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ABSTRACT

This study evaluates the role of submarine groundwater discharge (SGD)-derived
nutrients to Baffin Bay, a semi-arid, hypersaline bay in south Texas. SGD can be equivalent to
riverine input in some places, making SGD’s role in nutrient input important. Dissolved
inorganic nitrogen (DIN), and total alkalinity combined with SGD measurements, using two
different geochemical tracers (radium-226 [226Ra], radium 224 [224Ra] and radon [222Rn]) and
geophysical investigations were conducted. SGD rates were found to have slight spatial variation
with higher rates near the shoreline around areas characterized by course-grained sediments and
relic serpulid reefs. The222Rn and 226Ra-based SGD estimates produced agreeable results, within
the range of uncertainties, and no significant changes in SGD from July to November, within the
same year, were observed. However, 226Ra and 224Ra activities decreased from July to November
and are associated with large decreases in porewater DIN concentrations. July and November
222

Rn-derived SGD rates were 31.4±32.7 and 30.0±30.9 cm∙d-1, respectively while those derived

from 226Ra were 16.6±1.7 and 13.2±1.3 cm∙d-1, respectively. Given the lack of change in SGD
between the two seasons, organic matter (OM) decay may be the driving force for changes in
radium activities as it can lead to reducing conditions that enhance radium solubility from
sediments. In addition to OM remineralization from phytoplankton, a shift from a seawater to a
terrestrial groundwater source in the subterranean estuary is also likely to be responsible for the
larger porewater radium activities and nutrient concentrations in July. A comparison of bay-wide
solute fluxes indicates that DIN inputs, mainly in the form of ammonium (NH4+), are almost five
orders of magnitude higher in the SGD component than the surface runoff. Therefore, regardless
of the magnitude of SGD and its nature (i.e. fresh or saline; groundwater or recirculated saline),
the associated nutrient input is likely significant in this shallow bay system in warmer months.
This study helps provide an understanding of the possible effects of OM decay on radium and
DIN fluctuations and inputs in a hypersaline estuary. Studying these relationships is important as
hypersalinity is a developing problem in freshwater-limited environments.
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1. INTRODUCTION
In many arid and semiarid regions, wetlands and estuaries experience prolonged periods
of hypersalinity (Jolly et al., 2008), in part due to anthropogenic impacts (i.e. limited freshwater
inflows due to stream impairments) (Conley et al., 2009; Folk and Siedlecka, 1974; Jolly et al.,
2008), which could hinder their ability to cycle nutrients (e.g., slowing the rate of nitrification)
leading to eutrophication (Folk and Siedlecka, 1974; Jolly et al., 2008). Some nutrient cycling
processes are expected to decrease as salinities change from below (fresh or brackish) to above
(hypersaline) the average salinity of seawater (salinities are reported in practical salinity units
using the global ocean seawater average salinity of 35 as reference (Millero, 1993)) (Conley et
al., 2009; Loáiciga, 2006). For instance, apart from some rare cases, planktonic nitrogen (N)
fixation is reported to be insignificant in coastal estuaries with salinities above 10 (Conley et al.,
2009) and salinities above 10 can reduce nitrification/denitrification in sediments by 50%
compared to salinities of 0 (Rysgaard et al., 1999). However, during removal of N from
wastewater, denitrification has been found to occur at 40°C and a salinity of approximately 54 in
a bioreactor (Glass and Silverstein, 1999; Kristensen and Jepsen, 1991), conditions that may
occur naturally in semiarid estuaries. For instance, within this study’s area, Baffin Bay, Texas,
historic climate data for the past decade shows that though rare (0.3% of the year) the
temperature reached or exceeded 40°C (NAAS, 2017). In addition, bay salinity ranges from
monthly averages of 40 to 50 to as high as 85 during a historic drought (Behrens, 1966), with
(seldom) flood events bringing salinity to as low as 1.4 (Folk and Siedlecka, 1974).
Nitrogen enters estuarine systems through a variety of pathways including: atmospheric
deposition, surface runoff (land and riverine), biological fixation, remineralization of decaying
organic matter (OM), and submarine groundwater discharge (SGD). Moore (2010) described
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SGD as, “any and all flow of water on continental margins from the seabed to the coastal ocean,
with scale lengths of meters to kilometers, regardless of fluid composition or driving force.”
Thus, SGD includes terrestrial groundwater and recirculated seawater (Santos et al., 2012). In the
estuarine and coastal ocean setting, groundwater can be a significant source of inorganic N to
local ecosystems (Chaillou et al., 2014; Matson, 1993; Paerl, 1997) and may provide up to 30%
of the non-recycled N (or new N) in the nutrient budget (Paerl, 1997). Giblin and Gaines (1990)
found that N inputs from groundwater were similar in magnitude to riverine inputs in a riverdominated estuary. Even under low magnitudes of groundwater input (i.e. terrestrial),
recirculated seawater can be a significant source of nutrients and anoxic waters to the water
column (Santos et al., 2012). In bays with limited freshwater inflows and poor connection to a
larger body of water, or rainfall that is significantly less than the local evaporation rate (i.e.
Baffin Bay, Texas), submarine groundwater discharge (SGD) could influence the salinity of the
local environment (Jolly et al., 2008) in addition to being an important source of nutrients.
Semiarid estuarine systems receive limited riverine inflows and in the absence of nutrient
inputs from surface runoff, SGD could control primary productivity and lead to excessive algal
growth or harmful algal blooms, especially in systems with long residence times (Hu et al., 2006;
Jolly et al., 2008; Kroeger et al., 2007). For instance, anoxic conditions in the porewater
coincident with low SGD conditions could lead to the buildup of ammonium (NH4+) from
organic matter remineralization, or dissimilatory nitrate reduction to ammonia (DNRA) (Brandes
et al., 2007; Prokopenko et al., 2011; Schulz et al., 1994). NH4+ can later be released to the water
column as SGD rates increase (including both groundwater/terrestrial and recirculated seawater)
(Brock, 2001; Moore, 1996). Increasing salinity levels in semiarid estuaries can affect the N
cycle (Giblin et al., 2010; Holmes et al., 2000). For instance, NH4+ release from sediment is
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dependent on salinity, with lower salinities effectively storing NH4+ in sediments and higher
salinities releasing NH4+, which may enhance summertime primary productivity (Giblin et al.,
2010; Holmes et al., 2000) as observed in areas with increasing salinities from 0-20 (Giblin et al.,
2010). Nevertheless, the role SGD plays on N cycling in these semiarid, hypersaline
environments is not fully known. This study hypothesizes that in hypersaline estuaries with
almost no surface inflows, porewater contributions via SGD are significant sources of nutrients,
and thus primary productivity.
The extent of SGD and its role in releasing nutrients of terrestrial or remineralized origin
is not fully understood in estuaries experiencing limited surface runoff, high evaporation rates
and hypersaline conditions for most of the year. Since nutrient cycling rates and bioavailability
in semiarid bays with long residence times can be highly influenced by SGD derived nutrients
and salinity levels, among other factors, it is important to understand the role SGD plays as a
source of nutrients of terrestrial or remineralized origin. This study evaluates the effects of
porewater flushing rates and SGD magnitudes (both quality, i.e. saline versus fresh, and
quantity) on nutrient sources to Baffin Bay, Texas, a hypersaline, semi-enclosed estuary, which
has previously experienced a harmful algal bloom that lasted eight years (Buskey et al., 2001).
The relative abundances of nutrients in the bay and porewater, such as phosphorus, silica, and the
different forms of nitrogen were examined to evaluate types of nutrient inputs, i.e. terrestrial
versus remineralized.
More specifically, the main objectives of this study were to: 1) measure sediment
flushing and SGD rates, 2) determine the role of SGD-derived nutrient fluxes to the bay in
relation to surface inputs, and 3) determine the effect of sediment flushing and SGD rates on the
dominant form and amount of nutrients discharging into the bay. This work is critically
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important for understanding nutrient dynamics not only in Texas estuaries but in semiarid and
hypersaline estuaries in general.

2. STUDY AREA
This study focused on the shallow, well-mixed Baffin Bay system, located in southern
Texas (Figure 1), bordered by Kleberg County to the north and Kennedy County to the south, on
the semiarid Texas coastal plain in the northwestern Gulf of Mexico (Dalrymple, 1964; Simms et
al., 2010). The bay is often considered a reverse estuary (i.e. more saline than the bay it drains
into) due to limited freshwater inflows from surface runoff, high evaporation rates, and limited
connection with the Gulf of Mexico, which result in long residence times, greater than 1 year,
and extreme salinities, up to 75-85 (Behrens, 1966; Folk and Siedlecka, 1974; Wetz et al., 2017).
The bay is considered a schizohaline environment in that it changes from freshwater salinities to
hypersaline conditions repeatedly over time (Folk and Siedlecka, 1974). The effects that
hypersalinity has in this environment are applicable to other semiarid or schizohaline
environments where salinity is likely to be high for prolonged periods due to limited freshwater
inflows or the lack of precipitation and/or high evaporation rates (Jolly et al., 2008).
The estuary provides essential habitat for numerous commercially and recreationally
important marine species. The predominantly undeveloped land use surrounding Baffin Bay
results in more pristine conditions compared to the Nueces Estuary system. However, there are
emerging concerns that the ecological health of this vital habitat is threatened by water quality
degradation, specifically pertaining to persistent brown tides (Wetz et al., 2017).
A previous study by Rebich et al. (2011) in a large area that included Baffin Bay ranked,
from largest to smallest, the sources of external N to the area as: 1) atmospheric deposition, 2)
fertilizer, 3) manure from livestock, 4) urban runoff from developed land, and 5) industrial and
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municipal point sources. This study did not account for groundwater inputs although it has been
shown to be a likely contributor of external N to the bay (Breier et al., 2010; Santos et al., 2012;
Uddameri et al., 2013). The relative contributions of each source are dependent on hydroclimatic
conditions and thus are expected to shift with changes in precipitation and return flows. For
instance, during drought conditions some of the tributaries often run dry while others, such as the
San Fernando Creek, which has 12 permitted wastewater facilities and likely is dominated by
point source N (Wetz et al., 2017), flow perpetually and could contribute a continuous source of
N and other nutrients. The typical concentrations of NOx (NO2+NO3) in Baffin Bay range from
<0.3 μM to 35 μM with an average concentration of <1-4 μM, and NH4+ concentrations ranged
from 7 μM to 92 μM in surface water over the years 2013-2015 (Wetz, 2015). According to
Wetz (2015), surface water DON regularly exceeded 35 μM.
2.1. HYDROCLIMATIC CHARACTERISTICS
In the area of Baffin Bay, the coastal plain gradient is very gentle, approximately 0.8
m∙km-1 (Simms et al., 2010), leading to low land runoff and likely high infiltration rates into soils
and recharge to the water table aquifer (Fetter, 2001). The shoreline in the upper reaches of
Baffin Bay consists of bluffs 2 to 4 m high that grade down to tidal flats along the lower portion
of the shoreline. The bay is isolated from the Gulf of Mexico by Padre Island and is further
insulated from the contiguous Laguna Madre System by shallow reefs at the mouth of the bay
(Simms et al., 2010). The nearest inlets that allow for exchange between Baffin Bay and the Gulf
of Mexico are Packery Channel and Aransas Pass (~41 km and ~70 km north of Baffin Bay,
respectively) and Port Mansfield (~80 km south) (Wetz et al., 2017). Three creeks discharge into
Baffin Bay: the San Fernando flowing into Cayo del Grullo, the Petronila flowing into Alazan
Bay, and the Los Olmos into Laguna Salada (Figure 1). These creeks are believed to have
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carved the valley that now forms Baffin Bay in response to the last sea level drop approximately
20,000 years ago (Behrens, 1963; Fisk, 1959; Simms et al., 2010).

Figure 1: Study area location map including: the land use and land cover data for the Baffin Bay
surroundings and the spatial (stations 1-8) and time series (9-12) sampling stations.
The semiarid area of south Texas is characterized by high evaporation rates that exceed
precipitation (60-80 cm∙yr-1) by 60 cm annually (Behrens, 1966). This leads to average salinities
of 40-50 and extremes as high as 85 during droughts and as low as 1.4 during the seldom
significant precipitation events (Behrens, 1966; Simms et al., 2010). Streamflow discharge data
to Baffin Bay from its tributaries is limited; however, the freshwater inflow to and from the
creeks is infrequent, thus contributing to the generally high salinities and long residence times
(Figure 2). Data from 1967-2017 (collected approximately 40 km inland from the bay) indicates
that the Los Olmos Creek discharges on average 0.004 m3∙s-1 (min: 0.0 m3∙s-1, max: 1.33 m3∙s-1)
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(USGS, 2017b). From 1965 to 2017, streamflow data collected from a stream gauge
approximately 60 km inland from the bay, an average of 0.02 m3∙s-1 (min: 0.00 m3∙s-1, max: 0.34
m3∙s-1) discharged from the San Fernando Creek (USGS, 2017a) to the bay. No data were found
for Petronila Creek.
Strong southeast winds of 16 to 32 km∙h-1 are dominant from February to August
(Dalrymple, 1964; Rusnak, 1960); however, from September to February, the dominant wind
direction shifts to the northwest with an average speed of 18 km∙h-1 (Lohse, 1955; TCOON,
2016). Baffin Bay is a shallow estuary with an average depth of 2 m (max: 3 m) (Simms et al.,
2010) that experiences only small astronomical tides (<0.1 m) (Simms et al., 2010). With the
strong, persistent winds and shallow depths, the tides are mainly controlled by wind and
precipitation events (Breuer, 1957; Militello, 1998). Consequently, the semi-enclosed estuary is
generally well-mixed with little stratification under normal conditions.
The major sediment types found in Baffin Bay are black-mud, ooids, quartz-mollusk
sands, and coated grains (Alaniz and Goodwin, 1974; Dalrymple, 1964). The well-laminated
carbonate and siliciclastic open-bay muds, ooid beaches, shelly internal spits and barrier islands,
serpulid worm tube reefs, and prograding upper-bay mudflats depositional environments
differentiate this system from other northern Gulf of Mexico bays (Simms et al., 2010). Sediment
transport to Baffin Bay by modern aeolian dunes is limited to the seldom intense precipitation
events, especially along the south shore (Simms et al., 2010). Calcite formation around the
shoreline acts as a shoreline stabilizer (Behrens, 1963; Driese et al., 2005; Price, 1936) that
allowed Baffin Bay to retain its dendritic shape (Figure 1).

7

Figure 2: A) and B) (top graph) Wind speed (m∙s-1), precipitation (mm), discharge from San
Fernando Creek (km3∙d-1), and discharge from Los Olmos Creek plotted versus time (i.e. 2016).
C) (middle graph) The two weeks leading up to and including the days of the July sampling
event were dry and had steadily rising winds. D) (bottom graph) The two weeks leading up to
and including the days of the November sampling event were slightly wetter than July and
sampling was performed during days of lower wind speed. Data from USGS 2017a, 2017b.
8

Previous studies in the South Texas area (Breier et al., 2010; Nyquist et al., 2008; USDA,
2012; Waterstone and Parsons, 2003) as well as the hydraulic conditions indicate that
groundwater flows toward the coast, eventually discharging into the bays and estuaries; however,
Baffin Bay receives significantly less precipitation than systems further north and when
associated with the significant groundwater drawdown around Kingsville (Shafer and Baker,
1973), deeper groundwater flow toward the coast may be limited. The Gulf Coast Aquifer (GCA)
is a leaky artesian aquifer comprised of a complex of clays, silts, sands, and gravels (Ashworth
and Hopkins, 1995) that form the Chicot, Evangeline, and Jasper aquifers (Waterstone and
Parsons, 2003). The Baffin Bay estuary and the surrounding systems are generally in direct
contact with the Chicot aquifer, which is the shallowest of the mentioned aquifers. The
stratigraphic units of the Chicot aquifer consist of an overlying alluvial formation preceded by
Beaumont and Lissie formations (Ashworth and Hopkins, 1995), which are generally composed
of clays and clayey silts with intermittent sand and gravel lenses that continue out into the Gulf
of Mexico (Waterstone and Parsons, 2003). The maximum total sand thickness of the GCA
ranges from 200 m in the south to 400 m in the north with an average freshwater saturated
thickness of about 300 m (George et al., 2011). Brackish groundwater is more common than
fresh groundwater in the southern GCA where water quality declines and total dissolved solids of
1,000 mg∙L-1 or more are common (George et al., 2011).

3. METHODS
3.1 PRELIMINARY INVESTIGATION
The project started with a reconnaissance survey of the study area in which water-based
continuous electrical resistivity profiling (CRP) was used to locate possible groundwater
upwelling zones (or SGD). For a detailed description of the CRP methodology see Douglas et al.
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(2017) and Murgulet et al. (2016). In brief, the Advanced Geosciences, Inc. SuperStingR8
Marine system with patented graphite electrodes and induced polarization imaging system and
geophysical interpretive tools were used to evaluate the types of lithology and porewater with
differing resistivity/electrical conductivity, to map out groundwater seepage faces. The system
was equipped with a 112 m cable consisting of 56 graphite electrodes spaced 2 m apart. The
depth of penetration for this system is about 20% of the total length of the electrode cable, or ~
22 m deep, with a resolution of 50% of the electrode spacing (i.e. 2 m spacing and 1 m spatial
resolution) (Advanced Geosciences, 2017). CRPs were collected in January 2016 along three
transects: 1) Laguna Madre to the head of Laguna Salada through the southern half of the bay, 2)
the length of Alazan Bay, and 3) the length of Cayo del Grullo (Figure 3). These images helped
determine the location and possible extents of SGD zones and aided in selecting eight spatial
surface and porewater sampling and four SGD monitoring sites.
3.2 WATER SAMPLE COLLECTION
Aqueous samples were collected at eight stations during spatial and time-series sampling
events in January, July and November 2016, from both surface water and porewater, whenever
possible, to capture nutrient and biomass distribution and concentrations under different
environmental conditions. Water samples from the surface (0.2 m below air-water interface) and
bottom (0.2 m above sediment-water interface) were collected in compliance with standard
sampling techniques (Brown et al., 1970; RCRA SOP, 2009; Wood, 1976). The water depth was
measured at each location using a pre-labeled line attached to a weight. Field parameters were
measured before sample collection using a YSI multiparameter water quality meter, which was
placed at each sampling depth within the water column for several minutes to reach stable
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conditions (i.e. stable temperature, dissolved oxygen, or DO, pressure, etc.) before parameters
were recorded.
Surface water samples were collected with a Van Dorn bottle deployed to the desired
depth and given a few minutes to allow water to circulate through the cartridge, according to
standard operating procedures (TCEQ, 2012). All sampling bottles were rinsed three times and
then overfilled, capped, and placed on ice, depending on the required procedure for each analyte.
For dissolved gas samples (i.e. 222Rn, DIC, TA) a rubber tube used to transfer the sample was
placed at the bottom of the bottle to minimize air exposure. Porewater was collected at each site
by inserting a push-tip piezometer (AMS Retract-a-Tip) connected through silicone tubing to a
peristaltic pump about 0.7 to 3.2 m below the sediment-water interface (i.e. deep enough to
prevent bottom waters from contaminating porewater sample (RCRA SOP, 2009). Before sample
collection, the tubing was flushed until the sample was clear (or a minimum amount of sediment
was present in the sample) and the field parameters (i.e. salinity, temperature, pH) stabilized.
Groundwater samples were collected from available wells within the local watershed screened at
depths between 187-383 m. Before sample collection, the wells were purged of three well
volumes or until field parameters stabilized.
3.2.1 TOTAL ALKALINITY AND DISSOLVED INORGANIC CARBON
Total alkalinity (TA) and dissolved inorganic carbon (DIC) samples were collected in
250 mL borosilicate bottles (with gas-tight caps) with no head space and preserved using 100 µL
of saturated HgCl2 (Kattner, 1999). Measurements of TA were conducted using a Titrando
automatic titrator (Metrohm, Switzerland) with a pH electrode. Hydrochloric acid (HCl) was
used as the titrant with a concentration of approximately 0.1 M. Multiple runs were conducted to
reach a precision of 0.1% (Cyronak et al., 2013). DIC samples, measured by an Apollo SciTech
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DIC analyzer, were brought to a temperature of 22°C by a water bath and the concentration was
calculated using standard curve based on certified reference material, and by quantifying carbon
dioxide released through reactions with acid (Dickson et al., 2007).
3.2.2 NUTRIENT AND CHLOROPHYLL-Α SAMPLING
Nutrient and chlorophyll-α (chl-α) water samples were collected in acid-washed amber
polycarbonate bottles using the techniques mentioned above. Bottles were stored on ice until
return to a shore-based facility where processing of samples occurred, and analyses were
conducted for chlorophyll-α (surface water) and inorganic nutrients (nitrate (NO3-), nitrite (NO2), ammonium (NH4+), orthophosphate (HPO42-), silicate (HSiO3-)) and organic nutrients
(dissolved organic carbon (DOC))(surface water and porewater). Chl-α was determined from
samples collected on, and extracted from, Whatman GF/F filters (nominal pore size 0.7 µm).
Chl-α was extracted using methanol and analyzed fluorometrically (Welschmeyer, 1994). All
nutrient samples were filtered with Whatman nuclepore track-etched hydrophilic polycarbonate
membranes (nominal pore size 0.2 µm) and kept frozen until analysis.
Inorganic nutrients were determined from the filtrate using a Seal QuAAtro autoanalyzer.
The method detection limit (MDL) was determined for each analyte and matrix by the EPA
method detailed in 40 CFR Part 136, Appendix B (EPA, 2011), which is defined as the Student's
t for 99% confidence level, times the standard deviation (σ) of seven replicate measurements of
the same low level sample or spiked sample. The applicable concentration ranges of this method
are defined by the concentration range of the calibration solution adjusted to the expected sample
concentrations. Samples with concentrations exceeding the linear range (i.e. porewaters) were
diluted and reanalyzed. The MDL (in µM) for the inorganic nutrients are: 0.11 for NO3-, 0.012
for NO2-, 0.057 for NH4+, 0.025 for HPO42-, and 0.14 for HSiO3-.
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Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) were determined
from the filtrate using a Shimadzu TOC-V analyzer with nitrogen module. Dissolved organic
nitrogen (DON) was estimated as the difference between TDN and inorganic nitrogen. The
method detection limit is approximately 70 μM.
3.2.3 RADIOGENIC ISOTOPES
Samples for radium (Ra, radium-224 (224Ra), radium-226 (226Ra)) analysis were collected
from surface water, porewater and groundwater. Surface water, when in reference to radium, was
collected in three 20 L jugs (approximately 45 to 60 L total volume) at each of the spatial
sampling sites using a sump pump positioned ~0.2 m above the sediment-water interface.
Porewater and groundwater samples were collected in 2 L jugs using techniques presented in
section 3.2. Radium was extracted by passing the samples through ~15 g manganese dioxide
(MnO2) impregnated acrylic fibers two times at a flow rate <1 L∙min-1 (Dimova et al., 2007; Kim
et al., 2001). The Mn-fibers were then rinsed thoroughly with Ra-free water to eliminate any
salts or particulates. Next, the fibers were squeezed to reduce the water content to a water to fiber
ratio of 0.3-1 g (i.e. 20-30 g wet weight) (Sun and Torgersen, 1998), placed in gas-tight
cartridges and tested for 223Ra (half-life, t½: 11.4 days) and 224Ra (t½: 3.6 days) on a Radium
Delayed Coincidence Counter (RaDeCC).
Activities of 224Ra were measured within three days of collection, given the short half-life
(Moore, 2006). After measurement of the short-lived isotopes, the fibers were flushed with
nitrogen gas to remove any preexisting 222Rn and sealed for >21 days to reach secular
equilibrium before measurements of 226Ra (t½: 1,600 years) using a RAD-7 (Kim et al., 2001).
The expected measurement uncertainty of radium isotopes using the RAD7 and RaDeCC is ≤10%.
The resulting activities were corrected using a calibration curve determined from five standards
provided by Dr. Peterson's laboratory at Coastal Carolina University.
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Measurements of 222Rn in surface water were conducted as both in-situ (i.e. on station
time-series) and mobile continuous formats (moving along the same transects as the CRP,
Figure 4) in July and November 2016. In-situ 222Rn measurements were conducted at four
stations (i.e. 9-12) each event at locations identified as areas of interest using images from the
CRP (Figure 3, Figure 4) and based on accessibility.
Local groundwater wells and porewater were sampled for 222Rn measurements to be used
as possible endmembers for the SGD mass balance. The wells are part of the Baffin Bay
watershed and are described further in section 4.3.1. Measurements of 222Rn from 250 mL grab
samples (porewater and terrestrial groundwater) were conducted using a Durridge RAD7 radonin-air monitor with the soda bottle and WAT250 accessories and protocols, respectively (Lee and
Kim, 2006). The accessories are used to sparge the gas from the water bringing it into a closed
air loop and to the detector.
3.3 SUBMARINE GROUNDWATER DISCHARGE ESTIMATES
Rates of SGD were calculated from time-series 222Rn, continuous 222Rn (see section 3.1),
and 226Ra activities as described below. Estimates derived from the 222Rn time-series offer in situ
measurements of SGD over time while those from the continuous 222Rn and spatial radium
surveys provide a bay-wide estimate. Continuous 222Rn estimates also help analyze the spatial
distribution of SGD within the bay, but do not capture changes with time unless surveys are
repeated over the same areas.
3.3.1 222RN-DERIVED SUBMARINE GROUNDWATER DISCHARGE
Radon is much more enriched in groundwater when compared to surface waters
(typically 1,000-fold or greater) (Dimova et al., 2011). Because of its unreactive nature and short
half-life (t1/2 = 3.83 d), 222Rn is an excellent tracer to identify areas of significant groundwater

14

discharge (Burnett and Dulaiova, 2003). Recent studies demonstrate that continuous radon
measurements at one location over time (or time-series) could provide reasonably highresolution data to evaluate temporal changes on surface water radon activities (Burnett and
Dulaiova, 2003; Burnett et al., 2001).
Time-series measurements of 222Rn were conducted at 4 selected locations. The
automated radon system (RAD-7 and the RAD AQUA accessories) was placed at the end of each
resistivity transect on the deck of the research vessel or pier. The monitoring system measures
222

Rn from a constant stream of water (driven by a peristaltic pump) which has an inlet held

down in the moving water by a weight attached to the tubing, passing through an air-water
exchanger. The exchanger distributes radon from a running flow of water to a closed air loop that
feeds to the RAD-7 radon-in-air monitor. For continuous/spatial 222Rn measurements, water from
~0.3 m above the sediment-water interface was pumped via a peristaltic pump to a RAD AQUA
air-water exchanger and air was then pumped from the exchanger to three Durridge RAD-7
Radon-in-air detectors connected in sequence. The RAD-7s were set to 30-minute integration
times and were offset by 10 minutes to allow for high spatial resolution (i.e. a 222Rn
measurement every 10 minutes) with moderate uncertainty. The water sample inlet was placed
on the side of a boat, moving at a speed less than 4.0 km∙hr-1, to continuously sample and
measure 222Rn along the traveled path.
The continuous and time-series 222Rn measurements were used to construct a mass
balance to estimate SGD as described in detail by Burnett and Dulaiova (2003); Lambert and
Burnett (2003); Smith and Robbins (2012), and references therein. Expressed mathematically,
the total 222Rn flux (Ftotal) at the station equals:
𝐹𝑡𝑜𝑡𝑎𝑙 = [𝑧(𝜆𝐴𝑅𝑛 − 𝜆𝐴𝑅𝑎 )] + 𝐹𝑜 − 𝐹𝑖 − 𝐹𝑠𝑒𝑑 + 𝐹𝑎𝑡𝑚 ± 𝐹𝑚𝑖𝑥
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(4)

where λARn is the decay corrected activity of 222Rn in water column, λARa is the activity of 222Rn
due to production 226Ra in the water column, z is the water depth, Fo is the offshore flux (flood
tide), Fi is the inshore/nearshore flux (ebb tide), Fsed is the sediment flux, Fatm is the losses due to
atmospheric evasion, and Fmix is the losses due to mixing processes. The main principle behind
using continuous radon measurements to quantify groundwater discharge rates to surface waters
is based on the inventory of 222Rn over time accounting for losses/gains due to mixing with
waters of different radon concentrations (i.e. low activity offshore waters), atmospheric evasion,
and sediment inputs. Thus, changes over time, if any, can be converted to radon fluxes. Using the
total flux (Ftotal) and the excess 222Rn of the advecting fluids (222RnGW) (which here is the activity
of 222Rn in porewater or local groundwater which is presumably discharging into the system),
222

Rn fluxes are converted to water fluxes (ω, m∙s-1) (Burnett and Dulaiova, 2003):
𝜔 =
222

𝐹𝑡𝑜𝑡𝑎𝑙
222𝑅𝑛
𝐺𝑊

(5)

Rn-derived SGD Estimates. Monitoring of radon extended over 6 to 10 hours

depending on location and weather conditions (e.g., at winds of more than 12 miles per hour bay
conditions become very difficult for sampling and data collection). Consequently, tidal effects
could not be fully addressed using the presented methods; however, given the microtidal
characteristics of this system, tidal effects are expected to be minimal compared to wind-driven
circulation (Santos et al., 2012). Nevertheless, changes in water levels of no more than 0.3 m
within a day are recorded in this area due to tidal fluctuations (NOAA, 2014). It is assumed that
the lower radon fluxes observed during the monitoring time are due to mixing with offshore
waters of lower activity. The maximum absolute values of the observed negative fluxes during
each time-series event at each location are used to correct radon fluxes for losses via mixing
(Burnett and Dulaiova, 2003; Dulaiova et al., 2006).
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Sediment-supported radon activities were measured using laboratory equilibration
experiments from sediment cores (ranging from 21 cm to 62 cm deep) collected at each timeseries station. The upper 50 cm of the sediment cores were sectioned in 10 cm increments. The
first 2 cm of each section were used in sediment supported 222Rn equilibration experiments as
described by Corbett et al. (2000) and the next 5 cm were used for bulk density porosity
measurements as described by (Fetter, 2001). The remaining sample from each increment was
dried and kept for reference. Briefly, for sediment-supported 222Rn measurements, sediment
samples were placed into a 500 mL Erlenmeyer flask, with 400 mL of Ra-free bay water, sealed,
allowed to reach equilibrium 222Rn activity, and kept on a shaker table for >21days (5 times the
t1/2: 3.8 days). Afterward, samples were analyzed for 222Rn activities, or sediment-supported
222

Rn used in calculation of both time-series and continuous SGD rates.

3.3.2 RADIUM SGD RATES
The 226Ra-based SGD estimates, representative of the entire bay (Charette et al., 2001),
were determined using the 226Ra-based water ages, surface runoff (i.e. freshwater inflow
estimates (TWDB, 2016), and the porewater 226Ra measurements.
3.3.2.1 ACTIVITY RATIOS
Activity ratios (AR) for each station in Baffin Bay were determined by dividing the 224Ra
by 226Ra activities as these isotopes had the most complete dataset and have been used in the past
(Peterson et al., 2008). The activity ratios show which isotope was more abundant in the sampled
waters (Table 1).
3.3.2.2 RADIUM AGES
The laboratory experiments conducted using sediment cores show that the flux of
dissolved Ra from bottom sediment alone are negligible for this study (see section 4.3.1).
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Therefore, we can assume that the major input of Ra comes from SGD rather than from sediment
diffusion or resuspension. Relative Ra age of the surface water, or the relative time (Tr) that has
passed since the Ra first entered the system in a well-mixed estuary, and therefore has been
separated from its radionuclide source, was calculated using the ratio of the short-lived (224Ra) to
the long-lived (226Ra) isotopes using equation 1 from (Knee et al., 2011a):
𝑇𝑟 =

𝐴𝑅𝐺𝑊 −𝐴𝑅𝐶𝑂
𝐴𝑅𝐶𝑂 ×𝜆224

(1)

where ARGW is the initial activity ratio of discharging groundwater, ARCO is the measured
activity ratio at the station of interest, and λ224 is the decay constant (d-1) for the short-lived 224Ra
isotope.
This equation assumes Ra activities and ARs are greatest in the Ra source (i.e.
groundwater and sediment containing Ra) and in the receiving nearshore water, relative to
offshore due to SGD input and desorption from sediments. Consequently, Ra activities and ARs
should be decreasing as the water mass is moving away from the discharge point. This could
occur due to two reasons: radioactive decay and mixing with more dilute offshore waters. This
equation also assumes that Ra additions are occurring continuously over a wide area, in this case
the Baffin Bay estuary with multiple groundwater discharge locations. The short-lived isotope
(i.e. 224Ra) is normalized to the long-lived isotope (i.e. 226Ra) with activities that are expected to
only decrease due to dilution. Because the half-life of 226Ra is much longer (t½ = 1,600 yr) with
respect to mixing time, its decay rate may be neglected. Using the groundwater activity ratios as
the source of Ra (i.e. water source), an estimate of the time since SGD occurred is provided.
The Ra age is not to be confused with the bay water residence time, which reflects the
amount of time water resides in the bay before it is flushed out. They can however, provide some
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knowledge related to how fast water moves through the porous media as they are used to
calculate SGD rates as described by Swarzenski et al. (2007).
3.3.2.3 RADIUM MASS-BALANCE AND SUBMARINE GROUNDWATER DISCHARGE
ESTIMATES
To estimate SGD from 226Ra observations in Baffin Bay, an estuarine mass balance was
developed to determine the excess 226Ra (due to groundwater flux) in the bay. This includes all
sources of radium other than groundwater, including tidal exchange, riverine input, desorption
from riverine suspended sediments, and diffusion from bay bottom sediments (Moore, 1996).
Expressed mathematically, excess 226Ra (226Raex [Bq∙d-1]) in the bay equals:
226

𝑅𝑎𝑒𝑥 = [

( 226𝑅𝑎𝐵𝐵 − 226𝑅𝑎𝑠𝑒𝑎 )×𝑉𝑏𝑎𝑦
𝑇𝑟

] − [ 226𝑅𝑎𝑟 𝑄𝑟 ] − [ 226𝑅𝑎𝑑𝑒𝑠 𝑄𝑟 ]

(2)

where 226RaBB is the average measured 226Ra activity in Baffin Bay; 226Rasea is the average 226Ra
activity in the offshore water body (i.e. Laguna Madre), which exchanges tidally with Baffin
Bay; Vbay is the volume of Baffin Bay; Tr is the residence time, or flushing rate, estimated from
the apparent Ra water ages (i.e. equation 1); Qr is the average total discharge rate of the
tributaries to the bay; 226Rr is the average 226Ra activity of the tributaries; and 226Rades is the
activity of 226Ra desorbed by the sediments in the bay (Swarzenski, 2007). After accounting for
all the previously mentioned sources of 226Ra, it is assumed that the excess activity from equation
(2) is the result of SGD. Thus, using a porewater endmember activity (226RaPW), SGD is
calculated from:
226

𝑆𝐺𝐷226𝑅𝑎 =

𝑅 𝑎𝑒𝑥
226𝑅 𝑎
𝑃𝑊

(3)

Radium desorption experiments were conducted using riverbed sediment samples (i.e. 010 cm) from what could be considered the freshwater portion of each creek. Los Olmos Creek
had a consistently high salinity (>60), which should cause desorption of any sediment bound
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226

Ra and was therefore not considered as a source for suspended sediment-bound 226Ra

(Webster et al., 1995). Low salinity creek water (San Fernando: 2.63 and Petronila: 9.85)
samples and high salinity bay water (55) were filtered through Whatman GF/F filters to remove
suspended solids and processed through MnO2 fibers to reach Ra-free status. Different salinity
solutions of Ra-free creek and bay water were prepared to match bay salinities at the time of
sample collection (January: 32, July: 37, November: 51). A known mass of dried sediments was
added to a known volume of the Ra-free solutions in proportions mimicking naturally occurring
total suspended solids (TSS) expected for the study area (40-100 mg∙L-1, with 100 mg∙L-1 used
for all events to produce a conservative estimate of SGD) (Ward and Armstrong, 1997). Sample
solutions were stirred for one hour before passing through MnO2 fibers to extract the desorbed
Ra. Processing and measurements of radium isotopes were conducted as described above for bay
samples. To determine contribution of 226Ra from the tributary creeks into the bay, the total 226Ra
activity was normalized to the sediment mass and then multiplied by the sediment flux from the
creeks using the freshwater inflow data from (TWDB, 2016). It should be noted that the model
includes surface runoff for the watersheds feeding into the bay, and not just the creek discharges.
As of the completion of this work, the model does not include diversions and return flows to and
from the creeks (TWDB, 2016). Stream discharge rates for two of the three creeks (i.e. the San
Fernando and Los Olmos Creeks) (USGS, 2017a, b, 2018) are available at long distances inland,
and thus these data are likely not representative of the actual discharge to the bay.

4. RESULTS
4.1 PRELIMINARY INVESTIGATION
The inverted CRPs collected along the northern and southern shorelines of Baffin Bay (Figure
3), were examined in conjunction with local geology to determine likely locations of SGD.
Resistivities measured during the CRP ranged from 0.18-1.1 Ω-m (
Figure 4), which is indicative of sediments saturated with high salinity water (Murgulet
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et al., 2016), and likely absent freshwater. The typical average resistivities for freshwater
saturated sediments like clay or sandy loam are 38 Ω-m and 51 Ω-m, respectively (Nyquist et al.,
2008). In this study, the hypersaline nature of porewaters as depicted in Figure 6, and the
presence of sediments ranging from coarse to black muds (Dalrymple, 1964) (Figure 3) result in
the narrow electrical resistivity range.
Areas of higher electrical resistivity (0.45-0.90 Ω-m) located in close proximity to
potential connections between the subsurface and surface water were deemed areas of interest
(Figure 3), these have been correlated with groundwater seepage faces in other studies (Dimova
et al., 2012; Nyquist et al., 2008). A total of eight locations were selected for spatial assessments
of groundwater influences and nutrient sources to Baffin Bay (Figure 1) extending from the
westernmost edge of the southern CRP, into Laguna Salada (station 1), to the center of the bay
(station 2), eastward along the southern CRP towards the mouth of Baffin Bay (station 7) and
then very near to the mouth of Baffin Bay (station 8). Along the northwestern most point of the
northern CRP (station 4), near the mouth of Cayo del Grullo (station 3), where Cayo del Grullo
meets Alazan Bay (station 6), and the headwaters of Alazan Bay (station 5) (Figure 3).
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Figure 3: Map of continuous resistivity surveys in Baffin Bay. Areas of interest are marked with
letters A-L on the northern shore and A-G on the southern shore (Dalrymple, 1964).
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Figure 4: CRP profile images from the northern and southern transects. Images show resistivity in Ohm-m ranging from 0.18 to 1.1.
Refer to Figure 4 for the location of transects. Points of interest are labeled above each image with letters A-H, I-L, and A-G. Stations
are labeled below each image with numbers (1-8).
23

Areas of interest such as points F and G on the northern transect 1 (Figures 3 and 4)
revealed subsurface features that coincided with descriptions of the locations of serpulid reefs by
Dalrymple (1964). The change in bathymetric elevation and resistivity at these locations is
unique and not observed at other locations along the CRPs. The existence of the serpulid reef is
also evidenced by the retrieval of a piece of remnant reef rock from the sediment core collected
at station 6 (area of interest G along the northern transect 1) (Figures 3 and 4) as shown in
Figure 5. Serpulid reefs in the area were known to grow on sandy substrates (Simms et al., 2010)
which would provide a preferential flow path for groundwater. In general more coarse-grained
sediments can be found in the shallower water along the coastlines (Figure 3) (Dalrymple,
1964), where more SGD is likely to occur, especially near the sandy pockets that the serpulid
reefs prefer (Simms et al., 2010).
The center parts of the bay which have been found to be dominated by black mud, a
muddy facies that is reducing and contains few benthic organisms (Dalrymple, 1964), are
represented in the CRPs by higher conductivities, indicative of low permeability sediments
and/or high salinity porewater (Figure 4). The coarser grained sediments have lower porosities
compared to the black mud that was shown to have reached a maximum water content of 78%
water by weight (Dalrymple, 1964) meaning that more saline pore fluid would reside in the muds
leading to low resistivities (Nyquist et al., 2008) as also seen in the southern transect CRP.
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Figure 5: Serpulid Reef rock found in sediment core taken at station 6 (coincident with area of
interest G along northern transect 1).

Figure 6: Salinity box plot for surface and porewater samples. Surface water salinities increase
each sampling event while porewater salinities remain similar. Tukey test results show that while
surface water salinities are all significantly different from one another from January to July, July
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to November, and November to January (p-values in order: 1.5x10-6, 0, 0), there is no significant
difference between porewater salinities (p-values in order: 0.6558, 0.9172, 0.8525).
4.2 WATER SAMPLES
4.2.1 TOTAL ALKALINITY AND DISSOLVED INORGANIC CARBON
The average TA of Baffin Bay across all events was 3,159±371 µM (n=48) in the surface
water and 6,004±4,656 µM in porewater (n=18). The highest surface water TA (3,853 µM) was
measured at station 1, near the head of Laguna Salada in November while the lowest (2,664 µM)
was observed at the head of Alazan Bay in July. The highest porewater TA (15,715 µM) was
measured at station 1, in Laguna Salada, in November while the lowest (2,789 µM) was
observed at station 3 in July, at the mouth of Cayo del Grullo. The highest alkalinities measured
each event occurred in surface water at the mouth of Cayo del Grullo (station 3), with each
concentration being more than 2σ greater than the mean of all the surface water alkalinity
samples.
DIC follows a similar trend with TA, higher in porewater and lower in surface water
(Figure 7). The average DIC of Baffin Bay across all events was 2,669±236 µM (n=44) in the
surface water and 5,508±4,605 µM in porewater (n=18). The highest surface water DIC (3,073
µM) was measured at station 1, in Laguna Salada in November and the lowest (2,092 µM) was
measured at station 6 near the middle of Baffin Bay in Alazan Bay in July. The highest
porewater DIC (14,715 µM) was measured in Laguna Salada at station 1 in July, while the
lowest (2,312 µM) was observed at station 2 where Laguna Salada and Cayo del Grullo meet.
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Figure 7: Graph of DIC versus total alkalinity, the relationship between total alkalinity and DIC
is nearly 1:1 (represented by the solid black line), the average DIC:TA ratio for surface water
(hollow shapes) and porewater (filled shapes) is 0.87. The dotted trendline represents all
sampling events surface and porewater with a slightly more positive relationship between DIC
and TA (R2: 0.96 a p-value <2.2x10-16).
Total alkalinity exceeds DIC for 95.2% of the samples, for both surface and porewater.
DIC only exceeds TA 3 times, at stations 1 and 4 in pore water during July, and in the porewater
at station 8 in November. Nevertheless, alkalinity and DIC levels in surface water are in general
much larger than those of seawater at salinity 35 (2,322 µM for alkalinity (Takahashi et al.,
1981) and approximately 2,000 µM DIC (Winn et al., 1998)) indicative of in-situ production of
both, or groundwater input. The positive relationship between DIC and TA are an indication of a
similar source of carbonate and the potential of limited TA consumption (Figure 7). Organic
matter degradation by microbes or photooxidation could be sources of alkalinity and DIC (Minor
et al., 2006).
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4.2.2 NUTRIENTS AND CHLOROPHYLL-Α
4.2.2.1 CHLOROPHYLL-A
In the surface of the water column, the highest chl-α concentration in January (x̅: 13.0
µg∙L-1; σ: 5.3) was measured at station 1 (25.1 µg∙L-1) and the lowest at station 5 (7.0 µg∙L-1).
The highest chl-α measured in July (x̅: 15.6 µg∙L-1, σ: 5.7) was at station 1 (26.0 µg∙L-1) and the
lowest was at station 4 (6.6 µg∙L-1). The highest concentration of chl-α in November (x̅: 10.9
µg∙L-1, σ: 2.0) was at station 1 (14.9 µg∙L-1) and the lowest was at station 3 (7.8 µg∙L-1). The
average concentration of chl-α in the bottom of the water column, in January, was 14.4 µg∙L-1
with a maximum and minimum concentration of 23.8 µg∙L-1 and 6.7 µg∙L-1 (σ: 5.6) at stations 1
and 6, respectively. In July, the average bottom chl-α concentration was 14.4 µg∙L-1 (σ: 5.5),
with a maximum and minimum of 28.4 µg∙L-1 and 6.8 µg∙L-1 at stations 1 and 4, respectively
(Figure 8).

Figure 8: Chl-α concentrations for Surface and Bottom water displayed as boxplots. Chl-α
concentrations did not vary much from season to season or between surface and bottom.
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The average concentration of chl-α in November bottom waters was 13.1 µg∙L-1 (σ: 5.3),
with a maximum and minimum of 26.2 µg∙L-1 and 7.6 µg∙L-1 at stations 2 and 6, respectively.
When compared to other estuaries in south Texas, primary productivity occurs in high levels
year-round for the period of study. For instance, in Aransas Bay, chl-α levels were the highest in
July and much lower in January and November (Douglas et al., 2017). For this study, maxima of
chl-α in Baffin Bay exceed the July Aransas Bay in both, January and July, and closely match in
November.
Station 1 had consistently the highest chl-α concentrations each event with the exception
of November in bottom waters. Overall, the lowest concentrations were found at several
locations throughout Cayo del Grullo and Alazan Bay, including Stations 4, 6, 5, and 3, in the
order of increasing concentration. The consistently high chl-α at Station 1, close to the head of
the Laguna Salada, coincides with some of the highest DIN (858.2, 5538.5, 1011.6 μM) and
DOC (1152.3, 1630.2, 3126.3 μM) each sampling event for January, July and November,
respectively. The average DIN and DOC for January, July and November were: 553.7, 2230.0,
729.1 μM and 696.0, 818.7, 1080.4 μM, respectively.
4.2.2.2 NUTRIENTS
The average NO3- concentration across all events was 2.5 µM (n=48) in the surface water
and 0.2 µM in porewater (n=18). The highest surface water NO3- concentration (14.1 µM) was
measured at station 1 in July while below detection limit concentrations (<0.11 µM) occurred at
multiple sites, including 3, 5, and 7 in January, July, and November, respectively (Figure 9a).
NO3- concentrations were consistently below the detection limit at station 7 in surface water
(Figure 1). The highest NO3- concentrations measured each event occurred in surface water at
station 1, or station 5. The highest porewater NO3- (2.0 µM) was measured at station 8 in July
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while concentrations below the detection limit were consistent across events at multiple
locations: in January at station 1; in July at stations 1-4 and 6; and in November at stations 1-6
and 8 (Figures 1 and 9b).

Figure 9: NO3- and NO2- concentrations (μM) for all events in surface and porewater. A) Surface
water NO3-. B) Porewater NO3-. C) Surface water NO2-. D) Porewater NO2-.
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The average NO2- concentration across all events was 0.3 µM (n=48) in the surface water
(which is lower than that of NO3-) and 2.0 µM in porewater (n=18) (which is higher than that of
NO3-, Figure 9). The highest surface water NO2- concentration (1.6 µM) was measured at station
6 in November while the lowest/or below the detection limit (0.012 µM) occurred at multiple
sites including stations 1, 3, and 5 in July (Figure 1, Figure 9c). The highest porewater NO2(7.2 µM) was measured at station 1 in July while the lowest (0.2 µM) at station 3 in January
(Figure 1, Figure 9d). Similar to NO3-, the highest NO2- concentrations measured each event
occurred in surface water at station 5, or station 8 (Figures 1, 9). Station 1 had porewater NO2among the highest concentration (0.81, 7.1, 0.58 μM for January, July and November) each event
(overall x̅: 0.4, 4.9, 0.59 μM for January, July, and November respectively) (Figure 2).
Concentrations of NH4+ were extremely high in porewater. The average NH4+
concentration across all events in surface water was 6.2 µM (n=48) and 1.18x103 µM in
porewater (n=18) (Figure 10). The highest and lowest surface water NH4+ concentrations (18.7
and 0.1 µM, respectively) were measured at station 1 in July and January, respectively. The
highest porewater NH4+ (5.5x103 µM) was also measured at station 1 in July while the lowest
(38.6 µM) at station 3 in January (Figure 1, Figure 10b). Notably, the highest NH4+
concentrations measured in surface water each event occurred at stations 1, 6, and 8 (Figure 11,
Figure 12, Figure 13). NH4+ is typically thought to be a preferred nitrogen source for
phytoplankton (Dortch, 1990), so its preferential uptake may be heightened during times of
severe N-limitation. Dissolved inorganic nitrogen (DIN) is comprised of nitrate plus nitrite and
ammonium (DIN= NO3- + NO2-+NH4+). These forms of N are readily available to phytoplankton
and often control the formation of blooms. In this study, in porewater, NH4+ makes up most of
the DIN pool (Table 6). Thus, in this study, DIN follows the same trends as NH4+ in terms of
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both concentrations and fluxes to the surface water (see section 4.4). NH4+ (μM) was also noted
to correlate with alkalinity as shown in Figure 14.
Similar to NH4+, HPO42- is much more concentrated in porewater when compared to
surface water (Figure 10). The average HPO42- concentration across all events was 0.7 µM
(n=48) in surface water and 16.0 µM in porewater (n=18). The highest surface water HPO42concentration (1.5 µM) was measured at station 7 in November while the lowest (0.1 µM) at
station 8, in January (Figure 1, Figure 10c). The highest porewater HPO42- (43.7 µM) was
measured at station 1 in July while the lowest (1.6 µM) at station 3 in January (Figure 1, Figure
10d). The highest HPO42- concentrations measured each event in surface water occurred at
stations 4, 1, and 7. Although HPO42- concentrations are in low levels in surface water, the larger
porewater concentrations, particularly in July, are an indication that Baffin Bay could receive
significant amounts of terrigenous, anthropogenic and/or remineralized nutrients (especially
phosphorous and N). This is particularly true for Laguna Salada, where the largest concentrations
of most nutrients were measured, accompanied by persistently larger chl-a levels, a relationship
also observed by other studies (Khalil and Rifaat, 2013).
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Figure 10: A) NH4+ concentrations for surface water spatial sampling B) NH4+ concentrations
for porewater spatial sampling C) HPO42- concentrations for surface water samples D) HPO42concentrations for porewater samples. Note that the scales between surface and porewater are
different for NO3- and NO2-.
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Figure 11: Porewater NH4+ in μmol L-1 for January. The data points are labeled following the
format: station number (white mask labels), NH4+ concentration in μM (orange mask labels).
Sites with no available data (i.e. 4, 5, and 7) are marked with, “--”.

Figure 12: Porewater NH4+in μmol L-1 for July. The data points are labeled following the
format: station number (white mask labels) and NH4+ concentration in μM (orange mask labels).
Sites with no data available (i.e. 5 and 7) are marked with, “--”.
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Figure 13: Porewater NH4+ in μmol L-1 for November. The data points are labeled following the
format: station number (white mask labels), NH4+ concentration in μM (orange mask labels).
Sites with no data available (i.e., 5 and 7) are marked with, “--”.
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Figure 14: Graph of porewater Alkalinity (μM) vs. porewater NH4+ (μM) showing the
correlation between the two (R2: 0.34; p-value: 0.01336).
Larger enrichment of porewaters over surface water is also observed for HSiO3- (Figure
15) but surface water concentrations are larger when compared to other nutrients presented
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herein. The average HSiO3- concentration across all events was 101.4 µM (n=48) in surface
water and 275.4 µM (n=18) in porewater. The highest surface water HSiO3- concentration (188.3
µM) was measured at station 8 in November while the lowest (13.0 µM) at station 7 in January
(Figure 1, Figure 15). The highest porewater HSiO3- (559.0 µM) was measured at station 1 in
July while the lowest (56.7 µM) at station 3 in January (Figure 1, Figure 15). The highest
HSiO3- concentrations measured in surface water during each event occurred at stations 4, 7, 1
(Figure 1). Although, average concentrations of HSiO3- in surface water increased from January
to July to November, the chl-α level does not show a similar pattern, indicating that an increase
in available silica did not play an important role on diatomaceous algae growth (Buskey et al.,
2001).

Figure 15: Surface (left) and porewater (right) HSiO3- concentrations.
Slightly larger enrichment of surface waters over porewater is observed for DOC (Figure
16) but surface water concentrations are larger when compared to other nutrients presented
herein. The average DOC concentration across all events was 969.8 µM (n=48) in surface water
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and 886.4 µM (n=18) in porewater. The highest surface water DOC concentration (1502.4 µM)
was measured at station 1 in November while the lowest (486.0 µM) at station 8 in November
(Figure 1, Figure 16). The highest porewater DOC (3126.4 µM) was measured at station 1 in
November while the lowest (387.8 µM) at station 6 in July (Figure 1, Figure 16). The highest
DOC concentrations measured in surface water during each event occurred at stations 6
(January), and 1 (July and November) (Figure 1).

Figure 16: DOC concentrations for combined surface and bottom water (left) and porewater
(right) in Baffin Bay.
4.2.3 RADIOGENIC ISOTOPES
The highest average 226Ra surface water activity was measured in July (min: 10.6 Bq∙m-3,
max: 22.4 Bq∙m-3, x̅: 18.4 Bq∙m-3 (n=8)), while the lowest occurred in January (min: 11.9 Bq∙m-3,
max: 15.4 Bq∙m-3, x̅: 14.0 Bq∙m-3 (n=8)) followed by November (min: 11.1 Bq∙m-3, max: 18.4
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Bq∙m-3, x̅: 15.7 Bq∙m-3 (n=10)) (Figure 17, Table 1). The highest activities of all three events
were found at station 3 and the next three of the highest 226Ra activities were measured at
stations 5 (20.6 Bq∙m-3), 4 (20.1 Bq∙m-3) and 1 (20.6 Bq∙m-3) (Figure 1, Table 1). The lowest
activities were consistently measured towards the Laguna Madre, at stations 7 (11.9-14.9 Bq∙m-3)
and 8 (10.5-12.1 Bq∙m-3) (Figure 1, Table 1). Activities of 226Ra at stations 1 through 6 were
greatest in July followed by November and January. Stations 7 and 8 (closest to Laguna Madre)
do not follow this pattern (Figure 17), likely the result of mixing with Laguna Madre waters.
These larger July surface water activities are accompanied by greater porewater activities (Table
3), which may indicate contribution from SGD (see section 4.3.1). Porewater 226Ra was higher in
July (min: 14.1 Bq∙m-3, max: 63.3 Bq∙m-3, x̅: 43.6 Bq∙m-3) than in November (min: 12.8 Bq∙m-3,
max: 71.2 Bq∙m-3, x̅: 35.4 Bq∙m-3) (Table 2). In addition, changes in salinity levels (see Figure
6) cannot explain larger activities in July in both surface- and -porewater (surface water salinity
x̅: 37.0, porewater salinity x̅: 57.1) because the bay was more saline in the following November
event (surface water salinity x̅: 49.4, porewater salinity x̅: 54.4) (Figure 6, Figure 18). In
addition, radium desorption is predicted to reach a maximum after approximately 20, which all
of the salinities found were well above (Figure 6) (Elsinger and Moore, 1980; Webster et al.,
1995).
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Figure 17: 226Ra activities in Bq∙m-3 for all seasons of spatial sampling. July had the highest
concentrations and January the lowest on average.
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Table 1: Surface water 222Rn, 224Ra, and 226Ra activities (Bq∙m-3) for each station over all spatial sampling events. Activity ratios for
each station was calculated as the ratio of 224Ra to 226Ra activities. Age represents the radium age or the amount of time it took for a
water particle since has been separated from its radionuclide source (i.e. porewater).
Station 1
2
3
4
5
6
7
8
x̅
222
Jan.
Rn
8.7±6
19.9±10
11.6±7
23.3±10
11.7±7
14.7±7
21.1±11
29.1±12
17.5±8.75
224
Ra
13.5±1.35 10.8±1.08 11.5±1.15 11.0±1.10 11.0±1.10 12.9±1.29 8.7±0.87
11.2±1.12 11.3±1.13
226
Ra
14.7±1.47 14.1±1.41 15.4±1.54 15.0±1.50 13.8±1.38 15.4±1.54 11.9±1.19 12.1±1.21 14.0±1.40
AR
0.92
0.77
0.75
0.73
0.79
0.84
0.73
0.93
0.81
Age
---------Jul. 222Rn
19.3±26.64 18. 1±40.1 34.3±35.89 11.7±22.2 9.7±18.5 23.8±29.97 6.9±11.1
-17.7±26.3
4
224
Ra
38.6±3.86 23.4±2.34 18.6±1.86 21.0±2.10 39.0±3.90 15.9±1.59 22.6±2.26 18.4±1.84 24.7±2.47
226
Ra
20.6±2.06 18.9±1.89 19.6±1.96 20.1±2.01 20.6±2.06 22.4±2.24 14.6±1.46 10.5±1.05 18.4±1.84
AR
1.88
1.24
0.95
1.05
1.89
0.71
1.55
1.74
1.38
Age
1
2.6
3.1
3
-1
3
1
-4
1.1
Nov. 222Rn
26.7±22.9 15.9±23.68 ----26.5±29.23 9.0±20.72 19.5
224
Ra
13.1±1.31 6.8±0.68
4.5±0.45
4.8±0.48 6.9±0.69 8.7±0.87
10.1±1.01 5.9±0.59 7.6±0.76
226
Ra
17.7±1.77 17.8±1.78 18.4±1.84 15.7±1.57 15.6±1.56 18.2±1.82 14.9±1.49 11.1±1.11 16.2±1.62
AR
0.74
0.38
0.24
0.30
0.44
0.48
0.68
0.53
0.47
Age
6
9
11.6
6
6.2
10
9
1.4
7.4
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Figure 18: Graph of 226Ra activity (Bq∙m-3) for surface and porewater versus salinity for all
events. No 226Ra measurements were taken in January. There is no clear relationship between
salinity and surface water 226Ra (R2 = 0.02, p-value =0.5129), though porewater 226Ra and
salinity have a positive correlation (R2 = 0.43, p-value = 0.01988).
The 224Ra activity exhibited an overall average of 14.9±9.0 Bq∙m-3 (n=23) across all
events. The highest mean activity for a single station using all events was 21.7 Bq∙m-3 at station 1
while the lowest of 11.5 Bq∙m-3 was measured at station 3 (Figure 19, Table 1). Similar to 226Ra,
the event with the highest overall 224Ra activity (Figure 19, Table 1) was July (15.9 - 39.0 Bq∙m3

), followed by January (8.7 - 13.5 Bq∙m-3) and November (4.5-13.1 Bq∙m-3), with some of the

July 224Ra activities more than double those of January and November (Figure 19). This large
increase in the shorter-lived 224Ra activities is possibly due to larger SGD inputs in July (Kelly
and Moran, 2002), particularly at stations 1 (13.5 Bq∙m-3 in January and 38.6 Bq∙m-3 in July) and
5 (11.0 Bq∙m-3 in January and 39.0 Bq∙m-3 in July) (Figure 19).
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Figure 19: Surface water 224Ra activities (in Bq∙m-3) for each station across all sampling seasons.
Summer has the overall higher activity followed by spring and winter. The numerical values can
be found in Table 1.
Similar to surface water, in average porewater activities of both 226Ra and 224Ra are larger
in July. Porewater 226Ra activities ranged from 14.1-63.3 Bq∙m-3 in July (x̅ of 43.6 Bq∙m-3) and
from 12.8-71.2 Bq∙m-3 in November (x̅: 35.4 Bq∙m-3) (Table 2). Porewater 224Ra activities
ranged from 2.0-167.2 Bq∙m-3 in July (x̅: 72.3 Bq∙m-3) and from 5.3-54.5 Bq∙m-3 in November (x̅:
18.8 Bq∙m-3) (Table 2). In comparison, local deep groundwater 224Ra and 226Ra activities ranged
from 3.5-269.7 Bq∙m-3 (x̅: 50.0 Bq∙m-3) and from 1.2-244.7 Bq∙m-3 (x̅: 46.5 Bq∙m-3) (
Table 3), respectively.

Well ID

8326201

8327501

8329201

8329401

8342508

8334403

(x̅)

222

13,135.6
± 1085.6
8.4±0.84
3.2±0.32
2.67
264

4,019.0
± 493.5
3.5±0.35
4.8±0.48
0.72
244

2,646.0
± 464.8
4.3±0.43
1.2±0.12
3.50
358

9,254.5
± 1300.2
4.8±0.48
17.7±1.77
0.27
383

11,627.3
± 1699.4
9.3±0.93
7.5±0.75
1.25
222

1,883.7
± 675.4
269.7±27.0
244.7±24.5
1.10
187

7094.4
±953.2
50.0±5.0
46.5±4.65
1.58
276

224

Rn

Ra
Ra
AR
Depth
226
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Table 2: Porewater 222Rn, 224Ra, and 226Ra activities (Bq∙m-3) for all stations in each sampling event. AR or activity ratios are given
for each station and event, where the activity ratio is the 224Ra activity divided by the 226Ra activity. The uncertainty of 222Rn is the 2sigma error (2σ) as derived from Capture while for Ra (224 and 226), the presented uncertainty is the maximum expected of 10%
efficiency for RaDeCC measurements. However, much lower uncertainties were observed as all counts exceeded 100.
Station 1
2
3
4
5
6
7
8
x̅
222
Jan.
Rn
1.5±2.5
0±0
0.98±1.6
--49.1±55
-- 25.2±39
76.8±19.6
224
Ra
-------- --226
Ra
-------- --AR
-------- --222
Jul.
Rn
0±37.7
57.7±78.4 160.1±129.9 153.1±130.2 -266.1±171.3 -- 56.0±68.1 693.0±102.6
224
Ra
2.03±0.2
30.5±3.1
164.4±16.4 167.2±16.7 -61.0±6.1
-- 8.7±0.9
72.3±7.2
226
Ra
52.9±5.3
33.7±3.4
63.3±6.3
53.4±5.3
71.2±7.1
44. 4±4.4
-- 14.1±1.4
47.6±4.8
AR
0.04
0.91
2.60
3.13
-1.37
-- 0.62
1.44
222
Nov.
Rn
169.5±67.7 643.4±111 0±0
789.6±111
1557.5±222.4 448.1±131.0 -- 187.3±68.1 333.4±101.6
224
Ra
12.2±1.2
-54.5±5.4
9.6±0.9
5.25±0.5
--- 12.6±1.3
18.8±1.9
226
Ra
15.5±1.6
37.0±3.7
39.9
36.3±3.6
---- 12.8±1.3
28.3±2.9
AR
0.79
-1.37
0.26
0.07
--- 0.98
0.69
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4.3 SUBMARINE GROUNDWATER DISCHARGE
4.3.1 222RN-DERIVED SGD ESTIMATES
All, but one of the radon measurements were conducted during times with no recorded
precipitation in July and November (Texas Water Development Board, Water Data for Texas
website (NAAS, 2017; TWDB, 2016)). Time-series sampling at station 12 in July was performed
within 24 hours of a precipitation event (total rainfall: 51 mm (NAAS, 2017)).
4.3.1.1 POREWATER AND GROUNDWATER RADON ACTIVITIES
Porewater 222Rn activities were measured at a minimum of five locations every sampling
event (i.e. January, July, and November). These porewater grab samples did not always exceed
the supported 222Rn activity derived from sediment equilibration experiments (Table 2Error!
Reference source not found.). In January and July, porewater 222Rn activities ranged from 1.5
Bq∙m-3 to 49.10 Bq∙m-3 (x̅=19.2 Bq∙m-3, n=4) and 56.0 Bq∙m-3 to 266.1 Bq∙m-3 (x̅=138.6 Bq∙m-3,
n=5), respectively (Table 2Error! Reference source not found.). Porewater 222Rn activities in
November ranged from 169.5 Bq∙m-3 to 1557.5 Bq∙m-3 (x̅=632.7 Bq∙m-3, n=6) (Table 2Error!
Reference source not found.). Wells available for sampling within the area surrounding Baffin
Bay were screened at depths ranging from 186.8-383.4 m. 222Rn activities in these wells vary
from 1,884 Bq∙m-3 to 13,136 Bq∙m-3 (x̅=7094.4 Bq∙m-3, n=6). (Error! Reference source not
found.).
Well ID
222

224

Rn

Ra
Ra
AR
Depth
226

8326201

8327501

8329201

8329401

8342508

8334403

(x̅)

13,135.6
± 1085.6
8.4±0.84
3.2±0.32
2.67
264

4,019.0
± 493.5
3.5±0.35
4.8±0.48
0.72
244

2,646.0
± 464.8
4.3±0.43
1.2±0.12
3.50
358

9,254.5
± 1300.2
4.8±0.48
17.7±1.77
0.27
383

11,627.3
± 1699.4
9.3±0.93
7.5±0.75
1.25
222

1,883.7
± 675.4
269.7±27.0
244.7±24.5
1.10
187

7094.4
±953.2
50.0±5.0
46.5±4.65
1.58
276

44

Table 3: Groundwater Well 222Rn, 224Ra, 226Ra activities (Bq∙m-3) including the AR which is the
224
Ra activity divided by the 226Ra activity and well depth (m).
4.3.1.2 SGD ESTIMATES AND THE CHOICE OF ENDMEMBER
Previous studies have shown that selection of a representative groundwater endmember
for estimation of SGD fluxes is challenging (Burnett and Dulaiova, 2003; Cerdà-Domènech et
al., 2017; Garcia-Orellana et al., 2013; Lamontagne et al., 2008; Urquidi-Gaume et al., 2016) as
it can result in a large range of magnitudes. Similar to the Murgulet et al. (2018) study, to
account for these possible uncertainties, we used three 222Rn groundwater endmembers to
estimate SGD rates: 1) the greatest porewater 222Rn activity (1,557 Bq∙m-3), 2) the average of six
select groundwater sample activities (x̅ = 7,094 Bq∙m-3) and 3) the highest groundwater 222Rn
activity (13,136 Bq∙m-3). The highest 222Rn in porewater for the duration of the study (1,557
Bq∙m-3) was similar to the lowest groundwater activity (1,884 Bq∙m-3) from the deep wells
located in close proximity to the bay. The different 222Rn activities in the groundwater
endmembers do not result in large SGD rate variability (Table 3Error! Reference source not
found., Table 4Error! Reference source not found., Table 5Error! Reference source not found.);
however, using the largest porewater 222Rn activity yields SGD rates that are relatively high
when considering the hydroclimatic and hydrologic conditions in this area. The SGD estimates
derived with the highest porewater activity are deemed as the least conservative and most
unrealistic, not only when compared to the previous study by Uddameri et al. (2013), which
measured rates between -15.69 cm∙d-1 (submarine groundwater recharge) to 48 cm∙d-1 (SGD), but
given the semiarid climate with low precipitation rates and thus, reduced recharge rates to the
water table aquifer.
The average groundwater endmember yields more reasonable and comparable (to
previous studies and similar climates) SGD rates. Average SGD rates from continuous survey for

45

each of the Baffin Bay sub-bays and the Baffin Bay mouth are slightly higher in July (x̅: 31.3
cm∙d-1) when compared to November (x̅: 26.6 cm∙d-1) (Table 4Error! Reference source not
found.). Average SGD rates from time series are only slightly lower with closely matching July
(x̅: 22.9 cm∙d-1) and November (x̅: 26.6 cm∙d-1) rates (Table 4Error! Reference source not found.,
Table 5Error! Reference source not found.).
The highest groundwater endmember results in more conservative SGD estimates with
rates about half lower than those determined using the average groundwater, but with the same
trends as described above. Time-series SGD rates ranged from 6.3 cm∙d-1 to 31.3 cm∙d-1 over the
course of this study. Continuous SGD rates for each of the sub-bays ranged from 4.6 cm∙d-1 to
21.5 cm∙d-1.
Event
Endmember Cayo del
Alazan Bay Laguna
Baffin Bay Average
Grullo
Salada
Mouth
July
Avg. gw
33.9±11.4
34.7±18.0
25.4±13.4
33.9±9.7
31.3±13.1
Max. gw
18.3±6.1
18.7±9.7
13.7±7.2
18.3±5.2
16.9±7.05
Max. pw
154.6±51.8 158.1±82.0 115.6±60.9 154.4±44.1 142.8±59.7
November Avg. gw
39.8±5.0
35.3±10.0
22.9±2.1
8.5±2.4
26.6±4.88
Max. gw
21.5±2.7
19.1±5.4
12.0±1.2
4.6±1.3
14.3±18.3
Max. pw
181.2±22.7 161.0±45.6 101.6±9.8
38.8±10.8
120.7±22.2
Table 4: SGD rates (in cm∙d-1) calculated from continuous 222Rn measurements for July and
November sampling events for the Baffin Bay inlets and mouth. The SGD uncertainty is derived
from the standard deviation (σ) of all measurements for the different areas of the bay. Included
are SGD rates calculated using the average and maximum groundwater (Avg. gw and Max. gw)
222
Rn and the maximum porewater (Max. pw) 222Rn.

Table 5: SGD rates (in cm∙d-1) calculated from time-series 222Rn measurements for July and
November sampling events. Included are SGD rates calculated using the average groundwater
(Avg. gw) 222Rn and the maximum groundwater (Max. gw) 222Rn. The SGD uncertainty is
derived from the standard deviation (σ) of all measurements during each time-series event.
Event
July

Endmember
Avg. gw
Max. gw
November Avg. gw
Max. gw

Station 9
19.6±10.0
10.6±5.4
18.2±15.5
9.8±8.4

Station 10
11.7±5.9
6.3±3.2
15.5±11
8.4±5.9
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Station 11
31.2±11.5
16.9±6.2
58.0±32.9
31.3±17.8

Station 12
29.0±15.3
15.7±8.3
14.6±8.1
7.9±4.4

Average
22.9±10.7
12.4±5.78
26.6±16.9
16.3±9.13

Overall, SGD rates derived from the time-series measurements do not show a trend
similar to those from continuous/bay-wide estimates. To note, however, is that the rates are
within the same order of magnitude and SGD rates are lower than 60 cm∙d-1 in both instances.
Time-series rates are an average of a large number of 222Rn 30-minute integrations in-situ (n=
16), thus increasing the potential of capturing variations in SGD throughout the day (i.e. higher
or lower rates of SGD). Continuous measurements, which are a snapshot of 222Rn activities
within a relatively small area, capture larger areas that could include more significant SGD rates,
as well as variable wind conditions. Commonly, in the study area, calm wind conditions occur in
the first part of the day and start picking up in the afternoon (Figure 2). Wind conditions also
vary in a day-by-day basis. The increased wind speed causes more wave action and degassing of
222

Rn from the water column at rates greater than during calm conditions (Wanninkhof, 1992),

especially in shallow water bodies such as Baffin Bay. This variation in wind conditions,
throughout one survey or between two survey days, could lead to 222Rn degassing rates captured
in some parts of the bays and not in others. In this study, we find that wind speed and 222Rn
activity are inversely correlated (R2:0.4; p-value: <<0.001) (Figure 20Error! Reference source
not found.). Losses of 222Rn due to persistent wind gusts have been also observed by Spalt et al.
(2018) in Copano Bay.
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Figure 20: Wind speed (m∙s-1) versus 222Rn activity (Bq∙m-3) in the water column during the
continuous surveys.
During the first survey day in November, a large majority of 222Rn activities (n=51) were
below those supported by the 226Ra in the water column (11.1 to 18.5 Bq∙m-3). These
measurements are associated with the maximum wind speeds for all surveys (min: 0.12 m∙s-1,
max: 6.33 m∙s-1) (Figure 20Error! Reference source not found.). As long-term high winds may
lead to degassing of 222Rn and lower activities in the water (Wanninkhof, 1992), beyond those
accounted for in the mass-balance, the resulting SGD rates will likely be underestimated. In this
study, the lowest 222Rn was measured along the transect going from the Baffin Bay mouth to the
Laguna Salada. Mixing of bay waters with more isotopically lighter water coming from the
Laguna Madre is expected to also lead to lower SGD rates if not accurately accounted for in the
222

Rn inventory. However, 226Ra activity, measured at each of the eight sampling stations within

the bay, at the mouth of the bay going into Laguna Madre was accounted for. Thus, there is a
strong indication that 222Rn degassing due to prolonged high-wind speeds and gusts in the days
leading up to sampling is unaccounted for in the atmospheric evasion term of the mass-balance,
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which leads to lower SGD rates for the season. To partially account for this loss due to
degassing, SGD rates for November were calculated using the lowest observed surface water
222

Rn activity as an estimate of the expected background 222Rn activity. All 222Rn activities

measured during the continuous mobile survey in July were above those supported by the 226Ra
in the water column and the wind speeds in the days prior to sampling were lower than in
November (average wind speed of the previous 48 hours: 4.31 m∙s-1 in July, 7.36 m∙s-1 in
November), thus wind effects were significantly lower in July.
The most outstanding difference in SGD estimated using the time-series 222Rn assessment
between July and November was at station 11 (Laguna Salada). SGD rates are lower in July
(31.2±11.5 cm∙d-1) at station 11 (Error! Reference source not found.), which could be explained
by the above observations related to wind effects and Laguna Madre input. In contrast, in
November, SGD rates at station 11 are higher (58.0±32.9 cm∙d-1), almost double compared to
July (Error! Reference source not found.). This is the largest SGD rate measured during timeseries events and exceeds the average rates from continuous mobile surveys (31.3, and 26.6
cm∙d-1 for July and November, respectively). For all other stations, change in rates of SGD is
much smaller from July to November, particularly using the time-series method.
4.3.2 226RA-DERIVED SGD ESTIMATES
The 224Ra/226Ra AR measured from local groundwater wells and porewater samples were
compared to those of surface water to derive radium water ages (Knee et al., 2011b). With the
average AR of local deep groundwater identified as the endmember advecting fluid, the
estimated ages ranged from 5.2 to 7.9 days in January (x̅=6.8±1.0 days, n=8), 0.7 to 5.6 days in
July (x̅=3.8±1.8 days, n=7), and 12.8 to 40.6 days in November (x̅=29.1±8.2 days, n=8).
Negative ages are a likely indication that deep groundwater is not an appropriate end-member at
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this location, as it expected given the existence of a large cone of depression extending in close
proximity to the bay (i.e., Kingsville) (Shafer and Baker, 1973). In comparison, using the
porewater AR as the advecting fluid endmember results in overall lower ages: July: 1.0 to 3.1
days (x̅=2.1 days, n=6), excluding stations 5, and 8, which resulted in negative ages; and
November: 1.4 to 11.6 days (x̅=7.4 days, n=8). The resulting negative ages combined with the
lower overall estimated average ages could be evidence of terrestrial input in July at some
locations not captured in the sampling. On the other hand, in November the sampled porewater
seems to be more representative of the SGD input. Nevertheless, porewater activities were used
as the representative endmember in SGD calculations, given that it likely captures the terrestrial
as well as local (i.e. sediment) inputs.
The average daily SGD rates for the Baffin Bay in July and November, using the average
226

Ra activity of porewater as the groundwater endmember, averaged 14.9±1.49 cm∙d-1.

Available porewater 224Ra and 226Ra indicate a significant decrease in activities from July to
November (Table 2). Using the seasonal porewater 226Ra endmembers and corresponding
surface water radium ages, SGD rates were 16.6±1.7 cm∙d-1 for July, and 13.2±1.3 cm∙d-1 for
November. This small variability is mainly related to changes in the porewater and surface water
activities (Table 1, Table 2) as they influence the water ages, the 226Ra inventory, and the
conversion to a final bay wide SGD (Charette et al., 2001). Although, 226Ra activities were
greater in July in surface water, SGD rates are only slightly more elevated given that the
porewater endmember activity is also greater. These large differences in porewater activities are
indicative of either changes in inputs and/or changes in redox conditions to and within the
subterranean estuary (see sections 5.1)
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4.3.3 SGD COMPARISON
The different methods resulted in SGD rates of same order of magnitude, however of
slightly different intensities (Figure 21). Average SGD rates derived from time-series and
mobile continuous 222Rn measurements estimates, using the average deep groundwater activities
as the endmember ranged from 22.9 cm∙d-1 in July to 26.6 cm∙d-1 in November and 31.4 cm∙d-1 in
July to 30.0 cm∙d-1 in November, respectively (Table 4, Table 5). In comparison, radiumderived SGD rates were about half, ranging from 16.6 cm∙d-1 to 13.2 cm∙d-1 in July and
November, respectively.
For the entire bay, an SGD rate can most reliably be estimated from the mobile
continuous 222Rn and 226Ra methods as they provide greater (i.e. bay wide) spatial coverage and
a more spatially integrated signal, respectively. Although different in intensity, both 222Rn and
226

Ra inventories estimate similar SGD rates for July (mobile continuous 222Rn: 31.4 cm∙d-1 and

radium: 16.6 cm∙d-1) and November (mobile continuous 222Rn: 30.0 cm∙d-1 and 226Ra: 13.2 cm∙d1

), though July is slightly higher than November (Figure 21). The different intensity of SGD

derived from the two methods is within the associated errors as presented in this work (Figure
21). Furthermore, using the highest groundwater activity endmember, the SGD rates derived
using 222Rn as a tracer are in-line with the Ra estimates (Table 4, Table 5). For instance, timeseries average SGD are 12.4 and 16.3 cm∙d-1 in July and November, respectively and the
continuous/bay-wide average rates are 16.9 and 14.3 in July and November, respectively.
However, given the limited likelihood of groundwater discharge from deeper aquifers and the
lower 222Rn activities measured in porewater, a choice of the most conservative endmember
should not be used. This is in addition to the inability of radium estimates to represent both freshand salt-water SGD forms, but rather represent the salty component of SGD.
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Figure 21: Graph of 226Ra based SGD rate vs 222Rn based continuous radon SGD rate
with associated errors.
While 222Rn is unreactive and capable of reliably measuring total SGD (including fresh
terrestrial groundwater, saline porewater, and recirculating seawater) (Burnett and Dulaiova,
2003), 226Ra requires that the SGD be saline enough to keep the 226Ra in solution and not
adsorbed to the sediment. Thus, 226Ra reliably accounts for saline groundwater discharge or
seawater recirculation, but likely misses fresher SGD (Moore, 2006). Nevertheless, while
potentially higher total SGD rates may occur at some locations within the bay (i.e. 58.0±32.9
cm∙d-1 at station 11 in November using time-series 222Rn and the average of the groundwater
wells endmember, Table 5), given the potentially larger than reported uncertainties associated
with 222Rn-derived rates (i.e. propagation error throughout the mass balance and end-member),
an argument of saline versus fresh input of SGD cannot be supported. The close agreement
between the two methods are more likely to reflect the relative dominance of saline SGD in
Baffin Bay.
4.4 NUTRIENT FLUXES
Nutrient fluxes were calculated as the product of porewater nutrient concentrations
(Table 6) and the 222Rn-derived SGD rates estimated from the continuous/bay-wide
measurements derived using the average groundwater endmember.
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4.4.1 NITRATE
The average flux of NO3- in Baffin Bay across all events was 64.6 μmol per day (μmol∙d1

) (n=11) for the spatial sampling stations (1-6, 8) (Table 7). No nutrient fluxes were calculated

for station 7, as extraction of porewater samples at this location was not successful. The only
measurable NO3- flux (7.1x102 μmol∙d-1) was at station 8, near the mouth of Baffin Bay, in July.
For all other stations there were no measurable nitrate fluxes (0.00 μmol∙d-1: stations 1-4, 6)). In
November, all porewater NO3- concentrations were below the mean detection limit resulting in
no measurable fluxes (Table 6, Table 7).
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Table 6: Porewater nutrient concentrations (µM) for each of the spatial sampling sites by season.
Samples where no nutrients were measured are denoted by “--” and DON concentrations that are
derived from DIN concentrations larger than TDN, leading to negative DON, are denoted by
“==”. Porewater NO3- below the method detection limit (MDL) are included as “<0.11”.
Station Event NO3NO2NH4+ HPO42- HSiO3Jan.
<0.11
0.8 816.0 19.5
234.3
1
Jul.
<0.11
7.1 5531.3 43.7
559.0
Nov.
<0.11
0.6 1011.0 14.2
407.9
Jan.
0.6
0.3 658.9
9.8
183.4
2
Jul.
<0.11
6.1 1394.9 43.0
511.6
Nov.
<0.11
0.7 744.1 11.0
205.9
Jan.
0.8
0.2
38.6
1.6
56.7
3
Jul.
<0.11
4.8 1563.6 38.0
550.0
Nov.
<0.11
0.5 788.1 11.9
205.9
Jan.
-----4
Jul.
<0.11
5.2 1833.4 33.5
257.8
Nov.
<0.11
0.7 716.4
7.7
201.3
Jan
-----5
Jul.
-----Nov.
<0.11
0.6 553.6
6.7
207.4
Jan.
0.5
0.4 426.3
4.5
169.7
6
Jul.
<0.11
5.4 523.8 27.0
204.1
Nov.
<0.11
0.7 348.8
2.8
230.0
Jan.
-----7
Jul.
-----Nov.
-----Jan.
0.3
0.2 824.6
3.3
135.5
8
Jul.
2.0
0.4 2501.7
4.9
259.7
Nov.
<0.11
0.4 937.8
4.4
376.4

DOC
1270.5
1630.2
3126.4
480.6
850.9
814.1
647.4
469.2
810.2
-1013.7
1085.7
--737.1
619.5
387.8
393.1
---462.0
560.6
596.3

TDN
1860.2
3224.9
3226.7
420.2
841.7
818.5
384.2
911.3
729.2
-1007.7
856.7
--543.5
183.4
328.1
282.7
---241.7
1408.6
1093.8

DIN DON
816.8 1043.4
5538.5
==
1011.6 2215.1
659.7
==
1401.1
==
744.8
73.7
39.5 344.7
1568.4
==
788.6
==
--1838.6
==
717.1 139.6
----554.2
==
427.2
==
529.2
==
349.6
==
------825.1
==
2504.1
==
938.2 155.6

4.4.2 NITRITE
The average flux of NO2- in Baffin Bay across all events was 9.5∙102 μmol∙d-1 (n=11) for
the spatial sampling sites (Table 7). The highest NO2- flux (2.4x103 μmol∙d-1) was calculated at
stations 2 and 6, near the mouth of the three bay inlets and upstream of the mouth of Alazan Bay
in July and the lowest (0.4x102 μmol∙d-1), at station 8 in November (Figure 1, Error! Reference
source not found.). Lower average NO2- fluxes in November are driven mostly by the lower
porewater NO2- concentration measured at all stations except 8. In some instances, SGD rates are
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also lower in November, such as at stations 5, 7 and 8. The larger flux at station 6 is driven
mostly by the SGD rate, which is the highest, measured during each event (Table 7). At station
2, both larger SGD flux and larger NO2- concentrations lead to one of the largest NO2- fluxes in
July.
4.4.3 AMMONIUM
The average flux of NH4+ in Baffin Bay for the July and November events was 4.2x105
μmol∙d-1 (n=11). The largest NH4+ fluxes (8.8x105 μmol∙d-1) were calculated at stations 1 and 8,
in the Laguna Salada and near the mouth of Baffin Bay in July (Table 7). The lowest flux of
NH4+ (8.5x104 μmol∙d-1) was measured at station 8 in November. The highest porewater NH4+
measured each event occurred at station 8 and station 1. In July, the largest NH4+ fluxes
measured at stations 8 are a combination of larger SGD fluxes and higher NH4+ concentrations
while the lower measured SGD rates and porewater NH4+ in November lead to lower NH4+
fluxes. While average SGD rates are similar between July and November, porewater
concentrations of NH4+ (as well as NO2-, HPO42-, and HSiO3-) are significantly decreasing from
July to November (Table 6). As a result, the solute flux was lower in November at all stations
within the bay (Table 7).
A negative, inverse relationship (p<0.05 when outlier included) between porewater NH4+
concentrations and SGD in July (Figure 22), indicates that NH4+ is accumulating in the
sediments where SGD rates are lower. Increasing SGD in the form of porewater recirculation
may remove NH4+ from porewater sediments (Santos et al., 2012). On the other hand, in
November, although a negative relationship appears visible, the correlation is statistically
insignificant (p>0.05). As discussed in the SGD section, in November, degassing of radon due to
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high winds, preceding the mobile continuous survey, may have lowered SGD rates unevenly
throughout the bay, potentially skewing the relationship discussed above.
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Figure 22: SGD rates, calculated using the mobile continuous 222Rn method, versus porewater
NH4+ concentration. The July event negative correlation is not significant (R2: 0.4; p-value:
0.2518). If the outlier of Station 1 is included in July the relationship is significant (R2: 0.82; pvalue: 0.01347). In November, the correlation is slightly negative but not statistically significant
(R2: 0.38; p-value of 0.1676).
4.4.4 ORTHOPHOSPHATE
The average flux of HPO42- in Baffin Bay across all events was 6.7x103 μmol∙d-1 (n=11)
(Table 7). The highest HPO42- fluxes were measured at stations 2 and 3 (17x103 and 16x103
μmol∙d-1, respectively) in July near the location where Cayo del Grullo meets Laguna Salada,
while the lowest (0.4x103 μmol∙d-1) at station 8 in November. In July, the lowest HPO42- flux
occurred at station 8 (Table 7 and Figure 23A). The highest measured HPO42- concentrations
for July and November occurred at stations 1, 2, and 3. Thus, higher HPO42- fluxes measured at
stations 2 and 3 in both months are the result of larger porewater concentrations and higher SGD
rates (Table 6, Table 7). On the other hand, at station 1, HPO42- fluxes are lower due to lower

56

measured SGD. Seasonal trends are similar to NH4+, with decreasing fluxes of HPO42- from July
to November.
Table 7: SGD rates (cm∙d-1) determined from the mobile continuous 222Rn survey and nutrient
fluxes (x103 μmol d-1) for the bay determined as the product of SGD and the porewater nutrient
concentrations. The SGD uncertainty is derived from the standard deviation (σ) of all
measurements for the different areas of the bay and nutrient flux uncertainty is the product of the
SGD uncertainty and the nutrient concentration.
Station Event SGD NO31
Jul. 15.9± 0.0±
18.6
0.0
Nov 22.8± 0.0±
.
4.3
0.0
2
Jul. 38.8± 0.0±
16.3
0.0
Nov --.
3
Jul. 41.8± 0.0±
14.3
0.0
Nov 40.6± 0.0±
.
8.9
0.0
4
Jul. 27.4± 0.0±
26.9
0.0
Nov 37.8± 0.0±
.
10.8
0.0
5
Jul. 39.0± -36.2
Nov 27.2± 0.0±
.
9.0
0.0
6
Jul. 44.1± 0.0±
29.3
0.0
Nov 42.7± 0.0±
.
12.4
0.0
7
Jul. 17.2± -22.2
Nov 9.9±
-.
6.8
8
Jul. 35.3± 0.7±
0.07
0.0
Nov 9.1±
0.0±
.
4.9
0.0

NO21.1±
1.33
0.1±
0.02
2.4±
1.00
--

NH4+
HPO42881.2± 7.0±
1027.5 8.12
230.5± 3.2±
43.36
0.61
540.7± 16.7±
227.6
7.02
---

HSiO389.1±
103.8
93.0±
17.5
198.3±
83.5
--

DOC
259.7±
302.8
712.8±
134.1
329.8±
138.8
--

TDN
513.8±
599.1
735.7±
138.4
326.3±
137.3
--

DIN
882.3±
1028.9
230.6±
43.4
543.1±
228.6
--

DON
==

2.0±
0.69
0.2±
0.04
1.4±
1.41
0.3±
0.07
--

654.3±
224.2
320.0±
69.8
502.1±
493.9
270.7±
77.2
--

15.9±
5.45
4.8±
1.05
9.2±
9.03
2.9±
0.83
--

230.1±
78.9
83.6±
18.2
70.6±
69.5
76.1±
21.7
--

196.3±
67.3
329.0±
71.8
277.6±
273.1
410.3±
116.9
--

381.3±
130.7
296.1±
64.6
276.0±
271.5
323.7±
92.3
--

656.3±
224.9
320.2±
69.9
503.5±
495.3
271.0±
77.3
--

==

0.2±
0.05
2.4±
1.59
0.3±
0.09
--

150.7±
49.9
231.0±
153.4
148.9±
43.4
--

1.8±
0.60
11.9±
7.91
1.2±
0.35
--

56.4±
18.7
90.0±
59.8
98.2±
28.6
--

200.6±
66.5
171.0±
113.5
167.8±
48.9
--

147.9±
49.0
144.7±
96.1
120.7±
35.2
--

150.8±
50.0
233.4±
155.0
149.3±
43.5
--

==

--

--

--

--

--

--

--

--

0.1±
0.0
0.0±
0.02

882.8±
1.84
85.0±
45.5

1.7±
0.0
0.4±
0.22

91.6±
0.19
34.1±
18.3

197.8±
0.41
54.0±
28.9

497.1±
1.03
99.1±
53.1

883.7± ==
1.84
85.0± 14.1±
45.5
7.55
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505.0
±95.0
==
--

==
==
52.8
±15.0
--

==
==
--

4.4.5 HYDROGEN SILICATE
The average flux of HSiO3- in Baffin Bay for July and November was 1.0x105 μmol d-1
(n=11) with the highest (2.3x105 μmol∙d-1) measured at station 3 in July and the lowest (0.34x105
μmol∙d-1) at station 8 in November (Table 7, Figure 23). In July, the largest HSiO3- fluxes were
measured at stations 2 and 3 (2.0x105 and 2.3x105 μmol∙d-1, respectively) and the smallest at
station 4 (0.7 x105 μmol∙d-1) (Figure 23A). In November, the highest flux of HSiO3- was
measured at station 6 (1 x105 μmol∙d-1) and the lowest (0.34x105 μmol∙d-1) at station 8 (Figure

Solute Flux ( x103 µmol∙d-1)

23B).
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Figure 23: Graphical representation of solute fluxes derived as the product of porewater solute
concentrations and SGD rates from the continuous mobile 222Rn surveys.
The highest HSiO3- measured each event occurred at stations 1, 2 and 3 with the July
concentrations larger than the November. At station 8, HSiO3- is also high, but concentrations are
higher in November than in July. Thus, the larger HSiO3- flux, a product of concentration and
SGD, is at station 3, while at station 8 lower SGD rates in November lead to the lowest HSiO3flux for both seasons. As discussed in the SGD section, these may be the result of radon
degassing and underestimated SGD rates.
4.4.6 COMPARISON OF SUBSURFACE AND SURFACE FLUXES OF SOLUTES
The surface water inflows modeled by (TWDB, 2016) were used to estimate fluxes of
nutrients to the bay from surface runoff in January, June and July (Table 8). These modeled
surface inflows include surface runoff from the three creeks that discharge into Baffin Bay and
any land runoff resulting from precipitation within each of the watersheds. The fluxes were
determined as the product of modeled surface inflows and the solute concentrations collected
from each respective creek, at locations close to the discharge mouth to the bay. It is assumed
that the concentrations of solutes in the creeks remained the same for each surveyed month. The
average fluxes presented in this section are derived from the full months of January, July, and
November and for all three creeks discharging into Baffin Bay.
The average input of NO3- was 2.9x108 μmol∙d-1. The maximum and minimum fluxes
were both estimated to occur from Los Olmos Creek in January (17x108 μmol∙d-1) and November
(0.18x108 μmol∙d-1), respectively. The average input of NO2- was 0.11x108 μmol∙d-1 with a
maximum of 0.26x108 μmol∙d-1 in January and a minimum of 0.0052x108 μmol∙d-1 in July, both
from Los Olmos. The three-month average flux of NH4+ was 2.7x108 μmol∙d-1 and while the
maximum of 17x108 μmol∙d-1 occurred from Los Olmos Creek in January, the minimum of
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0.13x108 μmol∙d-1 was estimated from the San Fernando Creek in January and November. The
resulting average DIN flux was 5.7x108 μmol∙d-1 with the maximum and minimum of 34x108 and
0.4x108 μmol d-1 in January and November, respectively, both from Los Olmos Creek.
This is mainly related to higher freshwater inflows that, based on our field observations, are
likely to be overestimated by the model.
The average HPO42- flux was 2.0x108 μmol∙d-1 with a maximum of 4.3x108 μmol∙d-1 from
Petronila Creek in January and a minimum of 0.043x108 μmol∙d-1 from Los Olmos in November.
The average HSiO3- flux was 95x108 μmol∙d-1 with a maximum of 270x108 μmol∙d-1 from
Petronila Creek in January and a minimum of 1.3x108 μmol∙d-1 from Los Olmos Creek in
November.
Average flux of DOC for the creeks was estimated to be 320x108 μmol∙d-1 with
maximum and minimum inputs from San Fernando Creek in January (2,100x108 μmol∙d-1) and
November (11x108 μmol∙d-1). The average TDN flux was 89x108 μmol∙d-1 with a maximum of
640x108 μmol∙d-1 from Los Olmos Creek in January and a minimum of 2.9x108 μmol∙d-1 from
San Fernando Creek. The DON flux was similar to the TDN flux, with an average of 84x108
μmol∙d-1 and a maximum of 610x108 μmol∙d-1 from Los Olmos Creek in January and a minimum
of 1.7x108 μmol∙d-1 from San Fernando Creek in January and November.
Nutrient fluxes were also estimated using the USGS stream gauge daily discharge data
for the San Fernando and Los Olmos Creeks (the Petronila Creek is ungauged) (
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Table 9). The streamflow data used is from the Los Olmos stream gauge (USGS, 2017b),
the San Fernando stream gauge (USGS, 2017a), and from the Tranquitas Creek, a tributary of the
+
2Month
3
4 4+ HPO
4 42- HSiO
Event NONO
HPO
HSiO3 3- DOC
DOC TDN
TDN DINDINDON
DON
3NO2NO2 NHNH
Jan.
0
0
017
0
0 2100
0
0
0 34
0610
Jan.
17.0
0.26
4.0
120.0
640
Jul.
0
0
0
0
0
0
0
0
0 12
Jul.
0.3 0.005 0.33
0.08
2.3
42
13
0.7
Nov.
00.2 0.003
0
0
0
0
0
06.9
00.4
06.6
Nov.
0.18
0.04
1.3
23
San
Jan.
101.1 0.41
6.1
41
110
282.9 121.2 161.7
Jan.
0.04 1.2
0.13
0.63
4.3
11
San
Fernando
Jul.
2.3
0.090
0.27
1.3
9.0
23
6.1
Jul.
2.8
0.1 0.33
1.6
11
28
7.5 2.63.2 3.54.3
Fernando Nov.
141.1 0.57
8.4
57
150
392.9 171.2 221.7
Nov.
0.04 1.7
0.13
0.63
4.3
11
Petronila Jan.
--------51
--4.2
-- 47
Jan.
1.6
0.2
2.4
4.3 270.0
230
--1.4 --0.2
------44
--3.6
-- 40
Petronila Jul.
Jul.
2.1
3.7
240.0
200
Nov.
---------- 34
Nov.
1.2 0.16
1.8
3.1 200.0
170
37
3.1
Jan.
19.7
0.5 19.5
8.9 394.3 2341 693.9
39.4 658.7
Total
Jul.
4.5
0.3
2.8
5.4 253.3
270
64.5
7.5
56.3
watershed
Nov.
2.9
0.2
2.1
3.8 205.6
204
46.8
4.7
42.3
San Fernando that joins the San Fernando Creek south of the previously mentioned stream gauge

Creek
Los
Los
Olmos
Olmos

(USGS, 2018).
Table 8: Freshwater inflow fluxes (μmol∙d-1x108) of NO3-, NO2-, NH4+, HPO42-, HSiO3for July and November derived as the product of creek water nutrient concentration multiplied by
creek discharge into Baffin Bay from TWDB (2016).
During the period of the study, the Los Olmos Creek stream gauge measured zero
discharge; therefore, it is assumed that there was no solute input from Los Olmos Creek. In
addition, no streamflow discharge data are available for Petronila Creek, leaving only the San
Fernando Creek for comparison of solute flux rates with those derived from the modeled inflow.
The average flux rate of NO3- across all events for the San Fernando Creek is 8.8x108 μmol d-1
with the lowest output estimated for July (2.3x108 μmol d-1) and the highest in January (10x108
μmol d-1). The input of NO2- was on average 0.36x108 μmol d-1 with the highest estimated input
in November (0.57x108 μmol d-1) and the lowest in July (0.09x108 μmol d-1). The average input
of NH4+ was approximately 1.1x108 μmol d-1 with the highest input being in November (1.7x108
μmol d-1) and the lowest in July (0.27x108 μmol d-1). The resulting input of DIN from the San
Fernando Creek (x̅: 10.5x108 μmol d-1) is larger than that derived from the modeled inflows (1.9
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x108 μmol d-1). The highest input from stream gauge estimates is estimated to have occurred in
November (17x108) and the lowest in January (2.6x108 μmol d-1), while the estimates from the
Month NO3- NO2- NH4+ HPO42- HSiO3- DOC TDN DIN DON
Jan.
0
0
0
0
0
0
0
0
0
Jul.
0
0
0
0
0
0
0
0
0
Nov.
0
0
0
0
0
0
0
0
0
San
Jan.
10
0.41
1.2
6.1
41
110
28
12
16
Fernando Jul.
2.3 0.090
0.27
1.3
9.0
23
6.1
2.6
3.5
Nov.
14
0.57
1.7
8.4
57
150
39
17
22
Petronila Jan.
---------Jul.
---------Nov.
---------modeled inflows are the largest in January (Table 8 and
Creek
Los
Olmos

Table 9).
The average HPO42- flux was 5.3x108 μmol d-1 with the highest estimated rate in
November (8.4x108 μmol d-1) and the lowest in July (1.3x108 μmol d-1). The average HSiO3- flux
was 35.7x108 μmol d-1, with the highest estimated rate in November (57x108 μmol d-1) and the
lowest in July (9.0x108 μmol d-1). The average flux of TDN from the San Fernando Creek was
24.4x108 μmol d-1 with the highest rate in November (39x108 μmol d-1) and the lowest in July
(6.1x108 μmol d-1). The average DON input was 41.5x108 μmol d-1, with an estimated maximum
in November (22x108 μmol d-1) and minimum in July (3.5x108 μmol d-1). DOC fluxes were on
average 94.3x108 μmol d-1 with the highest rate in November (150x108 μmol d-1) and the lowest
in July (23x108 μmol d-1).
Overall, the estimated solute fluxes using the two surface inflows for the San Fernando
Creek are in the same order of magnitude. Differences are noted among the months when the
minimum or maximum are expected. However, given the close agreement among the two
different estimates (i.e. using the modeled inflow and the stream gauge data), we believe that the
modeled inflow estimates may be used as substitutes for the gauged streamflow. As most gauges
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are in general located a considerable distance upstream from the discharge mouth to the bay, the
estimated solute fluxes may be overestimated as we observe in this study for San Fernando
Month NO3- NO2- NH4+ HPO42- HSiO3- DOC TDN DIN DON
Jan.
0
0
0
0
0
0
0
0
0
Jul.
0
0
0
0
0
0
0
0
0
Nov.
0
0
0
0
0
0
0
0
0
San
Jan.
10
0.41
1.2
6.1
41
110
28
12
16
Fernando Jul.
2.3 0.090
0.27
1.3
9.0
23
6.1
2.6
3.5
Nov.
14
0.57
1.7
8.4
57
150
39
17
22
Petronila Jan.
---------Jul.
---------Nov.
---------Creek. However, large solute fluxes were estimated from the Los Olmos Creek using the
Creek
Los
Olmos

ungagged flow (modeled), while there was no measurable discharge at the gauge. Thus, the
estimates from the ungagged inflow rates may be overestimating the flux of solutes into the bay
in times with no rain or observed streamflow discharge to the bay.
Table 9: Solute fluxes (μmol∙d-1x108) for July and November derived as the product of
porewater nutrient concentration by sampling stations multiplied by streamflow discharge from
USGS water gauges. No streamflow data are available for the Petronila Creek, denoted as “--”.
Given that SGD was measured spatially, across the entire Baffin Bay system, we applied
a bay-wide seasonal average SGD rate to determine the bay-wide flux rate of solutes (Table 10,
Figure 24). This, together with the average solute concentration of porewater, measured each
season, indicates that a DIN contribution from the subsurface of 1,533.5x108 µmol·d-1 is
expected in July, while an almost three times lower rate of 479x108 µmol·d-1, may occur in
November. Similarly, phosphate (HPO42-) and silicate (HSiO3-) are also larger bay-wide in July
(22x108 and 268x103 µmol·d-1, respectively) than in November (5.5x103 and 172x103 µmol·d-1,
respectively), but of lower magnitudes overall than DIN. Average bay-wide DOC fluxes from
SGD are larger in November (710x108 µmol·d-1) than July (563x103 µmol·d-1).
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To estimate the overall importance of SGD in the bay-wide nutrient budget, surface
runoff inputs were estimated using the Texas Water Development Board’s Water Data for Texas
modeled coastal freshwater inflows for the sub-watersheds feeding into the Baffin Bay system.
Solute concentrations from the three creeks discharging into Baffin Bay were used as the
representative concentrations for the surface inflow fluxes (Table 10, Figure 24). Assuming that
the solute concentration is constant across the seasons, a DIN of 39.4x108 µmol·d-1 is expected in
January, 7.5x108 µmol·d-1 in July and 4.7x108 µmol·d-1 in November. Orthophosphate (HPO42-)
and hydrogen silicate (HSiO3-) are also larger in January with a flux rates of (8.9x108 and
394x108 µmol·d-1) followed by July (5.4x108 and 253x108 µmol·d-1) and November (3.8x108 and
206x108 µmol·d-1). Average DOC fluxes from surface runoff are larger January (2,341x108
µmol·d-1), followed by July (270x108 µmol·d-1) and November (204x103 µmol·d-1).
A comparison of bay-wide solute fluxes (Figure 24) indicates that DIN inputs, mainly in
the form of ammonium, are almost two orders of magnitude higher in the SGD component than
Average solute
Event NO3- NO2- NH4+ HPO42- HSiO3- DOC TDN
DIN DON
flux
SGD flux:
July
0.1
1.5 698.6
10.0
122.6 257.1 404.1 700.2
==
in μmol∙d-1x103
Nov.
0
0.2 218.6
2.5
78.6 324.1 323.6 218.7 193.8
per 1 m2 area
SGD flux: in
July
0.2
3.3 1529.9
21.8
268.4 563.01 885.1 1533.5
==
μmol∙d-1x108
Nov.
0
0.4 478.7
5.5
172.2 709.8 708.7 479.1 424.4
per bay area

Jan. 19.7 0.5 19.5
8.9 394.3 2341 693.9 39.4 658.7
Jul. 4.5 0.3
2.8
5.4 253.3
270 64.5
7.5 56.3
in μmol∙d-1x108 Nov.
2.9 0.2
2.1
3.8 205.6
204 46.8
4.7 42.3
the surface runoff. DOC inputs are also larger in the SGD component in July and November.
Total
watershed flux:

Inorganic nitrogen in the form of nitrate is likely to enter Baffin Bay from surface inputs while
SGD may have larger contributions of nitrite. Orthophosphate and silicate (in the form of
hydrogen silicate ion) are very similar in magnitudes.
Table 10: Average solute fluxes for July and November derived from the bay-wide mobile
continuous SGD estimates in μmol∙d-1x103 per 1 m2 and in μmol∙d-1x108 per bay area 2.19 x108
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m2 along with a total watershed flux (using modeled inflows) in μmol∙d-1x108. DON
concentrations affected by analytical limitations of TDN measurements in porewater, are denoted
by “==”.

Nutrient flux ( x1011 µmol∙d-1)
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Surface Runoff Jul.
Surface Runoff Nov.
Figure 24: Comparison of solute fluxes derived from SGD and modeled surface runoff inflows.
Error bars represent the maximum fluxes derived using the deep porewater nutrient concentration
and the minimum fluxes determined using the shallow porewater depth range (Tables 16, 19).

5. RESIDENCE TIMES, SGD AND PW NUTRIENT FATE
5.1 SGD TRENDS
July discharge rates were determined to be only slightly higher than those in November
by the 226Ra and the continuous Rn methods, and considering the errors associated with each of
the methods, these differences are not deemed significant. July had higher 226Ra activities in the
porewater and surface water, which could suggest that higher SGD rates are to be expected
(Garcia-Orellana et al., 2014; Moore, 1996). Salinity levels in the porewater throughout the study
(ranging from 31.0-65.6 in January, 48.3-60.9 in July, and 49.0-59.3 in November, see Figure 6)
have been consistently above the maxima reported in the literature of 10 to 20, to enhance
desorption from sediments (Elsinger and Moore, 1980; Webster et al., 1995). Thus, at these
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salinities, almost all adsorbed radium would likely be in solution, in both the porewater and
surface water (Webster et al., 1995). Even with an increase in salinity, if above 20, desorption of
radium from sediment should no longer occur, yet a positive relationship is observed between
porewater salinity (above 45) and 226Ra (R2 = 0.43, p-value = 0.01988) (Figure 18).
Based on Ra-derived water ages, the shortest bottom sediment flushing time was in July
while the longest in November. Longer flushing times are expected to be associated with lower
SGD and surface water-porewater mixing rates. Though the flushing rates as estimated in this
study are dependent on 226Ra activities of both porewater and surface water that were higher in
July and could have been caused by changes in porewater chemistry conditions (ORP, pH)
(Kadko et al., 1987), rather than larger terrestrial inputs of groundwater. For instance, organic
matter decomposition and remineralization, that may be significant during warm seasons when
phytoplankton activity is expected to be higher, could enhance 226Ra desorption leading to an
increase in porewater activity (Kadko et al., 1987), and thus in surface water (see discussion
below related to estuary productivity and SGD). In our study, enrichment of surface water
accompanied by a similar trend in porewater (see section 4.2.3 and 4.3.2) does not lead to larger
Ra-derived SGD rates in July. This strongly suggests that changes in the end-member signature
with time should be considered in SGD calculations.
Although SGD rates are similar throughout the bay, some locations along the northern
shoreline may be subject to larger magnitudes of SGD rates, especially following rain events and
changes in hydrologic gradients. Some of the sampling sites chosen for the investigation with the
aid of the CRP imagery are associated with locations of remnants serpulid reefs in Baffin Bay
(Dalrymple (1964) (Figure 3, Figure 4). Many of the reefs were located on sandy substrates
(Simms et al., 2010) that would be excellent conductors of SGD and preferential flow paths for
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any kind of groundwater discharge (Fetter, 2001). Sites 6 and 3 are expected to overlie serpulid
reefs (6) or lie close to reefs (3), as indicated by the elevated bathymetry and higher subsurface
resistivity (Figure 3, Figure 4, Figure 5) and the serpulid reef-rock found in the sediment core
at one of these locations (Figure 5). As expected, these locations are associated with higher than
average (July SGD x̅: 32.4±20.5 cm∙d-1, November SGD x̅: 27.2±8.1 cm∙d-1) continuous 222Rn
SGD rates (Fetter, 2001; Simms et al., 2010) as measured during spatial surveys, both in July and
November at stations 6 (44.1±29.3 and 42.7±12.4 cm∙d-1, respectively) and 3 (41.8±14.3 and
40.6±8.9 cm∙d-1, respectively) (Table 7). In addition, porewater at station 3 (extracted from
depths ranging from 1-1.8 m depths) had salinities similar to the surface water in January and
November; all other porewaters had regularly maintained a salinity at least 10 greater than the
surface water.
5.1.2 SGD AND SURFACE WATER BIOLOGICAL PRODUCTIVITY
The best indicator of biological productivity from this dataset is the measurement of chl-α
in the surface and bottom water. The average January chl-α concentration for spatial samples
(surface and bottom combined) is 13.7 μg∙L-1, the average for July was 14.9 μg∙L-1, and the
average for November was 12.2 μg∙L-1. The increased SGD fluxes of nutrients across the bay
concurs with higher overall production. However, overall no significant relationship between
SGD and chl-α concentration is observed (R2 of 0.03, p-value of 0.5176). Nevertheless, the
slightly higher chl-α in July is expected due to increases in temperature and sunlight in July,
while the data shows that nutrient inputs were to remain the same across the sampled seasons.
The increase in biomass may have implications on the porewater chemistry, beyond
levels of nutrients. For instance, the increase in chl-α leads to increased OM in the sediments,
which, when degraded, leads to more reducing conditions that facilitate the release of 226Ra to
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porewater and, consequently, the water column (Windom and Niencheski, 2003), along with
production of NH4+, PO43-, and HSiO3- (Buskey et al., 2001; Weston et al., 2006) as observed in
this study. However, due to its short half-life, 224Ra (t½: 3.63 days) is unlikely to contribute
significantly via desorption as any adsorbed 224Ra during oxic conditions would have decayed
while bound to the sediment (Windom and Niencheski, 2003). In this system, 224Ra and 226Ra
increased in activity in July with activity ratios larger than in November (x̅ AR for July and
November: 1.38, 0.47 respectively, Table 1). These enrichment of the short-lived isotope over
the long-lived 226Ra (t½: 1,600 years) indicates that some input of 224Ra (and 226Ra) is likely
associated with a shallow groundwater source, as also indicated by Spalt et al. (2018) to occur in
Copano Bay. Shallow transport of groundwater enriched in nutrients in July could be the result
of a wet spring season that recharged the water table aquifer and increased hydraulic gradients
towards the coast. A shift towards more terrestrial input rather than seawater intrusion, not
necessarily associated with a change in SGD magnitude, within the subterranean estuary leading
to July sampling, may be a source of nutrients, which when combined with OM degradation
leads to the significant increase in porewater nutrient concentrations when compared to January
and November.
5.2 FACTORS CONTROLLING POREWATER ACCUMULATIONS
5.2.1 SEDIMENT FLUSHING RATES AND SGD
Longer sediment flushing time conditions and/or lower SGD rates have been associated
with the accumulation of salts, production of ammonia and reduced or low dissolved oxygen in
porewaters (Fetter, 2001; Gardner et al., 2006; Kadko et al., 1987). In this study, the limited
exchange between surface water and porewater as it leads to higher concentrations of NH4+ in
porewater (and other nutrients, salts, etc.), in orders of magnitudes higher than the surface water
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(x̅ NH4+: 1178.5 vs 6.15 μM, x̅ HSiO3-: 275.4 vs 101.2 μM, x̅ salinity: 54.7 vs 40.3, x̅
alkalinity:14,271.6 vs 3191.6 μM, and x̅ DIC: 13,401.9 vs 2,666.8 μM for porewater and surface
water respectively), is observed to some extent spatially each season. Lower porewater nutrient
concentrations were observed in November (July x̅ and November x̅ concentrations: 390 vs 262
μM HSiO3-, 2,225 vs 729 μM NH4+, 13,838 vs 13,622 μM of TA, etc.), when bottom flushing
rates (July, excluding negatives: min. 1 day, max. 3.1 days, x̅ 1.1 days; November: min. 1.4 days,
max. 11.6 days, x̅ 7.4 days) and SGD (July: min. 15.9±18.6, max. 44.1±29.3, x̅ 32.4±20.5 cm∙d-1;
November: min. 9.1±4.9, max. 42.7±12.4, x̅ 27.2±8.1 cm∙d-1) are only slightly lower, but within
the associated errors.
Although, overall there is no relationship between SGD and NH4+, as discussed in section
4.4.3, there is an inverse relationship between SGD and NH4+ when analyzed by season, with the
most significant correlation in July (including the outlier, Figure 22) when fluxes of SGD are
more variable. Nevertheless, some relationships between one sampling season to another have
been identified for two stations. For instance, a sharp decrease in the concentration of NH4+ at
station 11 in porewater was observed from July to November (x̅: 1,908.9 μM and 488.2 μM,
respectively). This has been associated with an almost doubling of SGD rate from July to
November, as shown from the time-series SGD measurements. In addition, during spatial
sampling, the highest NH4+ concentration (5.5x103 µM) was measured in close proximity to
station 11 (i.e. station 1), also associated with an increase in SGD rate from 15.9±18.6 cm∙d-1 in
July to 22.8±4.3 cm∙d-1 in November leading to a lower porewater NH4+ concentration in
November (1.0x103 μM). Thus, at this station SGD may have a significant influence in the
buildup of NH4+, possibly leading to observed lower NH4+ in November.
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Another observation of possible influences of SGD on porewater nutrient accumulation
are the areas that overlie (station 6) or lie close to serpulid reefs (station 3) (Figure 1, Figure 3).
As discussed in section 5.1, these stations are characterized by higher than average SGD rates
and have generally lower nutrient concentrations in porewaters (Table 6), which are also of
salinities similar to surface water such as station 3, during January and November (January, July,
and November porewater 31.0, 58.9, 49.0 and surface water: 31.1, 35.0, 44.1, respectively). In
addition, when compared to any other porewater samples, with the exception of station 8 in July,
higher NOx and lower NH4+ concentrations (station 3 in January, July, and November 1.0, 4.8,
0.5 μM of NOx, 38.6, 1563.6, 788.1 μM of NH4+ and bay-wide 0.82, 5.17, 0.6 μM of NOx, 552.9,
2224.8, 728.5 μM of NH4+, respectively where NO3- <0.11 is considered as a zero) were also
measured at station 3 (Table 6), likely the result of faster exchange and mixing between surfaceand pore-water due to more permeable substrates (see section 5.1). The transformation of NH4+
to NOx is likely to have happened rapidly here (Schiavo et al., 2009) as more exchange with
surface water leads to oxidizing conditions leading to coupled nitrification-denitrification
(Brandes et al., 2007). During more active wind and wave conditions, enhanced mixing of
porewater and surface water at this station could increase fluxes of nutrients to the bay. In this
study, a high-enough temporal resolution sampling of porewater chemistry was not conducted to
observe rapid changes in ORP, salinity, or nutrients, but the presence of highly permeable
sediments and the observed similarities in the water chemistry between surface and subsurface
water for the three seasons indicate the more rapid exchange between subsurface and bay waters.
The July observed significant increases in porewater nutrients, other than NH4+ (up to
5.5x103 µM) and NO2- (up to 7.1 μM), such as HPO42- and HSiO3-, may be associated with
terrestrial sources, in addition to remineralization. High porewater NH4+ concentrations in the
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1,000-5,000 μM range have been measured in anoxic porewater sediments by Abdulla et al.
(2018) at depths between 0.5-4 m in the Santa Barbara Basin where it was likely produced by
organic matter remineralization. In this study however, the larger 224Ra and 226Ra porewater
activities and lower residence times in July may also be indicative of larger terrestrial inputs
which when coupled with remineralization may lead to the observed buildup of nutrients. Thus,
changes in accumulation rates of nutrients in porewater from one season to another may be
related to varying extents of remineralization and input of external sources through the
subterranean estuary (e.g., groundwater). However, within each season, and, in particular July,
the inverse relationship between SGD and NH4+ (R2: 0.82; p-value: 0.01347, Figure 22) do
suggest that SGD magnitudes can affect accumulation of nutrients in porewater when flushing
rates are lower (see section 4.4.3).
As indicated above, similar to the nutrients, alkalinity is also highest in July porewaters.
Production of alkalinity in sediments has been associated with increased anaerobic
remineralization of organic matter from larger phytoplankton production (i.e. chl-a) (Figure 7,
Figure 8) (Chaillou et al., 2014) such as observed and expected to occur during summer months
(see section 3.2.2). Nitrogen cycling can have small effects on alkalinity in porewater (Gardner
et al., 2006). For instance, nitrification, when occurring at a rate similar to denitrification,
consumes alkalinity faster than denitrification can produce it (Li and Irvin, 2007). However,
nitrification occurs in oxidizing conditions which do not pervade reducing sediments such as is
shown in this study by the largely negative ORP values across all sampling events (x̅: -311.8
mV). Therefore, the observed reducing conditions associated with increases in alkalinity
(Gardner et al., 2006) are indicative of denitrification processes. In addition, an increase in
porewater alkalinity with NH4+ can be observed (Figure 14) (R2: 0.34; p-value: 0.01336). The
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prevailing reducing conditions of most porewaters (ORP x̅: -229.6, -345.8, -341.3 mV for
January, July, and November, respectively), and the positive correlation between NH4+ and
alkalinity indicate that organic matter remineralization is likely occurring as well as DNRA.
The absence of measurable NO3- in porewater associated with large amounts of NH4+, in
July and November, further suggest low nitrification activity and the rapid consumption or
reduction to NH4+ (DNRA). Measurable amounts of NO3- in January at four out of five stations,
accompanied by some of the lowest NH4+, could result from lower reduction rates as ambient
temperatures are lower. Dong et al. (2011) suggests that, at lower temperatures and higher NO3concentrations, estuaries in temperate environments exhibit proportionately greater levels of
anammox and benthic denitrification. In July, the likely source of the NO2-, which is in higher
concentrations than in November (0.38, 4.83, 0.60 μM of NO2- in January, July, and November
respectively, Table 6), is denitrification facilitated by the increased availability of NO3- and
NH4+ from either OM remineralization or groundwater input.
5.2.2 SALINITY EFFECTS
In Baffin Bay surface water salinities increased significantly from event to event ranging
from 30.45 to 57.51 (x̅: 39.6). Porewater samples show a slight increase from January (x̅: 52.26)
to July (x̅: 56.52) and slightly decrease to November (x̅:54.77) (Figure 6). Salinity has been
shown to have inhibitory effects on nitrogen cycling processes such as nitrogen fixation,
nitrification, denitrification, and DNRA. Salinities effects on remineralization (i.e. organic matter
decomposition) have been found to be contradictory and poorly understood (Ardón et al., 2013;
Gardner et al., 2006; Rysgaard et al., 1999). While some studies found increases in
remineralization rates with salinities (Gardner et al., 2006; Giblin et al., 2010; Santoro, 2010),
others found the opposite (Steinke and Charles, 1986) or that depending on other conditions,
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increasing salinity may enhance or diminish rates of remineralization (Stagg et al., 2017).
However, these studies are limited to salinity ranges below those observed in Baffin Bay (2-17
(Mendelssohn et al. (1999)) and 0-30 (Steinke and Charles (1986)), respectively) and may not be
applicable to the studied environment.
Nitrogen fixation was found to decrease with increasing salinities and in some
environments it is not observed in salinities above 8 to 10 (Ardón et al., 2013; Gardner et al.,
2006; Rysgaard et al., 1999). Nitrification has also been found to decrease with increasing
salinity and the associated increase in sulfide concentrations (Gardner et al., 2006; Giblin et al.,
2010; Santoro, 2010). Denitrification has been shown to decrease with salinity as well through
effects on microorganism physiology, hydrogen sulfide toxicity to denitrifiers, and reduced
availability of NO3- (Ardón et al., 2013; Rysgaard et al., 1999). DNRA has been shown to
increase with increases in salinity likely due to enhancement by sulfate-reducing bacteria which
provides sulfide as an electron donor and creates reducing conditions (Gardner et al., 2006).
Assimilation of N has also been shown to decrease with increasing salinities (du Plooy et al.,
2015). The large difference in the relative abundances of porewater NH4+ and NO3- in this study
seem to agree with the literature (Ardón et al., 2013; Gardner et al., 2006; Rysgaard et al., 1999),
which suggests that the increased salinity levels in Baffin Bay may have facilitated the buildup
of NH4+ in the sediment porewater. The concentration of NH4+ in the surface water is higher than
the concentration of NO3-, likely due to the decrease in nitrification, denitrification, and increase
in DNRA (Ardón et al., 2013; Gardner et al., 2006; Giblin et al., 2010). A conceptual model of
processes that may govern the nutrient fate in porewater in Baffin Bay are included in Figure 25.
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Figure 25: Conceptual diagram of N cycling processes in Baffin Bay and examples of SGD. Red
arrows indicate processes slowed by increasing salinity, green arrows indicate processes aided by
increasing salinity, whereas yellow arrows indicate processes where the effects of salinity are not
well constrained.

6. CONCLUSION
A key goal of this study is to understand the role of SGD on nutrient transport to Baffin
Bay in order to shed light on the driving forces of harmful algal bloom occurrences. SGD rates
are expected to change across the hydroclimatic gradient in response to changes in precipitation
rates, aquifer recharge rates, hydraulic gradients, and riverine inputs. Five of the seven bays
along the Texas Gulf Coast have been classified as being potentially affected (≥67%) by
increased salinization and decreases in water quality, productivity, sediment, and nutrient
transport due to reductions in freshwater inflow. These adverse conditions have major impacts on
the life cycles and health of many marine species, with potential repercussions throughout the
food web. Although, SGD has been recognized as an important component of the hydrologic and
biogeochemical system cycles that link terrestrial waters to marine environments in many coastal
areas, there is a lack of understanding about its role in alleviating or contributing to these
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problems. Due to the exceptionally high concentrations of nutrients and organic matter
accumulated in aquifers, and subterranean estuaries, SGD may fuel bacterial respiration, leading
to hypoxic conditions in estuaries.
In Baffin Bay, SGD rates vary slightly spatially and by season at a few locations with
rates ranging from 9.1±4.9 to 44.1±29.3 cm∙d-1 (x̅: 30.0±14.7 cm∙d-1) for the continuous 222Rn
method (Table 7). However, the average SGDs for July and November derived from continuous
mobile 222Rn surveys (31.4±32.7, 30.0±30.9 cm∙d-1, respectively) and from the 226Ra inventory
(16.6±1.66, 13.2±1.32 cm∙d-1, respectively) across the entire bay system are in very close
agreement given the uncertainties associated with each measurement and the choice of
endmember. On the other hand, nutrient concentrations measured in the interstitial porewater
varies significantly both spatially and temporally. Consequently, in the Baffin Bay system, SGDderived nutrient fluxes are not so much a function of changes in hydrologic conditions spatially
and across seasons (i.e. changes in SGD rates), but rather vary significantly with changes in
nutrient concentrations in the porewater. Even though, SGD rates are lower when compared to
the other South Texas estuaries, the associated nutrient fluxes are much more elevated. In
particular, NH4+ concentrations were found to be largely elevated (by one or two orders of
magnitude), with the largest measured concentrations in porewater in July (5,531 µmol·L-1) and
a minimum in January (538.6 µmol·L-1) compared to other bays such as Aransas Bay (porewater
NH4+ x̅: <1 μM) (Douglas et al., 2017), and Corpus Christi Bay (porewater NH4+ x̅: <250 μM)
(Murgulet et al., 2015).
A comparison of bay-wide solute fluxes indicates that DIN inputs, mainly in the form of
ammonium, are almost two orders of magnitude higher in the SGD component than the surface
runoff. DOC inputs are also larger in the SGD component in July and November. Inorganic
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nitrogen in the form of nitrate is likely to enter Baffin Bay from surface inputs while SGD may
have larger contributions of nitrite. Orthophosphate and silicate (in the form of hydrogen silicate
ion) are very similar in magnitudes. Therefore, the nutrient input associated with SGD,
regardless of its nature (i.e. fresh or saline; groundwater or recirculated saline), is likely
significant in this shallow bay system. The characteristic persistent winds in this area are likely
the dominant driver of seawater recirculation, while episodic rain events may enhance the fresher
SGD input in this bay. Both scenarios can lead to diffusion of porewater solutes into the water
column.
The fate of porewater nutrients in Baffin Bay is predetermined by their source (i.e.
internal versus external) and the bay conditions (both hydrogeologic and biogeochemical). The
majority of nutrient sources in the porewater, as observed in the contrast between July and
November, is likely to be from degradation of OM from phytoplankton during warm months.
OM deposited on the surface sediments is remineralized leading to production of NH4+, HPO42-,
HSiO3- and carbon (which contributes to alkalinity). In addition, the nitrogen cycling bacterial
community is affected by the hypersaline conditions in the porewater and surface water
inhibiting processes such as the coupled nitrification and denitrification and leading to reduced
nitrogen fixation and uptake and increased DNRA. These conditions are likely a major cause of
the observed significant buildup of NH4+, particularly in the hot months such as July. On the
other hand, the higher porewater 224Ra and 226Ra activities and greater 224Ra/226Ra activity ratios
measured in July in both surface water and the porewater when combined with the increase in
porewater NO2- is an indication that input through the subterranean estuary may have changed
from July to November. A shift from seawater intrusion to a terrestrial input as a result of
increased in hydraulic gradients could explain not only the enrichment of 224Ra over 226Ra, but a
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supply of nitrate. Therefore, both a different source of groundwater as well as an increase in the
OM degradation are considered sources of nutrients to Baffin Bay during the warm season,
following spring wet conditions.
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