middle of the reported range of CO, fluxes. The convective flux of
CO, was larger than either N,O or CH,4 because there were greater concentrations of
excess CO; in the soil gas (200-5400 pM) in the upper soil horizon that could be
transported via convective mechanisms. The calculated convective CO, fluxes from the
soil surface were not minor and convective fluxes of high concentration vadose zone
gases should be considered in yearly budgets.

Increased concentrations of N,O and CO, were observed after rainfall events, but
CH, concentrations often remained unaltered or decreased, indicating increased CH,
oxidation. Precipitation events are predicted to increase with global climate change;
therefore, there is the potential for increased production of N,O and CO; and an increased

convective flux via precipitation.
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| ntroduction
Gas exchange between soil and the atmosphere

Soils are major contributors to the global budgets of nitrous oxide (N,O), methane
(CHy,), and carbon dioxide (CO,). All three of these gases are produced naturally as
intermediate or end products of microbial respiratory processes, but the natural carbon
and nitrogen cycles have been enhanced by anthropogenic emissions. All three of these
gases contribute to global climate change as greenhouse gases, and N,O also contributes
to stratospheric ozone depletion (Crutzen et al. 1981). N,O, CH,4, and CO, can be
produced within groundwater and/or the vadose zone. Once produced, these gases can be
consumed or further transformed in the soil, or are transported from the soil surface to the
atmosphere. Positive flux out of the soil or negative flux into the soil occurs through two
mechanisms, diffusion or convection.

Diffusion is considered to be the primary mechanism of gas flux from soils (Jury
& Horton 2004). The rate of gaseous diffusion depends on the strength of the
concentration gradient, which is produced in response to the production or consumption
of a gas, and the diffusivity coefficient of that specific gas. Diffusion in free air is a
relatively fast process in comparison to diffusion in water. Diffusion in an air or water
filled tortuous environment, such as soil or sediment, is much slower than diffusion in the
free atmosphere or water column, and corrections for tortuosity and porosity are routinely
made to the free air diffusion coefficients to estimate in situ soil diffusion (e.g., Moldrup
et al. 2000A, 2000B). Diffusion coefficients are calculated for each individual site and
date because they vary based on the soil porosity and the gas filled pore space of that soil

on that day.
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Convection is the bulk movement of soil air caused by total gas pressure gradients
(Jury and Horton 2004). Physical mechanisms known to cause convection are wind,
barometric pressure changes, temperature fluctuation, and infiltrating water due to
precipitation (Jury and Horton 2004). Fluxes out of the soil due to convection are
generally considered to be low compared to diffusion, but there is the potential for large
convective fluxes if soil gas concentrations are high (Clough et al. 2005).

Each convective mechanism of gas exchange has a different basis. Barometric
pressure changes from low to high pressure approximately every week in the Mid-
Atlantic where this study took place. Pressure changes can work to both “push” air into
the soil when a high pressure system moves into the area, or “pull” air from the soil when
a low pressure system moves in. In the Mid-Atlantic, rainfall is distributed evenly
throughout the year, but percolation of the rainwater to the water table primarily occurs in
the cooler months when evapotranspiration is reduced, unless a major rain event occurs in
the summer. Rainfall that percolates into the soil will first displace soil air, but as the
wetting front moves through, the pores will be refilled with replacement air (Jury &
Horton 2004). Oxygen can also be transported and exchanged with the soil atmosphere

from infiltrating water (Jury & Horton 2004).

Gas production processes

Carbon dioxide is primarily produced through aerobic respiration, which is the
reduction of O, to water and the oxidation of a labile carbon source to CO, (Prescott et al.
2002). Aerobic respiration has the highest energy yield of any respiratory process and is

favored over the other respiratory processes when O is present. Photosynthesis at the
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soil surface consumes CO, using light energy to produce glucose (Prescott et al. 2002),
and the actual flux of CO, to the atmosphere is the net between aerobic respiration and
photosynthesis.

Denitrification is the reduction of NO3™ to N, through the intermediate and
sometimes terminal products of NO,", NO, and N,O (Knowles, 1982). Denitrification is
typically a heterotrophic process that requires a labile carbon source, NO3’, and relatively
low levels of O,. Denitrification can occur after O, is reduced if a NO3™ source is
available. Typically, NO3™ reduction has been associated with denitrification, but other
NOj3 reduction processes can occur, including dissimilatory nitrate reduction to
ammonium (DNRA), chemoautotrophic denitrification, which can be coupled to either
sulfur or iron oxidation, and anammox (Burgin and Hamilton 2007). A benefit to
anammox is that it removes NO3™ from the environment as N, without producing N,O.
More recently, evidence of anaerobic methane oxidation coupled to denitrification
(AMO-D) has also been observed in lab soil cores, but not in the field (Raghoebarsing et
al. 2006). While there are multiple processes that consume NO3 and/or produce excess
N, in this chapter | will refer to the production of excess N, as “denitrification” as it is
well documented to occur in soils, while acknowledging here that other processes may
also contribute to NO3™ loss and N, production.

Nitrification is an aerobic process that oxidizes NHz" to NO3". Nitrification has
the potential to produce N,O, but it is not an obligate step. Nitrification can be
autotrophic as an energy source for fixing carbon, or heterotrophic using labile carbon for
carbon and energy; both processes produce N,O (Wrage et al. 2001). Nitrifier

denitrification is a form of nitrification that oxidizes NH3" to NO,™ followed by the
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reduction of that NO, to N,O and N, (Wrage et al. 2001). Coupled nitrification and
denitrification can also occur simultaneously, and both potentially produce N,O.

Methanogenesis is primarily the reduction of CO, (H, mediated) or acetate to CH,4
(acetotrophy). Acetotrophy is responsible for approximately two-thirds of CH4 produced
(Jones 1991, Le Mer & Roger 2001), and other substrates can be used such as formate,
methylated compounds, and primary and secondary alcohols (Le Mer & Roger 2001).
Methanogens carry out the process of methanogenesis, and are members of the domain
Archea. This process is a redox reaction which results in the least energy production per
unit organic C (Megonigal et al. 2005) and it occurs after all other electron acceptors
have been exhausted in perennially or seasonally saturated areas. CH, can be transported
to the atmosphere through diffusion, convection, ebullition (Mookherji et al. 2003,
Fortuin and Willemsen 2005, Chapter 2), and through plant aerenchyma (Kutzbach et al.
2004).

Unsaturated soils can function as CHy4 sinks through methane oxidation to CO,
(Mosier et al. 1998). Two forms of CH,4 oxidation have been recognized in soils, high
affinity oxidation and low affinity oxidation (Le Mer and Rogers 2001). High affinity
oxidation occurs at lower CH, concentrations close to atmospheric (<12 ppm), and low
affinity oxidation occurs at much higher CH4 concentrations (>40 ppm, Le Mer and
Rogers 2001). CH,4 produced at depth in soils or sediments can be oxidized at shallower,
aerobic depths through CH, oxidation (Conrad and Rothfuss 1991), and variations in CH,4
flux from the soil surface are the net result of methanogens producing CH,4 and

methanotrophs consuming CHa.
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The fluxes of N,O, CHg, and CO, have been shown to be temporally and spatially
heterogeneous (e.g., Goodroad and Keeney 1985, Adrian et al. 1994, Goodroad et al.
1984, Breuer et al. 2000, Mathieu et al. 2006, Yao et al. 2010). Hot moments are a type
of temporal variability and are defined as short periods of time with increased
biogeochemical reaction rates compared to longer periods with much lower rates
(McClain et al. 2003). These hot moments can occur when ideal conditions for aerobic
respiration, nitrification, denitrification, methanogenesis, or methane oxidation, have
been reached. Researchers have shown hot moments with increased fluxes of N,O after
rainfall events, both using soil cores (Ruser et al. 2006) and in the field (Dobbie and
Smith 2003). These flux measurements are often made within chambers, and therefore
provide only the diffusional flux from the surface with little indication of what is
occurring below ground. Increased N,O production has also been observed after soil
thawing (Goodroad et al. 1984, Papen & Butterbach-Bahl 1999, Teppe et al. 2001,
Koponen et al. 2004) and fertilizer additions (Dobbie & Smith, 2003, Meng et al 2005).
Pulses of CO; have also been observed after rainfall events (Morell et. al. 2010, Rochette
et al. 1991) and after soil disturbance such as tillage (Morell et al. 2010).

The majority of soil N,O, CO,, and CHy, studies look at fluxes from the soil
surface using diffusional chambers. Some studies have looked at below ground
concentrations of N,O, CH,, and CO», (e.g., Dunfield et al. 1995), but more recently the
majority of studies use chambers or micrometeorological towers. Elmi et al. (2003)
found large rates of N,O production in subsurface soils, suggesting that a significant
portion of the N,O produced would be missed if only surface fluxes were examined. The

resulting gas concentrations that accumulate in surface gas chambers will be through
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diffusion, and potentially barometric convective fluxes. Micro-meteorological towers
measure both convective and diffusive fluxes averaged over small scale heterogeneity,
but are expensive.

Two main hypotheses will be addressed in the research reported here. The first
hypothesisis that diffusion is the dominant process driving fluxes of N, CO, and CH,4
out of the vadose zone and into the atmosphere at my study sites, but convection due to
rainfall and barometric pressure changes is an important but smaller flux mechanism.
The second hypothesisis that increased concentrations of N,O, CO,, and CH,4 occur in
the vadose zone soil profile after rainfall events. Other researchers have shown increased
flux from the soil surface after rainfall events, but few researchers have looked at below
ground concentrations to see where the increased production is occurring. Both
hypotheses will be addressed in the Choptank River watershed, located within the

Chesapeake Bay basin.
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Methods
Location

This study took place on the Delmarva Peninsula of Maryland, within the Mid-
Atlantic coastal plain (Fig. 4.1). The groundwater and vadose zone of two riparian areas
and one hydrologically restored wetland were investigated on three separate farms
(Mfarm, Rfarm, and EFAG). In accordance with USDA policy, we do not identify
individual farms. Mfarm and EFAG are located in the upper Choptank Basin, and Rfarm
is located just south of the Choptank Basin within the adjacent Little Choptank Basin.
The upper Choptank sampling sites are underlain by the Pensauken Formation, a
fluviatile deposit of Late Cretaceous age, and Rfarm is underlain by the Kent Island
Formation, an estuarine deposit of the middle-Wisconsin period (Owens and Denny,
1979). All three sampling locations border agricultural fields with high NO3" in
groundwater, and therefore have the potential to produce large concentrations of N,O and

N, through denitrification. The characteristics of each site are described below.

Mfarm

The Mfarm site is within a mature forested riparian buffer of approximately 100
m width on both sides of a stream (Fig. 4.2A). A transect of groundwater piezometers
was installed across one side of the buffer in 2005, and two vadose zone gas samplers
were installed at 0.25 and 0.5 m in August 2009. In 2010, additional samplers were
installed next to Mmid, which has a depth of 1.51 m to the center of the piezometer
screen to create two transects of vadose zone samplers at depths of 0.25, 0.5, 0.75, and

1.0 m below the soil surface. The hydraulic conductivity at Mmid is 3.09 cm day™, the

191



porosity is approximately 0.26 cm® cm™ (Chapter 2), and the soil type is Ingleside sandy
loam (Soil Survey Staff, Natural Resources Conservation Service, United States
Department of Agriculture, 2011). Mfarm is an organic farm that uses a corn/soybean

crop rotation.

EFAG

The vadose zone samplers at EFAG are located within a hydrologically restored
wetland of ~300 m width adjacent to a crop field (Fig. 4.2B). A transect of 5 piezometers
was installed in the saturated zone across the wetland in 2008, and the vadose zone
samplers were installed in 2009. Nested piezometers are located at EFWET1 directly
within the hydrologically restored wetland at depths of 4.59 and 0.63 m. The vadose
zone samplers were installed at 0.25, 0.5, 0.75, and 1.0 m next to EFAG2, which is within
the buffer between the agricultural field and ponded wetland (Fig. 4.2B). EFAG2 is 2.61
m deep (to the center of the piezometer screen), has a porosity of 0.345 cm® cm™ and has
a hydraulic conductivity of 35 cm day™ (Chapter 2). The soil type around EFAG2 is
Hurlock Sandy Loam, but the two outer piezometers within the piezometer transect are
situated within Ingleside sandy loam (Soil Survey Staff, Natural Resources Conservation
Service, United States Department of Agriculture, 2011). The agricultural field next to

the hydrologically restored wetland uses a corn/soybean crop rotation.

Rfarm

The sampling location at Rfarm is within a 10 year old Conservation Reserve

Enhancement Program (CREP) riparian buffer separating an agricultural field and a tidal
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creek (Fig 4.2C). A transect of 3 piezometers was installed within the riparian buffer in
2003 with replicate piezometers at the field and near the tidal creek edge (Sutton et al.
2010). In 2008, two rows of vadose zone samplers were installed at depths of 0.25, 0.5,
0.75, 1.0, and 1.5 m next to CREP3, which has a depth to the center of the piezometer
screen of 2.1 m. In 2009, two additional piezometers were installed around CREP3 at
depths of 3.1 m (CREP3-3) and 3.9 m (CREP3-4, Fig. 4.2C). The porosity of CREP3 is
0.28 cm® cm™, the hydraulic conductivity is 70.9 cm day™ (Chapter 2), and the soil type
is Keyport silt loam (Soil Survey Staff, Natural Resources Conservation Service, United
States Department of Agriculture, 2011). Rfarm uses no-till management practices and is

on a corn/soybean crop rotation.

Sampling methods

Vadose zone samples were acquired using equilibration chambers (Silver et al.
1999). Equilibration chambers are simple and inexpensive to construct. They are
inverted 50 mL centrifuge tubes connected to sections of 3.2 mm (1/8”) copper tubing
with a three-way stopcock at the opposite end. Connections are sealed with Amazing
Goop ® automotive adhesive. Duplicate gas samples were taken at each depth from each
chamber, and these samplers are discussed in more detail in Chapter 3. Two transects of
equilibration chambers were installed at each location. The depth of the equilibration
chambers were randomized at EFAG and Mfarm, but not at Rfarm (Fig. 4.2). Vadose
zone and groundwater samples were taken from December 2008 through August 2010
and were analyzed for excess N2, N2O, CH,4, and CO,. Analytical details are given below.

Samples were taken on 23 different dates, some of which are also used in Chapter 3.
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Groundwater samples were taken from 5.1 cm (2”) inner diameter piezometers
with 30 cm long sampling screens. The piezometers were installed by hand augering at
15 cm intervals, and soil logs were recorded to construct soil profiles for each location.
Several weeks were allowed for soil settling prior to sampling. On the day prior to
sampling, the depth to the water table was measured using a Solinst® water level meter,
and the piezometers were pumped dry using a portable Solinst® Model 410 peristaltic
pump. A slightly smaller diameter fishing float was lowered to the bottom of the
piezometer to reduce gas exchange between the freshly inflowing groundwater and the
atmosphere. The next day the float was removed, and a 5.1 cm (2”) Teflon® bailer was
slowly lowered to the bottom of the piezometer to acquire an undisturbed groundwater
sample. A one-way ball valve prevented loss of the groundwater when the bailer was
removed from the piezometer. A stopcock connected to a 15 cm length of %2 cm Teflon®
tubing was attached to the bottom of the bailer to control flow into duplicate 25 mL
ground glass tubes with ground glass stoppers. The tubes were overflowed from the
bottom with sample and immediately capped and submerged in ice water to prevent gas
exsolution. A separate sample was taken for nutrients, conductivity, and pH, and the in
situ temperature of the sample was taken immediately with a VWR digital thermometer
(NBS traceable accuracy of + 0.3 °C). The groundwater samples were analyzed for
excess N, Ar, and O, by MIMS, and for N,O, CH,, and CO, by gas chromatography.

Automated colorimetric methods were used for NO3™, POy, and NH,".
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Analytical methods

Dissolved and gas phase N,O, CO,, and CH,4 samples were analyzed using gas
chromatographic techniques. N»-purged, 12 mL Exetainers® were used to equilibrate 8
mL subsamples of groundwater with a head space of N, gas at room temperature for N,O
and CH, analyses. For CO, groundwater analysis, 4 mL of groundwater was injected into
an N»-purged 12 mL exetainer that was vented to maintain atmospheric pressure. After
sample injection, the vent was removed and 1 mL of 1N H,SO, was added (Stainton
1973). The samples were then vigorously shaken for 2 minutes to insure full gas
equilibration between the groundwater sample and the N, headspace. The concentrations
of N,O and CO, within the exetainer head space were determined on a Shimadzu GC-
14B equipped with both an electron capture detector (ECD, N,O) with a Porapak Q
column and a thermal conductivity detector (TCD, CO,) with a 80/100 Hayesep Q
column. CH,4 was determined on a Shimadzu GC-8A equipped with a flame ionization
detector (FID) with a HayeSep A column. The dissolved concentration in the original
water sample was calculated using groundwater and headspace volumes, and the
appropriate solubility data for the measured room temperature (Weiss and Price 1980,
Lange 1961). The vadose zone samples were directly injected into the GC from pre-
evacuated exetainers® (12 mL) overfilled with 15 mL of vadose zone gas. Matheson Tri-
Gas standards were used along with a blank and an atmospheric air injection to create a
standard curve. Standard concentrations of NaHCO3 solution were used for the dissolved
CO; standards. For CO; in groundwater, an initial sample was run directly for CO,, and

a second subsample was equilibrated with air and then injected into an N,-purged
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exetainer ® vial as above to measure background CO; in equilibrium with atmospheric
air. The difference between the two measurements is referred to as “excess CO;”.

Groundwater samples were analyzed for N,, O, and Ar using the MIMS method
(Kana et al. 1994). The concentration of Ar within the sample was assumed to represent
physical exchange between air and water at recharge and was used to calculate an
effective recharge temperature of the water at the time of infiltration using the solubility
formulations of Colt (1984) based on Weiss (1970). The Ar recharge temperature was
used to calculate the background N, concentration (e.g., Bohlke and Denver 1995,
Mookherji et al. 2003), and observed N, greater than the background N was considered
“excess N,” due to denitrification and other biological N, production processes.

The concentration of excess N in the vadose zone was determined using the
method described in Chapter 3. This method is capable of precisely measuring the 14/40
or N*/Ar” ratio, of a small vadose zone gas volume. The 14 peak is used to measure N,
gas to avoid potential interference from trace amounts of CO,, which generates the
fragment CO", with the same molecular weight as N,. Only the 14/40 ratio is used to
determine an excess or deficit of N, to eliminate any possible error caused by an over or
under injection of individual gas samples. This method precisely determines the ratio of
No/Ar, but we do not currently have the ability to measure additional noble gases to
determine whether increases or decreases in this ratio are due to biological production or
consumption, such as denitrification and nitrogen fixation, or due to confounding
physical processes in the soils (see Chapter 3).

The volumetric water content of soil at depths below ground was determined

using the Trime ®-Pico IPH and Pico-BT. The Trime-Pico® TDR is a probe that can
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measure the water content of the soil around a piezometer or other access tube. Our
specific TDR was calibrated for schedule 40 PVC pipe, which is what was used for the
majority of our piezometers. The water content of saturated soils was used to determine
soil porosity because the volumetric water content is equivalent to the porosity when the
soil is saturated, assuming that trapped air bubbles within the soil do not constitute a large

volume of the pore space.

Flux calculations
Diffusion

Concentration gradients cause diffusive exchanges between the atmosphere and
the vadose zone, or the groundwater and the vadose zone. Positive concentration
gradients were defined as concentrations that increase with depth, resulting in a net
upward flux from the groundwater to the vadose zone and into the atmosphere. Negative
gradients were defined as the opposite: concentrations that were highest at the surface
and decreased with depth resulting in a net flux into the vadose zone and/or groundwater.
The concentration gradient over depth (5C/5z, mmol m™) was calculated as

== % M
where C; is the shallower concentration (mmol m™), C, is the deeper concentration
(mmol m™), z; is the shallower depth (m), and z; is the deeper depth (m). The units of the
concentration gradient are mmol m™ or mmol m™ per m depth. The atmospheric

concentration and the concentration at the shallowest equilibration chamber (0.25m) were

used to calculate the concentration gradients from the soil to the atmosphere.
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Excess N»-N and N,O-N diffusional fluxes from the soil surface to the
atmosphere were calculated using Fick’s first law of diffusion.

F, = -D, °C @)
oz

where Fyq is the diffusive flux (umoles N m™ d), and D, is the gaseous diffusion
coefficient in air (m* d%). The gaseous diffusion coefficients of Ny, N,O, and CO in air
were obtained from Massman (1998) and were corrected for temperature, pressure,
porosity, and tortousity according to the Buckingham-Burdine-Campbell model for gas

diffusivity in undisturbed soil (Moldrup et al. 1999):

DS_ , E 2+§
o, ! ((ﬁj ©

where D is the gas diffusion coefficient in soil (m? d*), Dy is the diffusion coefficient in
the free atmosphere (m? d™), @ is total porosity (m® m™), and ¢ is the volumetric air
content (m* m™). Values for the Campbell soil-water retention parameter (b) were taken
from Clapp and Hornberger (1978). Soil water content data were collected using time
domain reflectometry (TDR) with the Trime®-Pico IPH and Pico-BT and was used for
the July, August, and September 2010 water content values. Prior to these dates water
content was estimated from the measured water content profiles. Surface temperature
and pressure was obtained from the CBOS weather station at the Horn Point Laboratory,

Cambridge, MD (http://hpl.cbos.org/download.php).

Convection due to barometric pressure decrease
Low pressure systems that move into an area after a high pressure system cause

convective gas fluxes. Low pressure results in the expansion of the pore space gas, and a
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convective loss of gas from the soil to the atmosphere. Samples were not specifically
taken on high pressure days, but 10 dates randomly fell on high pressure days that were
followed shortly by low pressure systems. The volumetric gas filled pore space was
calculated for 25 cm increments for the high pressure system and the low pressure system
using the volumetric water content, which was measured using a TDR. We did not
acquire the TDR probe until 2010; therefore, estimates of gas filled pore space were
made for 7 of the 10 sampling dates based on the measured water content profiles.
Measured volumetric water content values were available for June 18" 2010, July 9"
2010, and July 12" 2010. The water (WFPS) or gas filled pore space (GFPS) can be
calculated by:

Fractional WFPS =6/ @ 4)

Fractional GFPS= 1-fractional WFPS 5)
where 0 is the volumetric water content (m®> m™) and @ is porosity (m* m™). The
calculated high pressure volumetric gas filled pore space (®g) at each 0.25 m individual
depth increment expands because of the decreased pressure, and the difference between
the calculated high and expanded low volumetric gas content (corrected to the new low
pressure) is lost to the atmosphere. Although some of these low pressure systems
inevitably produced rainfall, I made this calculation strictly based on barometric pressure
changes, and calculated changes due to infiltration separately. The volume lost was
assumed to occur from the soil surface without mixing from the deeper soil depths, and
the lost gas was assumed to have the same concentration as the shallowest, 0.25 m

equilibration chamber. These calculations were made for each transect at each location.
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These estimates were scaled up to a yearly time scale for 2009 using the
groundwater depth record from Rfarm, and the barometric pressure changes from a
Solinist barologger located at the Horn Point Laboratory, Cambridge, MD, approximately
8 km from Rfarm. The groundwater depth record was broken into seasons, Winter (Dec.-
Feb.), Spring (Mar.-May), Summer (Jun.-Aug.), and Fall (Sep.-Nov.), and the average
groundwater depth for each season was determined. The yearly average barometric
pressure change between the maximum high pressure and the minimum low pressure was
determined for the 33 low pressure events of 2009. Low pressure systems were defined
as lower than the 10" percentile of all half hourly barometric pressure recordings taken.
If the pressure fell below this 10" percentile, it was defined as a low pressure system.
This consistent approach did not consider the effect of small changes in barometric
pressure. The volumetric water content of the soil for each season was calculated or
inferred, and calculations of flux from the soil surface using the average N,O, CO,, and
CH, concentrations from the 0.25 m equilibration chambers at Rfarm were determined
for the average winter, spring, summer, and fall event. The flux calculations were made
as described in the previous paragraph as the difference between the previous high
pressure volume and the corrected low pressure volume. The difference between the two
being the volume lost from the soil surface. Each seasonal N,O, CO,, or CH, average
flux was then multiplied by 8 for spring, summer, and fall, and 9 for winter, which
represents the number of low pressure systems almost evenly distributed between the
seasons. The spring, summer, fall, and winter fluxes were then totaled to give a yearly

convective gas flux due to low pressure systems.
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Convection due to rainfall events

The infiltration and percolation of rain water into the soil reduces the volumetric
gas filled pore space of the soil, and raises the groundwater level, which causes a loss of
gas to the atmosphere. This loss was calculated using the pre-rainfall TDR measured
water filled pore space and the post-rainfall TDR measured water filled pore space. Soil
gas profiles were taken at 25 cm increments, and the decrease in the volumetric gas
content was determined for each increment. The losses from each increment were then
summed to get a volumetric gas loss at the surface. The measured N,O, CH,4, and CO,
concentrations from the equilibration chamber at 0.25 m depth (transect A and B) were
used to calculate a flux from the soil surface through this mechanism. Transfer of the
gases from the vadose zone into the infiltrating water was considered negligible. It was
again assumed that the gas volume was lost from the top 0.25 m of the soil and that no
mixing of soil gases from deeper depth occurred.

The convective fluxes were scaled up to a year using the 2009 rainfall (from the
Horn Point weather station, www.cbos.org) and groundwater level record from Rfarm.
The previously determined average depth of the vadose zone for each season in 2009, and
the same estimated GFPS from the barometric flux calculations were used. An estimated
average fraction of air lost from the vadose zone at the soil surface due to infiltrating
water was determined based upon 3 measured rainstorms. An estimated loss of the total
soil column air volume per average seasonal rainstorm was calculated from the estimated
GFPS data and the average fractional loss of air for the three rainstorms. As there was no
consistent statistical difference between the number of rainfall events that occurred

during each season, the yearly rainstorms were divided evenly between the seasons. It
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was assumed that the average concentrations of N,O, CH,, and CO; at the 0.25 m
equilibration chambers were representative of the average yearly concentration at this

depth because we have limited spring, fall, and winter data.

Pre and post rainfall sampling

In order to capture the difference between pre- and post-rainfall conditions,
samples were taken prior to large rainstorms in 2010. Samples were taken the day of, or
the day before, a large rainfall event. Two large rainstorms were captured, and a third
attempt was made to capture the rainfall from Hurricane Earl in early September 2010,
but no significant precipitation was recorded. Gas and groundwater samples were taken
again two to three days after the rainfall event in order to allow the water to fully
infiltrate to the subsoils, and allow an incubation time. TDR data was taken before and
after the rainstorms, and | had to assume minimal loss due to evapotranspiration between
the rainstorm and my sampling. Paired t-tests were run to determine if differences existed
between the pre and post rainfall concentrations. The concentration of each respective
gas prior to the rainfall event at each depth in each transect was compared to the

concentration after the rainfall event to determine if a statistical difference existed.
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Results

Diffusive losses

In order to compare the magnitude of groundwater and vadose zone values,
concentrations were converted to the partial pressure units of mmHg. If comparisons
between groundwater and the vadose zone are not being made, the concentrations are
expressed in UM units. At Mfarm and EFAG, the concentration of N,O was always
greater in groundwater than within the vadose zone (Fig. 4.3 A,B). The groundwater
concentrations of CO, were greater than the vadose zone concentrations for all sampling
dates except 7/9/2010 at Mfarm in transect B and 8/25/09 at EFAG where the
concentration was greatest at the 0.25 m A depth. The high concentration on this date is
responsible for the large calculated flux from the soil surface (Table 4.1). Similarly, at
Rfarm, higher concentrations of CO, were observed in the vadose zone than in
groundwater during the summer months of June, July and August (Chapter 3). The
concentrations of CH, are very low at all three locations, but the concentration of CH,4
was always greater in groundwater than in the vadose zone for EFAG and Mfarm except
for 7/12/10 at Mfarm when the dissolved CH,4 concentration was undetectable (Table
4.1).

The calculated diffusive losses of N,O and CO, from the soil surface at Mfarm
and EFAG are positive (Table 4.1). The concentration gradient of N,O-N ranged from
0.09 to 1.64 mmole m™, and the diffusional flux of N,O from the surface ranged from 1
to 29 umoles m™ day™. These fluxes are similar to those seen at Rfarm (range -0.3 to 19
umoles m? day™), although slightly higher (Chapter 3). The concentration of CO, within

the vadose zone was often large, and concentration gradients to the soil surface ranged
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from 755-11,200 mmole CO, m™ (Table 4.1). The calculated flux of CO, from the soil
surface ranged from 7.2 to 235 mmoles CO, m™ day™, which is similar to the Rfarm
reported concentrations (range 10.9 to 180 mmoles CO, m™ day™, Chapter 3).

The concentration gradient of CH,4 between the atmosphere and the vadose zone
was often negative. CH,4 concentrations within the vadose zone were often below
atmospheric (Table 4.1), indicating that a small net flux of CH, was moving into the soil
(-10.2 to -0.4 pmoles m™? day™). Slightly higher positive fluxes were calculated for
August and September 2009 and September 2010 at EFAG, but generally, the
concentrations of CH,4 within the vadose zone at these sites were below atmospheric
(Table 4.1), indicating net CH,4 consumption. Vadose zone CH,4 concentrations for Rfarm
were also low and ranged from 0 to 0.23 uM. Although the accumulated concentrations
of CH, in the groundwater at these locations were low, dissolved concentrations did
accumulate to substantial levels at nearby locations (Chapter 2). For example, a shallow
piezometer at EFAG within a ponded wetland produced substantial concentrations of
CHg in groundwater (median: 311 uM), likely due to its shallow depth in flooded
sediment.

The diffusive losses of excess N»-N to the atmosphere are highly variable. This is
likely due to interacting biological and physical processes which affect both the Ar
(physical) and N (biological and physical) concentrations, and these processes were
discussed in more detail in Chapter 3. The concentration gradient ranged from -585 to
843 mmole m™ which is approximately the same range as the Rfarm gradients reported in
Chapter 3 (-383 to 870 mmole m™). The excess N,-N fluxes from the soil surface ranged

from -28 to 22 mmole m™ day™ or -1200 to 970 kg ha™* yr*. These estimates cannot be
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used to infer denitrification or nitrogen fixation until physical processes, such as
temperature mediated exchange with soil water, are accounted for, which is not yet

possible (see Chapter 3).

Convection
Barometric convective |osses:

Vadose zone gas can be transported from the soil to the atmosphere via
convection due to decreases in pressure from a low pressure system moving into the area
after a high pressure system. | sampled vadose zone gases during 10 high pressure
systems that were followed by a low pressure system (Table 4.2). The changes in
pressure from the time | sampled to the lowest low pressure ranged from 2.8 to 10.7
mmHg, and the time range over which this change occurred was 0.3 to 6.4 days. The
volume lost from the vadose zone across the soil surface ranged from 0.0004 to 0.073 m®
m™, or between 0.34 and 1.32% of the soil column gas volume. In order for a large
volume of vadose zone gas to be lost through this mechanism, a large volume of gas had
to be present in the surface soils. Soils with high water contents do not have large
volumes of gas to lose and therefore will not lose large volumes due to barometric
pressure changes. The convective N,O flux from this mechanism ranged from 0.05 to
1.80 pmol N,O-N m event™ (Table 4.2). In time units, this scales to 0.02 to 2.80 umol
N,O-N m? day™, which is 0.21 to 14.9% of the diffusive flux estimates (Table 4.1). The

convective CH, flux ranged from 0.08 to 0.66 pmol m™ event™ or 0.01 to 2.3 pmol m™

day™, which is -52 to 8.9% of diffusive CH, estimates (Table 4.1). The convective CO,
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flux ranged from 439 to 7,380 pmol m™ event™ or 240 to 11,500 pmol m™ day™, (Table
4.2) which is 0.17 to 18.8% of diffusional CO; flux estimates (Table 4.1 and 4.2).

In order to compare diffusive and convective fluxes at the yearly time scale, it is
necessary to consider the time scales over which these processes operate. Convection at
Rfarm in 2009 was calculated using the groundwater depth record, average 0.25 m N0,
CO,, and CH,4 gas concentrations, and recorded barometric pressure changes. The
average concentrations used to calculate yearly convective loss due to barometric
pressure changes (and for infiltration induced convection described below) were 0.064
UM N,0O-N, 0.087 uM CHpg, and 932.4 uM CO,. Low pressure was defined as the 10th
percentile of all hourly barometric pressure measurements from 2009 (Fig. 4.4B). 33 low
pressure events met this criterion in 2009, and the average barometric pressure change for
these low pressure systems from the previous high was 13.3 mmHg (Fig. 4.4B).
Calculations of gas loss for an average event were made per season and then scaled to the
entire season (Table 4.3). The total gas volume lost during low pressure events from all
four seasons was then combined to give a yearly loss due to barometric pressure changes.
These pressure events scaled up to a yearly time scale accounted for 0.0005 kg N,O-N ha’

Lyr? 0.0007 Kg CH,-C ha™ yr, and 7.3 kg CO,-C ha™ yr (Table 4.3).

Infiltration induced convective losses:

Infiltrating rainwater forces gases from the vadose zone to the atmosphere. There
are two mechanisms: (1) decreases in the depth to the water table, and (2) increases in the
percent water filled pore space (%WFPS) of the vadose zone. The largest volume of gas

lost was from the top of the vadose zone because the surface soil has the largest gas filled
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pore space, and therefore the largest volume of gas to lose (Table 4.4). The top 25 cm of
soil absorbs rain initially and accounted for 49% and 55% of the gas volume lost from a
July 2010 rain event for EFAG and Mfarm, respectively, and 23% from an August 2010
rain event at Rfarm (see Fig. 4.6A, 4.7A, 4.8A). A greater total volume of gas was lost
from Rfarm (0.1 m® m™) because the vadose zone was deeper than at EFAG or Mfarm
(~0.05 m®*m?, Table 4.4). TDR measurements were taken 2-3 days after the rain event;
therefore, the loss in volume is a minimum estimate as evapotranspiration following the
rain could have caused a loss of water from the surface soils. Nevertheless, a large
increase in the %WFPS was observed at all three locations (Table 4.4).

Two rainstorms were sampled in July and August, 2010. Both rainstorms
produced significant amounts of precipitation, and the precipitation totals were 6.9 cm
over 1.5 hours (thunderstorm) and 5.84 cm over ~19 hours, respectively during August
and July, 2010. The July rainfall data was taken from a weather station located at Mfarm,
but if we had used the Horn Point Laboratory (HPL) weather station data we would have
significantly underestimated the amount of precipitation as only 0.79 cm of rainfall was
measured at HPL. However, the HPL weather station was used for RFarm because it is
located less than 8 km away. Precipitation may have exceeded infiltration for the intense
August rain event of 6.9 cm in 1.5 hours, and over land flow may have occurred. The
July event occurred over a considerably longer period of time, potentially allowing
infiltration to keep pace with precipitation. Samples were taken three days apart for the
July event and only two days apart for the August event; therefore, more moisture was

likely lost due to evaporative drying from the July sampling than the August sampling.
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The convective fluxes due to infiltration were pulses of < 1 day. If expressed on a
per day basis, the rates during a fraction of a day were similar to or greater than the
diffusional N,O, CO,, and CH, fluxes (Table 4.1 & 4.4). The calculated convective N,O
fluxes ranged from 3.4 to 5.4 pmole N,O-N m event™, or for comparison, 4.3 to 62.5
umole N,O-N m™? day™. These convective fluxes are similar or slightly greater than the
diffusional fluxes accounting for between 38 and 300% of the diffusional N,O fluxes.
The calculated convective CO, fluxes ranged from 12.2 to 33.4 mmole m? event™ or 15.2
to 534 mmole m™ day™, which is 40 to 112% of the calculated diffusional fluxes. The
convective CH, fluxes fall within the same range or greater than the positive diffusional
fluxes, ranging from 2.5 to 9.7 umole m™ event™ or 3.1-156 pmole m™ day™ (Table 4.4).
The convective fluxes account for between -162 to 305% of the diffusional CH,4 fluxes,
although the majority of the calculated diffusional CH, fluxes were negative (Table 4.1).
Expressing these convective fluxes in per day units is not really relevant because the
three sampled rainstorms all lasted less than a day, but it allows rate comparisons
between diffusional and convective fluxes.

The convective flux from infiltration was scaled to a yearly time scale using the
groundwater depth record, average N,O, CO,, and CH, gas concentrations at 0.25 m
depth, and inferred average seasonal gas-filled pore-space profile. In 2009, rainfall was
measured at the Horn Point Laboratory weather station for 144 of the 365 days (Fig. 4.4A
& 4.5). The majority of these rainfall events were less than 0.5 cm, but one rainfall
measured 5.12 cm (Fig. 4.5). A Kruskal-Wallis one-way ANOVA found that there was a
significant difference between the amount of rainfall that fell per season (p=0.041), but

Dunn’s multiple mean comparison test found no significant difference between the
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seasons. The median rainfall, excluding precipitation free days, was 0.30 cm day™. For
the three rainstorms sampled in 2010, the average post-rainfall volume of gas-filled, pore
space was 51.1 % of the pre-rainfall volume of gas-filled pore space. The post-rainfall
gas filled pore space values were estimated assuming that on average, 51.1% of the pre-
rainfall gas filled pore space remained in the soil after the rain event. The average
convective loss per event was estimated seasonally and then scaled to the entire season
(Table 4.5). The total gas volumes lost per season were then added to estimate a yearly
convective flux due to infiltration. These calculated convective fluxes due to the
infiltration of rainwater scaled up to a year account for 0.02 Kg N,O-N ha yr?, 0.03 Kg

CH4-C hat yr?, and 323 Kg CO,-C ha™* yr™* (Table 4.5).

Production after rainfall

The sampled precipitation events altered the concentrations of gases within most
of the vadose zone and groundwater profiles sampled in summer 2010. The replicate
piezometer transects are displayed separately to illustrate the heterogeneity between
locations less than a meter apart (Fig. 4.6-4.8). As discussed above, measureable
increases in the soil profile water filled pore space were observed after the rainfall event
(Table 4.4, Fig. 4.6-4.8A).

The concentration of both N,O and CO, significantly increased in the vadose zone
after rainfall events at most of the depths (Table 4.6, Fig. 4.6-4.8). Moderate (Fig. 4.6C,
4.7 B,C & 4.8C) and large (Fig. 4.6B) increases in N,O were observed in the vadose zone
between the pre- and post-rainfall sampling as well as no significant change (Fig. 4.8B).

Similarly, the concentration of CO, showed moderate (Fig. 4.6D, Fig. 4.8D), large (Fig.
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4.7 D,E, Fig. 4.8E), and no changes (Fig. 4.6E) in the pre- and post-rainfall profile
concentrations. The concentration of CHy,, if altered, significantly decreased (Table 4.6,
Fig. 4.6 F, Fig. 4.8 F,G). These limited observations show that the dissolved gases in
groundwater were not consistently affected by precipitation events. Dissolved N,O and
CO; significantly increased, decreased, or showed no significant difference between pre-
and post-rainfall, depending on the location (Fig. 4.6-4.8 H, 1, J). The concentrations of
CH, dissolved in groundwater were largely lower than atmospheric at these three sites,

and it was difficult to determine a significant change between pre- and post-rainfall.

Stoichiometry

The profiles of N,O, CH,4, and CO; described above are the result of respiratory
processes, and CO; is produced as a final product through all respiratory processes. If the
concentration of excess CO, is compared to estimators of the electron acceptors
consumed in respiration, in this case excess N, and the deficit in oxygen, a slope of 3.4
results (Fig. 4.9). This indicates that for all oxygen and NOj" that is consumed, 3.4 times
more excess CO; is produced. This is greater than the approximate 1:1 stoichiometry
expected for respiration. The additional excess CO; could be produced by the combined
influences of agricultural liming and soil weathering. The concentrations of SO,
measured in April 2008 and April 2009 at select piezometers ranged from 22.3 to 840
1M SO,4?, and the use of SO, as an alternative electron acceptor could account for some
of the CO;, production. The regression line does not cross exactly through the origin

because other electron acceptors (e.g., Fe™*, SO,) are likely also producing COs.
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Discussion
Diffusion vs. convection

On a yearly time scale, the fluxes to the atmosphere via diffusion are much
greater than the convective fluxes combined (Fig. 4.10). The convective fluxes due to
infiltrating rain transported more N,O, CH4, and CO; than the convective fluxes due to
barometric pressure changes (Fig. 4.10). The total flux of N,O to the atmosphere from
the soil from all three mechanisms is within the range of 0.07 to 1.49 Kg N,O-N ha™ yr™,
and the median convective fluxes constituted 5 % of the median total yearly N,O-N flux
(Fig. 4.10). The total flux of CH,4 to the atmosphere from the soil from all three
mechanisms is within the range of -0.5 to 13 Kg CH4 ha™ yr™, and the convective fluxes
only accounted for 0.3% of the maximum calculated yearly CH4 flux. The CO; flux from
all three mechanisms is 643-10,627 Kg CO, ha™* yr, and the median convective CO,
fluxes accounted for approximately 20% of the median calculated yearly CO,-C flux
(Fig. 4.10). These data clearly support hypothesis 1, although a large percent of CO, was
transported via the convective mechanisms.

On a yearly time scale, the fluxes of N,O, CO,, and CH, are dominated by
diffusional fluxes (Fig. 4.10). It is widely considered that diffusion constitutes the major
soil flux process (Jury & Horton, 2004, Heincke & Kaupenjohann 1999, Clough et al.
2005), but a few studies have found convection to be important (Christensen 1985,
Ohashi et al. 2007). If large concentrations were to build in the soil prior to a rainstorm
when the water table was low and the soil had a low % WFPS, a large volume of high

concentration gas could be transported to the atmosphere. However, this flux occurs over
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a short time frame, making it difficult for this convective flux to account for a substantial

amount of the annual flux.

Concentration & flux comparison

The soil gas concentrations are within the range of reported literature values for
N,O (Heincke & Kaupenjohann, 1999, Dunfield et al. 1995). N,O concentrations 23,000
times the ambient atmospheric concentration have been reported in soils (Heincke &
Kaupenjohann, 1999), but my values were rarely greater than 25 times the ambient
concentration of 8.5 nM. The calculated flux values and yearly estimates were also in the
range of those reported in the literature by review papers (e.g., Liebig et al. 2005,
Heincke and Kaupenjohann, 1999, Munoz et al. 2010) and by other studies, but my rates
are relatively low (Table 4.7).

Rfarm is a location with high groundwater N,O concentrations (Fig. 4.8). The
median N,O concentrations at the three nested piezometers were 7.8, 11.1, and 8.3 uM
N,O-N, for the 2.1, 3.1 and 3.9 m depths, respectively, and concentrations as high as 38.4
uM N,O-N were measured at the 3.0 m piezometer. This nested set of piezometers has
the highest median concentrations of N,O in groundwater that we have observed on the
Delmarva Peninsula.

However, the groundwater N,O concentrations do not translate into high vadose
zone concentrations (Fig. 4.8) or high diffusional fluxes from the soil surface (Table 4.1).
A few plausible explanations for the high groundwater N,O but low vadose zone N,O
concentrations exist. First, | did not frequently measure the groundwater surface

concentration of N,O; therefore, the concentration dissolved in groundwater closer to the
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water table could be lower than the concentrations reported at 2.1 m. Second, N,O can
be further reduced to N in the vadose zone (Clough et al. 1999) or can be absorbed into
the soil water where it can be further reduced to N, (Clough et al. 2005), This disconnects
NO production rates at depth from N,O flux from the soil surface (Goodroad & Keeney
1985, Clough et al. 1999). Due to the tortuous nature of soils, the travel time of a
molecule of N,O can be long, and the longer the molecule stays within the vadose zone,
the higher the chances that it will be further reduced to N,.

Small CH, sinks were observed in the soils at all three sites. The calculated CH,4
oxidation values are within the range or smaller than those reported by other researchers
(Table 4.7). My calculated CH, oxidation rates fall on the lowest end of those reported in
a review paper by Liebig et al. (2005), and decreased CH,4 oxidation rates in agricultural
soils have been reported in the literature (Powlson et al. 1997, Dobbie et al. 1996A, B).
The positive concentrations and fluxes observed at EFAG were minor, but within the
range reported by other investigators (Lindau et al. 1990, Table 4.7). The consumption or
production of CH, at these sites was not important, but at EFAG in particular, large CH,4
production in groundwater did occur down the topographic gradient at EFWET1a.

The CO, concentrations and fluxes seen within our profiles are similar to those
seen by other researchers (e.g., Elberling et al. 2011, Liebig et al. 2005, Pacific et al.
2008, Table 4.7). For instance, the 20 cm measurement values of Pacific et al. (2008)
approached 1800 pmol CO, L, while the median CO, value at Rfarm at 25 cm was 850
uM CO, but the highest value observed in my data set at 25 cm was 1960 uM CO;. The
groundwater concentrations of CO; in the Delmarva locations often exceeded the vadose

zone values, but in summer the deepest depths in the vadose zone often had higher
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concentrations than groundwater (Chapter 3). The soil and groundwater CO,
concentrations were large, and the soil CO, concentration in August 2010 at the 1.5 m
depth at Rfarm represented 12% of the gas composition. The median CO, flux observed
in this data set (36.5 mmol C m™? d) is similar to respiratory CO, fluxes from estuarine
sediments (annual mean=68 mmol C m™ d, Boyton et al. 1980), affirming parallels
between terrestrial soil and aquatic sediment biogeochemistry.

Gas fluxes to the atmosphere varied considerably between gases. The positive
CH, fluxes to the atmosphere were minimal when they did occur, and often minor net
CH, oxidation occurred (Figs. 4.6-4.8), removing CH,4 from the atmosphere. The CO,
concentrations and fluxes to the atmosphere were large, but this does not necessarily
translate into these areas being large contributors to the global CO, budget since CO, will
also be taken up by plants at the surface for photosynthesis. The actual flux of CO, to the
atmosphere will be the net between respiration in the soil and photosynthesis at the soil
surface. Significant groundwater concentrations of N,O accumulated at Rfarm and
EFAG, but did not translate into large concentrations in the vadose zone. Indirect fluxes
of these gases are possible, and groundwater could be transporting large concentrations of

NO into nearby surface waters.

Convection calculations

A few generalizing assumptions were made in the calculation of infiltration
induced convection. Primarily, | assumed that the gas does not mix between depths, and
that the gas gradually fluxes out of the soil with the infiltration of rainwater. Although

these assumptions are likely often valid, infiltration is not always this simple. In order
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for rainfall to infiltrate into the soil, the gas that occupies the pore space needs to be able
to flux out of the soil. If a saturated wetting front moved downward within the soil,
infiltration could confine the soil air below the infiltrating water, inducing piston
pressure, and inhibiting further infiltration (Adrian & Franzini 1966, Wang et al. 1998).
In such a situation, vadose zone gas would not escape, and the water would stay above
the trapped soil gas. Wang et al. (1998) showed that infiltrating water can trap gas
resulting in significantly slower infiltration rates, with occasional gas eruption at the soil
surface. This study shows that our assumptions are only valid if the infiltrating water
displaced the surface gas gradually from the soil surface. Once vadose zone gas is
trapped below rapidly infiltrating water and pressurized, some gas mixing may occur, and
the erupting gas bubbles would likely be a mixture of all the trapped depths together.

When air bubbles become trapped under increased hydrostatic pressure, a portion
of the trapped air can be forced into solution (Aeschbach-Hertig et al. 2000, 2008). N,O
can also be transferred into the dissolved state through diffusion because N,O is highly
soluble. If the concentration of N,O was high in the trapped air, the concentration
gradient would be from the trapped air into the infiltrating water. Instead of N,O fluxing
from the soil surface, the N,O could be transferred from the gas phase to the water phase
and remain trapped within the soil or further percolate down to groundwater.

Even if vadose zone gas does not get trapped under the infiltrating water, N,O
could still diffuse into the soil water. Water within the vadose zone is a potential sink for
N,O if it is reduced to N, (Clough et al. 2005). Large concentrations up to three orders of
magnitude above air equilibrium have been reported to accumulate in soil solution

(Heincke & Kaupenjohann 1999). High % WFPS can lead to the diffusion of N,O into
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the soil water because it is trapped within the vadose zone, and then the dissolved N,O
can be further reduced to N, (Lessard et al. 1996). Infiltrating water could also act to
introduce gases into the vadose zone. Both O, and CH,4 concentrations were often below
atmospheric concentrations in the vadose zone, therefore infiltrating rain in equilibrium
with air could introduce both gases into the vadose zone.

The assumptions made in the calculation of barometric pressure-induced losses of
soil gas are likely reasonable. Pressure changes tend to occur much more gradually than
infiltration events, and without disturbance. The gas is lost because the gas volume
gradually increases from the reduction in pressure, and it is likely that little mixing occurs
and that the gas is lost from the soil surface. Pressure changes in the soil column have
been observed as the result of a change in atmospheric pressure (e.g. Massman and
Farrier, 1992, Choi et al. 2002); therefore, the expansion of the entire soil column in my
calculations is reasonable. Romell (1922) estimated that no more than 1% of soil
aeration could be due to barometric pressure changes, which falls within the range of the
estimates | presented. Scenarios can be imagined, however, where large concentrations
of N,O, CHy, or CO;, built up within the soil profile before a large pressure change from
an elevated high pressure system to a depressed low pressure system. Such a situation
might occur in a hurricane or tornado. Category 3 hurricanes are classified to have
central pressures of 945-964 mb or 708-723 mmHg, considerably lower than normal
barometric air pressure (760 mmHg, Ahrens 2007).

The convective flux calculations were made for either the loss of gas due to
infiltration, or a decrease in barometric pressure, not a simultaneous decrease in pressure

caused by a storm system that produced precipitation. In such a situation, the soil gas
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would be drawn from the soil surface by the decrease in barometric pressure, and then
further flushed by the infiltrating precipitation. These calculations also did not take into
account the increased production or consumption of soil gases that has been reported by
other scientists after rainfall events, but will be discussed below. Convective fluxes of
high concentration vadose zone gas can account for a substantial percentage of a yearly
flux estimate (e.g., CO; in this study). For the low concentration gases, these convective
mechanisms do not substantially affect the yearly flux estimates, but over the span of a
day or a few hours, these mechanisms could be important, short-term fluxes to the

atmosphere.

Surface chambers vs. profile measurements

Instead of using surface chamber-based methods to give a direct flux from the soil
surface, concentration profiles were used to examine the concentrations below the soil
surface to calculate a diffusion-based flux to the atmosphere. Clough et al (2005) stated
that “the fate and movement of N,O in the subsoil is still poorly quantified” which was a
motivation for this research. Both surface chamber-based and profile-calculation
methods have their advantages and disadvantages, which are discussed below.

Logistically, the equilibration chambers (referred to in this comparison as vadose
zone samplers) and surface flux chambers are different. The vadose zone samplers
require some installation time as they need to be hand-augered into the ground and then
left to settle for a period of time. The surface flux chambers on the other hand can be set
up much faster. Once installed, the vadose zone gas samplers can be sampled in less than

5 minutes per sampler, while surface flux chambers require a longer amount of time to
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sample as initial measurements are taken, and then further samples are taken at varying
intervals. One surface chamber can be used to make a measurement of flux from the soil
surface, while multiple vadose zone samplers are required to acquire a gas profile. In my
calculations, however, | only used the shallowest vadose zone samplers to calculate the
composition of the gas flux from the soil surface.

However, the diffusion calculations for vadose zone samplers require knowledge
of the soil physical processes. The diffusion coefficients were not directly measured, but
literature reported, laboratory-measured coefficients in free air were instead corrected for
porosity and tortuosity. Tortuosity corrections were based upon literature empirical
measurements, which were the only option with our resources, but may not be the best
option. The soil surface flux measured in a soil chamber is a direct measurement and
does not require a knowledge of the below-ground soil physical properties, although wind
effects on boundary layer gradients could potentially be under-estimated. Determining an
accurate soil gas flux from the surface using soil concentration profiles is affected by the
accuracy of the diffusivity coefficients and the errors and uncertainties involved in
measuring the actual gas profile (Rolston et al. 1976).

The shallowest vadose zone samplers installed at all three sites were 0.25 m
below the ground. We do not have data from the high C root zone (0-0.25 m), which
potentially produced large concentrations of CO, and N,O.. If N,O, CH,4, or CO; hot
spots exist at the soil surface, | did not include them in the measurements reported above.

Soil flux chambers have some inherent problems associated with their use. The
concentration gradients of gases can be disturbed in the soil by the use of a gas chamber

(Davidson et al. 2002), and the installation of unvented chambers has been found to
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disturb the initially emerging gas concentrations (Christensen et al. 2011). Chamber
mixing is also an issue; chambers without mixing can significantly underestimate the flux
out of the soil surface in comparison to well mixed chambers (Christiansen et al. 2011).
Pressure differentials within the gas chamber caused by changing temperature or the
circulating of gases can cause gases to be sucked out of the soil or pushed into the soil,
which can be alleviated by chamber vents (Davidson et al. 2002). Similarly, syringe
suction of a closed chamber can create a partial vacuum that the soil gases will alleviate
(Bekkue et al. 1995). Even though there are many problems associated with gas
chambers, Davidson et al. (2002) stated that “properly designed and deployed chambers
provide a reliable means of accurately measuring soil respiration in terrestrial

ecosystems.”

Pre and post rainfall measurements- hot moments?

Pre and post rainfall sampling was limited to summer and early fall months when
there was a substantial vadose zone. This limited the measurements mostly to the
summer because the vadose zone on the Delmarva Peninsula largely vanishes in late
autumn through spring (Fig. 4.11A). In the summer, rainfall events along with high
temperatures have the greatest chance of increasing vadose zone microbial respiratory
processes. The increased concentrations of N,O and CO; observed in this study might
not have been observed in the winter, as the vadose zone is much smaller, moisture is
often not limited, and temperatures are considerably lower (Fig. 4.11B). Nonetheless, the
available data support hypothesis 2 concerning the effect of rainfall on vadose zone N,O

and excess N, concentrations, but not for CHa.
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Wetting of the soil typically produced an increase in the CO, concentrations
within the vadose zone, or no significant difference was observed (Fig. 4.6-4.8).
Increased fluxes of CO, from the soil surface have been observed by other researchers
(Rochette et al. 1991, Morell et al. 2010, Mariko et al. 2007). The actual peak of CO,
production was potentially missed from the locations that showed no significant
difference before and after the rainstorms as other researchers have observed increases in
CO; flux from the soil surface within minutes to hours after rainfall events (Lee et al.
2004, Rochette et al. 1991). The immediate pulse in CO, flux has been postulated to
occur from rainfall because the organic layer in the surface soil is often below the water
potential necessary to allow microbial processes to occur. When it does rain, the organic
layer becomes wet, which activates the soil microbes, promoting a flux of CO, from the
soil surface (Lee et al. 2004). However, other researchers have shown a delay in the
peak CO; flux after rainfall events (Hao et al. 2010). This slower response could be from
rainfall induced translocation of substrate to depth, causing an increased pulse of CO,
from deeper soil layers (Lee et al. 2004). Increased water content alone could initiate
increased soil respiration and decreased diffusion away from the area of production,
causing an increase in CO, concentrations within the vadose zone as | observed.

Another factor that can influence the amount of CO, produced from a rainstorm
and the mechanism that produced the pulse is the amount of rainfall received. If a small
amount of precipitation reaches the soil surface, increased CO, production would only
occur in the surface soils (Hao et al. 2010). Larger rainfall events, such as the ones
sampled in this study, are more likely to infiltrate to deeper depths and cause increased

CO; production at depth, which I have shown.
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Wetting of the soil sometimes produced an increase in N,O or produced no
significant change in the soil gas concentration (Fig. 4.6-4.8). N,O surface emissions
have been shown to increase with % WFPS (Breuer et al. 2000, Dobbie and Smith 2001,
2003) and to pulse after rainfall events in the field (Breuer et al. 2000, Dobbie and Smith
2003) or experimentally using soil cores (Priemé and Christensen 2001, Ruser et al.
2006). Rainfall could stimulate denitrification if the % WFPS increased substantially, or
stimulate nitrification if the soils were very dry, and the % WFPS increased moderately.
In laboratory experiments, Khalil and Baggs (2005) and Bateman and Baggs (2005)
found N,O derived from denitrification to be highest from the highest WFPS treatments
(75% and 70% WFPS, respectively), and N,O derived from nitrification to be highest
from the moderate WFPS treatments (30-60%). Although most of these experiments
measure soil core or chamber headspaces, Goodroad and Keeney (1985) observed an
increase in N,O concentration within the soil profile after rainfall events.

Although pulses in N,O have been observed to occur immediately after rainfall
events, | sampled 2 to 3 days after large storms. This strategy was partially based on the
relationship found between increasing N,O emissions and the amount of rainfall received
in the previous three days prior to sampling by Dobbie and Smith (2003). Waiting to
sample also allowed the infiltrating rainfall time to percolate into the subsoils.

The observed production of N,O at my study sites occurred in areas that were not
actively receiving agricultural N. However, denitrification of soil NO3" is the suspected
source of the N,O. The source of NOg3™ in these soils is residual NO3” from years of
previous fertilization, N recycling, precipitation, and groundwater that infiltrated locally

underneath the nearby agricultural field (Chapter 2). Therefore, areas such as agricultural
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fields with a much steadier source of N to the surface soils would likely produce larger
fluxes from the soil surface, and respond with a much larger pulse after rainfall events.
Increased surface fluxes of N,O after rainfall events have been seen shortly after
fertilization (Sehy et al. 2003), and Dobbie and Smith (2003) found increased N,O fluxes
out of the surface soils with increasing %WFPS if 5 mg NOs-N Kg™ was present in the
soil. Similarly, events might be seen in the fall due to crop senescence and biomass
breakdown and conversion of DON to NH," and then oxidation of NH," to NOs™ through
nitrification, potentially producing N,O. Areas that might produce higher responses to
rainfall events are lawns, golf courses, and agricultural fields.

Few significant differences existed in the CH, data before and after the
rainstorms. When significant differences were observed, gaseous soil CH4 concentration
decreased (Fig. 4.6-4.8). Other studies have found relationships between high % WFPS
and reduced CH, oxidation (e.g., Castro et al. 1994, van den Pol-van Dasselaar et al.
1998). Studies that have examined the effect of rainfall on CH, flux typically report no
significant difference between pre- and post-rainfall (e.g., Priemé & Christensen 2001).
CH, oxidation has been shown to be limited in dry soils (Dobbie and Smith 1996b, van
den Pol-van Dasselaar et al. 1998), but the % WFPS of my soils were likely not limiting
(~40% WEFPS before the rainstorm at 25 cm). Potentially, CH4 was produced or
consumed above our 25 cm sampler in the high organic layers near the soil surface, but
we were unable to capture this production or consumption. However, Saari et al. (1998)
found negligible microbial CH,4 oxidation in the organic horizon, and found increased
oxidation of atmospheric CH, when the organic layer was peeled indicating that CH,

oxidation was occurring in the mineral soil, and oxidation increased because the organic
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horizon was restricting the diffusion of CH4 from the atmosphere into the mineral soil.
This study suggests that | captured the majority of CH, oxidation with my sampling
strategy. CH, exchange with infiltrating rainfall could also occur, and in low CH,4

environments rainfall could be a source of CH, to the soil.
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Conclusions

Diffusion is the dominant mechanism that drives transport of the gases N,O, CO,,
and CH, to the atmosphere. Convective fluxes caused by precipitation events or
barometric pressure changes have the ability to affect the short term N,O, CO,, or CH,4
flux to the atmosphere, and the convective flux of CO, did substantially increase (20%)
the CO, yearly flux to the atmosphere. The calculated N,O annual flux estimates fall
within the range of reported yearly flux estimates, but my N,O flux to the atmosphere is
not large compared to other sites. Groundwater concentrations of N,O are substantial,
especially at Rfarm, but these concentrations do not translate into large soil N,O fluxes.
Indirect fluxes to the atmosphere via transport in groundwater to surface water bodies are
possible (but unmeasured here) and could potentially transport substantial concentrations
through this mechanism. The CO, flux from the soil surface is large, whereas the fluxes
of CH, were often slightly negative and into the soil (oxidation of atmospheric CH,),
with occasional small positive fluxes. Increased concentrations of both CO, and N,O
were observed in the vadose zone after rainfall events at all three locations, which has
been observed by other researchers as an increased pulse of either N,O or CO, from the
soil surface, but fewer studies have looked at N,O and CH,4 below ground concentrations
after rainfall events. CH, concentrations sometimes decreased after rainfall events, and
the literature suggested that CH,4 oxidation would be reduced under increased %WFPS
conditions. As global climate change appears to be inevitable, and many areas are
predicted to have increased precipitation and longer dry periods, the increased production

of these greenhouse gases after rainfall events is important to understand.
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Table 4.1- Calculated concentration gradients and diffusional fluxes across the soil
surface. The concentration gradients were cal culated from the shallowest equilibration
chamber to the soil surface, and the flux estimates were made using this gradient and a

diffusion coefficient, corrected for atmospheric temperature, pressure, tortuosity, and

porosity (eg. 2-3).

Gradient Flux
N,O-N] CH, |N;-N] CO, |N,O-N] CH, | N,-N | €O,
Site | Transect| date § pmoles m™ mmoles m?
mmole m A -

day day’

A 12/13/2009] 1.04]-0.10] -240 7.46] -0.94 -2.14
B 12/13/2009) 0.15]-0.08] -255] 1040] 1.04] -0.83 -2.27 7.2
A 7/9/2010] 0.44]-0.04 0] 1397) 13.31| -1.58 0.00] 409
Mfarm B 7/9/2010] 0.15]-0.06] -255] 1046] 4.71| -2.43 -9.66] 307
A 7M2/2010) 1.39]-0.10| -336] 2086] 21.41| -212 -6.42| 3038
B 7M12/2010] 0.48]-0.07| -444] 1498] 7.38] -1.51 -8.48] 221
A 9/2/2010] 0.21] 0.09 0] 2756) 3.02 1.75 0.00] 385
B 9/2/2010] 0.16] 0.26] -312] 1421 2.38 5.21 564 198
A 8/25/2009] 0.59] 8.29] -585]11214] 12.83| 245.63 -15.88] 235.1
B 8/25/2009] 1.32| 3.83| -228] 5804] 28.70| 113.37 -6.20] 121.7
A 9/29/2009] 0.49] 0.37| 843] 9348] 10.24] 10.50 22.13] 189.5

B 9/29/2009 Flooded Flooded
A 6/18/2010] 0.23]-0.11| -65] 2360] 4.98| -3.22 -1.71 48.4
EFAG B 6/18/2010] 0.40]-0.14] 112] 2290} 8.61| -4.01 296 469
A 7/9/20101 0.09]-0.20] -48 955] 3.28|] 1017 224 345
B 7/9/2010] 0.23] 0.00] -130 755 8.63 0.18 -6.10] 27.3
A 7M12/2010] 0.44]-0.21| -461] 3660] 1.55| -1.00 -2.03] 124
B 7127201001 1.64]-0.08] -252] 4486] 5.79| -0.37 -1.11 15.2
A 9/2/2010] 0.18] 0.23 0] 2496) 13.80| 2474 0.00] 188.0
B 9/2/2010] 0.15] 0.14] -286] 2228] 11.61| 14.83 -27.90] 167.9
min 0.09]-0.21] -585 755] 1.04] -1017 -27.90 7.2
median 0.40] -0.06] -240] 2259] 7.46| -0.83 224 365
max 1.64] 8.29] 843|11214) 28.70| 245.63 2213 2351
Kgha yr’

min] _0.05] -0.45] -1221.84] 315
median] 0.38] -0.04 -98.01] 1,598
max| 1.47| 10.76] 969.10]10,297
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Table 4.3— Scaled annual convective flux from the soil surface due to barometric pressure

changes from a high pressure system to alow pressure system.

Average advective | Average advective flux| depth
flux per event per season below fractional
pmol m™ event™ pmol m™ season™ ground GFPS
N,O-N| CH, | CO, | N,O-N| CH,-C| CO,-C m m® m

Summer
Vadose zone depth=0.9m 0.26] 0.35] 3801 2.08 28| 30408 01 0.75
soil temp 20°C 0.25 0.5
8 low pressure systems 0.5 0.25

075 0.15
Fall
Vadose zone depth =0.5m 0.11] 0.15] 1591 0.88 1.2] 12728 0.1 0.65
soil temp 14°C 0.25 0.25
8 low pressure systems 0.5 0
Spring
Vadose zone depth=0.2m 0.054| 0.07] 781.5] 0.432] 0.56] 62521 01 0.5
soil temp 12°C
8 low pressure systems
{Winter
Vadose zone depth=0.15m 0.023| 0.03] 340.7| 0.207] 0.27] 30659 01 0.21
soil temp 5°C
9 low pressure systems

-2 -1
yearly flux due to low barometric pressure changes 3.60 4.83] 52,453 i) nF: yr1
0.0005] 0.0007| 7.3435 kg ha yr
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Table 4.5- The calculated yearly convective flux of N,O, CH4 and CO, from the soil

surface dueto infiltration at Rfarm.

Average advective |Average advective T1lux per] _depth
flux per event season below Pre- Post-
pmol m™ event” pmol m™ events™ ground | GFPS | GFPS
NQO-N CH4 COQ NQO-N CH4-C COz-C m rr]3 ["f'|-3 ["f'|'3 m-3
Summer
Vadose zone depth=0.9m 2.12] 2.89]30841| 76.32] 104.04] 1,113,876 0.1 0.75 0.54
soil temp 20°C 0.25 0.5 0.25
36 rainstorms 0.5 0.25 0.15
Producing on avg 0.7 cm 075 0.15 0
Fall
Vadose zone depth =0.5m 1.61] 2.19]23463] 57.96] 78.804] 844 668 0.1 0.65 0.41
soil temp 14°C 0.25 0.4 0.2
0.5 0.25 0.1
Spring
Vadose zone depth=0.2m 0.415] 0.57] 6050] 14.94] 20.34] 217,800 0.1 05] 0.255
soil temp 12 °C
36 rainstorms
Producing on avg 0.7 cm
Winter
Vadose zone depth=0.15m 0.254] 0.35] 3704 9.144] 12.456] 133,351 0.1 0.31 0.1
soil temp 5 °C
36 rainstorms
Producing on avg 0.7 cm

158.36| 215.64| 2,309,695 pmol m2 yr!
002 003 323.4 kg ha yr’

yearly flux due to infiltration
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Table 4.6- Changes in gas concentrations as a function of depth in the vadose zonein
transects A and B, and at the top of the saturated zone after rainfall events. The up arrow
indicate that the concentrations increased after the rainfall, the down arrows indicate a
decrease in concentration, and ns indicates no significant differences between the before

and after concentrations.

depth| N,O | CH, CQO,
location| m AlBlA|B|AIB

02511111l |ns|ns|ns
= 05 1111l !l |Ins| T |ns
8 |075]1 i 1
= 1

1.51 ns ns ns

0251t tlns|ns| 111
05 | tltlnsins|f 111
0.75
‘1

2.61 ns I

025 Ins 1t Ins| L] 111
05 Ins| tlnsins| 111

EFAG

0.75

% 1 |ns ns 1

i 1.5 |ns|ns| | |ns|ns| 1
2.21 l dry dry
3.1 ! l ns
3.9 i ns ns
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Figure 4.1- The research took place at three locations on the Delmarva Peninsula within
or near the Choptank Basin. Rfarm isindicated by adiamond and islocated in the Little
Choptank Basin, just south of the Choptank Basin, Mfarm (triangle) and EFAG (circle)

are located in the upper Choptank Basin.
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Figure 4.2 — An agerial view of the three study sites. A) Mfarm, a mature forested buffer.
The horizontal distance between the piezometersisto scale, but reduced by a factor of
15. B) EFAG, ahydrologically restored wetland. The horizontal axisisto scale, but
reduced by afactor of 45. C) Rfarm, a conservation reserve enhancement program
(CREP) buffer. The horizontal scale is reduced by afactor of 12. In each site, the stars

represent equilibration chambers, and the filled circles represent piezometers.
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Figure 4.3- Examples of gas profiles from groundwater into the vadose zone at MFarm
and EFAG on September 2nd 2010. Transects A (filled circles) and B (open circles) are
represented separately and the gas concentrations are expressed in partia pressure units
(mmHg) in order to compare gas dissolved in groundwater and gas in the vadose zone.
The dotted line on the N,O, CO,, and CH, panels (E,F) represents the atmospheric

concentrations of N-O, CO, and CH,4
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Figure 4.4- A) The precipitation record from 2009 acquired at the Horn Point Laboratory
weather station. B) The barometric pressure record taken from a datalogger at the Horn
Point Laboratory expressed as a change in barometric pressure from 760 mmHg. The
dashed line represents the average barometric pressure in 2009. Low pressure systems
were defined as being in the 10" percentile of all of the yearly 2009 30 minute data and

the high pressure systems were defined as being in the 90" percentile.
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Figure 4.5- A frequency plot of the rain events measured at the Horn Point Laboratory

weather station, Cambridge, MD (www.cbos.org).
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Figure 4.6 — The effects of a’5.84 cm rainfall event on the fractional water-filled pore

gpace (A), the gas concentrations in the vadose zone (B-G), and the dissolved gas

concentrations in groundwater (H-J) at Mfarm. Starsindicate statistically significant

differences and NS indicates no statistically significant difference. The dotted lines on

the N,O and CH,4 panels indicate the atmospheric concentration of each gas. Transect A

isthe top three panels and transect B is the lower three panels.

depth below ground, m

0.0

0.2

0.4

0.6

0.8

Post,
Vo, tra

infaj

MMid piezometer

i [
0.00

0.25 0.50 0.75

fractional water filled pore space

1.00

depth below ground, m depth below ground, m

depth below ground, m

0.0
+ Mfarm N,O Transect A Mfarm CO, Transect A Mfarm CH, Transect A H
F, B : D F
02§ =
ko * N\ =
d L Pos Faing. “3'\(\‘0 :g
. ~"4in, S *
041 | ~Tair L 5
Y ~ . HS
H > * =1
062 e e io
s % P :g
i * o .
08 f 8
] b=
: i3
10 T 5
h =]
0.0 & + + + + + + + + + + + t e
‘: Mfarm N.O Transect B C Mfarm CO, Transect B E Mfarm CH, Transect B E G
02} * [ NS -
n, NS =2 P s :
o, A, A=
04 2%, %, RNy po nfe"
. S . i’ (e
HEC N ay NS v
062 % NS
H
L
d
08 f
d
n
H
108
e
0.00 025 0.50 0.75 1.00 1.25 1.50 0 250 500 750 1000 1250 15000.000 0.025 0.050 0.075 0.100
N,O-N, uM O, M CH,, M
08 [Postramfaliwatertale " T T T T a2 T T
1.0 ;Fre-«alnfallwaler table i
12¢F b3 H . .
14t H NS i NS é‘J S Ng Pre-ainfall
isl ‘. - B .- o - El .
ic Postraintall  Preainfall - re-rainfal Post-rainfall % Postiainfall
3 3 H H i
20°F A R Pon peuapagaieaag sofon gy Sl Rk e |
06 07 1300 1400 1500 0.00 0.01 0.02 0.03
N,O-N, uM CO,, uM CHy, uM

250



Figure 4.7 — The effects of a’5.84 cm rainfall event on the fractional water-filled pore

gpace (A), the gas concentrations in the vadose zone (B-G), and the dissolved gas

concentrations in groundwater (H-J) at EFAG. Starsindicate statistically significant

differences and NS indicates no statistically significant difference. The dotted lineson

the N,O and CH,4 panels indicate the atmospheric concentration of each gas. Transect A

isthe top three panels and transect B is the lower three panels.
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Figure 4.8 — The effects of a6.88 cm rainfall event on the fractional water-filled pore
gpace (A), the gas concentrations in the vadose zone (B-G), and the dissolved gas
concentrations in groundwater (H-J) at Rfarm. Starsindicate statistically significant
differences and NS indicates no statistically significant difference. The dotted lineson
the N,O and CH,4 panels indicate the atmospheric concentration of each gas. Transect A

isthe top three panels and transect B is the lower three panels.
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Figure 4.9 — A comparison of the O, deficit plus excess N, (electron acceptors) and

excess CO, concentration (electron donors) for groundwater at selected sitesin June

2008.
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Figure 4.10 — A comparison of the median diffusional fluxes with the convective fluxes
through barometric pressure changes and infiltration. The CH, diffusional flux isthe

maximum positive value as the median CH, diffusional flux was negative (into the soil).
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Figure 4.11 — A. The depth of the water table below the ground surface in 2009 (black) in

comparison to 2010 (gray). B. The groundwater temperature in 2009 (black) and 2010

(gray).
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CHAPTER 5:

SYNTHESIS
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| ntroduction

Two ongoing research projects inspired this thesis. The projects were focused on
the “missing N” on awatershed scale, and on the evaluation of the abilities of wetlands to
reduce N in agricultural settings. My research was intended to examine N,O
concentrations in groundwater in relation to the “missing nitrogen”, and to investigate
N>O concentrations as aresult of denitrification in wetlands intended to mitigate NOs' in
agricultural settings. | wasinterested in N>O because it is a by-product of denitrification,
and denitrification has the potential to decrease the concentration of NO3 flowing
downstream, which could improve water quality. Unfortunately, N,O is aharmful
greenhouse gas that has the ability to destroy stratospheric ozone (Crutzen 1981), and the
concentration of N,O has been increasing since pre-industrial times (IPCC 2007). CH4
and CO, became part of the thesis because they are also produced in soils and
groundwater and are greenhouse gases that are increasing in concentration in the
atmosphere (IPCC 2007). Currently, the majority of the world has heard of the imminent
progression of climate change, and reducing our greenhouse gas production is a high
priority. Areasthat are intended to reduce NO3 concentrations flowing downstream,
such as restored wetlands, riparian buffers, and controlled drainage structures a'so have
the ability to produce large concentrations of N,O, CH,4, and CO, in groundwater and the

vadose zone of soils.

Chapter 2

| examined the concentrations of the gases N,O and CH, dissolved in the surface

unconfined aquifer of 10 locations with 64 piezometers located throughout them. These
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areas included natural wetlands, hydrologically restored wetlands, riparian areas,
controlled drainage ditches, prior converted croplands (PCC) and the wet spots within
PCC’'s. The piezometers were located as transects across the different study sites.

The primary limitation of this research was the hydrology of these locations.
Hypothesis 1 and 2 required the assumption that the groundwater flowed from one side of
the management practice to the other down the topographic gradient, connecting the
piezometers within the transect. This assumption istypically made in groundwater
piezometer studies. Unfortunately, evidence from analyses of major ion and hydraulic
gradient data found that this assumption was invaid at many of the locations.
Groundwater does not aways flow down the topographic gradient, and even when it
does, it often flows from a point of local recharge through arelatively confined flow path
towards the groundwater outflow area without much interaction between individual flow
paths. Concentration gradients may exist within single flow paths in these wetlands, but
the gradients were difficult to determine based upon our single transect sampling scheme
amid the complex hydrology.

The invalidation of this assumption also limited the assessment of the ability of
these wetlands to remove agricultural N. The mgor ion and hydraulic gradient data
showed that the piezometers were hydrologically connected at one of the 10 locations.
Connections were not established at the other 9 locations because either the hydrology of
the sites was too complex or the hydrology was not analyzed sufficiently to satisfactorily
connect the piezometers and make claims on the ability of the areas to reduce NO3. At
the PCC Brfarm, a hydrologic connection was supported by the major ion and hydraulic

gradient data, and the concentration of NO3” was significantly reduced after flowing
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through afield wet spot (from 1mM to 16 uM NOg), and the concentration of excess N,
significantly increased from 24 to 308 UM N»-N. Although NOs™ was reduced, only
moderate concentrations of N,O (0.6 uM N,O-N) and CH4 (2 uM CH,) were observed.
N0 typically was equivaent to 0.5 to 5% of the excess N..

Although concentration gradients and N reduction across most transects could not
be satisfactorily determined, | was able to show that alarge amount of the N,O and CH,4
produced within individual piezometers occurred during hot moments. Hot moment
peaks in concentration were observed in the time series data sets, and accounted for on
average 39 and 49% of the total N,O and CH, produced per piezometer but only occurred
for ~ 10% of the time. Ashot moments only last for short periods of time, they are
difficult to sample without spending significant time and resources on a frequent
sampling strategy. Catching these hot moments is important to estimate accurately the
total N,O or CH,4 concentration that accumulated at each piezometer. | did capture
significant variation in N,O and CH,4 concentrations with a one month sampling strategy,
and more frequent sampling may not have produced that much more information relative
to the amount of time required to acquire and process the samples.

Hot spot locations accumulated large concentrations of N,O or CH,4, but not both.
Three N,O and four CH4 hot spots were located in the 64 piezometer data set. N,O and
CH, hot spots had median concentrations greater than 5.5 uM N,O-N and 17.5 uM CHa.
The N,O hot spots were situated in riparian areas or hydrologically restored wetlands
adjacent to agriculture which suggests that wetlands exposed to agricultural NOs™ can
produce large groundwater concentrations of N,O. The CH,4 hot spots were located in

natural wetlands or hydrologically restored wetlands away from the agricultural field or
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within shallow ephemerally flooded soils which suggest that CH,4 production in
agriculturally restored wetlands will only occur when thereis not an agricultural N source
in close proximity. Unfortunately, it is difficult to sample hot spot |ocations without
sampling alarge area, which requires time, money, and land owner permission, and
missing these hotspots would create an illusion that an area was not producing large
concentration of N,O or CH, when it in fact was. The high temporal and spatial
variability of the accumulation of these gases makes sampling for them difficult, but my
sampling strategy captured areas of both unusually high and low CH,4 accumulation.

One of the most interesting observations from this thesis was the evidence of CH,4
ebullition within these shallow groundwater locations. CH,4 ebullition presents a problem
when estimating denitrification because the CH,4 bubbles strip the dissolved
concentrations of all gases including N, and Ar, making it nearly impossible to determine
the denitrification history of a groundwater mass that has entered a high CH, production
area. The CH, bubbles also transfer large concentrations of CH4 from groundwater to the
vadose zone, and these flux mechanisms likely outweigh diffusional fluxes, although the
ebullition flux was not quantified here. Two locations had significant CH,4 ebullition and
both were shallow piezometers (~0.5 m deep) in hydrologically restored ponded wetland
areas (JLAG3aand EFWET1a). Other locations showed CH4 ebullition less frequently in
conjuncture with hot moments, while some locations had no evidence of CH, ebullition
despite high hot moment CH,4 concentrations (e.g., 340 uM CH, at EFFOR2 in Dec 09).
Evidence of ebullition was observed throughout the year, but these events occurred less
frequently in January through April when groundwater levels are high and temperatures

are cooler, and a peak in the number of events was observed in July. For future research,
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it would beinteresting to try to capture one of these events at the soil surface or within
the vadose zone, although the timing of this would be difficult. | have presented
evidence of CH,4 ebullition, but the amount of CH,4 transferred viathis processto the
vadose zone or soil surface is unknown. CH, ebullition might be transferring significant
amounts of CH,4 to the atmosphere, and if so, quantifying this flux would create better
CH, budgets. Before this research could take place, the threshold at which CH,4 ebullition
occurs would have to be analyzed to be able to capture the event with the least amount of
time and effort spent waiting for the ebullition to occur.

The accumulation of both N,O and CH,4 was temporally and spatially variable.
From a management perspective, it would be convenient to have an approximate idea of
how much N>O or CH, accumulation could be expected from a specific type of
restoration or land use. There was a great deal of variability between the piezometers
within categories, and the agriculturally affected wet locations, including riparian areas,
ditch or buffer edges, and wet spots, had the highest concentrations of N,O likely because
of the close proximity to an agricultural N source. The natural wetlands had the largest
accumulations of CH,4 because they lack an N source, and the redox potentials associated
with these areas are often low. Large accumulations of N,O and CH,4 were also observed
at individual piezometers within the hydrologically restored wetlands. EFWET1A, a
shallow piezometer in a hydrologically restored ponded wetland area adjacent to an
agricultural field, had both the largest individual concentrations (hot moments) of N,O
(75 UM N,O-N) and CH, (1014 uM).

In general, nitrification tends to occur under conditions of higher O, (Bremner and

Blackmer, 1978). Nitrification also produces NOs™ as an end product, whereas NOs' is
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consumed in the process of denitrification under low concentrations of O,, with N,
typically being the dominant end product. Therefore, sites that have positive
relationships between %0, saturation and N,O, and NO3z” and N,O could be inferred to be
dominated by nitrification; likewise, sites that have negative relationships between NO3
and N0, and %0, and N,O, could be inferred to be dominated by denitrification. Visual
inspection of the gas relationshipsin Figure 5.1 shows that the highest N,O values were
often measured with low NO3” and low O,, which isindicative of denitrification. The
excess N3 to N»O relationship showed that the highest N,O concentrations had moderate
concentrations of excess N,-N (75-225 uM), and these high N,O values could be due to
inefficient denitrification. Overal, this suggests that the highest N,O values were
produced by denitrification, and that the lower values associated with higher NO3” and O,
were produced through nitrification.

Although N2O production sources can not be conclusively determined from these
relationships, there was supporting evidence for both nitrification and denitrification as
sources of N,O. Denitrification removes N from agricultural systems, while nitrification
transforms NH," to more mobile NOs". N,O produced through denitrification is produced
as an intermediate step in the reduction of N within agricultural watersheds, which
reduces the transport of N downstream. Nitrification mobilizes NO3', which can decrease
downstream water quality, while producing atmospherically harmful N2O.

In general, large concentrations of N,O and CH,4 were observed within the
groundwater of these locations. These concentrations usually exceeded atmospheric

concentrations by several orders of magnitude, indicating that groundwater is potentially
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asignificant source of these greenhouse gases. The importance of transport mechanisms

across the vadose zone to the atmosphere is tested in chapters 3 and 4.

Chapter 3

A magjor limitation in denitrification research is the inability to measure
denitrification directly as an increase in N, concentration in air. Part of thisthesiswas
aimed at creating a new vadose zone method to measure directly the small increasesin N
resulting from denitrification. Thiswas not aminor task. The direct measurement of
denitrification using excess N in the gas phase has not occurred prior to this research
because it is difficult to measure asmall increase in N, from denitrification over the high
background concentration of N, in air (78%). My thesis research, in collaboration with
Todd Kana, resulted in a new method that measures with high precision (0.05 % CV) the
N/Ar ratio in soil gas, with the aim of directly estimating an increasein N, from
denitrification.

| had hoped to measure increasesin N directly in order to estimate denitrification
in soilsin relation to N,O concentrations. The direct measurement of N,O in air is easy
because of the low background concentrations of N,O and the high sensitivity of GC-
ECDsfor N2O. High concentrations of excess N, and N,O dissolved in groundwater
have been observed all over the Delmarva Peninsula (Fisher et a. 2010), and |
hypothesized that these high dissolved excess N, and N,O concentrations would diffuse
out of groundwater and into the vadose zone, potentially accounting for the missing N on
the transect scale. The missing N on the transect scale was measured as the differencein

N between two piezometers on the same hydraulic gradient. Once the excess N, diffused
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out of groundwater, | hypothesized that | would be able to measure the diffused excess N,
asavertica profilein the vadose zone. The profile could then be used to estimate the
diffusion gradient and diffusive flux of excess N, from the soil surface.

Significant differences in concentrations of N often occur in groundwater between
piezometers on the same hydraulic gradient. For example, the sum of NOsz', NH,", excess
N>, and N,O often decrease along a hydraulic gradient from an agricultura field through
abuffer. We have often assumed that the decrease in N occurred because excess N, and
N»O had diffused out of the groundwater and into the vadose zone due to the high
concentrations dissolved in groundwater. My direct measurements and cal cul ated
diffusional fluxes did not support the hypothesis that all of the missing N on the transect
scale was diffusing into the vadose zone because only between 0.1 and 0.5% of the
missing N could be accounted for in calculations of diffusional flux from groundwater to
the vadose zone. Potentially, the missing N was taken up by plants within the transect,
could be caused by locally infiltrating water with low N content from the buffer, or was
the result of sampling different groundwater flow paths.

Within the vadose zone, | was able to measure vertical profiles of partia pressures
of excess N2, N2O, and CO,. The excess N, and N,O profiles showed high partiad
pressures dissolved in groundwater that decreased towards the soil surface. The CO,
concentrations were always highest below 1.0 m, but the partial pressure was not always
highest in groundwater. Production and consumption was inferred by concave or convex
vadose zone profiles. Both positive and negative excess N, concentrations (below
atmospheric N, concentrations) were observed in the vadose zone, and the negative

excess N, values are thought to be a result of solubility differences driven by seasonal
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temperature effects on both the concentrations of N, and Ar. The positive concentrations
of excess N, could also be influenced by these physical processes and | plan to employ
other noble gases (neon, xenon, and krypton) in future research to separate the biological
processes from the physical processes.

Physical processes do not affect the estimation of N,O and CO, in the vadose
zone because absol ute concentrations are measured, not ratios. The calculated N,O and
CO; fluxes from the soil surface were within range of other reported fluxesin the
literature. The positive excess N, fluxes from the soil surface were on the high end of
reported fluxes by other researchers (-607 to 881 mmoles No-N m™? day™). The negative
calculated fluxes appear to be aresult of solubility-driven differences. Although this
range of estimated fluxes from the soil surface includes values sufficient to explain the
missing N on the watershed scale, we currently cannot determine the source affecting the
No/Ar ratio in the vadose zone and therefore cannot assume that increases in excess Nz in
the vadose zone are due to biological denitrification. Temperature-driven changesin
solubility could also produce N,/Ar relationships that are similar to those associated with
denitrification fluxes, and | hope to estimate the soil physical processes by adding
additional noble gas measurements (e.g., neon, krypton, or xenon) to separate the
biologica and physical processesin the future. If | can account for the physical
processes using noble gas measurements, this method could be used to estimate the flux
of excess N, from the soil surface which would help find the “missing N” on the
watershed scale. This method is an improvement on our current abilitiesto directly
measure excess N in the vadose zone because it sets limits on the range of values,

although it cannot yet separate physical processes from biological ones.
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Chapter 4

The previous two chapters documented the high concentrations of N,O and CH4
in groundwater in the Choptank Basin and the measureabl e concentrations of N,O and
CO, in the vadose zone at Rfarm. Once these gases are in the vadose zone, this chapter
sought to determine which process, diffusion or convection, primarily caused the
transport of the gases from the soil surface. Although there are four known convective
gas transport processes (barometric pressure changes, infiltration from rainfall,
temperature changes, and wind), this study only looked at the first two processes. In this
chapter, | also hypothesized that the concentrations of N,O, CO,, and CH, in the vadose
zone would increase after rainfall events.

It iswidely believed that the dominant transport process moving gas from the soil
to the atmosphere is diffusion. In fact, many studies only calculate diffusional flux, and
ignore convective flux. | found that the diffusive fluxes of N,O, CO,, and CH, were in
fact the primary transport processes moving the gases through the soil surface on a yearly
time scale. Convective fluxes have the ability to affect the short term N,O, CO,, and CH,
budget; however, the convective flux of CH4 was minor due to the low concentrations
that accumulated within the soils of the study locations. The median N,O convective flux
was also small, but did account for approximately 5% of the median total calculated
yearly flux. The median calculated convective flux of CO, was detectable and
significant, accounting for approximately 20% of the median annual total calculated flux
from the soil surface. The high CO, vadose zone concentrations created the high CO»
convective flux from the soil surface. In terms of the two convective flux mechanisms,

infiltration from rainfall transported more gas to the atmosphere than barometric pressure
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changes. For future studies where large concentrations of any gas build within the
vadose zone, the convective fluxes of this high concentration gas should be cal culated
along with the diffusional fluxes.

The fluxes of N,O, CH,, and CO, have been shown to be temporally and spatialy
heterogeneous (e.g., Goodroad and Keeney 1985, Adrian et al. 1994, Goodroad et al.
1984, Breuer et a. 2000, Mathieu et al. 2006, Yao et a. 2010). Hot moments are atype
of temporal variability and are defined as a short period of time with increased
biogeochemical reaction rates compared to longer periods with much lower rates
(McClain et al. 2003). Researchers have also shown increased fluxes of N,O after
rainfall events, both using soil cores (Ruser et al. 2006) and in the field (Dobbie and
Smith 2003), and increased N,O production has also been observed after soil thawing
(Goodroad et al. 1984, Papen & Butterbach-Bahl 1999, Teppe et a. 2001, Koponen et al.
2004), and fertilizer additions (Dobbie & Smith, 2003, Meng et a 2005). Pulses of CO,
have been observed after rainfall events (Morell et. a. 2010, Rochette et al. 1991) and
after soil disturbance such astillage (Morell et a. 2010). These flux measurements are
often made within chambers, and therefore provide only the diffusional flux from the
surface with little indication of what is occurring below ground. | hypothesized that
higher concentrations of N,O, CO,, and CH4 would occur in the vadose zone after rainfall
events, which would cause a steeper concentration gradient towards the soil surface.

Increased concentrations of both CO, and N>O were observed in the vadose zone
after rainfall events at three locations, but CH, concentrations decreased after rainfall
events. Most of the literature suggests that CH,4 oxidation would decrease under

increased % water filled pore space (Y%WFPS) conditions, which contradicts my
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observations. Inthe groundwater, concentrations of the three gases produced no
consistent patterns after rainfall, likely due to the small sample size. Asglobal climate
change isinevitable, and many areas are predicted to have increased precipitation and
longer dry periods, the increased production of N,O and CO, after rainfall eventsis

important to understand.

Overall conclusions

This research further establishes the high degree of spatial and temporal
variability observed in both groundwater and soils. | have shown that large
concentrations of N,O, CH,4, and CO, accumulate in the groundwater of this coastal plain
watershed in both natural and anthropogenically atered areas, and Fisher et al. (2010)
showed large concurrent concentrations of excess N, at these locations. Large
concentrations of these gases are produced during hot moments, or at hot spot locations.
Once these high concentrations build within groundwater, the dissolved gases can be
transported from groundwater to the vadose zone either via diffusion or convective
processes such as CH4 ebullition. However, in comparison to the missing N on the
transect scale, the diffusive loss of excess N, and N2O across the water table is minor.
Concentration gradients in the vadose zone of excess N, can be measured, but the source
producing the increase in the No/Ar ratio could be either biologica or physical, and
currently | cannot distinguish between the two. Once these gases are in the vadose zone,
the primary mechanism that transports these gases across the soil surface is diffusion, but
convective fluxes can account for a significant amount of the yearly flux if large

concentrations of a gas persist in the vadose zone. Lastly, higher concentrations of N>O
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and CO, were observed in the vadose zone after rainfall events, but CH,4 concentrations
either stayed the same or decreased.

Understanding the sources and surface N,O and CH4 flux locationsisimportant in
relation to climate change. In terms of nitrogen and carbon budgets, both gases are loss
terms, but are minor components in comparison to their more dominant counterparts N2
and CO,, respectively. Calculated fluxes of N,O and CH, from the soil surface were
minor a my study locations, even though two of the three monitored locations had been
chosen based on the consistently high N,O groundwater concentrations measured prior.
The flux of N,O and CH, out of groundwater and into the vadose zone was more minor
than expected; the large dissolved N,O concentrations in groundwater presumably
remained dissolved in groundwater or were further converted to N, before entering
surface waters. The residence time of groundwater on the Delmarva Peninsulais>1 to
15 years, which can create an offset between production of N,O and CH,, and emergence
in streams and rivers. Production today may not show up in streams and rivers for 15
years, and longer in other locations. As these gases can travel for long time periodsin
groundwater, reducing the amount of N>O and CH, produced in groundwater today might
not change stream and ditch surface N,O and CH, flux for many years.

Groundwater residence time also affects cleanup efforts in the Chesapeake Bay
and itstributaries. Degraded water quality will persist in the Choptank River until
anthropogenic N loading is reduced. However, even if application of all agricultural N
subsided today, high N groundwater would continue to flow into our ditches and streams
for up to 15 years. Agricultural management practices have the potential to reduce

agricultural N transport downstream by fostering denitrification, but creating locations
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suitable for denitrification is difficult, and increased denitrification always has the
potential to increase N,O emissions. High groundwater N,O concentrations were
observed within many managed locations. Reducing N inputs to the watershed is the
solution. Reduced N inputs would reduce the transport of N downstream and would
eventually reduce the amount of NO3 available for denitrification in soil and
groundwater. Climate change is occurring; reducing the amount of N inputs within a
watershed can both increase water quality and decrease N,O emissions.

Increased rainfall intensity, longer duration between rainfall events, and increased
surface temperatures are expected as aresult of climate change. | have shown both N,O
and CO, concentration increases in the vadose zone after large precipitation events and
the magnitude of these pulses would likely increase with larger events and longer spacing
between these events as more substrate could accumulate between rainstorms. This more
variable environment may not produce more N,O and CO, on a yearly time scale, but the
dynamics of the system are affected and the number of hot moments a year will likely
increase.

Although N2O is an important greenhouse gas, the flux of N,O from a watershed
isminor in comparison to the flux of N,. Estimating N, flux on the watershed scaleis
difficult because denitrification is both temporally and spatially highly variable and
directly measuring N, concentrations is extremely difficult. Large concentrations of N
build in groundwater under agricultural management practices and within water saturated
areas of fields, but the majority of N islikely lost from the vadose zone to the
atmosphere after production in the vadose zone. | have made estimates of N, flux from

the vadose zone on a yearly time scale, and my flux estimates can account for as much as
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26% of the missing N. Currently, this new method to directly measure excess N, has
many possible errors associated with its use including confounding physical effects that
can potentially be resolved with additional noble gastracers. An easy, direct way to
measure denitrification is important to better standardize denitrification measurement
techniques. Potential denitrification rates are also often reported, which is important, but
actual denitrification rates are needed to understand the current denitrification rates of a
system.

Another important finding of this collaborative research was the complexity of
flow pathsin areas with little surface topography. Studies often assume a hydrologic
connection between close proximity piezometers, and the collaborative work of the
CEAP wetlands project either found evidence to refute this common assumption or the
flow paths were not adequately determined at 9 of the 10 locations. Initial research on
the underlying groundwater hydrology should be undertaken before applying smple
hydrologic concepts. The complexity of the hydrology made it difficult to assess the
mitigating potential of wetlands adjacent to crop fields to capture NOs™. Future studies
should consider installing a greater number of piezometer transects with nested
piezometers that sample different depths within the unconfined aguifer. The use of major
ion analysis and tracer studies (e.g., KBr) to evaluate flow paths would help confirm or
reject assumptions concerning flow paths through a piezometer grid.

Choosing suitable management practice locations is difficult in locations with
complex hydrology. Management practices only work to reduce N if the high N
groundwater passes through the management area. Management practices should be

constructed in locations through which the groundwater flows, which can be tentatively
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determined by learning the dominant direction of the groundwater slope. Second,
locations with a shallow depth to the confining unit will channel water through a thinner
vertical distancein the wetland. If anaerobic conditions are reached within the wetland,
areas with a shallow depth to the confining unit will have a higher ability to reduce more
N throughout the entire soil column. Creating reduced conditions with sufficient carbon
isdifficult in itself to engineer, but the physical characteristics can be determined prior to
installation of a management practice to ensure potential success. However, management
practices would not be relied upon as heavily if we reduced N inputs within watersheds.
Reducing N inputs would reduce the concentration of N flowing downstream, and would
reduce N,O emissions to the atmosphere thereby increasing water quality and reducing

greenhouse gas emissions.
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Figure 5.1 - Relationships between %0, and N,O, NO3z and N,O, and excess N, and N,O

in groundwater.
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