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ARTICLE INFO ABSTRACT

Keywords: Groundwater discharge to the coastal ocean is a vital source of nutrients and trace metals that support photo-
Radium synthetic life. This study uses radium isotopes as tracers to calculate coastal mixing rates during upwelling and
Nutrients steady state conditions and to quantify the groundwater-derived nutrient flux to the ocean along the southern
g;zs&?‘:i:;g New Jzersely coast. Our best estimate fo; th;e coastal mzi;(jng rate (apparent horizontal eddy diffusivity) was
Upwelling 18km~d " (possible range of 11 — 38 km“d™ ") based on ““"Ra. A box model was used to determine that the flux

of groundwater discharge to the coastal ocean is 5.4 x 10’ m>d~!, with a possible range of 2.8 x 107 —
1.4 x 108 m® d~!. The Ra-derived estimate of submarine groundwater discharge was combined with groundwater
nutrient concentrations to determine nutrient fluxes of 5.8 x 10°mold~! for nitrate + nitrite (NOy),
4.3 x 10*mol d ™! for POy, and 2.5 x 10* mol d~* for NHZ. These results indicate that groundwater discharge is a
major source of water and nutrient inputs along the New Jersey coast, similar to the fluxes delivered by the
Delaware River and exceeding those delivered by the nearby Mullica River by ~200%. These values serve as
baseline estimates for assessing future changes in the magnitude and quality of groundwater discharge driven by

human activity and climate change.

1. Introduction

Submarine groundwater discharge (SGD) is defined as any water
seeping from land to the coastal ocean after circulating through sedi-
ments (Burnett et al., 2003). SGD is a globally significant pathway for
freshwater and nutrients to enter coastal ecosystems, exceeding surface
water inputs in most reviewed cases (Santos et al., 2021). Therefore,
SGD is critical for maintaining coastal ecosystem health and sustain-
ability. Groundwater discharge into coastal waters from fresh- and
saltwater interfaces serves as an important source of nutrients and trace
metals that support photosynthetic life, thereby supporting local eco-
systems and fisheries (Valiela et al., 1990; Moosdorf and Oehler, 2017).
Understanding the magnitude of groundwater discharge, as well as the
concentration of essential nutrients in groundwater, is crucial for com-
prehending the scale of groundwater-derived nutrients entering coastal
waters.

The flux and quality of groundwater discharging into coastal waters
may change in the future due to human activity. Sewage discharge and
fertilizer application could increase nutrient additions to the coastal
ocean, potentially leading to harmful algal blooms and hypoxia in
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coastal waters (Paerl, 1997; Diaz and Rosenberg, 2008). Climate change
and accelerated groundwater pumping could also impact groundwater
quality, as rising sea-levels and excessive extraction may cause saltwater
intrusion (Moore and Joye, 2021). This intrusion of saltwater into
freshwater aquifers could shift the saltwater-freshwater interface,
increasing salinity in groundwater and posing threats to drinking water
supplies (Barlow and Reichard, 2010). Increased salinity could mobilize
contaminants in groundwater that are more soluble at higher salinities
(Sawyer et al., 2016), therefore increasing the flux of elements to coastal
waters. SGD may also contribute to coastal hypoxia by delivering
byproducts such as sulfide, ammonia, and methane to coastal waters,
which can lower dissolved oxygen levels when oxidized (Moore et al.,
2024). Given these concerns, studying groundwater chemistry is critical
for establishing appropriate pollution management strategies to protect
coastal environments and local fisheries.

Coastal mixing rates (cross-shelf eddy diffusivities) describe the rate
at which water masses mix in coastal areas, influencing how nutrients
and pollutants delivered by SGD are distributed throughout coastal
waters. Understanding mixing rates is critical for managing potentially
harmful impacts of SGD, as they determine how quickly and widely
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these substances are spread. Higher mixing rates can spread SGD inputs
more widely, diluting concentrations of nutrients and pollutants, while
lower mixing rates can create areas of high nutrient or pollutant con-
centrations. Thus, coastal mixing rates play a vital role in assessing the
extent of nutrient dispersion and its implications for coastal ecosystems.
This study location is in a region where rapid and expansive develop-
ment of offshore wind energy is being planned and implemented (New
Jersey Board of Public Utilities, 2020). Future installations of wind
turbines could increase localized turbulence and add an anthropogenic
source of mixing (Schultze et al., 2020).

Radium is a chemical tracer commonly used to study the magnitude
of groundwater discharge and the transport of nutrients to the coastal
ocean (Burnett et al., 2008). It is a naturally occurring radioactive
isotope produced through the decay of thorium isotopes in sediments
and is soluble in seawater, meaning groundwater becomes enriched in
radium as it resides in an aquifer or when seawater recirculates through
sediments. Radium isotopes serve as valuable tools for quantifying
groundwater flux and nutrient transport, as direct measurements of
these fluxes (e.g. by flow meters) are often challenging (Rama and
Moore, 1996). The four radium isotopes decay at different rates,
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determined by their half-lives (tj/; 223Ra, t ,2=11.4 days; 224Ra,
t1/2 = 3.66 days; 226Ra, t1/2 = 1600 years; and 228Ra, t1/2 =5.75 years),
and therefore integrate changes over a range of space- and time-scales.
The short-lived isotopes, 223Ra and ?**Ra, are particularly useful for
calculating coastal mixing rates since these isotopes decay on timescales
of days.

The rate and distribution of SGD are influenced by the composition of
shelf sediments and whether a coastline lies on an active or passive
margin (Santos et al., 2021). This study takes place along the New Jersey
coast, a passive margin characterized by a broad, shallow shelf with low
topographic relief and sandy sediments. Given its structural similarities
to other passive margin coastlines, the New Jersey shelf is representative
of passive margin coastal environments. Thus, SGD processes observed
here are likely comparable to those in similar regions globally. With
New Jersey and other similar passive margin coastlines projected to
undergo extensive wind farm development, establishing baseline esti-
mates of SGD is critical. These baselines will serve as a reference point
for future studies, enabling direct comparisons of SGD before and after
wind energy infrastructure is implemented and providing insight into
how other coastal regions may respond to offshore wind development in
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Fig. 1. a) Map of New Jersey showing the study location (black box). b) Groundwater sampling sites at Brigantine beach. ¢) Groundwater sampling sites at Corson’s
Inlet State Park. d) Map of the New Jersey coast showing the locations of the groundwater sampling sites (blue circles) and offshore transects. The green circles
represent sample collection sites from December 2021, the white circles represent sample collection sites from August 2022, the purple circles represent sample
collection sites from June 2023, and the purple circles with white outline represent sites from 2022 and 2023.
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coming decades.

In this study, radium and nutrient samples were collected from
groundwater and surface waters along the southern New Jersey coast to
quantify coastal mixing rates and groundwater-derived nutrient fluxes
and assess the hypothesis that groundwater is a significant nutrient
source to the coastal ocean in this region. This study represents the first
estimates of nutrient fluxes off the southern New Jersey coast, providing
baseline values that can be used to assess future changes driven by
human activity, climate change, and offshore wind energy development,
which is an area of particular interest in SGD research (Santos et al.,
2021). Further, this study captures periods of both steady-state condi-
tions and upwelling, addressing the temporal changes in the persistence
of groundwater-derived nutrients and allowing us to assess the utility of
radium as tracers of coastal mixing and groundwater discharge.

2. Methods
2.1. Study area

Surface water samples were collected along three transects off the
coast of Brigantine Beach, Margate City Beach, and Corson's Inlet State
Park in southern New Jersey, USA (T1, T2, and T3, respectively; Fig. 1).
The transects crossed the shallow shelf, which has sandy sediments and
low topographic relief similar to other passive margins along the East
Coast of the United States. Samples were collected along the transects at
0.5, 4, 7.5, 11, 14.5, and 18 nautical miles (nm) (0.9, 7.4, 13.8, 20.3,
26.8, and 33.3 km) offshore between August 1, 2022 and August 3, 2022
on the R/V Petrel. Six samples were collected on each transect, except for
T2, where one additional sample (CG15) was collected at 2.5nm
(4.1 km). T2 was repeated between 13 and 15 June 2023, with higher
sampling resolution closer to shore (0.5, 1, 1.5, 2, 3, 4nm; 0.9, 1.8, 2.7,
3.7, 5.5km) for a total of 10 samples along the transect.

Groundwater sampling was conducted at Brigantine Beach and
Corson's Inlet, the endpoints of T1 and T3. Samples CG20 to CG25 were
collected from Brigantine Beach on August 4, 2022, and samples CG26
to CG31 were collected from Corson's Inlet on August 5, 2022. Samples
were collected at varying depths in the sand (0.15-2.64 m) and distances
from the surf (15-83 m) to find variation in salinity (0.71-32.7) because
ionic strength can influence particle reactivity and complexation of
solutes like radium and nutrients. One surface water sample was
collected by wading into the surf zone at each sampling site (CG21 &
CG26).

Surface water samples were also collected north of T1 on December
14, 2021. One sample was collected within Great Bay Estuary, and three
samples were collected along a transect offshore Jacques Cousteau Na-
tional Estuarine Reserve, at the mouth of the estuary. Although these
samples did not overlap with the other transects, they captured the
outflow of the Mullica River (Fig. 1) and provide an additional year for
comparison.

2.2. Offshore sample collection

Surface water samples (100L) were collected into plastic barrels from
2m using a submersible pump (Tsurumi). The water was filtered
through 1.5” diameter sample cartridges packed with ~20 g of manga-
nese oxide (MnOy)-coated acrylic fiber at ~1 Lmin ! to quantitatively
scavenge the radium from the seawater (Reid et al., 1979). In 2021, only
20 L of surface water was collected using a peristaltic pump (Solinst) and
was gravity filtered (<1 L min™?).

A Castaway-CTD (YSI) was used to profile temperature and salinity
at each station. A handheld YSI sensor was used to collect additional
discrete measurements of temperature and salinity in surface water at
each station.
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2.3. Groundwater sample collection

Groundwater samples were collected by connecting a peristaltic
pump with a drive point piezometer (Solinst) inserted deep enough
beneath the beach surface to pull groundwater without creating air
bubbles. Radium samples were pumped into a 20L cubitainer and
gravity filtered over a MnO,, fiber. Groundwater was collected intoa 1 L
graduated cylinder to measure O,, pH, temperature, and salinity using
YSI sensors.

Groundwater nutrient samples were collected using tubing con-
nected to the peristaltic pump and a sampling syringe, and the tubing
and syringe were rinsed 3 times with sample water between every
sample. 3mL of sample was used to rinse a 0.2 pm PES syringe filter
prior to collecting the sample in an acid-washed 15 mL centrifuge tube.
One blank sample was collected each day of sampling using ultrapure
water. All samples were placed in a cooler on ice and frozen until pro-
cessing and analysis.

2.4. Sample analysis

On shore, fiber samples were measured for 2>Ra and 2?*Ra using a
Radium Delayed Coincidence Counter (RaDeCC) system (Moore and
Arnold, 1996). Activities were first measured <4 days after collection to
determine the short-lived ?*Ra and 22*Ra. Samples were then counted
again 4 and 8 weeks after collection to measure the activities of 22‘Ra
and ?2°Ra supported by 22Th and 2?”Ac, respectively. The 22°Ra and
224Ra activities reported below are in excess of the measured parent
isotopes. Fiber standards spiked with 232Th with daughters in equilib-
rium were measured twice a week within the 8-week period to calculate
detector efficiencies for the measurement of 2>*Ra. The efficiency of
223Ra measurements was calculated based on the 2?Ra efficiency, as
described in Moore and Cai (2013). Efficiencies for the two detectors
used were 43.4% and 53.4% for 2*Ra and 25.0% and 30.8% for >*Ra.
Detector blanks were determined by running detectors with no sample
holders collected (yielding a “lab air” blank) or with empty sample
holders; the average of both run types across both detectors used was
considered the blank value. For 22°Ra, the blank activity was zero. For
224Ra, the average blank was 0.013 counts per minute; multiplying this
by 3 and converting to units of dpm 100 L yields a detection limit of
~0.44 dpm 100 L™! for 20 L groundwater samples and ~0.09 dpm 100
L! for 100 L surface water samples. Error values on RaDeCC measure-
ments are calculated as 1 divided by the number of decay events
recorded.

Fiber samples were subsequently combusted in a muffle furnace at
820 °C for 16 h. The resulting ash was then packed into polystyrene test
tubes, sealed with epoxy to prevent gas exchange. After waiting at least
three weeks for daughter isotopes to reach equilibrium, samples were
measured for 2?°Ra and 2?°Ra using a 16 mm well-type small anode
germanium crystal (SAGe) gamma detector. 2®Ra was counted using
lines of 2%8Ac (338 and 911 keV), and 226Ra was counted using lines of
214pp (352keV). Ashed fiber standards, prepared using a standard so-
lution containing 22Ra and 232Th with daughter isotopes in equilibrium,
were measured to determine detector efficiencies. Gamma detector
blanks were determined by running the detector with blank ashed fiber
(fiber that has not been in contact with surface or groundwater) for ~7
days. Any measurable activities recorded in the 338, 352, and 911 keV
channels were subtracted from the measured sample activities at those
photopeaks. Error values on final activities are propagated 1-sigma er-
rors from both the blank and sample runs.

Water samples were analyzed for nitrate + nitrite (NOy), POg4, and
NHZ on a Seal Analytical AQ300 discrete nutrient analyzer using
colorimetric methods, which have detection limits of 0.00021 mol m™,
0.000065 mol m, and 0.000428 mol m™ (Methods for Determination
USEPA Method 353.2, 365.1, 350.1, respectively, 1993).
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3. Results
3.1. Hydrography along transects

The water column was stratified at the time of sampling in 2022 and
2023, with temperatures ranging from 25.4 °C at the surface to 10.5°C
at depth in 2022 and 19.1 °C to 12.1 °C in 2023 (Fig. 2). The isopycnals
sloped down slightly in 2022, with warmer water reaching greater
depths offshore. In 2023, the temperature gradient was not as strong.
Surface waters were colder at the time of sampling in 2023 because
sampling occurred earlier in the season in 2023 (June) compared to
2022 (August). The depth of the mixed layer was approximately 6.5m,
determined based on the average MLD recorded on the temperature
profiles. Here, we defined stratification based on temperature, since the
isopycnals closely follow the temperature distribution (Fig. 2).

3.2. Radium activities and nutrient concentrations in groundwater

The radium activities and nutrient concentrations in groundwater
did not have a strong relationship with salinity across the two beaches
sampled (Supplementary Fig. 1). The absolute activities of radium
ranged from 0.28 to 29 dpm 100 L™! for 2?®Ra, 5.2 to 335 dpm 100 L~}
for 22Ra, 0.14 to 60 dpm 100 L™ for 22°Ra, and 3.1 to 173 dpm 100 L}
for 22Ra. The lowest activities were in the freshest sample (salinity
0.71), consistent with low Ra solubility at low ionic strength
(Krishnaswami et al., 1982). Nutrient concentrations varied from
0.0012 to 0.0388 mol m~2 for NO,, 0.0008 to 0.0023 mol m~= for POy,
and 0 to 0.0015 molm~2 for NHJ. One outlier was excluded from the
analysis of NOy (CG22, 0.0988 mol m~3) and the analysis of NH; (CG31,
0.0069 mol m’g). Since there was no clear gradient between the fresh-
water endmember and seawater, average radium activities, radium ac-
tivity ratios, and nutrient concentrations were calculated to serve as the
groundwater endmembers (Table 1).

3.3. Radium activities and nutrient concentrations in seawater

The activities of short-lived radium isotopes 22°Ra and 2?*Ra were
higher and measurable near the coast and decreased exponentially with

a “ 30
2
g
P
€ ®
~ =
20 D
5 g
@ @
o —_
3
v O
10
30
C
25
3
= 3
£ @
=t =
E 20 g‘
=
@ @
[a)] —_
3
15 O
A2/

10
10

20
Section Distance (km)

Estuarine, Coastal and Shelf Science 332 (2026) 109766

Table 1
Average radium activities and nutrient concentrations in
groundwater.

223Ra (dpm 100L 1)
224Ra (dpm 100L 1)
226Ra (dpm 100L 1)
228Ra (dpm 100L ")
224Ra/228Ra

NOy (mol m 3)

PO, (mol m3)

NHJ (mol m~3)

11+8
134+091
21+15
73+48
1.9+0.8
0.0164 £+ 0.0149
0.0014 &+ 0.0005
0.0007 + 0.0006

distance due to radioactive decay and dilution. In 2022, activities of
223Ra and ?**Ra >20 km offshore were <0.17 dpm 100L~! and <0.25
dpm 100L7}, respectively. Near the coast (<15km offshore), 2**Ra
activities averaged 0.93 +0.59 dpm 100 L} in 2021, 0.52 4+ 0.63 dpm
100L7! in 2022, and 0.52 +0.13 dpm 100 L7 in 2023 (Fig. 3a). For
224Ra, activities near the coast averaged 8.8 + 4.8 dpm 100 L ™! in 2021,
5.5+7.2 dpm 100L7! in 2022, and 6.1 +1.4 dpm 100L"! in 2023
(Fig. 3c).

The activities of long-lived isotopes 22Ra and 22®Ra decreased be-
tween 0 and 10 km in 2022, followed by a slight increase offshore. In
2023, the activities remained relatively constant. In 2021, a decrease
was observed between the bay and nearest seawater sample, followed by
the same slight increase offshore as observed in 2022. The ?2°Ra activ-
ities measured near the coast averaged 9.9 & 2.0 dpm 100 L1 in 2021,
6.5+4.0 dpm 100L" in 2022, and 10+1.0 dpm 100L~! in 2023
(Fig. 3b). For 2%®Ra, activities near the coast averaged 18 +1.7 dpm
100L7! in 2021, 154+ 10 dpm 100 L7 in 2022, and 23 +1.3 dpm
100L~! in 2023 (Fig. 3d).

Nutrient concentrations in seawater were comparable between 2022
and 2023. Average NOy and PO, concentrations were
0.0007 £ 0.0001 mol m 2 and 0.0001 + 0.00002 mol m~ in 2022, and
0.0006 £ 0.0001 molm 3 and 0.0003 + 0.00005molm 3 in 2023,
respectively. NHf was below the detection limit in all samples both
years.
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Fig. 2. Sea surface temperatures measured using a CTD-Castaway along a) transect 1 in 2022, b) transect 2 in 2022, ¢) transect 3 in 2022, and d) transect 2 in 2023.
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Fig. 3. a) Excess radium-223, b) radium-226, c) excess radium-224, and d) radium-228 measured offshore the southern New Jersey coast in 2021 (yellow), 2022
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its position in the bay. The samples collected from the surf at Brigantine Beach (CG21) and Corson’s Inlet (CG26) are included on transects 1 and 3, respec-

tively (triangles).
4. Discussion

Near shore (<15 km) radium activities in 2021 and 2023 are com-
parable to previous studies along the east coast. Moore (2000b) reported
average near shore activities of 2.0 dpm 100L~! for 2°Ra, 11 dpm
100L7! for ?**Ra, 18 dpm 100L ! for ??°Ra, and 23 dpm 100L~! for
228Ra between Cape Fear and the Savannah River. Offshore (>15 km)
activities in 2021 and 2023 are also comparable to a 2007 study offshore
the Great Bay estuary: Stachelhaus et al. (2012) reported activities of
~0.05-0.40 dpm 100L7! for 223Ra, ~1.2-4.0 dpm 100L7! for 22*Ra,
~8.0-12 dpm 100 L™ for 22°Ra, and ~8.5-15 dpm 100 L ! for 22®Ra 15
to 35 km offshore, although they note possible background contamina-
tion for 22*Ra. They found total 222Ra and 22*Ra activities leveled off at
values of 0.11 dpm 100L7! and 1.6 dpm 100L ! at 30 km offshore,
respectively. In 2023, we found ?2°Ra and 2>*Ra activities leveled off
around 20 km offshore, at values of ~0.25 dpm 100 L™} and ~0.53 dpm
100 L7, respectively.

Radium activities were lowest in 2022, a trend consistent across all

measured isotopes, both short-lived and long-lived. Abnormally low
radium activities in 2022 indicates that there may not have been steady
state conditions at the time of sampling. Typical activities in the Atlantic
Ocean are ~4 dpm 100 L™! for ?*®Ra and ~7.5 dpm 100 L™ for 2?°Ra (e.
g. Key et al., 1985; Charette et al., 2015); we expect nearshore activities
of these isotopes to be notably higher (e.g. ~10-30 dpm 100L! for
228Ra, ~10-20 dpm 100 L7! for ??°Ra; Moore, 2000b). Nearshore
(0.5 nm) activities on T1 (2022) were elevated compared to the other
2022 transects and compared to T2 in 2023 (particularly for the
short-lived isotopes); this is likely due to outflow from the Mullica River
and Great Bay Estuary, where high activities were detected for all iso-
topes when this region was sampled in 2021.

4.1. Potential upwelling event in 2022

Surface water chemistry in 2022 may have been impacted by an
upwelling event. Upwelling is common along the southern New Jersey
coast and is well documented, with the continental shelf adjacent to
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Fig. 4. Daily average sea surface temperatures in 2020 (hot pink), 2021 (light pink), 2022 (blue), and 2023 (red). The blue rectangle represents the sampling period
in 2022 (August 3-5), and the red rectangle represents the sampling period in 2023 (June 13-15). The arrow demonstrates the difference in SST in 2022 compared to
other years. Data was collected from NOAA station ACYN4 located at Atlantic City (NOAA’s National Ocean Service).
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Great Bay being a known upwelling center (Glenn et al., 2004). Sea
surface temperatures near Atlantic City were significantly lower during
the last two weeks of July in 2022 than they were in 2020, 2021, and
2023 (Fig. 4). This indicates that there may have been an upwelling
event that carried cold, deeper water up to the surface about a week
prior to sampling and pushed warmer surface waters offshore.
Near-bottom waters are typically enriched in radium due to the prox-
imity to the sediment source of this element, though the dominantly
sandy sediments in our study area typically have lower fluxes of radium
than finer grained sediments (Moore et al., 2008). If groundwater from
the beach face is the primary source of Ra to the coastal zone (rather
than diffusion from sediments), it is possible that the upwelling event
pushed surface waters with higher (groundwater-derived) Ra activities
offshore and replaced them with lower activity waters from below.
Although the water column had restratified at the time of our sampling
(Figs. 2 and 4), it would take at least 3 weeks for the system to reach
steady state again (~6 half-lives of 224Ra), thus Ra activities would
remain low even after surface water temperatures warmed.

It is also possible that upwelling of nutrient-rich deep waters trig-
gered a phytoplankton bloom. Although Ra is not biologically utilized,
there is some evidence of coincidental uptake due to the similar ionic
radii and valence configurations of Ra and silica and barium (e.g. van
Beek et al., 2022). Diatoms, which build silicate tests, are the dominant
phytoplankton taxa in our study area during upwelling events (Moline
et al., 2004). A large diatom bloom and/or a change in phytoplankton
community structure triggered by the upwelling event could therefore
result in decreased levels of Ra isotopes resulting from coincidental Ra
uptake in place of silica. Chlorophyll concentrations offshore Atlantic
City do not show high productivity during that period (NASA/MODIS;
Supplementary Fig. 2); however, MODIS presents chlorophyll data as an
8-day average, thus it is possible that short-lived blooms may not have
been fully captured.

Low radium activities and sea surface temperatures provide evidence
that there may not have been steady state conditions at the time of
sampling in 2022. In the weeks prior to sampling in 2023, however, sea
surface temperatures were comparable to other years of data. Coastal
mixing rates and groundwater fluxes were calculated using both years of
data to determine how an upwelling event may affect these estimations.
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4.2. Coastal mixing rates

Coastal mixing rates were determined by calculating the apparent
horizontal eddy diffusion coefficient. The distribution of radium iso-
topes in coastal waters is influenced by both advection and diffusion;
however, here we focus on the offshore component of mixing (perpen-
dicular to the coastline) and assume that alongshore advection is not
significant compared to eddy diffusion in influencing changes in near-
shore radium activities with distance from the coast. Since advection in
this area is primarily directed north to south (alongshore) rather than
east to west (offshore), we can isolate diffusion driven mixing rates
moving offshore. If offshore advection is indeed significant, its effects
will be included in the calculated horizontal eddy diffusivity (Kp) term,
thus we consider our result an “apparent” horizontal eddy diffusivity
coefficient (Huh and Ku, 1998).

Mixing rates were estimated using short-lived radium isotopes 2*>Ra
and ?2*Ra. Since these isotopes decay on timescales of days, a decay term
must be present in the mixing equation to account for their rapid
decrease in concentration over time (Moore, 2000b). The relationship
between activity and distance from coast was used to calculate the
horizontal eddy diffusivity coefficient (Ky) (Fig. 5), following equation
(1) below:

Ky=->
m2

(€9]

where 1 is the decay constant of 223Ra or 22“Ra (0.0608 and 0.1894 d’l,
respectively) and m is the slope of the line fit. In 2022, the slope for
223Ra was —0.059 (possible range of —0.102 to —0.015), resulting in a
Kp, value of 17 km? d ! and a possible range of 5 — 244 km? d . In 2023,
the slope for 223Ra was —0.026 (possible range of —0.049 to —0.0025),
resulting in a Ky value of 91km?d ™! and a possible range of 25 —
9800 km? d . For ?2/Ra the slope was —0.159 (—0.241 to —0.076) in
2022 and -0.10 (—0.13 to —0.070) in 2023, resulting in Ky values of
7km?d ! (3 - 32km?d™!) and 18 km?d ! (11 - 38km?d™ D), respec-
tively. Ranges are based on the 95% confidence interval of the line fit.
The upper limit using 22°Ra is not reasonable and is driven by a poor line
fit to the data. Our analysis was influenced by low >?*Ra activities, which
were close to the detection limit in both years.

2023
02
04 H } y =-0.0258x - 0.5948
P R? = 0.4489
08

3

y =-0.1007x + 2.2178 |
R?=0.8797

o

¢

0 5 10 15 20 25 30 35
Distance from coast (km)

Fig. 5. The decay of radium-223 in a) 2022 and b) 2023 and radium-224 in ¢) 2022 and d) 2023 plotted with distance from coast. The black solid line indicates the
line fit, and the slope of the line fit and the R? values are presented on the respective figures.
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The coastal mixing rate estimated using steady-state 2>*Ra data is
more accurate (based on a better line fit) and aligns well with previous
studies. Stachelhaus et al. (2012) reported rates of 14.69 -
19.01 km?d™! offshore the Great Bay estuary, and Moore (2000b) re-
ported a rate of 36.2 km? d ! off the coast of South Carolina. Conversely,
the 2023 mixing rate we estimated using 22°Ra is higher than that found
by Stachelhaus et al. (2012) and Moore (2000b), who found rates of 0.86
-13.82km?d ! and 31.5 km?d "}, respectively.

The coastal mixing rates estimated from data collected after the
presumed upwelling event in 2022 are lower than those from steady
state conditions in 2023, due to the lower radium activities observed
offshore in 2022. The low radium activities appear to reach a minimum
around 15-20 km; if we calculate the mixing rate from the coast to this
boundary, the apparent Ky, is even lower. These estimates reflect the
aftermath of upwelling, when the surface box had not yet returned to
steady state. Thus, these results indicate that upwelling events may
result in lower apparent coastal mixing rates that are unlikely to
represent steady state conditions. This emphasizes the importance of
understanding temporal variability in groundwater-derived nutrient
persistence, as nutrients from this source may not persist as long in re-
gions with regular perturbations like upwelling.

4.3. Nearshore water residence times

Water residence times on the shelf were estimated using the
224Ra/*?®Ra radium isotope ratio and the age model equation derived in
Moore (2000a):

224Ra ] [ 224Ra | u
ex 228Ra| .~ |ex 228Ra],

2

where the observed (obs) ratio is radium activity in each surface water
sample, the initial (i) ratio is the average radium activity in ground-
water, 4 is the decay constant in days, and t is the residence time. Using
the ratio of the isotopes corrects for the effects of mixing and dilution,
such that any change in the ratio can be attributed to decay. The above
equation assumes that the ratio will eventually decrease to zero as time
increases, but this is not the case for 2?®Ra, since the open ocean contains
measurable levels of unsupported 228Ra (Moore, 20002). Therefore, we
use excess (ex) above open ocean background values for 22°Ra. Since
typical 22®Ra activities in the Atlantic Ocean are ~4 dpm 100L ™! (Key
et al., 1985; Charette et al., 2015), this value was subtracted from our
sample activities to determine excess 22®Ra supplied from groundwater.
The initial ratio (i) was 1.9 + 0.8, based on the average groundwater
value (Table 1).

Around 20 km offshore, short-lived radium activities appear to reach
an asymptote (Fig. 3); this was set as the boundary of our coastal box
(see Section 4.4. below) thus the samples collected at the stations
beyond this 20 km boundary were not used to calculate residence times.

Our best estimates of nearshore water residence times based on the
224Ra/??8Ra ratio are 14.7 days (possible range of 11.7 to 16.5 days) for
2022 and 11.1 days (possible range of 8.1 to 13.0 days) for 2023. These
ranges are based on the standard deviation of the groundwater end-
member. The longer residence time calculated for 2022 resulted from
low average short-lived isotope activities in the surface box. This does
not indicate lower groundwater inputs in 2022; rather, upwelling likely
transported the groundwater signal out of the surface box. These dif-
ferences highlight the temporal variability in residence time estimates
driven by physical processes like upwelling.

The documented upwelling event in 2022 violates the assumption of
steady state, thus the residence time calculated for this year is likely an
over-estimate. However, we use this value to calculate groundwater
discharge in 2022 to demonstrate how upwelling may impact ground-
water flux estimates (Section 4.4). The residence time calculated for
2023 is more representative of steady state conditions and provides a
better baseline for typical residence times in this region.

Estuarine, Coastal and Shelf Science 332 (2026) 109766

4.4. Flux of **Ra, #?*Ra, *°Ra, and #*®Ra from submarine groundwater
discharge

Submarine groundwater discharge fluxes were estimated using a box
model approach. The activity of radium in the coastal water is assumed
to be in steady state, with the sources of radium being advection
onshore, river discharge, and groundwater discharge, and the sinks
being advection offshore and loss to radioactive decay (Eqn. (3)):

[Ral;*V*k + Fry[Rd],;, + Fow[Ral,, = [Raly,;*A*V + [Ra,,*V¥k 3

In the above equation, [Ra] is the radium activity offshore (atoms
m’s), V is the water volume in the box (ms), k is the inverse of the water
residence time (d1), Fyy is the discharge of the Mullica River m3d™,
[Ralyjy is the radium activity measured in Great Bay in 2021 (atoms
m’S), Fgy is the input of radium from groundwater (m3 d’l), [Ra]gy is
the average radium activity in groundwater (atoms m™3), [Ralgys is the
radium activity in surface water in the coastal box (atoms m~3), and 1 is
the decay constant of 223Ra, 224Ra, 226Ra, or 2%Ra (4. In this analysis,
the model is limited to the surface mixed layer since the water column
was stratified at the time of sampling (Fig. 2d), thus the benthic sedi-
ment source of Ra is ignored. The following equation was derived from
Eqn. (3) to solve for Fgy (Eqn. (4)):

Fg, = (([Ra]surf*j'*v+ ([Ra]smf - [Ra]off)*V*k)) — ([Ra],;,*Friv) / [Ra]gw
@

where the radium activity offshore is assumed to be 0 for ?*>Ra and
224Ra,7.5 dpm 100 L~ for ?*°Ra, and 4 dpm 100 L~ for 2*®Ra. Here, Fyy
is the average Mullica River discharge measured between 1 and 3 August
2022 (7.3x10*m®d™) and on 13 and June 15, 2023
(9.3 x10*m3d™1) (USGS).

The water volume was determined by dividing the surface box into
six boxes in 2022 and eight boxes in 2023, with each box spanning the
width of all three transects and containing at least one of the collected
samples (sampling resolution was higher in 2023). The volume of each
box was then calculated using the average depth of the mixed layer
measured along transect 2 in 2023 (6.5 m), the distance between tran-
sects 1 and 3 (35km), and the width of each box (determined by the
midpoint between two sample collection sites). Inventory ([Ralsus *V)
was then calculated for each individual box, and the inventories were
summed to determine the final inventory of the surface box.

Since the 2022 transects show that the Ra activities are generally
consistent over this length of coastline, we assume that our single
transect from 2023 is representative of the whole box.

Due to its comparatively low water discharge flux, the Mullica River
is not a major source of radium inputs to the surface box. To test the
sensitivity of the model to inputs from the Mullica River, we removed
[Ralyiv*Friv from Eqn. (3); removing this source resulted in only a 0.11%,
0.05%, 0.22%, and 0.06% increase in the groundwater fluxes using
223Ra, 2**Ra, ?°Ra, and %*®Ra, respectively.

Submarine groundwater discharge to the coastal ocean was calcu-
lated using the four different isotopes, yielding consistent flux values
between each isotope (Table 2). In 2022, groundwater flux could not be
calculated using 2?°Ra because all but three samples were below the
background value. The estimated values are on the same order of
magnitude between both years of sampling. However, the water flux

Table 2
Groundwater volume fluxes (m® d™!) calculated using®**Ra,?**Ra,>*°Ra
and®*®Ra in 2022 and 2023.

2022 2023
223Ra 1.5 x 107 (8.7 x 10° - 5.5 x 107) 3.0 x 107 (1.7 x 107 - 1.1 x 10%)
22%Ra 2.2 x 107 (5.9 x 10° — 3.0 x 107) 4.4x107 (2.6 x 107 - 1.3 x 10%)
226Ra - 4.7 x 107 (2.7 x 107 - 1.9 x 10%)
228Ra 3.2x107 (1.9 x 107 - 9.3 x 107) 9.5 x 107 (5.7 x 107 - 2.7 x 10%)
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calculated in 2022 using the data from the upwelling period is 50%,
49%, and 66% lower than the 2023 flux using 223Ra, 224Ra, and ?*®Ra,
respectively. This does not necessarily indicate a reduction in the actual
groundwater discharge but rather an apparent decrease in the
groundwater-derived flux due to the loss of radium from surface waters
during upwelling. We interpret this as upwelling transporting approxi-
mately half the radium offshore (or potentially half the radium being
removed during a diatom bloom), leading to lower tracer-based flux
estimates. These findings indicate the importance of ensuring steady
state conditions when determining groundwater fluxes.

Averaging all flux values from 2023, we determined a water flux of
5.4 x 107 m®d™!, with a possible range of 2.8 x 107 to 1.4 x 108m3d1.
Normalized to coastline length, the average groundwater flux is
1.5x10°m3km™ d7!, with a possible range of 8.0x10° to
4.0 x 10°m3km™" d1. These possible ranges are based on the standard
deviation on the average radium activity in groundwater and the stan-
dard deviation in the water residence time.

These groundwater flux values are comparable to previous studies
along the east coast of North America. Moore (2010) reported an
average groundwater flux of 9.5 x 10°m®km™! d™?, noting that such
flux values tend to be consistent regardless of scale, from small bays to
600 km of coastline, from North Carolina to Florida. This supports the
conclusions of Santos et al. (2021), who reported consistent SGD rates
across different ecosystem types along the east coast, noting that these
fluxes were generally smaller than those reported on other coasts
globally.

A recent review of Ra isotopes as tracers of SGD by Garcia-Orellana
et al. (2021) suggests that the short-lived Ra isotopes are more appro-
priate for calculating fluxes in nearshore coastal environments, as the
time- and space-scales captured by these isotopes are more consistent
with the shorter water residence times. Considering only the 2?*Ra- and
223Ra- based estimates from 2023 results in a groundwater volume flux
of 37x10°m®d"!; we wuse this value to determine the
groundwater-derived nutrient fluxes below.

4.5. Groundwater-derived nutrient fluxes

Groundwater-derived fluxes of nitrate and nitrite (NOy), phosphorus
(PO4), and ammonium (NHJ) were estimated by multiplying the
nutrient concentration by the volumetric groundwater flux following
equation (5) below:

Nutrient flux = nutrient concentration x water flux 5)

Santos et al. (2008) calculated a net groundwater nutrient end-
member that was adjusted for seawater nutrient concentrations, based
on the observation that SGD in their study system was predominately
composed of recirculated seawater. As SGD in this study area is also
likely dominated by recirculated seawater, the nutrient concentrations
used are the average values measured in groundwater (mol m3)
(Table 1) minus the average seawater values measured offshore between
2022 and 2023 (mol m’g) (Santos et al., 2008). Water flux is the average
SGD flux derived from 22°Ra and ?**Ra (3.7 x 107 m? d’l).

Table 3
Groundwater-derived nutrient fluxes in comparison to nutrient fluxes estimated
from the Mullica and Delaware River (mol d ).

Groundwater Mullica River (at Delaware River (at
Batsto) Trenton)

NO, 5.8x10°(2.8x10%- 5.3x10% (1.4 x 102— 1.0 x 10° (9.5 x 10° -
1.1 x 10%) 9.2 x 10%) 1.2 x 10%)

PO, 43x10%(25x10*- 1.5%x10%(7.9x 10" - 1.9x10*(1.3x10% -
6.0 x 10%) 2.2 x 10%) 2.6 x 10%)

NHi 25x10*(3.2x10%- 1.8x10%(5.3x10' -  2.9x10* (1.4 x 10% -
4.8 x10%) 3.1x10%) 4.3 x10%
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Estimated groundwater-derived nutrient fluxes and the potential
ranges (Table 3) are based on the standard deviations of the nutrient
concentrations and the range in the groundwater discharge estimate. If
nutrient fluxes were calculated for 2022, they would be approximately
50% lower than those from 2023, again highlighting the importance of
the steady-state assumption.

Nutrient fluxes from the Mullica River were estimated using a water
flux of 9.3 x 10*m3d ! (USGS) and mean nutrient concentrations of
0.006 +0.001 molm 3, 0.002+£0.001molm™3, and 0.002+
0.001 mol m~2 for NOy, POy, and NHJ, respectively (NJDEP Bureau of
Marine Water Monitoring, 2020). The water flux reflects the mean
discharge recorded at the USGS gauge station in the Mullica River at
Batsto on 13 and June 15, 2023, coinciding with offshore sampling.
Nutrient concentrations are based on NJDEP buoy (R28) data collected
during the summer months (June-Sept.) between 2014 and 2022. These
nutrient fluxes are smaller than those estimated from groundwater due
to the river's much smaller water flux.

Nutrient fluxes from the Delaware River were estimated using a
water flux of 1.2 x 10’ m3d! (Delaware River Basin Commission,
2023) and mean nutrient concentrations of 0.090 4 0.011 mol m’?’,
0.002 £ 0.001 molm 3, and 0.002 + 0.001 molm 2 for NO3, PO, and
NH3Z, respectively (Fisher & Gustafson, 2019, 2020). The discharge was
recorded from the USGS gauge station in the Delaware River at Trenton,
the furthest downstream station not tidally influenced. Nutrient con-
centrations are based on data collected in the river at Trenton during the
summer months in 2018 and 2019. These estimates are very conserva-
tive because the water flux and nutrient data were collected upstream of
major tributaries and estuarine zones where additional nutrient inputs
and chemical transformations occur.

These results demonstrate that groundwater is a significant nutrient
source to this stretch of the New Jersey coastline, greater than inputs
from the Mullica River and similar to those from the Delaware River.
SGD:river ratios for the Delaware River were 0.61, 2.7 and 0.86 for NOy,
POy, and NHj, respectively. These findings align with global trends
reported by Santos et al. (2021), who found SGD:river nutrient flux ra-
tios of 0.1-10 in many cases, indicating that SGD and river inputs are
often similar in magnitude across coastal ecosystems.

5. Conclusions

Radium activities in groundwater and surface water were used to
determine coastal mixing rates and groundwater fluxes during periods of
both upwelling and steady state conditions along the southern New
Jersey coast. When the system is in steady state, coastal mixing rates are
comparable to other estimates along the US East Coast, whereas data
collected during an upwelling event resulted in lower mixing rates and
an approximate 55% underestimation of groundwater fluxes compared
to steady state conditions, highlighting the need for steady state con-
ditions to obtain accurate estimations. Low radium levels observed in
2022 suggest that upwelling events can perturb coastal radium levels by
transporting SGD-derived radium offshore, and/or by transporting
nutrient-rich deeper waters to the surface that enhance primary pro-
ductivity, potentially increasing coincidental Ra uptake. This study
highlights the importance of sampling across different time periods to
capture the variability in coastal radium distribution and nutrient
transport. Continued monitoring in this area will be useful in deter-
mining whether low radium activities align with the timing and spatial
extent of upwelling events.

Groundwater serves as a major source of nutrients along this stretch
of coast, contributing fluxes on par with the Delaware River Estuary and
~200% higher than those delivered by the nearby Mullica River. These
results demonstrate the importance of groundwater as a key nutrient
source and provide baseline estimates for assessing the impacts of
human activities and sea-level rise on the magnitude and quality of
groundwater discharge along the New Jersey coast. Assessing these
changes will be crucial in providing local decision-makers with valuable
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information regarding pollution management and ensuring the safety of
coastal environments and local fisheries. These baselines will enable
direct comparisons of SGD before and after wind energy development in
New Jersey and offer insight into how similar passive margin coastlines
may respond to future offshore wind installations globally.
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