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ABSTRACT

Formations of hypoxia in Corpus Christi Bay (CCB) and algal blooms in the Upper Laguna
Madre have become a concern as they have cyclically surfaced during the late spring through the
fall months. The semi-arid climate of South Texas experiences limited precipitation and surface
freshwater inflows, which in turn would point to non-riverine sources such as groundwater as a
contributor to the overall nutrient budget. Groundwater has a tendency to accumulate high
concentrations of nutrients and organic matter. Despite the potential impact that submarine
groundwater discharge (SGD, including groundwater discharge and sediment fluxes) has on
estuary systems worldwide, this input has not been well understood. The objective of this study
is to use a combination of geophysical and geochemical techniques to enhance the understanding
of spatial and temporal occurrence of SGD and related nutrient fluxes and the effects of these
inputs on the hypoxia formation in a semiarid estuarine system. Results from multiple
continuous electrical resistivity (ER) profiles, spanning from near shore to 2 km offshore, were
used to characterize subsurface hydrogeologic heterogeneity and select sampling sites for
nutrient and SGD analyses during three seasonal events (winter, summer, and fall). SGD
measurements were conducted at three locations using both continuous ER and radon
measurements. During summer and late fall, SGD rates show large spatial variances, with the
highest average discharge rates measured at the Oso Bay (a secondary bay) inlet (13.1 m3/mˑd),
followed by Shamrock Island (2.6 m3/mˑd) and Laguna Madre inlet (1.1 m3/mˑd). On average,
SGD rates were higher during late fall (6.5 m3/mˑd) than summer (4.7 m3/mˑd). As a result of
higher SGD rates and more enriched nutrient levels in porewater, nutrient fluxes during fall are
one order of magnitude higher than summer. Based on the good spatial correlation between
dissolved oxygen levels and high 222Rn-derived nutrient fluxes, this study indicates that SGD is
i

not only a significant contributor to the nutrient budget but there is also a possible correlation
between these inputs, algal blooms, and hypoxia.
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1. Introduction
1.1. Background
Submarine groundwater discharge (SGD) is the outflow of groundwater across the ocean-land
interface into oceans, bays, or estuaries (Church, 1996). SGD is primarily controlled by
hydraulic gradients from inland watersheds and coastal boundaries driving groundwater and
seawater through sediments, though other gravitational, oceanic tidal, and dispersive circulation
forces act on the freshwater and saltwater interface within the coastal aquifers (Mulligan &
Charette, 2005). Shallow unconfined aquifers are subject to recharge in close proximity to
coastal embayments, whereas recharge for deeper confined aquifers can occur long distances
inland from the coast (Mulligan & Charette, 2005). Thus, contaminants from a vast array of
sources can ultimately discharge into the coastal system. Similar to surface inflows, SGD plays
an important role in the vitality and health of coastal and estuarine waters by providing fresh or
less saline water, nutrients, and other harmful or necessary inputs.
Typically groundwater contains higher nutrient levels than rivers, streams, and the receiving
seawater (Church, 1996). Anthropogenic inputs of nutrients (from sources such as fertilizers,
pesticides, faulty septic tanks) have been shown to provide aquifers with nutrients (nitrogen,
phosphate, potassium, etc.) and other contaminants (Rajmohan & Elango, 2005). High
concentrations of organic matter tend to accumulate in groundwater (Church, 1996), mainly
through infiltration from land surface sources in outcrop areas. Organic matter-contaminated
groundwater discharging to the bays may fuel bacterial respiration, leading to hypoxia formation.
It has also been demonstrated that nutrient-contaminated groundwater can fuel growth of
phytoplankton and algae in coastal systems (Church, 1996). Eutrophication is a potential result
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of increased nutrient concentration in coastal waters that could be derived from groundwater
(Selman et al., 2008).
Commonly, multiple methods have been utilized to investigate the contribution of groundwater
to surface water such as numerical modeling (Guo and Langevin, 2002; Murgulet and Tick,
2015), geochemical tracers (Cable et al., 2004; Ni et al., 2011), and statistical methods
(Morehead et al., 2008; Thareja et al., 2011). Recently, subsurface imaging techniques, such as
direct current electrical resistivity (ER) surveys have been increasingly used to delineate and
quantify groundwater flow paths and discharge rates into surface water bodies (White, 1988;
Greenwood et al., 2006; Green et al, 2008; Nyquist et al, 2008; Cardenas et al., 2010; Dimova et
al., 2012). Consecutive/continuous ER images acquired along the same survey lines over time
periods of hours or during different environmental conditions are used to locate potential
groundwater discharge seepage faces and estimate changes in discharge rates over time (Nyquist
et al., 2008; Dimova et al., 2012; Johnson et al., 2012).
In addition, applications of radon (222Rn; half-life (t1/2) =3.8 d)) as a geochemical tracer has
proven to be successful in estimation of SGD rates (Moore 1996; Burnett and Dulaiova, 2003).
However, very few studies have employed this method in combination with ER imaging. Radon,
a naturally occurring inert gas commonly found in soils and subsurface sediments/rocks and the
product of Radium (Ra) decay (Figure 1) (Crusius et al., 2005), is abundant in groundwater in
relation to surface waters (Burnet and Dulaiova, 2003). Therefore, these properties make radon
an ideal tracer of groundwater discharge in coastal waters. However, studies relying solely on
geochemistry tracers do not provide a comprehensive understanding of groundwater sources, as
measured fluxes of any given constituent/tracer will only offer a total groundwater discharge
rate, which could include both recirculated water and land-derived SGD (Li et al., 2009).
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This study aims to address not only the link between coastal hypoxia and SGD-derived nutrients
and organic matter, but to advance scientific understanding of coastal hydrologic heterogeneity
and the associated impacts on spatial and temporal occurrence of SGD. To that end, this study
utilizes a combination of electrical resistivity, radon, radium, and nutrient data to quantify the
SGD derived nutrient inputs but also better understand the effects of these inputs on the bay
system as it pertains to hypoxia and harmful algal blooms. This study uses Corpus Christi Bay,
located in the semi-arid area of South Texas, as a case study to demonstrate the feasibility of the
proposed methodology. The following section describes the relevance of using Corpus Christi
Bay area for this proposed study.
1.2. Study Site
The South Texas Gulf Coast is comprised of an extensive network of intracoastal waterways and
bay systems. These systems, shielded by Padre Island, provide a unique habitat for a variety of
commercially and recreationally important fish and shellfish species, marine mammals, reptiles,
resident birds, shorebirds, and other avian species. Corpus Christi Bay, Oso Bay, and the upper
Laguna Madre are experiencing annual formations of hypoxia, characterized by dissolved
oxygen (DO) levels less than 2 mg/L and brown tide, as well as, red tide events in the past three
decades (Nelson & Montagna, 2009). The Corpus Christi area saw a 2.3% population increase
between 2010 and 2012 (U.S. Census Bureau, 2014), and with increases in population and the
growing demand on regional resources due to tourism, nutrient and organic matter loading to
both aquifers and surface waters from point and non-point sources is expected to increase, thus
contributing to water quality degradation (Krothe et al., 2002).
Reoccurring formations of hypoxia have cyclically occurred during the late spring through the
fall months in Corpus Christi Bay (Nelson & Montagna, 2009). Due to the semi-arid climate of
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the south Texas Gulf Coast, estuaries receive minimal surface freshwater inflows due to limited
precipitation, which point to non-riverine sources as influential contributors of nutrients and
organic matter. Various coastal systems around the world have experienced and recorded water
quality degradation due to nutrient loading from groundwater that can fuel phytoplankton
growth, as well as, bacterial respiration aiding in hypoxic episodes (Church, 1996).
A wealth of studies have investigated the relationship between the formation of hypoxia and
nutrient levels (Turner et al., 2008), but no studies have addressed the groundwater component in
nutrient and freshwater budgets in Corpus Christi Bay. Corpus Christi Bay (CCB) plays an
important role, environmentally and economically, to the surrounding area, and despite the
potential importance of SGD to the nutrient budget and overall vitality of the surrounding coastal
waters, SGD has been overlooked. This multi-method study shows that in order to effectively
quantify and evaluate the nutrient fluxes and budgets to coastal embayments, a comprehensive
understanding of SGD and the associated solute inputs is necessary.
1.2.1. Physiographic Aspects
Study sites were selected along an area ranging from the Upper Laguna Madre (ULM) to the
southern half of Corpus Christi Bay (CCB) (Figure 1), predominantly shielded from the Gulf of
Mexico by North Padre Island. The surface area of Corpus Christi Bay is roughly 445 km2 and
represents approximately 7.1% of the overall Texas estuary network (USEPA, 1999). Corpus
Christi Bay is a shallow (~3.2 m; Orlando et al. 1991), almost enclosed bay with a level bottom
(Montagna and Kalke 1992; Martin and Montagna 1995; Ritter and Montagna 1999) and a total
open water surface area of 432.9 km2. Given the microtidal (small tidal range) characteristic,
this bay is sensitive to meteorological forces such as temperature, precipitation, and wind.
Average monthly wind speeds range from 17 km/h to 28 km/h, and two principle wind regimes
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dominate the Corpus Christi Bay: persistent, southeasterly winds from March through September
and north-northeasterly winds from October through March (Behrens and Watson 1973; Brown
et al. 1976).

Figure 1: Study site, sampling transects, and sampling stations.
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Corpus Christi Bay is connected with several bodies of water including Oso Bay, Nueces Bay,
Aransas Bay, and the Gulf of Mexico due to dredged ship channels and canals and natural
hydrological process. These secondary bays and the Gulf provide the system with a mix of
saline and freshwater, as well as, an influx of nutrients; however, Oso Bay is assumed to be the
primary nutrient input into CCB because of the large discharges from municipal wastewater
treatment plants. The mean depth of Corpus Christi Bay is 2.4 m, whereas the Upper Laguna
Madre has a mean depth of 1.2 m. Prevailing southeastern winds drive the shallow waters,
resulting in a generally well-mixed water column during the fall and winter and a more stratified
water column during the late-spring and summer months due to increased temperatures (Verity et
al., 2006).
1.2.2. Soils
Nueces County is comprised of eight unique soil compositions, three of which come in contact
with and/or overly the Corpus Christi Bay and the Upper Laguna Madre: Victoria Association,
Orelia-Banquete Association, and Galveston-Mustang Tidal Flats Association (Figure 2)
(USDA, 1992). The Victoria Association soils are dark-gray, calcareous heavy clays with slow
infiltration rates. The Orelia-Banquete soils are comprised mostly of a thin sandy surface layer
overlaying a large clay layer, with slow infiltration rates. In contrast, the Galveston-Mustang
Tidal Flats soils form a surface layer of light-gray fine sand with small amounts of humus with
subsoil composed of light-grey fine grain sand commonly saturated with water (USDA, 1992).
The Galveston soils are in contact with majority of Corpus Christi Bay and the Upper Laguna
Madre but are generally imbedded within large Beaumont clay formations (see section on
hydrogeology). The fine-grained sands of the Galveston soils could potentially act as potential
conduits for shallow groundwater transport and discharge to Corpus Christi Bay and the Upper
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Laguna Madre.

Figure 2. Soil composition of Corpus Christi Bay and the surrounding barrier island (USDA,
1992).
1.2.3. Hydrogeology
The Gulf Coast Aquifer 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 et al., 2003). Corpus Christi Bay and the surrounding systems are generally in
direct contact with the Chicot aquifer, which is the shallowest of the aforementioned 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 et al., 2003). The sandy and gravel lenses and dredged channels
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within the investigated system provide conduits for SGD despite the potentially limiting
clay/impermeable formations.
2. Methods
2.1. Sampling Design
Five sampling transects were selected within Corpus Christi Bay and the Upper Laguna Madre:
transect T1-Laguna Madre; Transect T2-Oso Bay Inlet; Transect T3-Laguna Madre Inlet/Mouth;
Transect T4-Shamrock Island; and Transect T5-University Beach (Figure 1). Water samples
from porewater and water column were collected from six sampling sites placed along each
transect, spanning 2 km from near shore to offshore (Figure 1). Transects were selected within
the area reported to be affected by hypoxia and areas with significant external input such as
discharge from Oso Bay (discharge points) and outputs such as the Laguna Madre mouth.
Surface water and porewater samples were analyzed for nutrients such as dissolved organic
carbon (DOC), total dissolved nitrogen (TDN), ammonium (NH4), nitrite and nitrate (NOx),
orthophosphate (o-phosphate), silicate (porewater and surface water) and chlorophyll-a (surface
water).
Water samples and electrical resistivity (ER) data were collected during three seasons (i.e.
winter, summer and fall of 2014) to capture groundwater discharge rates, nutrient, and biomass
distribution under different environmental conditions. Sampling techniques for water column and
porewater comply with standard sampling techniques (Brown et al., 1970; Wood, 1976; RCRA
SOP, 2009). At each location, the water depth was measured using a secchi disc. Samples from
the water column were collected in increments of 0.5 m with a maximum of three samples from
the water column, depending on bathymetry. Field parameters (pH, conductivity, salinity, and
DO) were measured before sample collection using an YSI multiparameter water quality meter.
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Prior to and following completed field sampling the YSI was calibrated using Hach standards via
the YSI guidelines and recorded in a digital spreadsheet. The YSI meter was placed at each
sampling depth within the water column for several minutes to allow proper circulation of
sample and instrument stability before parameters were recorded.
Surface water samples were collected using a Van Dorn water sampler, deployed to each
sampling depth. Sampling bottles were rinsed three times and then overfilled, capped, and
placed on ice depending on the required procedure for each analyte. A porewater sampler (AMS
Retract-a-Tip) was used to collect porewater samples. The porewater sampler consists of 1 m
sections of hollow steel pipe attached to a retract-a-tip point that is injected about 0.2 to 1 m
below the sediment-water interface. The injection depth is critical to sampling, to isolate
porewater from bottom water intrusion (RCRA SOP, 2009). Silicone tubing is ran inside the
steel pipe and attached to the retract-a-tip on one end and a peristaltic pump on the other. The
silicone tubing is purged to three times its volume or until it is free of any sediment. All samples
collected are stored at 4 degrees (°C) until analyzed.
2.2. Data Collection
2.2.1. Resistivity Imagining
The project began with a reconnaissance survey within the area reported to be affected by
hypoxia and areas with external input such as discharge from Oso Bay (discharge points) and
outputs such as the Laguna Madre mouth. Continuous resistivity profiling (CRP) conducted
using a continuous injection of current along a moving path were used as reconnaissance tools to
help delineate areas of interest revealed by measured resistivity anomalies. Three locations were
selected from the CRP images to perform stationary time-lapse resistivity imaging. These
locations showed significant signs of interaction between the subsurface interstitial fluid and
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water column. Time-lapse inversions were collected during the July and November/December
sampling events and thus captured subsurface changes during different environmental
conditions, tide cycles, and transitions in wet and dry seasons. Time-lapse images were collected
with the resistivity cable deployed along the bottom of the bay and sequentially captured images
throughout a 6-8 hour span in attempt to capture the groundwater discharge during a tidal cycle.
The individual electrical resistivity images were then compiled into a continuous dataset or
tomograph and inverted to earth model resistivity values using the 2D AGI EarthImager with a
maximally smooth least squares algorithm (Samouëlian et al., 2005).
Electrical resistivity imaging of the subsurface and water column has shown promise in
providing a visual representation of the interactions between surface waters and potential
conduits of SGD (Nyquist et al., 2008). These surveys can be used to characterize the
subsurface hydrostratigraphy and heterogeneity by constraining rock and soil formations using
common resistivity values (Nyquist et al., 2008). The theoretical premise of using ER surveys is
based on the induction of direct electric current from the ground surface to create an image of the
subsurface using resistivity distribution. Several parameters must be considered when measuring
the subsurface resistivity, including the mineral and fluid conductivity, porosity, and water
saturation of the rock and/or clay (Loke, 2011). Marine profiles (i.e. continuous resistivity
profiles-CRP), which are continuous resistivity measurements of the water column and the
subsurface sediments, are complemented by GPS positioning and depth profiles allowing for a
greater level of precision in data interpretation.
The resolution of subsurface materials acquired using ER imaging systems is much higher than
those of other geophysical methods (Doll et al., 2012). This is not to claim that there are not
uncertainties associated with electrical resistivity data inversions, but the ability to measure
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larger variances in resistivity facilitate a greater visual interpretation of subsurface sediments,
bedrocks minerals, and interstitial fluids (Dimova et al., 2012). Furthermore, the increased
resolution of the ER inversions capture changes in porewater resistivity and aquifer substraterelated characteristics on land and offshore (given a relatively shallow water depth) (Viso et al.,
2010; Dimova et al., 2012).

Figure 3. Image showing the continuous recording and storing of data from a GPS receiver
using the SuperSting Marine. The SuperSting Marine continuously records and stores data from
a GPS receiver. Current is injected every 3 seconds and 8 apparent resistivity values representing
8 depth levels are read for each current injection. Depth of penetration depends on length of the
cable and array type (typically approximately 20% of the electrode spread length) (Advanced
Geosciences, Inc.).

More recent developments enable the use of resistivity images collected as time-lapse stationary
surveys over a desired timescale (i.e., tidal cycles) to estimate SGD rates. Preliminary CRPs
surveys and time-lapse images (electrical resistivity tomography – ERT) are conducted with the
+-resistivity cable deployed along the bottom of the bay. During the time-lapse imaging
systematic measurements are taken to capture the changes in the subsurface porewater
salinity/conductivity and estimate discharge over an 8-10 hour-period. In conjunction with time-
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lapse images, continuous monitoring of radon (222Rn) in water and air was conducted using
Durridge RAD7 monitors. Field parameters were monitored using an Insitu Troll 9500, to further
constrain any potential SGD. Collected resistivity data was inverted and statistically evaluated
using the 2D AGI EarthImager software.
The AGI SuperSting R8 Marine is an 8-channel resistivity profiler that utilizes various electrode
arrays, graphite electrodes, and EarthImager software, which allows the profiler to be used on
land, towed on the waters surface and deployed on the bottom of the bay. The imaging system is
paired with a 112 m cable with 56 electrodes spaced 2 meters apart with the ability to accurately
image to a depth of approximately 20% the length of the cable. Resistivity readings of the area
surveyed are collected through a dipole-dipole system that injects direct current through two
current producing electrodes and measures the difference in voltage received by two potential
electrode pairs (Advanced Geosciences, Inc.). The ability of the SuperSting R8 marine to take
up to eight readings from each spaced electrode (2, 4, 6, 8) pair allows for in depth error
correction and thus increasing the accuracy of the inverted image. For marine surveys the
electrode cable is towed behind a boat along the desired transect (Figure 3). Transect beginning
and end coordinates are entered into a Lowrance GPS for accurate geographic reference. When
collecting marine resistivity data, it is crucial that the cable is pulled in the straightest path
possible. Deviations from this path can add error to the readings.
The time-lapse ERT images are processed in Earth Imager using the time-difference inversion
option, which creates an image showing subsurface areas with changes in porewater resistivity
over time (expressed as % change in resistivity/conductivity). The plumes identified in these
areas are used to calculate groundwater and contaminant mass fluxes to surface waters (Dimova
et al., 2012). A dipole-dipole configuration, which uses two current electrodes (C1 and C2) and
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potential electrodes (P1 and P2) in close pairs that form a current and potential dipole, were
employed in this study for data collection and processing (Loke, 2011; Dimova et al., 2012).
Time-lapse surveys are conducted over a desired timescale. Most commonly tidal cycles are
used in time-lapse inversions. Tide-induced SGD is relatively simple in theory, being that
seawater enters the sea-land interface during rising and high tides and leaves the interface during
low tides (Li and Jiao., 2013).
Porewater specific conductivity values collected in-situ are used to constrain the results from the
inverted images to decrease the error associated with the estimation of groundwater discharge
rates. Given the conductive nature of the imaged sediments and porewaters, and the expected
constant resistivity of subsurface sediments (i.e. unconsolidated clays to silty-sands at depth
below the nepheloid layer), we believe that the local resistivity contrasts are due to changes in
porewater chemistry, thus resulting noise levels are negligible and will not affect the resolution
of the resulting ER tomography (Friedel, 2003).
2.2.2. Salinity Mass Balance and Submarine Groundwater Discharge Flux Calculations
Time-difference inversion algorithms were used to calculate the percent difference in resistivity
between six consecutive images collected over an eight-hour period during July and
November/December field expeditions. Through this process the image collected at t=1(the
initial image) is used as the base/reference image from which the image collected at t=2 is
subtracted and normalized. Furthermore, the image collected at t=2 is used as the base image
from which the image collected at t=3 is subtracted and normalized and so on. In this matter,
changes in the subsurface bulk resistivity can be monitored between each time-step. The overall
resulting difference-image reveals changes in bulk resistivity over the entire monitoring period
which is assumed to be caused by variations in pore fluid chemistry while the matrix properties
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remain constant (Nyquist et al., 2008). Groundwater plumes were identified and separated into
boxed zones for each time-difference inversion image and the volume (V) of each zone was
estimated using a 2-meter horizontal distance (Dimova et al., 2012; Bighash and Murgulet,
2015). The defined zones for each image were superimposed onto the original ER images
corresponding to the collection time and location in order to derive the corresponding salinities
for mass-balance development. Plumes/boxed areas assumed to represent changes in salinity due
to conductive groundwater flow were selected based on % changes exceeding the root mean
square (RMS) of each time-difference image. Porewater salinities within these zones were
corrected using the relationship between formation factor (F) and sediment porosity (ϕ) using
equation 1 given by Archie’s law (Archie, 1942). Based on sediment core description and well
logs developed in the formation extending under the Corpus Christy Bay and the Upper Laguna
Madre, we assume a clay-content of approximately 25%. Clay corrected Archie’s constants have
been derived using a least-squares fitting of log-porosity and log-resistivity values (Lee and
Collett, 2006). The cementation exponent (m), is how the pore network increases the resistivity
and is expressed in a range from 1.7-4.1, where increased permeability of the subsurface results
in a decrease of the cementation exponent (Archie, 1942). The tortuosity factor (a) is used to
account for variations in compaction, pore structure, and grain size in relation to flow path length
and structure, and values lie between 0.5 and 1.5 (Archie, 1942). The clay corrected constants
that assume a 25% clay content yield “m” and “a” values of 1.89 and 1.03, respectively. The
porewater resistivity (Rp, Ωm) is then calculated using Archie’s law for fully saturated media as
expressed in equation 2. Salinity values for each superimposed zone were then estimated using
equation (3) which allows for the conversion of ER-derived resistivity (Rp, Ωm) to salinity (S,
parts per thousand (ppt)) (Manheim et al., 2004):
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F = a * ϕ-m

(1)

F = Rf/Rp

(2)

S = 7.042 × Rp-1.0233

(3)

Average porewater salinities were derived for the beginning/base (S1) and end/monitoring (S2)
of each time-lapse survey. With this information, the volume of groundwater discharge was
calculated using a salinity mass balance approach as described in equation 4.
Vgwd = Vsal*[(S1-S2)/S2]

(4)

In the above mass balance approach, the principle of conservation of both mass and salt is
applied. Assuming a steady-state condition over a specified time, the SGD rate is calculated as
the difference between the salinity inputs and outputs, not accounting for saltwater dispersion (or
diffusion). Mass balances for each box are determined using the following criteria: fluxes into
(out of) a box are positive (negative). This method also assumes that the process driving the
change in salinity within the box is achieved through mass displacement, which replaces the pore
fluid with groundwater of a different salinity mass, and that the rate of displacement is slow
enough to be captured by each time-step. Furthermore, this method is based on the assumption
that the entire volume of groundwater plumes, fresh or saline, will eventually discharge into
surface waters under hydrologic conditions favoring groundwater discharge to surface water (i.e.
upward hydraulic gradients). For a detailed description of this method, please refer to Dimova
et al. (2011; 2012).
2.3. Radon Submarine Groundwater Flux Calculations
Radon is enriched in groundwater when compared to surface waters (typically 1000-fold or
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greater). Because of its unreactive nature and short half-life

222

Rn is an excellent tracer to

identify areas of significant groundwater discharge or sediment fluxes (Burnett and Dulaiova,
2003).

Several studies demonstrate that continuous radon measurements could provide

reasonably high-resolution data to evaluate changes of radon concentration of surface water at
one location over time (Burnett et al., 2001b; Burnett and Dulaiova, 2003). Continuous
measurements of 222Rn were conducted at 3 selected locations where time-lapse ER profiles were
also acquired. The automated radon system (RAD 7 and the RAD AQUA accessories, Figure 4)
was placed at the end of each resistivity transect on the deck of the research vessel.
The monitoring system measures

222

Rn from a constant stream of water (driven by a peristaltic

pump) 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. A detailed
description of RAD 7 capabilities and measurement principles can be found in Burnett and
Dulaiova (2003). Radon measurements were integrated over 45 minute intervals at a depth of
0.5 m above the bottom of the bay and remained stationary by an anchored 15 pound weight.

Figure 4. Automated radon system (RAD 7) and the RAD AQUA accessories used to measure
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continuous radon in water and air.
The main principle behind using continuous radon measurements to quantify groundwater
discharge rates to surface waters is based on the inventory of

222

Rn over time accounting for

losses due to mixing with waters of different radon concentrations (i.e. low concentrations
offshore waters), atmospheric evasion, and sediment-supported fluxes (Figure 5). Thus,
concentrations over time, if exceeding the sediment-supported, are believed to result from
groundwater and can be converted to radon fluxes (Burnett and Dulaiova, 2003).
The atmospheric loss of Rn was estimated using the equations presented by Macintyre et al.
(1995) that calculate the gas exchange across water-air interface using the radon concentration
gradient, temperature and wind speed.
Radon mass balance is:
Ftotal = Fsed + Foffshore - Fatm - Fnearshore – Fmix – λRn

(5)

The terms are estimated according to:
Ex 222Rn = 222Rntotal – 226Ra

(6)

IRn = Ex 222Rn * water depth

(7)

Used to estimate excess 222Rn inventories (IRn).
Ebb Tidal Height Correction = 222Rnnearshore*Δtidal height

(8)

Flood Tidal Height Correction = 222Rnoffshore*Δtidal height

(9)

Normalized IRn = IRn – Tidal Height Correction

(10)

NOAA tidal data was used to normalize tidal conditions. Over the span of sampling, changes in
tidal height though negligible, were taken into account in the radon mass balance equations.
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Fatm = k(Cw – αCair)

(11)

Where Fatm= degassing to the atmosphere (Bq/m2*d), k=k(600) radon transfer velocity (m/s, m/d,
cm/hr), Cw=concentration of Rn in water (Bq/m3), α=Ostwald coefficient, partition coefficient of
Rn between water and air (dimensionless), and Cair=concentration of Rn in air (Bq/m3).
Fsed = (λRn*Ds)1/2*(Ceq-Co)

(12)

Where Fsed=flux of radon from the sediment (Bq/m2*d) is determined using, λRn=decay constant
of radon (d-1), Ds=the effective wet bulk sediment diffusion coefficient in sediments (m2/min),
Ceq=is the radon released by radium in the sediments during sediment equilibration experiments
(Bq/m3), and Co=is the radon in the overlying water at the sediment-water interface multiplied by
the sediment porosity to obtain a value corresponding to the 222Rn concentration in wet sediment
(Bq/m3).
Fnet = ΔI*/ Δt(s)

(13)

Net radon fluxes where estimated using, I*=as the inventory corrected for supported

222

Rn

(226Ra), changes in water level, atmosphere evasion, and sediment supported (Bq/m2) and t=time
interval during sampling (1 hour).
Fmix = maximum [-] Fnet

(14)

Ftotal = Fnet + Fmix

(16)

Fluxes of radon could not be measured for longer than eight hours for each of the seasonal timelapse sampling events because of adverse weather conditions (e.g., at winds of more than 19
kilometers per hour (kph) bay conditions become very difficult for sampling and data collection).
Consequently, the effect of tides could not be fully addressed using the presented methods.
Nevertheless, changes in water levels of no more than 0.3 m are recorded in this area due to tidal
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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 concentration.

Figure 5. Conceptual model
showing
the
radon
inventory per unit area for
estimating
groundwater
discharge
(Burnett
and
Dulaiova, 2003).

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 (Dulaiova et al., 2006). The
estimated losses due to atmospheric evasion and mixing with low radon offshore waters are
added to the net fluxes resulting in a total radon flux used to calculate SGD rates calculated using
equations presented by Burnett and Dulaiova (2003). Furthermore, sediment fluxes were
calculated using laboratory equilibration experiments from sediment cores collected at each time
station using the following equation (17) presented by Corbet et al. (2000). Finally, water fluxes
were calculated using the time series data and equation 17 derived by Burnett and Dulaiova
(2003). It is the attempt of this study to conservatively estimate such fluxes and rates by taking
into account a large variety of losses (wind, tide, mixing, etc.), and thus helping to legitimize the
importance of SGD to the overall budget.
q(m/s) = Ftotal/Ex 222Rngw

(17)
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Where q (cm/day) is calculated by dividing the total estimated
the concentration of excess

222

Rn (Ex

222

222Rn

fluxes (Ttotal, Bq/m2*s) by

Rngw, Bq/m3) in the fluids entering the system (i.e.

equation Burnett and Dulaiova (2003).
2.4. Nutrient and Chlorophyll-a Sampling
Nutrient samples were collected from porewater and water column in acid-washed polycarbonate
bottles and stored on ice for the duration of the sampling expedition. Chlorophyll-a analyses
were run on samples collected from the water column at different depth, depending upon depth
to sediment-water interface. Chlorophyll-α was determined from samples collected on, and
extracted from Whatman GF/F filters (nominal pore size 0.7 µm). Chlorophyll was extracted
using 90% acetone and analyzed fluorometrically. Inorganic nutrients (nitrate + nitrite (N+N),
nitrite, silicate, orthophosphate, ammonium) were determined in the filtrate of water that passed
through GF/F filters using a Seal QuAAtro autoanalyzer. DOC and TDN were determined in the
filtrate of water that passed through GF/F filters using a Shimadzu total organic carbon analyzer
(TOC-V) with nitrogen module. Dissolved organic nitrogen was estimated as the difference
between TDN and inorganic nitrogen.
3. Results and Discussion
3.1. Continuous Resistivity Profiles
Preliminary continuous resistivity profiles were collected along each of the five transects. These
CRP images (Figures 6-10) were used to aid in the selection of sampling sites, with potential
SGD, for both seasonal and time-lapse sampling. Transect 1 (Figure 6) was collected within the
Upper Laguna Madre and showed minimal signs of SGD near shore and small pockets further
offshore. The near shore plumes of higher resistivity hint towards a possible sandy pocket of
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freshwater upwelling from aquifer formations below the predominantly clay subsurface typical
of the intracoastal water way. The saltier plumes within the shallower portions of the subsurface
are likely sinking into these deeper layers, this could be caused by density-driven free convection
processes that enhance upwelling of fresher/brackish water and discharge to the surface water.
This is explained in more detail by Bighash and Murgulet (2015) and Stevens et al. (2009),
which showed that such processes are common in the Laguna Madre and Oso Bay.
The second transect (Figure 7) was collected at the mouth of Oso Bay and out into Corpus
Christi Bay. In the shallower portion of the image, there are signs of significant interaction
between SGD and surface waters. This interaction could be the results of anthropogenic
activities, such as dredged channels to allow boats to pass under the bridge disrupting the
predominate clay layers and allowing for sandy conduits. Together with extensive construction
and development, these activities likely disrupted the less conductive layer in the subsurface and
thus allowed for such interactions. The third transect (Figure 8) extended from the mouth of the
Laguna Madre out into Corpus Christi Bay. Similar to the Oso-Corpus Christi Bays transect, the
likely presence of a disrupted impermeable layer which allow for mixing of saltwater with
brackish water. These observed anomalies indicate that some of the interchanging plumes are of
much lower resistance than surface water, which would indicate that groundwater could be a
source of salts locally to the bay.
The fourth transect (Figure 9) spanning from North Padre Island’s west coastline, northwest
reaching close to Shamrock Island, showed that SGD interaction may occur at multiple locations.
This portion of the bay and island is relatively underdeveloped, characterized by fewer
disruptions in the subsurface. In contrast to the majority of the bay, near the island there was a
large sandy surface and shallow layer. This resulted in the majority of the interaction zones
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associating with the nearshore portion of the transect and fading with distance offshore into
Corpus Christi Bay where the presence of a more conductive (less permeable or hydrologically
conductive) layer similar to the second and third transects is visible. Transect 5 (Figure 10) was
collected off of University beach and progressed further offshore into the bay. There is a very
minute sign of SGD interaction near shore but beyond this point the less permeable layer is very
prevalent and there are no signs of SGD interaction.

22

Station 1

Station 6

Figure 6: Continuous resistivity profile for the Laguna Madre transect (T1).

Station 11

Station 7

Figure 7: Continuous resistivity profile for the Oso Inlet transect (T2).
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Station 17

Station 12

Figure 8: Continuous resistivity profile for the Laguna Madre Mouth transect (T3).

Station 18

Station 23

Figure 9: Continuous resistivity profile for the Shamrock Island transect (T4).
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Station 29

Station 24

Figure 10: Continuous resistivity profile for the University Beach transect (T5).
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3.2. Time-Lapse Resistivity Profiling and Resistivity-Derived SGD Rates
Time-lapse ERT imaging was collected at one location for transects 2, 3, and 4 (signified by stars
in Figure 1), that were found to show groundwater-surface water interaction from the preliminary
CRP images. Time-lapse profiles or ERTs were collected over a 5-7 hour span at a stationary
location in July (summer) 2014 and again in November-December (fall) 2014 to capture any
seasonal variances associated with precipitation events. Represented in Figure 11, the summer
and fall sampling events captured the seasonal rainfall highs and lows for the year. The range of
resistivity values was very narrow (0.10-1.4 Ωm). Changes in resistivity are displayed on a color
spectrum scale from red to deep blue (red being an increase in resistivity, blue being a decrease,
and green representing little to no change or zero).

Figure 11: Rainfall data for the 2014 calendar year compared to historical averages (NOAA,
2014).
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The time-lapse ER images for each location showed a varied degree of groundwater-surface
water interaction for both summer and fall. Plume location and extent of change were variable
among the two seasons, but result in relatively similar estimated SGD rates. For example, the
Oso Inlet location (Figures 12-13), in summer, shows a large interaction between the water
column and the first 3-5 m of subsurface along the majority of the 112 m (represented in the
images as 0-108) span and shows a decrease in salinity. On the other hand in fall, the images
showed large plumes of saline water, less uniform shape and structure, and found deeper within
the 26 m depth of the profile. Though the intensity of change in porewater chemistry and
location of plumes changed, seasonally the SGD rates derived from the salinity mass balance
show similar discharge rates for summer (7.4 cm/d) and fall (9.2 cm/d).
The Laguna Madre Mouth yielded the highest percent change in porewater chemistry when
compared to the other locations (Figures 14-15). The summer time-lapse computed difference
inversion showed a high range of percent change in resistivity (40%) among the various plumes.
Fall had a smaller difference percentage (12%) but depicted a large plume of saline water along
most of the transect, within the first 3-13 m. SGD rates were estimated to be 66.7 cm/d for
summer. During fall, although a smaller percent change was measured, a larger area was
impacted, resulting in a 74.1 cm/d discharge rate. Porewater collected from the Laguna Madre
Mouth station shows an increase in salinity from summer to fall. Although the calculated SGD
rates, using the salinity mass balance and radon-derived methods, vary to some degree, the
difference in bulk resistivity supports the possibility of interaction between the subsurface
interstitial fluids and water column via preferential flow conduits caused by small-scale
heterogeneity.
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The Shamrock Island inversions (Figures 16-17) generated consistent fresher water saturation
within the top 0-5 m of the subsurface, which is consistent with field observations during
porewater sampling revealing the existence of a sandy layer. These saturated plumes vary
slightly from summer to fall, with the only difference being a large upwelling of saline water
during the summer sampling near the 96 m of the transect at a rough depth of 5-10 m (Figure
16). The range of resistivity for the Shamrock Island transect is narrower than the other
locations (0.14 to 0.72 Ωm) but the large and consistent change in porewater chemistry along the
shallow portions of the transect yield a more consistent seasonal salt- mass-balance derived SGD
rate. The summer and fall SGD rates are 13.5 and 10.3 cm/d., respectively.
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Station 7 (Continuous
222
Rn monitoring)

(a)

(b)

(c)

Figure 12: Summer time-lapse resistivity profiles for Oso Inlet, show the first (a) and last (b) inversions, and computed percent
difference (c) in resistivity over a seven-hour period.
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Station 7 (Continuous
222
Rn monitoring)

(a)

(b)

(c)

Figure 13: Fall time-lapse resistivity profiles for Oso Inlet, show the first (a) and last (b) inversions, and computed percent difference
(c) in resistivity over a seven-hour period.
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Station 12 (Continuous
222
Rn monitoring)

(a)

(b)

(c)

Figure 14: Summer time-lapse resistivity profiles for Laguna Madre Mouth, show the first (a) and last (b) inversions, and computed
percent difference (c) in resistivity over a seven-hour period.
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Station 12 (Continuous
222

Rn monitoring)

(a)

(b)

(c)

Figure 15: Fall time-lapse resistivity profiles for Laguna Madre Mouth, show the first (a) and last (b) inversions, and computed
percent difference (c) in resistivity over a seven-hour period.
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Station 18 (Continuous
222
Rn monitoring)

(a)

(b)

(c)

Figure 16: Summer time-lapse resistivity profiles for Shamrock Island, show the first (a) and last (b) inversions, and computed
percent difference (c) in resistivity over a seven-hour period.
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Station 18 (Continuous
222

Rn monitoring)

(a)

(b)

(c)

Figure 17: Fall time-lapse resistivity profiles for Shamrock Island, show the first (a) and last (b) inversions, and computed percent
difference (c) in resistivity over a seven-hour period.
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3.3. Radon-derived SGD Rates
Radon monitoring was conducted in parallel to time-lapse resistivity surveying at each location.
The radon monitor and YSI multi-parameter probe (DO, Conductivity, and pH) were deployed
off the deck of the boat near the closest electrode of the resistivity cable. Due to the smaller
effective area of coverage, the RAD7 is able to sample (1 m2). When compared with the
resistivity inversions (112 m2) it should be noted that the resulting SGD rates derived from the
222

Rn do not take into account the hydrologic and hydrogeologic “heterogeneity.” Despite these

limitations, the use of the two techniques to estimate SGD rates allows us to differentiate
between fresh groundwater and recirculated seawater, delineate seepage faces as dependent of
sediment heterogeneity and convective flow caused by density differences.
ER SGD monitoring only captures changes over the duration of a day (i.e. daylight), but a
continuous record of 222Rn inventory and evaluation of SGD rates are provided at different
locations and for two different seasons. South Texas experiences very mild tidal fluctuations
(0.02-0.08 m observed tidal height fluctuations), thus it is expected that SGD rates would not be
significantly affected by these changes that are usually captured over longer periods of time as
depicted in similar studies (hours to days and months).

The correlations between the 222Rn

fluxes and tidal cycle are negligible, but there seems to be a fluctuation over the 8-hour period,
which suggests the existence of other influences on groundwater discharge, such as wind speed
and increased mixing.
The total estimated radon fluxes (Bq/m2.s) were divided by the 222Rn activity of the advective
fluids sampled from multiple wells surrounding the study area (5,149 Bq/m2) for each time
interval (1 hour). The integrated water flux results were averaged for the 8-hour period and
ranged from 33.7-280.2 cm/day (average = 119 ± 24.7 cm/d) in the summer and 12.5-374.1 cm/d
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(average = 161 ± 35.0 cm/d) for the fall. Using the ER time-lapse spatial distribution of seepage
faces and radon-derived seepage rate it was possible to create an estimated SGD rate across the
112-m transect per sampling site.

Table 1: Time-lapse ER and 222Rn-derived flux and SGD rates.
Volumetric discharge rates were obtained by normalizing SGD fluxes to a 2 m2 (similar to the
ERT-derived rates) ranged from 1.3-11.2 m3/m.d in summer and 0.5-15.0 m3/m.d in fall (Table
1). When compared with similar studies in various areas, these estimates (including the largest
errors) are similar. For instance, Bokuniewicz et al. (2004) estimated SGD rates in Ubatuba,
Brazil to vary between 0.07-15.2 m3/d (and a study performed in Nueces Bay Texas, estimated
SGD rates are significantly larger ranging from 20x104-53x104 m3/d (Breier et al. 2004).
Though Nueces Bay is located in close proximity to CCB, sediment variations, inputs, and
overall geological locale and structure could possibly explain the exponentially larger SGD rate
estimates.
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Figure 18: Chart (a) shows the estimated flux rates (222Rn and ER on station and line) for each
location and season. Chart (b) shows the estimated SGD rates (222Rn and ER) for each location
and season.
The radon-derived groundwater fluxes differ significantly when compared with the rates
estimated using the ERT time-difference inversions (Table 1). For instance, radon-derived
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fluxes were lower for the Laguna Mouth transect when compared to the resistivity SGD rates for
both summer and fall, but the radon-based fluxes were larger by an order of magnitude in both
the summer and fall seasons at the Oso Bay inlet location. Elevated radon-derived time-lapse
estimates are likely the result of both groundwater and recirculation within the shallow portions
of the bay bottom sediment. ERT inversions reveal potential groundwater movement not only in
the shallow substrate but within the underlying shallow aquifer. These images also show that the
flow and transport pathways are likely to vary with time, thus hinting at the heterogeneous nature
of SGD likely as a result of changes in hydraulic gradients. Large variations in porewater 222Rn
concentrations were measured throughout CCB (174 to 21,547 Bq/m3). Changes in hydraulic
gradients are expected in the Texas Gulf Coast, which is affected by droughts and extreme rain
events (Sugita and Nakane, 2007). Direction and magnitude as well as source of groundwater
flow could change significantly due to these changes (de Vries and Simmers, 2002).
Radon concentrations of the upwelling fluids are crucial in groundwater flux estimates
determined using radon as the tracer. Changes in radon concentrations by one order of
magnitude will result in an increase or decrease in groundwater flux by one order of magnitude.
This is represented in the comparison between the ERT and radon fluxes for the Laguna Mouth
and Oso Bay transects in which the two estimates are significantly different, as mentioned above.
Groundwater sampled from shallow wells adjacent to Corpus Christi Bay exhibited an average
222

Rn concentration of 11,457 Bq/m3. Using the

222

Rn measured in the shallow wells the

resulting SGD rates are almost half of estimates derived using the average porewater as the endmember (i.e. summer SGD decreased from 24 to15 cm/d). This study uses the shallow
groundwater 222Rn concentrations to establish a baseline for the surrounding groundwater endmember, to compare with the time-series data, and to create a more accurate SGD rate estimate.
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Data from previous studies suggest that Oso Bay is a potential contributor of higher 222Rn
concentrations at the Oso Bay Inlet sampling site due to the significant groundwater contribution
observed further upstream (Bighash and Murgulet, 2015). In addition to these sources, surficial
recirculation of water could increase observed radon concentrations and thus increase radonbased SGD estimates over those calculated using the ERT technique. Nevertheless, estimates
derived from both methods yield similar trends confirming the importance of solute sources from
both groundwater and recirculated waters. A 2 m2 area was used for both techniques in
estimating the volumetric discharge rates. Large differences are observed for the Oso Bay
location between the 222Rn-derived rates (11.2 m3/m.d in summer and 15.0 m3/m.d in fall) and
ERT rates (0.8 m3/m.d in summer and 2.1 m3/m.d in fall). SGD volumetric rates derived for the
Laguna Mouth and Shamrock Island locations vary minutely between the two methods. For the
Laguna Mouth, 222Rn-derived rates were slightly lower (1.7 m3/m.d and 0.5 m3/m.d) when
compared to the ERT calculations (1.8 m3/m.d and 1.1 m3/m.d) while Shamrock Island had a
higher 222Rn-derived rate (1.3 m3/m.d and 3.9 m3/m.d) than the ER SGD rate (0.6 m3/m.d and 0.8
m3/m.d).
The rates for Shamrock Island were higher than expected, though a smaller overall flow rate
comparatively. This station’s far proximity to the mainland and no expected input from
shoreline, suggest that these flow paths are substantially longer but are still proving to be a
means of SGD. It is likely that the groundwater discharging at the Oso Bay location is more
enriched in Rn or that less dilution along flow paths is occurring. Thus using the same average
groundwater concentration as the end-member for all locations across the estuary may not be
appropriate, resulting in more elevated SGD rates for instance at the other locations (Laguna
Mouth and Shamrock Island).
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3.4. Nutrient Fluxes and the Presence of Chlorophyll-a

Figure 19: Summer nutrient fluxes estimated for each transect using SGD rate during the
summer event, using 222Rn-derived rates and porewater nutrient concentrations.

Figure 20: Fall nutrient fluxes estimated for each transect using SGD rate during the fall event,
using 222Rn-derived rates and porewater nutrient concentrations.
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As previously stated SGD rates vary temporally and spatially, and based on the porewater
nutrient data, nutrient concentrations also vary spatially and temporally. This leads to nutrient
fluxes that are not only subject to changes in hydrologic conditions, but vary based on the
nutrient availability. Nutrient fluxes were calculated using the 222Rn-derived SGD rates
multiplied by the porewater nutrient concentrations. In line with the estimated SGD data, Oso
Bay inlet had the highest nutrient flux in both summer (Figure 19) and fall (Figure 20), followed
by the Laguna Mouth, which had the highest nutrient concentrations, and then Shamrock Island.
In fall (Figure 20) higher SGD rates are associated with an increase in nutrient fluxes by an order
of a magnitude at all locations. Shamrock Island showed slightly higher fluxes in almost every
category but ammonium over the Laguna Mouth, but the largest nutrient fluxes were again
associated with Oso Bay. The significant increase in nutrient fluxes is not only due to SGD rates
that are larger for the Oso Inlet and Shamrock Island, but due to porewater nutrient
concentrations that are much more elevated for the fall event. Both nutrient and chlorophyll-a
concentrations were high at Oso Bay during the fall event. On the other hand, in summer the
highest chlorophyll-a concentrations were measured at the Laguna Madre and Laguna Mouth
transects, followed by Oso Bay inlet. Elevated chlorophyll concentrations in the Laguna Madre
during spring-summer are not uncommon even under “poor” conditions (limited rainfall, higher
temperatures, and hypersaline) and similar to the collected data, concentrations tend to taper into
fall and winter (Wetz, 2016). This is in large due to an extensive network of sea-grass beds
found within the Upper Laguna Madre (Onuf, C.P., 1995). The presence of dense phytoplankton
blooms is common along the western portion of Oso Bay (Wetz, 2014). Seasonal variations in
the Oso Bay Inlet chlorophyll-a data could be a result of dilution with waters discharging from
Oso Bay.
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Figure 21: Summer nutrient fluxes estimated for each transect using SGD rate during the
summer event, using 222Rn-derived rates and porewater nutrient concentrations.

Figure 22: Fall nutrient fluxes estimated for each transect using SGD rate during the fall event,
using 222Rn-derived rates and porewater nutrient concentrations.
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Figure 23: Total nutrient flux estimates for each season.
From the estimated SGD rates and nutrient fluxes, groundwater seems to supply a large amount
of DOC, TDN, ammonium and silicate to the system during the summer and fall months.
Compared with wastewater discharge (WP) nutrient concentrations from a study done in Oso
Bay (Table 2), the sampled porewater concentrations are significantly higher in DOC and
ammonium (, and inline with o-phosphate (Wetz, 2014). Overall nutrient fluxes were higher in
fall, despite there being a certain amount of temporal variances in nutrient concentrations at each
location. This could be in relation to the higher rainfall during the fall sampling event
(increasing near shore GW flow) as well as other contributing factors such as lower
phytoplankton demand during fall and winter (Flint, R.W., 1984).
Table 2: Comparison of
nutrient concentrations
between Oso Inlet porewater
averages and wastewater discharge averages (Wetz, 2014.)
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Large ammonium fluxes measured in fall could be due to lower phytoplankton productivity and
regeneration of organic matter in situ, as well as organic loading from seaweed and algae decay
resulting in anoxic conditions (Bianchi et al., 1999; Binnerup et al., 1992).
Phytoplankton growth is generally stunted during the fall and winter (Figures 24-26) months due
to a decrease in light exposure and lower temperatures, the increase in ammonium concentrations
in fall (surface and porewater) could be due to this decrease in phytoplankton productivity
(Kemp et al., 2005). The correlation between increased DOC and chlorophyll-a concentrations
during the fall event at Oso Bay suggests both wastewater intrusion and phytoplankton exudation
as a potential source, but measured nutrient fluxes suggest that SGD is a potential source that has
gone unidentified and unaccounted for prior to this study (Wetz, 2014). Water column
phosphate concentrations for fall are elevated in relation to summer and winter, which could be
related to the higher SGD rates.

Figure 24: Relation between DOC and Chlorophyll-a in the water column during Winter 2014
(Chlorophyll-a samples were only collected at the surface during this sampling event)
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Figure 25: Relation between DOC and Chlorophyll-a in the water column during Summer 2014

Figure 26: Relation between DOC and Chlorophyll-a in the water column during Fall 2014
Increased phosphate levels have been shown to help support algal bloom growth when combined
with nitrates but alone are not a limiting factor to algal growth (Wetz, 2014). That stated, the
combination of increased concentrations of both phosphate and nitrates within the porewater
alludes to the significance of SGD as a source of nutrients to this estuary.
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3.5. Spatial and Temporal Extent of Hypoxia
Dissolved oxygen levels for the winter and fall months show a consistent trend throughout the
entire bay (Figures 27-28). Relatively speaking, the lowest DO concentrations were found near
locations where SGD was found to be present. When comparing DO concentrations in the
surface waters collected during the winter (8 -10.1 mg/L) and fall (7.12-8.8 mg/L) events, the
summer concentrations were significantly lower at range from 1.4-8.3 mg/L. The only hypoxic
DO concentration (>2 mg/L) recorded during the duration of sampling was during the summer at
the bottom of the bay near the Oso Inlet. Summer has been the primary season in which hypoxia
was documented to occur by Nelson and Montagna (2009) as indicated by water column and
porewater DO concentrations. This has been attributed to the link between increased water
temperatures and phytoplankton growth leading to hypoxia (Bissenger et al., 2009), as well as
hypersaline stratification, which promotes hypoxic conditions in bottom waters (Hodges et al.,
2011). Due to the large nutrient flux estimates from SGD and low DO concentrations found in
the bottom waters, it is possible to link nutrient loading and the eventual eutrophication, to lower
DO concentrations in these waters. The summer event also yielded the highest chlorophyll
concentrations of all of the events, which would support the notion that increased algal growth is
aiding in the hypoxic conditions in CCB.
Fixation of hypoxic conditions was documented to occur along the eastern portion of CCB
(Nelson and Montagna, 2009). In contrast, DO concentrations from this seasonal sampling
showed lower concentrations near the Oso Inlet and the Upper Laguna Madre. When comparing
the two it is important to note that for this study, samples were often taken within an eight-hour
sampling period and thus missing data for a complete day, which is represented in the findings
from Nelson and Montagna. Spatially it is important to also note the correlation between
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(a)

(b)

increased chlorophyll concentrations during the
(c)

summer event and lower DO concentrations. In
doing so the reflected data shows areas with
connectivity to large algal blooms (Oso Inlet)
and sea-grass beds (Laguna Mouth).
Figure 27: Spatial distribution of DO
concentrations (mg/L) sampled from the bottom
of the bay for winter (a), summer (b), and fall
(c).
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Figure 28: Spatial distribution of average water column DO concentrations (mg/L) for winter
(a), summer (b), and fall (c)
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4. Summary
The consistency of low inorganic nutrient and chlorophyll-a concentrations observed within the
water column is the most apparent finding from the completed research. Though the influence of
riverine nutrient fluxes during significant rain events and the resulting recycling of nutrients
during dry spells has been well researched and documented within the south Texas bays and
estuaries (Zimmerman and Benner, 1994), the potential of groundwater as a significant source to
the nutrient budget has not been studied or quantified. Calculated SGD and nutrient flux rates
strongly point to groundwater as a potential source of nutrients within Corpus Christi Bay.
These rates when compared to similar environments and sources prove to be substantial both as
an inflow and contributor to the overall nutrient budget.
Despite the low concentrations found within the water column there are some seasonal variations
observed. Surface water chlorophyll-a concentrations were highest in the summer and lowest in
the winter, whereas ammonia concentrations were greater in the fall event (254.5 µmol/L) and
lowest in the winter (57.1 µmol/L) and were one to two orders or magnitude greater in porewater
than in the surface waters. Ammonium concentrations were highest in porewater and
subsequently in the bottom water when compared to the mid water column for all seasons, and
the surface samples in winter and fall.

Higher NH4 concentrations found in the porewater and

bottom water suggest that sediment fluxes, though diffused, could be strong sources of NH4 to
the water column. The lowest nitrate + nitrite concentrations were found throughout the water
column during the summer sampling event, which are inline with the elevated chlorophyll-a
concentrations and likely a result of consumption during biomass production. Porewater nitrite
concentrations are higher than the water column throughout the seasonal sampling events. TDN
concentrations are also consistently higher in porewater when compared to the water column by
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an order of a magnitude, with the highest concentrations being found in fall and lowest in winter.
Surface water TDN concentrations were slightly elevated in the summer event when compared
with the fall and winter events. In general, it is expected that the largest nutrient fluxes will
occur between summer and fall and decrease with lower temperatures in winter.
Similar to ammonium, nitrite, and TDN, phosphate levels were highest in porewater samples and
were an order of magnitude greater than in the water column. Silicate concentrations were
consistently an order of magnitude greater in porewater when compared to the surface waters and
were highest in fall (192.35 µmol/L), and the lowest in winter (67.78 µmol/L). Silicate
concentrations in the water column were also lowest in the winter and during summer were
almost three times higher than the average winter concentration.
Porewater 222Rn concentrations were consistently an order of magnitude higher than surface
waters. The average 222Rn concentrations of surface water samples were twice as high in the
winter when compared with the summer and fall concentrations. Although SGD fluxes were not
measured for winter 2014, the higher SGD estimates derived from the continuous radon
measurements at Oso Inlet and Shamrock Island for late fall, suggest that groundwater discharge
rates are likely higher during the colder months. This could explain the decrease in porewater
nutrient concentrations observed in winter, a result of increased SGD rates and gradual flushing
of sediments.
The elevated nutrient concentrations found in porewater strongly allude to the importance of
including the SGD component (including groundwater discharge and sediment fluxes) in the
estimation of nutrient budgets. Summer SGD averages ranged from 1.3 to 11.2 m3/m.d and the
fall averaged 0.5 to 15.0 m3/m.d. These SGD rates translate into associated nutrient fluxes of
2.154 mol/day DIN, 6.297 mol/day of DOC, 1.329 mol/day TDN, 2.154 mol/day silicate, and
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0.145 mol/day load of PO43- per meter of bottom sediment into Corpus Christi Bay during
summer. In fall these estimates increase by an order of magnitude, with 33.62 mol/day of DIN,
46.85 mol/day of DOC, 22.02 mol/day TDN, 7.132 mol/day silicate, and 0.460 mol/day load of
PO43- per meter of bottom sediment as a result of elevated porewater concentrations
The current research was conducted within an area of known hypoxic reoccurrences. With
identified sites of potential SGD, it is possible to correlate SGD and hypoxia.

Electrical

resistivity data shows the high hydrogeologic heterogeneity of the study area, which makes it
difficult to integrate the derived input loads to the entire Corpus Christi Bay system without
introducing large errors. We demonstrated that by combining the ER and radon-derived methods
with water-column nutrient data, that it is possible to successfully study the importance of
groundwater to the overall nutrient budget and vitality of intracoastal and coastal systems.
Corpus Christi Bay from a geological standpoint does not represent the ideal subsurface
composition for significant interaction between the coastal aquifer and seawater. However our
study has shown that even with less than ideal conditions, the potential of groundwater discharge
to influence surface water chemistry by means of nutrient loading and the resulting
phytoplankton respiration, though spotty, does prove to be significant. The results of this study
indicate that SGD inputs associated with Oso Bay in particular, could have a significant
contribution to nutrient loading and stimulation of phytoplankton growth and respiration, leading
to hypoxia in the southwest corner of Corpus Christi Bay.

In addition, the influence of

groundwater discharge in the Upper Laguna Madre and the resulting nutrient loading could
potentially play a role in brown tide outbreaks. The data from this study strongly suggests that
SGD may play a significant role in the biogeochemical cycles of the Corpus Christi Bay and
Upper Laguna Madre system.
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6. Appendix 6.1.
Nutrient Data

Table N6-1: Summer nutrient concentrations

Table N6-2: Fall nutrient concentrations

Table N6-3: Summer nutrient flux estimates
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Table N6-4: Fall nutrient flux estimates

Table N6-5: Nutrient flux estimated totals for summer and fall
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