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Abstract Coastal aquifers experience water table fluctuations that push and pull water and air through
organic-rich soils. This exchange affects the supply of oxygen, dissolved organic carbon (DOC), and nitrogen
(N) to shallow aquifers and influences groundwater quality. To investigate the fate of N species, we used a
meter-long column containing a sequence of natural organic topsoil and aquifer sediments. A fluctuating head
was imposed at the column bottom with local, nitrate-rich groundwater (16.5 mg/L NO5-N). We monitored in-
situ redox potential and collected pore water samples for analysis of inorganic N species and DOC over 16 days.
Reactive processes were more complex than anticipated. The organic-rich topsoil remained anaerobic, while
mineral sediments beneath alternated between aerobic, when the water table dropped and sucked air across
preferential flow paths, and anaerobic conditions, when the water table was high. A fluid flow and reactive
transport model shows that when the water table rises into organic-rich soils, it limits the flow of oxygen, while
the soils release DOC, which stimulates the removal of nitrate from groundwater by denitrification. At the end of
the experiment, we introduced seawater to the column to mimic a storm surge. Seawater mobilized N and DOC
from shallow soil horizons, which could reach the aquifer if the surge is long enough. These processes are
relevant for groundwater quality in developed coastal areas with anthropogenic N sources, as climate change
and rising seas will drive changes in water table and flood dynamics.

Plain Language Summary Coastal aquifers are subject to many hydrologic forces: rain, tides,
floods, storm surges, and groundwater pumping, which cause groundwater levels to rise and fall. We find that
these fluctuations control the fate of nitrogen species in groundwater, particularly nitrate, a common
contaminant that impairs drinking water quality and causes harmful algal blooms when it enters coastal waters.
As the water table rises and falls, the aquifer “breathes”: it sucks air in and out of soils, allowing oxygen to reach
sandy sediments below the carbon-rich topsoil. When the water table falls, oxygen enters soils and reacts with
ammonium, which comes from the degradation of organic matter, to form nitrate. When the water table rises
into topsoil, the source of oxygen is cut off. The saturated soils release organic carbon, which favors nitrate
removal through denitrification. Seawater that enters soils during coastal flooding also flushes dissolved organic
carbon and ammonium from soils and triggers nitrogen cycle reactions. Groundwater fluctuations thus drive
substantial nitrogen transformations from the top of the soil to sandy sediments below, which influences the
ultimate chemistry of shallow groundwater in coastal zones.

1. Introduction

Water tables in coastal aquifers respond to a variety of hydrologic forces that act onshore and offshore. Processes
that act on land to control the water table include precipitation (Carretero & Kruse, 2012; Squeo et al., 2006) and
groundwater pumping (Gejl et al., 2019; Jasechko et al., 2020). Processes that arise in the sea include waves, tides,
and wind (Abarca et al., 2013; Goyetche et al., 2023; Greskowiak et al., 2023; Trglavcnik et al., 2018), coastal
flooding (Cardenas et al., 2015; Heiss et al., 2022; Housego et al., 2021), and long-term sea level rise (Befus
et al., 2020). These forces cause complex flow patterns that stimulate mixing and activate numerous biochemical
reactions (Goyetche et al., 2022; Greskowiak et al., 2023). They also cause the water table to rise and fall, leading
to abrupt variations of shallow moisture content. This wetting-drying cycle affects the supply of dissolved ox-
ygen, carbon, and aerobic and anaerobic conditions throughout the soil profile (Haberer et al., 2012; Pal
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et al., 2010). When the water table rises and water fills the pores, it restricts the supply of oxygen from the at-
mosphere. If dissolved organic carbon (DOC) is also released from soils, aerobic respiration can quickly deplete
oxygen, and microorganisms will respire other terminal electron acceptors such as nitrate (NO3). When the water
table falls, air is sucked into the vadose zone, and oxygen is reintroduced by advection into pores, where it drives
aerobic respiration (Robertson & Groffman, 2007; Sinke et al., 1998). We conjecture that this fluctuation between
oxic and anoxic conditions may regulate nitrogen (N) transport and fate in shallow groundwater (Cirmo &
McDonnell, 1997; Hefting et al., 2004), particularly in coastal zones that are subject to frequent hydrologic
changes.

The fate and transport of N is important in coastal environments, which tend to be densely populated with long
histories of land use change and anthropogenic N contamination (Rivett et al., 2008) from fertilizers and
wastewater (Almasri & Ghabayen, 2008; Johannes, 1980; Kwon et al., 2021). Coastal aquifers are particularly
vulnerable to N pollution due to their shallow water tables (Chang & Clement, 2013; Heaton et al., 2012). Ac-
cumulations of NO; are linked to negative environmental and health issues (de Voogt, 2017). Studies in Asia
(Chen et al., 2007), America (Burkart & Stoner, 2008; Isla et al., 2018; Nolan, 2001; Spalding & Exner, 1993),
and Europe (Heaton et al., 2012; Mostaza-Colado et al., 2018; Strebel et al., 1989) have shown significant NO5
pollution in shallow aquifers. More recently, Abascal et al. (2022) examined 292 locations around the globe and
found NO; pollution in groundwater to be increasing with the greatest concentrations in the Mediterranean and
South Asian regions. The discharge of NO5-rich groundwater to the coast affects marine surface waters. Because
primary production is often N-limited in marine waters, new N loads from groundwater can cause eutrophication
and degrade coastal ecosystems such as estuaries and reefs (Howarth & Marino, 2006).

NOj is both a product and reactant in a number of biogeochemical processes that occur in soils and groundwater
(Cirmo & McDonnell, 1997; Rivett et al., 2008). Under oxic conditions, microbes produce NO5 through the
oxidation of ammonium (NH,) (Shah & Coulman, 1978). Under anoxic conditions, microbes reduce NO; to N,
gas through denitrification (Rivett et al., 2008). Denitrification is the primary process that removes NO; from
groundwater and requires a source of labile organic carbon (Baker & Vervier, 2004). NO; and NH, can also be
assimilated by microbes and plants, and NH, can also be oxidized through anammox, but this process is purported
as a non-dominant reaction pathway in sandy coastal aquifers (Smith & Duff, 1988). The rates of nitrification and
denitrification are strongly influenced by the water table, which regulates the supply of oxygen from soil gas and
organic carbon from soil organic matter (Kliewer & Gilliam, 1995).

Column experiments have been widely used to examine the fate and transport of redox-sensitive elements such as
carbon and N (Fierer & Schimel, 2002; Rodriguez-Escales et al., 2016), oxygen (Haberer et al., 2012), and arsenic
(Tran et al., 2022). In columns, fluid flow rates and saturation states can be controlled to explore the implications
for biogeochemical transport. For example, Rezanezhad et al. (2014) examined the geochemical and microbial
responses of two identical soil columns with a stable and fluctuating water table. They found that a fluctuating
water table transported iron, manganese, phosphorus, sulfur and magnesium to deeper depths and stimulated
microbial growth and activity compared to a static water table. More recently, Zhang and Furman (2021) used soil
columns to investigate N transformations in the capillary fringe in a homogeneous sandy medium and found water
movement to be significant to N removal in the capillary fringe. While column studies abound in the literature,
relatively few examine the impact of a fluctuating water table (Holocher et al., 2002; Jost et al., 2015; Riihle
et al., 2015), and even fewer examine these processes in heterogeneous media.

Natural soils have varying vertical distributions of minerals, organic content, and microbial communities that
influence biogeochemical reactions at different depths, making it important to account for vertical heterogeneity
in column experiments. Soil organic matter in particular tends to decrease exponentially with depth (Pabich
et al., 2001) and acts as a source of DOC to groundwater. DOC is often a limiting reactant for denitrification in
aquifers (Sobczak et al., 2003), and high rates of denitrification have been observed in reducing environments in
organic-rich materials (Hill et al., 2000). Note that this view implicitly assumes oxygen is effectively consumed
within the vadose zone (see discussion by Arora et al., 2019). Yet, hydrogeologists often assume that shallow
groundwater remains oxic through oxygen diffusion across the vadose zone (see discussion in Chapter 9 of
Appelo & Postma, 2004). In fact, this question of oxygen fluxes motivated experiments by Haberer et al. (2012,
2015) to show that water table fluctuations and trapped air could explain oxygen transfer across the capillary
fringe barrier, provided oxygen was available above. Their experiments were conducted in a porous matrix
formed by glass beads and did not consider the added effect of soil carbon sources. Thus, experiments involving
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natural soil sequences can shed new light on soil, vadose zone, and aquifer
interactions, especially when it comes to redox reactions, which control the N
cycle, among others.

In this context, our initial goal was to use column experiments and numerical
models to investigate how water table fluctuations, which bring NO5-rich
groundwater in contact with organic carbon in shallow soils, influence the fate
and transport of N in a coastal aquifer. We found that as the water table rises
and falls, it pushes and pulls air through preferential flow paths in the organic-
rich topsoil—the aquifer “breathes”—and the combined effects of alternating
oxygen and carbon supplies drive changes in N chemistry. We also investi-
gated the effect of a seawater flood, as these events will become more
common as sea level rises and should elicit a different effect on N transport
compared to flooding from the bottom. We used numerical models to frame
experimental observations. This study is unique because: (a) the column
materials have greater organic matter content near the surface, reflecting a
typical soil sequence, and come from real coastal sediments, (b) we simulated
different time scales and repeated cycles of water table fluctuations, and (c)
we used natural groundwater with elevated NO; concentrations pumped
directly from the local unconfined aquifer, which ensures a more complex
pool of dissolved organic matter for studying carbon-sediment interactions in
the column.

2. Materials and Methods

2.1. Site Description

Figure 1. Aerial image of the field site on Mediterranean coast (Matard, Sediment, soil, and groundwater for the column study were supplied from an

Spain). Box A shows the floodplain area where soils were collected near the
outlet of an ephemeral stream along the coast. The watershed and underlying
aquifer are strongly influenced by anthropogenic activities (Folch

et al., 2020).

unconfined alluvial aquifer on the Mediterranean coast where groundwater is
contaminated with NOj. The site lies approximately 30 km northeast of
Barcelona near the outflow of the ephemeral Argentona stream, which flows
following large precipitation events (Folch et al., 2020) (Figure 1). The
catchment hosts a mixture of industrial operations, farmland, and densely populated towns. The site is well-suited
for examining N transport in an anthropogenically impacted coastal floodplain aquifer with sandy soils.

The site has been the focus of detailed hydrogeologic investigations to understand submarine groundwater
discharge and seawater intrusion, but most observations have targeted the confined aquifer layers, which provide
a freshwater source for local towns and agriculture (Folch et al., 2020; Martinez-Pérez et al., 2022; Palacios
et al., 2020). The layered aquifer system is approximately 20 m thick and consists of well-sorted quaternary sand
units separated by relatively thin, decimeter-thick silt and clay layers (Folch et al., 2020). The water table lies in
the shallowest sandy layer, which is approximately 7 m thick. Bulk conductivity generally increases in the deeper
layers (Martinez-Pérez et al., 2022; Palacios et al., 2020). NO5-N concentrations observed by Martinez-Pérez
et al. (2022) were greatest in the shallow aquifer (15.4 mg/L-21.3 mg/L) and decreased with depth in the in-
termediate (0.4 mg/L-10 mg/L) and deep semi-confined aquifer layers (0.1 mg/L-2.2 mg/L). Several biogeo-
chemical reactions occur in the fresh-seawater mixing zone that affect N compounds in the aquifer (Goyetche
et al., 2022), but the importance of soil and reactive transport processes near the water table has not been
investigated.

2.2. Soil Selection and Column Construction

The column was constructed of PVC pipe (30.48 cm inner diameter and 105 cm length) and packed with sedi-
ments collected from the unconfined alluvial aquifer and the vadose zone between April 28-29, 2022 (Figure 2).
The column stratigraphy was intended to represent a simplified version of a natural soil profile with 4 layers to
represent the transition from organic-rich surface soils to inorganic aquifer sands. A soil trench was dug on site,
and three representative depth intervals were selected for integrated sampling: 100-60 cm, characterized as
uniform sand with little to no organic material (mineral I); 60-30 cm, characterized as visually uniform sand with
greater organic matter content (mineral II); and 10-30 cm, characterized as dark organic soil with sparse
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Figure 2. (a) Schematic of experimental setup. (b) Photograph of experimental setup. (c) Schedule of water table fluctuations and seawater overtopping event. Two 4-day
water table cycles were chosen to allow ample time for water to react with soils and alter water chemistry. Two rapid water table cycles were performed on day 11 to
assess the impact of fast wetting and drying on dissolved organic carbon and N transport. In the seawater overtopping event, the water table was intended to remain
stable at a depth of 60 cm but inadvertently fell to 65 cm.

vegetation and debris such as roots and leafy material (organic I). Material from each interval was placed into its
own separate container. Roots, debris, and large objects were removed, and the material was churned to ho-
mogenize it. The motivation for creating these homogenized zones was to maintain the overarching trends in soil
characteristics (particularly depth-decaying organic matter content) while packing a rather large column with
samplers and sensors. Typically, column studies that examine water table fluctuations are performed with entirely
homogeneous sediments or glass beads (e.g., Pronk et al., 2020; Rezanezhad et al., 2014; Riihle et al., 2015;
Williams & Oostrom, 2000). The approach taken here achieves a more natural but well-characterized soil
sequence.

Before loading material into the column, a thin layer (<5 cm) of store-bought pea gravel was washed with fresh
groundwater and placed in the bottom to maintain uniform flow to the column base. The lower 40 cm were then
filled with homogenized inorganic sand material from the 100-60 cm depth interval from the trench site (mineral
I). The next 30 cm were filled with homogenized organic sand material from the 60-30 cm depth interval (mineral
II). The next 15 cm were filled with homogenized soil collected from 15 to 30 cm deep (organic I). For the
uppermost 15 cm, a plug of topsoil with natural vegetation was removed from alongside the soil pit and placed on
top of the three homogenized layers (organic II) (Figure 2). We therefore assume the approximate root depth in the
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column was 15 cm. Soil samples were collected from the three homogenized materials and the intact surface layer
at the time of column construction and kept frozen until analysis for total organic carbon content and grain size.

While adding the organic and mineral layers, seven Rhizon pore samplers (Rhizosphere MacroRhizon) were
placed at 15 cm intervals from 100 to 10 cm deep (Figure 2). A spacing of 15 cm was chosen because it was
estimated that the Rhizons would retrieve pore water from an approximately 10-cm thick volume, and we sought
to maintain discrete sample volumes. Two soil moisture probes (Teros 12 soil moisture, temperature, and elec-
trical conductivity) were placed at 20 and 50 cm depths. A tensiometer (Teros 32, soil water potential and
temperature) was also inserted at a 45-degree angle to 50 cm depth. Both the soil moisture probes and tensiometer
were connected to a digital data logger that recorded measurements every 5 min. A meter-long redox probe
(SWAP soil redox probes, ORP custom-made) was inserted into the column with electrodes at 10 cm, 40 cm, and
100 cm (Figure 2). The corresponding AgCl reference electrode was placed in the unsaturated top-soil layer. The
redox sensors and reference electrode were attached to a Campbell logger that recorded measurements throughout
the experiment. The entire soil column was placed into a large tank with a siphon to control hydraulic head at the
base of the column (Figure 2).

Each day for at least 4 hr, groundwater was produced from an on-site well and circulated through the tank that was
used to fill the column. The well has a total depth of 15 m and is screened within the unconfined aquifer. To
minimize oxygen exchange between the groundwater in the tank and atmosphere, a plastic sheet was secured over
the tank and around the column sides and sealed with tape (Figure 2b). Care was also taken to minimize light
transfer into the tank and thus algal growth. A YSI multiparameter water quality probe continuously recorded the
pH, ORP, temperature, electrical conductivity, and dissolved oxygen of the tank water throughout the experiment,
and care was taken to ensure minimal fluctuation in recorded parameters, including dissolved oxygen.

2.3. Experimental Design

Column experiments were conducted in May of 2022. The schedule of imposed water level fluctuations was
chosen to explore two timescales of change: multiple days and hours (Figure 2). The two timescales were chosen
to explore what happens when there is ample time for oxygen consumption (multi-day) and when the fluctuations
outpace oxygen dynamics (hour), as oxygen is a key factor in nitrification and denitrification. The imposed
fluctuations are necessarily simplistic compared to natural fluctuations in unconfined aquifers, due in part to the
limited height of the column. They are also intentionally simplistic in one specific aspect: we imposed rapid
changes in water level, followed by periods with no change. This discontinuous signal is unlike a smoothly
varying tidal signal, but it is ideal for isolating chemical reactions from transport processes during times when the
water table is stationary. We also note that coastal aquifers are subject to many disturbances, including abrupt
ones due to groundwater pumping. Thus, the experimental design is advantageous for revealing reactive N
transport processes under scenarios where the water table moves vertically through gradients in soil organic
content, a key goal of the study that does not depend on the driving force of the fluctuation.

The soil column was initialized by raising the water table to 30 cm below the soil surface to saturate the sandy
aquifer layers and then lowering the water level to 60 cm below the surface to develop a naturally drained profile
(Figure 2). The first 2-day fluctuation cycle began on day 2 by raising the water level to 10 cm depth and holding it
constant for 2 days (Figure 2c). The water level was then lowered again to 60 cm for 2 days. A second 2-day cycle
was then imposed to examine whether successive wetting events behaved similarly or whether differences might
occur due to, for example, microbial dynamics or initial conditions. On day 11, the water table was quickly raised
and lowered twice on the same day to simulate tidal events of faster frequency (Figure 2). On day 14, the top of the
column was flooded with seawater collected on site to simulate inundation that occurs during storm surges.

Over the 16-day experiment, loggers were programmed to record redox potential every 10 min, while soil
moisture and matric potential were recorded every 5 min. Following the seawater flood on day 14, soil moisture
sensors at 20 and 50 cm recorded apparently large volumetric water contents that exceeded observed saturation
values on days when the water table was elevated above the sensors, which we attribute to the increased electrical
conductivity of seawater. Therefore, we applied a correction to the 20 cm sensor using a modified version of
Archie's Law for unsaturated soils, where the logarithm of volumetric water content varies linearly with the
logarithm of the ratio of bulk electrical conductivity (from the sensor itself) to fluid electrical conductivity (from
the nearest porewater samplers). The same correction was attempted for the sensor at 50 cm, but there was no clear
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relationship between volumetric water content, bulk electrical conductivity, and fluid electrical conductivity over
the narrow range of near-saturated conditions there, so data were truncated following the seawater flood.

2.4. Porewater Sampling

One round of pore water samples (a sample from each depth) was collected on days with a static water level, and
three rounds were collected on days with a rising or falling water table—a round before, during, and after the
fluctuation. These intervals were chosen to minimize extracted volumes and disturbance to geochemical profiles
while capturing the times when the chemistry would be expected to change most rapidly.

Samples were collected from Rhizon samplers (pore size of 0.15 pm) into 60-mL syringes. The volume is
equivalent to the water content in a saturated disk of column material with height of <0.3 cm. Upon collection,
samples were filtered again to 0.22 pm using Fisherbrand polyethersulfone (PES) syringe filters and split into
three designated aliquots: 15 mL for nutrient analysis, including NO5;-N, NO,-N, and NH,-N (collected in
unacidified falcon tubes), 20 mL for DOC and fluorescence analysis of DOM (collected in pre-combusted amber
glass vials), and 15 mL for analysis of manganese, iron, and aluminum (collected in unacidified falcon tubes). The
remaining 10 mL were used to measure fluid conductivity, pH, temperature, and ORP immediately in the field
with a Myron Ultrameter II (Figure S1 in Supporting Information S1). Collected samples were placed on ice until
they were transported to the Spanish National Research Council (CSIC) at the end of each day, where they were
stored in a dark, refrigerated room at 4 degrees Celsius for approximately 2 weeks until they were transported on
ice to Ohio State University (OSU) for rapid analysis. More details on sampling procedures are available in
Roumelis (2023).

2.5. Porewater Analyses

All water sample analyses except for iron and manganese were run at OSU facilities. N-species (NO5-N, NO,-N,
NH,-N) were measured using the Skalar SAN +4 nutrient analyzer. Samples were initially diluted by 1:5 and then
1:10 if the measurements exceeded the standard curve. The typical detection limit for NO,-N was 0.001 mg/L.
Detection limits for NH,-N and NO;-N were 0.006 mg/L and 0.008 mg/L, respectively, estimated as twice the
standard deviation of replicate analyses of low standards. DOC concentrations were measured as non-purgable
organic carbon using a Total Organic Carbon Analyzer (Shimadzu Inc.). Samples collected after the seawater
infiltrations experiment on 8 June 2022 were diluted according to field measurements of specific fluid conductivity
to ensure the carbon analyzer was not damaged by high salt concentrations. Manganese, iron and aluminum were
run using inductively coupled plasma optical emission spectroscopy at CSIC in Barcelona, Spain. The estimated
error was <2% and precision 1%. A subset of samples was also analyzed for chloride and other major anions using
ion chromatography on a Dionex ICS 2100.

2.6. Soil and Sediment Analyses

Sediment samples were analyzed for oxidizable carbon content using the Walkley and Black method (De Vos
et al., 2007) and organic matter through combustion at 550 degrees Celsius.

Hydraulic conductivity was estimated through two approaches. We used the Hazen method to estimate the
saturated hydraulic conductivity of each soil layer from grain size analysis (Hazen, 1911). We also estimated an
equivalent saturated hydraulic conductivity for the layered column system using infiltration rates recorded during
the seawater flood event. Specifically, during the seawater flood, water was added to the top of the column to
visually maintain saturated but not ponded conditions. The volume and time were recorded for each seawater
addition, and the resulting plot of infiltration rate versus time was used to calculate the saturated hydraulic
conductivity according to the Green-Ampt solution.

2.7. Numerical Model

We used the Richards Equation to solve for variably saturated single-phase flow in the vertical direction:

C oP k -
p<l+5e5>— = V-ﬂ(—‘kr(VP—pg)> )]
P8 ot H
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where p is water density [kg/m®], S, [-] is effective saturation (S, = 6 — 6,/6, — 0,, where 6 is volumetric water
content [-] and subscripts “s” and “7” denote saturated and residual values), C,, is the specific moisture capacity
[1/m] calculated from S, according to the Van Genuchten model, S is the storage coefficient [1/Pa], &, is saturated
permeability [m?] derived from the hydraulic conductivity, u is dynamic viscosity [Pa-s], k, is relative perme-

ability [-] according to the Van Genuchten model, g is gravitational acceleration [m/s?], and P is pressure [Pal.

For unsaturated conditions (S, < 1):

Se=<1+

) @

a, m, and n are the Van Genuchten parameters, which were approximately constrained using observations of P
and @ from soil moisture sensors in the Mineral II layer (Figure 2, Table 1). Because other layers lacked paired
tensiometer and soil moisture sensors to constrain spatial variations in Van Genuchten parameters, we held them
constant. We did assign different values of porosity (6,) in the mineral and organic layers based on measurements
at the two soil moisture sensors (Figure 2, Table 1).

Using water fluxes and effective saturation from the solution to Equation 1, we then solved for chemical transport
of chloride, DOC, dissolved oxygen (O,), ammonium (NH,), nitrate (NO3), and nitrite (NO,) in two dimensions
according to the advection-dispersion-reaction equation in variably saturated porous media:

a(Hci) a(pbdcs,i) a(egcg,i)
dat + dat + Jat

= V- (D;Ve;) = Vqc; + OR; + Ocy; 3)

where ¢; [mol/m°], ¢s; [mol/kg], and c,; [mol/m?] are the concentrations of the ith chemical compound in the
aqueous, solid phase, and gas phases, respectively, py, is dry bulk density [kg/m?], 8, is the volumetric gas content
(0, — 0), D; is the effective diffusion coefficient [m2/s], q is water flux [m/s], R; is the source or sink due to
aqueous-phase reactions (I') involving the ith species [mol/m>/s], and Qex.; 1s any additional source or sink for the
ith species [mol/m>s]. For all dissolved species, the effective diffusion coefficient was defined as 6/t D;, where
tortuosity (z) was estimated using the Millington and Quirk model (z = 6~ 052) and D, is the free diffusion
coefficient in liquid. In the case of oxygen only, the effective diffusion coefficient also included a term for
enhanced diffusion in the gas-filled pores, where D; = 6/t Dy + 0,/7, K, ; D, and 7, = Hg_7/ 3 6.2, Gas exchange

¥
with air-filled pores was treated as an instantaneous (equilibrium) eiclfange process (¢, ; = Ky ; C;, Where K, ; is
Henry's constant expressed in terms of concentration [-]). This equilibrium allows us to incorporate gas diffusion
by enlarging the value of D; in Equation 3 through the contribution of D, (Table 1). We used a mixed type
boundary condition with large conductance at the top of the column to represent efficient oxygen exchange across
the soil-air interface, and we set the external concentration of oxygen such that ¢, x,; = 10 mg/L. As a result,

modeled oxygen concentrations at the top boundary remain near saturation (10 mg/L).

For O,, NH,, NO5, NO,, and DOC, R; included terms for nitrification, aerobic respiration, and two-step deni-
trification, which were treated according to Monod kinetics (Table 2):

Ro, = —xI'ar — 'nir 4
Ry, = —0.5Inir + YU AR + ¥Toai + Yl ne )
Rno, = 0.5\t — 2xI'pNy (6)
4
RN02 = 2xI'pn; — gXFDNZ ™
Rpoc = —xIar — xI'pni — XI'pne ®

Oxygen was treated as an inhibitor for denitrification.

In the case of NH,, we included instantaneous (equilibrium) reversible sorption (cy; = k;; ¢;) with a sorption
isotherm that varied exponentially with chloride concentration (a proxy for salinity):
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Table 1
Numerical Model Parameters and Definitions
Definition Value
Parameter
D Free diffusion coefficient in liquid 5% 1078 m%s
D, Free diffusion coefficient in gas 3% 1077 ms (2 x107-2 x107%)
g Gravitational acceleration 9.81 m/s*
kg Saturated permeability 1.24 x 107" m? (organic I), 1.63 X 107" m? (organic II)
2.73 x 107" m? (mineral 1), 1.26 x 10~'" m? (mineral II)
m Van Genuchten parameter 0.6
n Van Genuchten parameter 2.5
S Storage coefficient 1.66 x 107° Pa™! (organic), 1.56 X 10™° Pa™" (mineral)
x:y C:N production ratio from mineralization of OM 15:1 (10:1-25:1)
a Van Genuchten parameter 4m™!
p Coefficient for linear sorption isotherm, NH, -2
Ksi 0 Coefficient for linear sorption isotherm, NH, 2 mL/g
u Dynamic viscosity 0.001 Pa-s
p Water density 1,000 kg/m?
Pe Grain density 2,600 kg/m®
6, Porosity 0.40 (organic), 0.45 (mineral)
6. Residual volumetric water content 0.05 (organic), 0.05 (mineral)
Carbon mass transfer coefficient 107757
Seom Fraction of soluble organic matter 0.0801 (organic I), 0.0889 (organic II), 0.0033 (mineral I), 0.0062 (mineral II)
B Biomass 10~* mol/m®
Ky Mass-transfer distribution coefficient for carbon 2 m/kg
kr0, Oxygen inhibition constant 0.18 mg/L (0.1-2)
ky poc Half saturation constant, DOC 6 mg/L
kyNH, Half saturation constant, NH, 0.2 mg/L
kyNo, Half saturation constant, NO; 1.6 mg/L
kyNo, Half saturation constant, NO, 0.1 mg/L
ks0, Half saturation constant, O, 3 mg/L
VAR Maximum specific aerobic respiration rate 2.75 hr™' (1-10)
VNIT Maximum specific nitrification rate 7.5 hr™! (1-10)
VDN1 Maximum specific denitrification rate, step 1 3.75 hr™' (0.5-5)
VDN2 Maximum specific denitrification rate, step 2 8.9 hr™! (1-10)
Boundary conditions
Gow Infiltration rate during flood 1.8 X 107> m/s
CDOC.sw DOC in seawater flood 0.9 mg/L
CNO sw NO;-N in seawater flood 0.13 mg/L
CONH, 5w NH,-N in seawater flood 0.01 mg/L
CNOysw NO,-N in seawater flood 0.003 mg/L
CoWew O, in seawater flood 10 mg/L
CClsw Cl in seawater flood 20.6 g/L
CpOC,gw DOC in groundwater at base (open boundary) 1.46 mg/L
CNOs gw NO;-N in groundwater at base (open boundary) 16.5 mg/L
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Table 1
Continued
Definition Value
CNOgw NO,-N in groundwater at base (open boundary) 0.05 mg/L
CNH,.gw NH,-N in groundwater at base (open boundary) 0.01 mg/L
€o,.gw O, in groundwater at base (open boundary) 0.77 mg/L
Cainy Cl in groundwater at base (open boundary) 75 mg/L

Note. Ranges for the 7 parameters that we randomly varied to improve model fit are shown in italics with parentheses. Unless specified otherwise, parameter values were

uniform throughout the column.

Ks,i = Ks,i() exP(‘ﬁ a ) (9)

CCl,sw
Note that, neglecting changes in p,4, the second term on the left side of Equation 3 is:

9pracs.) = Pbd"s’i(cd)<

ac; pc; dcg
—_——— 10
3 (10)

Jat CClsw Jat

where the last term acts as a source of NH, due to desorption at moving salinity fronts (implemented in the
numerical model as a source term, Qcy Ni,)-

To represent a kinetically limited source of DOC from soils and sediments, we included a reversible first-order
mass-transfer reaction (Jardine, 1992):

Oexpoc = Prad(fsom — Kacnoc) (11)

where a is the carbon mass transfer coefficient [1/s], f;,, is soluble organic matter content [kg/kg] (here, assumed
equal to the measured organic matter content in organic layers and half the organic matter content in mineral
layers), and K, is the distribution coefficient between SOM and DOC [m3/kg] (Table 1). This formulation as-
sumes that soil and sediment sources of DOC are not substantially depleted over the timescale of this study
(approximately 2 weeks). The model also makes the following noteworthy simplifications: (a) microbial and plant
uptake are negligible, and microbial biomass is constant, (b) root exudates are negligible, (c) each layer is ho-
mogeneous (preferential flow paths are not represented).

The model was run in COMSOL (COMSOL AB, 2023) and was initialized by allowing the column to drain from
a fully saturated state for 10 days. The upper boundary during this initialization step was treated as a no-flux
boundary for all solutes except oxygen, which was able to exchange with the atmosphere via the convective-
type boundary. The base was treated as a convective outflow boundary. Pore water concentrations were
initialized with the same concentration as the groundwater end-member (Table 1). The 10-day initialization step
was sufficient for all chemical species, including DOC and NH,, to achieve new equilibrium concentrations
reflective of respiration processes and DOC solubilization in the unsaturated pores. The final saturation state and
pore water concentrations were then used as initial conditions for the model of the experiment. Hydraulic head
was specified at the base of the column to follow linear changes similar to the experiment. For chemical transport,

::Z:Z;—Phase Reactions Included in the Numerical Model, Their Stoichiometry, and Kinetic Rate Terms

Reaction Stoichiometry Monod term

Aerobic respiration (CH,0)(NH,*), + X0, — xCO, + yNH,* + xH,0 Tar = vARB(ﬁ) (k§_02‘$ 0)
Nitrification 0, + 12NH,* — 12NO,~ + H + 1/2H,0 Tngr = B (ﬁ) (kzj %z)
Denitrification Step 1 (CH,0),(NH, "), + 2xNO; ™ — xCO, + yNH,* + xH,0 + 2xNO,” Toni = VDNIB(,(‘_NCCDch) (kfo) (ko"‘;)
Denitrification Step 2 (CH,0),(NH, "), + 4/3xNO,” — xCO, + yNH,* + 5/3xH,0 + 2/3xN, Tonz = VDNZB<k"DOZD_?_CCDOC) (k;) (k"+2)
ROUMELIS ET AL. 9 of 26
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Table 3
Soil Characteristics in the Column
Layer Depth (cm) Oxidizable C (%) OM (%) d,o (mm) dso (mm) K, (m/s)
Organic 11 0-10 4.62 8.89 0.08 0.45 1.63 x 107*
Organic I 10-30 3.31 8.01 0.08 0.54 124 x 107*
Mineral 1T 30-60 0.35 2.48 0.07 0.23 126 x 107*
Mineral I 60-100 0.86 1.32 0.35 1.42 273 x 1073

Note. d,, is the Tenth percentile grain diameter, dy, is the median grain diameter, and K is saturated hydraulic conductivity
calculated using the Hazen method.

the base was treated as a mixed boundary. Concentrations were set to match groundwater in the tank (Table 1)
except when water flowed out, at which time the base was treated as a convective outflow boundary. The top was
treated as a no-flow boundary for water and solutes (excluding oxygen), except during the seawater flood, when a
constant mass flux of water was prescribed at the top and solute concentrations were set to seawater values. Sides
were treated as no-flow boundaries for both water and solutes. The domain was discretized with regular quad-
rilateral elements with maximum height of 2.5 mm. We used an adaptive time step limited by the Courant number
with a maximum step size of 0.001 days.

Some model parameters like maximum specific reaction rates were not measured directly but play an important
role in the fate of NO;. To constrain model parameters, we first performed a visual fit with trial and error. We then
ran a set of 100 simulations where we randomly varied 7 model parameters selected from reported ranges
(Table 1). We selected the 7 parameters based on the experience gained from our efforts to visually fit the
experimental observations. We did not vary any hydrologic parameters such as permeability and van Genuchten
constants because those parameters were set by soil texture and constrained by soil moisture and tensiometer data.
We did vary the oxygen inhibition constant to allow for the possible co-respiration of oxygen and NOj; in the
single-porosity domain, as incubations of sandy marine sediments have shown that oxygen does not always act as
a strong inhibitor (Gao et al., 2010), but the best-fitting model ultimately had strong inhibition (Table 1). We
selected the best-fitting scenario from the 100 runs based on the root mean square error between modeled and
measured NO; and DOC concentrations. The improvement over the best trial-and-error fit was modest. We did
not attempt further calibration for a number of reasons. Most importantly, the data suggest preferential flow (e.g.,
along roots) that cannot easily be captured by our model. Furthermore, despite our effort to minimize sample
volumes and limit sample frequency, it is possible that sampling occasionally disturbed steeper geochemical
gradients, especially near boundaries between soil layers. Under these conditions, calibrating the model to the
data may in fact lead to less realistic parameter values and would not substantially increase the insights from an
uncalibrated model. The main goal of the model was to reproduce salient characteristics of the experimental
observations through a relatively simple, scalable approach and then use the model to elucidate key transport
processes in various soil layers during water table fluctuations.

3. Results
3.1. Soil Properties and Hydraulic Conductivity

The percent of organic matter is lowest at the base of the column and increases upward through the organic soils at
the surface (Table 3). The saturated hydraulic conductivity from grain size analysis varies from 2.73 x 107> m/s to
1.24 x 10™* m/s across the four layers. The effective saturated hydraulic conductivity from infiltration data was
estimated to be 1.6 X 10> m/s, which is an order of magnitude less than estimates from grain size analysis but still
within the expected range for the sediment textures in the column (Freeze & Cherry, 1979). The saturated hy-
draulic conductivity of the mineral I layer (2.73 x 10> m/s) from the Hazen method agrees well with estimates
for the unconfined aquifer at the site (Martinez-Pérez et al., 2022).

3.2. End-Member Chemistry

Groundwater that entered the column remained relatively stable in measured water quality parameters over the
course of the experiment. Average recorded pH was 7.26 (standard deviation (6) = 0.2), ORP was 167.6 mV
(6 = 43 mV), and electrical conductivity was 978.8 pS/cm (¢ = 3.2 pS/cm). Average dissolved oxygen
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concentration was 0.77 mg/L (6 = 0.64 mg/L). Concentrations of NO,-N, NH,-N, and DOC were low (0.017,
0.01, and 1.46 mg/L, respectively), while NO5-N was elevated (average of 16.5 mg/L, ¢ = 0.6 mg/L).

Seawater used to flood the column on day 14 had a recorded pH of 7.99, ORP of 101 mV, and specific con-
ductivity of 55.35 mS/cm. The dissolved oxygen concentration is unknown but was likely saturated. NO;-N was
low (0.129 mg/L) compared to the groundwater end-member.

3.3. Observations Within the Column

Redox potential (Eh) measured with in-situ sensors displayed significant variability among layers. It remained
stable in the uppermost organic layer, where the 10 cm sensor ranged between 71.3 and 386.2 mV (average of
146.0 mV), indicating slightly reducing conditions, despite the potential for rapid oxygen exchange with the
atmosphere (Figure 3a). Low Eh values are consistent with the high concentrations of DOC in pore water at 10 cm
(Figure 4d). In comparison, in the Mineral II layer at 40 cm, where soil saturation varied strongly over the
experiment, Eh ranged widely (47.5-671.6 mV, average 561.7 mV; Figure 3c). Eh gradually declined while the
water table was high (days 2—4 and 6-8) (Figure 3c). But Eh increased abruptly when the water table dropped
below 40 cm at days 4 and 8, and then continued to increase more gradually toward a stable value above 600 mV
over the following 1-2 days. The latter value suggests that the sensor was in contact with water in equilibrium
with atmospheric oxygen (the sensor was located in the capillary fringe at the time). It is therefore clear that
oxygen-rich air flowed down through the reducing topsoil at 10 cm (Figure 3a), entered the draining pores of the
mineral layer, and increased the redox potential at 40 cm (Figure 3c). Interestingly, Eh did not vary strongly
during fast water table fluctuations (day 11) or the seawater flood (day 14) at this depth (Figure 3c). At 100 cm,
where the column was always saturated, the average Eh was 3.88 mV, and Eh varied between —239.2 and
524.7 mV as flow alternated between the influx of fresh groundwater and the discharge of column pore water
(Figure 3d). Eh increased from —236 to 24.5 mV in response to the seawater flood on day 14 (Figure 3d).

NOj; concentrations in the column were generally less than the concentration of incoming groundwater
(Figure 4a). Concentrations decreased upwards as NO5-rich groundwater interacted with shallower, organic-rich
soils, except at the shallowest depth (10 cm), where concentration again increased (Figure 4a). Overall, the lowest
average concentration of NO5-N (5.92 mg/L) occurred at 40 cm. This depth also had depleted levels of NO,-N
(average of 0.03 mg/L) and NH,-N (average of 0.12 mg/L) compared to greater depths and incoming ground-
water. DOC concentrations increased steadily up the column from 2.02 mg/L at 100 cm to 71.9 mg/L at 10 cm
(Figure 4d), consistent with a sediment source in the organic layers (and, to a lesser extent, the mineral layers)
(Table 3). This, in combination with the pattern of NO5 concentration, suggests NO; was removed by denitri-
fication. The gradually declining trends in NO; concentration over time also imply substantial denitrification
under saturated conditions (Figure 3c).

As the water table rose on day 2 and 6, NO; concentrations tended to increase abruptly, as NOj-rich groundwater
flooded the column, and then decline under stagnant conditions, presumably due to denitrification (dashed lines in
Figures 3a, 3b, and 3d). For example, at 25 cm (Figures 3b and 5a), NO5;-N concentrations rose rapidly by
7.41 mg/L on day 2 as the water table rose. Concentrations then gradually fell over 2 days by 16.7 mg/L before the
water table fell again on day 4. This gradual decline during the 2 days before the water table fell can only be
explained by chemical transformation and not advection or mixing of new water sources, as no flow would have
been occurring while the water table was static. Also during days 2—4, NH,-N concentrations gradually rose by
0.79 mg/L (Figure 5b). Conversely, NO,-N concentrations remained unchanged during the first day (from day 2
until day 3) and then increased by 0.19 mg/L from day 3—4. In contrast, at 40 and 55 cm within the Mineral II
layer, when the water table rose on days 2 and 6, NO; concentrations initially increased for a few hours, pre-
sumably due to nitrification driven by trapped oxygen. Then, concentrations gradually declined (as at 25 cm) due
to denitrification (dashed lines in Figure 3c). These two sampling points were located in the capillary fringe when
the water table was low. Additionally, NH, concentrations in the Mineral II layer did not increase as much as at
25 cm under sustained saturated conditions (compare Figures 5b and 5Se).

DOC dynamics over sustained 2-day cycles were most evident in the shallow, organic layers (Figures 6a and 6b)
where the organic matter in the soil was greatest. DOC concentrations rapidly decreased as the water table rose
and remained at a similar concentration during static conditions (Figures 6a and 6b). When the water table fell,
DOC concentrations increased again as DOC was transported down into deeper layers with flowing groundwater.
The responses across both 2-day fluctuations were similar but with a decreasing trend as the experiment
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Figure 3. NO;-N

t[d]

(symbols, left axis) over time at each sampled depth and continuous redox potential (Eh) (red curves, measured at 10, 40 and 100 cm) in the four layers

of the column (a—d). Gray shading denotes a high water table (Figure 2c). Blue shading on day 14 represents seawater flooding the top of the column (NO;-N
concentration in seawater = 0.129 mg/L).

progressed. For example, at 10 cm, the concentration immediately after the water table rose on day 6 was
14.95 mg/L less than the concentration immediately after the water table rose on day 2 (Figure 6a). Similarly,
there was a 14.25 mg/L difference in DOC concentrations when the water table was lowered on days 4 and 8
(Figure 6a). This gradually declining pattern occurred in the deeper layers as well, although it was not as dramatic
due to the already low DOC concentrations there (Figures 6d—6g).

During faster, half-day fluctuations (day 11), NO; fluctuations still occurred at most depths (Figure 3). Some of
the largest observed fluctuations (differences of ~6—7 mg/L) occurred in the mineral layers (e.g., at 55 and 85 cm)
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Figure 4. Distribution of measured NO;-N (a), NO,-N (b), NH,-N (c), and dissolved organic carbon (d) in pore water at each depth. Dashed lines represent soil layer
boundaries. Note the difference in horizontal axis for NO;-N, NH,-N, and NO,-N. Samples below detection are shown as 0 mg/L. The only potential sources of N and C
in the column are incoming groundwater (which is similar to the chemistry at 100 cm) and organic matter in the soils. Concentrations that exceed the concentration at
100 c¢cm indicate a source, and those less than the concentration at 100 cm indicate a sink.

near the top of the saturated zone (Figures 3c and 3d). Meanwhile, NH, and NO, were more stable (Figure 5e).
For example, at 40 cm (Figures 5d and 5e), NO3;-N concentrations varied by 1.07 mg/L over the half-day fluc-
tuations (Figure 5d), while NH,-N and NO,-N only varied by 0.02 and <0.01 mg/L, respectively (Figure Se).
DOC concentrations were generally relatively stable over the short, half-day fluctuations, except at 25 cm in the
bottom of the Organic I layer, near the interface with mineral layers, where fluctuations on the order of 15 mg/L
were evident (Figure 5c).

The seawater flood on day 14 introduced oxic water that was relatively low in NO5-N (0.129 mg/L) and moderate
in DOC (6.21 mg/L). As this water infiltrated the column, NH,, NO3, and NO, concentrations increased rapidly at
most depths (Figures 3 and 5, Figure S2 in Supporting Information S1). The largest abrupt increases in NH,
occurred at 25 and 40 cm (Figure 5e). At 25 cm in the organic-rich soils, the NH,-N concentration was 0.05 mg/L
before the flood and 1.54 mg/L 2 hr following the flood (Figure 6). At 55 cm in the mineral II layer, an abrupt
increase was not detected during the flood, but a substantial increase to 1.64 mg/L was measured 19 hr later (not
shown). The largest observed increase in NO5-N occurred at 25 cm (Figure 5b), with a concentration of 4.10 mg/L
before the flood and 28.4 mg/L 2 hr after the flood. Unfortunately, no final samples were collected from this depth
to ascertain whether concentrations remained elevated in the 1-2 days that followed. At a depth of 40 cm, the
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Figure 5. Measured (points) and modeled (solid curves) N species concentrations (upper two rows) and dissolved organic carbon concentrations (lower row) at three
representative depths in the column: 25 cm (a—), 40 cm (d—f), and 70 cm (g—i). Continuous volumetric water content (6) measured with the soil moisture sensor at 20 cm
is also shown for comparison in panel (a) (black solid line).

NOs-N concentration similarly increased the day after the flood to 24.8 mg/L (Figure 5d). NO,-N concentrations
remained low during the flood, with increases of less than 0.78 mg/L and 0.006 mg/L in the organic layers at
10 cm (not shown) and 25 cm depths (Figure 5b), respectively. In the more mineral layers immediately below,
when final samples were collected on day 15, the NO,-N concentrations had increased from 0.14 to 0.45 mg/L at
40 cm (Figure 5e) and from 0.23 to 0.79 mg/L at 55 cm (not shown). Meanwhile, the concentration of NH,-N at
40 cm decreased back to near pre-flood values (0.06 mg/L) (Figure 5e, Figure S2 in Supporting Information S1).

Also during the seawater flood, DOC concentrations in shallow soils at 10 cm decreased to a minimum of
41.4 mg/L, as seawater of low DOC concentration infiltrated (Figure 6a). At 40 cm, the DOC concentration
decreased from 78.6 mg/L 2 hr before the flood to 4.1 mg/L 2 hr after the flood (Figure 6¢). At 55 cm, there was an
increase to 31.5 mg/L during the flood and partial recovery to 22.9 mg/L 2 hr after the flood (Figure 6¢). At 70 cm
and 85 cm, there was an initial decrease in DOC concentration followed by a spike, 2 hr after the flood, to 17.2 and
22.2 mg/L, respectively, as DOC-rich pore water from organic soils entered the deeper saturated zone (Figure 6d).
At 100 cm, there was a spike in DOC concentration to 8.3 mg/L during the flood and 7.5 mg/L 2 hr after the
flooding event (Figure 6d).

3.4. Model-Based Insights

The numerical model captures several key behaviors prior to flooding, including: (a) consumption of oxygen
followed by NO; when the water table remained high for multiple days (days 2—4 and 6-8 in Figure 7a), which is
consistent with the observed decline in redox potential near the water table at 40 cm (Figure 3c) and decline in
NOj; concentrations at most depths (Figures 3a—3c), (b) the gradual decline in NO; near the interface between
organic and mineral layers, particularly evident at 40 cm (Figures 3c, 5d, and 5g), leading to the development of a
depleted zone near the middle of the column (Figures 4a, 5d, and 7b), (c) the gradual accumulation of NH,,
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Figure 6. Measured dissolved organic carbon (DOC) concentrations (symbols, left axis) over time at each sampled depth and continuous redox potential (Eh) (red
curves, measured at 10, 40, and 100 cm depths) in the four layers of the column (a—d). Gray shading denotes a high water table (Figure 2c). Blue shading on day 14
represents the seawater flood where Mediterranean water was introduced to the top of the column (DOC concentration in seawater = 0.9 mg/L). Note smaller
concentration range for deeper locations in panel (d).

particularly in shallow organic layers (Figures 5b, Se, 5h, and 7c), and strong gradients in DOC concentration
across soil layers (Figures 5S¢, 5f, 51, and 7d).

During the model flood event, a large pool of NH,-N desorbed from soils as saline water moved downward,
leading to peak pore water concentrations on the order of 2 mg/L, consistent with observations (Figures 5e and
7¢). As infiltrating seawater mixed with pore water that had been held in the vadose zone under tension, dissolved
oxygen, NO;, and DOC migrated downward by advection in the model (Figures 7a, 7b, and 7d). Salinity-
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Figure 7. Depth-time contours of modeled concentrations in panels (a) dissolved oxygen (O,), (b) NO5-N, (c) NH,-N, and (d) dissolved organic carbon, along with
(e) the rate of production or removal of NO;-N (R) due to nitrification and denitrification. Blue line indicates the position of the water table. Flooding with seawater
occurred at the end of day 13.
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Figure 8. Spatially integrated rates of NO;-N production or removal (the imbalance between nitrification and denitrification) in each soil layer (colors) and the overall
column (black curve) within the model. Gray shading denotes a high water table. Blue shading on day 14 represents the flood when seawater was introduced to the top of

the column.

dependent sorption of DOC was not needed to produce a downward pulse of DOC within reasonable range of
observations at most depths (e.g., Figure 5f) because the pore water in the vadose zone had large concentrations of
DOC (>50 mg/L), though the model did underestimate the DOC pulse at 70 cm (Figure 5i).

Modeled reaction rates varied strongly in both space and time due to variations in the supply of oxygen (controlled
by saturation) and DOC (released by shallow soil layers) (Figure 7e). In general, the unsaturated zone above the
capillary fringe was not a strong sink for NO; due to abundant oxygen (Figure 7a) and NH, from the mineral-
ization of organic N (Figure 7c) that drove nitrification. A hotspot of nitrification also occurred in the unsaturated
zone following the seawater flood due to the pulse of oxygen and NH, from above (Figure 7e). The Organic I
layer (15-30 cm) acted as a hotspot of denitrification and thus a sink of NO; whenever the water table rose and
saturated the pore space because of the local supply of DOC from organic matter and restricted supply of oxygen
from the atmosphere (Figure 7¢). When the water table fell, the draining Mineral II layer (30-60 cm) continued to
act as a denitrification hotspot until DOC from shallower layers was consumed (Figure 7d) and concentrations of
oxygen increased (Figure 7a). A similar behavior occurred almost 2 days after the seawater flood as reducing
conditions re-established in the capillary fringe (Figure 7e).

Integrating the rates of NO; production and removal over the entire column, denitrification always outpaced
nitrification (black line, Figure 8). The NO; removal rate increased substantially during periods with a pro-
longingly elevated water table (days 2—4 and 6-8), as saturated organic-rich soil layers switched from aerobic to
anaerobic conditions. These model results are consistent with downward trends in Eh at 40 cm during the same
periods (Figure 3c). Interestingly, modeled NO; removal rates barely fluctuated at all when the water table rose
and fell over shorter timescales on day 11 (Figure 8), also consistent with stable Eh sensor data (Figure 3c).
Saturated conditions in the more organic-rich soils did not persist long enough to consume oxygen and enable
rapid denitrification (Figure 7a). During the flood event, the column remained an overall net sink for NO3, but a
weaker one (Figure 8). The downward-moving pulse of inorganic N from shallow soil layers lingered near the
bottom of the vadose zone (Figure 7b). There, denitrification effectively removed much of the NO; within 2 days,
despite the influx of oxygen with flood waters, due to the abundance of DOC in shallow soils.

It is clear, however, that the model does not capture some of the features observed in the experiment (Figure 5).
Perhaps the most significant one is the non-monotonic variation in Eh (and, presumably, oxygen) at shallower
depths (Figure 3), which helps explain the poorer agreement between measured and modeled N species at 25 and
40 cm (Figure 5). The observations suggest that oxygen-rich air flowed through the reducing topsoil layer into the
draining pore space when the water table was lowered, where it caused an increase in redox potential (Figure 6c¢).
This multiphase flow behavior could perhaps be reproduced with the Richard equation, but we would need a
multi-continuum approach to maintain the observed anaerobic conditions in the topsoil as air flows through it.
Aerobic and anaerobic respiration sites can co-exist in organic-rich soils due to strong gradients in oxygen and
carbon at the pore scale (Borer et al., 2018) and have also been invoked in permeable coastal sands to explain high
denitrification rates under bulk oxic conditions (Santos et al., 2012). Such pore-scale heterogeneities are clearly
present within the column. Wang et al. (2022) incorporated them in reactive transport models by means of multi-
rate-mass-transfer approaches to illustrate geochemical localization (i.e., the occurrence of local micro envi-
ronments favoring reactions that would not occur in a fully mixed environments). However, representing them in
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Figure 9. Conceptual diagram of hydrologic processes that affect N fate near the water table and dominant reactions. Equations for nitrification and denitrification are

available in Table 2.

our model would have required a large number of additional parameters to represent water retention and reactivity
in immobile regions in each layer and would have transformed the modeling exercise into a fitting exercise, which
was not our goal. What is clear is that a Richards approach is not sufficient to reproduce our observation. Still, the
geochemical model appears adequate, as the model reproduces overall trends. The model approach also has the
advantage of being tractable for larger-scale studies of N transport in coastal systems (e.g., Heiss et al., 2017; Li
et al., 2024). The main limitation is that the model produces high concentrations of oxygen throughout the vadose
zone when the water table drops, even in organic-rich soils, which prevents a rapid switch to denitrification and
drawdown of NO; when the water table rises in organic-rich soils, as observed.

4. Discussion

Water table dynamics alter N fate in shallow aquifers by regulating the supply of both carbon and oxygen. The
three main dynamics investigated in this experiment were: (a) elevating the water table, (b) lowering the water
table, and (c) flooding the surface with seawater (Figure 9).

4.1. Biogeochemical Responses to Water Table Fluctuations

As the water table rose, the observed changes in NOj; in the vadose zone were consistent with the upward transport
of NOj-rich groundwater from below, followed by fast removal throughout the column, but especially in organic-
rich soils (Figure 3a). During periods with a sustained high water table (days 68 in Figure 10a), NO; concen-
trations in porewater samples decreased at every sampling depth except 85 cm. We assume that the primary
removal process was denitrification and did not include other reactions that consume NOj in our model. Other
pathways for NO; consumption include Anammox and dissimilatory nitrate reduction to ammonium (DNRA).
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Figure 10. Depth profiles of NO5-N over two dynamic periods: (a) days 6 and 8 (immediately after and two days after an
increase in water table elevation), and (b) days 13—15 (1 day before, 2 hr after, and 1 day after the seawater flood). Circles
indicate measurements, while dashed lines indicate model profiles. (c) Volumetric water content () measured at 20 cm
depth.

DNRA often occurs in extremely reducing environments (Buresh & Patrick, 1981). Given that our system is not
extremely reducing near the water table (Eh was generally in the range of 300-600 mV at 40 cm), we do not
attribute much NO; removal to DNRA. Observations and models both suggest that when the water table rises, the
increase in saturation state reduces the supply of oxygen from the atmosphere to pore waters. Any remaining
oxygen is rapidly consumed in microbial respiration (Figure 7a), allowing for microbes to use NOj as the electron
acceptor (Rivett et al., 2008) (Figure 7b). The consumption of oxygen can be inferred not only from the con-
sumption of NO5 due to denitrification, which is inhibited by oxygen, but also from the decline in Eh at 40 cm
depth (from 638.6 to 402.7 mV between days 2—4 and from 619.8 to 53.6 mV between days 6-8) (Figure 3). In
fact, at this depth, denitrification did not start immediately. Instead, nitrification may have occurred during the
first few hours (note dashed curves in Figure 3c), which probably reflects oxygen exchange from trapped air
bubbles in the rising water table (Haberer et al., 2012). The fact that this early nitrification is not reflected in NH,
concentrations probably suggests that most NH, is adsorbed.

When the water table fell, oxygen was rapidly drawn into the drained pores, as inferred from Eh measurements.
Eh increased abruptly at 40 cm depth (days 4 and 8 in Figure 3c), even while it remained low in overlying topsoil
at 10 cm depth. The downward flowing water that was replaced by air was also anoxic, as suggested by the
reduction of NO; during the previous high water period (Figures 3a and 3b, days 2—4 and 6 to 8). This process is
akin to “aquifer breathing”—the lowering of the water table creates the void space to be filled by air, much as the
diaphragm creates void space in the lungs to suck air. Note that after an initially abrupt increase, it still takes
almost a full day for the Eh sensor at 40 cm to equilibrate with atmospheric air (some 600 mV at days 5 and 9),
which we assume reflects both oxygen diffusion within well connected pores in the mineral layers and the delayed
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downward flow of pore water. This oxygenation causes a switch from denitrification to aerobic respiration. Thus,
lowering the water table tends to slow the rate of denitrification (Figure 8, days 4 and 8). Downward flow also
slows denitrification by disconnecting groundwater from sediment sources of DOC in organic soils (McClain
et al., 2003) (Figure 9). DOC that travels downward with groundwater may continue to drive NO; reduction at
depth until DOC (or NOj) are depleted.

In summary, when the water table rises into organic soil layers, the newly saturated vadose zone becomes a site of
mixing between DOC from the local soils and NO; from rising groundwater, allowing a hotspot of denitrification
(McClain et al., 2003) (Figure 9, Elevated Water Table condition). DOC concentrations initially decrease upon
saturation as groundwater that is relatively depleted in DOC fills the pores, but then concentrations gradually
recover over hours to days, as new DOC from the soil is leached into the porewater (Figure 7d). Since the supply
of DOC commonly limits denitrification in NOs-rich groundwater (Green et al., 2008; Tesoriero & Puck-
ett, 2011), the mass loss of NO; under sustained saturated conditions should be greatest at shallower depths where
more organic matter is present (DeSimone & Howes, 1998). It is then unsurprising that the greatest observed mass
removal (as indicated by the change in concentration during the 2-day period when the water table remained high
and flow was negligible) occurred at 10 cm, where DOC concentrations were greatest (Figure 10a). The model
suggests a slightly deeper hotspot of removal around 30 cm, near the base of the Organic I layer where NO5-rich
groundwater interacts with DOC from organic-rich soils (Figure 7e). The difference may be due to model sim-
plifications, including uniform bacterial biomass concentration. Biomass, and thus respiration rate, were likely
greater at shallower depths with more DOC (e.g., Caruso et al., 2017; Monterroso et al., 2024), so including
microbial growth and decay in the model would have increased oxygen and NO; depletion at shallower depths.

In total, we calculate from our observations that 1.12 g of NO,-N were removed from groundwater over a 1 m>
map-view area during the 50-cm sustained rise in the water table (Table S1 in Supporting Information S1), while
the model suggests a total removal of 0.724. These calculations are based on the difference in total mass of NO5-N
in pore water at the start of the high water table condition on day 6 and the end of the high water table condition on
day 8 (Figure 10a, Table S1 in Supporting Information S1). This experiment thus shows the potential for
measurable and substantial mass reduction of NOj; in groundwater through denitrification as the water table rises
into organic layers with abundant DOC, consistent with field observations from Hefting et al. (2004). Water table
cycles that saturate and drain organic-rich soils provide an important mechanism for supplying electron donors
and acceptors to coastal aquifers, particularly where clean sand deposits are capped by organic-rich soils such as
in salt marshes (Guimond & Tamborski, 2021).

4.2. Biogeochemical Responses to Seawater Flooding

In both observations and the model, the seawater flood mobilized large quantities of dissolved inorganic nitrogen
in shallow soils, due to both the salinity-driven desorption of NH, from sediments and relatively conservative
transport of pre-existing NOjs in soil water. Saltwater has been shown to impact NH, through cation exchange in
numerous studies, though salinity-dependent NH, sorption is rarely included in reactive transport models for
coastal aquifers. Duckworth and Cresser (1991) showed an increase in NH, concentrations in pore water with the
addition of NaCl to a maritime forest soils but concluded that this had little impact on NO; mobility over a 10 days
experiment. Compton and Church (2011) used a series of soil column batch experiments to test the short- and
long-term effects of sea salt on N cycling in coastal Oregon soils. They concluded that NH, was quickly mobilized
with the addition of sea salt, but little NO; was released, similarly to Duckworth and Cresser (1991). However,
during their month-long incubation Compton and Church (2011) found significant increases in both NH, and NO;
and concluded that both incubation time and NaCl concentrations are an important factor in NO; mobilization.
Our measurements during the seawater flood on day 14 (Figure 5) are consistent with these studies. We observed
rapid NH, mobilization that could not be explained by advection alone and therefore chose to include salinity-
dependent NH, sorption in the model. The pulse of NH, was accompanied by a pulse of NO;, but the NO;
pulse mainly originated from the pre-existing pool of NOj in soil water prior to the flood (Figure 7b).

While the pulse of NH, from sediments can be nitrified in the presence of oxygen in infiltrating seawater
(Figure 9) (Duckworth & Cresser, 1991), NO5 can subsequently be consumed by denitrification due to the
presence of DOC from soils. Here, the spike in both NH, and NO; concentrations that traveled downward through
the vadose zone did not contribute much N to the saturated zone (Figures 7b and 7¢) for two reasons: (a) the flood
was short, so the vadose zone never became fully saturated and the pulse of inorganic N lingered above the water

ROUMELIS ET AL.

20 of 26

STOT “€LOLYYO1

1

a

:sdny wouy

sdny) suonIpuo) pue suud [ 3y 335 “[$Z0¢/10/€ 1] U0 A1eIqrT uIuQ A1 * BIS OO ANSIOAIUN AIVIS OO - JoAmes K2Ipny Aq LS0SEOUMFTOT/6T01 01/10p/w0d Kafiav”

SULID}/WO0Y" K[ 1M

P!

9SUSOIT SUOWIO)) dANLI)) d]qedtjdde o) Aq pauroA0S aie sa[onIe Y oSN Jo sa[nI 10§ K1eiqr] duluQ AJ[IAy UO (SUony



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2024WR038087

table (Figure 7b), and (b) denitrification began to remove the lingering NO; near the water table in the day
following the flood, thanks to an abundant supply of DOC (Figures 7d and 7e).

Comparing the NO;-N profiles before and 1 day after the flood on days 13 and 15 (Figure 10b), we estimate that
the mass of NO5-N in pore water increased by 3.16 g over a 1 m? plan-view area (Figure 10b, Table S2 in
Supporting Information S1). However, this value is particularly uncertain because the NO5-N concentration at the
shallowest depth (10 cm) was not measured prior to the flood. In comparison, the model suggests the mass of
NO;-N decreased by 0.767 g, due in part to flushing of NO5-N from shallow soils into deeper zones of deni-
trification (Figure 10b).

The source of NO; to shallow groundwater during a flood should ultimately depend on this balance between
advective travel time and denitrification rate (which is often limited by DOC) (Green et al., 2008), both of which
vary with floods of different duration. As a test, we ran an additional computer simulation where we flooded the
top of the column for 3 times longer (3 hr) (Figure 11). In this scenario, nearly the entire column saturated with
oxygen-rich water around 14 days (Figure 11a). NO; from shallow soils flowed out through the base of the
column (Figure 11b). In a natural system, this outflow would represent transport to greater depth, where deni-
trification could be limited if the sediment source of DOC is smaller there. NH, was again mobilized due to the
salinity change. In this case, NH, entered the deepest mineral layer (compare Figures 7c and 11c¢). Nitrification
dominated in shallow groundwater after the flood (Figure 11e). Therefore, the plume of NH, acted as a gradual
(but small) source of NO; (Figure 11c). We interpret that longer floods have the potential to contribute more NO;
to coastal aquifers by mobilizing both NO; and NH, in soils and promoting nitrification in shallow groundwater.

4.3. Implications

Dynamics in water table elevation and saturation state in coastal aquifers exert a dominant control on the
sources and sinks of NO;. Resulting NO; concentrations affect the quality of onshore groundwater, an
important drinking water resource for coastal communities (Michael et al., 2017), but also offshore surface
water, as submarine groundwater discharge delivers nutrients to the sea (Valiela et al., 1990). With greater
proximity to the coast, the water table is more responsive to storm surge, wind, waves, and tides, and the land
surface is more vulnerable to episodic flooding. Hydrologic forces are therefore expected to have an important
influence on groundwater quality near the point of discharge. Water table fluctuations that bring NO; from
groundwater in contact with DOC from soils over extended timescales (more than hours) ultimately improve
shallow groundwater quality in areas where DOC availability tends to limit the reduction of groundwater NO;.
This is common in NOj-contaminated aquifers (Seitzinger et al., 2006), including the one in this study, where
molar C:N ratios in groundwater are small (Section 3.2). On the other hand, flooding soils with seawater may
result in a net source of NO; to groundwater due to mobilization of N from soil pore water (Figures 9 and 11).
This finding is consistent with field-based experiments that observed large pulses of dissolved inorganic N in
coastal soils and wetlands inundated by seawater (Ardén et al., 2013; Jun et al., 2013).

The effects of water table fluctuations on N fate and transport should also vary with groundwater and soil
chemistry. For example, in pristine coastal areas where the groundwater is low in NOj, there is potential for both
water table elevation and inundation to supply NOj; to groundwater from the mineralization and mobilization of N
in soils (Barnes et al., 2019; Wallace et al., 2020). Meanwhile, in locations where there are high populations and
sewage systems, NO; concentrations in the vadose zone can exceed concentrations in the groundwater. Although
a rising water table creates anoxic conditions and leads to denitrification with ample DOC, there might not be
enough carbon to serve as an energy source in some coastal soils, and NO; would then enter the groundwater. As
an example, in areas with abundant septic systems such as coastal Rhode Island (USA), the water table is rising on
the order of 1 cm/y due to sea level rise (Cox et al., 2019). As tides and seasonal water table fluctuations bring
groundwater in closer contact with septic systems over longer and more frequent intervals, the risk of N
contamination to groundwater and surface water via submarine groundwater discharge increases.

Our continuous Eh data suggest reactions occur on timescales of hours to days when the water table changes
(Figure 3). Therefore, fast water table fluctuations (as in day 11) transport chemical concentration gradients up
and down without sufficient time to support a sustained source of DOC or consumption of oxygen, leading to
modest changes in N (Figures 3 and 7b). Total mass sources and sinks of N therefore depend on a balance between
the reaction timescale and the timescale of water table fluctuation (Ocampo et al., 2006; Oldham et al., 2013). We
could not directly calculate mass changes from our observations over the faster fluctuations because pore water
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Figure 11. Depth-time contours of modeled concentrations and reaction rates for flood of longer (3-hr) duration: (a) dissolved oxygen (O,), (b) NO5-N, (c) NH,-N,
(d) dissolved organic carbon, and (e) the rate of production or removal of NO;-N (R) due to nitrification and denitrification. Blue line indicates the position of the water
table. Flooding with seawater occurred at the end of day 13.
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samples could only be pulled semi-regularly, due to the slow sample production rates in the unsaturated zone.
However, examining the more sustained fluctuations between days 2 and 4 and 6 and 8, NO; concentrations
decreased steadily over the 2-day period when the water table was elevated (Figure 5). Pairing these along with
our continuous redox measurements (Figure 3), Eh trended towards more reducing conditions over saturated 2-
day periods at 40 cm, where denitrification was favored. At 10 cm, there was little change in the Eh measurements
as the environment was already reducing, likely due to the high levels of DOC measured in the pore water
samples. In contrast, during the rapid fluctuations that occurred on day 11, there were no noticeable fluctuations of
Eh at 10 and 40 cm depths, implying that the soils needed to be saturated for longer periods of time before
becoming more reducing (Figure 3). The pore water NO; concentrations were more variable from 55-100 cm
depths, but model results show that these fluctuations can be explained by advection, specifically the displace-
ment of steep concentration gradients in NO; in groundwater (Figure 7b).

5. Conclusions

The goal of this study was to investigate how water table dynamics influence the fate and transport of N in shallow
coastal aquifers, with a focus on sites with excess groundwater NO5. Our combined observations and model
results show how a rising water table brings groundwater in contact with a fresh source of DOC in shallow,
organic-rich soils, enhancing the removal of NOj; through denitrification. In the topsoil, denitrification starts, as
expected, with extremely fast rates as soon as the rising water table delivers NO5. But in the mineral sediments
beneath, which are more oxic than those above due to the flow of air through preferential pathways in the topsoil
(the “aquifer breathing” effect), NO5 concentrations increase in the initial hours, presumably due to nitrification.
They then decline as the oxygen is consumed, as long as the high water table condition is sustained.

These observations lead to two important claims. First, perturbations that raise the water table for sustained
periods may help remove NO; from contaminated coastal groundwater. Conversely, periods when seawater
overtops and infiltrates the land surface may mobilize inorganic N in the soils, leading to the potential for tightly
coupled nitrification-denitrification. In the absence of a sufficient carbon source, NO; may be transported into the
aquifer, acting as a source of new contamination. Second, aquifers “breathe”—the fluctuating water table pushes
and pulls air through preferential flow paths in otherwise reducing soils. This process might have been antici-
pated, as soils often contain a suite of preferential flow paths, but to our knowledge, it has not been demonstrated
through controlled experiments. This breathing effect helps explain the frequent aerobic conditions in unconfined
aquifers, despite the reducing conditions of most soils.

Data Availability Statement

All observational data and the input files for the numerical models are available in Roumelis (2024).
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