ABSTRACT

NULL, KIMBERLY ANN. Ammonium Fluxes from Channel Deposits in the Neuse River
Estuary, North Carolina: Implications for Ammonium Increase in Estuarine Waters. (Under
the direction of Drs. Dave DeMaster and JoAnn Burkholder).

Sediment and porewater samples were collected from three nearshore sites and one
mid-channel site in the Neuse River Estuary (NRE), North Carolina, USA to investigate
advective and diffusive inorganic N fluxes from sediments. Ammonium (NH;") fluxes were
used to determine the significance of submarine groundwater discharge (SGD) in nearshore
environments to the overall NH,* dynamics in the water column. **’Rn and NH," were
measured in interstitial water at NRE nearshore sites to determine the advective flux of NH,"
from sediments to the overlying water column. Porewater samples were collected over an
annual cycle from multi-level piezometers installed in nearshore sites. SGD was measured
indirectly by using *’Rn as a tracer and directly by using seepage meters. Maximum SGD
occurred during spring at a rate of 13.6 + 0.2 cm d™* and was variable depending upon the
sampling location. Shallow porewaters exhibited seasonal variations in NH," concentrations,
which produced temporal changes in advective flux of NH," from the sediment. Seasonal
trends in groundwater seepage rates and NH;" concentrations suggest that groundwater is an
important mechanism advecting nutrients from porewaters to the overlying water column,
and that groundwater inputs are comparable to riverine NH," discharge.

NH,", nitrate (NO5"), and dissolved oxygen (DO) diffusive fluxes across the sediment-
water interface were measured in the shallow nearshore environments with sandy sediments and
one mid-channel site with organic rich, fine-grained sediments. NH;" was the major form of

inorganic N in sediment porewaters and in the flux to the overlying water; NO3™ fluxes were



small or not detected. NH," and DO fluxes showed significant seasonal variations at all sites.
NH,* diffusive flux was highly variable and ranged from —29.1 to 811 pmol m™ hr' among the
three sites, with the negative flux indicating flux into the sediments from the water column.
Sediment experiments were also conducted at a nearshore and mid-channel site to measure the
NH," production rates. The nearshore site demonstrated increasing NH;" production with depth,
down to 35 cm (0.004 umol NH," cm™ wet sediment d), whereas the highest NH,* production
at the mid-channel site (0.001 umol NH," cm™ wet sediment d™) occurred in the 0-10 cm
interval. SGD contributed significantly more NH," to the overlying water in the nearshore
environment than the diffusive flux from organic rich mid-channel sediments at these sampling
locations.

Data compiled from this study and multiple other studies conducted in the NRE were
applied to a mass balance model to analyze seasonal variations in NH,;" sources and to
investigate the increase of NH;" concentration in the NRE water column. Many of the
sources of NH;" dynamics in the NRE are driven by temperature and climate, and therefore,
demonstrate seasonal variability. Advection terms and other climate-related parameters,
including SGD and resuspension events, were found to be of similar importance during the
winter and summer periods. The advection term, including SGD, porewater exchange, and
resuspension, represented >23% of the NH," inputs during the winter season and >21%
during the summer. SGD and permeable porewater exchange were the dominant advection
terms during both seasons. Sediments played a crucial role in NH," supply to the overlying
water column. When sandy sediments and muddy sediments are included in the budget and

the role of advection is considered, sediments may contribute more than 70% of the NH," to



the water column. The nearshore environment was relatively consistent between summer and
winter when diffusive fluxes and advective fluxes from SGD were considered, 35% for
summer and 24% for winter.

This study demonstrated that nearshore sediments of the NRE are sites with significant
NH," production that can be important to benthic primary production and overall water
column concentration in shallow waters. This study quantifies NH4" production and flux
from sediments, which is poorly understood in nearshore environments, and may help to
explain an overall increase in water column NH,4" concentrations that has been documented
in the NRE and certain other shallow, eutrophic estuaries. The data can provide valuable

information important to management practices and future eutrophication mitigation studies.
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1. INTRODUCTION

Nitrogen (N) over-enrichment in coastal waters is an important factor driving water
quality degradation worldwide (Vitousek et al. 1997). Many coastal environments have
sustained an increase in nutrient concentrations over the past decade due to densely
populated coastlines and anthropogenic activities (Valiela et al. 1999, Howarth et al. 2002).
As of a decade ago, an estimated 37% of the world’s population resides within 100 km of a
marine coast, with coastal population growth projected to continue to rapidly increase (Small
et al. 2000). Sources of dissolved inorganic nitrogen (DIN) to coastal environments include
runoff, point source discharges, atmospheric deposition, sediment regeneration, and
groundwater discharge (Vitousek et al. 1997).

Submarine groundwater discharge (SGD) has been identified as an important
mechanism for transporting constituents, including nutrients, heavy metals, and other
contaminants, to marine coastal ecosystems (e.g. Moore 1996, Corbett et al. 1999, Krest et al.
2000, Charette and Buesseler 2004, Paytan et al. 2006). SGD has been studied by
researchers in multiple disciplines and also by various methods. Thus, the definition of
groundwater discharge varies across disciplines. Here SGD is defined as total advective
discharge into a water body across the sediment-water interface, and includes subsurface
terrestrial freshwater and recirculated seawater (Taniguchi et al. 2002). SGD and advection
in permeable coastal environments can provide significant N loads to the overlying water

column and stimulate primary production. As examples, SGD has been linked to algal



blooms along the coast of Long Island (LaRoche et al. 1997) and in coastal reef systems
(Paytan et al. 2006).

Once nitrate (NO3) and ammonium (NH,") enter a coastal ecosystem, these inorganic
forms of nitrogen (N;) can undergo many processes and transformations depending on
environmental conditions. In many coastal systems, the dominant form of biological N;
uptake is NH,4", and it can account for the majority of phytoplankton production (Glibert
1988, Nixon 1995, Twomey et al. 2005). At water column concentrations in excess of 2 uM,
NH," is preferred over NO5™ for assimilation by phytoplankton (McCarthy et al. 1977, Glibert
1988). Although NOj3™ generally has been considered to be the major “new” source of N;
added to coastal ecosystems (Dugdale and Goerring 1967), some anthropogenic sources such
as sewage treatment plants and industrialized animal agriculture are adding substantial “new”
NH,4" as well (Burkholder et al. 1997, Alvarez-Gongora and Herrera-Silveira 2006, Dugdale
et al. 2007). Moreover, much of the N that supports productivity in estuaries is derived from
remineralization and recycling from sediments and commonly is not “new” N, such as the N
supplied by rivers and atmospheric deposition (Dugdale and Goerring 1967). Benthic
recycling from sediments has been estimated to provide 20-80% of N requirement for
phytoplankton in shallow estuarine waters (depth < 50 m; Nixon 1995, Boynton and Kemp
1985). Thus, regeneration and flux of NH4" from sediments to the overlying water is a
significant source of N to phytoplankton in shallow estuaries (Harrison 1980).

Increasing NH," in eutrophic estuaries can significantly alter overall system ecology.
For example, Dugdale et al. (2007) reported that NO3™ uptake by phytoplankton in San

Francisco Bay can be limited by excessive NH4" concentrations, leading to depressed fish



production. The ecological response to increasing nutrient concentrations varies among
estuarine systems because of differences in tidal regime, mean water depth, freshwater input,
and other factors (Cloern 2001). In the shallow lagoonal Neuse River Estuary (NRE), NH,;"
has been linked to stimulation of certain harmful algal species (Rothenberger et al. 2009).
Although coastal resource managers generally emphasize total N (TN) or total dissolved
inorganic N (DIN), the above examples illustrate the importance of considering both
bioavailable N; forms separately. The NRE is an ideal estuarine system for examining the
dynamics of individual chemical species of DIN and assessing the biogeochemical inputs of
these important nutrients to a nitrogen-sensitive system.

The NRE has sustained accelerated eutrophication from increased nutrient loading
and, over the past decade, water column NH4" concentrations — but not NO3™ concentrations —
have increased about 500% in the mesohaline section while TN loading has decreased
(Burkholder et al. 2006). Other estuaries, such as the Cape Fear, have also sustained
significant increases in NH," concentrations over the past decade (Burkholder et al. 2006).
While nutrient loading is an important consideration in management efforts to reduce coastal
eutrophication, ambient water column concentrations and forms of N are key variables
supporting algal assemblage shifts, excessive algal production, and associated adverse effects
of eutrophication (Hecky and Kilham 1988, Glibert et al. 2006). The major sources of
nutrient supply should be accounted for, including characterization of poorly known sources
such as SGD.

Previous research to assess sediment nutrient contributions in the NRE mostly has

focused on the organic-rich muddy sediments, which were believed to be the major source of



benthic nutrients to the overlying water column (Rizzo and Christian 1996, Haruthian 1997,
Alperin et al. 2000). Because of their low organic content, sandy nearshore environments
were thought to contribute minimal nutrient supplies to the overlying water by diffusional
processes. Moreover, previous studies of benthic nutrient flux in the NRE were conducted
prior to the documented increase in water column NH;" concentrations. There are limited
groundwater measurements in the NRE as well, and therefore limited data on advective flux
of nutrients from nearshore sediments.

The focus of this study was to quantify NH," production and regeneration, considering
both diffusive and advective fluxes, in the poorly characterized sandy nearshore environments of
the mesohaline NRE. The overall objective was to assess the role of SGD and nearshore
sediments in supplying NH,4" to the water column, and to develop a seasonal NH," budget for the
mesohaline estuary. | hypothesized that the nearshore environments contribute NH;" to the
overlying water via diffusional processes and advection, such as SGD, and that advection (SGD)
will produce higher NH," flux than molecular diffusion. Spatially, | expected nearshore
environments to contribute comparable NH," flux to the overlying water as the organic-rich,
mid-channel sediments.

Understanding nutrient inputs and outputs in coastal environments is critical for
designing and implementing sustainable management practices (National Research Council
2000). Previous research in the Neuse system has contributed quantitative estimates of
nutrient sources including atmospheric deposition (Walker et al. 2000, Aneja et al. 2003,
Whitall et al. 2003), sedimentary processes (Haruthunian 1997, Alperin et al. 2000, Piehler et

al. 2002, Fear et al. 2004), resuspension (Giffin and Corbett 2003), and groundwater (Bratton



2004, Fear et al. 2007, Spruill and Bratton 2008), but further research is needed to understand
N dynamics and the striking increase of NH;" over the past decade in this system. The NRE
was an ideal system to study N cycling in a eutrophic estuary and the documented NH,"
increase in the NRE water column provided relevance that sparked interest to focus on NH,*
dynamics. This study contributes valuable information that quantifies previously unmeasured
variables required for the scientific understanding of the dramatic increase in NH," in the
NRE. The insights gained from this research also will be generally applicable to other
shallow eutrophic estuaries that are also exhibiting significant increases in NH4"
concentrations.

Following this introduction, Chapter 2 of this dissertation explains the above
described research divided into chapters for each component. Chapter 2 describes the
measurements to estimate SGD and its associated ammonium flux. Chapter 3 explains the
diffusive flux of nitrogen from the seabed in the NRE. Data from Chapter 2 and 3 are
compiled in Chapter 4 to balance ammonium inputs and outputs to the NRE system. Finally,

Chapter 5 summarizes the findings from all data collected during this study.
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2. *?RN-BASED ADVECTION OF AMMONIUM INTO THE NEUSE RIVER
ESTUARY, NORTH CAROLINA, USA

2.1 Abstract

22Rn and ammonium (NH,") were measured in the interstitial waters of the Neuse

River Estuary (NRE), North Carolina, USA to determine the advective flux of NH;" from
sediments to the overlying water column. Porewater samples were collected over an annual
cycle from multi-level piezometers installed in nearshore sites. NH," concentrations in sandy
environments of the NRE were ten-fold higher than concentrations in the overlying water
column. Shallow porewaters exhibited seasonal variations in NH," concentrations, which
produced temporal changes in NH;" flux from the sediment. Submarine groundwater

222

discharge (SGD) was measured indirectly by using “““Rn as a tracer and directly by using

seepage meters. The data indicated significant groundwater radon input to porewaters, with
*22Rn concentrations in the range of 400 — 3500 disintegrations per minute (dpm)-L" and
variable discharge rates depending on the sampling location and season. The mean SGD at

222 -1 .
Rn measurements, was 9+ 2 cmd. Maximum

all sites for all seasons, estimated from
SGD measured occurred during spring at a rate of 14 £ 0.2 cm d”'. High porewater NH,"
concentrations in sandy nearshore sediments contributed NH;" to the overlying water via
groundwater discharge as an advective process. Seasonal trends in groundwater seepage
rates and NH," concentrations suggest that groundwater is an important mechanism
advecting nutrients from porewaters to the overlying waters, and that groundwater inputs are

comparable to riverine NH; " discharge. SGD N:P ratios (NH,;" as N) were >16:1, indicating

that SGD is an important factor for phytoplankton growth and may influence the NRE

10



shifting toward a less N-limited system. The data from this study advance understanding
concerning the role of ammonium in the progressive eutrophication of shallow estuarine

ecosystems.
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2.2 Introduction

Nitrogen over-enrichment in coastal waters is an important factor driving water quality
degradation worldwide (Vitousek et al. 1997). Many coastal environments have sustained an
increase in nutrient concentrations over the past decade due to densely populated coastlines
and anthropogenic activities (Valiela et al. 1990, Howarth et al. 2002). Sources of dissolved
inorganic nitrogen (DIN) to coastal environments include runoff, point-source discharges,
atmospheric deposition, sediment regeneration, and groundwater discharge (Vitousek et al.
1997). Among these, submarine groundwater discharge (SGD) has been identified as an
important mechanism for transporting constituents such as nutrients, heavy metals, and other
contaminants to marine coastal ecosystems (e.g. Moore 1996, Krest et al. 2000, Charette and
Buesseler 2004). SGD has been studied by researchers in multiple disciplines and also by
various methods. Therefore, the definition of groundwater discharge varies across
disciplines and may include only freshwater discharge, or both freshwater and recirculated
seawater. For the purpose of this study, SGD is defined as total advective discharge into a
water body across the sediment water interface, including subsurface terrestrial freshwater
and recirculated seawater (Taniguchi et al. 2002).

SGD can be a significant source of nutrients to the overlying water (e.g. Capone and
Bautista 1985, Valiela et al. 1990, Corbett et al. 1999, Paytan et al. 2006, Cable and Martin
2008), contributing to geochemical budgets and biological activity. Groundwater discharge
has been linked to influence the presence of brown tide blooms along the coast of Long

Island Sound (LaRoche et al. 1997). SGD also supplies various coral reef environments with

12



anthropogenically-derived nitrate (Paytan et al. 2006). Since interstitial water in sediments is
often significantly higher in nutrients than overlying water, the porewaters, which are part of
the broad groundwater definition used here, can play an important role in the eutrophication
of estuaries. SGD can be a source of new and regenerated nutrients to overlying water and
may contribute similar nutrient loads as riverine loads, especially nitrogen (Capone and
Bautista 1985, Valiela et al. 1990, Reay et al. 1992). Climate and geology are important
factors influencing SGD (Freeze 1969). Although groundwater discharge is ubiquitous along
coasts worldwide, it is not accounted for in many locations because of measurement
difficulties and spatial/temporal heterogeneity (Burnett et al. 2001). Therefore, the effects of
SGD on coastal ecosystems are poorly understood in comparison to riverine influences.

The Neuse River Estuary (NRE), North Carolina, USA, like many other coastal
environments, has sustained accelerated eutrophication over recent years (Paerl et al. 1995,
Burkholder et al. 2006). The North Carolina General Assembly mandated a 30% reduction
in N loading in the NRE in the late 1990s (15A NCAC 2B.0232). Although total nitrogen
decreased in the past decade, there has been a concomitant ~500% increase in water-column
ammonium (Burkholder et al. 2006). Nitrogen contamination in shallow groundwater (depth
< 31 m) has become especially important and has been documented in the Coastal Plain of
North Carolina within the past decade as a result of increased nitrogen supply from swine
operations, agricultural fertilizers, and urbanization (Spruill et al. 1996, Mallin 2000).
Limited SGD data are available for the NRE, and the role of SGD in the documented water-
column ammonium increase is not well understood. The objectives of this study were to 1)

estimate SGD in the NRE over an annual cycle using **’Rn and seepage meters; 2)
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investigate and quantify the SGD ammonium flux to the NRE; and 3) compare these findings
with available information on SGD in the mesohaline NRE and evaluate its contribution to
nutrient inputs.

Methods to estimate SGD along coasts have included various natural tracers (e.g.

o 222
radium isotopes,

Rn, chloride, methane), seepage meters, piezometers, temperature,
conductivity, water budgets, and modeling (Burnett et al. 2006). It is becoming common, in
fact, to use multiple methods to measure groundwater discharge because of its complex
nature and the discrepancies found among methods used at the same location (Burnett et al.
2006, Cable et al. 2004). The two methods selected for this study, “**Rn and seepage meters,
have been used to quantify groundwater discharge in many studies (e.g. Cable et al. 1996,
2004, Corbett et al., 1999, 2000, Holly et al. 2003, Burnett et al. 2006, Burnett and Dulaiova
2006, Martin et al. 2007, Fear et al. 2007, McCoy et al. 2007, Cable and Martin 2008, Smith

et al. 2008, Spruill and Bratton 2008).
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2.3 Study Area

The Neuse River watershed is approximately 16,000 km” with river flow direction
from west to east (Matson and Brinson 1990). The Coastal Plain of North Carolina and the
NRE are underlain by sedimentary formations ranging from Pleistocene in age to recent
deposits (Winner and Coble 1996). The unconfined aquifers underlying the NRE receive
approximately 53 cm of recharge from precipitation annually (Giese et al. 1991). The
majority of the NRE is underlain by a surficial aquifer that is 10-30 m thick with a hydraulic
gradient of 10 m d”' (Winner and Coble 1996). Below the surficial aquifer are the Yorktown
and Pungo River confining units. The Yorktown confining unit is approximately 3-10 m
thick and limits the amount of water discharging into the estuary from the Yorktown aquifer,
except through buried paleochannels near Cherry Point (Wrege and Jen 2004). The
Yorktown and Castle Hayne aquifers are two important aquifers in the Coastal Plain (Giese
etal. 1991). The Yorktown aquifer is composed of fine sands and shell beds and produces
high yielding wells. The Castle Hayne aquifer is composed of limestone that has high
hydraulic conductivity on the order of 60 m d”' (Winner and Coble 1996).

The NRE, located along the eastern seaboard of North Carolina (Figure 2.1), covers
an area of approximately 4.55x10® m? and drains into Pamlico Sound which, together with
the Albemarle Sound, form the second largest estuarine system on the U.S. mainland in areal
extent (Steel 1991). The average discharge of the Neuse River is approximately 113 m® s™
with a range of 55 — 173 m’ s based on the United States Geological Survey (USGS) mean

monthly discharge measurements near Fort Barnwell, NC since 1996 (Figure 2. 2) (Title:
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USGS Surface-Water Monthly Statistics http://waterdata.usgs.gov/nwis/monthly?). The

NRE is a shallow estuary with a mean water depth of 4.5 m (Roelofs and Bumpus 1953) and
limited inputs from the ocean. Tidal influence is minimal, and winds are the important
mixing force in this shallow system (Luettich et al. 2000, Reed et al. 2004). Based on the
freshwater discharge and limited oceanic exchange, water residence times are on the order of
50-100 days, which contributes to extensive recycling of nutrients (Christian et al. 1991;
Steel 1991). Consequently, the NRE has sustained excessive eutrophication over the past
decade resulting in annual fish kills, harmful algal blooms, and overall poor water quality
(Burkholder et al. 2006).

The mesohaline estuarine flow regime is surface outflow and bottom-water inflow
(Reed et al. 2004). Stratification frequently occurs during late summer months when winds
are reduced, but sometimes persists from April through October (Burkholder et al. 2006).
Consequently, local strong winds can influence the oxygenation and nutrient distribution in
the estuary. Winds play a significant role in sediment resuspension and nutrient release from
the benthic environment (Giffin and Corbett 2003). Distinct sediment boundaries are present
in the NRE and the different sediment regimes can be distinguished based on porosity,
among other characteristics. The sediments of the central channel consist of organic rich,
fine-grained silt and clay with a porosity > 0.8 (Alperin et al. 2000). The center of the
channel collects fine-grained sediment because it is the deepest area of the estuary and wave
energy is minimal during calm periods. Nearshore sediments are mainly fine- to medium-

grained sand with a average porosity < 0.6 (Alperin et al. 2000).
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This study was conducted at one upstream site, Mills Branch (MB), located in the
oligohaline portion of the estuary, and two downstream sites, Cherry Point (CP) and
Wilkinson Point (WP) (Figure 2.1). All sites were located in sandy nearshore environments
with porosity <0.7 measured for this study. MB is located near a housing subdivision with a
nearby boat ramp and wildlife area. The vegetation along the shoreline includes a few sparse
cypress trees and wetland vegetation. CP is also located near a housing subdivision, but the
beach area is protected by riprap. Very little vegetation is present at CP. WP is near a
summer camp with a well-maintained lawn, and the shoreline vegetation is mostly tall

grasses.
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2.4 Methods

2.4.1 Piezometers

Three multi-level piezometers, design followed from Martin et al. (2003), were
installed in perpendicular transects to the shoreline at each of the three study sites, Mills
Branch (MB); Cherry Point (CP); and Wilkinson Point (WP), during July 2006. The
piezometers at MB were identified as MB1, MB2, and MB3, and were 3, 6, and 9 m,
respectively, from the shoreline. At CP, the piezometers were identified as CP2, CP3, and
CP4, and were installed 10, 15, and 20 m, respectively, from the shoreline. The WP transect
had two piezometers, WP1 and WP2, located 7 and 10 m, respectively, from the shore. The
piezometers were between 150 cm to 230 cm in length and had screened ports every 10- to
30-cm. PVC tubing (3/8” diameter) ran from the intake port along the inside of the PVC pipe
to the surface, allowing samples to be collected using a peristaltic pump (Global Waters
Instrumentation Inc., Gold River, CA). Porewater samples were collected into an overflow
container to measure physical/chemical parameters (temperature, salinity, conductivity, and
dissolved oxygen ([DO]) once the abundances of these tracers stabilized. Piezometers were
sampled along with complementary water column measurements approximately bi-monthly
from June 2007 to September 2008. One site was sampled per week during each sampling
month. MB was not sampled in October due to equipment malfunction, and WP was not
sampled in January and April because of boat restrictions due to adverse weather conditions.
Measurements were made using a handheld YSI-85 with [DO], conductivity, temperature,
and salinity probes (YSI, Incorporated). After the initial chemical parameters were

measured, nutrient samples were collected in acid-stripped polypropylene bottles for
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ammonium (NH,"), nitrate-+nitrite (NO3+NO;), and soluble reactive phosphate (SRP). The
NH," and NO;+NO, samples were analyzed colorimetrically using an automated Quattro
Continuous-Flow Analysis (CFA) system. SRP was analyzed on a Lachat 8000 series

*22Rn analysis (see following

nutrient analyzer. Ten milliliters of sample were collected for
section) from an overflow container using a glass syringe. “*’Rn was sampled to estimate the

rate of SGD at three locations in the NRE (MB, CP, WP) during six individual months

between June 2007 through September 2008.
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2.4.2 Radon
22Rn is a valuable tracer for measuring SGD in coastal environments because it is
enriched in subsurface waters compared to overlying seawater and behaves conservatively
(e.g. Cable et al. 1996, Corbett et al. 1999, 2000, McCoy et al. 2007, Martin et al. 2007,
Burnett et al. 2008, Cable and Martin 2008). **’Rn has a half-life of 3.8 days and its parent,
*26Ra, has a half-life of 1,622 years. This naturally occurring tracer is an inert gas, and
therefore, we expect measured activities to be mostly influenced by sediment lithology and
radium content. Sediment production of ***Rn must be measured because production of
222Rn from **°Ra varies with different soil/sediment lithologies (Martin et al. 2007). As a
result of radon mobilization in sediments and porewater, ***Rn activities can be in
disequilibrium with the parent isotope, and this signal can be used to quantify the amount of
groundwater entering an estuarine or coastal environment.

Ten milliliters of porewater sampled from the multi-level piezometers were collected
for “?Rn analysis from an overflow container using a glass syringe. The 10-mL sample was
transferred to vials that had been pre-filled with 10 mL scintillation cocktail (Sigma Aldrich)
to eliminate contact with air. Porewater **’Rn was analyzed on a Packard Tri-Carb liquid
scintillation counter.

Sediment slurry experiments (Martens et al. 1980, Corbett et al. 1998, Cable et al.
2004) were conducted to estimate the sediment-supported levels of porewater **’Rn at
equilibrium with solid phase sediment. Sediment-supported ***Rn (***Rn produced from

226

sedimentary “Ra) was determined by collecting vibracores down to 240 cm depth from

nearshore sites near the multi-sampling piezometers. Two cores were collected from the
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Cherry Point site and one core from Wilkinson Point. A core was not collected from Mills
Branch because of logistics, equipment limitations, and limited boat time to travel to the
oligohaline portion of the estuary. Approximately 300 g of wet sediment were collected at
three to five depths close to the piezometer port depths of 10, 50, 110, 190, and 230 cm
beneath the seafloor (cmbsf). Sediment subsections were placed in 6-L air-tight Nalgene
containers with 4 L of seawater and the slurry was incubated for 30 days to allow for in-

growth of “?Rn. It was assumed that after 30 days, *’Rn (3.8 d half life) in the water was

226

equilibrated with “Ra production from the sediment. The Nalgene containers were then

222

connected to the extraction lines, and “““Rn was extracted using a cryogeni technique

(Mathieu et al. 1988, Cable et al. 1996). Each sample from the 6-L Nalgene bottles was

222

degassed using a recirculating stream of helium with the “““Rn isolated from the extraction

222

line in a cold trap. The resulting “““Rn was transferred to Lucas cells and counted using a

photomultiplier tube array. Porosity and grain size were measured and used to convert
sample activity to porewater activity. The activity ratio (AR) between porewater “*Rn

222

activities and sediment-supported “““Rn activities was used to determine whether equilibrium

had been established (Smith et al. 2008).
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2.4.3 SGD Rates from **’Rn Measurements

The flux of *Rn from porewaters to the overlying water was based on the zone of

22Rn deficiency in porewaters created by advection and diffusion processes (Smethie et al.

1981, Martin et al. 2007, Cable and Martin 2008). As porewater is transported through the

sediments via advective processes, a deficit of **Rn develops relative to its production from

226 222

its parent, “"Ra. Sediment-supported “““Rn was measured at several depths using a slurry

test as described (Smethie et al. 1981, Corbett et al. 1998). Porewater **Rn activities were

222

subtracted from the sediment-supported ***Rn to estimate the zone of *’Rn deficiency for CP

222

and WP. MB sediment-supported “““Rn was assumed to be equal to the highest porewater

*22Rn activity measured in that sediment column. The SGD rate was calculated for each site

using the following equation (Martin et al. 2007, Cable and Martin 2008):

Teport = A [ (P = AC(2))dz = AX(P — AC(2))Az (1)

wherein A is the **’Rn decay constant (0.1809 day™), z is depth in the sediment column, C(z)

222

is the ***Rn activity for each depth in dpm L™ of wet sediment, and P is the measured

*2’Rn concentration in dpm L™ of wet sediment. The diffusion of

sediment-supported
porewater must be subtracted from the advective processes (Jexport) (Martin and Cable 2008).

Diffusion can be calculated using Fick’s First Law:

Jdiff: -P DS dC/dz (2)

wherein @ is the sediment porosity, Ds is the sediment diffusion coefficient for radon

corrected for tortuosity, z is depth, and dC/dz is the concentration gradient of ***Rn. Then,

Jnet: Jexport - Jdiff (3)
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Juet divided by the shallowest

Rn concentration gives the advective rate for porewater
exchange, or SGD. The SGD calculated in this study accounted for recirculated seawater and

fresh groundwater in the total flux, since this approach measureed the entire zone of

deficiency of **Ra.
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2.4.4 Seepage Meters

Seepage meters were used to estimate SGD at the same sampling sites and at the

same times when 22>

Rn was measured in porewaters. Modified Lee-style seepage meters
were designed from 19-L (5 gallon) drums that were cut in half (Lee 1977). The seepage
meters were gently pushed into the sediments and allowed to stabilize for approximately 15
minutes before attaching collection bags (Cherkauer and McBride 1988, Landon et al. 2001).
Four-liter collection bags were pre-filled with 1 L of de-ionized water to reduce artificial flux
from bag effects (Shaw and Prepas 1989, Cable et al. 1997, Corbett and Cable 2003). De-
ionized water was used in order to measure changes in nutrient concentrations in the
collection bag. Seepage meters were left in place for a minimum of 100 min to minimize the
effect of initial artificial influx of water (Cable et al. 1997). The collection bag was clamped

and detached from the seepage meter after approximately 100-150 min so that the water in

the collection bag could be measured using a graduated cylinder.
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2.5 Results

2.5.1 Porewater Characteristics

A summary of ranges for physical/chemical parameters in porewaters at the three
sampling sites is provided in Table 2.1 for the 1.5-year sampling period. Porewater
temperatures showed seasonal variability throughout the entire depth profile at all three
sampling sites. Overall, MB had the least variable dissolved oxygen [DO] profile and CP
had the largest [DO] variability (Table 2.1). All sites had similar temperature profiles, with
smaller temperature ranges at depth across the seasons (Figure 2.3 A-H). For example, at
CP, porewater at 230 cmbsf showed the smallest temperature range across seasons (13.2-
27.7°C) compared to 5.2-32.4 °C at 10 cmbsf (Table 2.1, Figure 2.3F). During warmer
months, porewater temperatures decreased with depth (Figure 2.3 A-H). Inversely,
temperatures increased with depth during January, when surface waters were colder. No
temperature trends were evident along the offshore transects at any of the three sites.

MB exhibited the lowest [DO] concentrations, typically < 1.0 mg L™, with the
smallest change with depth (Figure 2.4 A-C). MB also demonstrated the smallest
concentration range across sampling months (Table 2.1). CP showed the largest range in
[DO] concentrations for the various sampling periods (Table 2.1). Porewater [DO] was
highest at CP during most sampling months and increased in the piezometer farthest offshore
(Figure 2.4 D-F). [DO] at CP decreased with depth and then slightly increased at 190 and 230
cmbsf in the piezometer CP4 20 m offshore (Figure 2.4 F). WP had porewater [DO] < 2.0

mg L' (Table 2.1) and typically decreased with depth (Figure 2.4 G-H).
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Upstream site MB sustained the most freshwater riverine inputs, and therefore, had
the lowest conductivity which ranged from 1.3-7.1 mS cm™ at 10 cmbsf and decreased
slightly with depth to 1.1-1.3 mS cm™ (Table 2.1). Trends in conductivity were not evident
with depth or distance offshore at MB (Figure 2.5 A-C). At CP, the range in conductivity
across seasons was smaller with depth (190 and 230 cmbsf: 0.6-1.2 and 0.3-1.7 mS cm’"
respectively; 10 cmbsf: 7.3-26.7 mS cm™) (Table 2.1). Conductivity decreased with depth
(Figure 2.5 D-F), and also decreased offshore at CP4, 20 m from the shoreline. WP
demonstrated the least amount of change with depth across the sampling seasons, but WP did
not include winter or early spring samples. Conductivity at WP decreased with depth down
to 30 cmbsf, then remained constant or increased down to 150 cmbsf (Figure 2.5 G-H).

Porewater salinity was relatively constant with depth at the upstream MB site,
ranging between 0.6 and 0.8 for all sampling trips (Table 2.1). CP porewater salinity ranged
from 0.3 to18 and decreased with sediment depth (Table 2.1). WP porewater salinity ranged
from 6 to 20 and was representative of freshwater / seawater mixing (Table 2.1). Salinity
showed slight temporal variation at CP and WP, although WP did not demonstrate the same
porewater salinity gradient as CP. WP porewater salinity was variable with salinity peaks

often occurring at specific depths.
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2.5.2 Porewater and Sediment-supported *>*Rn

222

At upstream station MB the “““Rn distribution pattern with depth was similar to

porewater salinity distribution, in that the ***

Rn activity was relatively constant (< 200 dpm
L") (Figure 2.6A). At CP, ***Rn porewater activities increased with depth (to values > 4,000
dpm L) (Figure 2.6B). There was significant variation at certain depths among some
sampling dates, especially between January and warmer months, and between CP2 and CP4.
*2?Radon activities at CP were inversely related to salinity (Figure 2.7). ***Rn activity was
maximal in the deepest porewater samples from the two downstream study sites (CP: 190 and
230 cmbsf; WP: 140 cmbsf). At WP, on the north side of the channel, 222Rn activities
increased slightly with depth, but values were significantly lower (< 500 dpm L") than at CP
(Figure 2.6C). Piezometer WP2 had higher **’Rn activities in shallow sediments than the
shallow sediments of piezometer WP1.

Vibracores from CP and WP showed significantly different sediment lithologies

222

between sites (Figure 2.8 A-C). Sediment-supported “““Rn from slurried sediment

experiments increased with depth, with the maximum activity at 230 cmbsf at CP (Figure

2.9A). The maximum measured sediment-supported **

Rn at the piezometers 15 m from
shore at CP was 5,000 dpm L™ at 140 cmbsf, and the maximum sediment supported ***Rn
offshore was 2,000 dpm L™ at 230 cmbsf. Sediment-supported ***Rn at CP ranged from 62
dpm L™ at 10 cmbsf to 2056 dpm L™ at 230 cmbsf for the piezometer located 20 m offshore.
*>?Rn was in excess of sediment-supported **Rn at WP and 20 m offshore at CP. At WP,

222

sediment-supported “““Rn was highest at 80 cm depth out of the three sediment samples

measured (Figure 2.9B).
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2.5.3 SGD Estimates

The mean SGD based on ***Rn distributions, was 5.1 cm d! for MB, 12.6 cm d! for
CP, and 7.9 cm d”' for WP (Table 2.2, Figure 2.10A). 222Rn-based SGD estimates were
lowest at MB and CP in January (Figure 2.10A). The mean SGD at all sites for all seasons,

222

estimated from **Rn measurements, was 9.1 + 1.5 cm d”'. By comparison, the mean SGD

for all seasons estimated from seepage meters was 0.8 cm d”' for MB, 4.7 cm d”' for CP, and
3.1 cm d”! for WP (Table 2.2, Figure 2.10B). The mean SGD estimated from all sites and

seasons using seepage meters was 3.0 £ 1.6 cm d’.
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2.5.4 Nutrients

Nitrate (NO3;+NO;") was typically not detected, or comprised less than 10% of the N
found in porewaters at the three sites. At upstream site MB, NO3;+NO, was detected at 10
cmbsf at < 0.2 uM concentrations and 0.5 uM during January, when NO3;+NO," water-
column concentrations were ~9 uM (Figure 2.11). NO3;+NO, was detected at less than 0.4
UM concentrations with depth at CP and was present only during October, January, and
April. At CP, typically NO;+NO; concentrations were undetectable in surface waters and
increased with depth (Figure 2.11). At WP, NO3;+NO, concentrations were not detected in
any of the porewater samples. NO3;+NQO;" concentrations in the shallow porewaters were at
or near detection limits, therefore, only NH, " concentrations were considered in the
calculated fluxes. NH," was elevated in porewaters relative to surface water at all three sites
(Figure 2.12), and all sites showed significant temporal variability in NH," porewater
concentration between warm (August, September) and cold (January) months. At CP, but
not at WP, NH," porewater concentrations decreased with depth. MB had the highest NH4"
concentrations among the three sites, with maximum porewater concentration at 150 cmbsf
(> 200 uM), consistent across seasons.

Mean porewater SRP values decreased with depth, demonstrating higher
concentrations at 10 cmbsf compared to > 140 cmbsf (Table 2.3). At MB, SRP
concentrations increased slightly to 30 cmbsf and then decreased at greater depths. MB had
higher SRP concentrations compared to CP and WP. At CP, SRP concentrations ranged
from 0.9 to 12.1 uM at 10 cmbsf, and decreased with depth. SRP porewater concentrations

were higher at WP and ranged from 4.5 to 18.2 uM at 10 cmbsf.
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2.6 Discussion

2.6.1 SGD Rates: **’Rn and Seepage Meters

The porewater physical and chemical characteristics suggested that infiltrated
seawater plays a role in advective porewater exchange in shallow sediments of the NRE.
Temperature, [DO], and conductivity showed strong gradients in porewaters < 30 cmbsf
(Figures 2.3-2.5). Conductivity data indicated that the porewaters (< 30 cmbsf) at CP and
WP were affected by seawater flushing and diffusive transport, as conductivity sharply
increased toward the sediment-water interface. In addition to seawater infiltration in the
shallow porewaters, physical parameters suggested a freshwater influence in deeper
porewaters. Porewater salinity profiles also indicated mixing of freshwater and seawater at
depth at CP and possibly a shallow fresher lens at WP (Table 2.1). At CP, the CP4
piezometer (20 m from shore), porewater salinity was < 0.5 below 110 c¢m, indicating a
freshwater source.

Use of two separate methodologies, “*?Rn activities and seepage meters, provided
evidence of significant SGD occurring at the one upstream site, MB, and at the two

222
Rn was three-

downstream sites, CP and WP, in this study. Overall SGD estimated from
fold higher than SGD estimated from seepage meters. Although large standard deviations
characterized many of the seepage meter data, the SGD values measured by the two methods
were significantly different (ANOVA; p-value = 0.0004), and the ***Rn methodology
consistently yielded higher SGD estimates than seepage meters (Figure 2.13). Despite the

significant difference between the two methods, the data were comparable to reports from
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previous studies in the NRE (Spruill and Bratton 2008) and other environments (e.g.
Taniguchi et al. 2002).

Sources of *?Rn include excess delivered via groundwater from other parts of the
aquifer and in situ production from **°Ra (Semkow 1990, Tricca 2001). **°Ra can be bound

to mineral lattices, adsorbed onto grain surfaces, or dissolved in porewaters. Dulaiova et al.

222 226

(2008) reported that elevated “““Rn is produced mostly by ““’Ra on mineral surfaces, and

dissolved ““"Ra in porewaters alone could not account for measured “““Rn activities in

222

Wagquoit Bay, Massachusetts. Although **’Rn behaves conservatively, **°Ra can be

influenced by redox sensitive compounds such as manganese and iron oxides and hydroxides

(Gonneea et al. 2008). In this study, “*’Rn production in sediments was assumed to be

222

constant in time from the consistent sediment source, but “““Rn levels can vary spatially and

temporally from differences in groundwater flow regime. CP had elevated **’Rn
concentrations compared to other sites. Based on a comparison of sediment-supported *’Rn

activities to sediment characteristics of vibracore samples, it is hypothesized that manganese

226

and/or iron-oxide rich sediment layers at CP are creating zones that adsorb ““"Ra and produce

high amounts of **’Rn (Gonneea et al. 2008). The sediment-supported **’Rn in core CP2 was

higher than the total **’Rn at the three depths sampled in the nearshore piezometer CP2 (10 m

222

offshore), indicating that “““Rn activity 10 m offshore is influenced by sediment production

and horizontal transport or transport from depth. The activity ratio (AR) between sediment-

222 222 L -
Rn for a core and measured porewater “““Rn activity can be used to determine

supported
whether equilibrium (AR=1) had been established for a given depth interval (Smith et al.

2008). ARs ranged from 0.3 to 14.9 at CP and from 1.4 to 6.6 at WP, with averages of 4.7
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and 4.4, respectively. The high ARs at both sites suggest that disequilibrium existed between

222 222

Rn and sediment-supported “““Rn, and upward advection and diffusion of Rn exists.
Seepage meters can be used to estimate total SGD, which includes both groundwater
flux and recirculated seawater. Seepage meter performance has been assessed by many
scientists because of substantial variability in measurements and significant artifacts in
seepage rates (Shaw and Prepas 1989, Cable et al. 1997, Corbett and Cable 2003). Cable et
al. (1997) found that longer deployment of seepage meters (30-60 minutes) and pre-filling
the collection bag minimized an initial short-term influx of seepage. Both of these
techniques were applied in this study. The two previous studies conducted by Fear et al.
(2007) and Spruill and Bratton (2008) in the mesohaline NRE reported slightly different
mean SGD rates, 1 cm d”' and 9 cm d™' respectively. The difference in estimates of SGD
between Fear et al. (2007) and Spruill and Bratton (2008) may have resulted from variability
in application of seepage meters or SGD heterogeneity. Spruill and Bratton (2008) did not
pre-fill the seepage meter collection bags, and Fear et al. (2007) placed seepage meters
farther offshore where SGD is likely to be lower. In this study, seepage meter SGD rates

22Rn rates, but values were still within a factor of 3 or 4 of SGD

were lower than calculated
rate estimated from ***Rn. Spruill and Bratton (2008) reported a mean of 9 cm d”' in SGD
measurements with considerable variability (<I - 43 cm d'). We estimated a similar average

SGD at 9.1 cm d”' using ***Rn as a tracer, and 3.0 cm d”' using seepage meters but with

significantly less variability.
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2.6.2 Ammonium Flux from SGD

Organic matter remineralization and other subsurface diagenetic processes are
important in determining the nature of chemical species discharging through an aquifer,
including groundwater transport through sediments. The processes control the chemical flux
across the sediment-water interface, which can be a significant source of nutrients for
estuarine primary production (e.g., Boynton and Kemp 1985, Hammond et al. 1985, Rizzo et
al. 1996). The shallow nearshore environments are impacted by physical (advective flux)
and biological processes (bioturbation) that may enhance remineralization rates and nutrient
flux. Mixing of saltwater and fresh groundwater occurs along shorelines creating a
subterranean estuary (Moore 1999), where nitrogen species can be transformed or removed
depending on the oxidation-reduction regime of the pore fluid (Charette et al. 2005, Kroeger
and Charette 2008). Subterranean estuaries typically have low carbon concentrations
because of high mineralization rates from continual advection (Beer et al. 2005), but they are
still biogeochemically active and can be significant in decreasing or transforming nitrogen
before it is released to the overlying water column (Kroeger and Charette 2008).

In the sediment porewaters of the NRE, NO3;+NO;" was rarely detected, and only at
depth, indicating removal of NO3;+NO, before entering the overlying water column (Figure
2.12). High overlying water NO3;+NO, concentrations upstream may have contributed to
NO3;+NO; infiltration in shallow porewaters at MB. NO3;+NO; was not detected in shallow
porewaters (< 100 cmbsf) at downstream sites CP and WP, except during January at CP. It is

possible NO3+NO, was transformed before fluxing from the sediment to the overlying water.
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The location of the mixing zone depends on tidal influence, sea level, and
potentiometric pressure. Chemical transformations at the mixing zone can be affected by sea
level rise, as well as groundwater withdrawal, which can enhance saltwater intrusion and also
increase groundwater nutrient loads by increasing the local oxygen concentrations (Krest et
al. 2000, Slomp and Van Capellen 2004). The status of present subsurface conditions can
serve as a baseline for interpreting future perturbations of the system, such as groundwater
withdrawal and sea level rise.

Many factors potentially can influence NH," flux from the sediment to the water
column, including sediment porosity, grain size, organic carbon content, as well as porewater
dissolved oxygen content and salinity. Processes influencing NH4" flux from sediments
include various microbial processes such as nitrification, denitrification, and anaerobic
ammonium oxidation. In addition to these factors and processes, other factors such as
diffusive flux, tidal pumping, wave interaction, bioturbation, and groundwater discharge
impact the release of NH," from porewaters to the overlying water. It is important to
investigate nearshore sites where groundwater discharge occurs because the oxic/anoxic
boundary and saltwater/freshwater boundary significantly affect the nature of organic matter
degradation, NH,4" production, and other redox reactions (Spiteri et al 2008).

NRE sediments have been shown to be an important source of nutrients, specifically
NH,", to the overlying water (Haruthian 1997, Fisher et al. 1982, Alperin et al. 2000), but
previous studies mostly focused on diffusive flux as opposed to advective flux (such as SGD)
and targeted the organic rich mid-channel sediments. SGD can be an important vector for

nutrient transport from sediments to the overlying water column (Capone and Bautista 1985,
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Valiela et al. 1990, Corbett et al. 1999, Charette and Buesseler 2004, Slomp and Van
Cappellen 2004, Paytan et al. 2006) and is commonly estimated by multiplying the
shallowest porewater nutrient concentration by the advective component. Nutrient flux
calculated by this method assumes that the nutrient behaves conservatively from the sediment
depth measured to the sediment-water interface. This study focused on NH;" because its
documented increase in the NRE (Burkholder et al. 2006) and the fact that few data are
available regarding NH," flux in sandy environments. NH," flux was calculated by
multiplying the NH;" concentration at 10 cmbsf by the SGD for each site seasonally. The
average NH," flux at the three nearshore sites of the NRE over all seasons was 11.2 + 2.0
mmol NH,;" m?d™" (Table 2.4). MB exhibited the highest NH," flux, possibly due to higher
organic degradation and the rate of flow (Spiteri et al. 2008). MB showed the highest NH,"
flux during September 2008 (39.9 mmol m™ d), and this flux was driven by the high NH,"
concentration at 10 cmbsf. In contrast, CP had higher SGD rates and lower NH,"
concentrations, resulting in lower NH, " flux. The NH4" fluxes in the nearshore environments
were temporally and spatially variable. Based on the SGD and nutrient flux measurements,
these data indicate that NH4" can be an important source of nutrients from the sediments to

the overlying waters in nearshore estuarine environments.
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2.6.3 Implications of SGD on Nutrient Budgets

The volumn of water associated with SGD is often lower than river discharge, but
SGD typically has higher nutrient concentrations than the associated riverine end member
(Valeila 1990, Moore 1999). In other studies, SGD had higher or comparable values of
nutrient loads compared to riverine loads, including New England bays (Valeila et al. 1990),
Kahana Bay, Hawaii (Garrison et al. 2003), a South Carolina salt marsh (Krest et al. 2000),
Tomales Bay, CA (Oberdorfer et al. 1999), and Florida Bay (Corbett et al. 1999). Thus,
groundwater inputs can be a significant source of bioavailable N to coastal sediments,
contributing 20% or more of the N inputs to receiving waters (e.g. Capone and Bautista 1985,
Valiela et al. 1990).

The various forms of bio-reactive N often are grouped together as total dissolved
inorganic nitrogen (NO3", NO,", NH,"), and upstream river discharge is typically the primary
focus for estuarine nutrient loading and phytoplankton response. NOs" is the dominant form
of DIN in many oceanic and coastal waters because NH," is oxidized to NO5” (Codispoti and
Christensen 1985), but in the past two decades, dramatic increases in NH, " have been
documented in the NRE and other systems (Smith et al. 1999, Boesch et al. 2001, Cloern
2001, Burkholder et al. 2006, Dugdale et al. 2007, Jassby 2008, P. Glibert unpubl. data for
Maryland’s Coastal Bays). In this study, SGD contributed more NH," than riverine
discharge during 4 of 6 months sampled (Figure 2.14). The SGD NH," flux was > 40 + 7.4
mol d”' during June, August, and September and was twice as much as the riverine flux
during June, August, and October (Figure 2.14). River discharge peaked during late winter

and early spring (January - May) and provided substantial riverine NH," during that period
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(Figures 2.2 and 2.14). SGD was an important source of NH,", especially during summer
and fall when river discharge was lowest (Figure 2.14). Advective fluxes occur year-round
to the overlying water but, based on these data, SGD can provide significant NH," for late
summer blooms, when phytoplankton productivity is maximal (Mallin 1991, 1994).

In studies that focused on total DIN inputs rather than separately considering NH,",
groundwater was described as a minor contributor of the N and P loading to the NRE (Fear et
al. 2007, Spruill and Bratton 2008). Using Lee-type seepage meters, Fear et al. (2007)
estimated that groundwater contributed only 0.8% of N loading and 1.0% of P loading to the
NRE, and Spruill and Bratton (2008) estimated that ~6% of N and P inputs were from
groundwater. Productivity in the NRE is hydrologically influenced (Arhonditsis et al. 2007,
Rothenberger et al. 2009a), but the role of SGD as a nutrient source to the NRE had not been
considered extensively in previous studies. This research emphasizes the importance of
investigating N forms individually, and indicates that SGD may be more important to water
column NH," budget and phytoplankton productivity than previously estimated using DIN.

As an additional consideration, NH, " is the preferred form of N over NOs- by
phytoplankton (Middleburg and Niewenhuize 2000, Twomey et al. 2005). In the NRE, NH,"
uptake can account for approximately half of total N taken up by phytoplankton (Twomey et
al. 2005). Rothenberger et al. (2009a) related the increase in water-column NH," in the NRE
to higher abundance of certain harmful algal species such as Heterosigma akashiwo, which is
known to prefer NH," as a N source (Herndon and Cochlan 2006). With new understanding
of uptake rates and preferences of the pelagic community in relation to different N forms, it

is useful to express the importance of N sources considering these different N forms.
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Riverine nutrient cycling and loading are different than the processes associated with
groundwater discharge. The chemical reactions that occur in the subsurface may produce
different ratios of nutrients compared to river discharge. The nitrogen and phosphorus ratio
(N:P) of marine pelagic phytoplankton is on the order of 16:1 (Redfield 1934) and global
riverine dissolved reactive N:P is similar with a value of 18:1 (Meybeck 1982). Typically N
is limiting in estuarine environments, but in high groundwater discharge locations the N:P of
the discharging water may influence the nature of nutrient limitation. Estuarine N:P can be
highly variable ranging from < 1.0 to > 200 (Day 1989) and can be lower than Redfield ratio
during peak phytoplankton productivity, leading to N limitation (Nixon and Pilson 1983).
SGD often has higher N:P ratios than overlying water because regenerated P adsorbs onto
sediment particle surfaces in oxic sediments and is fairly immobilized relative to N (LaPointe
1990). Consequently, the N:P ratio in SGD can be dependent on the groundwater flow rates,
the form and supply of N and P, and the redox conditions of the environment (Slomp and
Van Cappellen 2004). In the subsurface mixing zone of oxic freshwater and anoxic saline
groundwater, removal of phosphorus through iron and calcium bound P minerals can occur in
the sediments (Slomp and Van Cappellen 2004). The ratio of N and P in the SGD is
important because it may influence the phytoplankton assemblage and the limiting nutrient
for phytoplankton growth.

The entire Neuse River system is eutrophic (Rothenberger et al. 2009b), and is
classified by the North Carolina Department of Environment and Natural Resources (NC
DENR 1997) as Nutrient-Sensitive Waters, prone to algal blooms, oxygen deficits and fish

kills from excessive nutrient enrichment. The NRE is considered N-limited, although

38



seasonally it can be co-limited by both N and P (Rudek et al. 1991, Lin et al. 2007). NH,",
the dominant N form in porewaters at all three sites in this study, was used to calculate N:P
ratios in the SGD: 73:1 at CP, 46:1 at WP, and 42:1 at MB averaged over all sampling
months. These values were within the range of N:P ratios for SGD at other locations. Slomp
and Van Cappellen (2004), for example, reported a range of 3 to 519, with higher N:P ratios
indicating possible immobilization of P in the sediments by sorption to Fe-oxides or co-
precipitation with Al, Ca, or Fe. The greater flux of N relative to P may also be important in
shifting this estuary toward a P-limited system over time, or toward a N and P co-limited

system, which would considerably alter the ecological dynamics.
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2.7 Conclusions

222
Based on

Rn activities and seepage meter measurements collected between June
2007 and September 2008, SGD is an important component in nearshore environments of the
NRE. The SGD rates estimated in this study were comparable to other rates found in coastal
environments. Nearshore environments were an important source of NH;" to the overlying
water, and showed a strong temporal and spatial variability that was highly dependent on
porewater NH," concentrations. NHy4' flux from SGD contributed substantially more NH,4"
to the overlying water compared to riverine discharge four of the six months sampled. In
fact, during three of the six sampling months, SGD contributed twice as much NH,4" than the
riverine flux. SGD was shown to be an important source of NH;" to phytoplankton during
summer and fall when river discharge is low and productivity is maximal. This study
underscores the importance of investigating N forms separately from total DIN, because
emphasis only on total DIN inputs may underestimate the importance of SGD contributions
to phytoplankton productivity. In addition, the higher flux of N relative to P in SGD
estimates suggests that SGD could play an important role in shifting the NRE toward a P-
limited system or N+P co-limitation over time, away from its N-limited present status.

The water column of the NRE has sustained a ~500% increase in NH4 " over the past
decade, and the major N form in SGD is NH,". This study advances understanding about N
sources to the NRE and, more generally, about SGD in shallow estuaries under accelerated
eutrophication, which characterizes many estuaries throughout the world (National Research

Council 2000). SGD in coastal environments and ecosystems such as the NRE is important

to consider by coastal resource managers because it contributes substantial nutrients and

40



other constituents from sediments and aquifers into nearshore environments. Many estuarine
and coastal environments are economically important to fisheries and tourism, and the
demand for resources from these environments increases as coastal population grows. As
coastal environments become more adversely affected by this demand, factors influencing
water quality, such as SGD, need to be targeted as a source for contaminants. Once a
baseline of SGD and its contribution of constituents to the overlying water column are
established in a particular system, resource managers can derive more accurate estimates of
nutrient sources and budgets. The insights from these data will help to define the role of
SGD in N fluxes to coastal ecosystems, and provide a baseline for assessing the effects of

future perturbations such as sea level rise, fresh groundwater withdrawal, and urbanization.
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Table 2.1. Range in physical/chemical parameters and dissolved oxygen (DO)
concentrations for porewaters at each depth sampled at the three study sites in the Neuse
River Estuary. Porewaters were sampled during six individual months between June 2007
and September 2008.

Site Depth  Temperature DO Conductivity Salinity
(cmbsf) (°C) (mgLh  (mMScm?)

Mills 10 13.6-29.6 0.1-1.0 13-7.1 0.6-3.9

Branch 20 13.5-294 0.1-09 1.3-3.2 0.6-1.7

30 13.9-29.0 0.2-1.0 1.3-4.9 0.6-13

50 14.9-27.7 02-1.2 12-16 0.6-0.8

80 15.7-27.4 0.2-09 1.2-1.8 0.6-0.8

110 16.2-26.7 04-09 13-15 0.6-0.8

140 16.4 - 26.4 0.3-1.0 11-15 0.6-0.8

210 17.6 - 22.5 0.2-0.7 1.1-1.3 0.6-0.6

Cherry 10 52-324 0.3-6.6 7.3-26.7 4.0-175

Point 20 5.8-30.8 0.3-4.3 13.0-26.8 7.1-16.3

30 7.3-30.6 0.2-3.0 1.3-275 0.7-13.6

50 8.6-30.1 0.3-2.8 4.4 -28.8 2.3-17.8

80 9.8-29.3 0.3-25 3.8-23.2 1.2-14.0

110 10.9-28.8 0.4-3.0 0.8-23.8 04-144

150 13.9-27.0 0.6-3.3 0.6-18.1 0.3-10.7

190 145-26.4 1.3-4.0 06-1.2 0.3-0.6

230 13.2-27.7 0.3-4.7 0.3-1.7 0.2-0.8

Wilkinson 10 19.7 -29.6 05-2.2 15.7-29.0 8.5-17.9

Point 20 19.6 - 28.5 03-14 13.8-27.3 7.4-16.7

30 20.1-27.2 0.2-11 13.1-28.0 7.1-17.1

50 20.8 - 27.0 0.6-1.6 14.6 - 28.2 82-17.3

80 21.5-27.0 0.6-1.1 13.5-29.1 7.6-18.0

110 21.6-27.0 0.2-1.0 12.7-31.9 7.3-19.8

150 21.7-27.7 02-10 13.6-32.6 8.2-20.3
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Table 2.2. Mean SGD for all sampling trips for each site (Mills Branch, MB; Cherry Point,
CP; Wilkinson Point, WP) using #22Rn as a tracer and seepage meters.

222pn Meter
1 Std. 1 Std.
cmd Dev. cmd Dev.
MB 51 2.9 0.8 0.9
CP 12.6 0.5 4.7 1.9
WP 7.9 1.5 3.1 2.6
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Table 2.3. Ranges of porewater soluble reactive phosphate (SRP) over all sampling months at
the three study sites, Mills Branch, Cherry Point, and Wilkinson Point.

Depth SRP

Site (cmbsf) (uM)
Mills 10 3.6-205
Branch 20 9.3-235
30 9.3-19.9
50 5.1-27.6
80 7.1-545
110 9.4-15.9
140 9.1-16.6
210 79-12.6
Cherry 10 09-121
Point 20 0.8-5.1
30 06-54
50 0.2-29
80 04-1.3
110 03-1.1
150 05-14
190 0.4-1.0
230 05-1.1
Wilkinson 10 45-18.2
Point 20 7.8-17.7
30 49-14.8
50 7.2-16.8
80 7.8-18.5
110 7.9-13.3
140 8.9-125
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Table 2.4. Seasonal comparison of NH;" flux (mmol m™ d') at Mills Branch (MB), Cherry
Point (CP), and Wilkinson Point (WP) based on SGD measurements from “’Rn and seepage
meters. NH;' concentrations were based on samples collected from 10 cmbsf (ND = data
not available).

“22Rn Mean Meter Mean
NH,4" Flux SD by Site NH," Flux SD by Site
MB
June 23.7 -4.2 -2.4
Aug 24.0 1.4 1.1 3.6
Oct ND ND
Jan 2.5 4.7 3.5 0.7
April 11.0 2.6 0.2 2.6
Sept 39.9 13.7 20.2 14.7 8.4 3.1
CP
June 9.2 0.4 6.9 1.6
Aug 12.6 0.5 3.1 2.0
Oct 3.5 0.4 0.2 0.5
Jan 1.1 1.01 0.8 0.3
April 4.2 0.2 1.1 0.4
Sept 1.6 0.3 54 0.4 0.1 2.1
WP
June 51 1.4 1.5 1.5
Aug 5.0 1.6 2.6 1.7
Oct ND ND
Jan ND ND
April ND ND
Sept 12.8 2.3 7.6 5.6 6.2 3.2
Overall 11.2 15 3.0 1.9
Mean:
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Figure 2.1. Bathymetric map of the Neuse River Estuary, North Carolina and
location of sampling sites. The three study sites are Mills Branch (MB), Cherry Point
(CP), and Wilkinson Point (WP).
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Figure 2.2. Average monthly discharge of the Neuse River at Fort Barnwell, ~ 30 km
above the most upstream site (MB), during the sampling period. The line indicates the
13-year average discharge (1996-2009). Source: United States Geological Survey
[USGS] (http://waterdata.usgs.gov/nwis/monthly?).
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Figure 2.3. Porewater temperature depth profiles at three nearshore sites in the Neuse River
Estuary. Mills Branch piezometer MB1(A) 3 m from shore, MB2(B) 6 m from shore, and
MB3 (C) 9 m from shore. Cherry Point piezometer CP2(D) 10 m from shore, CP3 (E) 15 m
from shore, and CP4(F) 20 m from shore. Wilkinson Point piezometer WP1(G) 7 m from
shoreline and WP2(H) 10 m from shore. Each symbol represents different sampling dates:
June 2007 € August 2007 October 2007 A January 2008A  April 2008@
September 20080

56



Depth (cmbsf)

Temperature (°C)

Ny 20 40 0 20 40 0 20 40
l\l_\\ '\ @ | | | | | |
o o A 8 ﬁ{ §
/0 «O A S A
50- 1 A o A
- o e ©
NS 20 4O
100. oD |
N@® &
YT
0 &
150- YD) :
200 |
>
050 MB1 A | |mMB2 B | [mMB3 C
o 20 400 20 400 20 40
TR w3 [ &»
A A & O A A [ ¥ 'L Xe3
500 A @A$O 1 A eoseo 1 A eseo
A 0RO
A @A A © O
1007 A @A | | A O B
A @ A
1501 . . r® £
200 | ] A0 &
450 |CP2 D| |cpP3 E| [cpa 2@ A% [
0 20 40 0 20 40
1 i¢
50 Ae® | A®
A® A®
1007 A® | A®O
1501 AO | A®O
200 |
WP1 G| wp2 H
250

57



Figure 2.4. Porewater dissolved oxygen [DO] (mg L") depth profiles at three nearshore sites
in the Neuse River Estuary. Mills Branch piezometer MB1(A) 3 m from shore, MB2(B) 6 m
from shore, and MB3 (C) 9 m from shore. Cherry Point piezometer CP2(D) 10 m from shore,
CP3 (E) 15 m from shore, and CP4(F) 20 m from shore. Wilkinson Point piezometer
WP1(G) 7 m from shoreline and WP2(H) 10 m from shore. Each symbol represents different
sampling dates: June 20074 August 2007  October 2007A  January 2008 A

April 2008 @  September 2008 O
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Figure 2.5. Porewater conductivity (mS cm™) depth profiles at three nearshore sites in the
Neuse River Estuary. Mills Branch piezometer MB1(A) 3 m from shore, MB2(B) 6 m from
shore, and MB3 (C) 9 m from shore. Cherry Point piezometer CP2(D) 10 m from shore, CP3
(E) 15 m from shore, and CP4(F) 20 m from shore. Wilkinson Point piezometer WP1(G) 7 m
from shoreline and WP2(H) 10 m from shore. Each symbol represents different sampling
dates: June 2007 9 August 2007 < October 2007 A January 2008 A

April 2008 @  September 2008 O
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Figure 2.6. Porewater 222Rn activities (dpm L") versus depth at three nearshore sites in the
Neuse River Estuary. Mills Branch piezometer MB1(A) 3 m from shoreline and MB3(B) 9
m from shore. Cherry Point piezometer CP2(C) 10 m from shoreline and CP4(D) 20 m from
shore. Wilkinson Point piezometer WP1(E) 7 m from shoreline and WP2(F) 10 m from
shore. Note scale difference at Cherry Point. Arrow indicates transect direction from
shoreline. Data are given as means &+ 1 o (n = 2 for each depth and each month).

Each symbol represents different sampling dates: June 2007 L 4 August 2007<

October 2007 A January 2008 A April 20038@  September 2008 O
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Figure 2.7. Natural log ***Rn versus salinity at all sites during all seasons. Circled symbols
represent porewater samples from shallow depths (10 cmbsf).
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Figure 2.8. Sediment cores collected for sediment slurry test using a vibracore. (A) Core was
taken near piezometer CP2 at Cherry Point. (B) Core representative of sediment near
piezometer CP4. (C) Care was taken near piezometer WP2 at Wilkinson Point. Photographs
are not to scale. Numbers indicate depth sampled in cm beneath seafloor.
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Figure 2.9. Sediment-supported *’Rn versus sediment depth at the two downstream sites,
Cherry Point (CP) and Wilkinson Point (WP). CP: CP2 core was taken near the piezometer
15 m offshore and CP4 core was taken near the piezometer located 20 m offshore for
sediment slurry experiments of sediments at Cherry Point; and WP: WP2 was collected near
the piezometer located 10 m offshore at Wilkinson Point. Note difference in scale for **Rn.
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Figure 2.10. Seasonal SGD estimated for each sampling site using (A) *’Rn and (B) seepage
meters. Data are given as means +/- 1 6 (***Rn: n = 2; seepage meters: n = 6).
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Figure 2.11. Porewater NO3;+NO; concentrations at upstream site Mills Branch (MB) and

downstream site Cherry Point (CP). Surface water concentrations were graphed as 0 depth at
MB; NO5s+NO, was not detected in surface waters at CP.
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Figure 2.12. Ammonium (NH4") porewater concentrations versus depth at (A) Mills
Branch (MB), (B) Cherry Point (CP), and (C) Wilkinson Point (WP).
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Figure 2.13. Average SGD from **’Rn calculations and seepage meter measurements over
all sampling months at Mills Branch (MB, upstream), Wilkinson Point (WP, downstream),
and Cherry point (CP, most downstream site). Data are given as means +/- 1 ¢ (one-way
ANOVA; p = 0.0004).
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Figure 2.14. Comparison of mean NH," flux from the upstream Neuse River based on
discharge rates at Fort Barnwell, NC (USGS) (http://waterdata.usgs.gov/nwis/monthly?) and
NH," water-column concentrations at Mills Branch (NCSU Center for Applied Aquatic
Ecology, unpublished data), versus SGD NH," flux over the entire estuary. SGD NH," flux
was calculated from the mean advective NH;" flux (this study) as applied to the entire

discharge area of the mesohaline portion of the estuary (3.67 x 10° m?, calculated from
Spruill and Bratton 2008).
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3. AMMONIUM PRODUCTION AND BENTHIC INORGANIC NITROGEN
FLUXES IN THE NEUSE RIVER ESTUARY, NORTH CAROLINA, USA
3.1 Abstract
Ammonium (NHy"), nitrate (NO5"), and dissolved oxygen (DO) fluxes across the
sediment-water interface were measured at three sites in the Neuse River Estuary (NRE), North
Carolina, USA. Cores were collected from two shallow nearshore environments (mean water
depth < 1 £ 0.2 m) with sandy sediments and one mid-channel site (mean water depth 3 = 0.1 m)
with organic-rich, fine-grained sediments. NH;" was the major form of inorganic N in sediment
porewaters and flux to the overlying water; NO;” fluxes were small or not detected. NH," and
DO fluxes showed significant seasonal variations at all sites. Diffusive NH," flux was highly
variable and ranged from —29.1 to 811 pmol m™ hr'' among the three sites, with the negative
values indicating flux into the sediments from the water column. The highest net diffusive NH,"
flux was measured during October at both nearshore and mid-channel sites, whereas the lowest
flux occurred in January. Sediment experiments were also conducted at a nearshore and a mid-
channel site to measure the NH," production rates. The nearshore site demonstrated increasing
NH," production with depth, down to 35 cm (0.004 umol NH," cm™ wet sediment d'l), whereas
the highest NH, " production rate at the mid-channel site (0.001 pmol NH;" cm™ wet sediment d°
" occurred in the 0-10 cm interval. Submarine groundwater discharge contributed significantly
more NH," to the overlying water in the nearshore environment than from the organic-rich, mid-
channel sediments based on areal basis. Nearshore sediments of the NRE are sites with
significant NH," production that can be a potentially important N source for benthic and water

column primary production. This study quantified NH," production and flux, which has been
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poorly understood in NRE nearshore environments, and may help to explain an overall increase
in water-column NH," concentrations that has been documented in this system and certain other

shallow, eutrophic estuaries.
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3.2 Introduction

Much of the nitrogen (N) that supports productivity in estuaries is derived from
remineralization and recycling from sediments and commonly is not “new” N, such as the N
supplied by rivers and atmospheric deposition (Dugdale and Goerring 1967). Once nitrate
(NO3") and ammonium (NHy4") enter a coastal ecosystem, these inorganic nitrogen (N;) forms
can undergo many processes and transformations depending on environmental conditions.
Nitrification, the oxidation of NH4" to NO, or NOj3, can strongly influence N availability,
and can rapidly occur in surface sediments where dissolved oxygen (DO) levels are high
(Codispoti and Christensen 1985, Caffrey et al. 1993). Denitrification, the reduction of NO5
or NO; to N or N,O, can occur just below the oxic zone in anaerobic sediments (Kemp et al.
1990). Nitrification can be coupled with denitrification in areas with strong oxygen
gradients, resulting in the removal of bioavailable N. Molecular nitrogen gas (N;) is not
taken up by most microalgae, except for cyanobacteria which are capable of carrying out N,
fixation (Howarth et al. 1988).

In many coastal systems, the dominant form of biological N; uptake is NH,", and it
can account for the majority of phytoplankton production (Nixon 1995). At concentrations in
excess of 2 uM NH," in the water column, NH," is the preferred form of N over NO3 for
assimilation by many phytoplankton (McCarthy et al. 1977, Glibert et al. 1988). Benthic
recycling from sediments has been estimated to provide 20-80% of N requirements in
shallow estuarine water columns (depth < 50 m; Nixon 1995, Boynton and Kemp 1985).

Thus, regeneration from sediments to the overlying water is a significant source of N in
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shallow estuaries (Harrison and Platt 1980). In comparison to continental shelves, estuaries
typically have a long water-column residence time and substantial algal blooms, in addition
to high particulate organic loads from riverine input that may contribute to increased nutrient
regeneration from sediments if organic matter is buried. Remineralization of organic matter
in sediments forms NH," that may be released to the overlying water column and stimulate
productivity where N commonly limits primary production (Blackburn 1979). Thus,
remineralization in sediments has been given considerable attention as a significant source of
N for phytoplankton in the pelagic environment (Blackburn and Henriksen 1983). Many
factors can affect NH," flux from the sediment, including porosity/grain size, organic carbon
content, dissolved oxygen content, salinity, water-column N concentration and speciation,
and various microbial processes such as nitrification that influence N speciation and
bioavailability (Henriksen and Kemp 1988, Kemp et al. 1990).

The Neuse River Estuary (NRE) has sustained accelerated eutrophication from increased
nutrient loading over the past decade, and NH," concentrations have increased about 500% in the
water column of the mesohaline estuary during the past decade (Burkholder et al. 2006).
Previously in the NRE and other estuarine environments, most research concerning sediment
nutrient supply has focused on the organic-rich muddy sediments, which have been considered
the major source of benthic nutrients to the overlying water. The permeable, sandy nearshore
environments were thought to have low organic content, therefore contributing only a small
portion of the nutrients to the overlying water. Moreover, previous studies on benthic nutrient
flux in the NRE were conducted prior to the documented NH, " concentration increase in the

water column. The focus of this study was NH," production and regeneration in the poorly
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characterized sandy nearshore environments of the mesohaline NRE, also including a mid-
channel site for comparison. NH," production, as well as N; diffusive and advective fluxes were
determined for the NRE over a one year period. Nearshore environments were expected to
contribute NH," to the overlying water via diffusional processes and advection. Furthermore,
advection (submarine groundwater discharge, SGD) was expected to produce higher NH," flux
than molecular diffusion. Spatially over the extent of the estuary, it was anticipated that
nearshore environments would contribute comparable NH," flux to the overlying water as the

organic-rich, mid-channel sediments.
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3.3 Study Area

The Neuse River Estuary is a drowned river valley that receives drainage from its
watershed, ~16,000 kmz, and flows from the Piedmont of North Carolina to the coast
(Matson and Brinson 1990). Over the past few decades, the upper Neuse River basin has
experienced substantial urbanization. Wastewater treatment plants and package plants have
increased, 30 % and 324 %, respectively, and the wetland and forested areas have decreased,
3 % and 9 %, respectively (Rothenberger et al. 2009). In the lower basin, industrialized
swine production has been identified as one of the highest contributor of nutrients to the
Neuse surface waters (Rothenberger et al. 2009). The eutrophic estuary is known for major
fish kills, harmful algal blooms, and oxygen deficits (Burkholder et al. 2006).

The NRE is ~ 4.55x10® m? in area and drains into the Pamlico Sound, the second
largest estuarine system in the United States (Steel 1991), along the eastern seaboard of
North Carolina (Figure 3.1). The average discharge of the Neuse River is approximately 113
m’ s and ranges from 55 to 173 m’s™', based on the United States Geological Survey mean
monthly discharge measurements near Fort Barnwell, NC since 1996, ~30 km upstream from
the oligahaline estuary (Figure 3.2) (USGS Surface-Water Monthly Statistics:
http://waterdata.usgs.gov/nwis/monthly?). The NRE is a shallow estuary with mean water
depth of 4.5 m (Roelofs and Bumpus 1953) and limited direct inputs from the ocean. The
tidal influence in the NRE is minimal (Luettich et al. 2000), and winds are the predominant
mixing force in this shallow system (Reed et al. 2004). The mixing between river waters and
Pamlico Sound waters generates water residence times on the order of 50-100 days, which

contributes to extensive recycling of nutrients (Christian et al. 1991; Steel 1991). The flow
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regime of the mesohaline estuary is surface-water outflow and bottom-water inflow (Reed et
al. 2004). Stratification frequently occurs during late summer months when winds are
reduced, but sometimes persists from April through October (Burkholder et al. 2006).
Stratification and strong winds influence the oxygenation and the nature of nutrient
availability within the estuary. Winds play a significant role in sediment resuspension and
nutrient release from the mid-channel benthic environment (Giffin and Corbett 2003).

Distinct sediment boundaries are present in the NRE and the sediment regimes can be
distinguished based on grain size and porosity, among other characteristics. The sediments
of the center channel consist of organic-rich, fine-grained silt and clay with a porosity > 0.8,
and comprise approximately half of the estuarine surface area (Alperin et al. 2000). The
center of the channel collects fine-grained sediment because it is the deepest area of the
channel and wave energy is minimal. Nearshore sediments of the channel are mainly fine- to
medium-grained sand with an average porosity of < 0.6 (Alperin et al. 2000).

As part of this study, three sites in the NRE were characterized, including two
nearshore sites and one mid-channel site (Figure 3.1). Nearshore site Mills Branch (MB) was
farthest upstream in shallow oligohaline waters (mean depth 0.45 + 0.2 for dates sampled).
The second nearshore site, Cherry Point (CP), was 30 km downstream in mesohaline waters.
CP is a higher-energy environment than MB and has a shallower mean depth (0.22 £ 0.2 m
on the dates sampled). The mid-channel site (MID, mean water depth 3 + 0.1 m on dates
sampled) was ~ 5 km upstream of CP. The two nearshore sandy sites had sediment
porosities < 0.7, whereas the sediment porosity of the mid-channel site was >0.8 (data from

this study). MB was located near a housing subdivision with a nearby boat ramp and wildlife
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area. The vegetation along the shoreline included a few sparse cypress trees and wetland
vegetation. CP was also located near a housing subdivision, with the beach area protected by

riprap. Very little shoreline vegetation was present at CP.
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3.4 Methods

3.4.1 Porewater Nutrients

Three multi-level piezometers (Martin et al. 2003) were installed in transects (up to
20 m offshore) perpendicular to the shoreline at each of the two nearshore study sites, Mills
Branch (MB) and Cherry Point (CP), during June 2006. The piezometers were 150 cm or
230 cm in length and had screened ports at 10- to 30-cm intervals. PVC tubing ran from the
intake port along the inside of the PVC pipe to the surface so that samples could be collected
using a peristaltic pump. Samples were collected into an overflow container to measure
temperature (T), salinity (S), conductivity, and dissolved oxygen (DO) once the abundances
of these tracers stabilized. Data were collected using a handheld YSI-85 (YSI Incorporated,
Yellow Springs, OH). Samples were also collected in acid-stripped polypropylene bottles for
analysis of ammonium (NH,") and nitrate-+nitrite (NO3+NO;"). The piezometers were
sampled along with water-column measurements approximately bimonthly from June 2007

to September 2008.
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3.4.2 Nutrient Flux Across the Sediment-water Interface

Net sediment nutrient and oxygen flux measurements were conducted using
cylindrical flux chambers constructed from plexiglass (length 25 cm, diameter 15 cm). The
chambers enabled collection of minimally disturbed sediment cores (Kemp et al. 1990, Blair
et al. 1996, Thomas and Blair 2002), which were used to conduct benthic flux measurements
of O,, NH,", and NO3;+NO,". The cores, including ~15 cm of overlying bottom water, were
sealed gas-tight and served as incubation chambers to measure O, consumption rates and
NH," and NO;+NO; fluxes. For all experiments the cores were left open during transport to
the lab, and therefore, were oxygenated at the start of the flux experiments. The flux cores
were incubated at in Situ temperatures and under light and dark conditions. Sampling of
overlying water in the chambers occurred at 2- to 6-h intervals over a 24 to 48 h period.
Chambers were stirred using an external motor and magnet to rotate an internal floating stir
bar to prevent stratification. The stirring speed was adjusted so as to not disturb the surface
sediment. Samples from the overlying water were pulled from a port for analysis of nutrients
and [DO]. [DO] was measured immediately using the micro-Winkler technique (Parsons et
al. 1984, Thomas and Blair 2002). Nutrient samples from the chamber experiments were
frozen and analyzed within 30 days following accepted procedures (U.S. Environmental
Protection Agency [EPA] 1993 - below). Cores were collected approximately bimonthly
over an annual cycle, since NH, " inputs and microbial nitrification/denitrification processes
show strong seasonality (Kemp et al. 1990). NH,", NO;+NO,, and O, fluxes were

calculated from the concentration changes over the 1 to 2 day time period. Use of chambers
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in short-term incubation experiments such as these were considered to provide a “whole

community” approach for determining sedimentary fluxes.
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3.4.3 Ammonium Production

On one sampling trip, twelve sediment cores were collected at one nearshore site (CP)
in the NRE (Figure 3.1). PVC core liners were used as push corers to collect sediment down
to 40-cm depth for NH," production measurements, following methods modified from Aller
and Yingst (1980). Holes had been drilled at 2.5 cm intervals and then sealed with silicone
before the core liners were inserted into sediments. Three cores were processed immediately
and the remaining cores were transported to the laboratory and incubated for up to eight
weeks. Three cores were processed every two weeks by inserting a porewater sipper into
each hole. Porewater was extracted by inserting a syringe with a modified tip that had a
hollowed out porous stone attached to prevent clogging (Alperin et al. 1999).

Eight sediment cores were also collected from the mid-channel using a Wildco
Ogeechee hand corer with liners (Wildlife Supply Company, Yulee, FL). Cores were sliced
at three depth intervals (0-10 cm, 10-20 cm, and 20-30 cm). The sediment sections were
quickly homogenized and immediately packed with no air bubbles into 60-mL centrifuge
tubes. The centrifuge tubes were sealed and placed in mason jars filled with mid-channel
sediments to minimize contact with ambient air during incubation. Each mason jar contained
triplicate centrifuge tubes for each depth and each incubation time, in order to eliminate
exposure to air from opening and reclosing of jars. The effort included a total of 36
centrifuge tubes, with 12 tubes for each of the three depth intervals and each of three
incubation times (CP: 0, 17, and 32 d; MID: 0, 7, 32, and 66 d). The rate of NH4" production
was measured under anoxic conditions to eliminate nitrification and minimize denitrification

and anammox (anaerobic ammonium oxidation) reactions. It should be noted that the role of
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oxygen in the decomposition of sedimentary organic matter was eliminated in these
laboratory experiments, which may have imposed some artifacts or bias. The NH,"
production rate was calculated from the change in porewater NH," concentration over time

for each depth interval.
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3.4.4 Submarine Groundwater Discharge

Submarine groundwater discharge (SGD) was measured at the two shallow nearshore

sites, MB and CP, using 222

Rn as a groundwater tracer, in order to quantify advective flux of
NH," from porewaters to the overlying water. This naturally occurring tracer is elevated in
groundwater compared to surface water because it escapes to the atmosphere once it is mixed in

the surface water (Cable et al. 1996). **

Rn has been used as a groundwater tracer in many
studies (e.g. Cable et al. 1996, 2004; Cable and Martin 2008; Corbett et al. 1999, 2000; Smith et
al. 2008). For the purpose of this study, SGD was defined as total advective discharge into a
water body across the sediment water interface, including subsurface terrestrial freshwater and
recirculated seawater (Taniguchi et al. 2002). Ten milliliters of porewater sampled from the

multi-level piezometers were collected for 222

Rn analysis from an overflow container using a
glass syringe (Chapter 2). The 10-mL sample was transferred to pre-filled vials with 10 mL of
high-efficiency mineral oil to eliminate contact with air. Porewater ***Rn was analyzed on a
Packard Tri-Carb liquid scintillation counter. The gradient of ***Rn porewater concentrations
were used to estimate SGD based on the slope and diffusion of ***Rn (Martin et al. 2007, Cable
and Martin 2008, Chapter 2). Details of *Rn methodology can be found in Chapter 2. The
advective flux of NH," was calculated from the shallowest NH4 ™ concentrations (10 cmbsf) and
SGD at each site.

The mid-channel was assumed to have no groundwater flow based on previous studies

that measured chloride (CI') (Alperin et al. 2000) and basic hydrogeologic modeling (Spruill and

Bratton 2008). The mid-channel may have had significant porewater exchange due to advection
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associated with sediment resuspension during storms and wind events (Giffen and Corbett 2003).

However, advection in the mid-channel was not measured as part of this study.
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3.4.5 Analvtical and Statistical Considerations

NH," and NO;+NO, concentrations were analyzed colorimetrically using an
automated Quattro Continuous-Flow Analysis (CFA) system, following EPA method (US
EPA 1993 EPA/600/R-93/100). Precision of the Quattro analysis is 0.3 uM for NH;" and 0.1
uM for NOs + NO,". NH," porewater samples from piezometers and ammonium production
experiments were analyzed within 24 h of sampling to eliminate freezing or preservation
artifacts. NH,4 samples from chamber experiments and all NO; + NO,” samples were frozen
and analyzed within 30 days following method EPA/600/R-93/100 (US EPA 1993).

Seasonal variation in NH," porewater concentrations and fluxes was analyzed across
all sites and sampling months using one-way analysis of variance (ANOVA) (StatCrunch,
Integrated Analytics, LLC). The variance in light and dark incubations was analyzed using
ANOVA as well. O, consumption and NH," flux was analyzed by linear regression. All

statistical analyses were conducted using StatCrunch (Integrated Analytics, LLC).
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3.5 Results

3.5.1 Sediment Nutrient Profiles

NH," was the primary form of inorganic N in the NRE sediment porewaters, and was
elevated in porewaters relative to surface waters at all sites. Surface water NH,"
concentrations ranged from 1.2 t010.1 uM at MB and from 0.7 to 3.7 uM at CP. All sites
showed significant temporal variability in NH4~ porewater concentration between warm
(August, September) and cold (January) months (Figure 3.2A, B) (p = 0.001, n = 165,
ANOVA). NH," porewater concentrations at MB ranged from 71.5 to 345.1 uM (Figure
3.2A). MB NH;" concentrations were almost three-fold higher than the concentrations found
at CP. Porewater NH;" concentrations ranged from 0.6 to 88.7 uM at CP, and concentrations
decreased with depth (Figure 3.2B).

NO3;+NO; was a minor portion of the N measured in porewaters at the three sites.
Porewater concentrations ranged from 0.0 to 0.5 uM NO3+NO;" at both MB and CP, and
were often below analytical detection (0.1 pM) during most sampling months. At the
upstream site (MB), NO3+NO;" was detected at 10 cmbsf at 0.5 uM during January, when
NO;+NO; surface-water concentrations were 9 uM (Figure 3.3A). NO3;+NO; was less
than 0.4 uM concentrations at depths greater than 150 cmbsf at CP, and was present only
during October, January, and April (Figure 3.3B). In shallow porewaters (< 100 cmbsf) at

CP, NO3+NO;" was not detected except during January.
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3.5.2 Nutrient Regeneration and Oxygen Consumption

Seasonal NH,", DO, and NO;+NO,  fluxes at the three sites are summarized in Table 3.2.
Water-column temperatures ranged from 6.0 °C in January to 33.9 °C in August. At MB and CP,
there was no significant difference in NH.,", DO, and NO;+NO,  fluxes between light and dark
experiments (ANOVA: MB, p=0.75,n=18; CP, p=0.89, n = 16). Light experiments were not
conducted for MID sediments because the mid-channel benthos is light-limited, receiving less
than 50 uE s m™ of photosynthetically active radiation (PAR) measured with a Li-Cor
Datalogger and 4 sensor (Li-Cor, Lincoln, NE). The NH;" flux ranged from —29.1 to 811 umol
m™ hr' among the three sites. Negative values indicate flux into the sediment from the overlying
water. The highest net NH;" flux occurred in October at all sites, and the lowest flux occurred in
January. The upstream MB site released NH4' from the sediments to the overlying water during
four of the five months sampled, and showed significant seasonal variation (Figure 3.4A) (p <
0.0001, n = 17). At CP, most of the NH,4" flux occurred into the sediment and did not differ
significantly among seasons (Figure 3.4B). At MID, NH," flux ranged from 2 to 203 pmol m’
hr', and the flux was significantly higher in October than in January (p = 0.0097, n = 6) (Figure
3.4C).

Both nearshore sites remained oxygenated (> 60 uM O,) during all sampling months.

In contrast, MID bottom waters frequently sustained anoxia (unpublished data, Center for
Applied Aquatic Ecology, NCSU). Overlying water-column O, concentrations decreased in
every incubation experiment at all sites, indicating benthic consumption of O, (Table 3.2)

(Figure 3.4D-F). DO showed a significant seasonality, with highest O, consumption in
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August at all sites (p =< 0.0001, n = 34) (Figure 3.4D-F). The MID site, which was sampled

in October, January, and September, had higher sediment O, consumption rates in October.
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3.5.3 Ammonium Production

NH," production rates were measured in sediment cores collected from a sandy
nearshore site (CP with an incubation period of 32 days) and the organic-rich, mid-channel
site (MID with an incubation period of 66 days) at depths down to 35 cmbsf. There was no
significant difference in NH, " production from surface sediments at the two sites, but
porewater concentrations were higher at MID (Figures 3.5 and 3.6). At the nearshore CP site,
porewater NH, " increased substantially from day 17 to day 32 over all depths, and the
highest production rate occurred at the 25- to 35-cm depth interval (0.004 pmol NH," cm™
wet sediment d') (Figure 3.6). Porewater NH, ™ concentrations at MID ranged from 633 pM
at 5 cmbsfto 1254 uM at 25 cmbsf. NH," production experiments showed a smaller increase
of NH;" over time from the MID site, and indicated similar production rates with depth as in
the nearshore sites. The highest NH;" production rate at MID occurred at the 0- to 10-cm

interval (0.001 pmol NH," wet sediment cm™ d™) (Figure 3.6).
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3.5.4. Submarine Groundwater Discharge

22Rn measurements, the average SGD at the two nearshore sites over all

Based on
sampling periods was 5.1 cm d”' for MB and 12.6 cm d”' for CP (Figure 3.7A). CP had
higher SGD compared to MB for all sampling months. SGD did not show strong temporal

**’Rn-based SGD estimates were lowest at MB and CP in January

variability, although
(Figure 3.7A).

The advective NH;" flux was calculated by multiplying the SGD estimate and NH,"
concentration at 10 cmbsf for each site seasonally. MB had higher mean advective NH4 flux
over all sampling months (20 + 7.2 mmol m? d) compared to 5.4 + 0.5 mmol m~ d™' at CP
(Figure 3.7B). The lowest advective NH;" flux occurred during January at both nearshore

sites and the highest flux was observed during September 2008 at MB (39.9 mmol m? d™),

and August 2007 at CP (12.6 mmol m™ d™).
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3.6 Discussion

3.6.1 Temporal and Spatial Variation of Inorganic N Fluxes

NH," flux estimates from NRE sediments in this study were comparable to fluxes
measured in previous research conducted in the NRE and in similar coastal environments (Table
3.4). Based on fluxes calculated from porewater profiles, Haruthunian (1997) suggested that
buried organic matter is being remineralized and more bioavailable N is being recycled back to
the water column in summer than in winter (4.5 mmol m? d' and 0.69 mmol m” d”!
respectively). In this study, the NH," flux data from the mid-channel muds as well as upstream
sandy nearshore site MB showed seasonal variation (p = < 0.0001; n =7 and n = 18, respectively
- ANOVA). At the downstream nearshore site CP, however, there was no significant seasonal
difference in NH4" flux (p =0.18, n =16, ANOVA). These NH,' flux estimates suggest lower
diffusive flux than Haruthian (1997) reported, but included consideration of active processes,
such as nitrification and benthic algal uptake, that may have influenced the flux across the
sediment water interface.

Both nearshore sites showed seasonal differences in benthic oxygen demand, with rates
significantly higher during warmer months, especially October (Figure 3.4). These findings may
have been attributable to higher organic material inputs from summer blooms and/or associated
higher microbial organic matter degradation (as a result of higher temperatures). At the nearshore
sites, there was no significant difference between light and dark experiments, indicating that
minimal benthic photosynthesis occurred in the light incubation experiments. The CP sediment

was qualitatively examined microscopically to determine the presence of benthic algae, which
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consisted mostly of diatoms along with sparse dinoflagellates (H. Skelton, personal
communication). If benthic algae were low in abundance, any oxygen produced may have been
expended in organic matter decomposition, and thus would have resulted in minor differences in
light and dark experiments.

O, consumption and NH," flux were not proportional at the two nearshore sites (Figure
3.8). MB had higher fluxes of NH;" and higher oxygen consumption than CP in the chamber
experiments, although NH,4" fluxes and oxygen consumption were not significantly correlated at
either nearshore site (MB: n = 18, *=0.16, p=0.94; CP: n=16, = 0.03, p=0.52). Ifitis
assumed that NH, and O, fluxes result only from aerobic decomposition of organic matter, and
that the decomposing matter consisted mostly of phytoplankton, there would have been 1 mole
of N (as end product NH,") produced per 6.6 O, moles consumed according to Redfield organic

matter (Redfield 1934):

(CH,0),06(NH;) 1sH5PO, + 1060, + 16H" => 106CO, + 16NH," + H;PO, + 106H,0

Redfield stoichiometry, developed for marine phytoplankton, was considered here
because phytoplankton are the predominant form of organic matter in the downstream NRE
sediments and can contribute up to ten-fold more particulate organic carbon than river runoff
(Matson and Brinson 1990). The sediments at MB may have included more terrestrial
organic matter. Nevertheless, based on the available literature, it was assumed that the

majority of the NH," produced was from phytoplankton degradation due to the higher
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degradation rate of organic matter derived from phytoplankton (Henrichs and Reeburgh
1987).

Considering the ratio of O, consumption to NH;" production and flux to the overlying
water (O, : NH,"), MB had an O, : NH," ratio similar to that of phytoplankton stoichiometry.
The O, : NHy4' ratio at MB ranged from 0.41 in October to 23 in August, with many values
close to the Redfield ratio, perhaps indicating phytoplankton decomposition during summer.
The O, : NH," ratio ranged from 30 to 370 over all sampling months for CP, indicating a
higher O, demand than an equivalent NH;" flux based on values predicted from the aerobic
organic matter oxidation equation (Figure 3.8B).

At the mid-channel site, surprisingly there also was no significant correlation between
NH," regeneration and O, consumption (r* = 0.02, p = 0.95). The mid-channel site had an O, :
NH, " value of 10.2 in October, similar to that of marine phytoplankton stoichiometry. During
January, NH," flux was low compared to O, consumption and in excess during September
(Figure 3.8C).

As mentioned, the expected O, : NH;" values were based on marine phytoplankton
stoichiometry and aerobic degradation of organic matter. Therefore, these values represent
idealized endmembers, with the following caveats. First, recent findings show that N:P
elemental composition of algae can vary depending on alga taxa and environmental conditions
(Geider and La Roche 2002). Geider and La Roche (2002) synthesized literature and found that
nutrient-replete algae typically have lower N:P (15-30) compared to nutrient-deficient algae, but
can encompass a larger range dependent on local variables. Therefore, in order to obtain an

accurate value and assessment of the role of aerobic organic matter degradation in nutrient
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fluxes, ideally the organic matter type and C:N:P would need to be established. Second, there can
be chemical as well as biological consumption of O,. Although it was assumed that O,
penetrated 8-10 cm depth in nearshore sediments based on previous literature for permeable
sediments (Cook et al. 2007) and physical characteristics (wave action, and presence of ripples)
of the sampling sites, O, can be consumed chemically, by oxidation of iron and manganese.
Furthermore, anaerobic oxidation of organic material is not considered in these calculations but it
may alter the O, : NHy " ratio. Utilization of O, and suboxic processes, such as sulfate reduction
and methanogenesis, occurring in the sediments would make the O, : NH," ratio smaller than the
Redfield stoichiometry based on aerobic degradation and can explain many of the values below
the expected O:N ratio (Figures 3.8A-C). Sulfate reduction is an important process that occurs in
organic-rich estuarine sediments once oxygen is depleted by aerobic respiration (Thamdrup et
al.1994). In other research, organic carbon reaching the seafloor in coastal environments, such
as Cape Lookout Bight (NC) was found to be reduced by aerobic respiration (27%), sulfate
reduction (57%) and methanogenesis (16%) (Martens and Klump 1984). Although anaerobic
processes may have been occurring, the magnitude and depth of these processes has not been
established, especially in the permeable nearshore environments of the NRE.

Other processes that may influence the O, : NH," ratio include adsorption, benthic algal
uptake of NH.", nitrification, and denitrification in the sediments. Adsorption of NH, " was not
considered in this study but may also have prevented flux of NH," to the overlying water,
especially with the mixing of freshwater and seawater (Gardner et al. 1991). In addition, benthic
algae in the nearshore environment may have consumed NH,", and therefore, decreased the flux

to the overlying water (Tyler et al. 2003). DIN uptake by benthic algae at the sediment-water
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interface can significantly affect DIN fluxes from sediments, particularly in sandy sediments
(Reay et al. 1995; Janhke et al. 2000, 2005; Tyler et al. 2003). For example, Henriksen and
Kemp (1988) reported that benthic diatom mats caused NH;" and NO;” to flux from the water
column into sandy sediments. However, in the mid-channel water column of the turbid Neuse
system with limited PAR (< 50 uE s m™) and reduced light attenuation (mean 1.11 m™; Mallin
and Paerl 1992), benthic algae would not be expected to be as important as in nearshore
environments.

Nitrification can be another important influence on the amount of NH," fluxing from
sediments to the overlying water (Focht and Verstraete 1977, Blackburn and Henriksen
1983). Some NH," from decomposition and deamination of organic N may have been re-
oxidized to NOjs™ via nitrification before it moved to the overlying water (Christensen and
Rowe 1984). Nitrification can also influence oxygen availability in sediments by altering
aerobic conditions and heterotrophy. Two moles of molecular oxygen are consumed for one
mole of NH," oxidized in the nitrification process (Christensen and Rowe 1984).
Nitrification would increase O, consumption and oxidize NH," at a ratio of 2:1 in the
nearshore environments. Therefore, if decomposition had been occurring but part of the
NH," being produced was being oxidized, the O,:N ratios would have increased, as was
observed at CP. Ifit is assumed that some of the NH4 was fluxing from the sediment and
oxidized to NO5", then the NO;+NO, flux can be added to the NH, " flux to calculate the O :
N value, although NO3;+NO," was not detected during 14 of 36 flux chamber experiments.

A NO;+NO;" flux was detected at all sites in October, and at MB during August and

January, but NO3+NO; fluxes were low compared to NH," fluxes (Table 3.1). The O, :

98



NH,4 " + NO5;+NO, ratio from each core indicated that the NO;+NO, concentration was
insignificant to the ratio and did not change the O, : N values.

Recycling and the regenerative internal flux from the sediments can play a significant
role in NH," availability for estuarine productivity (Glibert 1988). With increased eutrophication
of Chesapeake Bay, for example, it was suggested that nitrification and denitrification rates may
be reduced, and therefore NH, " would be recycled back to the water-column to further stimulate
phytoplankton productivity (Kemp et al. 1990). Thus, recycling and the regenerative internal flux
from the sediments can play a significant role in NH;" availability for estuarine productivity
(Glibert 1988). Denitrification rates can affect overall water column N;. In Chesapeake Bay,
Boynton and Kemp (1985) found that O,:N values were more consistent with Redfield organic
matter values in summer than in spring, and suggested that the proportionally low release of N
from sediments resulting in high O,:N ratios could be attributed to high denitrification rates. In
Narragansett Bay, Berounsky and Nixon (1990) also found high O,: N values and suggested
denitrification as the primary process affecting the O,:N ratio. In this study, the sediments
became more anoxic during the incubation experiments, resulting in final O, concentrations less
than 300 uM in the overlying water. Increased denitrification resulting in decreased NH;" flux
may have occurred as the sediments became more anoxic.

In the NRE, Fear et al. (2005) assessed denitrification from three mid-channel sites
along a salinity gradient, and estimated that denitrification removed ~12% of the total annual
N load and ~26% of the annual DIN load. From seasonal data, Fear et al. (2005) also
estimated that denitrification rates ranged from 0-275 pmol N m? h™. Earlier researchers

estimated denitrification rates of 0-104 umol N m™ h™' in the mesohaline NRE (Piehler et al.
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2002). Other factors, such as NO3™ and DO concentration and sediment organic matter
content, can also influence denitrification rates. Both Piehler et al. (2002) and Fear et al.
(2005) unexpectedly found higher denitrification rates in winter concomitant with increased
NOs concentrations, as has been reported for Chesapeake Bay (Kemp et al. 1990). High
denitrification rates in winter do not support the low O,: NH," ratio found during January

incubations, suggesting that other factors contributed to the low NH," fluxes.
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3.6.2 Ammonium Production and Sedimentary Processes

Phytoplankton blooms can be a major source of organic material to sediments, especially
in shallow estuaries and coastal waters (Jensen 1990). Organic matter degradation in sediments
forms NH, " by deamination in sediments producing high NH," porewater concentrations.
Caffrey (1995) measured NH4" production in shallow sediments (up to 8 cm depth) at five sites
in South Bay, San Francisco Bay and reported that NH," production was highest in spring and
fall, but production was not driven by temperature. It was therefore suggested that NH,"
production was more closely related to the timing of organic matter inputs.

In this study, NH;" production experiments from cores taken at a nearshore site (CP) and
a mid-channel site revealed similar NH;" production rates in the surface sediments, although the
sandy nearshore site had higher production in deeper sediments (25-35 cmbsf). In other systems,
organic-rich sediments have been described as having lower NH4" production with depth,
probably due to decreasing labile organic matter and/or oxidizing agents with sediment depth, for
example, coastal waters along Denmark (Blackburn and Henriksen 1983), Long Island Sound
(Aller and Yingst 1980), San Francisco Bay (Caffrey 1995).

Moreover, similar rates of NH4" production occurred in the nearshore sediments of the
NRE compared to the mid-channel site, despite the higher organic content in the mid-channel
and large NH," pools. Several possible errors may have resulted from the NH," production
methods that were used: First, extractable NH4 " was not measured and it may have been a
considerable fraction of the NH4" in porewaters of the fine-grained sediments in the mid-channel.
Second, different methods were used to analyze NH, " production in the cores. The nearshore

cores were large push cores dug out from sediments and left to incubate undisturbed. In contrast,
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the mid-channel cores were sliced and packed into centrifuge tubes. During the slicing process,
O, was introduced and may have stimulated nitrification utilizing a portion of NH,". Because O,
was introduced, time zero data were not included in calculating production rates for MID.
However, the data indicated lower production rates in the organic-rich mid-channel compared to
the sandy nearshore environment, and overall lower production (1 mmol NH," m? d") than
previously reported in other studies (e.g. 3.2 - 7.6 mmol m? d™') (Aller and Yingst 1980). An
explanation that may validate our findings is that the MID site may have older soils with less
reactive organic matter accumulating compared to fresh algal organic material in the nearshore
sites. This hypothesis was not tested in this study but could be investigated using 5"°C to
determine type of organic matter content and '*C to age date organic material. Another possible
explanation for lower production at the MID site is that MID was not as advective as the
nearshore site, thus allowing porewater NH;" to accumulate although it was not necessarily being

produced at a rapid rate.
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3.6.3 Advective Porewater Exchange

Although our data indicate that NH," was being produced in the sandy nearshore
sediments, there was a relatively low diffusive flux from the sediments to the overlying
water. As mentioned previously, many factors may have influenced these findings, including
chemical reactions within the oxic/anoxic boundaries, biological processes such as loss of
NH," through uptake by benthic algae, and advection. Advective transport may be a primary
control on NH;" production and diffusion across the sediment-water interface in nearshore
NRE environments. Factors regulating the fluxes of nutrients from sediments to the water
column include the rates and types of organic matter supplied to the sediments,
decomposition rates, biological activity, and exchange rates between porewaters and
overlying water. The rate of remineralization ultimately controls the flux of dissolved
nutrients from sediments to the overlying water (Klump and Martens 1981), but other factors,
such as advective porewater exchange, may play an important role in permeable nearshore
environments (Janke et al. 2005). Tidal pumping, wave interaction, and/or groundwater
discharge may alter oxygen concentrations, redox potential, and residence time of porewater
and influence the remineralization rates of organic matter and NH," production and flux
across the sediment-water interface. Continuous exchange of porewater, also called
“flushing”, can occur as a result of pressure gradients from wave action and tidal pumping
(Burnett et al. 2003). Advective porewater exchange and chemical zones are highly variable
spatially and temporally due to the continually changing boundary layer in high-energy

environments (i.e ripples) (Burnett et al 2003). Waves can perturb porewaters of high
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permeability sediments (Harrison et al.1983) and increase nutrient fluxes and oxygen
penetration.

In energetic environments such as the nearshore NRE, fluxes of nutrients and NH4"
production may be influenced by advection of porewaters. Physical parameters that may
influence nutrient fluxes include tides, water level, and waves. The effect of tides is minimal
in the NRE, but water level can fluctuate significantly (Reed et al. 2008), affecting pressure
gradients and salinity, which can impact nutrient flux. Significant wave action can occur in
portions of the mesohaline NRE, especially when nor’easters occur. CP was often subjected
to wave action, and winds often increased during the afternoon, producing white cap
conditions. Ripples on the sediment surface were often present as well, indicating the effects
of local waves on the sediment-water interface.

Marinelli et al. (1998) investigated NH, " production and nutrient flux on the
continental shelf on the South Atlantic Bight (SAB). This system has permeable sandy
sediments that showed substantial variation among cores, often with low or undetectable flux
of nutrients across the sediment-water interface. Our results are similar to Marinelli et al.
1998, in that there was no significant difference between light and dark experiments for
nutrient exchange from sediments to the overlying water in NRE nearshore sites. NH;"
production rates were also similar, 0.001-0.002 in the NRE compared to 0.001-0.006 pmol
NH," ¢cm™ d”' in the SAB. Benthic primary production may contribute significantly to
nutrient fluxes, but in the light and dark flux incubations of our study, fluxes did not follow a
regular pattern. SGD, an advective process, may play a more important role than other

processes, such as differential burial of N relative to C and differential diagenetic processes,
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in influencing NH," flux from sediments to the overlying water. With greater SGD, more
permeable sediments, and lower organic material, NH; "~ would not be expected to accumulate
in porewaters.

Nearshore environments with advective porewater exchange can have a strong
influence on local nutrient budgets (Cook et al. 2007, Spiteri et al 2008). SAB has been
hypothesized to have non-local exchange that deplete nutrients down to sediment depths of
10 cm, which would make advection of fluids in this energetic environment more important
than molecular diffusion (Marinelli et al. 1998). Using flume experiments, Huettel et al.
(1996) similarly found a depth of solute advection to ~ 8§ cm below the sediment surface in
permeable sediments. Fluxes of nutrients and NH4" production can be influenced by
advection of porewaters in energetic environments (Marinelli et al 1998). Advective flows
generated by pressure gradients may enhance solute and particle exchange and tend to
decrease with depth as resistance increases in the sediment with longer solute flow paths.
Advective porewater exchange can be 2.5-fold greater than diffusive exchange of oxygen
under conditions of flushing rates ranging from 100-300 L m™ d”' in permeable sediments of
the North Sea and Baltic Sea (Cook et al. 2007).

Thus, advective transport may be an important influence on NH," production and
diffusion across the sediment-water interface at energetic nearshore environments in the
NRE. In shallow nearshore environments, SGD, including both freshwater and infiltrated
seawater, was measured as an advective component that may have affected nutrient
production and flux to the overlying water column. NH," fluxes in the nearshore

environments were temporally and spatially variable. CP had significantly higher SGD than
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MB during June, April, and September (Figure 3.9). The SGD NH;" flux in the two
nearshore sites ranged from 1.1 - 39 mmol m? d" with a mean of 12+ 3.7 (Figure 3.7B). The
SGD NH," flux was seasonally variable and apparently was affected by the temporal
variability in NH," porewater concentrations. Since NH," porewater concentration is a
function of organic matter degradation, changes in organic matter rates and or concentration
may be the driving factor in NH," fluxes, as opposed to changes in advective porewater
transport. The NH;" flux was lowest in January at both sites, whereas the highest flux
occurred in August or September at MB and CP. The high NH," flux at MB in September
was driven by high porewater concentration (445 uM), especially at 10 cmbsf. MB exhibited
higher NH," flux (average 20 + 7.2 mmol m™ d! versus CP, 5.4 + 0.5 mmol m™~ d™"), possibly
due to higher organic degradation and lower flow rate (Spiteri et al. 2008).

At MB, the mean advective NH," flux for each sampling month in this study was
greater than the mean diffusive flux during warmer months (Figure 3.9A), while at CP the
mean advective NH," flux was greater than the mean diffusive flux during all sampling
months (Figure 3.9B). These data support the hypothesis that advection plays an important
role in the flux of NH4 " in nearshore NRE environments. Previous research in the NRE
mostly has focused on the nutrient fluxes from the organic-rich, mid-channel deposits, and
these muds have been estimated to contribute almost half of the phytoplankton N demand
(Haruthian 1997). In this study, the nearshore environment contributed similar NH4" loads to
the mesohaline NRE as the diffusive flux of the mid-channel (Table 3.4). Advection in the
mid-channel was not considered, but wind-related resuspension events may have been a

significant source of NH, " to the water column as well (Giffin and Corbett 2003, Morin et al.
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1999). This previously unquantified NH,4" source in nearshore environments potentially
could substantially affect overall NH;" dynamics in the mesohaline estuary, and may be a

. . . . + .
major contributor to the documented increase in water-column NH4  concentration

(Burkholder et al. 2006).
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3.7 Conclusions

This study demonstrated that nearshore sediments of the NRE can play an important
role in nutrient cycling to the overlying water column. Nearshore environments are extremely
heterogeneous, making measurements and quantification difficult, but nearshore sediments
are significant to nutrient cycling in the mesohaline estuary. NH,', the predominant form of
DIN in porewaters, was produced at rates comparable to rates in the organic-rich mid-
channel. However, NH;" did not accumulate in porewaters at nearshore sites, therefore
resulting in lower diffusive flux from sediments to the overlying water column. Other
processes, such as biological uptake and N transformations, may be influencing the NH,"
flux from sandy sediments, but advection also affects nearshore nutrient dynamics. The data
suggest that SGD advection generated NH," fluxes as high as, or higher than, fluxes from the
organic-rich mid-channel sediments. The data also suggest that sandy nearshore
environments are an important, previously overlooked source of NH," that likely has
contributed to the significant increase in water-column NH, " that has been documented in the
NRE over the past decade.

N; supplied to the water column of the NRE has been assessed as an important
nutrient source for phytoplankton. Haruthunian (1997), for example, focused on NH;" flux
across the sediment-water interface at three sites from the central part of the NRE channel
and estimated that benthic N regeneration supplied 41% of the total N demand by
phytoplankton in the mesohaline estuary annually. NHy" is efficiently recycled and is the
preferred form of N over NO;™ by many phytoplankton species (Middelburg and

Nieuwenhuize 2000). Over recent years, the Neuse River basin has experienced significant
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urbanization and natural habitats have decreased. Wastewater discharges and swine
agriculture have been identified as the highest contributors of N to surface waters,
respectively, in the upper and lower Neuse River (Rothenberger et al. 2009). These sources
are contributing to the sustained eutrophication that the Neuse has sustained over the past few
decades, which has led to major fish kills, harmful algal blooms, and oxygen deficits
(Burkholder et al. 2006).

The importance of understanding NH," dynamics is also supported by the striking
NH, " increases that have begun to be documented in other eutrophic estuaries (e.g. Cloern
2001, Dugdale et al. 2007). Human disturbances, for example agriculture, manufacturing,
and the burning of fossil fuels, are increasing nutrient fluxes to surface waters of rivers and
estuaries (Nixon 1995). Mobilization of nutrients to coastal systems is a phenomenon that is
escalating worldwide, and many questions remain to be answered about associated

synergistic and long-term effects (Cloern 2001, Burkholder et al. 2006).
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Table 3.1. Parameters collected and sampling dates.

Site
Samples MB CP MID
Porewater
(nutrients, physical) |6/2007 — 9/2008 6/2007 - 9/2008
Flux chambers 6/2007 — 9/2008 6/2007 - 4/2008 6/2007 -9/2008
NH," production 9/2008 9/2008
SGD (%*’Rn) 6/2007 — 9/2008 6/2007 - 9/2008
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Table 3.2. NH;", NO;+NO,’, and DO fluxes (umol m™” hr'') at the two nearshore sites (Mills Branch and Cherry Point) and the mid-

channel site. Negative values indicate flux from the overlying water into the sediment (L = light, D = dark; ND = not detected).

NH," Flux O, Flux NO3- + NO, Flux Temperature Salinity
Site Date Chamber  Replicates pmol m™ hr* pmol m? hr* pmol m® hr* °c
Mills Branch Aug 07 L N=2 183.8 +/- 107.8 -1587  +/- 249 21.2 +/- 15.3 30.2 2.9
D N=3 1101 +- 321 -1653  +/- 25.9 10.2 +/- 8.8
Oct 07 D N=2 811.3 +/- 238 -413 +/- 142 0.5 +/- 10.3 No Data
Jan 08 L N=2 9.9 +/- 68.2 -468 +/- 352 -34.6 +- 36.9 10.9 0.9
D N=2 55.7 +/- 10.1 -219 +/- 62.8 -14.7 +- 11.8
April 08 L N=2 -280.2 +/- 915 -498 +/- 185 ND +/- 16.8 0.2
D N=1 28.5 -657 ND
Sept 08 L No Data 28.8 11.0
D
Cherry Point Aug 07 L N=2 -29.1  +- 279 -257.1 +/- 10.7 ND +- 33.9 16.6
D N=2 -13.4  +/- 176 -255.5  +/- 5.8 ND +-
Oct 07 L N=3 -34  +/- 389 4211 +- 51.9 18.2 +- 68.8 20.4 16.0
D N=2 1045 +/- 107 -544.2  +/- 7 -7.2 +/- 0.12
Jan 08 L N=1 -5.1 -68 ND +- 6.0 15.0
D N=2 1.2 o+~ 19 -155.1  +/- 51.7 ND +-
April 08 L N=2 5.3 +- 134 -257.1  +/- ND +- 21.4 115
D N=2 6.3 +/- 56 -254.5  +/- ND +-
Mid channel Oct 07 D N=2 203.2 +/- 1409 -1569  +/- 21.2 132 +- 165 20.5 12.4
Jan 08 D N=3 2.8 +- 20.1 -75.4  +/- 121 +-
Sept 08 D N=3 26.1 19.1
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Table 3.3. Average nearshore advective NH," flux calculated from Mills Branch and Cherry
Point and diffusive NH," flux from the mid-channel site in the Neuse River Estuary. NA

indicates data not available.

Nearshore Mid-channel
Sampling | Advective NH," Flux  Diffusive NH," Flux

Month mmol m2d? mmol m2d?
06/2007 16.4 NA
08/2007 18.3 NA
10/2007 3.5 4.9
01/2008 1.8 0.1
04/2008 7.6 NA
09/2008 20.8 15.9
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Table 3.4. Comparison of NH,4" and NO; +NO," (stated as NO3+) fluxes from studies in the Neuse River Estuary and other locations.

NH," Flux (umol m? hr™) NO3 Flux(umol m™ hr™) Method Location Sediment Reference
mean range range
95.4 (-177)-173 -34.6 - 68.7 Chambers Neuse (nearshore) sand This study
88.7 2-203 15.1 - 248 Chambers Neuse (mid) mud This study
167 15 - 475 Porewater gradient Neuse (mid) mud Haruthian (1997)
224 70 - 454 0-6.4 Chambers Neuse mud/sand Fisher et al. (1982)
100 -45 - 500 -100 - 100 Cores Neuse sand and mud Rizzo and Christian (1996)
25-350 Chambers Chesapeake Bay muddy sand - mud Kemp et al. 1990
6.6 -13.9-39.2 Cores SAB sand Marinelli et al. 1989
91.3-821 -125 - 288 In situ chambers  Chesapeake Bay mud Boynton and Kemp 1985
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Figure 3.1. Bathymetric map of the Neuse River Estuary, North Carolina and
location of sampling sites. Sampling sites include two nearshore sites, Mills Branch
(MB) and Cherry Point (CP), and one mid-channel site (MID).
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Figure 3.2. Porewater NH;" concentrations versus depth at Mills Branch (MB) and Cherry
Point (CP) in the Neuse River Estuary.
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Figure 3.3. Porewater NO3;+NO,™ concentrations at nearshore sites Mills Branch (MB,
upstream) and Cherry Point (CP, downstream). Surface-water concentrations were graphed
as 0 depth at MB; NO3;+NO," was not detected in surface waters at CP.
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Figure 3.4. Seasonal sediment NH;" and O, fluxes at the two nearshore sites (Mills Branch,
MB; Cherry Point, CP) and the mid-channel site (MID). Dark bars represent dark
experiments and light bars represent experiments conducted at in situ light conditions. Flux

chamber cores were not collected for CP during September 2008. Note scale difference for
NH," flux for CP.
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Figure 3.5. NH," porewater concentrations in sediment incubation experiments from cores
taken at the Cherry Point (CP) and mid-channel (MID) sites. Incubations were maintained at
~21 °C.
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Figure 3.6. NH," production rate (change in porewater concentration over time for each
depth interval) in pmol cm™ wet sediment d' from the Cherry Point (CP, diamond) and mid-
channel (MID, squares) sites.
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Figure 3.7. (A) Submarine groundwater discharge (SGD) in cm d” at Mills Branch (MB)
and Cherry Point (CP). (B) NH4" advective flux in mmol m™ d' at MB and CP.
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Figure 3.8. NH," flux versus oxygen consumption (umol m™ y™') at (A) nearshore site Mills
Branch (MB), (B) nearshore site Cherry Point (CP), and (C) the mid-channel site (MID).
Filled symbols represent dark experiments and open symbols represent light experiments for
each month sampled. Red lines represent expected Redfield O,:N ratios.
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4. MODELING AMMONIUM SOURCES AND CYCLING IN THE NEUSE RIVER
ESTUARY: A MASS BALANCE APPROACH
4.1 Abstract

A mass balance of ammonium (NH,4") in the mesohaline Neuse River Estuary (NRE)
was developed to investigate a documented 5-fold increase of NH," in the water column over
the past decade. Data from this work and other studies conducted in the NRE were applied to
a simple box model to assess seasonal variation in NH," sources. Many factors influencing
NH," dynamics in the NRE are driven by temperature and climate, and therefore exhibited
seasonal variability. In the “winter” period, designated as November through April, the
dominant NH4" source (> 40%) was estimated to be in situ regeneration in the water column.
Flux from the organic-rich mid-channel contributed the a major portion (> 40%) of the NH,"
to the water column during the “summer” period, designated as May through October.
Advection terms and other climate-related parameters, including submarine groundwater
discharge (SGD), advective porewater exchange, and resuspension events, were of greater
importance during winter. The advection term represented ~23% of the NH," inputs in
winter and ~21% in summer. Advective porewater exchange was the dominant advection
term during both seasons. The nearshore environment was relatively consistent between
summer (~22%) and winter (~21%) with regard to diffusive and advective fluxes from SGD.
This study provides insights about NH," fluxes in shallow estuaries such as the NRE, and
indicates the importance of nearshore environments and advection in affecting NH," fluxes.
More generally, the findings can assist resource managers in efforts to mitigate chronic

effects of eutrophication in shallow lagoonal estuaries.
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4.2 Introduction

Cultural eutrophication in estuarine and coastal environments is a widely recognized
problem that has been documented over the past several decades (e.g. Richardson and
Jorgensen 1996, Nixon 1995, Cloern 2001), but continues to require investigation to further
understand it as an environmental threat. Nitrogen (N) loading to many coastal systems has
rapidly increased as a result of rising human populations and development in coastal
watersheds (National Research Council 2000). Jaworski et al. (1997) estimated, based on ten
watersheds in the northeastern U.S., that N inputs to coastal environments have increased 5-
to 14-fold from anthropogenic activities. An increase in N has also been documented in
many other aquatic environments such as the Danube River, Baltic Sea, and Black Sea
(Cloern 2001, Boesch 2002). Increased N availability profoundly alters estuarine ecosystems
by stimulating phytoplankton production including harmful algal blooms, and also by
decreasing dissolved oxygen, reducing water clarity, and enhancing nutrient cycling
(Burkholder 1998, Smith 1999, 2003, Glibert et al. 2005).

Most of the N that supports productivity in estuaries historically has been considered
to be derived from remineralization in the water column and sediments, rather than being
“new” N from external sources such as supplied by rivers and atmospheric deposition
(Dugdale and Goerring 1967, Paerl 1997). Historically, NO3™ has been considered the
dominant form of new N introduced to a system, whereas NH;" has been regarded as the
recycled form from organic matter regeneration. More recently, however, some shallow
estuaries have also sustained high inputs of watershed NH," as a “new” source (e.g. Whitall

et al. 2003, Aneja et al. 2003, Burkholder et al. 2006, Dugdale et al. 2007). Investigation of
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N loading to coastal systems involves different forms of N, but the data are often grouped
into one value as total nitrogen (TN) or dissolved inorganic nitrogen (DIN) (EPA 2008).
Recent studies, however, have highlighted the importance of investigating the different forms
of bioavailable N (Dugdale et al. 2007, Rothenberger et al. 2009a). NH," is generally the
preferred form of N for phytoplankton uptake, and it can inhibit NO3™ uptake at elevated
concentrations (Dugdale et al. 2007) or influence phytoplankton assemblages by altering the
dominant species (Smith et al. 1999, Rothenberger et al. 2009a).

Once NO3 and NH," enter a coastal ecosystem, these N forms can undergo many
processes depending on environmental conditions. Nitrification (oxidation of NH;" to NOy
or NO3") can occur rapidly via microbial processes in estuarine waters or surface sediments
where dissolved oxygen levels are high (Henriksen and Kemp 1988). Denitrification
(reduction of NO3z" or NO;" to N2) may occur in deeper anaerobic sediments by nitrate
diffusing down through the overlying sediments (Kemp et al. 1990), or regenerated nitrate
near the sediment-water interface can diffuse back into the water column (Koike and
Sorensen 1988). Nitrification can be coupled with denitrification in areas with strong
dissolved oxygen gradients, resulting in the removal of bioavailable nitrogen (Henriksen and
Kemp 1988). Molecular nitrogen (N,) is not taken up by most microalgae (pelagic and
benthic), except for cyanobacteria that are able to carry out N fixation (Capone 1988). If
nitrification rates are low, denitrification may be limited by available nitrate, causing NH," to
accumulate in the porewater (Kemp et al. 1990). The NH,;" may also flux from the sediment
into the water column and be assimilated by benthic microalgae and phytoplankton. In

shallow systems, strong winds and storms can cause resuspension of sediment and release
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large amounts of NH," to the water column after it has accumulated in porewaters (Giffin
and Corbett 2003).

In addition to resuspension, submarine groundwater discharge (SGD) has been
documented as an important advective force driving nutrients and other constituents to the
overlying water (e.g. Moore 1996, 2006, Charette and Buesseler 2004, Slomp and Van
Cappellen 2004). In many nearshore environments, SGD and porewater flushing of
permeable sediments is a driving mechanism that contributes to the enhanced aerobic
degradation and release of nutrients and other constituents to surface waters (Huettel et al.
1996, Billenbeck et al. 2006). SGD has been documented to contribute a significant flux of
nutrients to the water column and stimulate phytoplankton production (e.g. LaPointe et al.
1992, LaRoche et al. 1997). Many systems show a tight coupling between the benthic and
pelagic environments (Marinelli and Williams, 2003). Therefore, responses to water-column
nutrient enrichment, such as increased algal biomass, are reflected in the associated flux from
the sediments.

Over the past decade the eutrophic Neuse River Estuary (NRE), North Carolina,
USA, has sustained a ~500% increase in water-column NH4* concentrations despite resource
managers’ efforts to reduce N loading (Figure 4.1) (Burkholder et al. 2006). Previous
research in the Neuse system has begun to contribute estimates of N sources including
atmospheric deposition (Walker et al. 2000a, Aneja et al. 2003, Whitall et al. 2003),
sedimentary processes (Haruthunian 1997, Alperin et al. 2000, Piehler et al. 2002, Giffin and
Corbett 2003, Fear et al. 2004, 2005), and groundwater (Bratton 2004, Fear et al. 2007,

Spruill and Bratton 2008), but further research is needed to understand N dynamics and the
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striking increase of NH,4" over the past decade in this system. This increase has occurred in
other river systems in the Southeast U.S. such as the Cape Fear (Burkholder et al. 2006), and
in eutrophic estuaries in other regions (e.g. Cloern 2001, Dugdale et al. 2007). The objectives
of this study were to 1) identify and quantify direct NH;" sources to the NRE in a simple box
model of NH,4" inputs and outputs; 2) quantify the role of SGD compared to other NH,4"

sources to the estuary; and 3) resolve seasonal variations in NH4" supply to NRE waters.
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4.3 Methods

4.3.1 Site Description

The Neuse River flows ~200 km from the Piedmont of North Carolina to the coast,
draining a watershed ~16,000 km? in area (Matson and Brinson 1990) (Figure 4.2). The
average discharge is ~113 m® s with mean monthly discharge ranging from 55 to 173 m*s™,
based on United States Geological Survey (USGS) mean monthly discharge measurements
near Fort Barnwell, NC since 1996 (approximately 30 km upstream from the oligohaline
estuary; USGS Surface-Water Monthly Statistics: http://waterdata.usgs.gov/nwis/monthly?).

The NRE is ~ 455 km? in area and drains into the Pamlico Sound along the eastern
seaboard of North Carolina (Figure 4.2). This study was conducted at one upstream
oligohaline site, Mills Branch (MB), and two downstream mesohaline sites, Cherry Point
(CP) and Wilkinson Point (WP) (Figure 4.2). This shallow estuarine system has a mean
water depth of 4.5 m and is characterized by limited inputs from the Atlantic Ocean. Winds
are the predominant mixing force, and are much more important than astronomical tidal
mixing (Reed et al. 2004). The limited oceanic exchange generates flushing times on the
order of three months, which contributes to the extensive recycling of nutrients (Christian et
al. 1991). The mesohaline estuarine flow regime is surface downstream and bottom water
upstream (Reed et al. 2004). Stratification can often occur during late summer months when
winds are reduced. Stratification and strong winds influence the oxygenation and nutrient
availability in the estuary (Luettich et al. 2002). Winds also play a significant role in
sediment resuspension and nutrient release from the benthic environment (Giffin and Corbett

2003).
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Several types of sediment occur in the NRE and the distinct sediment regimes can be
distinguished based on porosity (among other characteristics). The central portion of the
main channel is comprised of organic-rich, fine-grained silt and clay with porosity > 0.8
(Alperin et al. 2000). The center of the channel collects the fine-grained sediment because it
is the deepest portion of the channel and wave energy is minimal. The flanks of the channel

are mainly fine- to medium-grained sand with porosity < 0.6 (Alperin et al. 2000).
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4.3.2 Major Nutrient Sources

Significant nutrient loads from wastewater effluent, agricultural runoff, fertilizers,
animal waste, atmospheric deposition, and urban runoff delivered to coastal environments
such as the NRE can cause overgrowth of algae and create oxygen deficits leading to habitat
degradation, as well as stimulation of noxious or toxic algal species (Bricker et al. 1999,
Anderson et al. 2002). The entire Neuse system has been formally classified by state
resource managers as “Nutrient-Sensitive Waters” during the late 1980s because of excessive
algal blooms, oxygen deficits, and fish kills (NC DENR 1997). Among several major
tributaries, the Neuse is the largest contributor of nutrients to Pamlico Sound (McMahon and
Woodside 1997, Qian 2000).

Among various sources of N to the NRE, a major and relatively new non-point source
is from confined animal feed operations, which first appeared in the Neuse watershed during
the late 1980s (Burkholder et al. 2006, and references therein). Swine populations have
increased by ~285% over the past decade in this watershed (Rothenberger et al. 2009b).
Most swine operations in the Coastal Plain of North Carolina are sited on drained or ditched
wetlands (water table ~1 m below the soil surface; Burkholder et al. 1997). The untreated,
anaerobic animal wastes are held in large cess pits referred to by the industry as lagoons
(Burkholder et al. 1997), and NH4" concentrations in the waste lagoons range from 180 to
2,070 mg/L (10-115 mmol/L) (Ham and DeSutter 2000). Research has documented
substantial lagoon seepage into subsurface waters (Westerman et al. 1985), which can
comprise about half of the Neuse River discharge under low-flow conditions (Spruill et al.

1996). NH," is also contributed to surface waters in the watershed via aerosols from
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spraying the swine lagoon effluent onto nearby fields in land application practices (Mallin
2000, Aneja et al. 2003). NH," in precipitation within the Neuse watershed has significantly
increased over the past decade (Walker et al. 2000b). Atmospheric NH,4" settles out as dry
particulates or falls into receiving waters as precipitation within a ~60- to 80-km radius of the
spray origin (Walker et al. 2000a). High NH," loading has been documented to occur during
times of low discharge (i.e., periods with long water retention times) in the NRE (Christian et
al. 1991). Enhanced NH," loading can also occur during the summer season as a result of the
flux of NH," from estuarine sediments (Rizzo et al. 1992). Several studies suggest that
sediment regeneration may be a significant NH," source to the estuary (Fisher et al. 1982,
Christian et al. 1991, Rizzo and Christian 1996, Haruthian 1997).

In addition to confined swine feed operations, over recent years wastewater treatment
plants and package plants have also increased by 30% and 324%, respectively, especially in
the upper watershed, whereas wetland and forested areas have decreased by 3% and 9%,
respectively (Rothenberger et al. 2009b). Human wastewater discharges (in the upper
watershed) and industrialized swine agriculture (in the mid- to lower watershed) have been
identified as the highest contributors of N to the Neuse surface waters (Rothenberger et al.

2009D).
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4.3.3 Model Construction

The box model was constructed by compiling NH," sources and fluxes from this
study as well as other research conducted over the past two decades. Detailed methodology
of NH," flux from SGD and chamber experiments are described in Chapters 2 and 3. Years
were split into two periods referred to as “summer” and “winter”, defined as May through
October and November through April, respectively. The two seasonal periods were selected
for comparison of climatic extremes in temperature, river discharge, and NH," water-column
and sediment turnover. It was assumed that NH," fluxes were constant over each of the two

six-month periods. All data and references used in the model are shown in Table 4.1 and 4.2.
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4.3.4 Calculated Fluxes and Assumptions

Atmospheric deposition was calculated by multiplying the total weight deposition of
NH," converted to moles of NH," by the surface area of the NRE. The seasonal deposition
data from the National Atmospheric Deposition Program (NADP) site NC06 (Beaufort, NC)
were used and combined to fit the two seasonal periods. Riverine flux of NH," was
calculated using average Neuse River discharge data from Fort Barnwell since 2000 (USGS
Surface-Water Monthly Statistics: http://waterdata.usgs.gov/nwis/monthly?). Monthly
discharge data were averaged over each summer and winter and multiplied by the average
NH," concentration of surface waters at the upstream site (MB). Surface water NH,;"
concentrations were averaged over the duration of the study (2007-2008) for each seasonal
period from monitoring data collected by the North Carolina State University Center for
Applied Aquatic Ecology (NCSU CAAE). Water-column regeneration values were estimated
from water-column organic carbon (OC) production data (21 mol OC m? yr™) (Matson et al.
1983) and the flux of OC to the seabed (9 mol OC m™ yr'!; Matson et al. 1983, Clesceri
1997). Therefore, it was assumed that ~50 % of the NH," taken up by phytoplankton was
regenerated in the water column, similar to organic carbon. For this study the NRE was
partitioned into two zones, a mid-channel zone and a nearshore zone base on sediment type.
The mid-channel deposits are organic-rich, fine-grained sediments and the nearshore deposits
are sandy, permeable sediments. A diffusive and advective term was calculated for each
zone. Mid-channel and nearshore diffusive fluxes were estimated from average seasonal
fluxes measured in this study (Chapter 3) and multiplied by their respective sediment surface

area for each environment (mid-channel or nearshore). Approximately half of the estuarine
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area (1.22 x 10% m?) was estimated to consist of organic-rich, mid-channel sediments and the
other half was sandy, nearshore sediments (Alperin et al. 2000). Fluxes into the sediment
(negative values) were averaged as zero values because negative values indicated biological
uptake (a completely different process or sink) rather than a source. SGD NH," flux was
estimated from SGD calculated from “’Rn as a tracer and NH,* concentration at 10
centimeters beneath seafloor (cmbsf) (Chapter 2). The discharge area did not encompass the
entire nearshore environment but, rather, was based on the estimate from Spruill and Bratton
(2008) for groundwater discharge area, taken as 9.66 x 10° m? which is ~3% of the total NRE
area. Thus, the discharge area of the mesohaline estuary was estimated to be ~3% of the total
surface area of the mesohaline section, or 1.22 x 108 m?. This groundwater discharge area
was considered as the zone of freshwater and infiltrated seawater (SGD). The permeable
porewater exchange is the advective flux of porewaters and NH,4" in the permeable sediments
between the fresh groundwater discharge area and the fine-grained, mid-channel deposits.
This area for the permeable porewater exchange was calculated by subtracting the freshwater
discharge zone (SGD) from the total area of permeable sediments, 6.12 x 10" m?.
Unfortunately, flux measurements of advective porewater exchange and associated NH;" flux
were not available, so these parameters were estimated from recent data taken in other
estuaries. The flux of NH," from porewater exchange in permeable sediments was estimated
by multiplying the diffusive NH;" flux in sandy sediments (this study; Chapter 3) by 1.25 and
the estimated permeable-porewater exchange area (5.75 x 10’ m?). The 1.25 value is a
conservative estimate based on a recent study by Cook et al. (2007), who found that

advective porewater exchange in permeable sediments can increase the flux up to 2.5 times

146



the diffusive flux. The advective flux in this zone was calculated separately from the flux in
the SGD zone because it was assumed that freshwater discharge did not occur past the SGD
zone; thus, a smaller advective term is needed to be imposed based on a per unit area. The
net exchange with the lower NRE and Pamlico Sound was estimated from Reed et al.’s
(2004) acoustic Doppler current profiler (ADCP) data. Exchange in the summer and winter
periods was estimated at 75 m® s and 150 m® s, respectively. These values were multiplied
by the average water-column NH;" concentration at Cherry Point (unpublished data from the
NCSU CAAE). Resuspension inputs were estimated using an average NH," concentration
(250 puM) at a mid-channel sediment depth of 1 cm (Haruthian 1997), presuming that 2 cm of
sediment are resuspended during strong wind events that occurred over 4% of the year
(approximately 15 days total with more events occurring in winter than summer; Dillard
2008). Assimilation was calculated from Twomey et al.’s (2005) NH," uptake values and
applied to 25% of the volume of the mesohaline NRE. Because of the typically turbid
conditions (Mallin and Paerl 1992), limited assimilation was assumed at depths greater than
1.5 m. Nitrification output flux of NH;" was based on values from experiments by Berousky
and Nixon (1990) that were conducted in Narragansett Bay, Rhode Island, and were applied
to 25% of the volume of the mesohaline estuary. Nitrification data from Narragansett Bay
were chosen for the model in consideration of the limited nitrification data available in the
NRE and similarities between the two systems. Narragansett Bay is well-mixed with similar
freshwater inputs as the NRE, influenced by sewage and fertilization sources of N, and the

suspended organic matter is dominated by phytoplankton origin (Nixon 1995).
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4.4 Results and Discussion

4.4.1 Seasonal Differences

In this box model, many parameters characterizing NH;" dynamics were driven by
temperature, emphasizing the importance of assessing the system during the summer/winter
differing temperature regimes rather than considering only annual averages (Figure 4.5).
Overall, there was higher input of NH," to the mesohaline NRE in summer (2.9 x10® mol
NH,* season™) compared to winter (0.4 x 10® mol NH," season™) (Figure 4.5). Analysis on a
seasonal rather than annual basis also showed that the dominant NH," inputs to the NRE
changed from water-column regeneration during winter to diffusive flux of NH;" from mid-
channel sediments in summer. Consistent with this observation, Burkholder et al. (2006)
noted an increase in bottom-water NH4" concentration during warmer months. Higher NH,*
fluxes from sediments during the summer period coincided with increased primary
production (Mallin et al. 1991) and remineralization rates (Alperin et al. 2000). Overall, TN
increased during high-precipitation events from increased riverine N discharge to the
mesohaline estuary (as in Burkholder et al. 2006). River discharge was more important in
winter when discharge was highest, contributing ~13% of the NH," input to the NRE (Figure
4.5). In contrast, during the summer period when river discharge was significantly less,
riverine flux was less than 2% of the NH," input. Mid-channel diffusive flux showed the
most seasonal variation. Most of the flux occurred in the summer period, contributing more

than 40% of NH," inputs. Majority of the increase in the diffusive flux during summer was
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probably associated with an increase of productivity in surface sediments due to warmer
temperatures.

Uncertainty in the model can arise in computing fluxes necessary for the overall NH;"
budget, based on some of the assumptions. Depending on the season, the uncertainty in total
NH," inputs ranged from 0.4 % to 2.7 %, based on the error calculated from the mid-channel
and nearshore diffusive flux and from the nearshore advective flux. Higher uncertainty was
associated with data for the winter period. Nitrification rates imposed a 5.4% to 28% error
associated with NH,4" outputs (but also note that the nitrification rate values were taken from
a different system, Narragansett Bay)

In the summer period, values for NH," inputs were greater than outputs (Tables 4.1),
whereas in the winter period, NH4" sources were 1 % lower than NH," consumption rates,
but within the same magnitude (Table 4.2; and see below). This imbalance in winter may be
a natural phenomenon or may have been due, in part, to error or underestimates of other
parameters in the model that are not well quantified, such as atmospheric NH;" deposition,
water-column regeneration, or lack of tributary inputs. The nearest sample collection site of
the National Atmospheric Deposition Program is ~ 30 km southeast of the mesohaline NRE.
Moreover, the data used in this model were measured over the past decade, and nutrient
cycling and fluxes may have changed during that period, suggested, for example by the
documented increase in water-column NH4* concentrations (Burkholder et al. 2006). Water-
column regeneration rates are not well quantified in the NRE, and may have been
overestimated here because the values used in the model were based on organic matter burial

and assimilation rates. Furthermore, water-column regeneration rates during winter would be
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expected to be even lower than the assimilation-based estimates, because assimilation can
occur in the water-column concomitant with slower regeneration of organic material at lower
temperatures. For example, based on sediment regeneration and diffusive flux data, the
diffusive flux of NH4" from the mid-channel sediments, it is 50-fold lower during winter than
in summer, presumably due to enhanced regeneration rates during summer as a result of
warmer temperatures. However, based on assimilation and burial, water-column
regeneration was only 3-fold lower in winter than in summer. Other input parameters that
have not been well quantified include release of NH," during resuspension events, and
exchange with the lower NRE and Pamlico Sound. Parameters not considered in this study
due to limited data included NH,4" inputs from tributaries of the NRE and desorption of NH,"
from sediments during mixing of fresh and saline waters (Seitzinger et al. 1991). NH;"
inputs from tributaries could be possibly a significant source of NH,", especially during high
discharge periods during winter.

Many factors can affect NH,;" flux from the sediment to the overlying water,
including porosity/grain size, organic carbon content, dissolved oxygen content, salinity,
water-column N concentration and speciation, temperature, and various microbial processes.
Numerous studies have shown that nitrification and other microbial processes strongly
influence the speciation and availability of bio-available N in estuaries (Blackburn and
Henriksen 1983, Henriksen and Kemp 1988, Berounsky and Nixon, 1990). In this study
during the summer period, NH," fluxes influenced by biological activity (regeneration in
sediments and water column, assimilation, and nitrification) were elevated due to the warmer

temperatures. Temperature influenced microbial metabolic activities and phytoplankton
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assimilation and therefore, NH," availability. NH," concentration was elevated in porewaters
relative to surface water at all three sites (MB, CP, WP) (Chapter 2), and the sites showed
significant temporal variability in NH,;" porewater concentration between warm (August,
September) and cold (January) months. At CP, but not at WP, NH," porewater
concentrations decreased with depth. MB had the highest concentrations among the three
sites, with maximum porewater NH;" at 150 cmbsf (> 200 uM), consistent across seasons.

Water-column temperatures ranged from 6.0 °C in January to 33.9 °C in August.
Seasonal NH,;*, DO, and NO3+NO; fluxes at the three sites are summarized in Chapter 3.
Briefly, NH4* flux ranged from —29.1 to 811 umol m™ hr' among the three sites. Negative
values indicated flux into the sediment from the overlying water, which, as mentioned, were
averaged as zero input for the model. The highest net diffusive NH4" flux occurred in
October at all sites, and the lowest flux occurred in January. The upstream MB site released
NH," from the sediments to the overlying water during four of the five months sampled, and
showed significant seasonal variation (Chapter 3, Figure 3.4A; p <0.0001, n =17). At CP,
most of the NH;" flux occurred into the sediment and did not differ significantly among
seasons (Chapter 3, Figure 3.4B). At MID, NH;* flux ranged from 2 to 203 pmol m? hr?,
and the flux was significantly higher in October than in January (p =0.0097, n = 6) (Chapter
3, Figure 3.4C).

Temperate estuarine systems typically demonstrate seasonal variability in nutrient
cycling (e.g. Klump and Martens 1989). For example, organic matter oxidation in sediments
of Cape Lookout Bight, NC showed seasonality due to the temperature dependence of

microbial activity (Klump and Martens 1989). Nitrification rates were strongly correlated
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with temperature in Narragansett Bay, Rhode Island, with higher rates during summer
months (Berounsky and Nixon 1990). NH," regeneration from sediments in Chesapeake Bay
was higher during summer, and of greater importance for sustaining primary productivity
(Boynton and Kemp 1985).

In contrast, other fluxes influenced by climate, such as river discharge, atmospheric
deposition, and exchange with Pamlico Sound, were higher during winter (Figure 4.5). SGD
generally is driven by precipitation and climate (Freeze 1969). The NH," flux resulting from
SGD is affected by the flow of SGD as well as the NH4" porewater concentration, which in
turn, is strongly affected by the temperature and organic matter degradation rate. The NH4"
flux associated with SGD was higher during summer (9.2 x 10° mol season™) than winter
(3.1 x 10° mol season™) (Table 4.1 and 4.2, and see Chapter 2), but this finding was
attributed to higher NH;" porewater concentrations during summer because SGD was
actually lower during this seasonal period. Thus, the flux of NH,* from SGD, although
climatically driven, appears to have been heavily influenced by temperature and rates of

microbial activity.
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4.4.2 Advection and Nearshore Environments

Advection, including SGD, porewater exchange, and resuspension events, was of
slightly greater importance during the winter period. The advection terms (SGD, porewater
exchange, and resuspension) represented ~23% of the NH,4" inputs during the winter period
and ~21% during the summer. The small difference between the seasons was driven by the
porewater exchange estimate in permeable sediments, which was calculated from the
diffusive flux. Permeable porewater exchange was the dominant advection term during both
seasonal periods. However, on an areal basis, SGD was the predominant driver in NH;"
contribution. SGD was found to be an important factor influencing the amount of NH," flux
from nearshore sediments to the overlying water column (Chapters 2 and 3). Although the
percentage of NH;" flux from SGD was lower during the summer period, the actual moles of
NH." flux during summer (9.25 x 10° mol NH," season™) were significantly higher than the
winter flux (3.1 x 10° mol NH4* season™). When considering the flux on an areal basis, the
NH," contribution from SGD was significantly higher than from diffusive flux (Chapter 3).
The area of nearshore diffusive flux was larger than the SGD zone, therefore creating an
overall higher diffusive NH," flux in the model. Combining advection and diffusion in both
NRE sedimentary environments, sediments contribute more than 70% of the NH," to the
NRE water-column during summer and more than 30% during winter.

Sandy nearshore environments historically have been considered to have minimal
microbial activity and provide only small nutrient fluxes to the overlying water (D’ Andrea et
al. 2002, Charette and Buesseler 2004). In this study, the nearshore environment was

relatively consistent between summer and winter with regard to diffusive and advective flux
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from SGD, ~18% and ~15% of the total NH," flux, respectively. On an annual basis, if the
NH," flux from nearshore environments are combined with the advective porewater
exchange flux, the coarser sediments nearer shore are estimated to contribute 34% of the total
NH," inputs (Figure 4.5). SGD had a higher percentage of the seasonal NH," flux to the
overlying water in winter when discharge rates were greatest. Compared to advection, the
diffusive flux was of greater importance in nearshore and mid-channel environments during
summer, probably due to increased rates of microbial regeneration. Increased diffusive
fluxes during summer months have been demonstrated in other estuaries (Boynton and Kemp
1985, Jensen et al. 1990). Although sandy sediments are typically lower in organic matter,
they support substantial mineralization (D’Andrea et al. 2002, Huettel et al. 2003, Billerbeck
et al. 2006). Permeable nearshore sediments facilitate porewater transport and fluxes of
constituents that often exceed the transport from diffusional processes (Huettel and Webster
2001). In this study, the magnitude of the NH;" flux from the coarser sedimentary
environment supports the premise that permeable sediments and SGD significantly contribute

to nutrient cycling in the NRE.
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4.4.3 Excess NH,"

Although the mass balance estimates produced a deficit of inputs compared to outputs
during winter, the surplus of NH4" during summer created an annual excess of NH;" (4.1 x
10" mol) to the mesohaline portion of the NRE (Table 4.5). This excess is high compared to
the value expected for a ~500% increase in water-column NH4* concentrations demonstrated
over the past decade (Burkholder et al. 2006). If NH," is increasing at a rate of ~500% per
decade, an excess of NH," of 3.3 x 10°> mol NH,* would be expected based on the current
standing stock of 6.6 x 10°> mol. Furthermore, if a maximum SGD zone (increase of 30%) is
imposed based on Spruill and Bratton (2008) and the maximum porewater exchange rate is
applied to the permeable zone (2.5 times the diffusive flux; Cook et al. 2007), the excess
NH," is doubled compared to the previous estimate (Table 4.5).

The mass balance model showed additional NH," entering the mesohaline NRE
during summer periods in which the NH," deficit during winter periods cannot compensate,
creating annual excess. The high estimates of excess NH," in this study may be due to the
fact that the majority of the measurements for SGD and diffusive fluxes were made during a
3-year drought. Based on USGS Neuse River discharge data at Fort Barnwell, the discharge
was approximately 40 m® s lower (~30% lower) than the 13-year average. Less freshwater
input likely decreases flushing rates of the system and enhances nutrient recycling. If
drought conditions become more frequent due to warming trends in climate change, NH," in
the NRE may be increase more rapidly than previously estimated. These findings can have a

significant impact on future studies and management practices in the NRE.
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4.4.4 Management Implications

Often, nutrient contributions to estuarine environments are estimated simply from
measurements of riverine discharge and riverine NH4" concentration, and the resulting
riverine NH," flux is used as the standard for nutrient management strategies. Riverine
discharge frequently is the dominant source of NOs™ in estuaries, and consequently, NH4" can
be obscured in the DIN measurement. In addition, resource managers often consider the total
bioavailable DIN rather than assessing each nutrient form separately (e.g. US EPA 2008).

Riverine input is an important source of NH," to the NRE, but in this study, water-
column regeneration and flux from the sediments were the predominant sources. TN (NH," +
organic N + NO3’) decreased in the mesohaline estuary during 1994-2003, but this decrease
was driven by drought conditions over three years at the end of the period analyzed
(Burkholder et al. 2006). While NOs™ concentrations were static, NH4" increased
significantly. Other estuarine systems in the Southeast region, such as some areas of the
Cape Fear, have also sustained up to a 315% increase in NH4" over the past ~decade
(Burkholder et al. 2006). Estuarine water bodies such as the Chesapeake Bay in the eastern
United States and the Peel-Harvey estuary in western Australia have sustained cultureal
eutrophication and increased NH," and NO3™ concentrations (Kemp et al. 2005, McComb and
Humphries 1992). Resource managers of both systems have taken actions to reduce nutrient
loads because of harmful algal blooms and overall declines in water quality.

Resource managers generally emphasize nutrient loads (National Research Council
2000), but the ambient concentration of the water column and different forms of N need to be

addressed as well, including consideration of sources such as SGD and advection. Upstream
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NOs + NO;" concentrations near MB averaged 21 uM and ranged from 2 to 50 uM,
depending on river discharge (NCSU CAAE, unpubl. data). NO3" + NO, were lower
downstream at CP, averaging 4 uM and ranging from 0 to 35 uM. In contrast, water-column
NH," concentrations at MB and CP averaged 4 uM and 2 uM, respectively. Water-column N;
forms are important to the ecology of the estuary. Previous research has indicated that NH,"
is the dominant N form taken up by phytoplankton in the NRE, in comparison to urea and
NOs"; NH," represented about half of the N uptake in the mesohaline estuary, followed by
urea and then NOs” (Twomey et al. 2005). These findings emphasize the importance of NH;"
to the estuarine phytoplankton assemblages, and the need to further understand the
documented increase in water-column NH;" concentrations.

The consequences of this NH," increase are poorly understood, but in other systems,
increased NH," has significantly affected trophic dynamics. For example, in San Francisco
Bay (SFB), Dugdale et al. (2007) reported that NO3™ uptake by the diatom flora was limited
by excessive NH,4", leading to an overall decline in chlorophyll concentrations. The
ecological response to increasing nutrient concentrations may vary among estuarine systems
because of differences in tidal influence, mean water depth, freshwater input, nutrient form,
and other factors (Cloern 2001). In this shallow estuary, temperature and TN:TP ratios were
found to be the most important factors influencing phytoplankton assemblages, and
increasing NH4" concentrations were linked to stimulation of certain harmful algal species
(Rothenberger et al. 2009a). Chlorophyll a concentrations, used as an indicator of algal

biomass, also have increased over the past 15 years, especially during drought conditions
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(NCSU CAAE, unpubl. data). These findings support the need to assess both forms of
bioavailable inorganic N, rather than combining them as DIN.

Other studies have also demonstrated the importance of assessing NH," in estuarine
environments (e.g. Rocha 1998, Middleburg and Nieuwenhuize 2000). In the Sado Estuary,
intertidal sediment demonstrated significant NH," fluxes between times of atmospheric
exposure and tidal flooding (Rocha 1998). Significant NH," was flushed from sediments by
advective porewater exchange (44 mmol m™), indicating rapid remineralization of organic
matter and high turnover rate, 37-43 d (Rocha 1998). Middleburg and Nieuwenhuize (2000)
reported more rapid turnover rates (0.1 — 27 d) of NH," in six European estuaries. NO3; had a
longer residence time (19 to 216 d) compared to NH,4", expected since NH," is the preferred
N form by phytoplankton (Middleburg and Nieuwenhuize 2000). Also, NO3™ had lower
uptake rates, and therefore, most NO3™ flowed through the estuaries unless it wasdenitrified
or buried (Middleburg and Nieuwenhuize 2000). These findings further suggest that while
significant NO3™ loading affects estuaries, but eutrophic estuaries are mostly driven by NH,"
and its regenerative nature.

A decrease in bottom-water DO concentrations has also been documented in the NRE
over the past ~decade (Burkholder et al. 2006). Depleted oxygen in waters overlying
sediments reduces the oxidation-reduction potential and alters sediment biogeochemistry and
nutrient cycling (Stumm and Morgan 1970). Low redox conditions in turn promote elevated
fluxes of NH," and PO, from sediments (Stumm and Morgan 1970). When oxygen is
present, nitrification oxidizes NH;" to NO3, but nitrifying bacteria are inhibited by the high

levels of hydrogen sulfide and low levels of oxygen characteristic of anoxic conditions
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(Henriksen and Kemp 1988). For example, Chesapeake Bay, the largest estuary on the U.S.
mainland, has been affected by accelerated eutrophication since the 1880s (Cooper et al.
2004, Kemp et al. 2005). In this system high nitrification rates occur during spring and fall,
but negligible rates have been measured during anoxic summer periods (Kemp et al. 1990).
Increased phytoplankton production from increased nutrient loading has led to a decrease in
bottom-water DO concentrations and an increase in NH,4" flux from the sediments, providing
a feedback loop that has amplified eutrophication (Kemp et al. 2005). N sources to
Chesapeake Bay include 60% from the watershed, 12% from atmospheric deposition, and the
remainder from point sources (Kemp et al. 2005). Nitrification is an important sink for 26%
of the TN inputs and burial accounts for 35% in this system. In this study of the NRE,
similar nitrification values were found during the summer period. A difference between the
approaches used was that the Chesapeake Bay study compared TN sources as compared to
separate N forms, and thus reported a higher contribution from atmospheric deposition. A
higher contribution from atmospheric deposition to the NRE would be expected when
considering TN (Aneja et al. 2003, Whitall et al. 2003).

This work demonstrates the importance of sediments as a source of nutrients to the
overlying water column in the NRE. Advection and diffusion in both sediment environments
were estimated to contribute more than 70% of the NH4" to the NRE water-column during
the summer period and more than 30% during the winter period. More importantly, the
results from this study emphasize the importance of considering advection, especially in
permeable nearshore sediments, in overall nutrient budgets. On an annual basis, nearshore

environments (including SGD, advective porewater exchange, and diffusive fluxes) were
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estimated to contribute almost 30% of the NH," (Figure 4.5), a source previously not
considered in budgets. SGD had higher NH," flux rates compared to riverine inputs in
summer when river discharge was lowest, emphasizing the importance of establishing a
better baseline of SGD for management purposes. The estimates in this study can provide a
baseline for direction of future research and management practices in terms of establishing
and monitoring nutrient budgets. For example, future management practices may consider
installing monitoring wells to establish better estimates of SGD along the estuarine shorelines
and to monitor for changes in water level and seawater intrusion. Unfortunately, monitoring
SGD as a source of nutrients to shallow estuarine systems such as the NRE and quantitatively
applying the data to budgets is in the beginning stages. It is often costly and labor intensive
to establish an SGD nutrient budget for entire system, even at specific locations, and

therefore many assumptions are necessary.
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4.4.5 Other Models of N dynamics in the NRE

Two other attempts have been made to assess total N flow for the NRE. First,
Christian and Thomas (2003) reported that N recycling in the NRE dominated over N loading
in terms of phytoplankton uptake. Christian and Thomas (2003) used a seasonal network of
standing stock and flows of N in the NRE to understand the relationship of N loading and
recycling. Recycling of N was an important influence on phytoplankton production
(Christian and Thomas 2003). This study similarly found that in the mesohaline NRE,
fluxing from sediments and internal cycling in the water column were the predominant
sources of NH;". As expected, the residence time of N in the estuary was also an important
factor influencing N fate (Christian and Thomas 2003). The freshwater residence time in the
NRE was estimated to range from 30 to 215 days, with a mean of 51 days (Christian et al.
1991). In marked contrast, NH," has been estimated to have a residence time of 0.2 to 11
days relative to internal cycling in the NRE (Boyer et al. 1988), depending on freshwater
discharge to the estuary.

Second, based on a network analysis, Whipple et al. (2007) attributed most of the
variation in N cycling in the NRE to seasonal changes. They used 16 seasonal steady-state
networks of N stocks and flow to analyze the system on a macro-level analysis of whole
systems and an index of whole environ activity. The findings from Whipple et al. (2007)
support the results of this study and those of Christian and Thomas (2003) in that the

microbial processes associated with regeneration were influenced by temperature.
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4.5 Conclusions

This study applied a simple box model to investigate NH;" fluxes in the mesohaline
portion of the NRE and provides insight for further biogeochemical research. Many of the
model components for NH;" dynamics demonstrated temporal variability, and the dominant
source of NH," to the mesohaline NRE changed depending on the seasonal period.
Advection, including SGD, porewater exchange, and resuspension events, contributed 21-
23% of the total NH," flux throughout the year (summer and winter periods). On an annual
basis, diffusive and advective fluxes in nearshore environments were estimated to contribute
approximately 30% of the total NH4" supply to the estuary. The magnitude of the NH;" flux
in the nearshore environment provides evidence that permeable sediments and SGD
significantly contribute to nutrient cycling in the NRE. Initial estimates indicate that SGD
NH," fluxes account for 4-8% of the NH,4" supply to the estuary. It should be noted that
these values were based on data acquired from only three locations within the estuary, and
additional sites would improve flux estimates. Overall, considering advection and diffusion
in both sediment environments, sediments contribute more then 70% of the NH," to the NRE
water-column during summer and more than 30% during winter.

This model indicated an apparent surplus of NH," during the summer period, possibly
because the SGD and diffusive flux experiments were taken during a drought. Lower
freshwater inputs can decrease flushing rates and enhance nutrient recycling. If drought
conditions increase during warming trends in climate change, NH;" in the system may
increase more rapidly than previously estimated, adversely affecting management strategies

to reduce cultural eutrophication in the NRE.
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Beyond the Neuse, the analysis of NH," sources and sinks contributed by this study
provides insights about nutrient dynamics in nitrogen-sensitive estuarine systems. Many
estuaries and coastal environments are sustaining increased nutrient loading from watershed
urbanization, industrialized agriculture, and other sources. In addition to water-column
nutrient cycling, diffusive and advective fluxes in nearshore environments are important N
sources that are often poorly quantified, and they should be considered when developing

nutrient budgets for shallow eutrophic estuaries.
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Table 4.1. Summer NH;" sources and sinks to the mesohaline Neuse River Estuary.

NH," Sources original Neuse Estuary
data units Conversion volume or area Result Reference
Atmospheric Deposition 0.98 kg ha™ 0.007 1.22E+08 m°  8.54E+05 'NADP site NC0O6
River 72.7 ms™ 1.13063E+12 3.49E+06 USGS Neuse R. discharge at FortBarwell, NC
Ave. NH," concentration from CAAE
Water-column regeneration 5.45E+07 >Clesceri 1997 organic carbon values
Mid-channel Diffusive Flux 478  pmolm?hr'  2.06496 6.12E+07 m®  1.26E+08 This study
Nearshore Diffusive Flux 163  pmolm?hr'  0.70416 6.12E+07 m®  4.31E+07 This study
Nearshore Flux SGD 14  mmolm?d* 2.52 3.67E+06 m®  9.25E+06 This study
Permeable Porewater Exchange 163  pmolm?hr'  0.70416 5.75E+07 m®  5.06E+07 This study; *Cook et al. 2007
Exchange with Pamlico Sound 75 m’s™ 1.1664E+12 2.10E+06 Reed et al. 2007; “CAAE NH," concentration
Resuspension (162 hrs yr™") 250 pmol L™t 0.005 6.12E+07 m®  2.07E+06 °Dillard 2008; Giffin and Corbett 2007
Total Inputs 2.92E+08
NH," Sinks
Assimilation 6.79 ung L hrt 0.0016296 6.69E+10 L 1.09E+08 Twomey et al. 2005
Exchange with Pamlico Sound 148 m’s™ 2.3017E+12 2.30E+06 Reed et al. 2007; *CAAE NH," concentration
Nitrification 11 umol L™ d™* 0.00198 6.69E+10 L  1.32E+08 Berounsky and Nixon 1990
Total Outputs 2.44E+08

1. NADP (National Atmospheric Deposition Program) site NC06 Beaufort, NC.

2. Average NH," water-column concentration (data from NCSU Center for Applied Aquatic Ecology).

3. 50% of organic carbon is buried (Clesceri 2003); assume remaining is remineralized in water-column.

4. Advective porewater exchange in permeable sediments in zone between freshwater discharge zone (SGD) and mid-channel; calculated 2.5
times the diffusive flux (Cook et al. 2007).

5. Average NH,* porewater concentration at 2 cm depth is 250 umol L™*; resuspension events suspend ~2 cm of sediment 4% of year (~15
days) with 5% occurring more in January than July (Dillard 2009).
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Table 4.2. Winter NH," sources and sinks to the mesohaline Neuse River Estuary.

original Neuse Estuary

NH," Sources data units Conversion volume or area units Result Reference

Atmospheric Deposition 0.73 kg ha™ 0.005214286 1.22E+08 m’  6.36E+05 'NADP site NCO6

River 118 més? 1.83514E+12 5.30E+06 USGS Neuse R. discharge at FortBarwell, NC
2Ave. NH," concentration from CAAE

Water-column regeneration 1.60E+07 *Clesceri 1997 organic carbon values

Mid-channel Diffusive Flux 8.85 umolm?hr!  0.038232 6.12E+07 m?  2.34E+06 This study

Nearshore Diffusive Flux 115 pmolm?hr®  0.04968 6.12E+07 m?  3.04E+06 This study

Nearshore Flux SGD 47  mmolm?d* 0.846 3.67E+06 m?  3.10E+06 This study

Permeable Porewater Exchange 115  pmolm?hrt 0.04968 5.75E+07 m? 3.57E+06 This study; “Cook et al. 2007

Exchange with Pamlico Sound 150 mis?t 2.3328E+12 4.20E+06 Reed et al. 2007; 2CAAE NH," concentration

Resuspension (198 hrs yr™) 250 pmol L™t 0.005 6.12E+07 m?  2.52E+06 °Dillard 2008; Giffin and Corbett 2007

Total Inputs 4.07E+07

NH," Sinks

Assimilation 1.99 ug Lt hrt 0.0004776 6.69E+10 L 3.20E+07 Twomey et al. 2005

Exchange with Pamlico Sound 268 m’s™ 4.16794E+12 4.17E+06 Reed et al. 2007; *CAAE NH," concentration

Nitrification 1 umol Lt 0.00018 6.69E+10 L 1.20E+07 Berounsky and Nixon 1990

Total Outputs 4.82E+07

1. NADP (National Atmospheric Deposition Program) site NC06 Beaufort, NC.

2. Average NH," water-column concentration (data from NCSU Center for Applied Aquatic Ecology).

3. 50% of organic carbon is buried (Clesceri 2003); assume remaining is remineralized in water-column.

4. Advective porewater exchange in permeable sediments in zone between freshwater discharge zone (SGD) and mid-channel; calculated 2.5
times the diffusive flux (Cook et al. 2007).

5. Average NH,* porewater concentration at 2 cm depth is 250 umol L™*; resuspension events suspend ~2 cm of sediment 4% of year (~15
days) with 5% occurring more in January than July (Dillard 2009).
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Table 4.3. Calculated percent of total NH," sources and sinks for the summer season in the
Neuse River Estuary.

mol NH," Percent
NH," Sources per season of total
Direct Atmospheric Deposition 8.5E+05 0.3%
River 3.5E+06 1.2%
Water-column Regeneration 5.5E+07 18.6%
Mid-channel Diffusive Flux 1.3E+08 43.2%
Nearshore Diffusive Flux 4.3E+07 14.7%
Nearshore Flux SGD 9.2E+06 3.2%
Permeable Porewater Exchange 5.1E+07 17.3%
Exchange with Pamlico Sound 2.1E+06 0.7%
Resuspension 2.1E+06 0.7%
Total Inputs 2.9E+08
NH," Sinks
Assimilation 1.1E+08 44.7%
Exchange with Pamlico Sound 2.3E+06 0.9%
Nitrification 1.3E+08 54.3%
Total Outputs 2.4E+08
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Table 4.4. Calculated percent of total NH," sources and sinks for the winter season in the
Neuse River Estuary.

mol NH," Percent
NH," Sources per season of total
Direct Atmospheric Deposition 6.4E+05 1.6%
River 5.3E+06 13.0%
Water-column Regeneration 1.6E+07 39.3%
Mid-channel Diffusive Flux 2.3E+06 5.7%
Nearshore Diffusive Flux 3.0E+06 7.5%
Nearshore Flux SGD 3.1E+06 7.6%
Permeable Porewater Exchange 3.6E+06 8.8%
Exchange with Pamlico Sound 4.2E+06 10.3%
Resuspension 2.5E+06 6.2%
Total Inputs 4.1E+07
NH," Sinks
Assimilation 3.2E+07 66.3%
Exchange with Pamlico Sound 4.2E+06 8.7%
Nitrification 1.2E+07 25.0%
Total Outputs 4.8E+07
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Table 4.5. Summary of NH4" sources and sinks in the Neuse River Estuary, including
conservative and upper limit calculations. Annual excess of NH," is listed as the sum of the
differences between sources and sinks for each season.

moles NH,* season™

Summer Conservative Upper Limit
Sources 2.9E+08 3.4E+08
Sinks 2.4E+08 2.4E+08

Winter
Sources 4.1E+07 4 5E+07
Sinks 4.8E+07 4.8E+07

Annual Excess NH," 4.1E+07 9.7E+07
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Figure 4.1. Increase of NH," concentrations at six stations in the Neuse River
Estuary over a decadal study, based on weekly to biweekly data in April - October
and monthly data in November - March. The solid black line is the predicted
model value and the solid blue line is the linear trend (Burkholder et al. 2006).
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Figure 4.2. Bathymetric map of the Neuse River Estuary and location of sampling sites.
during the study. Study sites are one upstream nearshore site, Mills Branch (MB), two
downstream nearshore sites, Cherry Point (CP) and Wilkinson Point (WP), and one mid-
channel site (MID).

178



In situ

. Atmosphere
regeneration (NHs to NH,") NH," Outflow
g:;gg&id l l ‘ » Assimilation
NH,* —T> (NH4" to organic
matter)
Water-column
NH."
Resuspension ———— A A Nitrification
(NH4+ to NOy>
Sediments to NOg)

NH4"
Regeneration
in sediments

Groundwater

Sources

Figure 4.3. NH,4" sinks and sources in the Neuse River Estuary calculated for the box model. Circled sources represent fluxes
measured in this study (Chapters 2 and 3).
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Figure 4.4. Mean velocity of flow for ADCP data collected between 1999-2001 at Cherry
Point - Minnesott Beach transect (near the Wilkinson Point site of this study) in the Neuse
River Estuary. The line represents the depth used to separate surface and bottom water flow
to calculate an area for discharge. The mean velocity is represented by the color bar in cm s™,
and the estimated velocity is printed for each season and surface/bottom water flow. The
white area represents the depth missed by the ADCP (0.5 m) (modified from Reed et al.

2004). These data were used to estimate ammonium exchange between the mesohaline and
lower Neuse River Estuary.
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Figure 4.5. NH," sources, graphed as percent of total sources, to the Neuse River
Estuary for summer mean (May-October), winter mean (November-April), and
annual mean values. The total NH4" inputs for each period are given in moles of
NH,".
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5. CONCLUSIONS

Submarine groundwater discharge (SGD) can be an important source of nutrients to
coastal environments, yet is poorly understood in many systems (e.g. Johannes 1980, Capone
and Bausta, 1985, Burnett 2001). SGD is difficult to quantify because of spatial
heterogeneity and temporal variability, and therefore, is often not included in nutrient
budgets and loading models. In this study, use of two methodologies, porewater *’Rn as a
tracer and seepage meters, provided significant evidence of SGD occurring in nearshore sites
of the NRE. The mean SGD rate in the NRE, based on #’Rn estimates, was 9.1 cm d*,
comparable to other coastal systems (Burnett et al. 2006). It is important to investigate
nearshore environments with advective flow such as SGD because the location of the
oxic/anoxic boundaries and saltwater/freshwater boundaries significantly affect organic
matter degradation, NH;" production, and other redox reactions. NRE sediments have been
shown to be an important source of nutrients, specifically NH,", to the overlying water, but
previous research focused mostly on diffusive flux and did not consider advective flux, such
as SGD. In this study, the rate of mean NH;" flux from SGD in nearshore environments of
the NRE was 12.3 + 3.7 mmol m™ d, compared to the diffusive flux of 3.6 + 1.1 mmol m?
d™. The data indicate that advective NH,* flux can have significant contributions in shallow
estuarine systems such as the Neuse.

Sediments in NRE nearshore environments are extremely heterogeneous, making
measurements and quantification difficult, but the sediments play an important role in

nutrient cycling to the overlying water column and represent a major source of NH,"
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supporting phytoplankton productivity. NH;" was the predominant form of DIN in
porewaters, and the data indicate that SGD advection is generating NH," fluxes as high as, or
higher than from the organic-rich, mid-channel sediments. NH," does not accumulate in
porewaters at nearshore sites, resulting in relatively low diffusive flux from sediments to the
overlying water column. In addition to advection, other processes such as biological uptake
and N transformations may also be influencing the NH4" flux from sandy sediments.

Total DIN is often reported in published research rather than treating NH," and NO3z"
+ NO; separately, and such studies have described groundwater as a minor source of N
loading to the NRE (US EPA 2008). Moreover, in research on the NRE and other estuaries,
upstream discharge is commonly assumed to be the primary source of estuarine nutrient
loading. Here, investigation of NH," fluxes indicated that SGD contributed significantly
more NH," than riverine discharge during late summer-fall (June, August, September,
October), whereas riverine inputs contributed higher NH4* flux than SGD during winter
(January) and spring (April). Thus, the importance of riverine inputs versus SGD varies
seasonally: SGD can provide appreciable NH;" supplies for late summer algal blooms,
whereas riverine inputs would be expected to be a more important source in winter-spring.

Nutrient cycling and loading are distinct from the processes associated with
groundwater discharge. The chemical reactions that occur in the subsurface may produce
different N:P ratios compared to river discharge, which can affect primary production. Based
on the N:P ratios of marine phytoplankton (16:1) (Redfield 1934) and water- column values
(river: 18; estuary: 1 to > 200) (Day 1989), the concentration of N relative to P can influence

phytoplankton assemblage composition and alter primary nutrient limiting algal. The N:P
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ratio of SGD in the NRE was 42 - 73 over all sampling months. The greater flux of N
relative to P can drive this estuary toward a P-limited system compared to the current N
limitation, which would be expected to alter phytoplankton dynamics (Rudek et al. 1991,
Mallin 1994).

Other eutrophic systems also have sustained significant increases in water-column
NH," concentrations (e.g. Rocha et al. 1995, Burkholder et al. 2006, Dugdale et al. 2007), but
many of the NH," sources remain poorly quantified. NH," is efficiently recycled and it is the
preferred form of N over NO3™ by phytoplankton (Middelburg et al. 2000), and several
studies have demonstrated the importance of assessing NH," in estuarine environments (e.g.
Rocha 1998, Middleburg and Nieuwenhuize 2000). In the Sado Estuary, intertidal sediment
demonstrated significant NH;" fluxes between times of atmospheric exposure and tidal
flooding (Rocha 1998). Seventy five percent of the NH," pool, dissolved and adsorbed, was
flushed from sediments by advective porewater exchange, demonstrating rapid
remineralization of organic matter and high turnover rate, 37-43 d (Rocha 1998). Middleburg
and Nieuwenhuize (2000) discovered more rapid turnover rates (0.1 — 27 d) of NH," in six
European estuaries. As expected, NO3z™ had a longer residence time from 19 to 2160 d
compared to NH4" since NH," is the preferred N form of phytoplankton (Middleburg and
Nieuwenhuize 2000). Also, NO3™ had lower uptake rates, and therefore most NO3™ flows
through the estuaries unless it denitrified or buried (Middleburg and Nieuwenhuize 2000).
These findings further suggest that significant NO3™ loading will certainly impact an estuary,

but a eutrophic estuary is mostly driven by NH," and its regenerative nature.
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N; supplied to the water column of the NRE has been assessed as an important
nutrient source for phytoplankton. Haruthunian (1997), for example, focused on NH;" flux
across the sediment-water interface at three sites from the central part of the NRE channel
and estimated that benthic N regeneration supplied 41% of the total N demand by
phytoplankton in the mesohaline NRE annually. Over recent years, the Neuse River basin
has experienced significant urbanization and natural habitats have decreased. Wastewater
discharges and swine agriculture have been identified as the highest contributors of N to the
Neuse surface waters (Rothenberger et al. 2009), contributing to the sustained eutrophication
over the past decade resulting in major fish kills, harmful algal blooms, and oxygen deficits
(Burkholder et al. 2006).

The importance of understanding NH;" dynamics is also supported by the striking
ammonium increases that have begun to be documented in other eutrophic estuaries (e.g.
Rocha et al. 1995, Dugdale et al. 2007). Human disturbances, for example agriculture,
manufacturing, burning of fossil fuels are increasing nutrient fluxes to surface waters of
many rivers and estuaries (Nixon 1995). The mobilization of nutrients to coastal systems is a
phenomenon occurring worldwide and questions still remain regarding synergistic and long-
term effects (Cloern 2001).

The analysis of NH," sources and sinks in this study is valuable for understanding
nutrient dynamics in a nitrogen-sensitive estuarine system and estuarine management
practices overall. Overall, there was a higher input of NH4" to the mesohaline NRE during
summer (2.9 x 10® mol season™) compared to winter (0.4 x 10® mol season™). Since most of

the physical and biochemical drivers vary seasonally, it is important to look at the system
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fluxes using seasonal scenarios and not rely on annual averages. Advective and diffusive
fluxes in NRE nearshore environments contributed 35% of the total NH," inputs during
summer compared to 24% during winter. Diffusive and advective fluxes from nearshore
environments contribute greater than 40% of the NH," on an annual basis, and overall,
sediments in the NRE may supply greater than 70% of the NH," to the water column. In this
study, the magnitude of the NH," flux in the nearshore environment provides evidence for
permeable sediments and SGD making a significant contribution to nutrient cycling in the
NRE. Initial estimates indicate SGD NH," fluxes account for 4-8% of the annual NH4"
supply to the estuary. Diffusive and advective fluxes in nearshore environments are two
sources that should be considered when developing nutrient budgets in the NRE and other
estuarine systems.

The water column of the NRE has sustained a ~500% increase in NH;" over the past
decade (Burkholder et al. 2006). The data from this study indicate that nearshore
environments and SGD in these permeable areas are an important, previously overlooked
source of NH," that has contributed to the documented significant increase in water-column
NH,*. This study advances understanding about N sources to the NRE and, more generally,
about the contribution of SGD to the NH,4" flux in shallow estuaries under accelerated
eutrophication (National Research Council 2000). The insights from these data will help to
define the role of SGD in N fluxes to coastal ecosystems. The data also provide a baseline for
use in assessing the effects of future perturbations such as sea level rise, groundwater

withdrawal, industrialized animal agriculture, and urbanization.
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Appendix A. List of “Rn activities (dpm L™) from each depth of the
multi-level sampling piezometers. SD = standard deviation.

Date Site Piezometer  Dist. From Depth “Rn SD
shore (m) (cmbsf) (dpm L™

6/13/2007 MB wWC 0
6/13/2007 MB 1 3 10 87.3
6/13/2007 MB 1 3 30 114.6
6/13/2007 MB 1 3 60 48.2
6/13/2007 MB 1 3 90 70.5
6/13/2007 MB 1 3 120 88.6
6/13/2007 MB 1 3 150 136.8
6/13/2007 MB 1 3 210 112.3
6/13/2007 MB 2 6 10 27.3
6/13/2007 MB 2 6 20 67.7
6/13/2007 MB 2 6 30 53.2
6/13/2007 MB 2 6 50 58.5
6/13/2007 MB 2 6 80 98.2
6/13/2007 MB 3 9 10 32.8
6/13/2007 MB 3 9 20 44.0
6/13/2007 MB 3 9 30 61.6
6/13/2007 MB 3 9 50 68.8
6/13/2007 MB 3 9 80 41.8
6/13/2007 MB 3 9 110 70.9
6/13/2007 MB 3 9 140 64.3
8/16/2007 MB wWC 0
8/16/2007 MB 1 3 10 51.2 5.2
8/16/2007 MB 1 3 30 65.5 0.2
8/16/2007 MB 1 3 60 89.4 17.8
8/16/2007 MB 1 3 90 56.1 15.8
8/16/2007 MB 1 3 120 73.9 14.9
8/16/2007 MB 1 3 150 84.8 31.2
8/16/2007 MB 1 3 210 54.6 29.8
8/16/2007 MB 2 6 10 59.3 2.3
8/16/2007 MB 2 6 20 81.1 24.2
8/16/2007 MB 2 6 30 47.2 23.3
8/16/2007 MB 2 6 50 54.4 20.6
8/16/2007 MB 2 6 80 33.7 12.8
8/16/2007 MB 3 9 10 32.1
8/16/2007 MB 3 9 20 25.4 8.6
8/16/2007 MB 3 9 30 325 18.3
8/16/2007 MB 3 9 50 44.9 13.1
8/16/2007 MB 3 9 80 34.4 4.9
8/16/2007 MB 3 9 110 31.0 5.9
8/16/2007 MB 3 9 140 73.9 9.9
1/16/2008 MB WC 0 149.8 25.0
1/16/2008 MB 1 3 10 173.6 7.7
1/16/2008 MB 1 3 30 176.9 43.3
1/16/2008 MB 1 3 60 182.8 56.9
1/16/2008 MB 1 3 90 171.4 82.3
1/16/2008 MB 1 3 120 190.2 38.2
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Date Site Piezometer  Dist. From Depth “Rn SD
shore (m) (cmbsf) (dpmi/L)

1/16/2008 MB 1 3 150 219.0 66.6
1/16/2008 MB 1 3 210 214.9 12
1/16/2008 MB 2 6 10 184.0 52.1
1/16/2008 MB 2 6 20 110.8 71.6
1/16/2008 MB 2 6 30 159.3 8.2
1/16/2008 MB 2 6 50 154.2 11.8
1/16/2008 MB 2 6 80 179.9 243
1/16/2008 MB 3 9 10 205.8 61.0
1/16/2008 MB 3 9 20 179.6 284
1/16/2008 MB 3 9 30 215.1 16.1
1/16/2008 MB 3 9 50 128.4 39.5
1/16/2008 MB 3 9 80 189.6 44.7
1/16/2008 MB 3 9 110 165.5 116.3
1/16/2008 MB 3 9 140 289.1 47.0
4/18/2008 MB wcC 0
4/18/2008 MB 1 3 10 117.0 20.3
4/18/2008 MB 1 3 30 125.7 0.9
4/18/2008 MB 1 3 60 116.7 12.9
4/18/2008 MB 1 3 90 121.5 25.4
4/18/2008 MB 1 3 120 95.8 10.8
4/18/2008 MB 1 3 150 147.5 29.9
4/18/2008 MB 1 3 210 208.9 55
4/18/2008 MB 2 6 10
4/18/2008 MB 2 6 20
4/18/2008 MB 2 6 30
4/18/2008 MB 2 6 50
4/18/2008 MB 2 6 80
4/18/2008 MB 3 9 10 95.6 26.1
4/18/2008 MB 3 9 20 102.6 7.8
4/18/2008 MB 3 9 30 124.1 19.7
4/18/2008 MB 3 9 50 131.3 46.6
4/18/2008 MB 3 9 80 93.3 135
4/18/2008 MB 3 9 110 83.1 143
4/18/2008 MB 3 9 140 133.1 51.8
8/18/2008 MB wC 0
8/18/2008 MB 1 3 10 515 9.5
8/18/2008 MB 1 3 30 77.9 10.9
8/18/2008 MB 1 3 60
8/18/2008 MB 1 3 90 114.1 304
8/18/2008 MB 1 3 120 120.0 24.4
8/18/2008 MB 1 3 150 130.6 2.7
8/18/2008 MB 1 3 210
8/18/2008 MB 2 6 10
8/18/2008 MB 2 6 20
8/18/2008 MB 2 6 30
8/18/2008 MB 2 6 50
8/18/2008 MB 2 6 80
8/18/2008 MB 3 9 10 59.6 13.2
8/18/2008 MB 3 9 20 72.7 18.9
8/18/2008 MB 3 9 30 54.0 13.0
8/18/2008 MB 3 9 50 75.5 29.2
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Date Site Piezometer  Dist. From Depth “Rn SD
shore (m) (cmbsf) (dpmi/L)
8/18/2008 MB 3 9 80 67.1 8.8
8/18/2008 MB 3 9 110
8/18/2008 MB 3 9 140 117.2 25.9
6/21/2007 CP MW 677.2 3.0
6/21/2007 CP wC 0
6/21/2007 CP 2 10 10 13.1
6/21/2007 CP 2 10 20 256.8
6/21/2007 CP 2 10 30 538.8
6/21/2007 CP 2 10 50 929.8
6/21/2007 CP 2 10 80 851.8 61.8
6/21/2007 CP 2 10 110 2097.9 4.0
6/21/2007 CP 2 10 140 3625.5 4.0
6/21/2007 CP 3 15 10 6.0 10.4
6/21/2007 CP 3 15 20 22.9 29.6
6/21/2007 CP 3 15 30 92.2 48.0
6/21/2007 CP 3 15 50 333.8 80.5
6/21/2007 CP 3 15 65 215.2 4.6
6/21/2007 CP 4 20 10 153.8 7.8
6/21/2007 CP 4 20 30 741.0 47.9
6/21/2007 CP 4 20 50 610.9 19.9
6/21/2007 CP 4 20 80 735.2 28.7
6/21/2007 CP 4 20 110 1759.9 68.6
6/21/2007 CP 4 20 150 3230.1 913
6/21/2007 CP 4 20 190 3746.6 27.4
6/21/2007 CP 4 20 230 3664.0
8/9/2007 CP Mw 1074.1 29.5
8/9/2007 CP wcC 0 31.2 18.4
8/9/2007 CP 2 10 10 11.3 13.3
8/9/2007 CP 2 10 20 231.6 36.6
8/9/2007 CP 2 10 30 423.8 29.3
8/9/2007 CP 2 10 50 932.7 66.8
8/9/2007 CP 2 10 80 1191.4 99.7
8/9/2007 CP 2 10 110 2737.9 81.3
8/9/2007 CP 2 10 140 4375.3 55.4
8/9/2007 CP 3 15 10 26.4 16.9
8/9/2007 CP 3 15 20 46.4 185
8/9/2007 CP 3 15 30 103.1 9.2
8/9/2007 CP 3 15 50 312.6 78.6
8/9/2007 CP 3 15 65 192.1 32.2
8/9/2007 CP 4 20 10 400.6 45.1
8/9/2007 CP 4 20 30 980.9 1235
8/9/2007 CP 4 20 50 818.7 29.9
8/9/2007 CP 4 20 80 781.7 65.8
8/9/2007 CP 4 20 110 2050.0 50.0
8/9/2007 CP 4 20 150 3605.8 395.8
8/9/2007 CP 4 20 190 4117.4 136.9
8/9/2007 CP 4 20 230 4002.3 167.1
10/12/2009 CP MW 1070.9 62.5
10/12/2009 CP wcC 0 102.5 26.0
10/12/2009 CP 2 10 10 136.5 15.7
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Date Site Piezometer  Dist. From Depth “Rn SD
shore (m) (cmbsf) (dpmi/L)
10/12/2009 CP 2 10 20 227.8 49.5
10/12/2009 CP 2 10 30 420.2 23.0
10/12/2009 CP 2 10 50 727.6 47.0
10/12/2009 CP 2 10 80 907.4 56.3
10/12/2009 CP 2 10 110 1803.7 113.1
10/12/2009 CP 2 10 140 3434.6 45.8
10/12/2009 CP 3 15 10 93.0 31.3
10/12/2009 CP 3 15 20 109.6 15.9
10/12/2009 CP 3 15 30 132.7 23.2
10/12/2009 CP 3 15 50 322.3 2.8
10/12/2009 CP 3 15 65 263.7 4.8
10/12/2009 CP 4 20 10 372.8 12.8
10/12/2009 CP 4 20 30 974.2 47.9
10/12/2009 CP 4 20 50 688.1 8.5
10/12/2009 CP 4 20 80 871.9 8.0
10/12/2009 CP 4 20 110 2230.8 127.2
10/12/2009 CP 4 20 150 3465.2 104.2
10/12/2009 CP 4 20 190 4056.5 87.0
10/12/2009 CP 4 20 230 4384.4 85.6
1/4/2009 CP MW 1084.3 84.9
1/4/2009 CP wcC 0 293.2 85.3
1/4/2009 CP 2 10 10 55.4 3.7
1/4/2009 CP 2 10 20 291.7 24.6
1/4/2009 CP 2 10 30 562.7 84.2
1/4/2009 CP 2 10 50 981.5 84.7
1/4/2009 CP 2 10 80 762.4 7.5
1/4/2009 CP 2 10 110 2087.7 88.2
1/4/2009 CP 2 10 140 3368.0 53.1
1/4/2009 CP 3 15 10 96.5 15.0
1/4/2009 CP 3 15 20 132.3 13.3
1/4/2009 CP 3 15 30 184.5 34.4
1/4/2009 CP 3 15 50 366.8 6.5
1/4/2009 CP 3 15 65 273.3 3.6
1/4/2009 CP 4 20 10 471.1 121
1/4/2009 CP 4 20 30 1101.0 56.0
1/4/2009 CP 4 20 50 817.4 21.0
1/4/2009 CP 4 20 80 1573.3 231
1/4/2009 CP 4 20 110 2963.2 228.2
1/4/2009 CP 4 20 150 4418.8 246.4
1/4/2009 CP 4 20 190 5000.5 1.6
1/4/2009 CP 4 20 230 4252.5 916.4
4/29/2008 CP MW 872.8 170.0
4/29/2008 CP wcC 0
4/29/2008 CP 2 10 10 43.0 64.2
4/29/2008 CP 2 10 20 211.0 18.7
4/29/2008 CP 2 10 30 433.6 39.9
4/29/2008 CP 2 10 50 698.3 34.8
4/29/2008 CP 2 10 80 613.5 36.5
4/29/2008 CP 2 10 110 1643.3 96.0
4/29/2008 CP 2 10 140 3074.2 1.6
4/29/2008 CP 3 15 10 62.3 36.1
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Date Site Piezometer  Dist. From Depth “Rn SD
shore (m) (cmbsf) (dpmi/L)

4/29/2008 CP 3 15 20 31.1 6.9
4/29/2008 CP 3 15 30 178.0 329
4/29/2008 CP 3 15 50 3175 343
4/29/2008 CP 3 15 65 219.6 28.4
4/29/2008 CP 4 20 10 373.2 0.9
4/29/2008 CP 4 20 30 1139.3 20.5
4/29/2008 CP 4 20 50 1025.1 24.1
4/29/2008 CP 4 20 80 1056.2 10.3
4/29/2008 CP 4 20 110 2163.1 59.8
4/29/2008 CP 4 20 150 3399.0 122.4
4/29/2008 CP 4 20 190 3851.7 62.7
4/29/2008 CP 4 20 230 3999.4 100.6
9/28/2008 CP Mw 1197.5 31.6
9/28/2008 CP wcC 0

9/28/2008 CP 2 10 10

9/28/2008 CP 2 10 20

9/28/2008 CP 2 10 30

9/28/2008 CP 2 10 50

9/28/2008 CP 2 10 80

9/28/2008 CP 2 10 110

9/28/2008 CP 2 10 140

9/28/2008 CP 3 15 10 4.0 17.5
9/28/2008 CP 3 15 20 45.7 18.9
9/28/2008 CP 3 15 30 152.5 28.4
9/28/2008 CP 3 15 50 231.0 84.9
9/28/2008 CP 3 15 65 232.8 56.1
9/28/2008 CP 4 20 10 187.0 3.9
9/28/2008 CP 4 20 30 1137.4 83.6
9/28/2008 CP 4 20 50 790.4 17.4
9/28/2008 CP 4 20 80 489.6 125
9/28/2008 CP 4 20 110 1629.5 39.4
9/28/2008 CP 4 20 150 3510.7 102.9
9/28/2008 CP 4 20 190 4306.1 131.9
9/28/2008 CP 4 20 230 4566.1 15.4
6/27/2007 wp wC 0

6/27/2007 wp 1 7 10 73.0

6/27/2007 wp 1 7 20 161.6 40.3
6/27/2007 WP 1 7 30 172.2 21.9
6/27/2007 wp 1 7 50 179.4 3.9
6/27/2007 WP 1 7 80 239.6 11.8
6/27/2007 wp 1 7 110 431.7 135
6/27/2007 wp 1 7 150 406.8 34.6
6/27/2007 wp 2 10 10

6/27/2007 wp 2 10 20

6/27/2007 WP 2 10 30

6/27/2007 wp 2 10 50

6/27/2007 wp 2 10 80 350.0 38.5
6/27/2007 wp 2 10 110 384.0 6.5
6/27/2007 wp 2 10 150 367.1 12.4
8/1/2007 wp wcC 0

194



Date Site Piezometer  Dist. From Depth “Rn SD
shore (m) (cmbsf) (dpmi/L)

8/1/2007 wp 1 7 10 64.1 2.8
8/1/2007 WP 1 7 20 57.0 37.3
8/1/2007 wp 1 7 30 104.3 17.9
8/1/2007 wp 1 7 50 221.1 17.2
8/1/2007 wp 1 7 80 299.3 33.2
8/1/2007 wp 1 7 110 359.2 25.0
8/1/2007 WP 1 7 150 382.9 354
8/1/2007 wp 2 10 10 208.9 11.7
8/1/2007 WP 2 10 20 227.6 29.4
8/1/2007 wp 2 10 30 247.7 36.1
8/1/2007 wp 2 10 50 335.7 7.1
8/1/2007 wp 2 10 80 327.0 33.9
8/1/2007 wp 2 10 110 380.9 55.7
8/1/2007 WP 2 10 150 313.8 42.9
10/1/2007 wp wC 0
10/1/2007 wp 1 7 10 100.1 16.9
10/1/2007 wp 1 7 20 230.6 8.6
10/1/2007 WP 1 7 30 244.0 6.8
10/1/2007 wp 1 7 50 248.4 6.9
10/1/2007 WP 1 7 80 368.5 9.0
10/1/2007 wp 1 7 110 429.0 21.1
10/1/2007 WP 1 7 150 371.8 9.8
10/1/2007 wp 2 10 10 282.8 55
10/1/2007 wp 2 10 20 190.0 141
10/1/2007 wp 2 10 30 178.3 4.0
10/1/2007 wp 2 10 50 298.2 2.6
10/1/2007 WP 2 10 80 369.0 12.5
10/1/2007 wp 2 10 110 391.1 17.7
10/1/2007 WP 2 10 150 330.1 21.0
9/18/2008 wp wC 0
9/18/2008 wp 1 7 10 0.0 26.1
9/18/2008 wp 1 7 20 203.6 21.3
9/18/2008 WP 1 7 30 115.8 72.4
9/18/2008 wp 1 7 50 156.6 30.0
9/18/2008 wp 1 7 80 174.7 34.0
9/18/2008 wp 1 7 110 173.7 4.3
9/18/2008 wp 1 7 150 378.0 25.9
9/18/2008 WP 2 10 10 294.1 98.6
9/18/2008 wp 2 10 20 2445 110.0
9/18/2008 WP 2 10 30 301.7 55.6
9/18/2008 wp 2 10 50 306.1 7.8
9/18/2008 wpP 2 10 80 3735 56.0
9/18/2008 wp 2 10 110 335.5 25.8
9/18/2008 wp 2 10 150 356.9 3.8
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Appendix B. List of porewater physical and chemical parameters for each depth sampled.

Date Site Piezometer Depth Temp DO Conductivity Salinity
(cmbsf) °c (mg L™ (mS)

6/13/2007 MB wcC 0 27.2 3.6 34 17
6/13/2007 MB 1 10 26.1 1.7 0.8
6/13/2007 MB 1 30 24.4 0.8 1.6 0.8
6/13/2007 MB 1 60 22.7 0.3 16 0.8
6/13/2007 MB 1 90 22.0 0.6 1.8 0.8
6/13/2007 MB 1 120 20.9 0.3 15 0.8
6/13/2007 MB 1 150 21.2 0.2 15 0.8
6/13/2007 MB 1 210 20.1 0.2 11 0.6
6/13/2007 MB 2 10 275 0.1 23 11
6/13/2007 MB 2 20 27.6 0.1 2.3 11
6/13/2007 MB 2 30 26.6 0.3 1.7 0.8
6/13/2007 MB 2 50 247 0.2 15 0.8
6/13/2007 MB 2 80 24.5 0.2 1.3 0.7
6/13/2007 MB 3 10

6/13/2007 MB 3 20

6/13/2007 MB 3 30

6/13/2007 MB 3 50

6/13/2007 MB 3 80 24.1 0.3 14 0.7
6/13/2007 MB 3 110 241 0.4 14 0.7
6/13/2007 MB 3 140 24.3 0.3 14 0.7
8/16/2007 MB wC 0 30.2 6.9 5.4 29
8/16/2007 MB 1 10 27.8 0.7 1.9 1.0
8/16/2007 MB 1 30 25.9 0.9 1.6 0.8
8/16/2007 MB 1 60 24.7 0.7 15 0.8
8/16/2007 MB 1 90 24.0 0.7 15 0.8
8/16/2007 MB 1 120 235 0.8 15 0.7
8/16/2007 MB 1 150 231 0.7 15 0.8
8/16/2007 MB 1 210 225 1.2 0.6
8/16/2007 MB 2 10 29.6 0.1 4.3 2.3
8/16/2007 MB 2 20 29.4 0.1 3.2 17
8/16/2007 MB 2 30 29.0 0.2 4.9 2.6
8/16/2007 MB 2 50 27.6 0.9 15 0.7
8/16/2007 MB 2 80 26.6 0.8 1.3 0.7
8/16/2007 MB 3 10 29.2 0.9 15 0.7
8/16/2007 MB 3 20 28.6 0.9 14 0.7
8/16/2007 MB 3 30 28.4 0.9 14 0.7
8/16/2007 MB 3 50 27.7 0.8 14 0.7
8/16/2007 MB 3 80 27.0 0.9 14 0.7
8/16/2007 MB 3 110 26.7 14 0.7
8/16/2007 MB 3 140 26.0 1.0 13 0.7
1/16/2008 MB wcC 0 10.9 8.8 18 0.9
1/16/2008 MB 1 10 15.6 1.0 15 0.8
1/16/2008 MB 1 30 17.1 1.0 15 0.8
1/16/2008 MB 1 60 17.4 0.9 14 0.7
1/16/2008 MB 1 90 17.7 0.7 14 0.7
1/16/2008 MB 1 120 17.7 0.9 14 0.7
1/16/2008 MB 1 150 18.0 0.8 15 0.7
1/16/2008 MB 1 210 17.9 0.7 13 0.6
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Date Site Piezometer Depth Temp DO Conductivity Salinity
(cmbsf) °c (mg L™ (mS)
1/16/2008 MB 2 10 13.6 0.7 15 0.8
1/16/2008 MB 2 20 135 0.6 14 0.7
1/16/2008 MB 2 30 13.9 0.8 2.4 1.3
1/16/2008 MB 2 50 14.9 12 13 0.6
1/16/2008 MB 2 80 15.7 0.9 12 0.6
1/16/2008 MB 3 10 14.9 0.9 13 0.7
1/16/2008 MB 3 20 14.7 0.7 13 0.7
1/16/2008 MB 3 30 14.8 0.4 1.3 0.7
1/16/2008 MB 3 50 15.0 0.8 13 0.7
1/16/2008 MB 3 80 15.9 0.8 14 0.7
1/16/2008 MB 3 110 16.2 0.8 13 0.7
1/16/2008 MB 3 140 16.4 0.8 1.2 0.6
0.0
4/18/2008 MB wcC 0 16.8 6.0 0.4 0.2
4/18/2008 MB 1 10 19.3 0.5 0.0
4/18/2008 MB 1 30 185 0.7 15 0.8
4/18/2008 MB 1 60 18.1 0.6 14 0.7
4/18/2008 MB 1 90 18.4 0.6 14 0.7
4/18/2008 MB 1 120 17.9 0.3 15 0.7
4/18/2008 MB 1 150 17.6 0.3 15 0.7
4/18/2008 MB 1 210 17.6 0.5 13 0.6
4/18/2008 MB 2 10 0.0
4/18/2008 MB 2 20 0.0
4/18/2008 MB 2 30 0.0
4/18/2008 MB 2 50 0.0
4/18/2008 MB 2 80 0.0
4/18/2008 MB 3 10 19.0 0.4 13 0.6
4/18/2008 MB 3 20 18.1 0.3 13 0.6
4/18/2008 MB 3 30 18.1 0.4 13 0.6
4/18/2008 MB 3 50 17.9 0.4 13 0.7
4/18/2008 MB 3 80 18.4 0.6 13 0.6
4/18/2008 MB 3 110 18.7 0.4 1.3 0.6
4/18/2008 MB 3 140 18.0 0.3 11 0.6
8/18/2008 MB wcC 0 28.8 35 17.1 11.0
8/18/2008 MB 1 10 29.5 0.3 7.1 3.9
8/18/2008 MB 1 30 275 0.4 1.6 0.8
8/18/2008 MB 1 60
8/18/2008 MB 1 90 25.6 0.3 15 0.7
8/18/2008 MB 1 120 245 0.2 15 0.8
8/18/2008 MB 1 150 24.6 0.3 14 0.7
8/18/2008 MB 1 210
8/18/2008 MB 2 10
8/18/2008 MB 2 20
8/18/2008 MB 2 30
8/18/2008 MB 2 50
8/18/2008 MB 2 80
8/18/2008 MB 3 10 28.8 0.9 1.8 0.9
8/18/2008 MB 3 20 28.4 0.5 14 0.7
8/18/2008 MB 3 30 28.4 0.4 13 0.6
8/18/2008 MB 3 50 27.6 0.3 1.2 0.6
8/18/2008 MB 3 80 27.4 0.3 13 0.7
8/18/2008 MB 3 110
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Date Site Piezometer Depth Temp DO Conductivity Salinity
(cmbsf) °c (mg L™ (mS)
8/18/2008 MB 3 140 26.4 0.5 11 0.6
6/21/2007 CP MW 275 2.6 0.5 0.2
6/21/2007 CP wC 0 30.3 7.3 18.8 10.0
6/21/2007 CP 2 10 27.9 0.4 16.6 9.1
6/21/2007 CP 2 20 275 0.6 13.0 7.1
6/21/2007 CP 2 30 26.3 0.3 10.9 6.0
6/21/2007 CP 2 50 26.5 0.3 8.7 4.7
6/21/2007 CP 2 80 26.6 0.7 9.7 5.2
6/21/2007 CP 2 110 27.2 0.7 7.6 4.0
6/21/2007 CP 2 140 24.9 0.6 4.7 25
6/21/2007 CP 3 10 27.4 0.4 17.2 9.5
6/21/2007 CP 3 20 27.1 0.3 17.1 9.5
6/21/2007 CP 3 30 26.5 0.5 16.5 9.1
6/21/2007 CP 3 50 26.0 0.5 11.8 6.5
6/21/2007 CP 3 65 26.0 0.3 11.8 6.6
6/21/2007 CP 4 10 28.9 0.3 141 75
6/21/2007 CP 4 30 26.9 0.2 3.3 17
6/21/2007 CP 4 50 26.3 0.3 4.8 24
6/21/2007 CP 4 80 25.6 0.3 7.0 3.8
6/21/2007 CP 4 110 24.5 0.4 2.1 11
6/21/2007 CP 4 150 23.9 11 0.7 0.3
6/21/2007 CP 4 190 22.9 1.3 0.6 0.3
6/21/2007 CP 4 230 25.7 0.3 0.7 0.3
8/9/2007 CP MW 22.8 17 0.5 0.2
8/9/2007 CP wcC 0 33.9 34 27.4 16.6
8/9/2007 CP 2 10 324 11 26.4 16.0
8/9/2007 CP 2 20 30.6 0.5 23.2 13.9
8/9/2007 CP 2 30 30.5 0.4 18.7 11.0
8/9/2007 CP 2 50 30.1 0.6 10.8 6.1
8/9/2007 CP 2 80 29.3 0.6 12.9 7.4
8/9/2007 CP 2 110 28.8 0.8 8.8 4.9
8/9/2007 CP 2 140 27.4 0.8 5.8 3.1
8/9/2007 CP 3 10 31.6 0.3 26.7 16.2
8/9/2007 CP 3 20 30.8 0.5 26.6 16.2
8/9/2007 CP 3 30 30.6 0.5 26.5 16.1
8/9/2007 CP 3 50 29.9 0.6 23.9 14.4
8/9/2007 CP 3 65 30.2 0.5 24.0 144
8/9/2007 CP 4 10 311 0.5 7.3 4.0
8/9/2007 CP 4 30 30.6 0.6 2.7 14
8/9/2007 CP 4 50 29.7 0.5 5.3 2.8
8/9/2007 CP 4 80 28.7 0.5 7.8 43
8/9/2007 CP 4 110 275 0.5 1.6 0.8
8/9/2007 CP 4 150 27.0 0.9 0.7 0.3
8/9/2007 CP 4 190 26.4 16 0.7 0.4
8/9/2007 CP 4 230 27.7 11 0.6 0.3
10/12/2009 CP MW 21.7 21 0.5 0.3
10/12/2009 CP wcC 0 20.4 5.8 26.1 16.0
10/12/2009 CP 2 10 20.5 11 233 155
10/12/2009 CP 2 20 21.3 1.2 24.2 147
10/12/2009 CP 2 30 221 1.0 24.9 15.2
10/12/2009 CP 2 50 22.6 1.3 21.6 13.0
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Date Site Piezometer Depth Temp DO Conductivity Salinity
(cmbsf) °c (mg L™ (mS)
10/12/2009 CP 2 80 23.7 14 21.8 131
10/12/2009 CP 2 110 22.8 21 23.8 144
10/12/2009 CP 2 140 23.4 15 18.1 10.7
10/12/2009 CP 3 10 20.8 4.2 26.1 16.0
10/12/2009 CP 3 20 20.9 13 25.1 15.3
10/12/2009 CP 3 30 21.6 1.2 26.4 16.2
10/12/2009 CP 3 50 235 1.0 26.7 16.4
10/12/2009 CP 3 65 23.3 14 26.7 16.4
10/12/2009 CP 4 10 221 1.6 13.3 7.7
10/12/2009 CP 4 30 22.6 1.2 5.6 3.0
10/12/2009 CP 4 50 235 11 9.5 5.3
10/12/2009 CP 4 80 242 1.2 9.5 1.2
10/12/2009 CP 4 110 24.1 1.2 2.3 0.4
10/12/2009 CP 4 150 23.8 14 0.8 0.3
10/12/2009 CP 4 190 23.7 1.9 0.6 0.3
10/12/2009 CP 4 230 22.4 2.6 1.0 0.5
1/4/2009 CP MW 111 55 0.5 0.2
1/4/2009 CP wcC 0 6.0 10.9 24.9 15.0
1/4/2009 CP 2 10 5.2 6.6 26.3 15.9
1/4/2009 CP 2 20 5.8 1.0 23.1 13.8
1/4/2009 CP 2 30 6.7 11 18.7 11.0
1/4/2009 CP 2 50 8.6 1.2 19.3 114
1/4/2009 CP 2 80 10.2 11 23.2 14.0
1/4/2009 CP 2 110 10.9 15 15.4 9.0
1/4/2009 CP 2 140 12.7 1.2 16.5 9.7
1/4/2009 CP 3 10 6.6 4.7 25.7 15.5
1/4/2009 CP 3 20 6.5 1.3 26.8 16.3
1/4/2009 CP 3 30 7.3 1.1 275 16.8
1/4/2009 CP 3 50 10.4 11 26.8 16.4
1/4/2009 CP 3 65 9.8 1.0 28.2 17.3
1/4/2009 CP 4 10 7.9 1.3 8.4 4.7
1/4/2009 CP 4 30 9.0 1.3 3.1 1.6
1/4/2009 CP 4 50 10.3 1.3 8.4 4.7
1/4/2009 CP 4 80 121 1.3 5.2 2.8
1/4/2009 CP 4 110 12.9 15 0.8 0.4
1/4/2009 CP 4 150 13.9 15 0.6 0.3
1/4/2009 CP 4 190 145 2.0 0.6 0.3
1/4/2009 CP 4 230 13.2 24 0.6 0.3
4/29/2008 CP MW 18.0 24 0.5 0.2
4/29/2008 CP wcC 0 21.4 6.0 19.3 115
4/29/2008 CP 2 10 18.5 4.9 18.9 11.2
4/29/2008 CP 2 20 19.3 0.9 16.3 9.4
4/29/2008 CP 2 30 19.2 0.6 155 9.1
4/29/2008 CP 2 50 19.9 0.8 14.9 8.7
4/29/2008 CP 2 80 19.4 0.8 19.4 11.6
4/29/2008 CP 2 110 19.0 0.9 19.0 11.3
4/29/2008 CP 2 140 18.2 1.0 13.6 7.9
4/29/2008 CP 3 10 195 5.3 19.6 11.7
4/29/2008 CP 3 20 19.7 4.3 18.9 11.2
4/29/2008 CP 3 30 19.4 3.0 17.6 104
4/29/2008 CP 3 50 19.4 2.7 225 13.6
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Date Site Piezometer Depth Temp DO Conductivity Salinity
(cmbsf) °c (mg L™ (mS)

4/29/2008 CP 3 65 19.9 2.2 20.6 12.3
4/29/2008 CP 4 10 19.9 31 8.5 4.7
4/29/2008 CP 4 30 19.1 3.0 13 0.7
4/29/2008 CP 4 50 19.2 2.8 4.4 2.3
4/29/2008 CP 4 80 18.8 25 3.8 2.0
4/29/2008 CP 4 110 18.0 3.0 0.8 0.4
4/29/2008 CP 4 150 175 3.3 0.6 0.3
4/29/2008 CP 4 190 17.4 4.0 0.8 0.4
4/29/2008 CP 4 230 17.6 4.7 0.3 0.2
9/28/2008 CP Mw 24.7 4.2 0.4 0.2
9/28/2008 CP wcC 0 22.7 5.9 25.0 15.2
9/28/2008 CP 2 10
9/28/2008 CP 2 20
9/28/2008 CP 2 30
9/28/2008 CP 2 50
9/28/2008 CP 2 80
9/28/2008 CP 2 110
9/28/2008 CP 2 140
9/28/2008 CP 3 10 23.7 3.7 25.2 15.3
9/28/2008 CP 3 20 229 25 24.6 14.9
9/28/2008 CP 3 30 23.2 1.2 225 13.6
9/28/2008 CP 3 50 23.7 0.9 28.8 17.8
9/28/2008 CP 3 65 23.7 0.9 26.4 16.2
9/28/2008 CP 4 10 23.1 1.6 10.3 17.5
9/28/2008 CP 4 30 233 1.7 6.1 3.3
9/28/2008 CP 4 50 23.7 2.1 141 8.2
9/28/2008 CP 4 80 23.9 1.6 17.0 10.0
9/28/2008 CP 4 110 24.2 1.3 14.9 8.7
9/28/2008 CP 4 150 24.6 15 21 11
9/28/2008 CP 4 190 24.6 1.8 1.2 0.6
9/28/2008 CP 4 230 254 2.8 1.7 0.8
6/27/2007 wp wC 0 29.6 5.8 21.1 115
6/27/2007 wp 1 10 29.6 1.3 17.4 9.3
6/27/2007 wp 1 20 28.5 1.3 13.8 7.4
6/27/2007 WP 1 30 27.2 0.9 13.1 7.1
6/27/2007 wp 1 50 26.6 0.8 14.6 8.2
6/27/2007 WP 1 80 25.9 0.7 135 7.6
6/27/2007 wp 1 110 254 0.2 14.6 8.4
6/27/2007 wp 1 150 27.7 0.3 143 8.2
6/27/2007 wp 2 10 28.7 0.7 15.7 8.5
6/27/2007 wp 2 20 275 0.3 14.9 8.2
6/27/2007 WP 2 30 26.9 0.2 15.2 8.9
6/27/2007 wp 2 50 26.0 0.8 15.0 8.5
6/27/2007 wp 2 80 25.7 0.8 155 8.9
6/27/2007 wp 2 110 245 0.3 12.7 7.3
6/27/2007 wp 2 150 243 1.0 13.6 12.9

8/1/2007 wp wcC 0 YSI broke

8/1/2007 WP 1 10

8/1/2007 wp 1 20

8/1/2007 wp 1 30
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Date Site Piezometer Depth Temp DO Conductivity Salinity
(cmbsf) °c (mg L™ (mS)

8/1/2007 wp 1 50

8/1/2007 wp 1 80

8/1/2007 wp 1 110

8/1/2007 wp 1 150

8/1/2007 wp 2 10

8/1/2007 WP 2 20

8/1/2007 wp 2 30

8/1/2007 wp 2 50

8/1/2007 wp 2 80

8/1/2007 wp 2 110

8/1/2007 WP 2 150

10/1/2007 WP wcC 0 18.6 7.3 29.2 18.1
10/1/2007 wp 1 10 19.7 22 26.6 16.3
10/1/2007 wp 1 20 19.6 1.3 21.8 13.2
10/1/2007 wp 1 30 20.1 11 20.6 124
10/1/2007 wp 1 50 20.8 0.7 22.4 135
10/1/2007 WP 1 80 215 0.6 23.6 14.3
10/1/2007 wp 1 110 21.6 0.4 26.2 16.0
10/1/2007 wp 1 150 21.7 0.2 27.1 16.7
10/1/2007 wp 2 10 20.2 0.7 22.7 13.7
10/1/2007 wp 2 20 20.7 0.6 26.4 16.2
10/1/2007 wp 2 30 21.2 0.2 26.2 16.0
10/1/2007 wp 2 50 21.3 1.6 25.9 15.9
10/1/2007 WP 2 80 22.0 11 25.7 15.7
10/1/2007 wp 2 110 21.9 1.0 235 14.2
10/1/2007 WP 2 150 22.0 0.5 25.3 15.4
9/18/2008 wp wcC 0 26.8 4.7 29.4 18.2
9/18/2008 wp 1 10 26.8 22 29.0 17.9
9/18/2008 wp 1 20 26.2 14 27.1 16.6
9/18/2008 wp 1 30 26.4 0.9 28.0 17.1
9/18/2008 wp 1 50 26.8 11 28.2 17.3
9/18/2008 wp 1 80 27.0 0.7 29.1 18.0
9/18/2008 wp 1 110 27.0 0.6 31.9 19.8
9/18/2008 wp 1 150 26.7 0.5 32.6 20.3
9/18/2008 wp 2 10 26.6 0.5 26.8 16.4
9/18/2008 wp 2 20 26.6 0.7 27.3 16.7
9/18/2008 wp 2 30 26.8 0.3 26.7 16.3
9/18/2008 wp 2 50 27.0 0.6 26.8 16.4
9/18/2008 wp 2 80 27.0 0.6 28.3 17.4
9/18/2008 wp 2 110 26.8 0.7 30.0 18.5
9/18/2008 wp 2 150 26.4 0.6 30.2 18.7
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Appendix C. Porewater nutrient concentrations for each depth sampled.

Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM

6/13/2007 MB wcC 0 7.5 0.3 0.3 1.0 9.0 776
6/13/2007 MB 1 10 185.6 6.0 35 253 3276
6/13/2007 MB 1 30 163.0 6.5 34 26.3 2918
6/13/2007 MB 1 60 133.1 6.4 4.1 25.6 2622
6/13/2007 MB 1 90 136.4 5.9 2.8 25.2 2638
6/13/2007 MB 1 120 169.6 5.2 3.0 274 2940
6/13/2007 MB 1 150 218.7 5.4 3.0 29.3 3729
6/13/2007 MB 1 210 717 4.1 25 25.0 1762
6/13/2007 MB 2 10 134.6 3.9 185 2244
6/13/2007 MB 2 20 139.9 3.0 3.3 233 2397
6/13/2007 MB 2 30 162.2 6.2 3.9 26.0 2664
6/13/2007 MB 2 50 137.5 9.0 4.6 28.4 2799
6/13/2007 MB 2 80 129.6 7.9 5.0 284 2676
6/13/2007 MB 3 10 142.7 0.2 3.1 221 1676
6/13/2007 MB 3 20 179.9 0.0 5.2 23.1 2992
6/13/2007 MB 3 30 241.8 0.0 6.4 26.5 4163
6/13/2007 MB 3 50 146.5 0.0 2.2 2459
6/13/2007 MB 3 80 251.5 0.0 28.8 4146
6/13/2007 MB 3 110 154.6 0.0 28.3 3692
6/13/2007 MB 3 140 222.6 0.0 2.3 28.0 2924
8/16/2007 MB wcC 0 15 0.3 0.9 904
8/16/2007 MB 1 10 171.1 2.7 2.8 21.7 3025
8/16/2007 MB 1 30 162.7 43 5.6 248 3571
8/16/2007 MB 1 60 156.8 3.1 3.6 25.9 3179
8/16/2007 MB 1 90 3.3 3.2 26.3 3089
8/16/2007 MB 1 120 166.0 34 26.7 3354
8/16/2007 MB 1 150 2415 3.2 35 29.0 4290
8/16/2007 MB 1 210 89.4 2.6 2.7 24.1 1887
8/16/2007 MB 2 10 130.5 2.7 4.9 20.4 3096
8/16/2007 MB 2 20 173.8 3.4 4.7 21.2 3331
8/16/2007 MB 2 30 179.9 4.6 4.1 19.2 3461
8/16/2007 MB 2 50 147.7 4.6 5.4 25.2 3258
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Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM

8/16/2007 MB 2 80 141.2 4.6 3.8 1.6
8/16/2007 MB 3 10 223.6 6.7 6.9 24.9 4510
8/16/2007 MB 3 20 7.7 27.3 5004
8/16/2007 MB 3 30 246.3 6.5 5.8 25.9 3700
8/16/2007 MB 3 50 221.0 4.7 43 4194
8/16/2007 MB 3 80 253.6 3.9 3.1 254 4531
8/16/2007 MB 3 110 232.3 3.3 1.0 24.4 4381
8/16/2007 MB 3 140 3.0 25.0 3257
1/16/2008 MB wcC 0 10.1 8.9 0.3 15 735
1/16/2008 MB 1 10 135.1 0.5 34
1/16/2008 MB 1 30 124.2 0.2 3.0 3.1
1/16/2008 MB 1 60 121.8 0.2 3.1 3.2
1/16/2008 MB 1 90 122.4 0.3 2.3 2.7
1/16/2008 MB 1 120 138.0 0.2 3.1 3.6
1/16/2008 MB 1 150 211.8 0.2 4.0
1/16/2008 MB 1 210 715 0.1 3.0 2.0
1/16/2008 MB 2 10 109.7 2.4 33
1/16/2008 MB 2 20 112.0 2.9
1/16/2008 MB 2 30 131.8 4.6 3.2
1/16/2008 MB 2 50 110.8 1.7 35
1/16/2008 MB 2 80 117.5 3.1
1/16/2008 MB 3 10 157.2 12 4.1 2626
1/16/2008 MB 3 20 177.7 4.4 3952
1/16/2008 MB 3 30 183.2 3.8 3762
1/16/2008 MB 3 50 171.4 2.9 3319
1/16/2008 MB 3 80 210.6 17.8 25 4131
1/16/2008 MB 3 110 197.3 25 3383
1/16/2008 MB 3 140 141.6 3.0 1.8 2684
4/18/2008 MB wcC 0 25 1.0
4/18/2008 MB 1 10 123.0 2.2
4/18/2008 MB 1 30 112.0 2.9
4/18/2008 MB 1 60 104.2 4.1
4/18/2008 MB 1 90 112.6 2.9
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Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM

4/18/2008 MB 1 120 1384 3.0
4/18/2008 MB 1 150 205.6 2.9
4/18/2008 MB 1 210 76.9 2.3
4/18/2008 MB 2 10

4/18/2008 MB 2 20

4/18/2008 MB 2 30

4/18/2008 MB 2 50

4/18/2008 MB 2 80

4/18/2008 MB 3 10 138.2 3.1
4/18/2008 MB 3 20 145.6 34
4/18/2008 MB 3 30 151.6 4.4
4/18/2008 MB 3 50 150.5 34
4/18/2008 MB 3 80 188.2 25
4/18/2008 MB 3 110 175.3 2.2
4/18/2008 MB 3 140 125.0 1.8
8/18/2008 MB wcC 0 1.2 0.2

8/18/2008 MB 1 10 345.1 0.1

8/18/2008 MB 1 30 141.4 0.0

8/18/2008 MB 1 60 0.0

8/18/2008 MB 1 90 144.9 0.0

8/18/2008 MB 1 120 0.0

8/18/2008 MB 1 150 196.4 0.0

8/18/2008 MB 1 210 0.0

8/18/2008 MB 2 10

8/18/2008 MB 2 20

8/18/2008 MB 2 30

8/18/2008 MB 2 50

8/18/2008 MB 2 80

8/18/2008 MB 3 10 139.9 0.0

8/18/2008 MB 3 20 157.0 0.0

8/18/2008 MB 3 30 160.3 0.0

8/18/2008 MB 3 50 153.4 0.0

8/18/2008 MB 3 80 185.5 0.0

8/18/2008 MB 3 110 196.2 0.0
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Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM

8/18/2008 MB 3 140 120.5 0.0
6/21/2007 CP MW 2.0 0.5 0.4 11 118
6/21/2007 CP wcC 0 0.7 0.0 0.7 7.8 512
6/21/2007 CP 2 10 52.8 0.0 0.5 0.8 8.6 900
6/21/2007 CP 2 20 394 0.3 0.3 1.3 5.6 697
6/21/2007 CP 2 30 31.1 0.0 0.2 0.7 4.1 420
6/21/2007 CP 2 50 19.9 0.0 0.1 0.7 35 213
6/21/2007 CP 2 80 255 0.0 0.2 2.0 3.0 409
6/21/2007 CP 2 110 16.9 0.0 0.2 1.8 3.0 223
6/21/2007 CP 2 140 12.2 0.1 0.1 11 1.7 126
6/21/2007 CP 3 10 88.7 0.0 0.8 11 8.8 1711
6/21/2007 CP 3 20 64.1 0.0 15 1.3 7.7 1117
6/21/2007 CP 3 30 45.5 0.4 1.7 35 7.7 1042
6/21/2007 CP 3 50 45.8 0.1 0.4 1.9 5.9 824
6/21/2007 CP 3 65 45.6 0.0 1.0 1.0 5.8 814
6/21/2007 CP 4 10 53.2 0.0 4.0 2.8 6.7 1154
6/21/2007 CP 4 30 27.3 0.0 0.3 2.2 2.7 504
6/21/2007 CP 4 50 20.4 0.0 0.2 1.9 1.7 249
6/21/2007 CP 4 80 215 0.0 0.1 1.0 1.6 287
6/21/2007 CP 4 110 9.9 0.0 0.4 1.6 2.6 138
6/21/2007 CP 4 150 104 0.4 0.5 1.9 14 183
6/21/2007 CP 4 190 9.0 0.5 0.3 18 12 151
6/21/2007 CP 4 230 15.0 0.4 0.4 4.7 2.0 282
8/9/2007 CP MW 2.0 0.4 0.5 2.3 7.4 34
8/9/2007 CP wcC 0 0.7 0.9 2.3 1.3 713
8/9/2007 CP 2 10 52.8 0.9 13 7.5 527
8/9/2007 CP 2 20 394 0.3 0.9 6.2 638
8/9/2007 CP 2 30 311 0.3 0.8 5.2 738
8/9/2007 CP 2 50 19.9 0.1 0.5 3.3 426
8/9/2007 CP 2 80 25.5 0.1 0.9 2.6 509
8/9/2007 CP 2 110 16.9 0.1 12 3.7 251
8/9/2007 CP 2 140 12.2 0.3 1.0 2.2 116
8/9/2007 CP 3 10 88.7 15 23 9.0 1162
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Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM
8/9/2007 CP 3 20 64.1 1.6 2.1 7.2 1056
8/9/2007 CP 3 30 45.5 18 21 7.7 1016
8/9/2007 CP 3 50 45.8 0.4 15 6.9 611
8/9/2007 CP 3 65 45.6 0.3 10 7.0 955
8/9/2007 CP 4 10 77.9 0.0 0.0 2.2 4.6 1507
8/9/2007 CP 4 30 22.2 0.0 0.6 14 2.4 365
8/9/2007 CP 4 50 17.9 0.0 0.3 1.7 18 436
8/9/2007 CP 4 80 15.0 0.0 0.1 0.9 2.1 228
8/9/2007 CP 4 110 6.6 0.0 0.2 14 13 91
8/9/2007 CP 4 150 3.8 0.0 0.4 0.9 0.9 78
8/9/2007 CP 4 190 5.0 0.0 0.3 14 1.2 86
8/9/2007 CP 4 230 5.3 0.3 0.3 3.1 0.9 131
10/12/2009 CP MW 0.9 0.5 0.4 45 2.7 91
10/12/2009 CP wcC 0 1.6 0.0 0.3 14 23.2 768
10/12/2009 CP 2 10 11.9 0.7 11 6.6 634
10/12/2009 CP 2 20 26.6 0.3 1.0 5.9 520
10/12/2009 CP 2 30 26.6 0.2 0.9 6.0
10/12/2009 CP 2 50 27.7 0.1 0.5 3.7 599
10/12/2009 CP 2 80 31.0 0.2 0.8 35 657
10/12/2009 CP 2 110 22.9 0.1 13 3.6 529
10/12/2009 CP 2 140 15.6 0.3 1.0 2.3 189
10/12/2009 CP 3 10 2.4 0.5 12 7.5 608
10/12/2009 CP 3 20 12.6 11 14 7.1 552
10/12/2009 CP 3 30 15.3 1.3 1.8 6.3
10/12/2009 CP 3 50 30.7 0.2 12 6.2 661
10/12/2009 CP 3 65 24.1 0.2 0.8 5.8 291
10/12/2009 CP 4 10 21.8 0.0 0.7 15 55 571
10/12/2009 CP 4 30 12.9 0.0 0.2 14 21 269
10/12/2009 CP 4 50 19.1 0.0 0.1 13 23
10/12/2009 CP 4 80 11.7 0.1 0.2 12 21 233
10/12/2009 CP 4 110 3.7 0.0 0.1 14 1.9 80
10/12/2009 CP 4 150 18 0.5 0.1 0.8 13
10/12/2009 CP 4 190 0.6 0.4 0.1 1.0 1.0 46
10/12/2009 CP 4 230 0.8 0.4 0.2 16 2.0 136
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Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM

1/4/2009 CP MW 35 0.4 0.3 25 68
1/4/2009 CP wcC 0 16 0.1 0.6 491
1/4/2009 CP 2 10 9.8 0.4 0.6
1/4/2009 CP 2 20 22.4 0.2 0.8
1/4/2009 CP 2 30 233 0.2 0.7
1/4/2009 CP 2 50 13.8 0.1 0.6
1/4/2009 CP 2 80 26.2 0.3 0.7
1/4/2009 CP 2 110 10.0 0.2 13
1/4/2009 CP 2 140 9.2 0.4 12
1/4/2009 CP 3 10 7.0 0.3 0.7
1/4/2009 CP 3 20 14.8 0.8 11
1/4/2009 CP 3 30 22.7 1.2 1.6
1/4/2009 CP 3 50 19.0 0.2 1.0
1/4/2009 CP 3 65 22.4 0.2 0.8
1/4/2009 CP 4 10 8.2 0.3 0.4 11 234
1/4/2009 CP 4 30 5.3 0.2 0.3 21 126
1/4/2009 CP 4 50 6.8 0.2 11 125
1/4/2009 CP 4 80 2.9 0.3 0.4 1.0 44
1/4/2009 CP 4 110 3.8 0.3 0.3 13 11
1/4/2009 CP 4 150 1.8 0.4 0.2 0.7 35
1/4/2009 CP 4 190 16 0.5 0.1 0.9 45
1/4/2009 CP 4 230 2.2 0.4 0.2 1.0 24

4/29/2008 CP MwW 0.1 0.9

4/29/2008 CP wcC 0 3.7 13

4/29/2008 CP 2 10 3.7 0.1 2.2

4/29/2008 CP 2 20 17.0 0.1 1.0

4/29/2008 CP 2 30 20.3 0.1 14

4/29/2008 CP 2 50 10.1 0.1 0.3

4/29/2008 CP 2 80 19.1 0.1 0.5

4/29/2008 CP 2 110 19.0 0.1 0.6

4/29/2008 CP 2 140 10.0 0.5 0.6

4/29/2008 CP 3 10 2.9

4/29/2008 CP 3 20 6.9 0.8

4/29/2008 CP 3 30 22.4 1.7

4/29/2008 CP 3 50 231 22
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Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM

4/29/2008 CP 3 65 21.8 0.6
4/29/2008 CP 4 10 23.7 0.1 14
4/29/2008 CP 4 30 3.7 0.0 2.2
4/29/2008 CP 4 50 33 0.0 0.6
4/29/2008 CP 4 80 43 0.0 0.6
4/29/2008 CP 4 110 2.6 0.0 0.6
4/29/2008 CP 4 150 0.6 0.3 0.7
4/29/2008 CP 4 190 1.2 0.3 1.0
4/29/2008 CP 4 230 18.8 0.3 2.2
9/28/2008 CP MwW 0.6
9/28/2008 CP wcC 0 1.0
9/28/2008 CP 2 10
9/28/2008 CP 2 20
9/28/2008 CP 2 30
9/28/2008 CP 2 50
9/28/2008 CP 2 80
9/28/2008 CP 2 110
9/28/2008 CP 2 140
9/28/2008 CP 3 10 1.2
9/28/2008 CP 3 20 4.3
9/28/2008 CP 3 30 19.2
9/28/2008 CP 3 50 234
9/28/2008 CP 3 65 223
9/28/2008 CP 4 10 9.3
9/28/2008 CP 4 30 8.6
9/28/2008 CP 4 50 19.7
9/28/2008 CP 4 80 30.1
9/28/2008 CP 4 110 12.9
9/28/2008 CP 4 150 2.9
9/28/2008 CP 4 190 13
9/28/2008 CP 4 230 2.2
6/27/2007 WP wcC 0 1.0
6/27/2007 wpP 1 10 97.5 0.0 4.5 35 7.8 1817
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Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM

6/27/2007 WP 1 20 1324 0.0 5.8 5.2 7.1 1862
6/27/2007 WP 1 30 97.9 0.0 4.8 3.8 6.9 1525
6/27/2007 WP 1 50 104.2 0.0 5.5 35 7.0 1526
6/27/2007 WP 1 80 144.9 0.0 6.0 43 7.8 2012
6/27/2007 WP 1 110 135.2 0.0 4.4 3.9 7.4 1892
6/27/2007 WP 1 150 116.9 0.0 3.9 3.1 6.8 1733
6/27/2007 wpP 2 10 176.6 0.0 5.9 4.4 7.2 2514
6/27/2007 WP 2 20 148.6 0.0 0.4 35 7.0 2172
6/27/2007 WP 2 30 136.2 0.0 2.0 45 7.3 1980
6/27/2007 WP 2 50 146.7 0.0 4.0 3.7 7.4 2047
6/27/2007 WP 2 80 139.9 0.0 4.5 3.7 7.1 1956
6/27/2007 wpP 2 110 133.4 0.0 43 3.3 6.7 1843
6/27/2007 WP 2 150 132.3 0.0 3.6 3.3 7.3 1813
8/1/2007 WP wcC 0 14 2.0 6.9 716
8/1/2007 WP 1 10 80.9 35 4.1 6.3 1772
8/1/2007 wpP 1 20 60.4 3.0 5.9 1888
8/1/2007 WP 1 30 91.8 2.3 4.2 6.4 1992
8/1/2007 wpP 1 50 79.1 35 3.2 5.7 1977
8/1/2007 WP 1 80 58.6 3.8 5.3 6.4 1923
8/1/2007 WP 1 110 109.8 3.6 4.4 6.4 1652
8/1/2007 WP 1 150 86.0 3.7 3.3 2115
8/1/2007 WP 2 10 130.2 35 35 6.8 1317
8/1/2007 wpP 2 20 134.1 25 4.1 6.3 1083
8/1/2007 WP 2 30 159.4 4.6 3.7 6.2 1231
8/1/2007 WP 2 50 152.4 31 6.7 1053
8/1/2007 WP 2 80 139.2 4.7 3.8 6.3 1335
8/1/2007 wpP 2 110 149.1 4.2 3.9 6.3 1608
8/1/2007 WP 2 150 151.8 3.3 3.9 6.2
10/1/2007 WP wcC 0 0.1 0.3 0.9 8.1 642
10/1/2007 WP 1 10 0.0 15 2.0 6.5 850
10/1/2007 wpP 1 20 0.0 3.0 3.7 5.8 1432
10/1/2007 WP 1 30 0.0 3.8 3.8 6.0 928
10/1/2007 WP 1 50 0.0 2.3 5.2 5.3 1187
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Date Site Piezometer Depth NH4+ NO3- SRP TP TOC TKN
(cmbsf) (um) (um) (um) (um) (ppm) (ng LM

10/1/2007 WP 1 80 0.0 4.6 4.3 6.8 1514
10/1/2007 WP 1 110 0.0 3.6 4.2 6.2 1434
10/1/2007 WP 1 150 0.0 4.1 3.7 5.8 1293
10/1/2007 WP 2 10 0.0 2.8 3.8 5.7 2118
10/1/2007 WP 2 20 0.0 25 3.4 5.9
10/1/2007 WP 2 30 0.0 1.6 2.3 6.0 1605
10/1/2007 wpP 2 50 0.0 2.7 3.3 5.8
10/1/2007 WP 2 80 0.0 25 2.7 7.5 1918
10/1/2007 WP 2 110 0.0 2.6 2.9 6.2 1939
10/1/2007 WP 2 150 0.0 2.9 3.8 6.2 1348
9/18/2008 wpP wcC 0 2.0 0.0
9/18/2008 WP 1 10 275 0.0
9/18/2008 WP 1 20 112.8 0.0
9/18/2008 WP 1 30 86.4 0.0
9/18/2008 WP 1 50 92.8 0.0
9/18/2008 wpP 1 80 108.5 0.0
9/18/2008 WP 1 110 69.9 0.0
9/18/2008 wpP 1 150 103.9 0.0
9/18/2008 WP 2 10 142.0
9/18/2008 wpP 2 20 148.6
9/18/2008 WP 2 30 121.7
9/18/2008 WP 2 50 118.2
9/18/2008 wpP 2 80 115.7
9/18/2008 WP 2 110 115.6
9/18/2008 WP 2 150 132.3
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