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Abstract Subterranean estuaries (STEs) form in the subsurface where fresh groundwater and seawater meet
and mix. Subterranean estuaries support a variety of biogeochemical processes including those transforming
nitrogen (N). Groundwater is often enriched with dissolved inorganic nitrogen (DIN), and transformations in the
STE determine the fate of that DIN, which may be discharged to coastal waters. Nitrification oxidizes
ammonium (NH4

+) to nitrate, making DIN available for N removal via denitrification. We measured
nitrification at an STE, in Virginia, USA using in situ and ex situ methods including conservative mixing models
informed by in situ geochemical profiles, an in situ experiment with 15NH4

+ tracer injection, and ex situ
sediment slurry incubations with 15NH4

+ tracer addition. All methods indicated nitrification in the STE, but the
ex situ sediment slurries revealed higher rates than both the in situ tracr experiment and mixing model
estimations. Nitrification rates ranged 55.0–183.16 μmol N m−2 d−1 based on mixing models, 94.2–
225 μmol N m−2 d−1 in the in situ tracer experiment, and 36.6–109 μmol N m−2 d−1 slurry incubations. The in
situ tracer experiment revealed higher rates and spatial variation not captured by the other methods. The
geochemical complexity of the STE makes it difficult to replicate in situ conditions with incubations and
calculations based on chemical profiles integrate over longer timescales, therefore, in situ approaches may best
quantify transformation rates. Our data suggest that STE nitrification produces NO3

−, altering the DIN pool
discharged to overlying water via submarine groundwater discharge.

Plain Language Summary Groundwater mixes with coastal waters in subterranean estuaries that
form in the subsurface along coastlines. Groundwater supplies compounds to these systems including nutrients
such as nitrogen. Within the subterranean estuary, nitrogen may be transformed, influencing its availability to
microbes for removal, its flow through sediments to coastal waters, and its availability to primary producers.
Here we measured nitrification, a critical nitrogen cycle process that transforms ammonium to nitrite/nitrate in a
subterranean estuary. We used several methods to measure nitrification including mixing models that rely on
measured nitrogen concentrations across the groundwater salinity gradient, an isotope labeled nitrogen
experiment that allows for tracing of nitrogen in the subsurface over time, and laboratory incubations. All
methods indicated active nitrification in the STE, but the laboratory incubations revealed higher rates than both
the tracer injections and mixing model estimations. Our data suggest that tracer approaches field conditions and
heterogeneity, but that incubations and mixing model estimates are useful for determining control points and net
impacts of the subterranean estuary on groundwater, respectively. Nitrification alters the form of nitrogen that is
transported to overlying water via submarine groundwater discharge and, therefore, may influence the impact of
groundwater derived nitrogen on coastal biogeochemistry.

1. Introduction
As groundwater is transported to the coastal ocean, it passes through the subterranean estuary (STE), a transition
zone along the land‐ocean continuum where groundwater and seawater meet and mix (Moore, 1999). Ground-
water, recirculated seawater, or a mixture of both in the STE can be released to the coastal ocean as submarine
groundwater discharge (SGD) (Moore, 1999; Santos et al., 2021). Groundwater often serves a source of nitrogen
(N) to coastal waters (Cho et al., 2018; Santos et al., 2021), where N is a limiting nutrient regulating ecosystem
productivity (Nixon, 1995). N accumulates in groundwater along the subsurface flow‐path, supplied by organic
matter remineralization, atmospheric deposition, wastewater or septic leaks, and fertilizer leachate (Cole
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et al., 1993, 2006; Valiela et al., 1997). Transport of N via SGD has been estimated to be on the same order of
magnitude as riverine N inputs to the ocean (Cho et al., 2018; Wilson, Anderson, & Song, 2023), groundwater,
therefore, represents an important pathway for nutrients to be transported across the land‐sea interface.

STEs are recognized as important reaction zones where biogeochemical processes influence the concentration
and speciation of redox‐sensitive elements, nutrients, trace metals, and carbon (Anschutz et al., 2016; Beck
et al., 2017; Robinson et al., 2018; Santoro, 2010; Santos et al., 2008). Subsurface conditions in STEs are highly
variable, the result of shifting hydraulic gradients, tidal pumping, wave setup, and steep geochemical profiles
(Abarca et al., 2013; Heiss et al., 2014; Robinson et al., 2014; Slomp & Cappellen, 2004). This variability drives
biogeochemical cycling within STEs, which is especially important to groundwater‐derived N, as it determines
the amount and form of N in SGD (Erler et al., 2014; Kroeger & Charette, 2008; Robinson et al., 2018; Santos
et al., 2021; Wilson, Anderson, & Song, 2023). N transformations in these systems remain largely unconstrained
and are often overlooked when estimating SGD fluxes (Beck et al., 2016; Cho et al., 2018). The biogeochemical
reactions in the STE are central to determining the fate of groundwater‐derived N and whether or not it is dis-
charged to overlying waters (Moore et al., 2009) where SGD nutrients can promote primary production and
compound coastal eutrophication (Santos et al., 2021; Valiela et al., 1990).

Within the STE, oscillating redox conditions can support a variety of N cycling reactions (Courtier et al., 2017 and
citations therein; Santos et al., 2009). Remineralization of groundwater derived and surface water supplied
organic matter can lead to ammonium (NH4

+) production and, in some cases, accumulation (Kroeger & Char-
ette, 2008). When groundwater enriched with ammonium (NH4

+) encounters oxic zones, ammonia oxidizers can
convert NH4

+ to nitrite (NO2
−), it may then be further oxidized to NO3

−; collectively referred to here as nitri-
fication. This process is of particular importance, considered a gate‐keeping step in the N cycle, nitrification
provides oxidized N to microbial N removal processes such as denitrification or anaerobic ammonium oxidation
(anammox), which can significantly reduce groundwater N concentrations prior to discharge (Ward, 2013).
Nitrification also influences the mobility of groundwater N, as NO3

− is more mobile than NH4
+ and may be more

likely to be discharged (Böhlke et al., 2006). This process, therefore, influences the form and concentrations of N
in STEs and that is exported to the coastal ocean via SGD.

Rates of nitrification can be estimated with both ex situ and in situ approaches. Isotope based approaches, such as
isotope dilution or tracer methods, have become the standard for ex situ incubations allowing for the calculation of
ambient or actual rates of nitrification (Jäntti et al., 2012; Lisa et al., 2015; Ward, 2011). Isotope tracer methods
add 15N‐labeled NH4

+, and follow its oxidation to 15NO2
− and 15NO3

− (collectively 15NOx) as a measure of
nitrification rates (Enoksson, 1986; Jäntti et al., 2012). This method is highly sensitive, but if not aerated properly
15NOx produced may be denitrified prior to measurement, and is considered a potential rate (Enoksson, 1986). To
measure nitrification rates in the subsurface, the 15NH4

+ approach has also been applied in situ in aquifers
(Böhlke et al., 2006; Smith et al., 2006). The labeled plume is sampled over time and indicates the transport and
fate of the conservative tracer and the 15N‐substrate, which can be measured in nitrification product pools (e.g.,
NOx, N2O, and N2 when coupled to denitrification). Another approach, resulting in an in situ approximation of net
nitrification, are conservative mixing curve calculations (Boyle et al., 1974; Officer & Lynch, 1981; Santos
et al., 2009; Ullman et al., 2003). In the case of nitrification, salinity serves as a conservative tracer to assess non‐
conservative behavior of NH4

+ and 15NO3
−. These calculations estimate net rates integrated over water residence

times and STE profiles.

Estimating process rates in STEs is difficult due to high variability in the subsurface and the complexity involved
with replicating in situ conditions. Despite these difficulties, process rates are important to nutrient biogeo-
chemistry in the coastal zone. Nitrification, and its potential coupling to denitrification or other N reduction
pathways, is critical to understanding STE N cycling and N loading to coastal waters via SGD (Santos
et al., 2021). Nutrient loading from groundwater has been identified as a contributor to coastal eutrophication and
STE processes are a critical control on SGD fluxes (Santos et al., 2021; Wilson et al., 2024). The lack of rate
estimations in STEs make it difficult to produce accurate nutrient flux estimates or develop constraints on STE
transformations that could better our understanding of these complex systems and the role of nutrient loading via
SGD in coastal biogeochemistry. In this study, we examined the fate of groundwater derived N in the sandy
sediment Gloucester Point Beach STE, Virginia, USA. We employed both in situ and ex situ approaches
including conservative mixing calculations, an in situ tracer experiment, and ex situ tracer incubations to estimate
STE nitrification rates, compare methodological approaches for estimating STE transformations, and consider the
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utility of these measurements in the context of SGD flux estimations. We hypothesized that ex situ incubations
would over estimate while mixing models would underestimate in situ nitrification rates.

2. Materials and Methods
2.1. Study Site Description and Experimental Set Up

This study was conducted at the Gloucester Point Beach STE (GP‐STE, 37.248,884°N, 76.505,324°W), which is
located along the York River Estuary, a tributary of the Chesapeake Bay. The GP‐STE is a well‐studied system
where groundwater discharge to overlying water has been observed (Beck et al., 2016; Luek & Beck, 2014;
Wilson, Anderson, Song, & Tobias, 2023). It is a sandy sediment beach; approximately 30 m long with a rock
jetty on either side and a tidal height of ∼0.8 m; a detailed site description can be found in (Beck et al., 2016).
Annual average groundwater discharge at this site has been estimated as 38 ± 11 L m−2 d−1 by Wilson, Anderson,
Song, and Tobias (2023) and 39–62 L m−2 d−1 by Beck et al. (2016). Groundwater in the GP‐STE, below 200 cm,
is NH4

+ rich (>100 μM), but in the STE profile, where salinity increases, and surface and groundwater appear to
be mixing, a NO3

− (>50 μM) peak has been observed (Wilson, Anderson, Song, & Tobias, 2023). The porewater
profiles suggest that NH4

+‐rich groundwater is advected upwards into the oxic portion of the STE nitrified to
oxidized DIN (Wilson, Anderson, Song, & Tobias, 2023).

To estimate nitrification rates in the oxic portion (0–70 cm; Wilson, Anderson, Song, & Tobias, 2023) of the STE,
three methods were employed: conservative mixing models, an in situ tracer experiment, and ex situ sediment
slurry incubations. Conservative mixing models were constructed from in situ geochemical characteristics of STE
porewater collected seasonally in 2018–2019 from dedicated piezometers (wells) installed at the GP‐STE as
described by Wilson, Anderson, Song, and Tobias (2023). An in situ tracer experiment was conducted at the site
in 2019 in two wells, targeting 50 cm in the oxic zone (Figure S1 in Supporting Information S1). The ex situ
sediment slurry incubations were conducted in 2020. Sediment cores were collected from the beach adjacent to
the existing GP‐STE wells, from which porewater (0 to 50 cm) was collected for addition to the slurries. Each
measurement method is described in detail below.

2.2. Conservative Mixing Calculations

Porewater samples were collected in four seasons (2018–2019) from dedicated piezometers and analyzed for
sample salinity and concentrations of NH4

+ and NO3
− as described by Wilson, Anderson, Song, and

Tobias (2023). Profiles used here included samples taken every 10 cm from surface water (0) to 110 cm in the
subsurface. The vertical salinity distribution was used to construct conservative two endmember derived mixing
lines for NH4

+ and NO3
− extending from surface water (0) to 110 cm (10 piezometers and 1 surface sample per

season) for each of the four seasons sampled. Conservatively mixed concentrations were calculated from the
fractions of fresh and saltwater endmembers and their respective NH4

+ and NO3
− concentrations according to:

Ci = ( fsw−i ∗ Csw) + ( fgw−i ∗ Cgw) (1)

where Ci is the calculated concentration for a given depth interval, Csw is the surface water endmember con-
centration, Cgw is the groundwater endmember concentration, fsw‐i and fgw‐i are the fractions of saline surface
water and fresh groundwater, respectively calculated as:

fsw−i = (Si − Sgw) / (Ssw − Sgw) (2)

where fsw‐i is the fraction of saline surface water at a given depth in the STE, Si is the salinity of porewater at that
depth, Sgw is the salinity of the groundwater endmember, and Ssw is the salinity of the surface water endmember.
The fraction of fresh groundwater ( fgw‐i) at a given depth in the STE was determined as:

fgw−i = 1 − fsw−i (3)

The observed concentrations of NH4
+ and NO3

− were compared to the predicted concentrations to determine
subsidies or deficits in NH4

+ and NO3
− respectively along the STE salinity gradient. Similar to Santos

et al. (2008), these data were determined to exhibit either linear mixing (conservative), removal, or production.

Journal of Geophysical Research: Biogeosciences 10.1029/2023JG007876

WILSON ET AL. 3 of 16

 21698961, 2024, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JG

007876 by V
iva Jm

u Procurem
ent Services, W

iley O
nline Library on [30/03/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Surface water (0 cm) and porewater samples (110 cm‐depth) served as the surface water and groundwater
endmembers, respectively. These represent the DIN concentrations and salinity of the water bodies directly above
and below the top 100 cm of the STE, which encompasses the mixing zone of fresh groundwater and overlying
saline water. The endmember concentrations were used to calculate the conservative mixing line, which repre-
sents the predicted analyte concentrations resulting from mixing of surface water (saline) and groundwater (fresh)
alone. The disparity between the predicted, conservative concentrations and the observed concentrations repre-
sents the production or consumption of that analyte (Figure S2 in Supporting Information S1). The integrated
mass of N in the NO3

− subsidy and NH4
+ deficit relative to conservative mixing was converted to a net nitri-

fication rate as:

R1 =
1
t

∫

high salinity

low salinity
(Cr − Cs) dS (4)

where R1 is the rate (μmoles L−1 d−1), t is the STE residence time (46 days as determined for the GP‐STE using
radium isotopes by Beck et al. (2016)), Cr is the observed concentration (μmoles L−1), Cs is the predicted
concentration due to mixing alone (μmoles L−1), and dS is the salinity change. The area between Cs and Cr is
integrated, resulting in the amount of NH4

+ removed or NO3
− produced along the salinity gradient in

μmoles L−1 d−1. The rate is converted to per m2 using the following equation:

R2 = R1 ∗ (Φ ∗ Dmix) (5)

where R2 is the per area NH4
+ loss or NO3

− production rate along the STE salinity gradient (μmoles m−2 d−1), R1

is the loss rate (as determined by Equation 4, μmoles L−1 d−1), Φ is the porosity of the GP‐STE sediment (0.3)
measured by O'Connor et al. (2018), and Dmix is the depth of the assumed mixing zone (0–100 cm) that en-
compasses the STE salinity gradient. This approach yields a per square meter rate that assumes a constant
nitrification rate integrated over the top 100 cm. A constant porosity is assumed for the top 100 cm of the STE due
to the limited variation observed in sediment bulk density with depth (Table S1 in Supporting Information S1).

2.3. In Situ Experiment With 15NH4
+ Tracer Injection

The in situ 15NH4
+ tracer experiment was conducted in the summer of 2019 in the surficial, oxic sediments of the

GP‐STE to directly measure nitrification (complete oxidation of NH4
+ to NOx) under field conditions. The

experiment was conducted as a hybrid single/two well, modified push‐pull tracer test similar to that described by
Addy et al. (2002), but with 15NH4

+ tracer as the substrate and 15NO3
− as the measured product of nitrification.

Duplicate clusters of dedicated piezometers consisting of 2 cm screens (AMS Gas Vapor Tip) attached to FEP
tubing (Versilon, Saint‐Gobain) as described by Wilson, Anderson, Song, and Tobias (2023), were installed 3 m
apart along the mid‐tide line. Each well cluster included an injection well, installed at 50 cm, and monitoring wells
above and below the injection site at 40–60 cm. The 50 cm depth was chosen because it represents the top of the
STE mixing zone, where anoxic, NH4

+ rich groundwater is mixing with oxic surface water, forming an interface
that may support nitrification (Figure 2). The 50 cm also represents the middle of the depth range over which the
conservative mixing estimates were made and corresponds to the depth of sediment collection used in the ex situ
tests (next section). One meter in front of the injection well clusters, a target well was installed to a depth of 50 cm,
with wells above and below at 40–60 cm, respectively. Measurements of dissolved oxygen (DO), salinity, pH, and
porewater nutrient concentrations were made prior to the tracer injection to determine background site conditions.

To prepare for injection, 5 L of porewater was collected from the duplicate injection wells (50 cm) using an Alexis
V3.0 peristaltic pump (Proactive Environmental Products) and gas impermeable tubing (MasterFlex C‐Flex Ultra,
Cole Parmer) to fill Flex foil bags that had previously been evacuated. Porewater was transported to the lab at in
situ temperature in 10 L FlexFoil Sample Bags (SKC Inc.) where it was amended with 15N‐NH4

+ (99 atm%,
Cambridge Isotope Laboratories, Inc.) and 22 mL of 0.1% sulfur hexafluoride (SF6, Scott Specialty Gases, Inc.) to
final aqueous concentrations of 15 μM 15NH4

+ and 15 μM SF6 (Tobias et al., 2009). SF6 is a potent greenhouse
gas but was critical for tracer plume tracking in this experiment. The amount of SF6 used in this experiment had
the greenhouse gas equivalent of combusting 0.036 gallons of gasoline (US‐EPA, 2015). The 15NH4

+ tracer
concentration was chosen to match previously measured NH4

+ concentrations at this depth. The amended
injectate was agitated for 12 hr at in situ temperature (27°C) using an orbital shaker to allow for equilibration of
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the tracer amended porewater. After equilibration, the injectate was pumped back into the injection wells (50 cm)
with a peristaltic pump at a rate of ∼20 mL min−1 over four hours to minimize dispersion artifacts and to not
artificially increase hydraulic head (Figure 1). Water samples were collected from the injectate bag and from the
injection wells immediately following tracer addition and from injection and target wells were sampled roughly
every 2 hr post injection then at regular time intervals over the following days informed by sample SF6 con-
centrations. At each sampling time point, samples of porewater SF6 and DIN were collected from the injection
wells using a peristaltic pump (Proactive Environmental Products) and gas impermeable tubing (MasterFlex C‐
Flex Ultra, Cole Parmer). Samples for SF6 were collected in 30 mL serum bottles and crimp‐capped. The con-
centration of SF6 in porewater was determined with a gas chromatograph fitted with an electron capture detector
(GC‐ECD, Shimadzu). Samples for DIN concentrations and isotopic composition were filtered with a 0.45 μm
disposable groundwater filter capsule (Millipore Sigma) into 50 mL centrifuge tubes that were placed on ice,
transported to the lab, and frozen until analysis.

2.4. Ex Situ Sediment Slurry Incubations With 15NH4
+ Tracer Addition

Three replicate sediment cores (50 cm in length) were collected from the GP‐STE in the summer of 2020. The
cores were sectioned into 10 cm increments and homogenized. Porewater was collected at the same time as the
cores from surface water (0 cm) and wells at 10, 20, 30, and 40 cm using an Alexis V3.0 peristaltic pump
(Proactive Environmental Products). Sediment slurries consisting of 10 g homogenized sediment and 40 mL
porewater from the same depth section were combined in 100 mL HDPE bottles and amended with 5 atom%
15 μM 15NH4

+ (Cambridge Isotope), similar to that described by Damashek et al. (2016) and Santoro et al. (2013).
Samples were incubated on a shaker table, in the dark, at in situ temperature, and under aerobic conditions for
0 (T0), 6 (T1), and 12 (T2) hours. After the incubation period, samples were spun down, porewater was decanted
and filtered with a 0.45 μm syringe filter (Whatman GE) and were frozen (−20°C) until analysis.

2.5. Analytical Methods, Isotopic 15N Analysis, and Rate Calculations

The concentrations of NO3
−, NO2

−, and NH4
+ in all samples were determined with a Lachat autoanalyzer (Lachat

Instruments, Lachat QuikChem FIA + 8,000, detection limits: 0.2 μM NO3
− and NO2

−, 0.36 μM NH4
+). The

isotopic composition of the 15NOx samples collected during the in situ and ex situ experiments was determined
using a modified version of the bacterial denitrifier method (Sigman et al., 2001) at the University of Connecticut
(UCONN) stable isotope lab. A culture of Pseudomonas aureofaciens reduced NOx in collected samples to N2O.
The isotopic composition of the N2O was measured with isotope‐ratio mass spectrometry (IRMS) (Sigman
et al., 2001). Calibrations included laboratory standards (USGS 34 and USGS IAEA‐NO‐3) with known 15NO3

−

enrichments that were analyzed as samples; reduced using the P. aureofaciens culture to N2O and analyzed with
IRMS, to confirm method efficiency (Bohlke & Coplen, 1995; Bohlke et al., 1993; Brand et al., 2014).

Figure 1. Conceptual diagram of in situ experiment showing the tracer plume introduction through the injection wells at the
mid tide line into the mixing zone of groundwater and recirculated seawater in the subterranean estuarie and the potential
oxidation of the tracer (15NH4

+) to 15NO2
− and 15NO3

− by nitrification.
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15 N composition for all data was reported in the delta notation, which was converted to 15N mol fraction based on:

MFsample =
((

d15Nsample
1000 + 1) ∗ 15Nref

14Nref
)

1 + ((
d15Nsample

1000 + 1) ∗ 15Nref
14Nref

)
(6)

The excess 15N mol fraction was calculated by subtracting the pre‐tracer (background) 15NOx mole fraction from
the measured 15NOx mole fraction in post tracer samples. The excess 15NOx mole fraction, multiplied by the
measured concentration, yielded the 15N mass in NOx attributable to nitrification of the 15NH4

+ as:

15Nmassexcess = MFexcess ∗ Csample (7)

Rates of nitrification determined by the in situ tracer experiment were calculated as the change in the excess mass
of 15NOx over time. The 15NOx mass was then corrected for the dilution of the 15NH4

+ substrate over time
resulting in, what is referred to here as, the nitrified N concentration over time. The evolving mole fraction of
15NH4

+ was calculated based on proportional mixing of the 99 atom% tracer with NH4
+ at 0 atom% enrichment.

Figure 2. (a) Porewater NO3
− concentrations (μM) in all seasons at each porewater sampling depth (cm); (b) porewater NH4

+

concentrations (μM) in all seasons with porewater depth (cm); (c) porewater NO3
− concentrations (μM) versus porewater

salinity, with conservative mixing line (gray) for reference, (d) porewater NH4
+ concentrations (μM) in all seasons indicated

by point shape versus porewater Subterranean estuarie salinity, with the conservative mixing line (gray).
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The proportion of each was calculated using the ratio of SF6 measured in a
sample to the SF6 concentration in the injectate, C/C0. Only samples from the
core of the tracer plume were used for rate calculations; the core of the tracer
plume is defined here as samples with a conservative tracer recovery (C/C0

SF6) > 0.05%, which included 68% of samples collected.

Nitrification rates as measured by the ex situ sediment slurry incubation were
calculated as the change in the excess mass of 15NOx over time. The sediment
slurry incubations are potential rate measurements (Hansen et al., 1981),

because unlike the in situ approaches the slurries had oxygen in excess and ammonium concentrations were
higher (∼20 μM) than in situ throughout the incubation where added 15NH4

+ was quickly diluted to near in situ
concentrations (<5 μM). Rates were converted from a μmoles g of sediment−1 d−1 rate to per areal rates in
μmoles m−2 d−1 by multiplying the 10 cm increment the rate by the bulk density of that sediment depth increment
(g cm−3) and then converting from cm2 to m2.

3. Results
3.1. Nitrification Rates Estimated by Conservative Mixing Models

Spatial and temporal variations in GP‐STE geochemical profiles are reported in detail in Wilson, Anderson, Song,
and Tobias (2023). Briefly, NO3

− concentrations were low (<10.0 μM) at depths deeper than 90 cm, whereas at
the mid‐salinity, mid‐depth (40–90 cm) concentrations were much higher and, in some instances, exceeded 50 μM
(Figure 2a). In contrast, NH4

+ concentrations were >50 μM in groundwater deeper than 90 cm, but were
<10.0 μM in surficial, higher salinity porewater (0–50 cm, Figure 2b). Groundwater NO2

− concentrations were
<0.50 μM. The NO3

− and NH4
+ mixing curves indicated two endmembers: groundwater and overlying surface

water (Figures 2c and 2d). The observed NO3
− concentrations were higher than the predicted, conservative values

along the STE salinity gradient (Figure 2c). In contrast, observed porewater NH4
+ concentrations were lower than

predicted values determined by conservative mixing (Figure 2d).

The NO3
− subsidies and NH4

+ deficits in the GP‐STE, as compared to the conservative mixing lines, were
observed in all seasons (Figure S3 in Supporting Information S1). Nitrification rates in the top 100 cm of the STE
were derived from net production and consumption of NO3

− and NH4
+, respectively. NO3

− production in the top
1 m of the STE resulted in nitrification rates that ranged from 39.4 to 181 μmol N m−2 d−1 (Table 1). Rates of
nitrification based on NH4

+ consumption ranged from 53.5 to 84.7 μmol N m−2 d−1. Seasonal variation was
observed; the highest rate of NO3

− production was observed in summer and the lowest in winter whereas the
highest rate of NH4

+ consumption was observed in fall and the lowest in spring.

3.2. Nitrification Rates Measured by an In Situ 15NH4
+ Tracer Injection Experiment

In situ 15NH4
+ tracer experiments were conducted to measure nitrification rates and determine the fate of N under

field conditions. Injection sites (50 cm) were in the region of the STE where increasing NO3
− concentrations and

decreasing NH4
+ concentrations were observed (Figures 2a and 2b). The 50 cm depth is oxic, brackish and within

the groundwater‐surface water mixing zone. Injection sites exhibited similar conditions with respect to porewater
DO, salinity, pH, and DIN concentrations (Table 2) prior to tracer injections.

NH4
+ concentrations in the injectates were 13.7–14.5 μM for injection well #1 and #2, respectively, within 10% of

our target concentration. NH4
+ concentrations decreased over time and were <5 μM an hour after injection, likely

due to immediate dilution of the tracer plume by in situ ground/porewater. Concentrations of NH4
+ ranged from

0.530 to 3.65 μM in all samples (Figures 3c and 3d). High frequency sampling of STE porewater during the tracer
experiment revealed variance in NOx concentrations overtime, but there was no clear pattern of NOx production

Table 1
STE Mixing Model Calculations of Production of NO3

− and Consumption of
NH4

+ in the Top 100 cm of the STE in Each Season Sampled (Derived From
10 Piezometer and 1 Surface Sample per Season)

Spring Summer Fall Winter

NO3
− production (μmol m−2 d−1) 147.30 177.99 106.79 39.67

NH4
+ consumption (μmol m−2 d−1) 55.00 88.64 183.16 63.44

Table 2
Background Geochemical Parameters at Injection Sites (50 cm Injection Wells) Prior to In Situ Tracer Experiment

Depth (cm) Salinity DO (μM) pH Temp (°C) NO3
− (μM) NH4

+ (μM)

Inj. Site 1 50 13.85 145 6.78 26.97 121.67 0.73

Inj. Site 2 50 16.82 157 6.91 27.09 127.16 1.17
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was detectable above background concentrations in injection wells (Figures 3a and 3b). The 50 cm target well at
injection site #1 was the only well to exhibit an increase in NOx overtime (Figure 3a), which could indicate
nitrification. The concentrations of NOx during the in situ experiment ranged from 47.4 to 192 μM and the NOx

pool was comprised primarily of NO3
−; NO2

− concentrations in all samples were <0.220 μM. Concentrations of
the conservative tracer, SF6, following tracer injection were initially >300 pM, but decreased over time resulting
in concentrations of <100 pM SF6 within 30 hr after injection (Figures 4a and 4b). Target wells consistently
exhibited lower SF6 concentrations as compared to injection wells as the plume was diluted during transport.

Despite no clear pattern in the concentrations of total NOx in the injection wells during the experiment, the
enrichment of 15N in NOx at both injection sites increased over time, indicating oxidation of the 15NH4 tracer in
the STE (Figures S4a and S4b in Supporting Information S1). The highest 15NOx enrichments were on the order
of 6,900 d15N which is approximately 2% of the in situ nitrate pool derived from nitrification of the added 15NH4

+.
Injection wells in both sites exhibited higher enrichments as compared to the target wells (Figures S4a and S4b in
Supporting Information S1). The 15NOx delta values indicate a decrease in enrichment ∼40 hr after injection,
likely the result of dilution of the 15NH4

+ tracer overtime. Dilution results from 14NH4
+ produced by mineral-

ization, and background 14NH4
+ supplied by groundwater advection. When the isotope dilution of the 15NH4

+

tracer is accounted for, the nitrified N produced over time is linear (Figures 5a and 5b, p‐value <0.05). The in situ
nitrification rates, based on this increase in 15NOx over time, were 7.50 ± 2.31–3.14 ± 0.51 μmol N L−1 d−1 in
injection sites #1 and #2, respectively. These rates extrapolated to per m2 become 225 ± 69.2–
94.2 ± 15.2 μmol N m−2 d−1 in injection well #1 and #2, respectively.

Figure 3. Groundwater NOx
− concentrations (μM) over time after injection in the in situ tracer injections #1 (a) and #2 (b) and

NH4
+ concentrations (μM) in injections #1 (c) and #2 (d); well ID is indicated by point shape.
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3.3. Nitrification Rates Measured in Ex Situ Sediment Slurry Incubations With Added 15NH4
+ Tracer

Potential nitrification rates were measured in sediment slurries amended with 15NH4
+ tracer. There was no clear

pattern in the slurry NH4
+ concentrations over time, which ranged from 18.4 to 29.1 μM (Figure S5 in Supporting

Information S1). The NOx pool was primarily comprised of NO3
− and NO2 concentrations were <0.24 μM. NOx

concentrations increased over time in all samples (Figure 6a) ranging from 1.86 to 24.4 μM. The concentration of
enriched 15NOx also increased in all incubations, indicating oxidation of the 15NH4

+ tracer to 15NOx (Figure 6b).

Figure 4. SF6 concentrations (pM) in groundwater samples over time after the in situ tracer injections #1 (a) and #2 (b);
sample well ID is indicated by point shape.

Figure 5. Nitrified N concentrations (μM; 15NOx corrected for dilution of 15NH4+ tracer) in groundwater samples after the in
situ tracer injections #1 (a) and #2 (b). Where sampling well is indicated by point shape.
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Potential nitrification rates ranged from 36.6 ± 3.68 to 109 ± 8.50 μmol N m−2 d−1 (Table 3). Rates varied with
core depth section; the 10–20 cm core section exhibited the highest production rate, whereas the 30–40 cm core
section had the lowest rate.

4. Discussion
4.1. Comparing Nitrification Rate Measurement Methods

In this study, all three methods indicated active nitrification, but the magnitude of the rates was dependent on the
measurement method. Comparing the areal rates, the ex situ sediment slurries revealed higher rates than con-
servative mixing estimates and in situ tracer injections (Figure 7). In situ tracer rates were converted to areal rates
over a depth of 20 cm which represents the oxic portion of profile and presumed zone of nitrification. Slurry rates
were converted to area rates over a depth of 50 cm which also encompass the oxic profile and presumed zone of
nitrification. Mixing model rates were converted to area rates by over the 100 cm of the STE bounded by clear
endmembers for salinitiy, NO3

−, and NH4
+. This interval spans both oxic and variably hypoxic zones and thus

includes both the zone of nitrification and likely deeper zones that are transiently hypoxic and may support nitrate
reduction. It is important to recognize that the mixing model estimations describe net nitrification whereas the
tracer injection and incubation experiment measure nitrification directly in the STE. However, by comparing the
areal rates, the methods and their utility for understanding STE biogeochemical cycling may be assessed.

Mixing model calculations represent biogeochemical reactions over longer timescales than short term incubation
or injection experiments. It is clear from this work and others (Santos et al., 2009; Wilson et al., 2024) that these
calculations identify major biogeochemical processes occurring in STEs and the net effect over the salinity

gradient, but our data suggest they may underestimate in situ rates. They
represent a relatively simple way to estimate in situ rates from porewater
profiles, particularly net rates integrated over timescales commensurate with
water transit through the STE. Porewater profiles are widely available for
many STEs, which can make these mixing calculations useful in comparing
biogeochemical cycling across sites (Wilson et al., 2024) or in determining
which processes may be important to measure directly. Therefore, mixing
model calculations are useful for assessing the impact of STEs on coastal
groundwater nutrient concentrations, especially when the resources for direct
measurements are not available or site conditions make it difficult to conduct
tracer tests.

Ex situ sediment slurry incubations do provide direct rate measurements, but
microcosm incubations, such as slurries, have been reported to underestimate

Figure 6. (a) NOx concentrations (μM) overtime and (b) 15NOx (nmoles) overtime in sediment slurry incubations for each
core depth section (indicated by point shape). Each point represents the mean of triplicate cores samples and error bars
represent one standard error in each direction.

Table 3
Benchtop Sediment Slurry Incubation Rates (±Standard Error) Determined
by 15N‐NOx Production Overtime in Incubation Samples

Depth section (cm) Potential rate (μmoles m−2 d−1)

0–10 46.44 ± 5.28

10–20 109.02 ± 8.50

20–30 71.50 ± 1.18

30–40 48.68 ± 5.43

40–50 36.57 ± 3.68

Note. The average potential nitrification rate (all measurements) was
62.44 ± 7.23.
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(Addy et al., 2002) or overestimate (Riekenberg et al., 2017) rates. Major criticisms of slurry incubations include
the disruption of sediment structure, microsites, and geochemical gradients, such as oxic‐anoxic boundaries.
Taking sediments out of their in situ environment can also introduce oxygen, which can be especially problematic
for anoxic sediments and could result in a priming effect. In the GP‐STE system, surficial sediments are
oxygenated, which supports the use of oxic slurries, and the 15N‐tracer method used here. However, in an
advective system like an STE, removal of samples and creating slurries homogenizes microscale heterogeneity
and isolates the samples from groundwater flow which may supply reactants and remove products at the reaction
site. Many of these artifacts associated with sample removal, homogenization, and incubation in the lab can also
lead to shifts in microbial community structure and function that could affect rates (Riekenberg et al., 2017).
Despite these caveats, laboratory incubations can test for factors that influence biogeochemical processes in a
controlled setting. This can provide crucial information about mechanisms controlling STE processes. Our data
suggest that sediment slurries are useful tests, but because they detach processes from the complex biogeo-
chemistry and variable physical characteristics of the subsurface environment, they may not reflect in situ rates.

In contrast to the conservative mixing calculations or sediment slurry incubations, in situ tracer experiments
maintain the field environment. Despite minor potential disruptions to substrate concentrations and hydraulic
gradients (Smith et al., 2006) during tracer injection, which are minimized, when possible, these experiments
allow for in situ flow, heterogeneity, and conditions. The in situ tracer method maintains connectivity to NH4

+

supplied to the reaction site and heterogeneity that could present reactive microsites. These factors may also
explain why rates measured in replicate injection sites exhibited high spatial variation. More specifically, spatial
variability might be driven by differences in geochemical gradients, tidal pumping, and groundwater advection
across the beach (Robinson et al., 2018). This variation was not reflected in rates derived from slurry incubations
or conservative mixing calculations. It is difficult, if not impossible, to replicate the complicated and variable
conditions of STEs, which are influenced by a range of abiotic and biotic factors (Russoniello et al., 2016; Slomp
& Cappellen, 2004). In situ studies are highly sensitive, include small‐scale heterogeneities, do not isolate
processes from other subsurface reactions, and hydraulic gradients which may impact reaction rates remain
unchanged (Bohlke et al., 2006; Jiang et al., 2023). The in situ tracer method is complex but is likely the best
available method for measuring rates in groundwater systems. That being said, as in situ experiments are not
always practical, conservative mixing models and incubations can provide useful information about STE
biogeochemistry, variation in process rates across space and time, and define drivers of process rates relevant for
determining the impact of SGD nutrient loading.

Figure 7. Comparison of average nitrification rates (μmoles N m−2 d−1) as determined by the in situ tracer experiment
(average of both injection sites, n = 2), sediment slurry incubation (summed across depth sections, n = 3), and conservative
mixing models of ammonium loss and nitrate production (sum of mass from 0 to 100 cm; averaged across seasons, n = 4).
Error bars represent one standard error in each direction.
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4.2. Mixing Model Calculations

Both consumption (NH4
+) and production (NO3

−) were used to determine nitrification rates from mixing model
calculations. Rates determined from NO3

− production were, when averaged across seasons, higher than those
estimated from NH4

+ consumption. The disparity between the NO3
− and NH4

+ based rates may be the result of
exchange of NH4

+ with the sorbed phase as NH4
+ is oxidized, thereby dampening the apparent loss of NH4

+ to
nitrification. This approach integrates over a 46 days period across zones in the STE supportive of both nitrifi-
cation and denitrification. The timescale of this integration is ∼15 times longer than the duration of the tracer test.
It is likely that some of nitrate produced via nitrification is denitrified either due to changing redox conditions or
the diffusion of nitrification products into anoxic regions or miscrosites in the STE. When evaluated over the
duration of the water residence time this approach yields net nitrification rates which are lower than the rates
measured by the tracer test which was confined to the nitrifying zone. We suggest this mechanism as the reason
why, although both methods are in situ, the tracer test yields higher rates.

Inherent assumptions of conservative mixing calculations present limitations of these estimations. For example,
we assume homogeneous mixing, which in this study, would be mixing in the top 100 cm of the STE. Vertical
profiles of salinity and DO (Wilson, Anderson, Song, & Tobias, 2023) suggest mixing of groundwater and surface
water. Previous measurements of hydraulic gradients and groundwater seepage indicate vertical groundwater
flow in the top 100 cm of the STE and, therefore, mixing (Beck et al., 2016; Wilson, Anderson, Song, &
Tobias, 2023). However, varying hydraulic conductivities in sediment layers (Ullman et al., 2003), fissures, or
bioturbation can complicate subsurface flow paths (Shrivastava et al., 2021). It is important to recognize that
sediments and flow paths are heterogeneous, so homogeneity of mixing in the subsurface environment is unlikely,
but flow toward overlying water is observed at this site. Sediment heterogeneity can influence groundwater
residence times, another crucial term in conservative mixing model estimates. Here the residence time estimated
with radium isotopes (Beck et al., 2016) for the GP‐STE, but it is likely that this residence time varies across
different reaction zones, with spring‐neap tidal cycles, seasons, and hydrologic conditions (Slomp & Cap-
pellen, 2004). The variation in residence time may be better constrained with long term monitoring of hydraulic
gradients. Endmember concentrations are also critical to conservative mixing models as they are used to calculate
the conservative mixing line. At this site, significant variation in the DIN concentrations across space and tidal
stage was not observed, but there were significant changes across seasons (Wilson, Anderson, Song, &
Tobias, 2023). This suggests that, at this site and in this study, endmembers may be stable over the modeled scale
(seasonally); however, STEs are highly variable, and this may not hold true across locations. Substantial site
characterization to verify that the assumptions of conservative mixing are required to ensure reasonable outputs.

4.3. In Situ Tracer Experiment

To measure nitrification and determine the fate of N under in situ conditions, a 15NH4
+ was injected into the STE.

The conservative tracer (SF6) data indicated that the tracer plume was constrained within the 40–60 cm depth
range of the STE and, therefore, our resulting rates are averaged across this depth interval. Dilution of the tracer
plume, including both SF6 and 15NH4

+ concentrations, over time was likely driven by tidal pumping, an important
factor controlling STE biogeochemistry (Moosdorf et al., 2021; Robinson et al., 2018; Rocha et al., 2021; Slomp
& Cappellen, 2004), and groundwater advection. Overlying water and groundwater outside the tracer plume have
no SF6, so as this water mixes with the plume, the concentrations of SF6 decrease. This is similar for 15NH4

+ as
there will be essentially no isotopic enrichment of organic matter or NH4

+ in overlying water and groundwater, so
as NH4

+ is produced via remineralization of organic matter or supplied by groundwater advection, the 15NH4
+ in

the tracer plume is diluted.

Active nitrification in the STE was revealed by 15N‐NOx production at both injection sites overtime (Figures 7a
and 7b). Although both injection sites were the same depth (50 cm) and had similar background geochemical
conditions, they exhibited different nitrification rates. The variation in the observed rates between wells is likely
due to STE heterogeneity in physical, chemical, and biological conditions at the flowpath scale. Previous work at
this site has shown gradients in nutrient concentrations, salinity, and DO on the order of 10 cm, that there are
vertical migrations of these profiles seasonally, and that hydraulic gradients vary over tidal cycles (Wilson,
Anderson, Song, & Tobias, 2023). Therefore, despite being only a few meters apart, there may be transient redox
oscillations, distinctive microbial community structure, or a higher abundance of nitrifiers between injections due
to STE variability. Hydraulic gradients and groundwater flow‐paths combined with tidal pumping can also vary
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across small spatial scales (Slomp & Cappellen, 2004; Smith et al., 2015), influencing the transport of analytes,
such as NH4

+ and DO. The in situ experiment, and the subsurface variability it revealed, supports the known
complexity of STE systems and the importance of using in situ measurements to define a range of possible rates
under ambient conditions.

Similar in situ tracer approaches have been used to measure denitrification (Addy et al., 2002; Smith et al., 2015)
and nitrification (Böhlke et al., 2006; Smith et al., 2006) in groundwater systems. Smith et al. (2006) used in situ
tracer injections to measure anoxic nitrification rates in a Cape Cod, MA, USA aquifer and observed rates (0.480–
6.72 μmol L−1 d−1), which were comparable to those measured in the GP‐STE (3.14–7.50 μmol L−1 d−1). The
STE is within the intertidal zone, where mixing of fresh and saltwater as well as complex subsurface flow paths
can create biogeochemical dynamics that may stimulate reaction rates. In this way, the STE is similar to hyporheic
zones, where particle and solute transport can stimulate biogeochemical reactions (Harvey et al., 2012). Both
STEs and the hyporheic zones can support high biogeochemical reaction rates as organic matter and oxygen
supplied by surface waters meets anoxic, nutrient rich groundwater within complex, subsurface flow paths
(Krause et al., 2011; Moore, 1999).

4.4. Ex Situ Sediment Slurry Incubation Experiments

Potential nitrification rates were also measured in sediment slurry incubations amended with 15NH4
+. Nitrifi-

cation was evidenced by the increase in the 15NOx concentrations over time and rates varied with depth section.
Variation in nitrification rates may be driven by nitrifier abundance, activity, or background NH4

+ concentrations.
Nitrifying prokaryotes have been identified in the GP‐STE, revealing genetic potential for nitrification (Wilson,
Anderson, & Song, 2023); however, sediment slurry rates did not correlate with reported nitrifier abundance.
These studies were not conducted in tandem, so the abundances previously measured may not represent those in
the present samples and the presence of nitrifiers, does not necessarily directly relate to activity. Nitrification rates
were, however, related to background porewater NH4

+ concentrations (R2 = 0.33, Figure S6 in Supporting In-
formation S1); samples with the highest rates also had the highest porewater ammonium concentrations prior to
the incubation. This suggests a link between available substrate (NH4

+) and potential process rates.

Potential nitrification rates were on an order of magnitude lower in the GP‐STE (0.366–1.09 μmol L−1 d−1) than
those measured with potential slurry incubations in a sandy beach system on Sapelo Island, GA, USA
(23.5 ± 3.60 μmol L−1 d−1) by Schutte et al. (2017). When compared to rates measured in coastal sediments of
Japan (Usui et al., 2001) and California, USA (Wankel et al., 2011) the GP‐STE rates were lower. Our observed
rates (36.6–109 μmol m−2 d−1) were within the reported rates compiled by Fennel et al. (2009) for aquatic
sediments but were an order of magnitude lower than the average (1,860 μmol m−2 d−1; Fennel et al., 2009). It
was suggested by Schutte et al. (2017) that oxygen penetration into the subsurface drove nitrification rates and
likely played a role in organic matter remineralization. Nitrification in the surficial 50 cm of the GP‐STE is not
oxygen limited as concentrations are >3.5 mg L−1 throughout the year and NH4

+ could be supplied by both the
nutrient‐rich groundwater and remineralization of dissolved organic matter in recirculated surface water (Wilson,
Anderson, Song, & Tobias, 2023), therefore, it is unlikely that oxygen scarcity is driving low rates compared to
other sites. Alternatively, it is possible that the observed low rates may be the result of low NH4

+ supply. The GP‐
STE sediments have low organic content (Wilson, Anderson, Song, & Tobias, 2023) and NH4

+ delivery to the
oxic zone by groundwater advection may be slow.

4.5. Implications for N in STEs

The nitrification rates determined in this study were lower than those measured in other coastal sediments from
Monterey Bay estuary, CA, USA (Wankel et al., 2011), the Tama Estuary, Japan (Usui et al., 2001), and Sapelo
Island, GA, USA (Schutte et al., 2017). The GP‐STE rates were more like those observed in aquifers such as those
reported in Cape Cod, MA, USA (Böhlke et al., 2006; Smith et al., 2006). Despite low nitrification rates observed
in this system, the transformation of N has important implications for the release of nutrients in SGD to the coastal
ocean. Many SGD studies assume conservative transport of nutrients when calculating fluxes (Brooks et al., 2021;
Robinson et al., 2018). This assumption overlooks biogeochemical processing in the STE, assuming no trans-
formation or removal along the flow path, which may inaccurately represent fluxes (Wilson, Anderson, Song, &
Tobias, 2023). At this site, assuming conservative transport is reasonable as DIN in groundwater appears to be
available as DIN to be discharged to overlying water. However, assuming conservative transport would not
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incorporate the change from NH4
+ to NOx and would likely overestimate nutrient loading by SGD. Despite wide

acceptance that assuming conservative transport is not representative of SGD fluxes, there remain few studies that
measure and incorporate reaction rates into flux estimations. Here we compared three methods, which may be
applied to STEs to estimate nitrification rates and although the magnitude of the rate was dependent on meth-
odology, all estimates reflected active nitrification. Our data suggest that incubation experiments may over es-
timate in situ rates and mixing models may underestimate; however, the net effect of the STE may determined by
any of these methods. N is limiting in many coastal estuaries, and SGD may contribute to or exacerbate eutro-
phication resulting from excess nutrient inputs across the land‐ocean continuum (Howarth, 2008). To accurately
assess nutrient export via SGD and the impact of groundwater derived nutrients on coastal ecosystems, it is
critical to evaluate STE process rates and the consequences of those transformations for SGD fluxes.

Data Availability Statement
The geochemical profiles (https://www.bco‐dmo.org/dataset/807664), ex situ incubation data (https://www.bco‐
dmo.org/dataset/915302), and in situ tracer data (https://www.bco‐dmo.org/dataset/917767) described in this
study are available on the BCO‐DMO repository. Other data associated with this site and the larger project can be
found via: https://www.bco‐dmo.org/project/805722.
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