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ABSTRACT

Previous studies of groundwater nutrient dynamics in coastal Baldwin County, AL
indicate that groundwater is contaminated with NO3". However, recently, nutrient fluxes' mass-
balance indicates positive fluxes of reduced nitrogen species, NH4" and dissolved organic
nitrogen (DON), while NOs™ fluxes were negative. Further, it was suggested that geochemical
transformations within an organic-rich layer comprising the subterranean estuary (STE) in
Mobile Bay could be responsible for the observed changes in the groundwater-derived nitrogen
fluxes. This study aims to examine the nitrogen geochemical transformations occurring in
organic-rich shallow coastal sediments and to identify the quantity and quality of carbon
exported by groundwater. In a laboratory-based study, sediment cores with identified organic-
rich layers collected from a hypoxia-impacted shoreline of Mobile Bay were incubated with
400uM and 800puM NOs" solutions, natural groundwater (GW), and ultra-pure carbon-free water
(UPCFW) to evaluate how the sediment reacts to different NO3z™ loading. Findings from the
incubation studies show that the organic-rich sediments are indeed responsible for the NO3™ loss
in groundwater as all treatments with NOs~ amendments experienced NOz removal. Also, that
the organic-rich sediments are a source of reduced N, in the form of DON and NH.*, evidenced
by net-N production observed in three of four treatments and the N produced correlates with
DON, and that higher NO3" loading promotes increased DON production. Additionally, both
DNRA and denitrification occurred, but the dominant pathway of NO3z”removal was
denitrification. Average NO3z removal rates increased with increases in NOs™ loading, but

complete NO3z”removal was not observed. The STE sediment has the potential to denitrify



significant amounts of anthropogenic NOs", however, in the process producing NH4*, DON,

DOC, and DIC.
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INTRODUCTION

Coastal hypoxia has been observed globally and has detrimental effects on ecosystems,
causing harm to coastal marine life, including large scale fish kill events (Loesch, 1960; Montiel,
2018; Peterson et al., 2016). It is widely accepted that enhanced nutrient input is the main driving
factor of coastal hypoxia. Many studies point to riverine input as the primary source of nutrients
that ultimately creates hypoxic events, such as the Gulf of Mexico dead zone (Dybas, 2005;
Fennel & Testa, 2019; Osterman, Poore, Swarzenski, Senn, & Dimarco, 2009; Rabalais &
Turner, 2001). However, recently it has been suggested that in some cases, nutrient input via
submarine groundwater discharge (SGD) can play a more critical role (Knee & Jordan, 2013;
Mccoy & Corbett, 2009; Montiel et al., 2019; Null et al., 2012; Slomp & Cappellen, 2004).
Before entering coastal waters, SGD percolates through the shallow coastal aquifer, known as
the subterranean estuary (STE). The STE is an ideal environment where steep chemical
gradients, created by mixing reduced and oxidized pore fluids, drive concurrently critical
biogeochemical reactions (Moore, 1999). Recent studies have found that groundwater flowing
through the STE can carry anoxic water high in nutrients into coastal waters through SGD
(Couturier, Tommi-morin, Sirois, Rao, & Nozais, 2017; Erler et al., 2014; Montiel et al., 2019;
Peterson et al., 2016; Slomp & Cappellen, 2004).

Due to the concurrent impacts of terrestrial and marine forcing, STESs are non-steady-
state systems, where chemical equilibrium and the typical sequence of redox reactions are often
disturbed (Santos, Eyre, & Huettel, 2012; Sundby, 2006). For example, oscillating oxic and

anoxic conditions due to seasonal groundwater flow variations and tidal pumping in coastal



sediments allow for coupled nitrification-denitrification to co-occur (Aller, 1994). On the other
hand, alternative nitrate reduction pathways such as dissimilatory nitrate reduction to ammonium
(DNRA) and anaerobic ammonium oxidation (anammox) have also been observed (Kroeger &
Charette, 2008; Montiel et al., 2019; Rocha, Ibanhez, & Leote, 2009; Saenz et al., 2012). In
hydrogeology, net nutrient exports through SGD are typically calculated by assessing nutrient
concentrations in inland groundwater and applying local groundwater flow rates to calculate net
fluxes, assuming conservative chemical transport (Kroeger and Charette, 2008). However,
chemical transport in the STE is rarely conservative, suggesting the STE can act either as a sink
of nutrients from fresh groundwater, or a source of nutrients through biogeochemical processes
(Beck et al., 2007; Charette & Sholkovitz, 2002; Charette, Sholkovitz, & Hansel, 2005; Hays &
Ullman, 2007; Windom, Moore, Niencheski, & Jahnke, 2006).

Anthropogenic nutrient loading in the STE has been an area of concern due to the recent and vast
development of coastal regions (Null et al., 2012). High levels of total dissolved nitrogen (TDN)
and dissolved organic nitrogen (DON) in groundwater have been linked to the magnitude of
anthropogenic nitrogen (N) inputs. Nevertheless, although the presence of certain speciations of
N in the STE is still poorly understood, it has been strongly suggested to be related to the
complexity of the N transformations during transport (Kroeger, Cole, & Valiela, 2006). The
presence of organic matter (OM) is essential to facilitating N transformations, specifically N
mineralization of organic matter (Couturier et al., 2017; Kroeger & Charette, 2008; Montiel et
al., 2019; Santoro, 2010; Santos et al., 2008). Many studies on dissolved inorganic nitrogen
(DIN) in the STE have been conducted (Boehm, Paytan, Shellenbarger, & Davis, 2006; Kroeger
& Charette, 2008; Rocha et al., 2009), but DON and geochemical reactions occurring within the

STE overall still remains poorly understood.



The three key elements linked to the development of hypoxia in coastal waters are (1)
increased nutrient loading, (2) fast production of particulate and dissolved organic matter (POM
and DOM), and (3) oxygen consumption from the degradation of OM (Gray et al., 2002). In
addition to anthropogenic activities, high nutrient loading can be generated in SGD through the
mineralization of OM in anoxic and OM-rich coastal sediments (Montiel et al., 2019; Slomp &
Cappellen, 2004; Song, Luo, Zhao, & Christie, 2003). Based on that, the STE provides ideal
conditions to meet the elements linked to hypoxia by Gray et al. (2002). For example, Ho et al.
(2019) reported findings of bottom water hypoxia during the summer in areas experiencing high
SGD contribution in the northern Gulf of Mexico, Mississippi Bight (Mississippi, USA). Further,
Kroeger, Cole, and Valiela (2006) found that NHs" and DON were the primary N species
delivered by SGD to Tampa Bay (Florida, USA). Also, in Martinique Beach on the Magdelen
Islands (Quebec, Canada) SGD rich in NH4"and DON was reported to discharge from the STE
into the coastal waters (Couturier et al., 2017). Lastly, in Turkey Point (Florida, USA) in the
north-eastern Gulf of Mexico, Santos et al. (2008) also reported fluxes of primarily DON and
NH4* from SGD. The common denominator in all these cases is the presence of OM, which was
found to be critical in producing reduced N fluxes (i.e. NH4" and DON). Such severe reduced
conditions create a high demand for oxygen in further oxidation and microorganism respiration
processes (Burford & Bremner, 1975). Indeed, in Hampyeong Bay (South Korea) SGD derived
DOM was identified as an essential source for both DOC and DON to the coastal waters (Kim,
Waska, Kwon, Suryaputra, & Kim, 2012). In the northern Gulf of Mexico, a recent study by
Montiel et al. (2019) in Mobile Bay (Alabama, USA) further linked the large DON and NH4*
fluxes from SGD in hypoxia-impacted coastal water to the presence of an organic-rich sediment

layer in the shallow coastal aquifer.



To better understand N dynamics in shallow coastal aquifers and the fundamental role of
organic carbon in areas impacted by SGD-influenced hypoxia, | studied pore water
biogeochemistry in sediment cores collected from the STE in the northern Gulf of Mexico. Such
a laboratory-based approach eliminates some of the uncertainty inherent to field-based studies
and provides better insights into the biogeochemistry that occurs in the porous sediment found
within the STE. This work focuses on investigating several critical factors and questions
including: (1) what net biogeochemical transformations do nutrients (NOs’, NO2, NH4*, DON,
DIC, and DOC) undergo as pore water with controlled composition incubates in the STE
organic-rich coastal sediment; (2) whether or not organic-rich sediment acts as a source or sink
for nutrients, as well as how different loadings of NOz™ affects biogeochemical reactions; (3)
what the fundamental role of carbon is, including carbon production/consumption in addition to
the quality of organic matter that regulates the bioavailability of carbon; and (4) what is the age
of the organic-rich sediment layer?

| hypothesize that in response to NOz™ loading the organic-rich sediment would be a source
of carbon and reduced nitrogen species and must play a critical role in producing the
biogeochemical transformations of nitrogen and OM observed. | suspect that increased NOz
loading will produce increased carbon and reduced nitrogen production. Additionally, 1
hypothesized that the organic-rich sediment layer was buried during the last sea level
transgression. Further | suggest that the biogeochemical transformations occurring within the

organic-rich sediment layer have an impact at the regional level.



MATERIALS AND METHODS

Site Description

The sediment cores that will be used for this laboratory study were collected at a site located on
the eastern shore of Mobile Bay south of Fairhope in Baldwin County in southwestern Alabama,
USA. The shallow lithology of the study area consists of a Miocene to Holocene sequence of sand
strata interbedded by clay layers (Gillett, Raymond, Moore, & Tew, 2000). Groundwater
percolates from inland Baldwin county towards the bay where it ultimately discharges due to the
positive regional groundwater gradient (Tew et al., 2018). The organic-rich layer is buried roughly
0.5-2m below the surface throughout the study area within the surficial aquifer unit (Montiel et al.

2018).

Sediment Core Material Collection And Characterization

To examine the biogeochemical transformations occurring in organic-rich sediments, |
collected 11 sediment cores (PH-1 through PH11), each ~2m in length, from within the STE
from different depths of a coastal site on the southeast shore of Mobile Bay, AL that has been
impacted by SGD influenced hypoxia (Montiel, 2018). All cores were recovered from within a
2m? plot of the shoreline using a GeoProbe model 5410 direct push technology (DPT). The
sediment cores with the most successful collection, i.e. with visually undisturbed sediment layers
and length minimum 150 cm were PH-7 (I=185cm), PH-10 (I=190cm), and PH-11 (I=175cm).

Sediment cores PH-7 and PH-11 captured the STE as described in Montiel et al. (2019) and



therefore were selected to be used in laboratory incubations experiments examining the
geochemical transformations. Sediment core PH-10 was used for identifying the in-situ sediment
conditions, i.e. mineralogical composition, metals composition, hydraulic conductivity, bulk
density, porosity, grains size, water content, and sediment '°N-8*3C. These three cores also had
visually well-reproducible stratigraphy and, according to descriptions by Montiel et al. (2019),
capture the STE in this coastal site. All three sediment cores were divided into 5-cm sections for
further physical and chemical analyses.

Sediment core PH-10 was divided into 38 sections and analyzed for density, porosity, and
grain size following methods detailed by Lambe (1951)). Grain size distribution was determined
using eight decreasing screen size (2.36-0.053mm) stacked sieves (Fisher Scientific USA
standard), and sediment was classified using the Wentworth scale (Wentworth, 1922). Hydraulic
conductivities were determined following the Hazen method using the 10" percentile finer grain
size in millimeters (Hazen, 1893). Water content was determined following ASTM method
D2216-10. Organic matter content was determined following ASTM method 2974-87 via mass

differential after combustion in a furnace at 550°C for four hours.

X-ray diffraction (XRD)

To determine the mineralogical composition of the recovered sediment core (PH-10), |
examined the sediment fraction of them using the XRD method. The XRD analyses were
conducted following a modified method from Cook et al. (1975). Due to the sediment being
majority quartz sand, XRD clay slides were created in leu of bulk XRD analysis. Following a
method modified from Foos and Quick (1988), sediment was pulverized using an agate mortar

and pestle, then suspended in ultra-pure-carbon free water (UPCFW) and allowed to settle



slightly so the heavy materials (i.c. quartz) fell out of suspension according to Stoke’s law. The
upper layer of the sediment slurry was decanted into a vacuum filter apparatus where it was
filtered through 0.45um membranes. The resultant clay film was rolled off the filter membrane

and onto a glass slide for XRD analysis via Bruker D8 X-ray diffractometer.

Heavy metal composition

Heavy metal concentrations (reported as mg/kg dry sediment) of PH-10were assessed
using partial (99%) acid digestion of 1g sediment following EPA method 3051A and then
analyzed for metal cations using a Perkin-Elmer ICP-OES with a precision of £ 4%. Sediment
samples were weighed, acidified with 10mL concentrated ARISTAR PLUS trace metal grade
nitric acid (c.HNO:s), and placed into a microwave digestion unit. After cooling to room
temperature, the nitric acid sediment leachate was filtered through 0.45um syringe filters and

placed into pre-cleaned centrifuge tubes for instrument analysis.

85N-83C assessments in sediments

Sediment samples ranging from 30mg (high organic content) to 300mg (low organic
content) from PH-10 were acidified to remove the effect of carbonate (Arens, Jahren, &
Kendrick, 2014) and bulk 5'°N-8*3C were measured using a EACF-IRMS system with an
Elemental Combustion System (ECS 4010) coupled to a Gas Source-IRMS operating in a
continuous flow mode, interfaced with a Finnigan MAT Conflo 111 at the Alabama Stable Isotope
Laboratory (ASIL). The 8*3C values were calculated relative to Vienna Peedee belemnite

(VPDB) with an accuracy of 0.2%o, and the §*°N values were calculated relative to the



atmospheric nitrogen (AIR) standard with an accuracy of 0.3%.. Carbon and nitrogen weight

percent and the C/N ratio were measured using an ECS 4010 thermal conductivity detector.

Radiocarbon analysis

To determine the age of sediment depositions of the shallow layers of the STE, material
collected from the sediment within the two cores designated for incubation experiments (i.e. PH-
7 and PH-11) was used for radiocarbon analysis. Both cores were examined carefully for carbon-
containing pieces such as plant/wood fragments and shells. A total of 13 samples, six from PH-7
and seven from PH-11 were collected (Piotrowska, Blaauw, Mauquoy, & Chambers, 2011).
These samples were chosen based on the position within the core and the quantity and quality of
the material. All collected samples were within either the upper or lower organic-rich layer. Two
bivalve shell fragments were identified in core PH-11, but due to the lack of the entire shell and
uncertainty about the species of the shells, those samples were eliminated. The remaining
samples contained three wood fragments and six plant fragments collected from cores PH-11 and
PH-7. All three wood fragments were well preserved, two were from the upper organic-rich
layer, and one was from the lower organic-rich layer. In addition to the wood fragments, the
best-preserved plant fragment from the lower organic-rich layer was selected. Samples chosen
for radiocarbon analysis that were well preserved and contained abundant carbon consisted of
two from the upper organic-rich layer (samples PH7-11 and PH11-11) and two samples from the
lower organic-rich layer (samples PH7-22 and PH11-24) (Piotrowska et al., 2011). All samples
were inspected under a microscope at 45x magnification and any debris/sediment grains were
removed. The samples were then placed into an ultrasonic bath containing ultra-pure carbon-free

water for 30 minutes to remove any debris and then put into an oven at 50°C for 48 hours to dry.



Dried and cleaned samples were sent to the National Ocean Sciences Accelerator Mass
Spectrometry (NOSA-MS) facility at Woods Hole Oceanographic Institute (WHOI) for

radiocarbon analyses.

Incubation Experiments Setup and Porewater Analyses

The overreaching goal of this work is to examine the geochemical transformations in
pore water of saturated natural sediments from hypoxia-impacted areas under different levels of
NOs" loadings mimicking different regimes of anthropogenic agricultural impacts. Thus,
sediments from cores PH-7 and PH-11 were subsequently incubated with: (1) ultra-pure carbon-
free water (UPCFW), (2) groundwater collected from the aquifer near the study site (GW), (3) a-
400uM and (4) a-800uM NOz amended solution. The UPCFW used for incubations and to make
the nitrate solutions was UV treated, 18.2ohm resistance. The GW solution used contained NO3’
(252 uM), DON (156 puM), and negligible amounts of NH4* and NOy™ (< 1 uM). The NOs
solutions were prepared with >99% ACS grade sodium nitrate (NaNO3) supplied by Alfa Aesar.
After cutting each core in 5-cm sections, there were 35 total samples from PH-11 and 37 from
PH-7. These individual sections were placed into pre-baked (organic carbon-free) glass jars
labeled by depth. Incubation solutions were brought to anoxic conditions (DO < 0.2 mg/L) by
bubbling UPC grade argon (or He) through the solutions while within an O,-deplete chamber
(ODC) that was also previously deoxygenated before inserting the solutions. Before every
incubation the jars with sediment in them were allowed to equilibrate with the O>-depleted
atmosphere within the ODC and then incubated with 120mL of prepared solutions to best
represent in-situ conditions (Engstrom, Dalsgaard, Hulth, & Aller, 2005; Hansen, Thamdrup, &

Jorgensen, 2000; Hulth, Aller, & Gilbert, 1999; Martens & Berner, 1974). After the jars



equilibrated and had anoxic solutions added, they were capped and incubated for five days
within the ODC. I chose this time of incubation because it is the best representation of
groundwater residence time within the STE of the study site (Montiel et al., 2018). The
concentration of Oz within the ODC was monitored continuously using an atmospheric oxygen
sensor (Vernier, Accuracy + 1%) to maintain low oxygen levels (below 2%). After the five-day
incubation, while still inside the ODC, 75mL porewater aliquots were withdrawn from each jar
using syringes, filtered through 0.45um syringe filters, and placed into pre-cleaned air-tight
55mL centrifuge tubes. I used this specific amount to satisfy detection limits for the following
analyses: 30mL for nutrient analysis (NO3™ + NO2, NO2", NH4", and TN), 10 mL for NOs" stable
isotope analysis (*30 and *°N), and 35mL for DOC, DOM and total alkalinity (TA) analysis.
Aliquots earmarked for TA, DOC and DOM were analyzed as soon as possible after collection,
while the rest of the aliquots were frozen for later analysis. Between each treatment, the sediment
jars were drained of excess solution, and stored refrigerated (below 4°C) until the next treatment.
In total, seven incubations were performed: one GW treatment, duplicate UPCFW treatments,
duplicate 400uM NOstreatments, and duplicate 800uM NOs3" treatments. All incubations were
conducted in the order of lowest to highest NO3s™ concentrations (i.e. UPCFW first, followed by
GW, then 400uM NOs3™ and lastly 800uM NO3"). The same core was used for all treatments
discussed in the results and discussion below as of the duplicate analyses, treatments using core
PH-7 yielded lowest and better controlled oxygen level throughout the incubation period. Using
the same core will allow the data to be more comparable and ensuring that the treatments with

the best-controlled oxygen deplete conditions will be most representative of in-situ conditions.
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Total alkalinity (TA) and auxiliary parameters

An aliquot from each pore water incubation was collected and analyzed immediately for
total alkalinity (TA) as CaCOs following Hach method 10239 using a Hach DR1900
spectrophotometer with a precision of = 1.4ppm. Sample temperature (+ 0.3°C), dissolved
oxygen (DO) (+ 0.2 mg L), conductivity (+ 1 pS cm™), and pH were measured in-situ before
collection using a YSI Pro 2030 handheld instrument. Before each use, the instrument was

calibrated for DO and pH accuracy following the calibration procedure manual provided by YSI.

Nitrogen speciation
Total Nitrogen (TN), nitrite (NO2"), nitrate (as ((NO2 + NO3’) - NO2")), and ammonium
(NH4*) analyses in pore water before and after incubations were conducted by Dauphin Island
Sea Lab (DISL) using a Skalar San++ segmented flow autoanalyzer with automatic in-line
sample digestion. The analytical error of the instrument was + 5% for all analyses. For this study,
| define total dissolved nitrogen (TN)as DIN+DON, where DIN is measured as (NO3z” +NOy) +
NH." and quantify and qualify DON. Excess nitrogen (Nex) was calculated by subtracting the
amount of nitrogen added to the system for each incubation from the total nitrogen measured
after incubation completion (Eg. 1). I also accounted for the carried amount NO3™ from a
previous incubation. DON was calculated from the difference of TN and the sum of dissolved
inorganic nitrogen species (equation 2).
Ney = TNgfrer — (Naadgea + Noefore) Eqg. (1)
DON = TN — ¥ DIN Eq. (2)
Where TNy fore represents the NOs™ in porewater carried over from the previous incubation (in

KMM). This term was calculated by using porosity and bulk density of the sediment to calculate
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the volume of water trapped in the pore space between incubations. The porewater volume was
multiplied by the TN concentrations measured in UM from the previous incubation to account for
TN carried over in the pore spaces to the next incubation. TN, 4404 (in UM) represents nitrogen
added to the system as NaNOs and TNgfe, (in UM) represents the TN measured post five-day
treatment.

Nitrate removal

The rate of NO3™ removal for this study was calculated as the change of NOs™ in two

consecutive sediment sections:

_ AC—(MC— NO; ypcrw)

R T Eq. (6)
Where: R= rate of nitrate removal in uM/hr, AC = amendment NOs™ concentration for each
incubation in uM (GW= 252uM NOs", 400uM = 400uM NOs3’, and 800puM = 800uM NO3’), MC
= measured NOs™ concentration for section of core in each incubation in uM, NO3z upcrw is the
measured NOs™ concentration in UM for each sample from the UPCFW treatment, and T time

(hours).

Dissolved organic carbon (DOC)
DOC in pore water after incubation was measured in the Organic Geochemistry
Laboratory at The University of Alabama (UA) following a method described in Lu et al. (2015)

using a Shimadzu TOC-V total organic carbon analyzer with an accuracy of + 2%.

Dissolved inorganic carbon (DIC)
DIC in pore water after incubation was calculated from TA, salinity, temperature, and pH

using R (version 3.6.1) package AquaENYV as described by Hofmann et al. (2010). The
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AquaENV software was designed for low-salinity (S as low as 0) estuarine applications. Total
DIC was calculated as Y CO2, and DIC sourced from the remineralization of organic matter was
determined following equation 3 (Rao, Malkin, Hidalgo-martinez, & Meysman, 2016; Rao,
Malkin, & Meysman, 2014). Percentage DIC from the remineralization of organic matter (%
DICowm) was calculated by subtracting DIC from remineralization of organic matter, from total
DIC, then dividing by total DIC and multiplying by 100.

DICom = TotDIC — TA(rcaTa) Eq. (3)
Where DICowm represents DIC from the remineralization of organic matter in (UM), TotDIC
represents total DIC in porewater (LM), and TA(rcaTa) represents TA corrected for CaCO3

dissolution in (UM).

(% DICow) = ~22=PlCom 1 Eq. (4)

TotDIC

Where DICom and TotDIC are calculated in pM

Dissolved organic matter (DOM)

DOM absorbance was measured using a UV-1800 Shimadzu spectrophotometer at the
Molecular Eco-Geochemistry laboratory at The University of Alabama. To determine DOM
quality pre-incubation, sediment from core PH10 was mixed with UPCFW at a ratio of 1:20 by
mass. The mixtures were agitated continuously for 42 hours on an orbital shaker at 300 rpm,
followed by centrifugation at 4,000 rpm for 20 minutes. The upper liquid layer was carefully
transferred to a new vial using a pipette and the leachable DOM in these samples was further
analyzed for absorbance and fluorescence properties (i.e., Excitation-Emission Matrix coupled
with Parallel Factor Analysis), following the analytical methods described in detail in Lu et al.

(2014) and Lu et al. (2015). Porewater samples from the incubation treatments required no pre-
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treatment and were analyzed as soon as possible after collection. Briefly, samples were allowed to
come to room temperature and were placed in a 1cm pathlength quartz cuvette. Samples high in
DOC were diluted using fresh UPCFW so that the optical properties could be accurately recorded.
190 to 670nm wavelengths were scanned at a 1nm interval. Three-dimensional fluorescence
excitation-emission matrices (EEMs) were measured using a Horiba Jobin-Yvon FLuoromax-3
spectrofluorometer. Wavelengths 250-520nm were measured at 3nm intervals. The data was then
normalized relative to the area under the water Raman peak at excitation wavelength 350nm (Cory
& Mcknight, 2005). Parallel factor analysis (PARAFAC) was completed in MATLAB using the
DrEEM toolbox to convert the fluorescence spectra into the main identifiable components based
on the location of emission and excitation peaks (Stedmon & Bro, 2008). The final models were
validated using the split-half analysis (Murphy, Stedmon, Graeber, & Bro, 2013). The relative
abundance of each component was determined using equation 5.

%Fci = Fei /TF x 100 = Fei /( Y3, Fci) x 100 Eq. (5)

Where Fcirepresents the fluorescence intensity and TF represents the total fluorescence intensity.

14



RESULTS

Sediment Core Stratigraphy and Physical/Chemical Properties
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Figure 1: Left: Image of sediment core PH10 with tape measure for reference. Right: Diagram
representing stratigraphy and grain size classification of sediment cores used for this study.

The collected cores demonstrate systematic stratigraphy with an uppermost coarse sand

layer up to 25cm depth with 2 + 1% average organic content followed by the organic-rich layer
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discontinuously as a 35cm upper (25-60cm depth) and 55cm lower (90-145cm depth) organic-
rich fine sand with a maximum average 22 + 3.2% organics content. Between the two sections of
high organic content there is a 30cm medium sand layer (60-90cm depth) with 2 + 1% average
organic content. Beneath the lower organic-rich fine sand section through the remainder of the
core is low-organic clayey-sand, with 3 + 2% average organic content (Figure 1). Going forward,
sediment layers B are what | will refer to as the “organic-rich sediment layer” while sediment
layers A, C, and D I collectively refer to as the “lower-organic sediment layer”. Sediment grain
size analysis was conducted to determine the D10 grain size for Hazen hydraulic conductivity
calculations (Figure 2). Average D10, or the grain size where 10% of sediment grains are
smaller, varied by layer with the top coarse sand layer (A) having an average D10 of 0.16mm,
and average D10 of 0.13mm within the organic-rich sediment (B), and average D10s of 0.15 and
0.16 in the medium sand layer (C), and clayey-sand layers (D) respectively. The sediment
throughout has moderate permeability, with an average hydraulic conductivity K=1.3 £ 0.6
mday? (n=20) in the organic-rich sediment layers, and K=1.7 + 0.6 mday* (n=18) in the lower-

organic layers.
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Figure 2: Grain size distribution (in mm) of sediment from core PH10 collected from the STE.
Each line represents the grain size distribution for a 5¢cm section of core.
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Mineral composition

Based on the XRD analyses | found that quartz was the mineral that had the highest
percentage intensity throughout all samples. Montmorillonite
((Na,Ca)o,3(Al,Mg)2Sia010(OH)2en(H20)), microcline (KAISizOg), albite (NaAlSizOg), kaolinite
(AlSi,05(0OH)4), goethite (Fe**O(OH)), nordstrandite Al(OH)s, nontronite
(Nao sFe2((Si,Al)2010)(OH)22nH20) , and glauconite ((K,Na)(Fe**,Al,Mg)2(Si,Al)s010(OH)2)
minerals were all present at up to 20% intensity readings throughout. All of the minerals peaked
in intensity between 20 and 40cm depth where OM content was highest, especially kaolinite,
nordstrandite, and nontronite which peaked at 51, 74.2, and 16.7%, respectively. Goethite had
consistently highest percent intensity, followed by kaolinite and nordstrandite, which had very

similar results. See full mineralogical results in Table 2 in Appendix |

Heavy metal concentrations in sediment

The results from ICP-OES analysis of trace and major metals Zn, As, Cd, Cu, Ni, Pb, Sr,
V, Cr, Ti, Mn, B, Ca, Al, Fe, Mg, K, and Na did not indicate instances of metals at higher than
EPA maximum levels (U.S. EPA, 1993). Of all metals, the ones with the most potential
biological impact, Fe and Mn, were present in sediment with average concentrations of 10,979 +
7256 mg/kg (n=38) and 35 + 29 mg/kg (n=38), respectively. Fe was the metal measured in the
highest concentration throughout sediment core PH10. All metals analyzed had higher average
concentrations within the organic-rich sediment sections, with the exceptions of As, B, Cd, Fe,
and Ti, where average concentrations were higher in the lower-organic sediment sections. See

Table 2 in Appendix | for full metals results.
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Sediment *3C and 8'°N compositions

The C-content in the non-organic-rich sediment averaged 2,900 + 1,859 mgC/kg (n=18)
of sediment and over four times higher (avg. 12,656 + 15,124 mg/kg, n=20) within the upper and
lower organic-rich layers. The total amount of N in the sediment followed a similar trend as the
C where the higher average value, 722 + 903 mg/kg (n=20), was found within the organic-rich
layer. In contrast, average N was lower (202 + 219 mg/kg (n=18)) in the non-organic-rich layers.
The average C/N ratio for the organic layers was 17 + 3.3 (n=20). The average C/N ratio for the
low-organic sediment was 22 = 5.0 (n=18). Average 5'3C within the organic-rich layer was -25.8
+ 3.3%o and average 8'°N was 2.16 £ 1.1%o (n=20). Average §*3C within the low-organic
sediment was -24.9+ 1.8%o (n=18) and average *°N was 2.6%o = 0.95%o (n=18). See Table 2 in

Appendix | for full 53C and 5'°N results.

Radiocarbon (**C, t12=5,730 yrs) dating

All but sample PH7-11 from both cores (PH-7 and PH-11) resulted in modern
radiocarbon ages, which means they were buried post-1950 (Olsson 1970). **C ages were
calculated following equations 6-8 as described by WHOI NOSAMS. Sample PH7-11 collected
from core PH-7 from 55cm depth had a A¥C =-19.5%0 and 8'3C = -24.24%, with fraction
modern = 0.99 for a radiocarbon age of 90 + 15 years pre-1950 (buried around 1860). The other
sample from core PH-7, sample PH7-22, retrieved from 110cm depth had a A¥C = 218.65%o and
813C = -24.44%o with fraction modern = 1.2, meaning deposition was post-1950. Sample PH11-
11 retrieved from core PH-11 from 55cm depth had a AMC = 59.58%o and §'*C = -26.84%o with

fraction modern = 1.1, meaning deposition was post-1950. The other sample from core PH-11,
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PH11-24 retrieved from 125cm depth had a A¥C = 104.1%o and 5'3C = -28.08%o with fraction

modern = 1.1 meaning deposition occurred post 1950. See Table 2 in Appendix | for full results.

Fmg—Fm

Fm,=Fm — Fm, Eq. (6)

Fmg
Fmc represents the blank corrected fraction modern, Fmy represents the 14C/*2C ratio of the blank,

Fm represents the sample fraction modern, and Fms represents the modern reference.

25

1-—53)
Fm813c = ch * (ﬁ)z Eq (7)

Fm;3c represents the fraction modern corrected for 53C and Fm. represents blank corrected
fraction modern

Age = —8033In (Fmgis,) Eq. (8)

Porewater Composition After Incubations

Dissolved organic nitrogen (DON)

DON was highest in porewater from the 800uM incubation, followed by 400uM, GW,
and UPCFW incubations (Figure 3 A). In the 800uM treatment, average DON in porewater
retrieved from sediments of the organic-rich layers was 19% lower (479 £ 102uM (n=20)) than
average DON in the lower-organic layers (570 £ 73uM (n=17)). In the 400uM incubation,
average DON in the organic-rich layers was 7% higher (200 £ 56uM (n=20)) than average DON
in the lower-organic layers (186 £ 80uM (n=12)). In the GW treatment, average DON in the
organic-rich layers was 34% higher (156 + 28uM (n=20)) than average DON in porewater
retrieved from sediments of the lower-organic layers (103 + 39uM (n=17)). In the UPCFW

incubation, average DON in the organic-rich layers was 22% higher (55 = 49uM (n=20)) than
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average DON in the lower-organic layers (43 = 17uM (n=17)). See Table 1 in Appendix I for

full results

Ammonium (NH4%)

Ammonium was highest in porewater from UPCFW incubation, followed by 400uM
treatment, while 800uM treatment and GW incubation had similar ammonium results (Figure 3
B). In the 800uM incubation, average ammonium in porewater retrieved from sediments of the
organic-rich layers was 21% higher (28 £ 16uM (n=20)) than average ammonium in the lower-
organic layers (22 + 8uM (n=17)). In the 400uM treatment, average ammonium in the organic-
rich layers was 39% higher (62 + 51uM (n=20)) than average ammonium in porewater retrieved
from sediments of the lower-organic layers was (38 £ 34uM (n=12)). In the GW incubation,
average ammonium in the organic-rich layers was 23% higher (31 = 9uM (n=20)) than average
ammonium in the lower-organic layers (24 + 15uM(n=17)). In the UPCFW treatment, average
ammonium in porewater retrieved from sediments of the organic-rich layers was 15% higher (92
+ 16uM (n=20)) than average ammonium in the lower-organic layers (78 £ 20uM (n=17)). See

Table 1 in Appendix I for full results.

Nitrate (NO3)

Overall, NOs™ was highest in the incubations with the highest added NOs amendment of
800uM, followed by the 400uM, then GW, and UPCFW treatments (Figure 3 C). In the 800uM
incubation, the average NOz™ in porewater retrieved from the sediments of the organic-rich layers
was 21% lower (619 £ 136uM (n=20)) than the average NOs in the lower-organic layers (750 *

90uM (n=17)). In the 400uM treatment, average NOz™ in the organic-rich layers was 1% higher
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(235 £ 77uM (n=20)) than average NOs" in porewater retrieved from sediments of the lower-
organic layers (232 £ 94uM (n=12)). In the GW incubation, the average NOs" in the organic-rich
layers was 6% lower (93 £ 27uM (n=20)) than average NOs" in the lower-organic layers (99 +
35uM (n=17)). In the UPCFW treatment, average NO3" in the organic-rich layers was 6% higher
(1.7 £ 0.7uM (n=20)) than average NOs" in the lower-organic layers (1.6 + 1uM (n=170). See

Table 1 in Appendix I for full results.

Nitrite (NO2)

Nitrite was highest in porewater from the 800uM incubation, followed by GW, then
400uM and UPCFW incubations (Figure 3 D). In the 800uM treatment, average nitrite in
porewater retrieved from sediments of the organic-rich layers was 21% higher (34 £ 19uM
(n=20)) than average nitrite in the lower-organic layers (27 £ 12uM (n=17)). In the 400uM
incubation, average nitrite in the organic-rich layers was 25% higher (12 + 12uM (n=20)) than
average nitrite in the lower-organic layers (9 £ 10uM (n=12)). In the GW treatment, average
nitrite in the organic-rich layers was 8% lower (13 = 5uM (n=20)) than average nitrite in
porewater retrieved from sediments of the lower-organic layers (14 + 6uM (n=17)). In the
UPCFW incubation, nitrite measured was below 1.7uM. See Table 1 in Appendix | for full

results.
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Figure 3: Depth profile (in cm) of (A) DON, (B) NH4, (C) NOs’, and (D) NO>™ from the UPCFW,
GW, 400uM and 800uM treatments. Measured in uM. Shaded areas indicate the organic-rich
sediment layers

Dissolved organic carbon (DOC)

DOC was highest in porewater from the UPCFW incubation, followed by GW, 800uM
and 400uM incubation (Figure 4). In the 800uM treatment, average DOC in the organic-rich
layers was 35% higher (630 £ 596uM (n=20)) than average DOC in porewater retrieved from the
lower-organic layers (408 + 482uM (n=17)). In the 400uM incubation, average DOC in the
organic-rich layers was 37% higher (187 + 199uM (n=20)) than average DOC in porewater
retrieved from sediments in the lower-organic layers (117 + 133uM (n=12)). In the GW
treatment, average DOC in porewater retrieved from sediments in the organic-rich layers was
20% higher (675 £ 604uM (n=20)) than average DOC in the lower-organic layers (537 + 819uM

(n=17)). In the UPCFW incubation, average DOC in the organic-rich layers was 32% higher
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(1,102 + 801uM (n=20)) than average DOC in porewater retrieved from sediments in the lower-

organic layers (754 + 447uM (n=17)). See Table 1 in Appendix | for full results.
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Figure 4: Depth profile (in cm) of DOC from the
UPCFW, GW, 400uM, and 800uM treatments,
measured in uM. Shaded areas indicate the organic-
rich sediment layers
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Dissolved inorganic carbon (DIC)

DIC was highest in porewater from the 400uM incubation, followed by UPCFW
incubation, while the 800uM and GW incubations had similar results (Figure 5). In the 800uM
treatment, average DIC in the organic-rich layers was 20% higher (649 + 347uM) than average
DIC in the lower-organic layers (518 + 297uM). In the 400uM incubation, average DIC in the
organic-rich layers was 38% lower (2,775 + 4,603uM) than average DIC in porewater retrieved
from sediments of the lower-organic layers (3,809 * 3,825uM). In the GW treatment, average
DIC in the organic-rich layers was 17% lower (606 £+ 256M) than average DIC in the lower-

organic layers (712 + 458uM). In the UPCFW incubation, average DIC in porewater retrieved
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from sediments of the organic-rich layers was 6% higher (998 + 289uM) than average DIC in the

lower-organic layers (941 + 486uM). See Table 1 in Appendix I for full results.
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Figure 5: Depth profiles (in cm) of DIC (in uM) from the (A) UPCFW, (B) GW, (C) 400uM,
and (D) 800uM treatments. Shaded areas indicate the organic-rich sediment layers.

Dissolved organic matter (DOM) quality

Three dominant molecular components of DOM (C1-C3) were found through DOM
analysis of porewater at excitation-emission maximum ranges of 285-320nm (C1), <250-421nm
(C2), and 270-304nm (C3) (Figure 15). Component 1 corresponds to humic-like terrestrial
degradation product organic matter and has been described as complex degradation products
from biological activity (D'Andrilli et al. 2019). Component 2 is tannin/phenylalanine protein-
like organic compounds, it has been reported as prevalent at low DOC:DON ratios, and has been

linked to amino acids produced by phytoplankton, cyanobacteria, bacteria, and algae in stress
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conditions that mineralize the original DOM into nutrients (Brogi, Jung, Ha, & Hur, 2019).
Component 3 corresponds to tryptophan/tyrosine protein-like organic compounds and has been
described as highly bioavailable, associated with microbial activity, linked to DON. Further, this
component was said to occur due to the free release of amino acids that occurs during the
breakdown of organic matter (Cawley, 2012; Dalmagro et al., 2019). This component is also
found to be enriched in groundwater (Hu et al., 2016).

| found that in the porewater after the incubation with UPCFW, component 2 (i.e.
tannin/phenylalanine protein-like DOM) was the primary component with an average intensity of
47 £ 14% (n=9), component 3 (i.e. tryptophan/tyrosine protein-like DOM) average intensity was
28 + 8% (n=9), while component 2 (i.e. humic-like terrestrial DOM) was the least prevalent at an
average intensity of 27 + 12% (n=9). From the GW incubation, component 2 was the primary
component at 40 + 8%, while component 3 was the second-highest component at 36 + 3%
(n=11), and lastly, component 1 was least prevalent at 24 + 9% (n=11). From the 400uM
incubation, component 2 was the primary component at 46 + 16% (n=10), next component 3 was
the second most prevalent component at 35 £ 10% (n=10), least prevalent was component 1 at 20
+ 11% (n=10). From 800uM incubation, component 3 was the primary component at 40 + 4%
(n=11), then Component 2 was the second most prevalent component at 37 + 4% (n=11), and
Component 3 was least prevalent at 22 + 6% (n=11). DOM from core PH-10 representing pre-
treatment sediment DOM conditions reported highest average intensity from component 2 at 52
+ 12% (n=38), while component 3 had the second highest average intensity at 32 + 9% (n=38),

and the average intensity for component 1 was 15 + 8% (n=38)

25



N- And C-Balances In Porewater

Nitrogen excess (Nex)

Based on the TN results in porewater prior and after incubations (Eq. 1), | found that Nex
was highest in porewater from the 800uM incubation, followed by 400uM incubation, GW
incubation, and UPCFW incubation (Table 1 in Appendix I). In the 800uM treatment, the
average Nex in the organic-rich layers was 21% lower (478 £ 104uM (n=20)), accounting for an
average of 73 £ 5 % of the total nitrogen measured per sample, than average Nex in porewater
retrieved from sediments of the low-organic layers was 577 + 74uM (n=17)), accounting for an
average of 75 £ 3 % of the total nitrogen measured per sample. The average Nex in the organic-
rich layers in the 400uM incubation average was 11% higher (293 + 57uM (n=20)), accounting
for an average of 96 + 0.78 % of the total nitrogen measured per sample, than the average Nex in
the low-organic layers (262 = 83uM (n=12)), accounting for an average of 96 + 1.5 % of the
total nitrogen measured per sample. In the GW treatment, the average Nex in porewater retrieved
from sediments of the organic-rich layers was 3% lower (116 + 28uM (n=20)), accounting for an
average of 74 £ 9 % of the total nitrogen measured per sample, than average Nex in the low-
organic layers (119 £ 47uM (n=17)), accounting for an average of 79 = 7 % of the total nitrogen
measured per sample. In the UPCFW treatment, average Nex in the organic-rich layers was 28%
higher (61 + 43uM (n=20)), accounting for an average of 45 + 14 % of the total nitrogen
measured per sample, than average Nex in porewater retrieved from sediments of the low-organic
layers (44 + 27uM (n=17)), accounting for an average of 39 + 18 % of the total nitrogen

measured per sample. See Table 1 in Appendix | for full results.
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Nitrate removal rates

Nitrate removal (calculated in uM hrt) was highest in porewater from the 800uM
incubation, followed by 400uM incubation, and then GW incubation (Figure 6). In the 800uM
treatment, average nitrate removal in the organic-rich layers was 13% higher (1.7 + 1.1uM hr!
(n=20)) than average nitrate removal in porewater from sediment in the lower-organic layers (0.5
+ 0.7 UM hr(n=17)). In the 400uM incubation, average nitrate removal in the organic-rich
layers was 60% higher (1.4 + 0.6 uM hr* (n=20)) than average nitrate removal in the lower-
organic layers (1.5 + 0.8 uM hr (n=12)). In the GW treatment, average nitrate removal in the
organic-rich layers was 13% higher (1.4 + 0.22 uM hr! (n=20)) than average nitrate removal in

porewater from sediment in the lower-organic layers (1.3 + 0.3 uM hrt(n=17)). See Table 1 in

Appendix | for full results.
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Figure 6: Average nitrate removal rates (uM/hr) from the 800uM, 400uM, and GW treatments.
Dark bars represent averages from the organic-rich layer while light bars represent averages from
the lower-organic layers. Error bars represent standard deviation within each treatment.
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DIC from remineralization of organic matter (DICom)

Using equation 3, | calculated the percentage DIC from the mineralization of OM. DICom
was highest in 400M incubation, followed by 800uM incubation, then GW incubation, and
lastly by UPCFW incubation (Figure 7). In the 800uM incubation, average DICowm in the
organic-rich layers was 90 £ 1% (n=20) and average DICowm in the low-organic layers was 90 +
1% (n=17). In the 400uM incubation, average DICowm in the organic-rich layers was 94 + 0.4%
(n=20) and average DICowm in the low-organic layers was 94 + 3% (n=12). In the GW incubation,
average DICowm in the organic-rich layers was 89 + 0.5% (n=20) and average DICowm in the low-
organic layers was 89 + 1% (n=17). In the UPCFW incubation, average DICowm in the organic-
rich layers was 88 + 0.4% (n=20) and average DICowm in the low-organic layers was 88 + 0.39%

(n=17). See Table 1 in Appendix I for full results.
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Figure 7: Average percentage DIC from the remineralization of organic matter from the
UPCFW, GW, 400uM, and 800uM treatments. Dark bars represent the organic-rich sediment
layers while the light bars represent the lower-organic layers. Error bars represent standard
deviation within each treatment.
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Calculated DOC and DIC theoretical fluxes entrained by SGD

Using average seasonal groundwater fluxes to Mobile Bay from the southeastern shore
during the wet season (3.8 + 1.3 x10° m®day™) and during the dry season (2.3 + 1 x10° m®day?)
calculated by Montiel et al. (2018), and the overall average DOC values from these incubation
studies (Table 1, Appendix I), I was able to determine the theoretical DOC fluxes to this coastal
site that experiences hypoxia. Average DOC fluxes from porewater in sediment in the 800uM
incubation were 127 + 128 mmol day* during the dry season and 209 + 125 mmol day™* during
the wet season (Figure 8 A). Average DOC fluxes from the 400uM treatment were 42 + 51
mmol day* during the dry season and 69 + 84 mmol day* during the wet season. Average DOC
fluxes from porewater in sediment in the GW incubation were 146 + 159 mmol day* during the
dry season and 242 + 269 mmol day* during the wet season. The average DOC fluxes from the
UPCFW treatment were 237 + 145 mmol day™* during the dry season and 392 + 246 mmol day*
during the wet season.

Applying the same groundwater fluxes to average DIC measured, | was able to calculate
theoretical DIC fluxes (Figure 8 B). Average DIC fluxes from porewater in sediment in the
800uM treatment was 142 + 127 mmol day™* during the dry season and 234 + 125 mmol day™*
during the wet season. The average DIC fluxes from the 400uM incubation were 740 + 955
mmol day* during the dry season and 1,223 + 1,578 mmol day™ during the wet season. Average
DIC fluxes from porewater in sediment in the GW treatment was 154 + 77 mmol day* during the
dry season and 257 + 121 mmol day* during the wet season. Average DIC fluxes from the
UPCFW incubation was 232 + 71 mmol day* during the dry season and 385 + 115 mmol day*

during the wet season.
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Figure 8: (A) theoretical DOC fluxes entrained by SGD from the UPCFW, GW, 400uM, and
800uM treatments measured in mmol/day. (B) theoretical DOC fluxes entrained by SGD from
the UPCFW, GW, 400uM, and 800uM treatments measured in mmol/day. Error bars represent
standard deviation within each treatment.
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DISCUSSION
Age of Organic-Rich Sediment Layer
| found that the organic-rich layer was buried within the last 160 years. Initially, |
hypothesized that the organic-rich sediment layer observed 25-50cm below the surface along the
eastern shore of Mobile Bay had been buried during the last sea level transgression about 6000
years ago. However, radiocarbon dating performed on samples from the organic-rich sediment
revealed ages as early as modern (buried post 1950), and as old as 90 £ 15 years (buried around

1860) (Table 2, Appendix I).

Theoretical Basis Of N-Biogeochemical Transformations in Organic-Rich Sediments

In an anoxic reducing environment with a high content of OM, which is typical for
wetlands and estuaries, N undergoes complex biogeochemical transformations. Each pathway of
these transformations can be influenced by a wide variety of environmental factors, including
temperature, salinity, dissolved oxygen (DO), substrate availability of nitrate + nitrite (NO3z™ +
NO7’), ammonium (NH4+), dissolved organic carbon (DOC), and hydrogen sulfide (H2S)
(Cornwell et al., 1999; Dalsgaard et al., 2005; Seitzinger et al., 2006). In an ideal system, there is
an order in which electron acceptors are available for organisms to respire OM within the

sediment column (Figure 9).
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Figure 9: Left diagram depicts the sequence of early diagenetic reactions occurring in surficial
sediments (the figure is a compilation of different sources, mostly from Gaillard JF 1999, and
Floelich et al., 1979). Fluxes of POM and DOM and anthropogenic nitrate entering the system
are indicated on top. The figure on the right shows the N-cycle from Madigan et al. (2017)

In the sequences of diagenetic reactions where NO3" is used as the electron acceptor,
different bacteria reduce NOs either partially to NO>", or to gaseous N species (NO, N2O), or
completely to N2 via denitrification. In the process, dissolved organic nitrogen (DON) and
carbon (DOC) are released to the environment as a byproduct as well (Sipler & Bronk, 2015).
Through their life cycle, microbes utilize C and N in a specific C/N ratio resulting in increased
microbial biomass.

If the POM sediment C/N ratio is higher than 30 (i.e. significantly more C than N), then
microorganisms prefer nitrogen in the form of NO3™ (or NH4") from the environment to support
their metabolic needs in a process called assimilatory nitrate reduction or immobilization
(Brewer & Brown, 2012; Reuter, Gensel, Elvert, & Zak, 2020). When sediment C/N ratios are
below 20 (i.e. C is more limiting or there is an abundance of N), microbial communities degrade
OM more completely and release NH4" to the environment through mineralization of OM (also

called ammonification). Therefore, the availability of C and N in the environment dictates

microbial activity and, ultimately, the N-pathway transformations as well.
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Research conducted near a coastal site impacted by hypoxia in the northern Gulf of
Mexico has shown high NOs™ concentrations in groundwater; however, a more recent study
indicated that SGD to Mobile Bay through the STE, has very low NO3" fluxes but extremely high
NH4*"and DON fluxes (Montiel, Lamore, Stewart, & Dimova, 2018; Murgulet & Tick, 2009).
Using evidence from sediment core stratigraphic composition and shallow geophysical
exploration, it was demonstrated that SGD percolates through organic-rich sediment deposits at
these sites. The organic-rich layer previously has been reported as having a maximum organic
content of up to 36% and was also identified in the northwest portion of Mobile Bay was also
identified (Montiel et al., 2018). However, based on my observations, the shallow organic-rich
layer is discontinuous, existing as upper and lower organic-rich layers with maximum organic
content of up to 26%. Because shorelines are high energy environments, it is possible that the
upper and lower organic-rich layers observed might have been one continuous layer that was
potentially disturbed at some point in the past. Similar sediment organic-rich layers (i.e. peat
layers) are not uncommon in estuarine systems on the continental shelves worldwide. For
example, they have been described in Cape Lookout Bight (North Carolina, USA) by Klump and
Martens (2019); in the Pearl River Delta (Guangdong, China) by Jiao et al., (2010); in the Neuse
River Estuary (North Carolina, USA) by Null et al., (2011); and on Raratonga Island (Cook
Islands) by Erler et al. (2014). It is possible that many estuaries coastlines across the world could
have a similar organic-rich layer as well, being that the effects of the last sea level transgression

were far reaching.
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N Budget Assessments
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Figure 10: Depth profile (in cm) of dissolved TN from UPCFW treatment (A), GW treatment
(B), 400uM treatment (C), and 400uM treatment (D) measured in uM. Dashed lines represent
TN of the system at the beginning of each treatment. Shaded areas indicate the organic-rich
sediment layers.

During this laboratory incubation study, | found that the TN after each incubation was
consistently above the level of nitrogen added to the system for all treatments but the GW
treatment (Figure 10), suggesting an overall net gain of nitrogen in the dissolved phase. | found

that the highest increase was the result of the incubation with UPCFW (>100x), whereas the TN

in the incubation with GW was generally lower than the baseline. The GW solution used
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contained DON and NOs", making baseline TN higher than the lab prepared solutions with

solely NOs™-N.
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Figure 11: Cross plot Nex (in pM) vs. the amount

of NO3"added to the incubations (in uM)
demonstrating a linear relationship with an R?=
0.96

500 —

400 —

300

200 —

Avg. Ngy (LM)

100

0 200 400 600 800 1000

NO3" Added (M)

Based on these results and using equation 7, | was able to calculate Nexand | found a
linear correlation (R?=0.96) between the amount of the added NOs™ and the average Nex
calculated at the end of the incubations (Figure 11). I observed that both Nex and DON follow
very similar trends for all experiments during these incubations. When plotted DON versus Nex, |
found robust correlations (R?=0.83 — 0.91) from all treatments (Figure 12). These results strongly
suggest that the observed Nex in the system is due to extra DON most likely produced from the
bacterial transformation and mobilization of sediment organic matter (Blackburn et al. 1996;

Burdige and Zheng 1998; Eyre and Ferguson 2002; Cook et al. 2004).
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Figure 12: Nex vs. DON in UPCFW treatment (A), Nex vs. DON in GW treatment (B), Nex Vs.
DON in 800uM treatment (C), and Nex vs. DON in 400uM treatment (D). All data is in uM.

There is also a strong correlation between Nexand DOC (R?= 0.61) during the UPCFW
treatment (Figure 13). This could be due to dissolution of DOC and DON during the UPCFW
treatment, as it was the first treatment conducted, or potentially that in the absence of NOs" the
transformation of organic matter/ammonification case is facilitated by different, potentially more
easily accessible electron donors (e.g. Fe**, SO4%) as evidenced by the high DIC and %DICom

from the UPCFW treatment (Figure 9).
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Analysis of metals concentrations in the sediment material confirms the presence of Fe in
high concentrations (avg. 10,979 + 7,255 mg/kg) and Mn in low concentrations (avg. 35 + 29
mg/kg) within the sediment leachate. However, these metals are most likely bound to a mineral
within its structure. For example, the Fe bearing mineral goethite (Fe>*O(OH)) was one of the
most prevalent minerals aside from quartz identified in the sediment, and it is not uncommon in
nature for goethite to accommodate Mn within its structure in place of Fe (Liu et al., 2018). | did
not identify any Mn bearing minerals in the sediment and Mn concentrations in sediment
leachate were orders of magnitude lower than Fe concentrations. Nevertheless, Fe, Mn, and
goethite followed a very similar trend suggesting goethite as the source of Mn and Fe observed,

making them biologically unavailable (Figure 14).
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Figure 14: (A) Depth profile (in cm) of the mineral goethite XRD peak intensity in percentage
(upper x axis) and Fe concentration in mg/kg of sediment (lower x axis) from ICP-OES metal
cations analysis. (B) Depth profile of Fe (lower x axis) and Mn (upper x axis) in in mg/kg of
sediment from ICP-OES metal cations analysis. Shaded areas indicate the organic-rich sediment
layers.

Nitrate removal pathways and rates

During all incubations, | found a significant decrease (between 15 and 62%) of the total NO3"
added to the sediment systems. The results from the 800uM treatment clearly indicate that the
sediment layers with higher organic content remove more NO3z™ compared to the lower-organic
matter sections (Figure 3 C). Although a significant decrease of NOs" in the pore water after
incubations was observed during the treatments, | also found that the added NOs" to the system

was not removed completely (Figure 3 C). Furthermore, I found that the average total amount of

NOz removed from each incubation was very similar. For example, during the GW treatment it
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is 156 + 15 uM (62 £ 12%), from the 400uM treatment, it was 156 + 84 uM (39 = 20%), and
during the 800uM treatment is 121 + 128uM (15 + 16%). The similar average total amount of
NOs removed combined with the incomplete NOs removal (between 15 and 62%) can
potentially be the result of short incubation times or NO3™ saturation. NO3™ saturation was
observed in marsh sediments at concentrations between 70 and 150uM NO3s™ (Koop-jakobsen &
Giblin, 2010), so NOs" saturation during the high NOs treatments is possible. With the current
results, I cannot confirm or reject the hypothesis of too short incubation time because |
maintained the same incubation times for all treatments.

Using the results from the NOs™ and the coupled behavior with other measured parameters
(e.g. NH4*, NOy), | suggest that the two most likely processes of removal of NO3™ from the
system are primarily denitrification and secondarily DNRA (Figure 9). This hypothesis is
supported by the fact that NO2™ concentrations increased with increasing NOs™ (Figure 3 D). NO2
was measured in all incubations with added NOgz", but not in the UPCFW treatment where the
measure NO2™ concentrations were very low (avg. 0.69 + 0.49uM) indicating low rates (or
absence) of denitrification. | attributed the NH4" detected in all treatments as a result of the
concurrent occurrence of DNRA, which contributes to an additional removal of NO3™. However,
| suggest that the abundant NH4"detected in this system can also be explained by the process of
ammonification. This suggestion is strongly supported by the large excess of NH4" measured
from the UPCFW treatment which was carried in the absence of NO3™ loading, and thus suggests
the only source of NH4" is the POM.

To quantify the removal of NO3™ and be able to compare the efficiency of removal between
treatments, I calculated the parameter “nitrate removal rate, R” using equation 6. I found that the

NOz" removal rates from the 400uM and GW incubations on average were similar, yet they did
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not differ significantly between the organic-rich (1.4 + 0.6 and 1.4 + 0.22 uM hr! respectively)
and lower-organic layers (1.5 + 0.8 and 1.3 + 0.3 uM hrt respectively) (Figure 6). Conversely, |
found that the NOs™ removal rates during the 800M treatment were more than three times higher
within the organic-rich layers (1.7 + 1.1uM hr1) than within the low-organic sediment (0.5 + 0.7
UM hr) (Figure 6). One potential explanation for the difference between the 800uM and the
400uM/GW incubations is the order in which the incubations were conducted. It is possible that
readily bioavailable OM in the low-organic layers, where C/N ratios were low even pre-
incubation treatments, were consumed before the 800M incubation occurred, thus limiting NOs
removal in these sections. | found that higher OM content promotes higher removal rates. In
sediment with organic content greater than 5%, the average NO3s™ removal rates were 7% higher
in the GW treatment, 16% higher in the 400 uM treatment, and 60% higher in the 800uM
treatment compared to sediment with organic content less than 5%. Increased denitrification in
sediments with increasing organic carbon content has also been noted by others (Caffrey, Sloth,

Kaspar, & Blackburn, 1993; Pfenning & McMahon, 1996; Saunders & Kalff, 2001).

DOM Compositional Changes and Mineralization Of OM

| identified three unique molecular components of DOM representative of DOM
compositional shifts caused by environmental degradation induced by anthropogenic NO3’
loading. For simplicity, | refer to these components as, Component 1, Component 2 and

Component 3 (Figure 15).
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Based on the trends in component 3 intensity, | suggest that component 3 is most
representative of DOM compositional changes caused by anthropogenic NO3™ loading (Figure
16). It has been linked to DON produced by the degradation of OM by microbial communities
that have been observed in areas impacted by anthropogenic NOs loading (Cawley, 2012;
Dalmagro et al., 2019). Supporting this hypothesis is the observation that component 3 is most
prevalent (40 £ 4%) from the highest NOs treatment (800uM). Also, component 3 intensity is
high in pre-treatment sediment (PTS) (32 £ 9%), indicating that this component is prevalent in
the STE sediment right after collection as well. Furthermore, the anthropogenic NO3™ free
UPCFW treatment had the lowest component 3 intensity (28 + 8%), which was likely in part
residual from the sediment as evidenced by the high PTS component 3 intensity. The natural GW
solution used for the incubation, collected from near the study site, also had DON in solution,
unlike any other treatment. While | did not analyze the DOM of the GW solution, | suspect the
large component 3 percentage intensity from the GW treatment (36 = 3%) was due to the DON

in the GW solution added to the DON produced during incubation. These findings support that
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component 3 is the component most representative of DOM compositional changes caused by
anthropogenic NOz™ loading because it has high intensities in PTS and the treatment most
representative of natural conditions (GW), as well as being high (between 35 and 40%) in the

high NOs" treatments (400puM and 800uM).

Mineralization of OM

Based on this study, | strongly suggest that consistent mineralization of OM occurred in
all incubations and the degree to which it occurs depended on the amount NOs™ added to the
different treatments. Direct evidence of this was found in the compositional changes of the
products of OM. | found that the presence of Component 1 which represents humic-like
degradation products or terrestrial OM and its intensity was lowest in PSDOM (15%), while the
other treatments reported similar component 1 intensities (between 20 and 25%) (Figure 16).
Additional evidence is that | found that the amount of these degradation products of terrestrial
organic matter increases with increased OM decomposition. Furthermore, component 1 has also
been described as being positively correlated with DON and DOC (Painter et al., 2018), both of
which are also products of the transformation and mobilization of sediment OM. As component
1 is produced during times of highest organic matter decomposition, the similar overall presence
of this component across all incubations is indicative that generally, organic matter was not a
limiting factor in the incubations (D’ Andrilli et al., 2019).

The high concentrations of DOC from UPCFW and GW treatments, coupled with the
also relatively high NH4" concentrations (Figure 3 B, Figure 4) suggest that the sediment organic
matter is indeed the source of NH4" through ammonification in the treatments with the absence

of or low NOz™ conditions. Component 1 which is positively correlated with DOC matched the
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DOC trend for all treatments, strongly supporting the terrestrial organic matter degradation by

biological activity seen in all incubations (D’ Andrilli et al., 2019; Painter et al., 2018).
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Figure 16: DOM component intensity in porewater after treatment and from pre-treatment
sediment (PTS) shaker experiments reported in %.

| found that trends in component 2 intensity further support consistent mineralization of
OM and that increasing NO3™ concentrations created a less stressful environment for the
microbial community (Figure 16). Component 2 intensity was highest in PTS and the UPCFW
treatment and as NOs™ concentrations increased, component 2 intensity decreased, suggesting that
the microbial community was under less stress because component 2 is protein-like DOM linked
to OM produced in-situ by microorganisms under stress conditions that have been linked to high
DON concentrations (Brogi et al., 2019; D’ Andrilli, Foreman, Sigl, Priscu, & Mcconnell, 2017).

Furthermore, component 2 was generally the most prevalent component of all treatments,
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therefore, its large presence reinforces the evidence of consistent mineralization of OM
demonstrated by the trends in component 1 intensity.

As additional evidence for the mineralization of OM, | also found significant dissolved
carbon (both DIC and DOC) from all treatments; where the incubations with the lowest NO3
treatments had the highest DOC (Figure 4). DOC was highest from UPCFW incubation (990 +
619uM) and was significantly higher than the other treatments suggesting increased
mineralization of organic matter. High intensity of DOM component 2 from the UPCFW
treatment, representing DOM produced under stress conditions, supports increased DOC
production through enhanced OM degradation in the absence of added NOs".

| suggest that some DOC produced during organic matter degradation is also consumed
during the incubation period, which could be why DOC was observed as lowest from the 400uM
and 800uM treatments as microbial activity would be highest. This hypothesis is supported by
the trends of component 3 intensity, which is produced and consumed in-situ by microorganisms.
Since component 3 intensity is generally higher from treatments with higher NO3", this suggests
that more DOC produced during degradation of OM could also be consumed (Dalmagro et al.,
2019).

| found that DIC decreased with increasing NOs™ conditions, except for the 400uM
incubation, and that most of the DIC measured in all incubations (between 88 and 94%) is the
result of the remineralization of OM (Figure 17). DIC can be produced as a result of the
oxidation of organic matter through several microbially mediated processes, including SO4*
reduction (Eqg. 8), denitrification (Eqg. 9) and DNRA (Eq. 10). | found compelling evidence that
suggests co-occurrence of SO4? reduction during the first three treatments. DIC is unusually high

from the 400uM incubation, and 94 + 2% of the DIC in this incubation is result of the
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mineralization of OM. Through the process of POM respiration using SO4> as an electron donor,
DIC and NH4* are produced (Mucci et al., 2000) (Figure redox sequence). NO3™ reducing
bacteria (NRB) are able to degrade a wider range of OM types including larger polymers, while
SRB prefer smaller, less complex organic molecules (Nedwell, 1984). OM that is released by the
NOs™ reduction process may be suitable for SRB and can potentially allow for increased SOs>
reduction (Laverman, Pallud, Abell, & Cappellen, 2012).Therefore, | believe a significant
amount of the high DIC and NH4" in the 400uM incubation is due to the co-occurrence of SO4>
reduction (Eq. 8) (Figure 3 B, Figure 5 C) as supported by the large presence of SO4? reducing
bacteria (SRB) naturally within the STE sediment (Adyasari, Hassenruck, Montiel, & Dimova,
2020). | suggest that SO4?" reduction increased as NO3™ concentration increased through the first
three treatments, producing the DIC trends seen. SO4> reduction was likely highest during the
400uM treatment due to the high NO3z™ (compared to GW and UPCFW) promoting increased
nitrate reduction and OM production, leading to the depletion of SO4? in the sediment. DIC was
lowest from the 800uM treatment, likely because SO4% was depleted during the 400uM
treatment, eliminating a source of DIC. While SO4? was not measured in this study, during the
analyses of the porewater samples from these incubations, there was analytical interference in
some samples with the suspected cause being SO4> presence (DISL Lab pers. comm.),
specifically from the first three incubations (UPCFW, GW, and 400uM).

53502~ + (CH,0);06(NHs)16(HsPO,) = 67HCO3 + 16NH} + 53HS™ + 39H,0 + HPO2~

Eq. (8)
5CH20 + 4NO3” - 5HCO3 + 4H"+ N2 +2 H.0 Eq. (9)
CH20 +0.5H20 + 0.5NO3" > HCO3 + NH4" Eqg. (10)
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The results from the 400uM treatment showed that the percent of DICom generally
increases with increasing NOz™ loading (Figure 17). The anomalously high DICom in 400puM

incubation thus could be explained with the co-occurrence of SO4% and NOs” reduction.
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Figure 17: Average % DIC from the remineralization of organic matter from the UPCFW, GW,
400uM and 800uM treatments

| found high correlation between DON and DOC in porewater from the organic-rich
sediment in all treatments but the 400uM (UPCFW R?=0.77, GW R? = 0.59, 400uM R? = 0.05
and 800uM R? = 0.48), suggesting that the same processes produce both DON and DOC (Figure
18). DON is a byproduct of the degradation of OM and up to 41% of dissolved inorganic

nitrogen uptake is later re-released as DON, according to a study of estuarine phytoplankton
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(Bronk, Gilbert, & Ward, 1994). | have already established that Nex (which represents N that’s
source is not accounted for) is correlated with DON, so the correlations between DON and DOC
coupled with the correlations between DON and Nex strongly supports the degradation of soil
OM during microbial processes.

However, | did not find a correlation between DON and DOC for the 400uM incubation,
and the 400uM incubation also had the lowest DOC of all the incubations. | suspect the lack of
correlation is primarily due to the co-occurrence of SO4? reduction during this incubation, which
would have increased DOC consumption and produced more DIC as evidenced, explaining the

results observed (Laverman et al., 2012).
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Figure 18: Cross plots of DON vs DOC in porewater from the organic-rich sediment for the (A)

UPCFW, (B) GW, (C) 400uM, and (D) 800uM treatments

Hypothetical Effectiveness of Anthropogenic Nitrogen Loading Removal

Using the findings of this study and available nitrogen fertilizer usage data from 2007 for

cotton crops in Alabama, | calculated anthropogenic nitrogen removal's theoretical limits by

denitrification in organic-rich coastal sediment. Cotton is the second most grown crop in
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Alabama and the fifth most grown crop in the county surrounding the study site with 40.7km? of
cropland as of 2012 (USDA 2012) and receives an average of 0.15kgN/km? (USDA 2019) of
nitrogen fertilizer, so this analysis can help give an understanding of the environments natural
ability to attenuate anthropogenic nitrogen loading. Several assumptions were made to complete
these calculations: (1) all nitrogen applied to cotton crops was applied as NO3', (2) all nitrogen
that was not consumed by crops was transported away via groundwater, (3) organic matter
content is homogeneously distributed across the entire eastern shore, (4) all nitrogen in
groundwater in Baldwin County ultimately percolated through the coastal sediment on the
eastern shore, (5) NOs  removal does not occur before reaching the STE.

Globally, only 42-47% of nitrogen added to agricultural lands is utilized by crops and
removed as crop products (Zhang, 2017), leaving 53-58% of the nitrogen to be lost to the
environment. Denitrification is a crucial process to help mitigate the effects of anthropogenic
NOs" loading. The general chemical reaction is shown in equation 5 (Eljamal, Jinno, &
Hosokawa, 2006). Applying a total groundwater seepage area of 3.8x10°m? (Montiel et al., 2018)
for the eastern shore of Mobile Bay, and average organic matter content within the organic-rich
sediment layer, | determined that there is 7.41kg/m? of OM present across the seepage area of the
eastern shore. Applying the reaction stoichiometry from equation 5, | was able to determine that
0.6 kg of OM (as CH-0) per kg of NOz" is required for denitrification. Theoretically, to denitrify
the total amount of NO3™ applied to cotton that is lost to the environment, only 1.94% of the total
organic matter across the eastern shore would be consumed. While data was not available for
nitrogen fertilizer usage on other crops near the study site, it is safe to assume that there is
sufficient OM present to denitrify excess anthropogenic nitrogen sourced from other agriculture

as only 1.94% is required for cotton, the fifth most grown crop in Baldwin County. Even
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factoring in the generality of these calculations and the assumptions made, it is safe to say that
currently, the organic matter present within the STE is capable of mitigating anthropogenic NO3

loading, provided enough residence time within the organic-rich sediment in the STE.
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CONCLUSION

| found that the organic-rich sediment layer is indeed a source of reduced N, in the form
of DON and NH4", and that higher NO3™ loading promotes increased DON production,
supporting my initial hypothesis. Many biogeochemical transformations occurred including NOz
removal, which was observed in all treatments with added NO3z"and the highest NO3z” removal
rates were observed within the organic rich sediment during the treatment with the highest NO3"
loading (800uM treatment), while the lowest NO3” removal rates were observed in the lower-
organic sediment during the same treatment. All treatments, except the GW treatment,
experienced net N production in the form of DON that is produced as a direct result of the
mineralization of sediment OM during microbial NOs reduction, DNRA, and likely SO4?
reduction. | found that both DNRA and denitrification likely occurred, but the dominant pathway
of NOs removal was denitrification and average NOs removal rates increased with increased
NOs loading. | found that DOC and DIC are both released during mineralization of OM,
demonstrating that the biogeochemical transformations occurring in the STE sediment are a
source of carbon. Contrary to my hypothesis, the organic-rich sediment layer was not buried
during the last sea level transgression, but rather was likely buried within the last century.
Applying my findings to the regional scale, | determined that the organic-rich sediment layer
along the eastern shore of Mobile Bay has the potential to denitrify significant amounts of
anthropogenic NOgz", however in the process producing large amounts of NH4*, DON, DOC, and

DIC.
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APPENDIX |

Table 1: Results from incubations

NO--
Treatment | Sample ID | Depth | NOy | NHs* | NOsg | DON | Nex re%:)val DOC | TA DIC DICom |C1 | C2 |C3
UM uM/hr UM %
UPCFW | PH7-1 5 02 1213 0.6 50.7 422.6 951.7 851.3 931.2 89.0
PH7-2 10 0.0 107.3 04 305 254.2 787.1  880.2 913.2 88.4
PH7-3 15 05 747 23 413 3444 8148 9752 10198 88.5
PH7-4 20 03 901 17 59.8 4984 836.7 804.3 851.0 88.7
PH7-5 25 0.0 89.0 1.2 368 306.9 663.8  555.5 580.8 88.5
PH7-6 30 01 751 29 259 2162 4448 5325 566.1 88.7
PH7-7 35 10 758 11 413 3443 680.1 7384 790.4 88.8
PH7-8 40 0.1 88.6 12 267 2222 454.3  906.2 894.5 87.8 185 47.7 3338
PH7-9 45 03 837 20 904 753.0 1180.8 724.4 770.0 88.7
PH7-10 50 0.6 115.8 2.9 149.1 1242.6 23108 7194 722.8 88.1
PH7-11 55 0.6 1277 2.0 1365 11376 3728.3 980.1 1009.7 88.4 399 299 30.2
PH7-12 60 07 708 128 57.6 480.2 19242 1623.6  1625.7 88.0
PH7-13 65 09 924 34 689 5741 1318.3 1180.0 1165.7 87.9
PH7-14 70 06 75.0 09 586 4884 860.0 6614 654.9 87.9
PH7-15 75 14 80.0 15 68.7 5723 13275 1062.1  1060.1 88.0 179 514 307
PH7-16 80 0.7 69.1 1.2 408 3404 804.8 1083.1  1080.0 88.0
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GW

PH7-17 85 0.6 88.0 04 196 163.2 701.8  603.5 600.9 87.9
PH7-18 90 16 790 06 269 2239 526.2 18174 1836.6 88.1 171 738 9.1
PH7-19 95 0.6 856 14 316 2634 4788 7873 798.5 88.2
PH7-20 100 09 917 2.6 40.0 333.6 4729 7254 717.1 87.9
PH7-21 105 01 944 1.8 384 3199 494.6  709.4 776.1 89.0 146 655 19.8
PH7-22 110 12 886 1.0 37.7 3145 871.7 1038.1 1102.0 88.7
PH7-23 115 04 109.6 13 451 3755 596.7  587.5 606.9 88.4
PH7-24 120 0.2 1191 0.8 448 3731 7625 879.2 917.8 88.5 21.8 457 325
PH7-25 125 05 1075 14 414 3446 717.3 12559 12714 88.1
PH7-26 130 04 884 18 56.8 4737 756.2 1071.1  1091.6 88.2
PH7-27 135 14 904 26 758 6319 1481.7 1378.8 1376.1 88.0 30.2 36.6 33.2
PH7-28 140 0.7 7938 23  56.2 468.2 1021.7 1238.9  1250.3 88.1
PH7-29 145 11 735 12 416 3469 1003.3 1140.0 1133.1 879 323 352 326
PH7-30 150 15 829 14 70.6 588.7 1335.8 1421.8 1380.7 87.6
PH7-31 155 0.8 69.2 9.8 351 2928 1765.0 13209  1300.2 87.8
PH7-32 160 18 705 1.0 347 2892 1323.3 14647  1468.7 88.0
PH7-33 165 02 791 09 233 1945 633.9 11940 11965 88.0 371 352 277
PH7-34 170 0.7 643 14 363 3027 804.8 12829 12935 88.1
PH7-35 175 0.8 685 21 221 1843 749.2 11120 11742 88.6
PH7-36 180 18 5938 32 325 2710 804.8 1413.8 13985 87.9
PH7-37 185 03 325 33 435 3627 749.2 1336.8 13285 87.9
NOs
Sample ID | Depth | NOy | NHs* | NOg™ | DON | Nex removal DOC | TA DIC DICom [C1 | C2 |C3
uM uM/hr uM %
PH7-1B 5 114 512 587 742 88.3 1.6 1495 7084 803.2 89.4
PH7-2B 10 196 428 63.7 773 98.8 16 1735 236 421 342
PH7-3B 15 10.0 328 725 752 88.6 15 1754 7274 803.5 89.1
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PH7-4B 20 109 391 857 784 93.4 14 1883 420.6 458.3 89.0

PH7-5B 25 95 451 731 885 1116 15 1822 440.6 524.8 89.9

PH7-6B 30 5.6 269 1029 923 116.7 1.3 123.6  399.7 406.4 88.2 20.7 414 379
PH7-7B 35 59 258 108.2 943 1115 1.2 1052 279.8 2914 88.5

PH7-8B 40 18.0 334 869 942 107.8 14 3211 7813 841.1 88.9 115 494 39.2
PH7-9B 45 150 36.2 819 100.6 91.2 14 566.8 6804 806.8 89.9

PH7-10B 50 75 501 67.8 105.3 86.6 1.6 856.7 269.8 313.7 89.7

PH7-11B 5 41 384 339 1149 92.6 1.8 17258 839.3 911.3 88.9 435 259 30.6
PH7-12B 60 129 187 1022 1034 1179 14 8858 5405 601.8 89.2

PH7-13B 65 183 164 1045 9238 92.1 1.3 6731

PH7-14B 70 135 20.8 123.7 122.0 1410 1.1 6708 4316 489.2 89.4

PH7-15B 75 125 132 1739 1538 175.6 0.7 6525 683.4 761.9 89.2 18.1 479 34.0
PH7-16B 80 81 211 982 833 99.8 1.3 3361 6714 711.9 88.7

PH7-17B 85 133 375 672 773 1040 1.6 18238

PH7-18B 90 132 303 80.0 828 1059 15 109.2 367.7 399.2 88.9 413 236 35.2
PH7-19 95 75 323 961 874 1019 1.3 1062 6394 745.3 89.7

PH7-20B 100 16.8 229 101.3 101.3 114.2 1.3 1022

PH7-21B 105 98 298 89.0 8838 95.7 14 1209 299.7 338.0 89.4 17.7 426 39.7
PH7-22B 110 243 262 739 919 1027 15 163.7 3347 375.3 89.3

PH7-23B 115 149 402 948 971 1214 1.3 2994

PH7-24B 120 227 429 394 849 88.5 1.8 5694 6464 702.9 89.0 21.8 445 337
PH7-25B 125 122 222 1225 1142 1196 11 3462 7324 811.0 89.2

PH7-26B 130 137 233 117.0 1093 1211 1.2 12742 6245 719.1 89.6

PH7-27B 135 85 242 1301 1526 150.5 1.1 12833 6844 705.3 884 243 383 374
PH7-28B 140 159 305 1264 186.7 202.1 1.1 22717 810.3 895.2 89.1

PH7-29B 145 159 190 1289 1473 166.9 1.0 11425 7014 772.9 89.1 23.6 415 35.0
PH7-30B 150 163 173 137.0 1321 1452 1.0 5618 596.5 678.6 89.5

PH7-31B 155 239 469 1343 2177 2629 1.1 3450.8 18054 2099.8 89.7

PH7-32B 160 131 145 443 609 62.8 18 7754 5385 587.3 89.0

PH7-33B 165 51 173 855 826 92.6 14 4553 4546 408.1 86.6 21.3 435 351
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400puM

PH7-34B 170 95 109 787 933 97.7 15 755.0 6494 688.6 88.7
PH7-35B 175 156 129 1427 1299 155.2 09 4742 5655 610.4 88.9
PH7-36B 180 9.6 72 873 846 90.0 1.4
PH7-37B 185 28.8 75 1195 1144 136.1 1.1 452.6 88.9
Natural
GW 02 -15 2529 156.3
NOs
Sample ID | Depth | NOy | NHs* | NO3 | DON | Nex removal DOC |TA DIC DICom |C1 | C2 |C3
uM uM/hr uM %
PH7-1C 5 00 1135 17 672 1471 34 9722 24719 45185 448 204 434 36.2
PH7-2C 10 0.2 615 1489 468 1188 21 2383 966.2 18984 48.9
PH7-3C 15 12 705 2272 1865 2824 15 2287 17525 33825 47.9
PH7-4C 20 1.3 255 2685 2044 276.3 1.1 35.9 798.3 18127 55.8
PH7-5C 25 0.8 244 2694 209.2 280.2 1.1 18.1 970.2  1103.7 120 85 737 1738
PH7-6C 30 03 0.6 384.4 3045 3815 0.2 122 7763 22194 64.8
PH7-7C 35 00 1.8 3858 3110 387.1 0.2 111 9112 21625 57.6
PH7-8C 40 0.2 6.4 3715 301.3 375.1 0.3 10.6  598.5 801.7 253 9.6 729 176
PH7-9C 45 19 121 256.1 201.0 253.3 1.2 16.7 886.2 1039.3 14.6
PH7-10C 50 219 789 1359 1146 203.9 2.3 86.1 559.5 18315 69.3
PH7-11C 55 16.9 162.1 150.6 193.1 34538 2.1 8238 284.8 1143.0 75.0 473 221 306
PH7-12C 60 85 136.1 1699 1483 284.7 21 3304 1156.0 2185.1 46.9
PH7-13C 65 52 555 2123 165.8 247.8 16 1447 356.7 364.0 2.0
PH7-14C 70 13.0 102 1659 1361 1765 20 137.0 9322 13174.3 91.6
PH7-15C 75 02 461 2473 1819 265.8 1.3 35.8 2498 717.6 65.1 18.8 439 373
PH7-16C 80 102 645 1883 1459 2338 1.8 46.3 1506.7  8402.2 81.2
PH7-17C 85 33 521 1819 1269 203.0 1.9 38.9 10131  2703.3 62.3
PH7-18C 90 52 434 1820 137.8 204.2 1.9 472 5725 6960.8 91.1 127 372 50.1
PH7-19 95 95 59.7 2435 179.6 270.8 1.3 35.1 1379.8 20209.8 91.2
PH7-20C 100 12 1042 2113 1758 292.1 16 299.6 1183.0 4760.9 74.7
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800puM

PH7-21C 105 145 1229 162.8 1559 2778 2.0 2155 2498 603.4 58.5 151 479 37.0

PH7-22C 110 224 103.8 1857 1712 286.8 1.8 1802 5855 692.4 154

PH7-23C 115 178 917 2212 1979 3133 15 3291 11220 1659.9 32.2

PH7-24C 120 20.8 953 207.7 2158 3284 1.6 3989 5395 647.7 16.6 324 329 347

PH7-25C 125 236 513 265.6 234.0 326.8 12 2882 2957 409.2 27.7

PH7-26C 130 411 10.0 189.8 1716 226.6 1.8 59.9 13518 8116.1 82.5

PH7-27C 135 1.0 164 2325 1754 2311 14 1221  269.8 714.9 62.2

PH7-28C 140 23 29 2734 206.0 2645 1.1

PH7-29C 145 16.3 44 3343 2776 3540 0.6 1263 10721 13253 19.0 193 36.2 445

PH7-30C 150 95 41 3443 2769 353.6 0.5 60.0 12199  1838.7 335

PH7-31C 155 23.6 44 3198 2780 3486 0.8 85.1 6544 873.1 25.0

PH7-32C 160 35.0 105 337.0 315.7 400.8 0.6 1257 8972 1053.8 14.8

PH7-33C 165 478.1 21132  3630.1 414 142 455 403

NOs

Sample ID | Depth | NOy | NHs* | NO3 | DON | Nex removal DOC | TA DIC DICom |C1 | C2 |C3
UM uM/hr UM %

PH7-1D 5 434 380 719.0 508.8 533.1 0.7 485  289.7 368.8 214

PH7-2D 10 373 293 6204 4584 4751 1.6 49.3 276.8 326.6 152 543 453 05

PH7-3D 15 371 221 627.8 460.9 479.7 15 42.0

PH7-4D 20 558 216 5344 4143 3934 2.3 56.8 282.8 380.4 25.6

PH7-5D 25 49.7 234 5289 4013 420.1 2.3 524  376.7 509.9 26.1

PH7-6D 30 46.7 138 4743 360.6  380.7 2.8 34.7 3127 408.8 235 732 209 59

PH7-7D 35 357 8.1 4325 3328 3025 3.1 32.8  265.8 359.7 26.1

PH7-8D 40 59.0 16.8 4859 376.7 326.8 2.7 30.9 703 226 71

PH7-9D 45 302 57.3 5734 4524 4072 20 4383 3627 450.6 19.5

PH7-10D 50 6.1 56.3 548.1 4215 423.9 2.2 8032 305.7 401.6 23.8

PH7-11D 55 35 438 5455 4323 4731 2.2 1180.1 539.5 643.3 16.1 478 345 1738

PH7-12D 60 76 213 808.0 6225 658.8 0.1 8212 3587 417.1 14.0

PH7-13D 65 145 209 808.6 6285 618.3 0.0 11326 258.8 295.3 12.3
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PH7-14D 70 222 172 8244 604.0 6375 -0.1 5424  402.7 407.4 1.1

PH7-15D 75 164 119 827.7 5941 6224 -0.2 6055 445 32.2 233
PH7-16D 80 26.7 30.8 700.6 548.6 568.9 09 4379 255.8 375.7 31.9

PH7-17D 85 114 26.7 696.5 523.0 566.4 0.9 509 287.7 410.2 29.8

PH7-18D 90 131 25.0 728.3 5374 581.2 0.7 441 7943 918.0 134 638 241 121
PH7-19D 95 322 184 5741 4394 4242 2.0 39.7 416.6 545.3 23.5

PH7-20D 100 823 26.6 4724 396.0 415.2 2.8 51.6 4946 653.9 24.3

PH7-21D 105 58.9 275 530.1 428.7 392.7 2.3 41.8  759.3 948.4 198 656 334 09
PH7-22D 110  39.7 16.0 5241 3914 4154 24 59.4 5855 586.9 0.2

PH7-23D 115 312 58.3 568.2 439.9 495.2 20 4440 12369 1553.5 20.2

PH7-24D 120 334 50.8 5971 491.2 490.3 1.8 11193 12040 1267.2 49 598 234 16.8
PH7-25D 125 341 20.7 7449 5535 536.6 0.5 5023 8123 11129 26.9

PH7-26D 130 233 15.7 8155 5904 608.5 -0.1 4476

PH7-27D 135 30.6 28.0 806.7 667.0 626.7 0.0 1688.5 466.6 575.4 18.8 56.4 21.0 22.6
PH7-28D 140 229 224 830.3 612.0 558.3 -0.2  2046.0 5675 584.1 2.8

PH7-29D 145 319 19.2 7948 636.8 622.7 0.1 1021.0 319.7 368.0 13.1 56.7 182 251
PH7-30D 150 29.2 16.3 833.6 659.7 661.7 -0.2  668.2 426.6 514.7 17.1

PH7-31D 155 388 240 716.6 6373 577.7 0.8 14743 8423 1037.3 18.7

PH7-32D 160 155 300 7975 6243 6746 0.1 14518 880.2 929.2 5.2

PH7-33D 165 157 188 7875 583.8 5825 0.2 697.1 495.6 500.0 0.8 538 288 174
PH7-34D 170 33.0 147 8147 591.3 596.2 -0.1  518.7 385.7 405.2 4.8

PH7-35D 175 23.0 132 8250 6174 616.2 -0.1 4853

PH7-36D 180 19.7 259 8394 646.0 6505 -0.3 829.3 971.4 14.5

PH7-37D 185 156 115 768.1 593.2 552.8 0.4
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Table 2: Sediment physical, chemical, and hydraulic properties

Sediment
Physical,
Chemical,
and
Hydraulic
Properties

Hydraulic Cc
Sample Dept | Organic Moisture Conductivi N weight weight
ID h Content Content Porosity Density ty I5N | % 13C % CIN
cm % g/cm3 cm/sec AIR VPDB

PH10-1 5 <LOD 12.5 48.7 2.5 2.4 0.287 -22.0 0.89 3.1
PH10-2 10 1.9 11.0 46.8 2.0 0.0 2.3 0.277 -22.1 0.51 1.8
PH10-3 15 2.4 10.7 52.4 2.5 0.0 0.5 0.184 -24.8 0.28 15
PH10-4 20 <LOD 12.2 48.7 2.5 0.0 2.9 0.173 -27.9 0.34 2.0
PH10-5 25 4.2 12.1 49.0 2.0 0.6 0.117 -33.6 0.22 1.8
PH10-6 30 2.9 11.8 41.9 2.0 0.0 2.1 0.100 -28.7 0.12 1.2
PH10-7 35 4.9 11.8 47.9 2.0 0.0 2.0 0.067 -25.3 0.07 1.0
PH10-8 40 7.0 34.3 64.9 2.5 1.7 0.058 -27.7 2.45 42.2
PH10-9 45 12.1 42.5 64.8 2.0 2.0 0.055 -27.0 3.22 59.1
PH10-10 50 22.3 25.3 52.4 2.5 0.0 1.4 0.053 -27.3 0.15 2.9
PH10-11 55 12.0 15.7 43.2 2.0 0.0 2.2 0.031 -26.2 0.15 4.9
PH10-12 60 1.6 16.1 39.0 2.0 0.0 2.3 0.030 -27.0 0.24 8.0
PH10-13 65 2.6 16.9 50.0 2.5 0.0 2.3 0.025 -24.3 0.14 5.5
PH10-14 70 2.6 16.8 41.5 1.6 00 -04 0.023 -27.7 0.07 3.1
PH10-15 75 3.6 18.7 40.0 1.7 0.0 0.6 0.018 -24.1 0.10 5.5
PH10-16 80 1.1 18.2 429 1.8 0.0 1.9 0.018 -26.2 0.40 22.2
PH10-17 85 1.9 21.1 40.8 1.7 0.0 2.1 0.017 -25.6 0.30 17.8
PH10-18 90 <LOD 30.0 42.0 1.7 0.0 2.7 0.016 -25.3 0.21 13.3
PH10-19 95 5.4 40.3 58.3 2.5 3.1 0.016 -23.1 2.88 183.6
PH10-20 100 8.3 35.6 48.7 2.5 3.1 0.012 -23.5 1.72 139.6
PH10-21 105 7.0 39.9 58.3 2.5 2.8 0.012 -23.0 4.72 393.6
PH10-22 110 6.8 311 52.2 2.3 0.0 4.7 0.011 -25.3 0.26 23.3
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Sediment
Mineralog
ic
Properties

PH10-23 115 5.7 204 41.9 2.0 0.0 25 0.011 -26.1 0.17 15.1
PH10-24 120 1.8 375 55.2 1.9 1.6 0.011 -23.7 4.62 421.6
PH10-25 125 4.2 30.0 57.4 2.5 1.1 0.011 -24.2 1.03 94.2
PH10-26 130 4.2 20.4 48.7 2.5 0.0 2.6 0.011 -24.5 0.58 53.8
PH10-27 135 2.0 26.9 60.0 25 0.0 2.1 0.011 -23.7 0.99 93.9
PH10-28 140 5.5 28.7 58.3 2.5 0.0 2.5 0.010 -23.7 1.20 122.5
PH10-29 145 4.3 23.4 48.7 2.5 0.0 4.0 0.010 -26.7 0.28 29.4
PH10-30 150 <LOD 194 44.4 25 0.0 3.0 0.010 -24.7 0.31 32.8
PH10-31 155 <LOD 17.1 52.4 25 0.0 2.1 0.009 -22.5 0.43 46.9
PH10-32 160 3.8 15.5 42.9 2.5 0.0 3.3 0.008 -24.8 0.30 38.1
PH10-33 165 1.9 16.0 47.4 25 0.0 4.6 0.007 -23.3 0.14 19.8
PH10-34 170 2.2 17.3 50.0 25 0.0 4.1 0.006 -25.1 0.10 16.0
PH10-35 175 3.0 17.8 50.0 2.5 0.0 3.2 0.005 -25.2 0.37 67.1
PH10-36 180 <LOD 18.3 54.5 2.5 0.0 2.1 0.005 -25.8 0.23 42.4
PH10-37 185 6.1 15.7 54.5 25 0.0 3.7 0.005 -27.0 0.21 45.0
PH10-38 190 1.8 174 43.2 2.0 0.0 3.0 0.003 -27.3 0.21 61.7
Sample Dept | Montmorillon Nordstrandi Albit | Nontronit | Glauconit
ID h ite Kaolinite | te Goethite Microcline | e e e

cm % intensity
PH10-1 5
PH10-2 10 1.8 15 3.7 18.1 1.3 0.6 1.0 0.0
PH10-3 15 2.4 2.0 5.7 20.1 14 0.8 1.8 0.0
PH10-4 20 2.9 4.1 18.5 22.1 1.6 1.3 2.7 1.2
PH10-5 25 6.9 51.0 74.2 303 33 3.7 16.7 0.0
PH10-6 30 4.5 315 48.4 28.8 3.9 3.9 14.8 5.4
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PH10-7 35 5.6 44.5 55.9 25.6 44 3.8 12.3 51
PH10-8 40 4.8 5.0 13.0 214 0.0 2.2 0.0 2.9
PH10-9 45 4.5 3.6 8.3 19.0 0.0 1.0 5.7 2.2
PH10-10 50 3.3 3.0 8.7 18.8 0.0 1.2 3.3 1.5
PH10-11 55 5.8 14.5 32.2 19.8 2.1 2.2 6.0 2.5
PH10-12 60 54 155 40.2 25.4 3.2 3.3 9.3 3.5
PH10-13 65 2.3 4.8 8.6 22.5 1.7 0.0 2.9 1.2
PH10-14 70 54 20.2 23.4 23.6 24 2.5 6.0 25
PH10-15 75 4.9 21.6 22.2 23.1 1.8 1.5 6.4 3.1
PH10-16 80 3.2 1.4 2.1 20.9 11 0.0 15 0.0
PH10-17 85 4.6 20.5 18.5 21.7 2.3 1.7 5.0 2.3
PH10-18 90 2.7 7.6 8.1 20.4 1.8 14 4.2 2.1
PH10-19 95 3.2 5.6 0.8 20.7 14 0.0 44 1.9
PH10-20 100 2.9 8.1 8.2 20.3 11 0.9 3.7 1.6
PH10-21 105 3.6 7.5 5.7 22.2 0.0 15 4.8 2.3
PH10-22 110 2.7 9.9 12.6 19.7 1.7 1.1 4.0 1.9
PH10-23 115 4.1 15.7 15.5 21.7 2.0 1.6 5.9 2.7
PH10-24 120 3.7 7.8 5.9 23.0 1.7 1.6 5.0 2.3
PH10-25 125 3.4 10.8 9.2 22.1 0.0 0.0 6.3 2.7
PH10-26 130 3.0 14.2 12.8 21.9 1.7 13 4.6 2.2
PH10-27 135 2.2 4.6 4.2 21.1 0.0 0.9 3.2 14
PH10-28 140 2.0 4.1 3.2 21.0 0.9 0.0 2.3 0.9
PH10-29 145 2.7 13.6 15.2 20.7 13 1.2 45 2.2
PH10-30 150 3.3 1.2 1.1 24.8 1.1 0.4 1.3 0.0
PH10-31 155 1.6 0.0 0.0 21.2 1.0 0.4 0.8 0.5
PH10-32 160 1.7 0.7 0.0 20.9 1.0 0.5 0.9 0.0
PH10-33 165 2.2 1.1 0.0 19.6 0.8 0.0 1.0 0.0
PH10-34 170 2.0 2.8 0.0 20.8 0.8 0.6 1.2 2.1
PH10-35 175 1.8 2.2 0.0 215 0.9 0.0 1.1 1.2
PH10-36 180 2.7 5.3 0.0 22.7 14 0.0 2.9 2.3
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Metals

PH10-37 185 2.7 2.7 0.0 24.8 15 0.0 2.6 1.1
PH10-38 190 1.9 3.1 0.9 215 1.3 0.0 2.4 0.8
Sample Dept | Organic
ID h content Fe Al Mg K Na Ca Mn
cm % g/kg
3.4258054
PH10-1 5 <LOD 6 3.8 0.21 0.12 0.09 0.48 0.10 0.01
46182124
PH10-2 10 1.9 3 6.2 0.18 0.13 0.04 0.25 0.12 0.02
PH10-3 15 2.4 5.9 7.7 0.16 0.13 0.03 0.16 0.04 0.02
PH10-4 20 <LOD 14.7 23.1 0.26 0.16  0.05 0.20 0.03 0.07
PH10-5 25 4.2 16.3 23.0 0.14 0.08 0.05 0.19 0.02 0.08
PH10-6 30 2.9 15.2 16.2 0.13 0.09 0.05 0.17 0.02 0.07
PH10-7 35 4.9 11.8 14.0 0.09 0.04 0.06 0.19 0.02 0.06
PH10-8 40 7.0 8.9 134 0.30 022 0.20 2.06 0.05 0.04
PH10-9 45 12.1 7.3 11.8 0.22 011 0.20 1.58 0.04 0.04
PH10-10 50 22.3 3.8 5.0 0.08 0.06  0.09 0.40 0.01 0.02
PH10-11 55 12.0 11.2 13.2 0.12 0.06 0.10 0.37 0.07 0.05
PH10-12 60 1.6 23.0 14.1 0.15 0.08 0.11 0.71 0.15 0.12
PH10-13 65 2.6 12.6 9.2 0.20 0.17 0.16 0.41 0.07 0.05
PH10-14 70 2.6 11.4 8.3 0.16 011 0.22 0.20 0.02 0.05
PH10-15 75 3.6 5.8 7.9 0.28 0.20 0.35 0.22 0.02 0.03
PH10-16 80 1.1 44 3.4 0.23 015 034 0.31 0.03 0.02
PH10-17 85 1.9 5.7 6.6 0.22 0.18 0.28 0.26 0.02 0.02
PH10-18 90 <LOD 9.2 9.6 0.57 045 051 0.51 0.04 0.04
PH10-19 95 5.4 10.4 10.7 0.89 0.69 0.80 0.65 0.04 0.05
PH10-20 100 8.3 11.4 9.9 0.87 057 0.72 0.62 0.04 0.05
PH10-21 105 7.0 11.1 9.8 1.04 0.67 0.87 0.91 0.04 0.05
PH10-22 110 6.8 7.0 7.7 0.39 0.29 0.0 0.40 0.02 0.03
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Metals
Contd.

PH10-23 115 5.7 5.5 5.9 0.17 011 0.20 0.20 0.02 0.02
PH10-24 120 1.8 10.7 9.7 1.05 0.70 0.79 0.73 0.05 0.05
PH10-25 125 4.2 9.0 8.2 0.75 047 0.67 0.59 0.04 0.04
PH10-26 130 4.2 5.1 5.4 0.24 0.14 0.28 0.25 0.03 0.02
PH10-27 135 2.0 6.9 75 0.63 046 0.63 0.49 0.04 0.03
PH10-28 140 5.5 5.5 6.2 0.46 0.33 0.53 0.46 0.03 0.03
PH10-29 145 4.3 4.3 5.0 0.14 0.06 0.39 0.16 0.01 0.02
PH10-30 150 <LOD 6.2 2.7 0.21 0.12 0.40 0.17 0.01 0.03
PH10-31 155 <LOD 14.7 3.3 0.27 011 054 0.20 0.02 0.08
PH10-32 160 3.8 6.7 3.0 0.26 0.15 0.48 0.14 0.01 0.03
PH10-33 165 1.9 12.2 3.4 0.30 0.16 0.46 0.17 0.03 0.06
PH10-34 170 2.2 34.1 4.9 0.34 0.15 0.58 0.34 0.05 0.19
PH10-35 175 3.0 23.7 3.8 0.30 0.13 0.55 0.21 0.03 0.12
PH10-36 180 <LOD 335 8.3 0.44 026 0.72 0.19 0.01 0.19
PH10-37 185 6.1 17.4 5.9 0.38 0.22 057 0.13 0.01 0.09
PH10-38 190 1.8 6.2 5.8 0.38 0.28 0.64 0.12 0.01 0.03
Sample Dept Organic

ID h content Cr Cu Ni Pb Sr Ti Zn

cm % ma/kg

PH10-1 5 <LOD 6.18 5.78 0.80 1.10 3.86 6.52 8.10 14.20
PH10-2 10 1.9 7.59 6.53 1.91 177 258 20.15 11.29 9.99
PH10-3 15 2.4 9.06 6.33 241 1.23 2.00 23.25 13.86 7.91
PH10-4 20 <LOD 28.23 10.12 4.36 219 295 16.63 36.92 10.81
PH10-5 25 4.2 28.79 11.55 2.08 349 279 13.32 50.13 6.37
PH10-6 30 2.9 26.10 10.41 2.25 3.73 247 20.38 44.71 5.52
PH10-7 35 4.9 22.08 8.70 1.16 267 196 13.53 39.90 3.97
PH10-8 40 7.0 19.80 10.62 4.20 3.82 11.47 25.30 27.65 27.53
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PH10-9 45 12.1 16.75 9.83 2.21 536  8.89 9.43 2239 2521
PH10-10 50 22.3 6.30 4.12 0.86 153 251 14.08 10.24 5.46
PH10-11 55 12.0 16.86 7.73 1.47 261  1.77 21.30 32.40 5.63
PH10-12 60 1.6 17.74 8.53 1.55 344 225 24.06 35.52 8.17
PH10-13 65 2.6 11.27 5.69 2.40 256 245 21.50 22.22 9.11
PH10-14 70 2.6 30.66 5.00 1.54 265 212 21.68 28.33 6.03
PH10-15 75 3.6 11.42 4.96 2.21 230 341 20.06 19.13 5.79
PH10-16 80 1.1 7.38 2.82 0.62 1.29 359 7.39 13.56 4.52
PH10-17 85 1.9 9.94 4.52 2.04 126 3.13 19.94 15.69 6.11
PH10-18 90 <LOD 17.59 7.02 3.67 426 7.06 15.75 23.77 13.71
PH10-19 95 54 17.56 6.71 6.03 4.69 10.35 20.02 2536 19.87
PH10-20 100 8.3 16.01 7.06 4.45 454 10.03 10.51 2465 18.27
PH10-21 105 7.0 16.53 9.17 5.39 547 13.78 11.00 23.70  20.43
PH10-22 110 6.8 10.56 6.43 2.97 217 551 19.36 17.89 9.66
PH10-23 115 5.7 7.75 5.10 1.83 157 233 17.28 13.39 5.14
PH10-24 120 1.8 15.55 7.26 5.35 496 12.28 14.50 23.15 18.78
PH10-25 125 4.2 12.96 6.68 3.69 394 9.25 9.51 20.06  13.58
PH10-26 130 4.2 7.77 4.94 1.34 228 334 11.24 14.05 5.21
PH10-27 135 2.0 13.11 6.22 3.42 550 8.15 17.52 18.47 11.16
PH10-28 140 55 10.58 5.18 2.61 261 6.75 20.30 16.24 8.81
PH10-29 145 4.3 7.69 4.70 0.68 155 1.93 8.78 14.67 3.55
PH10-30 150 <LOD 5.36 291 0.78 1.61  3.00 13.81 15.21 1.86
PH10-31 155 <LOD 4.82 2.67 0.46 280 331 18.16 14.21 2.56
PH10-32 160 3.8 4.59 2.31 0.72 159 3.00 31.00 8.70 2.13
PH10-33 165 1.9 5.14 291 0.74 274 285 28.70 12.39 2.72
PH10-34 170 2.2 541 3.29 528 3.9 24.92 17.97 4.64
PH10-35 175 3.0 5.16 2.80 323 255 18.76 14.12 3.80
PH10-36 180 <LOD 9.85 4.34 1.64 4.68 3.45 25.32 34.15 6.88
PH10-37 185 6.1 8.52 3.39 1.42 255 2.66 20.78 26.89 5.09
PH10-38 190 1.8 8.45 2.85 2.13 201 3.05 30.45 15.91 4.75
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Pre-
treatment
sediment

DOM

Sample Dept
ID h C1 C2 Cc3
cm %

PH10-1 5 22.8 43.2 34.0
PH10-2 10 17.0 47.5 35.6
PH10-3 15 9.2 52.4 384
PH10-4 20 15.8 65.8 18.4
PH10-5 25 12.4 72.1 15.5
PH10-6 30 6.6 88.1 5.3
PH10-7 35 11.8 81.1 7.1
PH10-8 40 9.5 53.7 36.9
PH10-9 45 22.8 43.6 33.6
PH10-10 50 14.8 63.4 21.8
PH10-12 55 5.9 60.7 33.4
PH10-13 60 7.3 55.8 37.0
PH10-14 65 43.8 32.6 23.7
PH10-15 70 31.6 35.8 32.6
PH10-16 75 19.2 45.9 35.0
PH10-17 80 9.1 54.9 36.0
PH10-18 85 17.7 40.4 41.9
PH10-19 90 11.3 52.9 35.8
PH10-20 95 9.1 57.0 33.9
PH10-21 100 12.9 49.9 37.2
PH10-22 105 9.6 54.4 36.0
PH10-23 110 9.9 54.9 35.2
PH10-24 115 38.3 31.7 30.0
PH10-25 120 17.0 46.4 36.6
PH10-26 125 10.9 53.7 35.5
PH10-27 130 22.0 41.0 37.0
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Radiocarb
on

PH10-28 135 16.5 45.7 37.8
PH10-29 140 9.7 53.2 37.0
PH10-30 145 11.4 52.2 36.3
PH10-31 150 9.6 52.0 38.4
PH10-32 155 8.2 54.5 37.3
PH10-33 160 17.9 43.3 38.7
PH10-34 165 16.5 42.8 40.7
PH10-35 170 25.0 42.3 32.7
PH10-36 175 10.7 48.1 41.1
PH10-37 180 17.2 60.6 22.1
PH10-38 185 12.2 51.7 36.1
Sample Dept F modern
ID h 14C F modern error Age
‘ cm ‘ A yrs
PH7-11 55 -19.5  0.9887 0.0019 90 +/- 15
PH7-22 110 218.65  1.2289 0.0029 >Modern
PH11-11 55 104.1 1.1134 0.0023 >Modern
PH11-24 120 59.58  1.0685 0.0022 >Modern
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