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Abstract Beach aquifers host a dynamic and reactive mixing zone between fresh and saline groundwater
of contrasting origin and composition. Seawater, driven up the beachface by waves and tides, infiltrates into
the aquifer and meets the seaward-discharging fresh groundwater, creating and maintaining a reactive
intertidal circulation cell. Within the cell, land-derived nutrients delivered by fresh groundwater are
transformed or attenuated. We investigated this process by collecting pore water samples from multilevel
wells along a shore-perpendicular transect on a beach near Cape Henlopen, Delaware, and analyzing solute
and particulate concentrations. Pore water incubation experiments were conducted to determine rates of
oxygen consumption and nitrogen gas production. A numerical model was employed to support field and
laboratory interpretations. Results showed that chemically sensitive parameters such as pH and ORP diverged
from salinity distribution patterns, indicating biogeochemical reactivity within the circulation cell. The
highest respiration rates were found in the landward freshwater-saltwater mixing zone, supported by high
dissolved inorganic carbon. Chlorophyll a, a proxy for phytoplankton, and particulate carbon did not co-occur
with the highest respiration rates but were heterogeneously distributed in deeper and hypoxic areas of the
cell. The highest rates of N2 production were also found in the mixing zone coinciding with elevated O2

consumption rates but closer to the lower discharge point. Model results were consistent with these
observations, showing heightened denitrification in the mixing zone. The results of this work emphasize the
relationship between the physical flow processes of the circulation cell and its biogeochemical reactivity and
highlight the environmental significance of sandy beaches.

1. Introduction

Submarine groundwater discharge (SGD) is the flow of fresh or saline groundwater from the coastal aquifer to
the adjacent marine surface water. SGD is an important pathway for the delivery of terrestrial solutes to
coastal waters and can significantly impact marine ecosystems, as it generally contains higher concentrations
of nutrients and other land-derived contaminants than surface water discharge (Johannes, 1980; Moore,
1999; Slomp & Van Cappellen, 2004).

Fresh coastal groundwater is driven seaward by an inland hydraulic gradient, while density gradients along
the lower Ghyben-Herzberg interface create convective seawater circulation that contributes a portion of
saline SGD (Figure 1) (Cooper, 1959; Kohout, 1960). In some beaches, a smaller, but chemically significant,
intertidal cell of rapidly circulating saline water occurs landward of the zone of fresh SGD (Beck et al., 2017;
Heiss & Michael, 2014; Michael et al., 2005; M. Robinson et al., 1998; C. Robinson et al., 2007; Seidel et al.,
2015). Through tide and wave action, seawater moves up the beachface and infiltrates into the sand, where
it circulates and mixes with the seaward moving fresh groundwater. Although the transition zone below this
circulation cell is smaller than the Ghyben-Herzberg transition zone at depth, it can alter the distribution of
solutes and solute fluxes.

Traditionally, quartz-rich beach sediments have been thought to be mostly unreactive due to their low
organic matter content (Anschutz et al., 2009; Boudreau et al., 2001). However, the intertidal circulation cell
has been shown to host various biogeochemical reactions that transform and attenuate land-derived nutri-
ents prior to discharge, including oxic respiration of carbon (Beck et al., 2017; Charbonnier et al., 2013,
Reckhardt et al., 2015; Seidel et al., 2015), nitrogen transformations (Hays & Ullman, 2007a, 2007b; Ullman
et al., 2003), Fe oxidation and reduction (Charette & Sholkovitz, 2002; McAllister et al., 2015), other metal
cycling processes (Reckhardt et al., 2015), and sorption. It is hypothesized that introduction of reactive
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organic matter and oxygen with infiltrating seawater into the intertidal circulation cell supports
biogeochemical reactions with a variety of environmentally available electron acceptors (Charbonnier
et al., 2013; Reckhardt et al., 2015; Seidel et al., 2015). This has substantial implications for coastal systems,
as reactions hosted in the cell can alter the chemical characteristics of discharging waters, impacting
coastal organisms and ecology (Anschutz et al., 2009; Burnett et al., 2003).

The intertidal circulation cell is highly dynamic and has been shown to respond to hydrologic, geologic, and
topographic changes over various time scales (waves, tides, and seasons) (Bakhtyar et al., 2013; Heiss &
Michael, 2014; M. Robinson et al., 1998; C. Robinson et al., 2006, 2007). Therefore, the flow paths that control
the delivery and availability of reactive particles and solutes into the circulation cell are also both spatially and
temporally variable. As the driving forces and physical characteristics of the cell change, the extent and pat-
terns of chemical reactions within and around the cell are expected to respond in concert. While the dynamic
nature of the physical properties of the cell has been described in detail (Heiss & Michael, 2014; Michael et al.,
2005; M. Robinson et al., 1998; C. Robinson et al., 2007), there are fewer observations concerning the location
and relative rates of chemical reactivity within the cell and their relations to the patterns of mixing.

Previous field studies have established the reactive nature of the intertidal circulation cell based on the
surficial or cross-sectional distribution of solutes. Charbonnier et al. (2013) monitored solute concentrations
across the water table at Truc Vert, France, and demonstrated enhanced, but seasonally variable, aerobic
respiration in the lower beach. Reckhardt et al. (2015) observed the circulation cell across different hydro-
dynamic forcing regimes and found lower concentrations of dissolved organic matter in beaches of higher
energy. Seidel et al. (2015) conducted an in-depth study on the molecular signatures organic matter that
percolated into the beach and proposed that bioavailable carbon compounds of both terrestrial and
marine sources stimulated biogeochemical processes, including aerobic respiration, within the cell. More
recently, Beck et al. (2017) observed the spatial distribution of solutes, rare earth elements, and genetic
material to determine different zones of biogeochemical processes, redox states, and microbial commu-
nities within the intertidal circulation cell. Oxygen consumption rates over 1 h for two surficial sediment
sampling points were also determined using flow-through columns and air-saturated surface water
(Beck et al., 2017). While these studies demonstrate reactivity and reactive potential within the circulation
cell, as well as their inferred locations, the depletion of oxygen, the employed proxy for aerobic respiration,
is assumed to occur at a constant rate across the beach. A complete spatial distribution of reaction rates
that lead to observed solute distributions within the intertidal circulation cell, relative to its salinity distri-
bution, has not been observed.
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Figure 1. Schematic diagram of the intertidal circulation cell and the positions of multilevel pore water samplers (A–G) at Cape Shores. Each gray line indicates loca-
tion of sampler and dark gray boxes indicate the approximate position and spacing of water sampling ports. Infiltration of saline seawater into the fresh groundwater
creates a reactive intertidal circulation cell. Biogeochemical activity within this cell is supported by reactive organic carbon and oxygen originating from the infil-
trating seawater.
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The present work therefore aims to provide insight into the distribution and magnitudes of aerobic respira-
tion and denitrification rates within the intertidal circulation cell, and their relationship to the salinity distri-
butions and flow regime. We investigated the spatial distribution of reactivity by determining reaction
rates using pore water incubation experiments and observing in situ solute concentrations taken from a
shore-perpendicular cross section in a tide-dominated sandy beach. Additionally, a numerical variable-
density reactive transport model was employed to support the interpretation of field measurements and
to provide additional insight into the spatial distribution of reactants and products in the beach aquifer under
idealized conditions. The combined results highlight the link between physical processes of flow and the
biogeochemical activity within sandy beaches. As sea level rise, beach erosion, or beach remediation efforts
alter the slope, width, and hydrogeologic properties of beaches, understanding how the physical flow
processes and salinity patterns relate to beach reactivity will become increasingly important.

2. Methods
2.1. Study Site

This study was conducted in the intertidal zone of the tide-dominated Cape Shores beach adjacent to
Delaware Bay, near Cape Henlopen, Delaware, USA (Figure 2). Wave action at the Cape Shores site is restricted
due to the offshore breakwaters that protect the Lewes Harbor of Refuge. Tides are semidiurnal with an aver-
age range of 1.42 m. The beach aquifer is predominantly composed of coarse sand (540–668 μm grain size)
and has a hydraulic conductivity of 27.6–30.2 m/d (Heiss et al., 2014).

The biology, chemistry, and hydrology of the intertidal circulation cell at Cape Shores were well characterized
in a number of previous studies. Dale and Miller (2007) identified groundwater discharge zones utilizing sedi-
ment temperature and pore water salinity distributions along the Cape Shores beach. Active remineralization
of organic matter, cycling of N, P, Si, Fe, and S, and seasonal shifts in local microbial communities have also
been documented (Dale & Miller, 2008; Hays & Ullman, 2007a, 2007b; McAllister et al., 2015; Miller &
Ullman, 2004; Ullman et al., 2003). More recently, Heiss andMichael (2014) investigated the dynamic seasonal
movements of the circulation cell in response to changing hydrologic conditions. This makes Cape Shores an
ideal site to conduct further research on beach biogeochemistry, as mixing of water masses, active diagenetic
cycling of nutrients, and “pulsing” of the cell due to physical forcing have been well documented in the Cape
Shores intertidal circulation cell.

2.2. Pore Water Particulate and Solute Analysis

Pore water was collected from seven multilevel samplers along a 30 m beach-perpendicular transect. Each
sampler was constructed with multiple polyethylene tubes (7 mm outer diameter) arrayed at 0.5–0.8 m
vertical intervals along a PVC support pipe (13 mm outer diameter) extending up to 3 m (Heiss & Michael,
2014). Each polyethylene tube was screened with nylon mesh to prevent clogging. At each location, the sam-
pler was hand augered vertically into the sand (Samplers A–G, Figure 1). A total of 26 sampling ports were
distributed within the sampled cross section. Pore water was sampled from the beach during low tide using
a peristaltic GeoTech pump, after pumping at least 100 mL to flush out each tube. A YSI Professional Plus
meter (Yellow Spring, Ohio) with a flow-through cell was used to measure salinity (practical salinity units),
temperature, pH, and redox potential (ORP). An OptiOx Probe (Mettler Toledo, Columbus, Ohio) was used
to measure dissolved oxygen (DO) in the field.

Particles in pore water were collected on three precombusted 0.7 μm glass fiber filters, one each for chloro-
phyll a, particulate carbon and nitrogen (PC/PN), and particulate phosphorus (PP), by filtering 1 L of pore
water per filter. The filtrate was retained for analysis of dissolved solutes. Chlorophyll was extracted from
filters with acetone and quantified using a Turner fluorometer (10 AU; Turner Designs, San Jose California).
Pure acetone and standards in acetone provided by Turner were used to calibrate the instrument. The lower
detection limit of the fluorometer is 0.025 μg/L. PC/PN was measured by combustion with a Costech CHN
Elemental Analyzer with a lower detection limit of 0.005 mg/L. PP was determined spectrometrically, follow-
ing combustion and acidification using with the molybdenum blue method (Murphy & Riley, 1962).

The 250mL of the filtrate was preserved in a borosilicate bottle with a greased glass stopper for dissolved inor-
ganic carbon (DIC) and total alkalinity (TA) analysis. These samples were immediately fixed with 80 μl of satu-
rated HgCl2 to prevent further reactions and then stored in the dark at 4°C until analysis. DIC was determined
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by acidifying the samples and measuring the evolved CO2 gas using a Model AS-C3 DIC Analyzer (Apollo
SciTech, Newark, Delaware). TA was determined by Gran titration (Gran, 1952) using a Model AS-ALK2
Alkalinity Titrator (Apollo SciTech, Newark, Delaware). Both DIC and TA measurements were calibrated
using the certified reference materials from Scripps Institute of Oceanography (San Diego, California). Some
samples with high sulfide could not be accurately analyzed for TA due to precipitation of HgS during its
fixation with HgCl2. For these samples, DIC and pH measurements were coupled to calculate TA using the
Excel macro CO2SYS (Pierrot et al., 2006), with inorganic carbon disassociation constants from Millero et al.
(2006). Excess partial pressure of CO2 (excess pCO2) was also calculated to observe the effects of aerobic
respiration. This was calculated as the difference between in situ DIC and the theoretical DIC value at
atmospheric equilibrium (Abril et al., 2000), computed using TA values and atmospheric pCO2 of 395 μatm
(7 September 2014, Mauna Loa Observatory). All measurements of TA, DIC, and pCO2 were temperature
normalized to 15°C to remove thermal effects, leaving only biological and mixing processes. Approximately
100 mL from the remaining filtrate was collected in a Nalgene bottle to measure dissolved nutrients
(NO2

� + NO3
�, NH4

+, PO4
3�, Si) using standard methods on a SEAL AA3 Autoanalyzer (Mequon, Wisconsin).

Because of sampling limitations due to tide levels, daylight, and sample processing, sampling of all ports
could not be completed in 1 day. Preliminary field sampling of a subset of ports, sampled over three conse-
cutive days, found little change in the concentrations and distribution patterns of salinity, temperature, DO,
chlorophyll a, and PC. This is consistent with prior measurements showing little change in salinity over multi-
ple tidal cycles (Heiss & Michael, 2014). The samples described in this paper were collected on 8 and 10
September 2014.

2.3. Spatial Characterization of Pore Water Reactivity

Unfiltered pore water samples were collected in the field and incubated in the laboratory to determine the
spatial patterns of reactivity. Initial O2 deficit and initial N2 excess were determined as deviations from the
normal atmospheric equilibrium concentrations (NAEC) as a function of salinity and temperature (Garcia &
Gordon, 1992; Hamme & Emerson, 2004). O2 consumption rates and N2 production rates were determined
by incubation. All four parameters were used as indicators of pore water reactivity.

The incubation experiments were similar to those of Kana et al. (1994, 2006). Five unfiltered replicate samples
were collected in 12 mL Exetainers with gas-tight caps (Labco, Lampeter Ceredigion, UK) from each sampling
port by flooding the test tubes from the bottom end and ensuring no air contamination. The first sample was
fixed with 20 μL of saturated HgCl2 at the time of collection in the field to preserve initial in situ measure-
ments of O2, N2, and Ar. Initial O2 deficit and initial N2 excess was determined from this first aliquot. Some
of the first aliquot samples were slightly enriched in O2 compared to the OptiOx O2 measurements taken
at the time of sampling, most likely due to the short time of exposure to air while the sample was being

Figure 2. Map of the field site and sampling transect, Cape Shores, Lewes, Delaware, USA.
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fixed. However, the difference between the two measurements was on average less than 0.5 mg/L, which is
similar to the expected uncertainty under flow-through conditions, compounded by instrumentation
error (0.5%).

The remaining four aliquoted samples were fixed consecutively over 15 days while being incubated in the
dark at 25°C underwater (to minimize gas exchange). No significant amount of additional O2 was introduced
into the samples. Concentrations of O2 and N2 relative to the concentration of Ar gas were then measured
with high-precision Membrane Inlet Mass Spectrometry (MIMS, PrismaPlus Model; Bay Instruments, Easton,
Maryland). The linear regression of O2 decrease over the first 5 to 7 days of the incubation period was taken
as an estimate of the “apparent oxygen consumption rate,” related to the oxidation of organic matter at the
location of the respective sampling port. Beyond 7 days most samples were anoxic, displayed an air contam-
ination problem, or had a significant change in the rate of apparent O2 consumption, possibly due to cell
growth or exhaustion of more reactive carbon or nutrients. The measured reaction rate was then converted
to an “environmental reaction rate” using the Arrhenius equation with an activation energy of 21.5 kcal/mol
obtained from the incubation of one Cape Shores sample at three different temperatures (Westrich & Berner,
1988). This activation energy of reaction is similar to those measured in other environmental studies (Aller &
Yingst, 1980; Thamdrup et al., 1998). N2 production rates were determined in a similar manner to O2 con-
sumption. However, because the MIMS instrument utilized the slope change of O2/Ar ratios as an indicator
of sampling time, it was increasingly difficult to stabilize the instrument for an accurate measurement as sam-
ples approached anoxia. For this reason, the interpretation of N2 increase was approached conservatively.

2.4. Groundwater Flow and Reactive Transport Model

A numerical variable-density groundwater flow and solute transport model was combined with a reactive
transport model to simulate tidally driven mixing and biogeochemistry in the beach aquifer. Groundwater
flow and conservative salt transport were simulated for a 2-D cross section along the shore-perpendicular
transect of multilevel sampling wells using the finite difference code SEAWAT (Langevin et al., 2008).
Dissolved organic carbon (DOC) degradation, aerobic respiration, and denitrification along groundwater flow
paths was modeled using PHT3D v2.13 (Prommer & Post, 2002). These redox processes were modeled
according to the reaction kinetics of DOC, O2, NO3

�, N2 as shown in Table 1 and using the reaction parameter
values shown in Table 2. The reactive species were superimposed onto the groundwater flow field simulated
using SEAWAT. Thus, the flow and reactive transport simulations were decoupled (Anwar et al. 2014; Bardini
et al., 2012; Spiteri et al., 2008).

The model represented an unconfined sandy beach aquifer influenced by tidal and terrestrial freshwater
forcing. To avoid boundary effects, the model domain extended 50 m seaward of the mean sea level

(MSL)-beachface intersection,
150 m landward, and 30 m below
MSL. The beach profile measured
prior to the sampling event was
set as the top active layer in the
model. A nonuniform grid was
used to discretize the domain to
satisfy Peclet (Pe < 2) and
Courant (Cr < 0.75) criteria. Grid

Table 1
Reaction Network and Kinetic Rate Expressions (Adopted From Bardini et al. (2012))

Name Reaction Rate expression

DOC degradation DOC → CO2 Rate = kfox[DOC];
Aerobic respiration DOC + O2 → CO2 + H2O If [O2] > kmo2; rate = kfox[DOC];

If [O2] < kmo2; rate = kfox[DOC] ([O2]/kmo2)
Denitrification 5DOC + 4NO3

� + 4H+ → 5CO2 + 2 N2 + 7H2O If [O2] > kmo2; rate = 0; if [O2] < kmo2 and [NO3
�] >

kmno3; rate = kfox[DOC] (1 – [O2]/kmo2);
If [O2] < kmo2 and NO3

�
< kmo3; rate = kfox[DOC]

(1 – [O2]/kmo2) ([NO3
�]/kno3)

Table 2
Reaction Parameter Values

Parameter and source Description Value Units

kfox
a Rate constant for decomposition of DOC 1.5 × 10�6 s�1

kmo2a,b Limiting concentration of O2 3.125 × 10�5 M
kmno3a,b Limiting concentration of NO3

� 8.065 × 10�6 M

aVan Cappellen and Wang (1996). bBardini et al. (2012).
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cells were dx = 0.31 m by dy = 0.06 m in the intertidal zone where rapid flow rates and strong redox gradients
occurred. The model was homogenous and isotropic with hydraulic conductivity = 25 m/d, porosity = 0.3,
longitudinal dispersivity = 0.15 m, and transverse dispersivity = 0.015. These parameter values were adopted
from the calibrated model in Heiss and Michael (2014) for the same sampling transect.

The flow and transport boundary conditions were assigned based on hydrologic forcing and solute concen-
trations in the fresh and saline groundwater end-members. A constant freshwater flux of 1.01 m3/d was set
along the up-gradient vertical boundary. This flux corresponded to the flux simulated in Heiss and Michael
(2014) for the hydraulic head measured at the dune on the 8 September 2014 sampling event at the Cape
Shores sampling transect. The influence of tides on flow and transport was simulated with the Periodic
Boundary Condition (PBC) Package (Post, 2011). A semidiurnal (period = 0.5 d) sinusoidal tide was assigned
using the time-varying head boundary in the PBC package at the shoreface nodes. The tidal amplitude
was set to 0.71 m based on the tidal range between mean lower low water (MLLW) and mean higher high
water (MHHW) according to the Lewes, DE tide gauge (NOAA tidal station 8557830, Lewes, Delaware) 1 km
from the field site. The tidal range between MLLW and MHHW was chosen because it integrates the aquifer
conditions over many tidal cycles leading up to the sampling event. Once hydraulic heads and salt concen-
trations reached dynamic steady state, the tidally averaged fluid fluxes across the shoreface were used to
simulate steady state (with respect to boundary conditions) flow and salt transport. The tidally averaged flow
field was used to drive the transport of the reactive solutes. The top, bottom, and right boundaries were set as
no flow boundaries.

The part of the shoreface where seawater was flowing into the model domain was assigned a source salinity
concentration of 28, representing tidally driven seawater infiltration. A zero-concentration gradient for the
outflowing portion of the shoreface was set for all species. The end-member concentrations used in the
model for DOC, NO3

�, and O2 were assigned according to the highest measured values in the end-member
source. The end-member concentration for the reactive solutes considered was 66.6 μM for DOC, 179 μM for
NO3

�, and 177 μM for O2. These end-member concentrations weremeasured during the sampling event with
the exception of DOC, which was measured on 6 November 2014. Seawater flowing into the model domain
across the shoreface served as a source of DOC and O2, and the left vertical boundary served as a source of
NO3

�, representing high-nitrate fresh groundwater flowing into the model domain. DOC and O2 concentra-
tions in the inflowing fresh groundwater were set to zero, consistent with O2 measurements and because any
reactive DOC in the anoxic environment would have already denitrified a portion of the NO3

�.

3. Results
3.1. In Situ Pore Water Measurements

Salinity, a nonreactive tracer, outlined the physical location and geometry of the intertidal circulation cell
(Figure 3a). Landward of the intertidal zone, a berm was present during sampling period similar to the one
observed and described by Heiss and Michael (2014), resulting in some pooling of water as seawater rose
above the high tide mark. As a result, a smaller brackish zone was present underneath the depression land-
ward of the berm (Sampler A).

Other chemical parameters showed more spatial variability. pH measurements were circumneutral and
ranged from 6.7 to 8.4 (Figure 3b). The most alkaline pH values occurred within the freshwater zones high
on the beach. ORP measurements ranged from �77 to +104 mV, with the most oxidizing waters near the
fresher zones of Samplers A and B, and intermediate salinity water at Sampler D (Figure 3c). The most redu-
cing conditions were found at the base of the beach near Samplers F and G, where iron and sulfate reduction
had been previously observed (McAllister et al., 2015). Overall, ORP patterns did not spatially correlate with
salinity. The divergence of chemically sensitive parameters such as pH and ORP from nonreactive parameters
like salinity is direct and strong evidence of biogeochemical reactions.

Dissolved oxygen was an important indicator of both water source and beach reactivity. Fresh groundwater
in the coastal aquifer below the water table was mostly anoxic, whereas infiltrating saline water was fully
oxygenated due to equilibration with the atmosphere. There was a significant decrease in DO (to less than
25% saturation) within the top 2 m of the saline circulation cell, although elevated salinity levels extended
to depths of 3 m (Figure 3d). All sampling locations within the beach were undersaturated with respect to
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atmospheric O2 (Figure 4) and fell below a salinity-based conservative mixing line between the highest and
lowest DO samples (dotted gray line, Figure 4), with the largest deviations at the highest salinities. The
observed dilution curve to the lowest salinity sample (solid black line, Figure 4) suggests rapid utilization
of oxygen once infiltrated, followed by advective dilution. One exception was the data point on the
conservative mixing curve, from the shallowest port on Sampler C where oxygen was still high near the
water table at the landward edge of the circulation cell.

Chlorophyll a, a proxy for phytoplankton carbon, and particulate carbon (PC) were elevated in the deeper,
hypoxic zones of the circulation cell (Figures 3e and 3f). Overall, chlorophyll a fluorescence in the subsurface
waters of the beach was severely depleted relative to the baywater (~22 μg/L), with 20 ports showing values
ranging from 0.0 to 0.9 μg/L. Other than the one hot spot that had 52.9 μg/L (star, Figure 3e), the other five
ports had concentrations ranging from 1 to 3 μg/L. PC had a range of 0.01–0.3 mg/L, and the higher values of
PC co-occurred with higher chlorophyll concentrations. The filter collected at the high-chlorophyll location
was darkly colored with a substantial amount of fine-grained material, suggesting that hydrogeologic condi-
tions at the sampling time allowed for the trapping of finer material in the sampling port. Due to light limita-
tions at this depth (�2.3 m), we do not anticipate in situ phytoplankton growth.

Dissolved inorganic carbon had different spatial patterns compared to particulate organic carbon. Most sam-
ples were enriched in DIC relative to the conservative dilution curve, indicating in situ production of CO2 due
to aerobic respiration (Figure 5). Within the aquifer, elevated DIC values mostly coincided with elevated sali-
nity but extended beyond the high-salinity contours (Figure 3g). Because DIC and TA values for both the
freshest (1065 μmol/kg, 2066 μmol/kg, respectively) and most saline (1074 μmol/kg, 2048 μmol/kg, respec-
tively) end-member samples were very similar, a fairly conservative 1:1 relationship of TA:DIC with respect
to salinity can be assumed. While anaerobic decomposition increases both TA and DIC, aerobic respiration
only increases DIC (Cai et al., 2003). Although other minor anaerobic reactions that impact TA:DIC ratios do
occur within the aquifer and are important for elemental cycles, such reactions can be overlooked for the pur-
poses of using TA and DIC distributions as evidence of aerobic respiration. Figure 6 shows a relative enrich-
ment of DIC relative to TA above the 1:1 line. Because DIC can be affected by other reactions such as
carbonate dissolution or anaerobic processes along the flow path (Cai et al., 2003, 2010; Chaillou et al.,
2014, 2016), excess pCO2 was also calculated as a more direct indicator of aerobic respiration. Save for the
lowest salinity sample, all samples had an excess of pCO2. Consistent with other observations discussed
above, the whole intertidal circulation cell displayed high excess pCO2, with some hot spots within the land-
ward and seaward mixing zones.
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Ammonium and nitrate were spatially separated within the aquifer. Ammonium (~37 μM) was concentrated
around Samplers F and G where conditions were much more reducing than the rest of the aquifer and where
sulfides were found by McAllister et al. (2015) (Figure 3k). Nitrate, highest around Samplers C and D
(~177 μM), was depleted in areas of high ammonium and high particulate organic carbon (Figure 3j). The
N2/Ar ratio measured in the first incubation aliquot at each sampling port, fixed at the time of collection,
indicates in situ conditions. N2/Ar in water in equilibrium with air stays within a remarkably narrow
range (36.3–38.5) over a large range of salinities (0–35) and temperatures (5–25) (Weiss, 1970). Yet all samples
had a N2/Ar ratio over 38.5 at intermediate salinities, consistent with microbial N2 production (not shown).

Particulate phosphorus (PP, Figure 3m) and phosphate (PO4
3�, Figure 3n) were both highest around Sampler

A (~55 μM and ~8 μM, respectively) but displayed divergent patterns in other areas of the aquifer. PP concen-
trations were low overall in the rest of the aquifer, with some elevated concentrations in areas of elevated
chlorophyll (pink contour). Phosphate, on the other hand, had a spatial dilution pattern going down gradient
from Sampler A and was depleted in the zone of elevated chlorophyll.
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Similar to phosphate, dissolved silica (~123 μM, Figure 3o) was highest at Sampler A and was negatively
correlated with salinity, diluting down gradient. There was some apparent production of silica along the flow
path, although the highest concentrations did not exceed saturation with respect to amorphous silica by far
(~115 μM at 1 atm, 25°C) (Morey et al., 1964).

3.2. Incubation O2, N2 Measurements

Aerobic respiration rates from pore water incubations displayed spatial heterogeneity across the beach.
Respiration rates ranged from virtually zero to 3 μmol/L/day, with the highest rates along the landward
freshwater-seawater (FW-SW) mixing zone in Samplers C and D (Figure 3i).

The measured N2 gas production rates during incubation was taken as laboratory evidence of denitrification.
Because obtaining an accurate gas concentration with MIMS became increasingly difficult as samples
became more anoxic, results were interpreted conservatively; only incubations that showed an unequivocal
N2 increase over time were taken to be indicative of denitrification. Samples that did not show an increase in
N2 were assigned a production rate of zero. The highest values of N2 production were found proximal to the
high reactivity zone found in the O2 incubation experiments, along the landward edges of the circulation
cell mixing zone (Figure 3) but also farther along the flow path than hot spots of O2 consumption in the sea-
ward mixing zone (Figure 3l). This is consistent with expectations that more O2 consumption would take
place near the infiltration point in the circulation cell, while N2 production would increase toward the end
of the flow path near the discharge point.

3.3. Reactive Transport Model Results

The groundwater flow and transport model approximately reproduced the observed salinity distribution in
the beach aquifer, the horizontal and vertical extent of the circulation cell, and location of the fresh discharge
zone (Figures 7a-1 and 7a-2). Measured and modeled salinities were highest beneath the upper half of the
beachface between the MSL-beachface intersection and the high tide mark and decreased with depth and
distance seaward due to mixing with underlying fresh groundwater. The upper part of the beach where
measured and modeled salinities were highest (X = 150 m) corresponded to the highest rates of seawater

0

0.05

0.1

0

0.1

0.2

0.3

0.4
M/d

M

d-2) Modeled N2

1
10

20

130 140 150 160

meters from benchmark

d-1) Incubated N2

1
10 20

-4

-2

0

2

0

10

20

30

130 140 150 160

-4

-2

0

2

0

10

20

30

Salinity

a-1) Measured salinity

a-2) Modeled salinity

meters from benchmark

m
et

er
s 

ab
ov

e 
se

a 
le

ve
l 

Salinity

b-1) Measured dissolved oxygen

%

c-1) Measured nitrate
150

75

0

100

50

0

1
10 20

1
10 20

1
10

20

1
10

20

%

100

50

0

150

75

0

c-2) Modeled nitrate

b-2) Modeled dissolved oxygen

-4

-2

0

2

-4

-2

0

2

Figure 7. Measured (1) andmodeled (2) distributions for (a) salinity, (b) dissolved oxygen, (c) nitrate, and (d) N2 in the intertidal beach aquifer at Cape Shores, DE. The
flow vectors in Figure 7a-2 show the tidally averaged flow direction and magnitude. The horizontal dotted lines in both panels are MHHW and MSL. MLLW is
contiguous with the topography at the base of the beachface. The modeled 1, 10, and 20 salinity contours are shown in Figures 7b-2, 7c-2, and 7d-2.

Journal of Geophysical Research: Biogeosciences 10.1002/2017JG003943

KIM ET AL. BEACH AQUIFER BIOGEOCHEMICAL REACTIVITY 2557



infiltration across the beachface as shown by the magnitude of the flow vectors in Figure 7a-2. The vectors
highlight the circulating pattern of saline-brackish groundwater: seawater enters the upper part of the beach-
face, flows downward and seaward, and then discharges near the base of the beachface (Figure 7a-2).
Terrestrially derived fresh groundwater flows seaward beneath the intertidal circulation cell, mixing with
saline groundwater along the perimeter of the cell before upwelling at the freshwater discharge zone at
the base of the beach.

Measured salinities beneath the backshore landward of the berm (X ≈ 143 m) were higher than the simulated
salinities. This is likely due to the simplifying assumptions of the model, which did not account for temporal
variability of seawater input due to spring-neap cycling, seasonality in freshwater flux, storm tides, or waves,
all of which can impact salinity and flow patterns in these intertidal systems (Abarca et al., 2013; Boufadel
et al., 2007; Heiss & Michael, 2014; C. Robinson et al., 2007; Xin et al., 2010). However, there was good agree-
ment in the location of the fresh discharge zone as well as the spatial coverage of the intertidal mixing zone,
key factors related to biogeochemical reactivity and fluxes to the water column.

Measured and modeled dissolved oxygen were highest near the surface below the MSL-beachface intersec-
tion where salinity was highest and decreased with depth and distance seaward (Figures 7b-1 and 7b-2). The
measured dissolved oxygen saturation decreased more rapidly with depth than the modeled saturation and
was higher closer to the surface. The largest discrepancy between measured and modeled nitrate concentra-
tions was in the fresh groundwater (Figures 7c-1 and 7c-2). This can be explained by the modeling choice of a
specified flux of nitrate across the entire left boundary, which is consistent with conditions that were gener-
ally encountered during sampling during other months of the year, but not in September 2014, highlighting
the importance of transient effects. Such transience is caused by precipitation, irregular waves (Xin et al.,
2010), spring-neap cycling, seasonality (Heiss & Michael, 2014), as well as variable contaminant loading,
and is not captured in the model. Other causes for the deviations between measured and modeled data
include lithological and geochemical heterogeneity, or biogeochemical reactions that were not investigated
in this study, including iron and sulfate reduction. The discrepancies demonstrate that the biogeochemical
framework of these systems is more complex than what can be captured by the present model, even though
the general spatial trends are well represented.

Despite the model simplifications, the simulated N2 results were consistent with the spatial distribution of
products and incubation-inferred reactivity in the intertidal aquifer. Modeled N2 concentrations were
elevated in the intertidal mixing zone on the perimeter of the circulation cell and highest below the high
tide mark (Figure 7d-2). The model did not reproduce the observed N2 hot spot 2 m deeper than the
highest modeled N2 concentrations (Figure 7d-1 and 7d-2), and the observed pattern of N2 is a less
well-defined arc than in the model, as expected due to heterogeneity and transience discussed above.
However, the patterns of high N2 production and the high N2 concentrations are in general agreement.
Thus, the model results support the link between the physical flow system and reactivity—the occurrence
of denitrification along the outer edge of the intertidal circulation cell that was inferred from the incuba-
tion experiments. This consistency supports the interpretation of reactivity derived from incubation experi-
ments and indicates their potential utility in determining the spatial distribution of in situ reactivity in
other beach aquifers.

The three independent techniques used in this study to characterize the spatial distribution of denitrification
in the Cape Shores beach (N2/Ar ratio, incubation experiments, and numerical modeling) all indicate that
denitrification occurs in the mixing zone on the perimeter of the circulation cell in pore water with salinities
ranging between 1 and 20. However, the actual zone of denitrification may be more restricted than the simu-
lated or measured N2 distribution suggests because of advective-dispersive transport of N2 outside the active
denitrification zone following production.

4. Discussion

It is evident from pH and ORP measurements that biogeochemical reactions are occurring throughout the
intertidal circulation cell, as their cross-sectional distributions deviate substantially from the distributions of
salinity. Undersaturation with respect to atmospheric O2 clearly indicates that oxygen consumption occurs
in the circulation cell, most likely through aerobic respiration (Figures 3d and 4).
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However, measured O2 respiration rates are heterogeneous within the system. They are highest along the
landward FW-SW mixing zone where seawater infiltration occurs, supported by in situ measurements of
DIC and excess pCO2, and consistent with CO2 production during aerobic respiration (Figures 3g–3i).
Contrary to our expectations, elevated O2 consumption rates did not co-occur with higher concentrations
of chlorophyll or PC in the pore water. Elevated concentrations of chlorophyll and PC in areas of low in situ DO
(Figure 8) suggest that the transformation of these mobile forms of particulate carbon may be oxygen
limited, as elevated concentrations are found in the aquifer downstream of the landward mixing zone where
oxygen is depleted (Figures 3e, 3f, and 3i). This suggests that a more respirable form of carbon not detected
by the methods utilized above may play a larger role in intertidal aquifers than previously expected.
Charbonnier et al. (2013) noted that the intertidal beach respiration was at times decoupled from the seaso-
nal phytoplankton bloom and was, most likely, utilizing other sources of bioavailable carbon.

After the rapid consumption of oxygen in the early stages of infiltration, the resulting hypoxic water
(<20% saturation) is transported seaward. Within the seaward mixing zone, aerobic respiration occurs at
suppressed rates under hypoxic conditions, utilizing less reactive forms of particulate carbon. This is
supported by elevated DIC and excess pCO2 that occur in proximal cross-sectional zones as elevated chlor-
ophyll concentrations (Figures 3e, 3g, and 3h). In addition, Figure 8 shows the oxygen-limited behavior of
mobile carbon: the highest concentrations of carbon were observed where DO concentrations were low.
This slower respiration of carbon is not expressed in the incubation experiments, presumably because
the incubation reaction rates were based on the first 7 days of incubation, when they were linear with
time. After 7 days, the experimental reaction rates decreased substantially, perhaps due to a shift to a
carbon source with a lower degree of reactivity or changes in the rates of cell growth. Within the beach
aquifer, other sedimentary sources of carbon such as microphytobenthos, sediment-entrapped particulate
organic carbon (POC), and surface-deposited POC that are not present in pore water incubations could
also be supporting respiration (Beck et al., 2017; Charbonnier et al., 2013; Reckhardt et al., 2015). Also,
at Cape Shores, on some occasions, beach wrack accumulates with the pooled water behind the berm
after very high tides, which may account for the elevated respiration at Sampler A. It is possible that
sediment-entrapped particulate carbon not included in pore water incubations, with continuous replenish-
ment of oxygen into the circulation cell during tide and wave action, would allow for respiration rates
higher than observed in laboratory incubation experiments.

After aerobic respiration depletes oxygen, denitrification can occur closer to the freshwater discharge point.
This is supported by the results of the incubation experiments which show the highest N2 production rates in
the mixing zone (Figure 3l). Reactive transport simulations were consistent with these field and laboratory
results and confirm the link between the physical flow system and biogeochemical reactivity. The model
demonstrated that nitrogen gas accumulates along circulating flow paths on the perimeter of the circulation
cell where saltwater and freshwater mix. The model predicted the highest N2 concentrations between the 1
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and 20 salinity contours, which agrees with the distribution of high N2 production rates obtained from the
incubation experiments (Figure 7b). Because the whole aquifer was enriched in N2 in situ, there is also a
potential for anaerobic ammonium oxidation (anammox) in areas of elevated ammonium (Figure 3k,
Samplers F and G). Although oxygen levels in Samplers F and G range from 1 to 13 μM O2, recent research
conducted off the coast of Namibia and Peru by Kalvelage et al. (2011) found anammox to proceed at oxygen
levels up to 20 μM, 20 times higher than oxygen levels originally proposed from laboratory cultures of
anammox bacteria (Strous et al., 1997). Because the seaward boundary of the intertidal circulation cell experi-
ences frequent shifts in oxygen regimes, it is possible that anaerobic bacteria in this region have adapted to a
higher O2 tolerance.

Other reaction dynamics, such as sorption and dissolution, further affect various solutes within the inter-
tidal circulation cell. High amounts of particulate phosphorus and phosphate are detected near Sampler
A, presumably from degradation of the accumulated detritus on the beach surface. PO4

3� then travels
downgradient with a dilution pattern but disappears in the region of elevated chlorophyll (Figure 3n, pink
contour). Instead, particulate phosphorus is detected in the same region (Figure 3m, pink contour). In addi-
tion to P-release during organic matter degradation, phosphate can adsorb readily to particles including
the particulate organic matter in this area of the circulation cell (Benitez-Nelson, 2000). When ORP condi-
tions change, this PO4

3� can be released back into the water and become readily available (Föllmi, 1996).
The distribution of dissolved silica is related primarily to dilution of freshwater concentrations by seawater,
with evidence of production along flow paths, similar to that observed by Charbonnier et al. (2013)
(Figure 3o). This may be related to an estuarine source of biogenic silica. Spatial and temporal correlation
of dissolved N, P, and Si species are common, due to the similar sources and regeneration patterns, even
when regeneration in the case of Si may be related to different processes (Ullman & Welch, 2002; Ullman
et al., 2003).

The dominant mechanisms and the extent of biogeochemical reactivity can quickly change in between
samplers and within a few weeks in the intertidal circulation cell. High respiration rates along the landward
FW-SWmixing zone followed by suppressed rates and denitrification along the seaward FW-SWmixing zone
highlight mixing, oxygen availability, and carbon lability as important controls of reactivity at a given location
within the intertidal circulation cell. Because dynamic shifts in the geometric shape of the circulation cell alter
flow paths, reduction potentials, oxygen and solute concentrations, the understanding of how the biogeo-
chemistry and reactivity relates to its location within the cell is key to the coherent study of this
dynamic system.

5. Conclusions

To our knowledge, this work is the first to present independent concentration and reactivity data that describe
the relationship between the intertidal circulation cell in beach aquifers and its biogeochemical reactivity
(mainly aerobic respiration and denitrification). This complements previous work that postulates reaction
locations or redox conditions utilizing solute distributions and supports the conclusion that sandy beaches
are important hosts of biogeochemical activity and therefore play important roles in coastal ecology. Based
on O2 consumption and N2 production rates from incubations, and in situ evidence of excess N2 and DIC,
the highest rates of aerobic respiration and denitrification were found along the FW-SW mixing zone of the
intertidal circulation cell. Remineralization of particulate organic carbon is not responsible for the high rates
of reaction in this zone but contributes to slower respiration in the seaward FW-SW mixing zone. Numerical
simulations show an accumulation of N2 gas along the 20 salinity contour, consistent with our observations,
emphasizing the link between physical and chemical processes. Although the geometry of the intertidal
circulation cell will vary by location according to its hydrologic, topographic, and geologic setting, the
principle that organic matter consumption is enhanced at the FW-SW mixing zone is likely to endure.
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