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Abstract Submarine groundwater discharge (SGD) was
quantified at select sites in San Francisco Bay (SFB) from
radium (223Ra and 224Ra) and radon (222Rn) activities mea-
sured in groundwater and surface water using simple mass
balance box models. Based on these models, discharge rates
in South and Central Bays were 0.3–7.4 m3 day−1 m−1. Al-
though SGD fluxes at the two regions (Central and South
Bays) of SFB were of the same order of magnitude, the
dissolved inorganic nitrogen (DIN) species associated with
SGD were different. In the South Bay, ammonium (NH4

+)
concentrations in groundwater were three-fold higher than in

open bay waters, and NH4
+ was the primary DIN form dis-

charged by SGD. At the Central Bay site, the primary DIN
form in groundwater and associated discharge was nitrate
(NO3

−). The stable isotope signatures (δ15NNO3 and
δ18ONO3) of NO3

− in the South Bay groundwater and surface
waters were both consistent with NO3

− derived from NH4
+

that was isotopically enriched in 15N by NH4
+ volatilization.

Based on the calculated SGD fluxes and groundwater nutrient
concentrations, nutrient fluxes associated with SGD can ac-
count for up to 16 % of DIN and 22 % of DIP in South and
Central Bays. The form of DIN contributed to surface waters
from SGD may impact the ratio of NO3

− to NH4
+ available to

phytoplankton with implications to bay productivity, phyto-
plankton species distribution, and nutrient uptake rates. This
assessment of nutrient delivery via groundwater discharge in
SFB may provide vital information for future bay ecological
wellbeing and sensitivity to future environmental stressors.
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Introduction

Submarine groundwater discharge (SGD) transports
nutrients and other chemical constituents to receiving waters
in many different coastal environments (e.g., Corbett et al.
1999; Slomp and Van Cappellen 2004; Paytan et al. 2006;
de Sieyes et al. 2008; Knee et al. 2010). In some locations,
nutrient loading from SGD is greater than that from rivers
and surface runoff (Valiela et al. 1992; Corbett et al. 1999;
Garrison et al. 2003; Hwang et al. 2005; Swarzenski et al.
2007; Knee et al. 2008). SGD flux and chemical
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composition are spatially and temporally variable, and
therefore, the impacts of SGD on water quality and ecology
are site-specific (Taniguchi et al. 2002; Moore 2010). With
increased coastal eutrophication worldwide due to densely
populated coastlines and increasing demand on coastal
resources (Paerl 2009), it is critical to assess SGD fluxes
and evaluate their impact on coastal systems.

SGD to the coastal ocean includes both terrestrially derived
freshwater and recirculated seawater from tidal and wave
pumping, density differences, and bioirrigation (Burnett et
al. 2003; Michael et al. 2005; Taniguchi et al. 2006). At many
sites worldwide, particularly in arid or semi-arid locations
where freshwater recharge is limited or groundwater is over-
drawn, recirculated seawater may account for a significant
component of SGD (Burnett et al. 2003; Shellenbarger et al.
2006; Taniguchi et al. 2006, 2007; Swarzenski and Izbicki
2009). Although the volume contribution of SGD to coastal
and estuarine systems is typically much smaller than that of
surface runoff (rivers, streams, etc.), the nutrient loading via
SGD can be greater because groundwater is often enriched in
nutrients and other materials relative to surface water (Null et
al. 2011). Therefore, SGD can account for a large fraction of
nutrient loading to a coastal system even when its contribution
to the water budget is significantly lower (e.g., Valiela et al.
1990; Slomp and Van Cappellen 2004; Shellenbarger et al.
2006; Swarzenski et al. 2007; Knee et al. 2008; Breier et al.
2009).

Naturally occurring radium (Ra) and radon (Rn) isotopes
are recognized as valuable geochemical tracers of SGD in
estuaries and coastal environments because they are consid-
erably elevated in groundwater compared to surface water
(Moore 1996, 2010; Burnett and Dulaiova 2003; Charette et
al. 2001; Swarzenski et al. 2007). 222Rn activities can be
related to total groundwater discharge (Burnett and
Dulaiova 2003; Burnett et al. 2006), and radium isotopes,
specifically 223Ra and 224Ra, are ideal tracers of brackish
groundwater input and can be used to estimate water mass
ages on the continental shelf (Moore 1999, 2000; Charette et
al. 2001; Krest and Harvey 2003; Burnett et al. 2006; Moore
and de Oliveira 2008; Moore 2010).

Previous work in San Francisco Bay (SFB) has modeled
Rn benthic exchange from sediments to the overlying water
column with focus on molecular diffusion and bioirrigation
(Hammond and Fuller 1979; Hartman and Hammond 1984;
Hammond et al. 1985). Based on Rn porewater profiles, the
studies demonstrate that advective processes (i.e., irrigation)
must occur in addition to molecular diffusion. Porewater is
exchanged to depths of >40 cm in the sediments at some
locations in SFB with advective flux estimated to account
for 60 % of benthic exchange when considering bioirriga-
tion compared to diffusional fluxes (Hammond et al. 1985).
These studies indicate that SGD, mostly as recirculated
seawater discharged through bioirrigation of sediments in

SFB, is prevalent; however, other processes that may con-
tribute to SGD and associated nutrient fluxes such as tidal
pumping, wave action, salt dispersion, and seasonal oscil-
lations were not accounted for and could be important
(Michael et al. 2005).

We examined SGD and the associated nutrient fluxes in
South and Central San Francisco Bay, California, using the
activities of two radium isotopes (223Ra and 224Ra) and the
temporal and spatial distribution of radon (222Rn) activity.
For the purpose of this study, SGD is defined as the total
SGD flux regardless of the forcing mechanisms such as
bioirrigation, diffusion, or other physical forces impacting
seawater recirculation (i.e., tidal pumping, hydraulic head,
wave action) as well as any meteoric fresh groundwater
discharge. Fluxes of groundwater were evaluated using Ra
and Rn activities and a simple box model that constrained
all input and removal functions for these radionuclides in a
coastal water column. SGD-derived nutrient fluxes were
compared to other nutrient sources to determine the relative
nutrient contribution from SGD and their role in future
ecosystem changes.

Study Sites

The SFB and Delta estuarine system is the largest estuary on
the Pacific coast of the USA and is one of the most impacted
systems due to anthropogenic activities (Nichols et al. 1986;
Kennish 2001). The heavily populated SFB area (approxi-
mately seven million people) puts stress on aquatic ecosys-
tems with groundwater withdrawal, agriculture activities,
and wastewater discharge. Ninety percent of freshwater
input to SFB flows from the Sacramento–San Joaquin River
Delta with the remaining 10 % of freshwater from seasonal
local streams, sewage input, and unquantified groundwater
discharge (Porterfield et al. 1961; Conomos et al. 1985).
South and Central Bays are both influenced by Delta flows,
but the effects are lagged and dramatically reduced in South
Bay compared to Central Bay (Conomos et al. 1985).

The SFB ecosystem is undergoing changes (increased
chlorophyll concentrations, larger algal blooms, new sea-
sonal blooms, and grazing intensity) (Cloern et al. 2007),
and few studies regarding the role of SGD in SFB water
quality and ecosystem health have been conducted, particu-
larly with respect to the understanding of the SGD relation-
ship to these changes. Previous studies focused on the
impact of bioirrigation on SFB water quality (Hammond et
al. 1985), but many of the studies have been conducted prior
to the more recent documented changes in the bay ecosys-
tem. The current understanding of productivity in the bay is
that phytoplankton blooms are limited by light caused by
high turbidity in bay waters and increased grazing by intro-
duced bivalves (Alpine and Cloern 1992; Cloern et al.
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2007). Phytoplankton biomass increased in SFB after 1999
due to a decline in bivalve populations from a climatically
driven increase in bivalve predator populations (Cloern et al.
2007). This increase in phytoplankton biomass demon-
strates that SFB is not immune to nutrient pollution and
changes in bay conditions can inherently increase the use
of the current large stock of nutrients in bay waters. Other
changes such as water clarity can also influence conditions
in SFB, and thus, its ecosystem may change as a result of
sudden decrease in suspended-sediment concentration
(Schoellhamer 2011). An increase in water clarity could
eventually transition the SFB to a nutrient-limited system
that will increase ecosystem sensitivity to nutrient inputs
and nutrient stoichiometry, both of which may be signifi-
cantly influenced by SGD. Despite decades of water quality
and ecosystem monitoring work in SFB (Baylosis et al.
1997; Cloern et al. 2000), few estimates (Hammond et al.
1985; Spinelli et al. 2002) and no direct measurements of
the contribution of total SGD (i.e., including recirculated
seawater, tidal pumping, and wave action) to the system
exist. Such estimates are especially important in view of
the current and predicted changes in sea level, rainfall, and
demand on freshwater sources in the bay (Knowles and
Cayan 2002).

Work reported here took place at three sites in South and
Central SFB representing different coastal settings common
to the entire SFB region (Fig. 1). Two sites, Marine Science
Institute (MSI) and Palo Alto Baylands State Park (PA),
were located in South SFB (referred to as South Bay here-
after), and the other site, Angel Island (AI), was located in
Central SFB (Central Bay). The hydrogeology of the study
sites (described below), in terms of the surrounding topo-
graphic relief, sediment characteristics, and coastal mor-
phology, represents vast areas throughout the South and
Central Bays.

South Bay is a shallow embayment that has a maximum
depth of ~10 m in the channel and average depth of ~4.5 m
(http://sfbay.wr.usgs.gov). South Bay receives very little
freshwater from tributaries and has a water residence time
of several months during summer and approximately 30 days
during winter (Walters et al. 1985). Circulation in South Bay
is set by the interplay of tidal forcing modified by wind-
forcing and intermittent density forcing due to freshwater
from Central Bay, wastewater discharge, and small streams
(Conomos et al. 1985). South Bay is also tremendously
modified and impacted by dense population and infrastruc-
ture; for example, sewage discharge from wastewater treat-
ment facilities is a major source of freshwater to South Bay
(Conomos et al. 1985). The South Bay shoreline generally
consists of fine-grained sediments and has a long coastal
line that is dendritic and highly complex encompassing
many sloughs and ponds. The seafloor in this part of the
bay is composed mostly of silt and clay sediments

(Conomos and Peterson 1977; Chin et al. 2010). At PA,
two different intertidal and nearshore (including part of the
subtidal zone) settings were investigated, one in a slough
environment (PA–SP) and one adjacent to open bay waters
(PA–NC). Samples for the nearshore (water depth up to
1.5 m at high tide) were collected from the surface (upper
0.5 m) at each location. Samples were collected from the
intertidal area during low tide from wells installed to inter-
sect the water table (water pumped from the upper 30 cm of
the water table depth). The water table depth was approxi-
mately the same depth at a site at any given sampling time
but varied between sites and tidal stages. PA and MSI are
located on the west side of the South Bay with flat topog-
raphy (<1 % slope calculated from the difference in eleva-
tion from the water line to 5 km inland using a topography
map) that includes salt marshes and sloughs, and both sites
are characterized by a broad tidal zone with shallow gra-
dients. The beaches sampled in the South Bay, in the slough
and adjacent to open bay, encompassed less than 1 km in
length of beach, but similar broad, shallow intertidal zones
exist along majority of the perimeters of South Bay.

The Central Bay site (AI) is located on the west side of
Angel Island and is characterized by considerable relief

Fig. 1 Map of San Francisco Bay and three sampling locations (Ma-
rine Science Institute (MSI), Palo Alto Baylands (PA), and Angel Island
(AI))

Estuaries and Coasts (2012) 35:1299–1315 1301

http://sfbay.wr.usgs.gov


(~4–10 % east Central Bay and 26 % gradient west Central
Bay calculated from the difference in elevation from the
water line to 5 km inland using a topography map). At AI,
the intertidal and nearshore setting was investigated at a beach
of approximately 1 km length located in a cove with a shallow
gradient. The topographic relief of Central Bay creates substan-
tial hydraulic head gradients from land to sea and a smaller area
that is impacted by tidal inundation compared to South Bay.
The average water depth in Central Bay is 13.4 m, which is
deep compared to the rest of SFB (~6 m) (http//:sfbay.wr.usgs.
gov). Water in Central Bay is primarily composed of coastal
Pacific water, which is influenced to various degrees by Delta
water contribution. Density gradient drives estuarine circula-
tion, and water residence time is on the order of days during
high river discharge periods and up to months during the dry
season (Walters et al. 1985). The surrounding coastline is
comprised of sandstone and shale along a narrow shoreline,
and the Central Bay seafloor is comprised mostly of sand and
silty sand (Conomos and Peterson 1977; Chin et al. 2010).

Methods

Surface water and groundwater samples were collected from
each of our sampling sites (Fig. 1) on several field campaigns
between March 2009 and May 2010. MSI was sampled in
March and April 2009; PA was sampled in March 2009,
October 2009, and May 2010; and AI was sampled in May
2010. The tides in SFB are semi-diurnal mixed, and samples
were collected over varying tidal stages at each site. The tides
in South Bay near MSI and PA averaged 2.2 m for high and
0.4 m for low tides during all sampling days. At AI, high tides
and low tides were 1.5 and 0.3 m, respectively (NOAA tide
predictions; http://tbone.biol.sc.edu/tide/worldmap.html).

At each location, surface water and groundwater samples
were collected along shore-perpendicular transects. Each
transect consisted of at least six discrete samples, three from
temporary screened PVC wells installed at the beach face to
the water table (up to 1.25 m depth to the groundwater
sampled depending on the site) and three or more from
surface water at increasing distance from shore up to 20 m
offshore. The water table depth at the wells was approxi-
mately the same at a site but varied between sites. Water
from within the sloughs, if present, was also collected.
Surface water samples from the mid-channel of the Bay
were collected from surface and bottom water via a boat
using a submersible pump and were used to represent the
offshore (Bay water) Ra end-member (see flux calculations
in the following section). Samples were analyzed for a suite
of parameters including 223Ra, 224Ra, 222Rn, nutrients
(NO3

−+NO2
−, NH4

+, PO4
3−, Si(OH)4), and nitrate isotopic

composition (δ15NNO3 and δ18ONO3). Water quality param-
eters (salinity, conductivity, temperature) were measured in

the field using a handheld YSI 85 multi-probe previously
calibrated in the laboratory. In addition, we performed con-
tinuous surveys of Rn, temperature, and salinity in the
surface water along the coast of South Bay.

Radium Activity

Groundwater and surface water samples (40 and 100 L each
sample, respectively) were collected using submersible pumps
and passed through MnO2-coated acrylic fiber at a flow rate
<2 L min−1 to quantitatively scavenge the Ra isotopes (Moore
1976). 223Ra and 224Ra activities were measured using a
delayed coincidence counter (RaDeCC) (Moore and Arnold
1996). The fibers were analyzed twice: immediately after col-
lection and approximately 4 weeks after collection to assess
228Th and correct for supported 224Ra (Moore and Arnold
1996; Moore 2003). Standards were run on a monthly basis
as part of the quality control protocol of the instrument. The
analytical error of the calculated efficiencies of the RaDeCC
systems is typically <10 %. The average error associated with
the measurement of 224Ra and 223Ra activities for all samples is
10 and 26 %, respectively. Error in measured activities was
calculated based on Garcia-Solsona et al. (2008).

Radon Activity

Rn activities were measured continuously for ~24 h (at least
three tidal cycles) using a RAD7 radon-in-air monitor with
RAD-AQUA accessory (Durridge, Inc) in one well and one
surface water location at each site: at MSI in April 2009, at PA
in October 2009, and at AI in May 2010. The samples were
pumped from ~0.3 m below the water table at a rate <1 Lmin−1

for Rn analysis. Detailed information about this instrumentation
can be found elsewhere (Burnett and Dulaiova 2003). In all
cases, Rn data were recorded in 30-min intervals. Using this
time interval, observed analytical errors were 10–15 %,
depending on the measured activities in water. Analytical errors
for groundwater samples were consistently below 10 % as the
measured Rn activities in groundwater were much higher than
in surface water. Conductivity, temperature, and depth loggers
(Van Essen instruments®) were deployed at each location to
monitor water level and salinity changes throughout the Rn
data collection period. Surface water surveys of Rn were con-
ducted from a boat following the coastline of South Bay during
March 2009 to map surface water Rn distribution in South Bay
(the sample locations for the Rn transect are those shown in
Fig. 4).

Nutrient Concentration and Nitrate Isotope Ratios

Samples for nutrient concentrations (NO3
−+NO2

−,
NH4

+, PO4
3−, Si(HO)4) were filtered with 0.45 μm car-

tridge filters and collected in acid cleaned polyethylene
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bottles. Samples were frozen until analysis. Analyses were
done using a Lachat Quickchem 8000 Flow Injection Auto-
analyzer at UCSC. Instrument error was <9 % for all nutrients
based on duplicates analyzed every ten samples.

Samples for isotopic composition of nitrate (δ15NNO3 and
δ18ONO3) were filtered (0.45 μm) in the field and kept
frozen until analysis. Samples were analyzed following a
version of the denitrifier method (Sigman et al. 2001; Sin-
gleton et al. 2005). Isotopic analysis was conducted at
Lawrence Livermore National Laboratory on an IsoPrime
continuous-flow mass spectrometer. Analytical precision for
both δ15NNO3 and δ

18ONO3 is 0.5‰. The denitrifier method
provides the results of the combined NO3

− and NO2
− sig-

natures and not solely NO3
− (Wankel et al. 2006). However,

NO2
− in our samples contributes much less than 5 % of total

oxidized nitrogen; thus, the impact of NO2
− on the measured

isotopic signatures is expected to be small and is ignored
here. Nitrate and nitrite were measured together and will be
reported as NO3

−+NO2
− hereafter.

SGD Flux Calculations

The SGD fluxes (cubic meters per day per meter) were
calculated based on the excess tracer (Ra and Rn)
activities in the bay using established mass balance
models (Moore 1996; Burnett and Dulaiova 2003).
Two different scales for the mass balance model were
used to estimate SGD in South and Central Bays: (1) a
nearshore model: modeling the flux into a nearshore
prism for each site (1 m along shore×20 m offshore×
1.5 m maximum depth) and (2) a bay basin model:
modeling the combined basins of the South and Central
Bays using volume estimates from Smith and Holli-
baugh (2006). The first calculation provides a flux esti-
mate representative of a specific shoreline length to the
nearshore environment. The distance of shore defining
the near shore box was selected based on the distance
where there was no measurable excess Ra compared to
the offshore end-member (the middle of the bay). SGD
flux calculations are sensitive to the selected size of the
box; for example, if excess Ra is elevated to the same
level at 30 m offshore, the calculated flux would be
45 % higher. If the discharge zone extends more than
20 m offshore, our calculations will constitute a conser-
vative estimate particularly because about 80 % of the
bay is classified as shallow shoals (Hammond et al.
1985). These nearshore fluxes were extrapolated to the
entire bay basin (South or Central) assuming these sites
are representative of similar settings along each bays’
coastlines. The second calculation using the bay basin
model integrates the combined flux over the basin scale
(South and Central). For the mass balance mixing cal-
culations, the end-members used were groundwater

(using temporally integrated average values) and either
open bay water (for the nearshore model) or coastal
Pacific seawater (for the bay basin model). The follow-
ing equation was used to determine the SGD fluxes
based on excess Ra activity in the nearshore box (e.g.,
Moore 1996; Krest et al. 2000; Paytan et al. 2006):

D ¼ Abox � Aoffshoreð ÞVbox

AGWt
ð1Þ

Discharge (D) (cubic meters per day) per meter of
shoreline is calculated from the excess activity (e.g.,
Ra activity above that of the offshore water) and there-
fore must be supplied from SGD; Abox is the average
Ra activity in the box (disintegrations per minute per
100 L−1); Aoffshore is the offshore activity in the open
bay or coastal Pacific waters for the nearshore box or
bay basin calculations, respectively (disintegrations per
minute per 100 L−1); Vbox is the volume of the model
box. For the nearshore model, Vbox is set at a 15 m3

prism (1 m along shore×20 m in the offshore direc-
tion×the average depth of 0.75 m; the maximum depth
at 20 m is 1.5 m). For the bay basin model, Vbox is set
using volume estimates from Smith and Hollibaugh
(2006). τ is the water residence time (days) and was
estimated using two independent calculations (tidal
prism replacement and apparent age of nearshore
waters) to better constrain the value. The water resi-
dence time is estimated to be 1.03 day for the nearshore
boxes based on 50 % of the volume of the box being
exchanged with each tidal cycle, a value modeled from
the fluxes of salinity and temperature (Hsu and Stacey
2011). We assume alongshore transport is negligible.
Residence times for the bay basin model for South
and Central Bays were based on estimates from Walters
et al. (1985) and considering salinity data obtained
during sampling were set at 60 days. We note, however,
that this bay scale water balance residence time does
not consider fluxes related to recirculated bay water and
recirculated submarine groundwater in the subterranean
estuary (Robinson et al. 2006). Excess activity in the
box (disintegrations per minute) was divided by the
measured Ra activity of the groundwater end-member
(AGW disintegrations per minute per cubic meter) and
the respective residence time to obtain an estimate of
groundwater discharge (cubic meters per day). It was
assumed the system is in steady state and therefore the
decay term was not included in Eq. 1. The total dis-
charge to South and Central Bays was calculated by
multiplying the discharge per meter of shoreline derived
from the nearshore model by the length of the shoreline
of each basin in addition to estimating it using the basin
scale model. The diffusional flux is not considered
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independently in this calculation; rather, our model rep-
resents the net overall SGD flux regardless of forcing
mechanism (see “Discussion”).

We estimated the apparent age of nearshore waters indepen-
dently, based on the difference in 224Ra/223Ra activity ratio
(AR) between surface and groundwater (Moore 2000). This
method assumes that discharging groundwater has a constant
and uniform AR, so that AR changes as a result of radioactive
decay as follows:

t¼ ln
ARsurf

ARGW

� �
1

ðl224 � l223Þ ð2Þ

where t is the apparent age of waters (days), ARsurf is the
average surface water AR, and ARGW is the average activity
ratio of groundwater for each site; λ224 is the

224Ra decay rate
(0.191 day−1) and λ223 is the

223Ra decay rate (0.0608 day−1).
This calculation yields a water age of 1.31 day for the nearshore
coast of AI, similar to the residence time based on tidal prism
replacement time (1.03 day). The average nearshore apparent
age determined using AR changes in South Bay is 3.7 days at
MSI and 1.8 day at PA, slightly longer than the tidal prism
estimates (1.03 days). We report a flux range that encompasses
the various residence time estimates. We recognize that the Ra-
based calculations account only for brackish SGD because low
Ra freshwater discharge is not included; accordingly, this cal-
culation might underestimate total SGD if freshwater discharge
is significant. In South Bay, we do not expect significant
freshwater discharge based on the saline nature of the ground-
water observed and no evidence of channelized freshwater
flow.

The Rn-derived groundwater fluxes presented here
were calculated using a single-box Rn non-steady-state
mass-balance model (Burnett and Dulaiova 2003). In
this model, we monitor changes in Rn inventories over
time (~3 tidal cycles in 30 min increments) while ac-
counting for losses (via gas evasion, mixing with off-
shore water, and radioactive decay) and inputs (through
groundwater and production from dissolved 226Ra in the
water column). The calculated Rn fluxes are then con-
verted to an SGD rate by dividing by the groundwater
end-member Rn activity. This approach has proven to
be robust and has been used successfully in different
coastal environments. Since the Rn activity in nearshore
groundwater oscillated with the tidal cycle, only average
maximum values of the detected Rn activities over
multiple tidal cycles (usually associated with lowest
salinity values) were used as the groundwater end-
member in the Rn model for assessing discharge rates.
Using the maximum groundwater Rn activity is a con-
servative approach to calculate SGD resulting in lower
fluxes than if the whole data set is used (Burnett and
Dulaiova 2003).

Statistical Analyses

Variance in sample type (groundwater, nearshore, and off-
shore) and among sampling locations were analyzed using
Kruskal–Wallis nonparametric one-way analysis of vari-
ance. Correlation between samples and tides were deter-
mined using simple linear regression. Statistical
significance was determined using a 95 % confidence
interval with the probability (p)<0.05. All statistical anal-
yses were conducted using StatCrunch (Integrated Ana-
lytics, LLC).

Results

Ra and Rn Activities

Averages and ranges of 224Ra, 223Ra, and 222Rn activities
for groundwater and surface water at the different sites are
presented in Table 1. Groundwater 224Ra activities were
found to be in the range of 18.5–422 dpm 100 L−1 and
223Ra activities in the range of 0.5–58.6 dpm 100 L−1.
Groundwater 224Ra, 223Ra, and 222Rn activities were signif-
icantly higher (approximately three-fold) compared to sur-
face water at all sites (p<0.0001). Figure 2 shows the 224Ra
and 223Ra activities in groundwater and with distance off-
shore for each of the sampling locations. The groundwater
activities are averages of activity measured in samples from
each well (GW1, GW2, GW3) over the tidal cycle (Fig. 2).
We did not observe a significant decrease in 224Ra or 223Ra
activities with distance from shore between the waterline
and 20 m (the seaward extent of our small nearshore box),
suggesting the nearshore zone was well mixed on time
scales representative by the Ra decay constants. The activ-
ities in nearshore bay waters (<20 m) were significantly
higher (approximately two-fold) relative to open bay waters
in South Bay (p<0.0001 for MSI and p00.0003 for PA)
(Table 1; Fig. 2). There was not a significant difference
between nearshore and offshore activities at AI (p>0.05).
Higher Ra activities in groundwater compared to surface
water are typical to most coastal sites with brackish SGD
(Moore 1999). The SGD flux was calculated based on
averaged Ra activities for each sample type over all tidal
stages because Ra activities did not correlate significantly
with tidal stage (p>0.05).

224Ra/223Ra AR in groundwater were similar (within
analytical error) for all samples at the three study sites,
indicating sources with similar AR contributing Ra to sur-
face waters (Fig. 3). The ARs for samples within the small
nearshore zones were significantly lower than that of
groundwater (p<0.05 for MSI and PA) (Table 2). The AR
for the open bay water was also significantly lower than that
of the groundwater (p<0.0001 for MSI and PA; p<0.05 for
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AI), consistent with the longer residence time and the faster
decay of 224Ra relative to 223Ra. There was no significant
difference between the AR of the nearshore waters and open
bay waters at AI (p>0.05). The lack of a significant differ-
ence between nearshore and offshore waters in AI is likely
because we were not able to obtain samples greater than
500 m from the shoreline (due to boat limitations) or be-
cause of rapid mixing between the offshore and nearshore
on time scales shorter than those captured by AR changes at
this site.

The spatial distribution of 222Rn in South Bay reveals the
following general patterns: (1) Rn activities are generally
low in open waters of SFB, (2) higher Rn activities were

observed in some nearshore environments (Table 1), and (3)
Rn was consistently the lowest in the very shallow southern-
most stretch of South Bay (Fig. 4). Time-series trends of Rn
in groundwater varied with the tide in all sampling sites and
showed distinct inverse relation with tide, i.e., higher radon
was observed during low tide compared to high tide
(Fig. 5a). Similar trends, although dampened by mixing
with offshore low radon concentration waters, were ob-
served in surface waters at the nearshore sites indicative of
tidal influence on Rn flux to surface water (Fig. 5b). These
values are used to calculate the SGD flux over tidal cycles
(Fig. 5c) in centimeters per day and described in the next
section.

Table 1 224Ra, 223Ra, and 222Rn activity ranges and mean activity at each sampling location

Site 224Ra (dpm 100 L−1) 223Ra (dpm 100 L−1) 222Rn (dpm L−1)

MSI Groundwater 23.4–185 (63.3±39.3) n017 0.7–15.6 (5.6±4.2) n017 3.5–77.5 (28.6±22.4)

Surface 14.5–27.2 (21.4±3.8) n015 1.4–3.7 (2.7±0.8) n015 2.6–7.4 (5.6±1.1)

PA (SP) Groundwater 43.0–422 (170±142) n010 1.3–32.6 (15.6±10.6) n010 NA

Surface 19.9–41.7 (34.3±8.0) n06 2.5–4.6 (3.6±0.9) n06 NA

PA (NC) Groundwater 18.6–228 (128±86.2) n05 0.5–18.1 (9.1±7.4) n05 3.9–21.7 (9.7±4.4)

Surface 17.3–53.8 (27.6±13.1) n07 1.3–2.9 (2.1±0.7) n07 3.8–10.2 (7.0±4.5)

PA (average) Groundwater 51.9–228 (144±77.3) n015 8.5–58.6 (22.2±20.8) n015 NA

Surface 17.3–110 (44.2±27.0) n013 0.5–12.7 (4.0±2.9) n013 NA

AI Groundwater 18.5–92.2 (60.9±21.5) n017 1.2–8.0 (4.7±1.8) n017 0.7–29.0 (96.8±78.8)

Surface 11.1–29.3 (15.4±4.9) n029 1.0–2.1 (1.4±0.3) n029 0.9–2.5 (1.6±0.3)

South Bay Surface 6.8–13.2 (9.5±2.2) n013 0.5–1.5 (1.2±0.3) n013

Central Bay Surface 10.2–15.1 (12.5±1.5) n011 0.7–1.6 (1.2±0.3) n011

PA includes two sampling sites (SP and NC) and the combined ranges and mean are also given as PA (average). South and Central Bay values
represent the offshore surface water activities for each bay. Parentheses are means and ±1σ. Note 224 Ra and 223 Ra is in disintegrations per minute
per 100 L−1 and 222 Rn in disintegrations per minute per liter

MSI Marine Science Institute, PA Palo Alto Baylands, AI Angel Island

Fig. 2 a 224Ra and b 223Ra activities with distance from shore at the
three sampling sites. Groundwater samples (GW) are from wells or pits
in a transect to shoreline; distance varies between sites. The distance

from shore for surface water samples (5, 10, and 20 m) are approxi-
mate. Error bars represent 1σ. Error bars are not shown for sample
sets of n≤2
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SGD Flux Estimates

The SGD fluxes at the different sites calculated from excess
Ra activities and the nearshore box model are represented in
Fig. 6. The SGD flux was calculated based on averaged Ra
activities for each sample type (groundwater, coastal, and
offshore) over all tidal stages because radium activities did
not correlate significantly with tidal stage (p>0.05). The
SGD fluxes per meter of shoreline calculated based on
224Ra activities at the different South Bay sites were be-
tween 0.3 and 7.4 m3 day−1 m−1 (mean 1.7 m3 day−1 m−1)
and 0.7–6.0 m3 day−1 m−1 (mean 1.6 m3 day−1 m−1) at MSI
and PA (including both PA-SP and PA-NC), respectively
(Fig. 6a). The range of SGD flux based on 224Ra activities at
AI in the Central Bay was 0.7–4.2 m3 day−1 m−1 with a
mean of 1.2 m3 day−1 m−1 (Fig. 6a). The ranges represent
the SGD flux calculated using the highest and lowest
groundwater end-member activity and include SGD calcu-
lated independently using the two different residence time
estimates. The means of SGD fluxes are calculated using the
average groundwater Ra activities at each site. SGD fluxes

calculated using 223Ra produced similar mean fluxes: 2.5,
1.2, and 0.8 m3 day−1 m−1 at MSI, PA, and AI respectively;
the errors associated with the calculations based on 223Ra
are larger than those determined using 224Ra (Fig. 6b).

The Rn activities of groundwater and surface water,
corresponding tidal cycle, and calculated advection rates in
centimeters per day are represented in Fig. 5. The SGD rates
in centimeters per day calculated via the Rn model were
converted to cubic meters per day per meter based on the
same area of discharge used for the Ra model at each site
and are: MSI up to 30 m3 day−1 m−1 (with a groundwater
end-member of 60 dpm L−1); PA up to 2 m3 day−1 m−1

(using 81.3 dpm L−1 for the groundwater end-member) and
up to 210 m3 day-1 m-1 (using 9.73 dpm L−1); AI SGD flux
was up to 6 m3 day−1 m−1 (using an end-member of
300 dpm L−1). Figure 5 shows the variation in Rn activities
with the tidal cycles at AI, which are used to calculate the
advection rate. The model showed similar impact of tidal
fluctuations with peak Rn activities occurring near periods
of low tide at the PA sites as well (data not shown). MSI had
anonymously high Rn activities, and the water level record
did not demonstrate the complete tidal variability.

Nutrient Concentrations

Dissolved inorganic nitrogen (DIN includingNH4
+ andNO3

−+
NO2

−) concentrations as well as PO4
3− and Si(OH)4 in

SFB were considerably higher in groundwater compared to
surface water (Table 3). Nutrient concentrations in both
groundwater and surface water tended to be higher in the
South Bay sites than at AI (Table 3), possibly due to the higher
level of anthropogenic impact, larger volume of sewage dis-
charge, and longer water residence time in the South Bay. We
found that 224Ra activity was positively correlated to NO3

−+
NO2

−, NH4
+, PO4

3−, and Si(OH)4 concentrations in ground-
water and nearshore waters (<20 m). Specifically, 224Ra ac-
tivity in groundwater and nearshore water in South Bay was
positively correlated to NO3

−+NO2
−, NH4

+, and Si(OH)4 but
not PO4

3− (p00.02, p<0.0001, p00.001, p>0.05, respective-
ly). In Central Bay, all nutrients were significantly correlated
to 224Ra except NH4

+ (p>0.05), probably due to the higher
concentrations of NH4

+ in surface waters at this site. The
difference in correlation of 224Ra and PO4

3− between South
and Central Bays may reflect the difference in redox condi-
tions in the sediment.

The dual isotopic signature of NO3
−+NO2

− (δ15NNO3

and δ18ONO3) in groundwater and surface water at each site
are plotted in Fig. 7. There was no significant difference in
isotopic signature between groundwater and surface waters
at any of the sites (Fig. 7). Our NO3

−+NO2
− isotopic values,

δ15NNO3 range of +3 to +14 ‰ and δ18ONO3 range of −4 to
+19‰, are similar to those reported by Wankel et al. (2006)
for the entire bay (δ15NNO3 range of +6.5 to +13.9 ‰ and

Fig. 3 224Ra versus 223Ra activities in groundwater (n042) and sur-
face water (n0119) samples at all sampling locations

Table 2 Activity ratios
of 224Ra and 223Ra
means and ±1σ for
groundwater and near-
shore surface water at
each site and open bay
water

Site n AR

MSI Groundwater 17 12.9±5.4

Surface 15 8.3±1.8

PA-SP Groundwater 10 12.3±8.0

Surface 6 9.7±2.0

PA-NC Groundwater 5 21.1±11.0

Surface 7 16.2±3.4

AI Groundwater 17 13.3±2.6

Surface 29 11.0±2.0

Bay Surface 13 8.5±2.3
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δ18ONO3 range of −5.0 to +11.6 ‰). However, the δ15NNO3

and δ18ONO3 values were significantly different between
South Bay (MSI and PA) and Central Bay (AI) (δ15NNO3

p0<0.001, δ18ONO3 p0 .005) (Fig. 7).

Discussion

Higher Ra activities in groundwater compared to surface
water are typical to most coastal sites with brackish SGD
(Moore 1999) and were found in all sites in this study
conducted in SFB. Elevated Rn concentrations were also
found in groundwater compared to surface water at our SFB
sites, and therefore, we found Ra and Rn to be valuable
tracers of SGD in SFB. These tracers along with the nutrient
characteristics of groundwater at the different sites provide
valuable insight to biogeochemical processes in the subter-
ranean estuary which may have implications to SFB water
quality and ecosystem structure as discussed in the sections
below.

SGD Derived from the Nearshore Model

Both Ra and Rn models were used to derive two independent
estimates of SGD flux of the nearshore intertidal sites. The Ra
model produced SGD fluxes on the order of 1.7, 1.6, and
1.2 m3 day−1 m−1, whereas the Rn model produced fluxes on
the order of 30, 2, and 6 m3 day−1 m−1 for MSI, PA, and AI,
respectively. While using Ra as a SGD tracer yields informa-
tion on the saline component of SGD, the Rn-derived SGD
rates are representative of the total SGD (i.e., both fresh and
recirculated water). At MSI, the SGD calculated using the Rn
model produced an order of magnitude higher SGD flux than

the Ra model; however, the Rn measurements at this site may
have been compromised by local conditions during sampling
resulting in higher than expected calculated fluxes. Specifi-
cally, it is likely that strong winds (up to 40 kph) during the
October sampling diminished the effectiveness of Rn as a
reliable SGD tracer at this site. At PA mean SGD flux calcu-
lated using Rn was within the same range as the SGD flux
calculated using Ra, as expected with little freshwater contri-
bution. The Rn-derived SGD values in South Bay are consis-
tent with minimal freshwater discharge and illustrate the
importance of recirculated seawater in this environment. At
AI, the SGD flux based on Rn was higher compared to the
SGD flux based on Ra, suggesting some contribution of
freshwater inputs at this site (indeed fresher groundwater
was encountered).

Conditions such as topographic relief can play an impor-
tant role in SGD, seawater infiltration, subsurface flow, and
the overall impact on transport mechanisms (Nakada et al.
2011). Saltwater infiltration can be intensified at the beach
face of a low-relief estuary, but infiltration has been shown
to be even stronger at tidal flat settings (Mao et al. 2006).
Also, at tidal flat locations, there is evidence that a freshwa-
ter lens may not discharge offshore of the tidal flat like at a
sloping beach face because of seawater recirculation across
the vast flat. A large portion (~45 %) of SGD occurring at
mildly sloping beaches and potentially tidal flats is from
tidal forcing (Robinson et al. 2007). The beach morphology
and slope are important characteristics that affect the
strength of flow and seawater recirculation in the subsurface
intertidal zone and the extent of the tidal forcing; recircula-
tion is additionally impacted by wind and terrestrial re-
charge (Robinson et al. 2006). The environmental setting
of sloughs and mudflats in South Bay resulted in muting of

Fig. 4 Distribution of 222Rn
activities in surface water in
South Bay during March 2009
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the tidal variability in the water record at MSI and impacted
the measured Rn activities. It is possible that water in South
Bay nearshore environments, particularly at MSI, is not
exchanged as rapidly as at other locations and stagnant
water is accumulating Rn from sediments, producing the
high SGD flux. An additional factor that may impact the
magnitude of the calculated SGD flux is the coastal water
residence time. Our calculations produced residence times
on the order of one day; however, based on the tidal regime
and previous studies using a horizontal eddy diffusivity
model, the residence time may be on the order of 0.5 day
(Okubo 1971). Using the residence time of ~1 day calculat-
ed in this study results in more conservative SGD fluxes
compared to using a residence time of 0.5 day.

A potentially important transport mechanism for Ra, Rn,
and nutrients other than advective processes of SGD is
diffusion from sediments. For this study, porewater

gradients of Rn or Ra were not measured, and therefore,
the diffusion from sediments was not calculated separately.
In high energy intertidal and nearshore subtidal zones, it has
been shown that fluxes of Rn and Ra are dominated by
advection instead of diffusion (Rama and Moore 1996).
Cable and Martin (2008) found the diffusion of Rn to
account for less than 3 % of the total flux from sediments
in a nearshore environment. Hammond et al. (1985) esti-
mated bioirrigation accounted for 60 % of the flux and the
remaining flux occurred via diffusion, but other advective
processes particularly in the intertidal zone were not con-
sidered. Sediment characteristics and porewater concentra-
tions are important factors affecting the importance of
diffusion. At SFB, diffusion may be more important in the
deep, low-energy mid-channel of SFB than in the shallow
intertidal zone representing the vast area of the bay. Our
estimates of SGD may therefore overestimate the magnitude

Fig. 5 a 222Rn activity in
groundwater at Angel Island
versus time. b Complementary
surface water 222Rn activity
versus time. c Calculated
advection rates based on
groundwater and surface water
222Rn activities plotted with
groundwater salinity and
surface water depth over time
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of advective flux by including the diffusional flux and
should be a representative measurement of total flux.
Future studies may consider comparing diffusion and
advection processes of nearshore and the mid-channel
environments to further our understanding of fluxes
from the sediments.

SGD Derived from the Bay Basin Model

To acquire a first-order approximation of the basin scale
SGD fluxes and the associated nutrient fluxes in SFB rela-
tive to other sources, we calculated SGD fluxes to the whole
bay using two approaches. In the first approach, we extrap-
olated the fluxes calculated for a meter of shoreline based on
the nearshore box fluxes described above (1.2 m3 day−1 m−1

for Central Bay and 1.6 m3 day−1 m−1 for South Bay) to the
entire perimeter of shoreline length for each basin. The
shoreline length for each basin was estimated in ArcGIS

and was found to be 399,380 m for South Bay and
199,240 m for Central Bay. The resulting fluxes calculated
using this first approach were 639,008 m3 day−1 for South
Bay and 239,088 m3 day−1 for Central Bay.

In the second approach, SGD was calculated using the Ra
mass balance where the activity and volume of the Central
and South bay basins were used (i.e., basin mass balance).
The SGD was calculated using the combined volume of
Central and South Bays, 5.24×109 m3 (Smith and Hollibaugh
2006), and a 60-day residence time. In the Ra mass balance
calculation (Eq. 1), we used the average surface water 224Ra
activity for open bay waters (>20 m from shore) for both
basins (Abox010.9 dpm 100 L−1) and the highest measured
groundwater 224Ra activity (AGW0422 dpm 100 L−1) (note
that using the highest value will yield a lower estimate). We
assumed that the offshore end-member had Ra activity equal
to that of Pacific surface water 1 km offshore (223Ra0
0.15 dpm 100 L−1 and 224Ra01.18 dpm 100 L−1). The total
flux of SGD calculated this way for the basin was 2.01×
106 m3 day−1. This basin scale estimate is greater than the
fluxes calculated by extrapolating the nearshore box model
fluxes (combined flux of 0.88×106 m3day−1). SGD extrapo-
lated to the entire shoreline may produce a lower volume of

Fig. 6 SGD fluxes per meter of shoreline based on 224Ra (a) and 223Ra
(b) activities. The box plot represents the range for each site and the
line is the mean. The ranges represent the SGD flux calculated using
the highest and lowest groundwater end-member 224Ra or 223Ra
activities

Fig. 7 Dual isotopic composition of nitrate (δ18O vs. δ15N) in ground-
water (GW) and surface water (SW) samples at the three study sites:
Marine Science Institute (MSI), Palo Alto Baylands (PA), and Angel
Island (AI) in San Francisco Bay. Boxes represent the range of majority
of samples for each bay (Central and South)

Table 3 Nutrient concentration
(NO3

−+NO2
−, NH4

+, PO4
3−, Si

(OH)4) means and ±1σ for
groundwater and surface waters
at each site

Site n NO3
−+NO2

− (μM) NH4
+ (μM) PO4

3− (μM) Si(OH)4 (μM)

MSI Groundwater 5 48±57 61±44 12±6 161±70

Surface 12 80±23 19±32 2.8±0.8 66±15

PA Groundwater 12 27±29 433±288 98±107 277±76

Surface 13 86±76 133±188 31±50 202±87

AI Groundwater 17 123±38 2.4±1.9 4.8±1.9 128±32

Surface 29 67±28 4.6±1.6 2.9±0.7 89±9.3
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SGD due to the underestimation of the basin perimeter in
ArcGIS. The many sloughs and large areas of shallow shoals
increase the effective discharge zone that may not be
accounted for in the ArcGIS perimeter (Jaffe and Foxgrover
2006). Another factor that may contribute to the discrepancy
between the two approaches is errors associated with using an
average residence time. This residence time is based on salin-
ity balance and could vary significantly on seasonal and
interannual timescales (Walters et al. 1985).

Nutrient Fluxes

Significant differences in nutrient fluxes and nitrate isotopic
compositions were found between South and Central Bays.
The differences in environmental settings of each basin may
play a role in these differences and impact the overall
nutrient loading. The positive correlations between 224Ra
and nutrients suggest that SGD is an important source of
these nutrients to nearshore surface waters at all the sites.
We calculated SGD-associated nutrient fluxes by subtract-
ing the average surface water nutrient concentrations from
the average groundwater nutrient concentrations and multi-
plying by the 224Ra-based SGD fluxes at each site (Fig. 8).
Subtracting the surface water nutrient concentration from
the groundwater nutrient concentration is a conservative
approach and calculates the excess nutrients associated with
SGD since a significant portion of SGD is recirculated
seawater. We used the SGD estimates calculated with
224Ra activities to calculate nutrient fluxes as opposed to
223Ra and 222Rn activities because of the higher error asso-
ciated with 223Ra measurements and the anonymously high
measurements of 222Rn-based fluxes at MSI. As previously
mentioned, SGD fluxes are averaged over tidal cycles, and
therefore, this average carries over to the nutrient fluxes. As
shown in Table 3, the concentration of the different DIN
species (NO3

−+NO2
− or NH4

+) is site specific. Specifically,

NH4
+ was high and NO3

−+NO2
− was low in groundwater at

MSI and PA, which have broad tidally inundated muddy
coastlines. At AI, where the coastline is narrow and the
sediments are sandy, NH4

+ was low, and NO3
−+NO2

− was
high (Table 3). This distribution likely results from the
highly anoxic conditions in groundwater circulating through
the vast tidal mudflats in the South Bay area and the more
oxic groundwater at AI (Caffrey 1995). Under reducing
conditions, NH4

+ generated from organic matter decaying
in the sediment will not be oxidized as it might in the oxic
AI sediments. Moreover, denitrification under anoxic con-
ditions may further lower nitrate concentrations in ground-
water at MSI and PA. NO3

−+NO2
−, NH4

+, PO4
3−, and Si

(OH)4 fluxes were calculated for each of the sites (Fig. 8);
however, as indicated above, NH4

+ did not contribute much
to the total DIN flux at AI, while NO3

−+NO2
− did not

contribute much to the total DIN at PA and MSI. It appears
that groundwater is not contributing to the increase of NH4

+

in Central Bay (Dugdale et al. 2007) but it is an important
source of NH4

+ in South Bay. In both basins, groundwater is
contributing significant nutrients to surface waters that may
play a role in primary productivity of the bay (see “Ecological
Implications of Nutrient Loading”).

If we assume that our sampling sites are representative of
similar settings throughout the South and Central Bays, we
can extrapolate the nutrient fluxes to the entire bay to acquire
a first-order approximation of nutrient contributions associat-
ed with SGD. Applying our calculated SGD flux using the
nearshore extrapolation for each basin and the excess nutrient
concentration in groundwater, SGD contributed up to 113×
103 mol NH4

+ day−1 in South Bay and 13.4×103 mol NO3
−+

NO2
− day−1 in Central Bay. The PO4

3− fluxes were 21.7×103

and 0.5×103 mol day−1 for South and Central and Bays,
respectively. When the nutrient fluxes were compared to
wastewater and river nutrient loading calculated by Smith
and Hollibaugh (2006), we find that sewage effluent is the

Fig. 8 Excess nutrient fluxes
(NO3

−+NO2
−, NH4

+, PO4
3−, Si

(OH)4) per meter of shoreline
for each site (MSI, PA
(including PA–SP and PA–NC),
and AI). Excess fluxes are
calculated from 224Ra-based
SGD estimates. The average
nutrient concentration used at
each site is the surface water
concentration subtracted from
the groundwater concentration.
Sites without bars indicate
groundwater nutrient
concentration was lower than
surface water
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dominant source to both bays, but SGD contributed a signif-
icant amount of nutrients as well: up to 9 % of DIN and up to
15 % of DIP in the Central and South Bays, respectively
(Table 4). It should be noted that the sewage effluent and river
inputs for Central Bay are estimated from San Pablo Bay
values from Smith and Hollibaugh (2006) because of limited
Central Bay data. Since the approach using the nearshore
extrapolation may underestimate SGD and the associated flux
of nutrients, we also calculated nutrient fluxes using the basin
scale approach. If the SGD flux calculated using the bay basin
scale (i.e., basin Ra mass balance) is applied to the average
groundwater nutrient concentrations from both basins, then
SGD inputs are greater and account for 16% of DIN and 22%
of DIP when considering combined inputs to Central and
South Bays (Table 4).

These nutrient flux estimates to each basin are reasonable
when considering (1) previous benthic flux studies con-
ducted in SFB (Hammond et al. 1985) and other locations
and (2) that the relative contributions take into account only
inputs from rivers, wastewater discharge, and SGD and do
not consider other sources such as atmospheric deposition
and other nonpoint sources. Sediments have been shown to
be an important source of nutrients to overlying water and
phytoplankton requirements, contributing up to 50 % of the
nitrogen required by phytoplankton in South Bay (Grenz et
al. 2000). Other shallow coastal systems have also demon-
strated the importance of sediments and benthic fluxes to
phytoplankton nutrient requirements (e.g., 40 % of

phytoplankton nitrogen requirements in Chesapeake Bay;
Boyton and Kemp 1985). Using an average benthic NH4

+

flux in South Bay measured by Hammond et al. (1985) of
2.7 mmol m−2 day−1 and applying it to the benthic area of
the basin, the resulting NH4

+ input is 702×103 mol day−1

compared to the SGD associated NH4
+ input of 113×

103 mol day−1 in this study (Table 4). Note, however, these
fluxes are calculated over different areas and using data
obtained at different times. The fluxes from Hammond et
al. (1985) are nutrient fluxes associated with irrigation and
diffusion and assumed to be similar across the entire basin
while our calculations are restricted to discharge at the
coastline within the intertidal zone.

As with the forcing mechanisms of SGD, it is possible that
the difference in topography may impact the nutrient fluxes
(i.e., nitrogen form and ratios) being discharged with SGD
(Bokuniewicz et al. 2003). Steeper coastlines can support
higher hydraulic gradient to drive higher SGD fluxes, and
the groundwater residence time may thus be shorter. If indeed
this is the case, at sites like AI, the DIN is expected to be
mostly NO3

− since there is less time for organic matter remi-
neralization or for reducing conditions to develop in the
shallow unconfined surficial aquifer. Although we did not
find greater SGD at the Central Bay site with more relief,
the DIN was indeed primarily in the form of NO3

−+NO2
−. In

areas similar to South Bay, with low relief and where SGD
recirculation is expected to be slow, high rates of remineral-
ized nitrogen can be discharged (Spiteri et al. 2008). Indeed
this is the situation at the South Bay sites. The concentrations
of nutrient, Ra, and Rn and the associated nitrate isotope
composition in groundwater may also be influenced by the
short residence time of recirculated seawater in the sediments.
A short residence time would provide insufficient time for
porewaters to equilibrate (Burnett and Dulaiova 2003). The
tidal stage (ebbing or flooding) may also impact the residence
time, as it is well-known that seawater infiltration occurs
during high tide and drainage during low tide (Nielsen
1990). Infiltration typically occurs faster than draining, result-
ing in variable porewater residence time during tidal stages for
water to react with sediments and build higher concentrations
(Nakada et al. 2011). Another explanation of lower-end nutri-
ent concentrations in the groundwater samples may be the
influence of pumping of groundwater during our study. Pump-
ing can result in changes to the hydraulic head of the system
and introduce low concentration surface water into our bore-
hole, diluting the high nutrient groundwater signal. However,
we used minimum pumping rates required for the method and
did not sample any well that became inundated during high
tide to minimize the impact of pumping.

The nitrate isotopic signature of groundwater may also
proved insight to subsurface processes and transport mech-
anisms occurring in SFB. The similarity in NO3

−+NO2
−

isotopic signature between groundwater and surface water

Table 4 Nutrient loading (×103 mol day−1) and relative percent of
DIN and DIP in South and Central Bays considering river, sewage, and
SGD inputs

DIN DIP %DIN %DIP

Approach 1: nearshore extrapolation

South River 45 3 3 2

Sewage 1,170 117 88 83

SGD 113 22 8 15

Total 1,328 142

Central River 0 0 0 0

Sewage 130 13 91 97

SGD 13 0.5 9 3

Total 143 13

Approach 2: bay basin scale

Both River 45 3 3 2

Sewage 1,300 130 81 76

SGD 261 37 16 22

Total 1,606 170

River and sewage inputs are estimated from Smith and Hollibaugh
(2006) and SGD inputs from this study. The two approaches (1—
nearshore extrapolation and 2—bay basin scale) for calculating SGD
DIN and DIP fluxes are presented

DIN dissolved inorganic nitrogen, DIP dissolved inorganic phosphorus
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of SFB demonstrated in this study could indicate similar
sources to and/or processes affecting groundwater and sur-
face waters (Fig. 7). Specifically, in the South Bay NO3

−+
NO2

− was enriched in 15N, which is a signature of NO3
−+

NO2
− derived from NH4

+ following isotopic enrichment due
to fractionation associated with NH4

+ volatilization. This
isotopic signature is consistent with discharge of sewage
and treated wastewater, which is a likely contributor of
NO3

−+NO2
− in the South Bay. The consistent NO3

−+
NO2

− isotopic signature in surface water and groundwater
samples suggests rapid recirculating seawater in the shallow
sediments, which is the primary component of SGD in the
limited freshwater system of South Bay. It is interesting to
note that the DIN in the South Bay groundwater is domi-
nated by NH4

+ rather than NO3
−+NO2

−. The groundwater
NH4

+ may be oxidized after discharge and become a signif-
icant contributor to NO3

−+NO2
− in the South Bay surface

waters. Higher uptake rates of NO3
− in the water column in

South Bay may also result in elevated isotopic values of
residual NO3

− consistent with additional fall phytoplankton
blooms and increasing chlorophyll in South Bay (Cloern
and Dugdale 2010). The South Bay δ15N-NO3 signature
was more enriched compared to the AI values as expected
based on the importance of treated wastewater discharge on
NO3

−+NO2
− concentrations in South Bay (Fig. 7). NO3

−+
NO2

− in groundwater and surface water samples at the
Central Bay site also shared a common nitrogen and oxygen
isotopic composition. However, the isotope compositions at
the Central Bay site are common to several potential sources
of NO3

− (marine NO3
−, soil NO3

−, precipitation, and some
wastewaters). Thus, it is not possible to use the isotopic
signature of NO3

−+NO2
− as a tracer of rapid seawater

recirculation at the Central Bay site.

Ecological Implications of Nutrient Loading

Nutrient fluxes associated with SGD may play an important
role in primary productivity in SFB. In addition to the quantity
of nutrients contributed to surface waters found in this study,
the nutrient form and stoichiometry may influence the phyto-
plankton assemblages and overall water quality. Throughout
most of the year, primary productivity in the SFB is low due to
light limiting conditions (Cloern and Dufford 2005) and graz-
ing (Alpine and Cloern 1992). As a result of light limitation,
dissolved nutrients are in excess and SFB is classified as a
high nutrient, low chlorophyll (HNLC) environment (Cloern
2001; Jassby et al. 2002; Dugdale et al. 2007). In the Central
Bay, blooms of mostly marine and brackish water diatoms and
microflagellates occur in early summer (Cloern 1979; Cloern
and Dufford 2005). In contrast, the South Bay has longer
residence time, lower turbidity, with maximum biomass of
microflagellates and small diatoms occurring in spring
(Cloern 1979; Cloern et al. 1985). SGD may be playing a role

in contributing excess nutrients to the system and impacting
the phytoplankton assemblages.

More recent studies suggested that nutrient ratios along
with irradiance might be an important factor influencing
bloom events and regional ecosystem dynamics in Central
Bay. Wilkerson et al. (2006) and Dugdale et al. (2007)
suggested that the relative concentrations of NH4

+ and
NO3

− can influence the phytoplankton bloom dynamics
(size of phytoplankton cells and species distribution) and
that excess NH4

+ can inhibit the uptake of NO3
− by phyto-

plankton. Although NH4
+ is often a preferred source of

nitrogen by phytoplankton, it seems that in Central Bay
the phytoplankton community uptakes NO3

− at higher rates
and as the preferred nitrogen source to form spring blooms
(Dugdale et al. 2007). Therefore, increased irradiation and
decreased NH4

+ concentrations are critical for rapid uptake
of NO3

− and bloom development in Central Bay (Dugdale et
al. 2007). Elevated NH4

+ concentrations and inhibited NO3
−

uptake have been documented in other locations, e.g., in the
Delaware Bay (Pennock 1987) and in Bodega Bay, Califor-
nia (Dugdale et al. 2006). In contrast, it is possible that the
high NH4

+ input from SGD in South Bay is instrumental in
limiting the frequency of algal blooms and contributing to
maintaining the South Bay as a HNLC environment. The
SGD at our Central Bay site (AI) does not contribute sig-
nificant NH4

+ to surface waters but otherwise contributes to
the NO3

− pool that could be readily taken up by phytoplank-
ton if NH4

+ concentrations are kept low (i.e., SGD does not
contribute to inhibiting NO3

− uptake in Central Bay).
The relative stoichiometry of discharging nutrients from

sediments, such as the ratio of nitrogen and phosphorus (N:P),
is also important to phytoplankton production and nutrient
limitation in estuarine environments. The N:P ratio required
by marine pelagic phytoplankton is typically around 16:1
(“Redfield ratio,” Redfield 1934), but SGD often has higher
N:P ratio (Slomp and Van Cappellen 2004) and may be
important in determining the overall nutrient limitation in
shallow nearshore surface water environments. The N:P ratio
in SGD can be dependent on the groundwater flow rates, the
form and supply of nitrogen and phosphorus, and the redox
conditions of the environment immobilizing phosphorus rel-
ative to nitrogen (Slomp and Van Cappellen 2004). The N:P
of groundwater in Central Bay is 28:1, similar to the surface
water ratio, 25:1, when considering both NO3

− and NH4
+ as

nitrogen sources (most of the nitrogen as NO3
−). If we only

use NH4
+ in calculating the N:P ratio assuming NO3

− uptake
is inhibited and only NH4

+ is bioavailable, then we find
similar N:P as those recorded by Dugdale et al. (2007) in
surface waters, ~ 2:1. At the South Bay sites, groundwater N:P
values (using the combined NO3

− and NH4
+) were below the

Redfield ratio, 12 and 3.5 for MSI and PA, respectively. When
considering only NH4

+ as the nitrogen form, the groundwater
N:P is higher than the Central Bay but still lower than the
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Redfield ratio, 4.9 and 2.3 at MSI and PA, respectively. The
values in South Bay groundwater are similar to N:P ratios for
SGD at other locations where reducing conditions prevail.
Thus, SGD in South Bay seems to be an important source of
phosphorus contributing to maintaining SFB as a nitrogen-
limited system overall. The flux of the nitrogen relative to
phosphate is expected to also impact phytoplankton assemb-
lages (Hodgkiss and Ho 1997; Vrede et al. 2009) and certainly
the high Si(OH)4 fluxes from SGD contribute to high Si(OH)4
levels in the bay and the prevalence of diatoms in this ecosys-
tem. These data highlight the significance of SGD in SFB and
the need to further investigate SGD as a nutrient source and its
role in primary productivity. Specifically, SGD should be
considered in future studies and management regarding eutro-
phication and natural or managed ecosystem changes.

Summary

Submarine groundwater discharge was quantified at select
sites in SFB (South and Central Bays) using 223Ra, 224Ra,
and 222Rn measured in groundwater and surface water. SGD
fluxes were similar in magnitude at the three locations in
South Bay and one location in Central Bay. Although SGD
fluxes were of the same order of magnitude, nutrient fluxes
and particularly nitrogen forms were different between the
two regions. South Bay SGD was characterized by NH4

+

concentrations three-fold higher than open bay waters, and
NH4

+ is primary DIN form associatedwith SGD in South Bay.
On the contrary, the primary form of DIN associated with
SGD in Central Bay is NO3

−+NO2
−. The different DIN forms

discharging from SGD may play an important role in impact-
ing nutrient uptake rates and phytoplankton communities.

Depending on the approach used to calculate nutrient
fluxes associated with SGD, SGD can account for up to
16 % of DIN and 22 % of DIP in South and Central Bays
when considering river, sewage, and SGD inputs as the
nutrient sources to SFB. Previous studies have identified
the importance of sediment fluxes to phytoplankton nutrient
requirements, but have not considered advective fluxes as-
sociated with SGD at the coastline and from tidal flats. The
findings from this study indicate that nutrient loads from
recirculated seawater and fresh groundwater discharge in
SFB may be important for nutrient management practices
in this heavily populated watershed. Although nutrients are
currently not the limiting factor in phytoplankton growth in
SFB, increases in phytoplankton biomass demonstrate that
SFB is not resistant to nutrient pollution and changes in bay
conditions can inherently increase the use of the large nu-
trient pool. SFB has been drastically modified and continues
to undergo changes through restoration projects, freshwater
input, and increased population within the watershed. Future
bay changes may shift SFB to a nutrient-limited system as

opposed to light limitation, and understanding sources and
relative contributions of nutrients will be vital for ecosystem
sustainability. Furthermore, SGD is identified as an impor-
tant nutrient source and should be consider in nutrient
budgets and hydrologic models to advance our understand-
ing regarding eutrophication and ecosystem changes in es-
tuarine and coastal systems.
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