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EXECUTIVE SUMMARY 

The main purpose of this study is to advance understanding of groundwater inflows and 

nutrient transport to bay systems in South Texas for improved Environmental Flow 

recommendations and nutrient criteria by explicitly incorporating groundwater discharge into the 

freshwater inflow needs and nutrient budgets to the south Texas coastal embayments. A 

significant observation of this study, consistent across all three seasons in which sampling 

occurred (winter, summer, fall), is the year-round N-limitation seen in the Mission-Aransas 

Estuary system which aligns with previous work describing nitrogen to be the primary limiting 

nutrient in Texas estuaries. This is expected mainly due to the limited input of riverine inflow in 

South Texas. However, this study shows that the estuary is likely to be N-limited regardless of 

significant river discharges, those following massive precipitation and flooding events (i.e. late 

spring-summer 2015).  Inorganic nutrient concentrations in porewater samples, particularly 

ammonium and orthophosphate, were often 1->100 fold higher than in water column samples, 

suggesting that porewater may be an intermittently important source for inorganic nutrients to 

the Mission-Aransas estuary.  The potential importance of porewater as a source for organic 

nutrient inputs to the system cannot be ruled out either, although DON concentrations in 

porewater were highly variable in time-space.  

Groundwater contribution for the Mission-Aransas Estuary estimated as part of this study 

is representative of excessively wet (July 2015) and moderately wet (November 2015) 

conditions. Groundwater discharge rates vary spatially by season; however, the average of all 

SGD rates exhibited very little change between July (40.4 cm/d) and November (39.1 cm/d). 

Furthermore, nutrient concentrations measured in the interstitial porewater also vary spatially 

and temporally. In the Mission-Aransas Estuary, SGD-derived nutrient fluxes for each station are 
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less dynamic as a function of changes in hydrologic conditions across seasons and more 

dependent on spatial inputs. The system-wide nutrient fluxes (i.e. season average) appear to be 

more dependent upon the nutrient concentrations in the interstitial fluids than on the hydrologic 

conditions. This study shows that SGD-derived nutrient (i.e. TDN) fluxes, from just along the 

mainland shoreline of the Copano Bay and Aransas Bay, are almost four orders of magnitude 

lower for both July (1.2 x 10-4 M N/yr) and November (1.3 x 10-4 M N/yr) than the Mission 

River discharge during a wet year (2.37 x 107 M N/yr). During a dry year, assuming similar SGD 

rates, the shoreline SGD-derived input of TDN is only by two orders of magnitude lower for 

both July (1.2 x 10-2 M N/yr) and November (1.3 x 10-2 M N/yr) than the Mission River 

discharge during a dry year (2.29 x 105 M N/yr). Fluxes of organic nutrients, although not 

compared to the river input, are much more significant than those of inorganic nutrients. A 

similar rate of SGD cannot be applied to the entire bay system as large heterogeneities in 

hydrologic conditions and porewater nutrient concentrations are likely, resulting in much larger 

estimates of SGD-derived nutrients. However, the nutrient input associated with sediment 

benthic fluxes, that could be significant in these shallow bays due to persistent winds, should not 

be ignored. This work is critically important for understanding nutrient dynamics in Texas 

estuaries and helps in setting nutrient criteria by Texas Commission on Environmental Quality 

(TCEQ) and the US Environmental Protection Agency (USEPA). 
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INTRODUCTION 

Background Information 

 Submarine groundwater discharge (SGD) and coastal groundwater discharge (CGD) are 

important components of the hydrologic and biogeochemical systems that link terrestrial waters to 

marine environments (Burnett and Dulaiova 2003; Cardenas et al. 2010; Moore 1996). Submarine 

groundwater discharge enables the flow and transport of fluids and solutes from terrestrial 

groundwater sources into offshore coastal embayments (i.e. bays, estuaries, oceans, etc.) whereby 

coastal groundwater discharge occurs from offshore to inland environments (i.e. wetlands, 

marshes, etc.). Coastal groundwater discharge and saltwater intrusion are similar in their definition 

and mechanisms of fluid transport; however, CGD assumes that saline groundwater from seawater 

intrusion will eventually discharge into adjacent surface waters depending upon the hydrogeologic 

conditions. Bays and estuaries rely on a specific range of salinity and nutrient levels to maintain 

optimal productivity and ecosystem services (Palmer et al. 2011). Inflows from riverine and 

groundwater resources to estuaries are the dominant source of freshwater inflows that can affect 

coastal ecosystem structure indirectly by changing salinity regimes, hydrology, and transport of 

nutrients and contaminants. Groundwater, which can accumulate exceptionally high 

concentrations of nutrients and organic matter, has been shown to contribute to water quality 

degradation in many coastal systems worldwide (Church 1996).  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.  Given the arid nature of south Texas, it is conceivable 

that groundwater represents a significant source of freshwater, nutrients and organic matter and 
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plays a major role in ecosystem health.  However, groundwater contribution is entirely unknown 

for this area as well as for most of the Texas coastal zone. 

Commonly, analyses of groundwater discharge to surface water has been conducted using 

elemental and isotopic geochemistry (Burnett 2003; Burnett and Dulaiova 2003; Cable et al. 2004; 

Dimova et al. 2013; Grossman et al. 2002; Moore 1996; Su et al. 2012) as well as density-

dependent flow and transport simulation codes (Guo and Langevin 2002; Murgulet and Tick 2016). 

Statistical methods such as analysis of variance (ANOVA), multivariate linear regression (MLR) 

and factor analysis on environmental data have also produced valuable models that aid in 

identifying variations in water quality and contamination sources in various hydrologic systems 

(Khan and Kumar 2012; Kim and Montagna 2012; Morehead et al. 2008; Morell et al. 1996; 

Palmer et al. 2011; Thareja et al. 2011; Voudouris et al. 2000). 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 

(Dimova et al. 2012; Green et al. 2008; Greenwood et al. 2006; Nyquist et al. 2008; White 1988). 

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 (Dimova et al. 2012; 

Johnson et al. 2012; Nyquist et al. 2008).  

In south Texas, severe drought conditions caused depletion of freshwater inflows from 

riverine sources leading to increased salinity contents in surface waters (Schmidt and Garland 

2012). Most studies in south Texas show that impaired waterways are the result of high levels of 

bacteria or other microbes, dissolved oxygen (DO) depletion, and increasing salinity levels 

(Montagna and Ritter 2006; Palmer et al. 2011). In Corpus Christi Bay, for instance, formations 
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of hypoxia have cyclically surfaced during the late spring through the fall months (Nelson and 

Montagna 2009). 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). Although monitoring 

efforts have been extensive, limited efforts were directed towards identifying the quality and 

quantity of freshwater inputs to Texas coastal embayments. Recent efforts to regulate freshwater 

inflows for optimal salinity ranges to promote ecosystem health of bays and estuaries along the 

Texas Gulf Coast do not include groundwater inputs (Alexander and Dunton 2006; Kim and 

Montagna 2012).  

 This study shows that groundwater could be a significant pathway for nutrient and other 

solute loading into the south Texas estuaries, particularly the secondary bays (i.e. Copano Bay), 

therefore requiring the incorporation of groundwater inflows for proper evaluation of freshwater 

and nutrient budgets. The Mission-Aransas Estuary water column and sediments have been 

extensively monitored and sampled but no efforts were directed in understanding groundwater 

contributions.  The Mission-Aransas Estuary plays an important role, both environmentally and 

economically in south Texas, and despite the importance of groundwater discharge to the nutrient 

budget and overall vitality of the Mission-Aransas Estuary surrounding coastal waters, this 

hydrologic cycle component has been overlooked for decades.   

The objectives are: 1) to map groundwater discharge and groundwater-surface water 

interaction zones, 2) to quantify the spatial-temporal distribution of groundwater and surface water 

contaminant (nutrients, organic matter) transport and discharge, 3) to evaluate nitrogen sources 

(i.e. anthropogenic vs. natural; agricultural vs. alternative), and 4) to evaluate the role of 

groundwater nutrients in system-wide nutrient budgets (i.e., inputs-outputs). To fulfill these 
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objectives, we quantified groundwater discharge on a seasonal basis to the Mission-Aransas 

Estuary and the contaminants within the groundwater that may contribute to water quality 

degradation. The resulting decision support products are expected to yield new information on 

freshwater and nutrient inflows to coastal embayments from both groundwater and surface water, 

characterize the interchange zone between groundwater and surface water and limitations on 

freshwater inflows to coastal waters, freshwater resource availability, and habitat health in 

representative coastal Texas embayments due to natural and anthropogenic sources. The resulting 

data products will be used for the development of decision support products and educational 

materials that will better equip resource managers and other end users to analyze, detect, and 

identify potential threats to freshwater resources (e.g., groundwater) and the health of 

environmentally sensitive ecosystems such as those of Mission-Aransas Estuary. 

Study area  

The Mission-Aransas Estuary is located in the coastal bend of Texas and consists of 

Aransas Bay, Copano Bay and several smaller bays, including Saint Charles Bay, Mission Bay, 

and Redfish Bay (Figure 1). The estuary provides essential nursery habitat for numerous 

commercially and recreationally important marine species. The predominantly low developed 

land use surrounding these bays result in more pristine conditions in the Aransas Estuary 

compared to the Nueces and Laguna Madre systems. However, there are emerging concerns that 

the ecological health of these vital habitats could be threatened by water quality degradation, 

specifically pertaining to harmful algae bloom (HAB) (Harred and Campbell 2014). 

Furthermore, agricultural and other rural practices may contribute nutrients to rivers and 

groundwater draining into the estuary.  The estuary, formed from the drowned Mission and 

Aransas Rivers, has a direct connection to the Gulf of Mexico at Aransas Pass, but is largely 
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protected by a barrier island, San Jose Island.  The estuary receives in average approximately 

490,000 acre-feet of freshwater inflow from its major rivers: the Aransas and Mission Rivers, 

and surrounding drainage basins (TWDB 2017).   

The Texas Coastal Plain has a monoclinal belt structure, gently dipping (1.8-7.5 meters 

(m) per km) toward the Gulf of Mexico (Baker 1979). Bed thicknesses increase down-dip, with 

sands accumulating approximately 215-400m in the Coastal Bend region (Ashworth and 

Hopkins 1995). These sediments are ambiguously grouped into the Gulf Coast Aquifer system,  a 

major hydrostratigraphic unit composed of minor sub-units which are difficult to accurately 

delineate using modern methods (Mace et al. 2006). Sub-units within the system are enriched in 

uranium deposits, and Texas counties down the hydraulic gradient have increased mortality from 

malignant neoplasms of respiratory organs, which researchers attribute to increased levels of 

radon (Rn) and radium (Ra) (Cech et al. 1988). A sole bright side from this occurrence is that it 

corroborates the use of the uranium-thorium decay series as a groundwater tracer in this area. 

The estuary covers 452.4 km2, has an average depth of 2m, and seafloor composed of 

terrigenous and biogenic valley-fill sediments (Mooney and McClelland 2012). Spatial 

variability of these sediments is related to water depth, proximity to shore, and the underlying 

geology (Morton and McGowen 1980). Coarser grained sediments are concentrated around high-

energy bay margins that erode high-standing Pleistocene sediments while deeper portions of the 

bay are predominantly mud.  

Paleoclimate researchers denote decreasing sediment supply around 4.8 ka (kilo-annums) 

that likely led to the expanse of oyster reefs in Copano Bay. At approximately 2.5 ka, sediment 

delivery resumed as a result of increased precipitation and subsequent erosion of the Edwards 

Plateau (Cooke et al. 2003; Toomey III 1993; Troiani et al. 2011). Currently, the bay’s 
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sedimentation rate is estimated to be approximately 2 millimeters per year (Troiani et al. 2011). 

This study area also includes the infilled Mission River Paleovalley and Copano Reef. It also 

considers the Mission Bay Mouth and adjacent shoreline as reference sampling sites. 

The bay system is generally well mixed, in the shallow portions such as Copano Bay, due 

to elevated local winds, resulting in little stratification under normal conditions. Freshwater 

inflow to the area is sporadic, and has been connected to highly variable salinities (i.e. fresh to 

hypersaline) and residence times (i.e. hours for lower river reaches during storms to multiple 

years for the bay system) (Lebreton et al. 2016). The Mission and Aransas undammed rivers are 

the two main contributors of freshwater to the estuary (Figure 1). Furthermore, given the 

microtidal (small tidal range) characteristic, this bay is sensitive to meteorological forcing such 

as temperature, precipitation and wind. Prevailing southeastern winds from the Gulf of Mexico 

help regulate water temperature decreasing the occurrence of severe events (Guckian et al. 1988) 

and drive the shallow waters, resulting in a generally well-mixed water column (Copano Bay) 

during the fall and winter and a more stratified water column during the late-spring and summer, 

especially in the Aransas Bay. 

 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. Annual 

mean precipitation and evaporation rates for the Mission-Aransas Estuary are 0.35 and 0.46 km3, 

respectively (Schoenbaechler et al. 2011). Tropical storms and hurricanes from the Gulf of 

Mexico may deliver larger quantities of rainfall during late summer and early fall on an irregular 

basis (Armstrong et al. 1987). The dry sub-humid climate on the shallow waters of secondary 

bays (i.e. Copano Bay) manifests not only through reduced freshwater inflows but also increased 
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salinity levels within the bay and estuary system caused by high evaporation rates and salt 

evapo-concentration (Bighash and Murgulet 2015). 

 Sediments deposited by the Mission and Aransas Rivers, the clayey Barrada and Aransas 

soils, are influenced by tidal effects in the bays.  These sediments are gradually replaced by the 

Sinton and Odem soils of a loamier and sandier texture, likely a result of aeolian action (Guckian 

et al. 1988). 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 and Parsons 2003).  The Mission-Aransas 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).   

METHODS 

Continuous Resistivity Profiling (CRP)  

 The project started with a reconnaissance survey of the study area. Land and water-based 

resistivity profiling were collected to locate possible groundwater upwelling zones (or SGD) in 

the study area.  We used the Advanced Geosciences, Inc. SuperStingR8 Marine system with 

patented graphite electrodes and EarthImager software with induced polarization imaging system 

and geophysical interpretive tools to differentiate between types of lithology and water with 

differing resistivity/electrical conductivity to map out groundwater seepage faces and to 

differentiate between shallow/recirculated and deeper SGD pathways. The system is equipped with 

a 112 meter cable consisting of 56 graphite electrodes spaced 2 meters apart with the ability to 
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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 potential 

electrode pairs (AGI 2016). The SuperSting R8/IP is an 8-channel imaging system that can take up 

to eight readings for each current electrode allowing for a substantial decrease in survey time and 

increase in error correction and accuracy. This system offers the advantage of imaging both the 

water column (cable is deployed on the water surface) and the underlying sediments in a single 

run.  

 Continuous resistivity profiles (USGS 2013) were collected starting in Copano Bay from 

the Aransas River mouth and extending into Aransas Bay. These images help determine the 

location and possible extents of discharge zones and aid in selecting sampling and SGD monitoring 

sites. For these marine surveys the electrode cable is towed behind a boat along the desired transect 

(Figure 2).  The beginning and end coordinates of each surveyed transect are entered into a 

Lowrance GPS to ensure an accurate path along the desired transect. Based on these initial 

assessments four locations were selected to conduct time-lapse resistivity imaging and continuous 

radon measurements in July and November/December, 2015 as described below. 

 Current is injected every 800 milli-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) (AGI 2016). The 

July and November/December time-lapse stationary resistivity images were acquired along the 

same survey line. Time-lapse images are conducted with the resistivity cable deployed along the 

bottom of the bay during which measurements are taken in sequence to fully capture the 

groundwater discharge during tidal cycles. Each individual ER reading was gathered into a 
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continuous dataset or tomograph and then inverted to earth model resistivity values using the 2D 

AGI EarthImager with a maximally smooth least squares algorithm (Samouelian et al. 2005). 

Using an initial estimate, the element resistivities are iteratively adjusted until calculated 

resistivities best match the measured values within a specified tolerance or until the best fit model 

is obtained using the root mean square error (Armstrong et al. 1987) and L-2 norm values as 

indicators of best fit. The prominent reason for high RMS and L-2 norm values is usually noisy 

raw data originating from any factors that would inhibit proper signal communication between 

current and potential electrodes (i.e. bent survey lines or insufficient contact with the electrodes 

and the medium).  

 Porewater conductivities were measured in the field, whenever possible, and were 

converted to electrical resistivity values and used to constrain the inversion results. Given the 

conductive nature of the imaged sediments and porewaters, and the small percent changes on 

subsurface sediment types (i.e. unconsolidated clays to silty-sands), any local resistivity contrasts 

and resulting noise levels are considered negligible, thus not affecting the resolution of the 

resulting ER tomography (Friedel 2003). 

Water Sample Collection for Major Ions and Nutrient Analysis 

 Water samples from porewater and water column were collected from twenty stations in 

January (Figure 3), and eighteen in July and November (Figure 4, Figure 5). Samples and 

resistivity data were collected during three events (i.e. winter - January, summer - July and fall – 

November to early December) to capture groundwater discharge rates, nutrient, and biomass 

distribution and levels under different environmental conditions (Figure 6, Figure 7). Water 

samples were collected in compliance with standard sampling techniques (Brown et al. 1970; 

RCRA 2009; Wood 1976).  At each location, the water depth was measured using a pre-labeled 
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line attached to a weight.  Station depth is used to determine the necessary number of samples to 

be collected at each location. Samples from the water column were collected from the surface 

(0.2m from air-sea interface) and bottom (0.2m from sediment-water interface). Field parameters 

were measured before sample collection using an YSI multiparameter water quality meter. 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.  

 Samples from the water column were collected using a Van Dorn water sampler deployed 

to the desired depth and given a few minutes to allow water to circulate throughout the cartridge.  

Sampling bottles are 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 inserted about 0.2 to 1 m below the sediment-water interface.  

The depth of sample extraction is critical to sampling to prevent bottom waters from contaminating 

porewater samples (RCRA 2009).  The sample is extracted using a peristaltic pump attached to 

silicone tubing which is connected to the retract-a-tip at the other end.  Before sample collection 

the silicone tubing is purged until the sample is clear (or a minimum amount of sediment is present 

in the sample) and field parameters (i.e. salinity, temperature, pH) stabilize.  

Major Ions and Stable Isotope Sampling 

 Samples for measurements of stable isotope ratios of oxygen (δ18O), hydrogen (δD), 

dissolved inorganic carbon (Dickson et al.), and carbon stable isotope ratio (δ13C) were also 

collected using the above procedure. Abundances of oxygen, hydrogen and carbon isotopes were 

measured (with an uncertainty of ±1per mil (‰) for δD, ± 0.1 for δ18O, and ± 0.2 for δ13C) relative 
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to accepted international standards, which are the Vienna Standard Mean Oceanic Water 

(VSMOW) (for oxygen and hydrogen) and the Vienna Pee Dee Belemnite (VPDB) (for carbon).  

Major ion measurements were determined using a Dionex High Performance Ion 

Chromatograph (Model DX600) equipped with an autosampler, an anion-exchange column (7 

mm; 4 x 250 mm; Dionex AS14A), and a conductivity detector (Dionex CD25). The detection 

limit of the method ranged between 0.05 and 0.1 mg/L, depending on the background signal of 

constituents in the samples. Iron (Fe) can also be a limiting nutrient in coastal systems and could 

have significant impact on GPP as it has a strong affinity for scavenging dissolved phosphate 

(Testa et al. 2002). Samples for these major ions as well as sodium (Na+), magnesium (Mg2+), 

total manganese (Khan and Kumar), and calcium (Ca2+) were acidified to 2% ultra-high purity 

nitric acid (end pH <2), filtered at 0.2µm nominal pore size and analyzed using Inductively 

Coupled Plasma - Mass Spectrometry (ICP-MS) (Method: EPA 200.8). Detection limits vary by 

element and are available at http://www.chemtest.co.uk/downloads/metalsmrls-jun10.pdf.  

Alkalinity and dissolved inorganic carbon (Dickson et al.) samples were collected in 250 

mL borosilicate bottles with no head space and preserved using 100 microliters (µL) of saturated 

mercuric chloride (HgCl2) (Kattner 1999). Total alkalinity was processed by Gran titration 

utilizing an automatic titrator with an attached temperature control water bath maintained at 22 

oC and a pH electrode. Hydrochloric acid (HCl) was used as the titrant with a concentration of 

approximately 0.1 moles per liter (mol/L). Alkalinity samples were run multiple times to reach a 

precision of 0.1% (Cyronak et al. 2013). 
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Nutrient and Chlorophyll-α Sampling 

 For simplicity, we computed the average and variance for each parameter of interest for all 

regions as explained in the ‘Spatial-temporal Distribution of Phytoplankton and Nutrients’ section.  

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 nutrients 

and organic matter (surface water and porewater).   

Sample analyses – 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.  Dissolved organic carbon (Boyd et al.) 

and total dissolved nitrogen (TDN) were determined in the filtrate of water that passed through 

GF/F filters using a Shimadzu TOC-V analyzer with nitrogen module.  Dissolved organic 

nitrogen (DON) was estimated as the difference between TDN and inorganic nitrogen.  

Radiogenic Isotopes 

Sampling and lab measurements 

 Samples for radium isotope measurements were collected in three-20L jugs at each of the 

eight June stations and ten July and November stations (Figs. 1-3). Suspended sediments that could 

produce additional Ra were removed in the field using a 1μm and a 0.5μm sequence of filters.  

Next, filtered samples were processed through ~15g fluffed manganese dioxide, MnO2, 

impregnated acrylic fibers twice at a rate of <1L/min (Dimova et al. 2007; Kim et al. 2001). 

Following, the Mn-fibers were rinsed with Ra-free water, to eliminate any salts or particulates, and 
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then pressed to a water to fiber ratio of 0.3-1g (i.e., 20-30g wet weight) (Sun and Torgersen 1998).  

The processed fibers were placed in a gas tight cartridge and run for 224Ra within 3.6 days of 

collection. After the 224Ra measurements, fibers were flushed with nitrogen gas and sealed for 

>21days to reach secular equilibrium before measuring 226Ra. The Ra samples were run on a RAD-

7 with measurements corrected to a calibration curve determined from 5 standards.  Measurements 

of 222Rn from the 2L grab samples were conducted using a Durridge RAD7 radon-in-air monitor 

and the RAD AQUA accessory. The RAD AQUA is used to bring the radon concentration in a 

closed air loop into equilibrium with the radon concentration in a flow-through water supply. This 

method was used for continuous measurements of radon in water that are used to calculate 

groundwater discharge rates as descried in the next section.  

Submarine groundwater discharge flux calculations  

 Radon  is much more enriched in groundwater when compared to surface waters (typically 

1000-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 discharge (Burnett 

and Dulaiova 2003). Recent 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 and Dulaiova 2003; Burnett et al. 2001). 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) was placed 

at the end of each resistivity transect on the deck of the research vessel. The monitoring system 

measures 222Rn 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 fees to the RAD 7 radon-in-air monitor. A detailed description of RAD 7 capabilities and 
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measurement principles can be found in (Burnett and Dulaiova 2003). Radon measurements were 

integrated over 30 minute intervals.  

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 concentrations 

offshore waters), atmospheric evasion, and sediment inputs (Figure 8). Thus, changes over time, 

if any, can be converted to radon fluxes. Using the advective fluid radon concentrations 222Rn 

fluxes are converted to water fluxes (Burnett and Dulaiova 2003). 

 Monitoring of radon extended over 4 to 8 hours depending on 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. 

Nevertheless, changes in water levels of no more than 0.3 meters 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 concentration. 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). Sediment-supported radon concentrations were measured using laboratory equilibration 

experiments from sediment cores collected at each time-series station following the methods 

outlined by Corbett et al. (1998).  Sediment samples (i.e. 2cm) collected from every 10cm of the 

cores were placed into a 500ml Erlenmeyer flask, equilibrated with 400mL of Ra-free bay water, 

sealed, and after agitation on a shaker table for >21days, were analyzed for the amount of 222Rn 

that escaped into the fluid phase.  This provides the sediment equilibrated 222Rn concentration (or 

sediment-supported 222Rn) for each SGD site.  Finally, we calculate water fluxes (q, cm/d) by 
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dividing the total estimated 222Rn fluxes (Ttotal, Bq/m2*s) by the concentration of 222Rn (222Rngw, 

Bq/m3) in the fluids entering the system (Burnett and Dulaiova 2003). 

Relative water mass ages 

 The laboratory experiments conducted using sediment cores show that fluxes from bottom 

sediment alone are negligible for this study (see section ‘Radon-derived SGD rates’). Therefore, 

we can assume that the major input of radium comes from groundwater rather than from sediment 

diffusion or resuspension. Relative radium age (Wetz et al.) of the surface water, or the relative 

time that has passed since the radium first entered the system in a well-mixed estuary, was 

calculated using the ratio of the short-lived (224Ra) to the long-lived (226Ra) isotopes using equation 

1 from (Knee et al. 2011).  

TW = (ARGW – ARSta)/( ARSta*λ224)    (1) 

where ARGW is the initial activity ratio of discharging groundwater, ARSta is the measured activity 

ratio at the station, and λ224 is the decay constant (d-1) for the short-lived radium-224 isotope (Knee 

et al. 2011).   

 This equation assumes radium activities and activity radios are greatest in the Ra source 

(i.e. groundwater and sediment containing Ra) and also elevated in receiving nearshore water 

relative to waters further offshore due to SGD and desorption from sediments.  Consequently, 

radium activities and ARs should be decreasing as the water mass is moving away from the 

discharge point. This could occur due to two factors: radioactive decay and mixing with more 

diluted offshore waters. This equation also assumes Ra additions are occurring continuously over 

a wide area, in this case the Mission-Aransas estuary with multiple groundwater discharge 

locations. The short-lived isotope is normalized to the long-lived isotope (i.e. 226Ra) with activities 
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that are expected to only decrease due to dilution. Because the half-life of 226Ra is much longer 

(T1/2 = 1600 y) with respect to mixing time, its decay rate may be neglected. Using the groundwater 

activity ratios as the source of radium (i.e. water source), an estimate of the time since SGD 

occurred was provided. It should be noted that water mass ages and residence times are different 

ways to quantify mixing within a water body and they may not yield the same results as residence 

times calculate the amount of time it takes a parcel of water to leave the water body whereas water 

mass ages calculate the length of time since a parcel of water entered the water body. 

Salinity Mass Balance and Submarine Groundwater Discharge Flux Calculations 

 Time-difference inversion algorithms were used to calculate the percent difference in 

subsurface resistivity between the consecutive ER images collected over five to nine-hour period 

for the July and November/December events. These differences in resistivities between time steps 

are used to constrain radon-derived SGD measurements and distinguish between deeper or 

shallow/recirculation inputs of fluids and solutes. Through this process the image collected at 

time=1 is used as the base image from which the image collected at time=2 is subtracted and 

normalized. Furthermore, the image collected at time=2 is used as the base image from which the 

image collected at time=3 is subtracted and normalized and so on. Changes in the subsurface bulk 

resistivity can be monitored between each time step. However, an 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 remain constant (Nyquist 

et al. 2008). Groundwater plumes were identified and separated into zones for each time-difference 

inversion image using the ArcMap raster tool and the volume (V) of each zone was estimated using 

a 2-meter horizontal distance (Bighash and Murgulet 2015; Dimova et al. 2012). The defined zones 

for each difference image were superimposed onto the original ER images of their corresponding 
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collection time and location. Porewater salinities were corrected using the relationship between 

formation factor (F) and sediment porosity (ϕ) following equation 2 given by Archie’s law (Archie 

1942). Based on sediment core description and well logs developed in the formation extending 

under the Mission-Aransas Estuary, 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 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 3. 

Salinity values for each superimposed zone were then estimated using equation 4 which converts 

the ER-derived resistivity (Rp, Ωm) to salinity (S, parts per thousand (ppt)) (Manheim et al. 2004):  

F = a * ϕ-m           (2) 

F = Rf/Rp                     (3) 

S = 7.042 × Rp-1.0233                    (4) 

Once the salinity for each zone was calculated, average porewater salinity was derived for the 

beginning (Palmer et al. 2011) and end (S2) of each time-lapse survey. With this information, the 

volume of groundwater discharge was calculated using a salinity mass balance approach calculated 

using the percent change in salinity between the initial and final time of resistivity data collection 

using equation 5. 

Vgwd  = Vsal[(S1-S2)/S2]                                                                                          (5) 

 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 
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diffusion) (Bighash and Murgulet 2015). Mass balances for each box are determined using the 

following criteria: fluxes into (out of) a box are positive (Montagna and Ritter 2006). The mass 

balance is based on changes in salinity concentrations over time within the surveyed area. For a 

detailed description of this method please refer to (Dimova et al. 2012). Equation (5) 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). 

RESULTS AND DISCUSSIONS 

Selection of Groundwater End-member 

The groundwater endmember used for this study was selected using methods described in 

more detail by Spalt (2017) as part of a Master’s of Science thesis research. The selection was 

done by analyzing geochemical data collected from twelve wells located within the watershed. 

This analysis revealed trends between the average depth of the screened formation and the 

geochemical constituents. In general, there was a positive linear relationship between radon 

activity and depth (R2 = 0.6), and a negative logarithmic correlation between depth and 224Ra 

activity (R2 = 0.8) as well as 224/226Ra activity ratios (R2 = 0.6). Sodium content was also 

significantly greater at depth (R2 = 0.5). This increase in sodium content (as well as a decrease in 

Ca2+ and Mg2+) suggests a change in depositional environments, thus, in the hydrogeochemical 

characteristics of the sampled aquifers. Piper diagram analyses were also conducted and confirm 

the unique characteristics. Based on these distinct geochemical relationships, only the shallowest 

wells (i.e. a total of four) were selected to represent the 222Rn endmember (Spalt 2017). 
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Continuous Resistivity Profiles  

Three continuous resistivity profiles (USGS 2013) were collected in December 2014 and 

January 2015 throughout Copano and Aransas Bays (Figure 9). These CRPs were used to identify 

possible areas of SGD for location of monitoring stations of both water quality and stationary (i.e. 

resistivity) and time-series (i.e. continuous radon measurements) surveys (Figure 10). The 

following winter more CRP surveys were conducted in Copano Bay to examine the effect of 

geology on SGD (Figure 9).  

Transect A-A’ and B-B’ show the stations selected in Copano Bay based on the resistivity 

data (Figure 10). These transects, taken along the general Aransas River paleovalley show lower 

resistivity values to approximately 10m depth where they sharply contrast to higher resistivity 

values. This is consistent with previous sub-bottom surveys conducted in the area (Troiani et al. 

2011). Approaching the Copano Bay mouth the low resistivity sections are deeper but also intersect 

relict interfluves and anomalies that are likely associated with well/pipeline networks in that 

portion of the bay. Sampling locations were selected at the location of these anomalies (i.e. 4, 5, 

and 6), and less anomalous locations (2 and 3) (Figure 10).  

The western transect in Aransas Bay (C-C’) shows a larger degree of salinity variation in 

the water column that also projects into the subsurface (Figure 10). This portion shows more 

bathymetric relief (white line on the tomograph) and suggests connection to the water column from 

the deeper subsurface (higher resistivity sections near the sediment-water interface). For example, 

station 10 and 12 have the highest resistivity values of the surveys and extend to the shallow 

subsurface. The survey also crossed the inter-coastal waterway which has a high resistivity area 

beneath it. 
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The Northern and Eastern Aransas Bay transect (D-D’) crossed the Saint Charles Bay 

mouth and had a higher than average subsurface resistivity (Figure 10). This area was selected for 

time-series sampling and confirmed to be sandier and therefore more resistive. Most of this transect 

was completed in the open bay and had a general homogenous mean resistivity to the maximum 

depth of the imaging. At the end of cross section and closer to shore the higher resistivity portions 

re-appear at approximately 10m depth. A reef was also selected for sampling (station 16) and has 

a higher resistivity throughout the entire vertical profile when compared to the adjacent areas. 

Time-Lapse Resistivity Profiling and Resistivity-Derived SGD rates 

Time-lapse resistivity images of the underlying sedimentary formations and porewaters 

were acquired to a depth of approximately 24 meters below the sediment-water interface. The 

range of apparent resistivity values was very narrow (0.17-3.6 Ωm) for all surveys indicating the 

highly saline nature of porewater/groundwater salinities in this area. The first time-lapse 

resistivity surveys were conducted in July, 2015, after a large number of precipitation events in 

the preceding months (Figure 6, Figure 7). The same survey lines were imaged in fall 2015 (end 

of November to beginning of December 2015), when precipitation rates and streamflow were 

lower than those during the summer event (Figure 6, Figure 7).  For the time-difference 

resistivity tomographs, the minimum and maximum plot boundaries were set equal so that zero 

represented no change in resistivity and is shown as green in color. 

Time-lapse ER images show potential for groundwater-surface water interaction at 

multiple locations within the 112-m of the survey lines for both summer and fall. Although the 

estimated SGD rates are very similar, the location and extent of groundwater plumes generally 

change from one season to another (Figures TL 1 – TL 6; Appendix 1). For instance, at the 

Saint Charles Bay Mouth (station 13) location input of fresher water is observed for the fall event 
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(Figure TL 3, Figure TL 4; Appendix 1). Furthermore, while most change in porewater 

chemistry in summer occurs in the top half of the imaged depth, percent resistivity/conductivity 

changes in fall, although smaller, were observed throughout the entire profile depth and more 

prominent in the deeper portion. The SGD rates derived from the salinity mass balance show 

more discharge during fall (105 cm/d) when compared to summer (68.7 cm/d) and follow the 

inverse trend of the radon-derived SGD rates (71.3 cm/d in summer and 25.8 cm/d in fall).  

Time-lapse resistivity data for the Mission Bay Mouth (station 7) show less than 10% 

change in resistivity in both summer and fall, which is less than all time-series locations (Figure 

TL 1, Figure TL 2; Appendix 1). The change in shallow subsurface resistivity is largely related 

to salinity changes in the surface water. The surveys also did not differ substantially in resistivity 

by season. The SGD rates derived from the salinity mass balance show very low discharge in fall 

(2.8 cm/d) which does not correlate with the much higher radon-derived SGD rate (88 cm/d). 

The discrepancy between the two methods is likely due to the low variation in salinity of the 

interstitial fluids on which the salinity mass balance depends.  Actual flow and discharge rates 

through the sediment may be substantially greater, but the salinity is not changing with the flow. 

The Saint Charles Bay Mouth events did experience more substantial change in resistivity 

(Figure TL 3, Figure TL 4; Appendix 1). During July, there was a gradual progression of 

salinization in the shallow subsurface from the open bay to the bay mouth that correlated with 

the surface water salinization over the survey period. This change in resistivity may be attributed 

to the effects of density-driven flow, and may alter the location of SGD faces. Bighash and 

Murgulet (2015) found that the location and magnitude of groundwater discharge faces change 

dependent of the migration of highly saline, high density groundwater plumes.  
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At the Redfish Bay location (station 19), resistivity increases horizontally toward shore 

(right to left in figure) in the shallow subsurface (Figure TL 5, Figure TL 6; Appendix 1). A 

lower resistivity section lies beneath it and is likely saltwater-rich clay. Changes in resistivity, 

like the other surveys, mainly occur in the shallow subsurface across the entire 112m section. 

The difference of resistivity values between seasons is large at station 19. A maximum of 3.0 

Ω•m in summer compared to 1.8 Ω•m in fall. Total percent changes in porewater chemistry 

within the underlying sedimentary formations are slightly larger in summer (15%) compared to 

fall (5%). Mass-balance calculations based on changes in salinity within the monitoring time 

period yielded SGD rates of 42.8 cm/day during the summer and 97 cm/day during the fall event 

which are greater than those calculated from continuous radon monitoring but follow that same 

increasing trend (39.9 cm/d in summer and 42.8 cm/d in fall).   

Overall, time-lapse stationary ER results generally showed the exchange of porewater 

salinity in the shallow subsurface to be greatest, with a smaller degree and inverse change 

directly beneath it. This may be the result of the surveys being offshore and not being influenced 

by processes like tidal forcing. Rather it is likely that this discharge is related to turbulent 

exchange and/or density convection.  

Radiogenic Isotope Concentrations 

Radon-222 

Radium (224Ra and 226Ra) and radon (222Rn) isotope concentrations have fluctuated by 

sampling event and transect (Table 1, Figure 11-16). Radon concentrations were the highest in 

porewater with the highest concentrations in summer followed by fall while surface water 

concentrations are higher in fall. Porewater concentrations in general exceed concentrations 

supported by sediment equilibration, thus, any fluctuations in concentrations are indications of 
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changes in groundwater fluxes that bring in higher radon concentrations. Shallow groundwater 

222Rn concentrations for the shallower aquifers surrounding the Mission-Aransas Estuary system 

range between 5661 to 14,509 Bq/m3.  Porewater 222Rn concentrations varied by location and 

sampling event.  January and November porewater concentrations ranged from 18.9 Bq/m3 to 

994.3 Bq/m3 (average 242.8 Bq/m3, n=7) and 24.5 Bq/m3 to 535.0 Bq/m3 (average 181.92 

Bq/m3, n=7), respectively. Porewater radon concentrations in July were generally much greater, 

ranging from 28.1 Bq/m3 to 2364.9 Bq/m3 (average 922.4 Bq/m3, n=6).  This increase in 

porewater 222Rn concentrations in July is likely due to the increased shallow groundwater flow 

following the heavy precipitation in April and May. 

Overall the highest concentrations of 222Rn in surface waters were consistently measured 

at Aransas River mouth (station 1), Mission Bay mouth (station 7), Aransas Bay’s connection to 

Mesquite Bay (station 15), and the island side of lower Aransas bay (station 21) (Figure 11). 

Additionally, in November, Copano Creek mouth had a peak in concentration in the surface of 

the water column (354.3 Bq/m3) more consistent with concentrations observed in porewaters 

than in surface waters. For Aransas River mouth, Mission Bay mouth, and Copano Creek mouth 

the high radon concentration could result from discharge from Aransas River, Mission River, and 

Copano Creek, respectively. Elevated radon concentrations were previously found to be 

correlated with terrestrial groundwater discharge to Oso Bay (Bighash and Murgulet 2015) and 

were also observed to be greater in Nueces River than in Nueces or Corpus Christi Bays 

(Douglas and Murgulet unpublished). On the other hand, sources of radon to sampling stations 

further from surface water inflows in Copano and Aransas Bays are likely the result of benthic 

fluxes from both groundwater discharge and bottom sediment.  
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Radium 

Radium measurements were available for all three sampling events; however, the radium station 

in Aransas East (station 17) was discontinued after January and others were added for the 

remainder of the project (stations 8, 21, and 22 in July and station 20 in November) (Figure 3, 

Figure 4, Figure 5). For the purpose of discussion, station 21’s radium data will be assigned to 

Aransas East as it is in relatively close proximity to station 17. The long-lived 226Ra was found in 

highest activities during all three seasons in samples from Aransas River mouth (station 1, 

Copano West), during January and November in samples from Mission Bay mouth (station 7, 

Copano East), and during July and November in samples from St. Charles Bay mouth (station 

13, Aransas North) (Figure 12). Aransas South was observed to have consistently low 226Ra 

activities in all three sampling events (Figure 12) Given these elevated 226Ra activities are 

located near surface water inflows and on the terrestrial side of the bays, this hints at a close 

terrestrial groundwater discharge source because concentrations are not altered significantly by 

dilution with radium depleted waters. The 226Ra activities are lowest in July when salinities are 

lowest. On the other hand, the short-lived 224Ra isotope activities in Copano Bay sampling 

regions experienced less variation between sampling events whereas greater seasonal 

heterogeneity was observed in Aransas Bay indicating more consistent benthic fluxes in Copano 

Bay than in Aransas Bay which appears to experience more climatic influences on groundwater 

discharge (Figure 13).  Copano West had persistent high activities of short-lived 224Ra indicating 

steady benthic fluxes which in turn facilitates the transport of dissolved chemical species 

between the water column and the underlying sediment.  

 Endmember 224Ra/226Ra activity ratios (Waterstone and Parsons) representing the 

characteristics of the groundwater radium source (i.e. shallow groundwater) were selected from 
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locations that were geochemically identified through grouping of regional well samples of similar 

geochemical characteristics collected from aquifer depths that are likely to interact with surface 

waters (Spalt 2017). Using these endmember ARs and the measured ARs at  stations selected for 

radium sampling (Knee et al. 2011), water radium ages ranged from 5.9 to 18.4 days in January, 

from 3.4 to 13.9 days in July,  and from 2.8 to 27.4 days in November (Table 1, Figure 14-16). A 

negative age may be an indication of a recent addition of radium to the system in concentrations 

high enough that overcome the mixing and dilution effect during transport from the initial source 

or that the endmember applied to the calculation is not the source of the radium for that location. 

We do not want to speculate on the negative age at Copano Creek Mouth during the July sampling 

event until the 226Ra activity can be re-run and verified as very low. Average radium ages in 

January were the same in Copano and Aransas bays (12.3 days) and similar in November (13.1 

days in Copano Bay and 12.1 days in Aransas Bay, event average 12.5 days) (Table 1). The 

youngest average radium ages were observed in July (4.4 days in Copano Bay and 10.6 days in 

Aransas Bay, event average 8.1 days) (Table 1).  

Radon-derived SGD rates 

Every time-lapse resistivity survey was accompanied by radon monitoring on the station. 

The radon monitor and field parameter YSI sonde were installed on the boat platform and 

deployed during the same time period. Monitoring efforts were done over a 4 to 8-hour period 

and for as long as the ER time-lapse data collection was conducted. It should be noted that while 

the radon monitoring is integrated over one square meter (m2), the resistivity monitoring is done 

over a 112 m2. Therefore, the resulting SGD rates using the 222Rn fluxes do not incorporate the 

hydrologic and hydrogeologic "heterogeneity”. Using the two techniques for calculating SGD 

rates it allowed us to differentiate between fresh groundwater and recirculated seawater, 
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delineate seepage faces as depended on sediment heterogeneity and convective flow caused by 

density differences.  

Although short when compared to other studies in different areas outside Texas, we 

produced a continuous record of 222Rn inventory as well as concentration over time.  Excess 

radon in water inventories (i.e. measured 222Rn in water activity minus 226Ra activities, as a 

proxy for supported radon in the water column, multiplied by the water depth) for each time 

interval (15 or 30 minutes) were normalized for changes in tidal height (i.e. almost negligible in 

south Texas estuaries) and corrected for atmospheric loss (i.e. accounting for continuous 222Rn in 

air measurements and wind speed), sediment supported 222Rn (i.e. sediment equilibrated radon 

concentrations), and mixing loss (i.e. maximum negative difference between corrected 

inventories) in order to estimate total 222Rn fluxes. These total fluxes were then divided by the 

average groundwater endmember 222Rn activity to convert to water fluxes (i.e. SGD rates). 

After normalizing for tidal height (i.e. almost negligible in microtidal south Texas estuaries) and 

making all corrections, we estimated net 222Rn fluxes ranging between -0.4 x 10-4 and 9.7 x 10-2 

Bq/m2.s for July and 1.9 x 10-2 to 1.1 x 10-1 Bq/m2.s for November. Although no correlations are 

evident between these fluxes and the change in tide, these fluxes seem to fluctuate within the 4 to 

8-hour period indicating the existence of other players influencing rates of groundwater 

discharge. For instance, Spalt (2017) found that winds might play a hydrodynamic role in the 

investigated system, enhancing or limiting the SGD influx. 

The total estimated radon fluxes (Bq/m2.s ) were divided by the apparent 222Rn activity of 

the advective fluids determined from geochemical analysis of multiple wells surrounding our 

study area (8,693 Bq/m3) for each time interval (30 minutes in this experiment). This results in 

integrated average water fluxes (over the 4 to 8-hour observation period) ranging from 0.05 to 
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71.3 cm/day (average = 40.4 cm/d; n = 4) in July and from 25.81 to 88.02 cm/d (average = 52.2 

cm/d; n = 3) for November (Table 2). The time series station in Aransas West (station 12) was 

observed to have practically zero SGD from continuous 222Rn measurements after correcting for 

additional sources and sinks.  This minimal SGD rate is supported by the resistivity imaging that 

indicates a continuous low permeability clay layer around this station that is impeding 

groundwater discharge (Figure 10); consequently, monitoring at this station was not continued 

in November.  

Groundwater 222Rn concentrations were found to vary significantly within the area 

surrounding Mission-Aransas estuarine system (5,661 to 14,509 Bq/m3, average 8,693 Bq/m3). 

Since changes in hydrologic conditions are expected and can dictate the direction of groundwater 

flow as well as the source of groundwater discharge, it is likely that the geochemical signature of 

groundwater discharging at any location within the bay will vary spatially and temporally. 

Groundwater fluxes determined using radon concentrations are extremely sensitive to the 

concentration of radon in the upwelling fluid (i.e. radon fluxes are divided by the advective pore 

fluid 222Rn concentration. A change of one order of magnitude in radon concentration will result 

in an increase or decrease of the groundwater flux by one order of magnitude as well.  Thus 

groundwater fluxes calculated using our lowest 222Rn endmember concentration are higher by an 

order of magnitude than those estimated using our highest 222Rn endmember concentration. For 

example, dividing the radon flux values at Mission Bay mouth (station 7) by the lowest 222Rn 

activity of the advective fluids increases the SGD rates by over twice the rates derived by 

dividing by the highest 222Rn activity and almost doubles the rates derived from the average (i.e. 

July SGD increases from 52.7 cm/d (highest 222Rn activity) to 88.0 cm/d (average activity) to 

135.1 cm/d (lowest activity)). Additionally, surficial recirculation of water could increase the 
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radon flux that is not related to lateral groundwater discharge. To limit the uncertainty associated 

with these calculations for nutrient flux estimates we use an average groundwater discharge rate. 

Major Ion and Stable Isotopes 

Major Ions 

 In an effort to further constrain the groundwater flux estimations, porewater and surface 

water samples were analyzed for major ions such as sulfate (SO4
2-), chloride (Cl-), sodium (Na+), 

potassium (K+), total manganese (Khan and Kumar), magnesium (Mg2+), calcium (Ca2+), and total 

iron  (Fe). Most of these major ions are conservative elements. The solubility of the minerals that 

supply these elements is high in seawater (i.e. NaCl, KCl, MgSO4, and CaSO4). Thus, the 

concentration of these elements normalized to salinity or Cl- is generally constant and the ratio of 

one conservative element to another should be constant also. Until recently, Mg2+ was assumed to 

be conservative but studies show local anomalies of Mg2+ in deep waters and it can be completely 

removed in high temperature hydrothermal vent solutions. Furthermore, SO4
2- is conservative in 

oxic waters but not in anoxic sediments and waters. Sulfate reducing bacteria use SO4
2- and forms 

HS- or H2S. The concept of residence time is informative in several ways (Murray 2004). 

Residence time of these elements offers insight related to their fate in seawater. For instance, 

elements such as Na+ and Cl- have long residence times in the ocean and tend to be very soluble 

in sea water as well as evenly mixed throughout the ocean. Therefore, they occur in the same ratio 

to one another throughout the ocean regardless of the total salinity. Elements with short residence 

times such as Fe are relatively reactive or insoluble in sea water (i.e. pH dependent) and therefore, 

they are easily removed and are unevenly distributed throughout the ocean.  

Ratios of the major elements to chlorinity have been used in this study to analyze sources 

of water to the investigated embayments. Ratios of SO4
2-/Cl- varied by season with the largest 
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ratios measured during the summer (July) event followed by winter (January) (Figure 17, Figure 

18, Figure 19). However, the relationship with chloride, an indicator of salinity, varies by season. 

The highest ratios are associated with lower Cl concentrations in January, a sampling event 

following a long period of drought, as displayed in the SO4
2-/Cl- versus Cl graph (Figure 18). This 

trend has also been observed in Corpus Christi Bay during all three sampling events, all during the 

drought extending into 2014 but SO4
2- was in excess when compared to seawater (Murgulet et al. 

2015). In the Mission-Aransas Estuary however, although an inverse relationship is also observed 

in January, SO4
2- concentrations are not in excess to seawater. Reduction of SO4

2- seems to occur 

along a salinity gradient going from Redfish Bay (lower salinity/chloride and highest SO4
2-/Cl-) to 

Copano Bay (highest salinity/chloride and lowest SO4
2-/Cl-) indicative of reverse estuary 

conditions (Error! Reference source not found.Figure 18, Figure 20). The gradient is completely 

reversed in July, following significant rain and flooding events in South Texas (Figure 6, Figure 

7), but no linear relationship exists between the ratio and chloride. Although sulfate production is 

noted across Copano Bay all ratios are lower when compared to seawater especially at stations 

closer to Aransas River. Sulfate production above seawater levels occurs at most stations (Figure 

17, Figure 20) Although studies show that riverine inflows to estuaries are likely to increase the 

SO4
2-/Cl- ratio (Matson and Brinson 1985), in this study SO4

2- is measured in lower amounts in 

close proximity to the main riverine inflow to the estuary (i.e. Aransas River).  In November, SO4
2-

/Cl- ratios show no trend with salinity/Cl- (a salinity gradient is measured from Aransas River to 

Redfish Bay) and are similar across the bays with only slight enrichment in bottom waters in close 

proximity to Aransas River and in the Aransas Bay (Figure 18). 

Mass ratios of Mg2+/Cl-, Ca2+/Cl-, and K+/Cl- show some enrichment of the three elements 

across seasons with the largest enrichments over chlorinity in January, in Aransas Bay, and July, 
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in Copano Bay and across the estuary in November (Figure 21, Figure 22). The highest 

enrichment, when compared to seawater, is measured in July and is correlated with the lowest 

chloride levels, following the spring flooding event (Figure 23, Figure 24). An inverse 

relationship between the ratios of Ca2+/Cl- and K+/Cl- with Cl- is only observed in July across the 

estuary, but the change across Copano Bay is much more abrupt and much less dependent on 

salinity (Figure 20) with greatest input/enrichment over chlorinity mid-bay rather than at the river 

mouth. Concentrations of Mg2+ are more depleted in July in Aransas Bay going into Redfish Bay 

when compared to January and November (Figure 21, Figure 23). This could be the result of 

mineral precipitation enhanced by changes (increase) in pH (Figure 25) associated with freshwater 

inputs. For K+ and Ca2+, sediment fluxes are likely to enhance their transport to surface waters. 

Mass ratios of Na+/Cl- show similar trends to all the above elements but Na is much more enriched 

when compared to the seawater Na+/Cl- ratio (Figure 26, Figure 27). Although lower Na+/Cl- 

ratios are characteristic for the January event, an enrichment of Na+ over Cl- in relation to seawater 

is consistently observed (Figure 27). These ratios show that chemical characteristics of water are 

significantly different from season to season given that significant amounts of runoff of river 

discharge contribute to estuary. 

 In most cases the sample ratios exceed the typical seawater ratio (at 18,980 mg/L Cl-) 

extending towards higher ratios especially in July, in the Copano Bay. This is clearly the influence 

of freshwater inflow from riverine inputs and possibly groundwater discharge as a result of 

increased water table levels (i.e. following rain events starting in March-April (Figure 6, Figure 

7). Although no significant salinity differences were measured during the post-flooding event in 

July, larger ratios of most elements are measured at the Mission Bay and Copano Creek River 

mouth and station closest to the Aransas Bay mouth. Furthermore, at the Aransas River mouth 
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mass ratios are lower than the stations mentioned above but are larger than the rest of the estuary. 

Studies show that dilution of interstitial water in the sediments could enhance dissolution of some 

elements from the sediment and increase the total abundance in elements (Murthy, 1973 #135). 

Mass ratios are in general more elevated in the Aransas Bay and Redfish Bay in January when 

very insignificant riverine inflows were measured. November shows a significant decrease of 

molar ratios in Copano Bay and slight increase in Aransas Bay when compared to July.   

 Sulfate concentrations show a clear positive relationship with Cl- for all seasons with 

slightly more variability for the January event, including difference between bottom and surface 

water, when the highest concentrations are measured (Figure 17, Figure 18). SO4
2-/Cl- ratios show 

a positive relationship with Cl- during January and even more significant during July (Figure 18).  

Although higher concentrations of SO4
2- were measured in January, SO4

2-/Cl- ratios are lower 

relative to the conservative seawater one (0.14 mass ratio) (Figure 17). Slight enrichment of 

sulfate over the seawater is only exhibited in some of the surface and bottom water samples in 

Aransas Bay. The significant SO4
2- reduction in Copano Bay occurs during a season following a 

long drought record and salinities which could be indicative of anoxic conditions when sulfate 

reducing bacteria are more prevalent (Minz et al. 1999).  

July follows the same pattern as January except concentrations are more homogeneous in 

both surface and bottom waters (Figure 17). Concentrations of sulfate are the lowest in Copano 

Bay but remain still elevated in the Aransas Bay, following a salinity gradient (higher sulfate 

associated with higher Cl-/salinities (Figure 19, Figure 20)). This trend is associated with limited 

riverine inflows but elevated DO concentrations (Figure 25). The lower concentrations of SO4
2- 

in the Copano West (CW) following significant rain and increased freshwater inflows, indicate 
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that Aransas River is not a contributor of SO4
2- to the estuary. Similar characteristics were evident 

also with other major dissolve ions as mentioned above (i.e. Na+, Ca2+, K+, Mg2+). 

 By fall most excess SO4
2- has been removed from the water column (Figure 17) 

presumably due to dilution with runoff or river water that is more depleted in SO4
2- along the 

Copano-Aransas-Redfish Bays gradient or due to SO4
2- reduction as salinity starts to increase 

again. Some enrichment of SO4
2- over Cl- is observed in bottom waters in close proximity to the 

Aransas River mouth. Different chemical processes and sources influence the estuary especially 

during dry and wet conditions). Although the Mission-Aransas estuary experienced a significant 

influx of freshwater prior to July, levels of DO are lower than in January (Figure 25). In general 

during summer, more anoxic conditions are prevalent in estuaries. It appears that in the 

investigated estuary the input of oxygen from river inflow is exceeded by the large primary 

productivity as a result of large nutrient inputs following the rain events in late spring, especially 

in Copano Bay and Aransas Bay East and North as indicated by large chlorophyll-a levels (Figure 

33) (Zhang et al. 2011). Higher oxygen consumption than production during the hot summer 

months is also possible following a period of continuous production. The higher DO 

concentrations in January could be caused by continuous mixing of bay waters due to winds with 

larger effects on shallow water (as expected after a prolonged period of drought).  

 Iron is an important metal for living organisms. Like other nutrients, iron availability can 

limit primary production and therefore, the food availability for heterotrophic organisms. Iron 

limitation of phytoplankton has received attention especially in oceanic regions with low biomass, 

despite high nutrient levels (de Baar et al. 1999; Gran 1931; Martin et al. 1994). Studies show that 

although phytoplankton is not iron-starved per se, the low ambient iron concentrations may inhibit 

biomass accumulation (Boyd et al. 2000; Coale et al. 1996; Martin et al. 1994). The sources of 
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iron for the pelagic community are several:  aeolian input with terrigenous matter; riverine input 

especially in coastal areas; re-mineralization of organic matter can release iron in deeper waters 

and after upwelling this can be a source of iron (Bowie et al. 2002). Finally, sediments can be a 

source of iron if sedimentary iron oxides are reduced (directly or indirectly) during anaerobic 

mineralization processes and then escape to the overlying water. This last process couples the iron 

cycle to the carbon cycle.  

 Iron concentrations are the highest in summer (July) especially in Copano Bay and they 

decreased along the increasing salinity gradient going towards Aransas Bay South (Figure 21). 

Although the other two seasons show a lower enrichment of Fe over Cl-, when compared to the 

seawater, Fe concentrations are in excess across the entire investigation period. Overall the mass 

ratio of Fe to Cl- (Fe/Cl-) show an inverse relationship with Cl- (salinity), but seasonally, the highest 

correlation is exhibited in January (Figure 21). This is similar to the Mg2+ relationship to Cl-. Also, 

similar to most other major ions ratios, in November the excess Fe in relation to Cl- becomes 

homogeneous across the estuary. The decreasing excess of Fe along with the increasing salinity 

gradient in July could suggest the possibility that iron is being consumed for primary production 

of phytoplankton. The lower concentrations starting with Aransas Bay North and East is likely the 

result of lower degrees of mixing with river waters further away from the inflows. Since the lowest 

production is expected during winter, iron concentrations are anticipated to be the highest. 

Regardless if Fe is being used, its concentrations always exceeding the seawater ratio indicate that 

even in the absence of riverine inflow Fe is being supplied by other sources in this estuary. 

Remineralization of organic matter and sediment fluxes as well as terrigenous aeolian inputs could 

lead to these enrichment in Fe. 
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Because the reduced form of manganese is more mobile, it occurs as solute mostly in 

porewater. Porewater samples are by one to two orders of magnitude more enriched in 

manganese compared to surface water with most enriched measurement in January (average: 0.5 

mg/L) and similar concentrations for July (average: 0.3 mg/L) and November (average: 0.2 

mg/L) (Figure 28). Unlike Corpus Christy Bay (Murgulet et al. 2015), with most depleted levels 

of manganese exhibited in January, in the Mission-Aransas Estuary the lowest concentrations of 

manganese are measured in November (average: 0.01 mg/L) followed by the January season 

(average: 0.02 mg/L). The highest concentrations are measured following the persistent rain 

events in late spring (average: 0.03 mg/L). There are many (bio) geochemical processes that can 

affect the mobility of manganese are diverse (Slomp et al. 1997) such as oxidation of organic 

carbon, microbial reduction (Burdige et al. 1992),  re-oxidation of Fe (Toomey III), or pyrite and 

iron sulphide oxidation (Schippers and Jorgensen 2001). A speciation analysis of different 

cations is necessary to understand processes driving variation in manganese concentrations in 

this estuary.  

Total alkalinity concentrations vary both temporally and spatially (Figure 29). The 

lowest TA concentrations were measured in Copano Bay during the driest monitored season in 

January accompanied by the highest Cl/salinity levels (Figure 18, Figure 20). No correlation 

between salinity and TA exists for the July and November events and a relatively weak inverse 

correlation exists for the dry event (January) (i.e. R2:  0.4) (Figure 18) when the riverine input 

was insignificant due the prolonged drought conditions (starting with 2011) preceding this event. 

The lack of riverine input during this winter event is also indicated by the spatial distribution of 

alkalinity concentrations within the secondary bay (i.e. Copano) which is the connection between 

the primary bay and rivers/streams.  
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Interestingly, TA concentrations are highest at the Aransas River mouth but abruptly 

decrease towards Aransas Bay, a trend most significant following the long drought (i.e. January) 

(Figure 17).This significant consumption of alkalinity within the Copano Bay could be 

attributed to calcification by oyster reefs which are present within this bay (Spalt 2017). During 

optimal calcification salinities (non-flooding and not hypersaline), calcification by oysters is 

expected to decrease of TA and lead to more positive correlations with salinity (Dickinson et al. 

2012). Furthermore, since river input was negligible in January, the elevated TA concentrations 

measured at the Aransas River mouth could be attributed to groundwater discharge. Subterranean 

hydraulic gradients often can direct groundwater flow toward river deltas as a result of sediment 

deposition near the coast (Taniguchi et al. 2008).  

On the other hand, the most elevated TA concentrations also measure at the Aransas 

River mouth in July are likely attributed to river inflow. Following the significant spring rain 

events the trend observed in January no longer exists, although some TA consumption still 

occurs with distance from the Aransas River but not as consistent (Figure 17). Furthermore, TA 

levels have decreased significantly in the Aransas Bay stations 10 through 18 (Figure 29). 

Salinity spatial distribution shows that the lower part of Aransas Bay were not impacted as by 

freshwater inflow in July as Copano and upper Aransas Bay. Lower TA levels in this portions of 

Aransas Bay contradict with the much more elevated levels during dry conditions. This revers 

characterizes could be caused by mass displacement of waters in Aransas Bay with water 

migrating from Copano Bay (of low TA from early spring) towards south, given a strong riverine 

current. By fall, the TA consumption in Copano Bay is much less evident and concentrations are 

in general elevated across the estuary (Figure 17, Figure 29). Although differences across the 



 

41 
 

bay system are not as noticeable, there is a significant amount of heterogeneity across bottom 

and surface waters, especially in the Aransas Bay (Figure 17, Figure 29). 

Oxygen and Hydrogen Stable Isotopes  

The stable isotopes of oxygen and hydrogen in water are important tracers of the global, 

regional, and local hydrologic cycle. The importance of these isotopes as tracers in water 

management has been long recognized by the International Atomic Energy Agency (IAEA) which 

maintains a Global Network of Isotopes in Precipitation (GNIP) providing the isotopic signatures 

of precipitation worldwide since 1961. δD and δ18O ratio abundances ranged from –4.35 ‰ 

to 12.90 ‰ (average 7.84‰ ± 1‰) and –1.09‰ to 1.91‰ (average 0.98 ± 0.1‰), respectively 

in January with the most enriched ratios measured in Copano Bay (Figure 30) and porewaters 

providing either the most enriched or most depleted ratios in Aransas Bay (Appendix 3). Minimum 

and maximum δD ratio abundances for July are –7.22 ‰ and 6.96 ‰ (average –0.60 ± 1‰) and –

1.79 ‰ and 0.97 ‰ (average –0.57 ± 0.1‰) for δ18O.  Copano Bay samples are more depleted in 

both δD and δ18O ratio abundances than Aransas Bay especially in the southern portion of Aransas 

Bay and Redfish Bay (Figure 30). By November, Copano Bay surface and porewater samples and 

Aransas Bay porewaters are again more enriched in both stable isotope ratio abundances with the 

exception of the station closest to Aransas River which is the most depleted of surface water ratio 

abundances though still more enriched than July ratios (Figure 30). Ratios of δD and δ18O range 

from 1.54 ‰ to 6.70 ‰ (average 4.09 ±1‰) and –0.01 ‰ to 1.03 ‰ (average 0.42 ± 1‰), 

respectively.  

Enriched δD and δ18O ratios are generally correlated with lower amounts of rainfall and 

higher evaporation rates (Katz et al. 1997) which are the result of both high wind and high 

temperature conditions. The magnitude of enrichment in heavy isotope composition due to 
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evaporation was attributed in the past to the Rayleigh Equilibrium Isotope fractionation process 

which predicts that δD and δ18O ratios of residual brines become more enriched during evaporation 

as more of the isotopically depleted H2
16O enters the vapor phase (Craig et al. 1963; Lloyd 

1966).  δD and δ18O abundances are much more depleted in groundwater around this area (Figure 

31) with samples collected in May 2015 as part of this study ranging from –25.22 ‰ to –

20.76 ‰ (average –22.59 ± 1‰) and –4.96 ‰ to –3.95 ‰ (average –4.41 ± 1), respectively, 

which are more depleted than nearby groundwater abundances previously reported 

by Bighash and Murgulet (2015). The average δD and δ18O for groundwater samples collected as 

part of their study in summer 2012 (-16.8 ± 1‰ and -0.9 ± 0.1‰, respectively) and spring 2013 (-

9.5 ± 1‰ and -1.8 ± 0.1‰, respectively) show a change towards more enriched δD ratios and 

slightly depleted δ18O for the 2013 dry spring season. This clearly shows that shallow groundwater 

isotope signature could be variable as dependent on recharge conditions.  It should be noted that 

the four groundwater wells used as an endmember for current analyses where identified through 

grouping of samples of similar geochemical characteristics collected from aquifer depths that are 

likely to interact with surface waters (Spalt 2017). 

We attribute the observed depletion of δD and δ18O ratios in July (Figure 31) to the 

increased freshwater inflow and shallow groundwater discharge following the high precipitation 

rates in April and May. Conversely, the observed enrichment of δD and δ18O ratios in January may 

be attributed to the evaporative effects on surface water and percolating water to aquifers (Figure 

31).  The greater evaporation effect and riverine inputs of freshwater are more evident in the 

shallower, secondary Copano Bay which exhibits some of the most enriched ratios of both isotopes 

in January, after a multi-year regional drought, and November, and the most depleted ratios in July 

after the flooding event. The greater evaporation effect in a shallower, secondary bay is also 
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observed in a parallel study in the Nueces River Estuary in November/December 2014 (Figure 

32), where the shallow, secondary Nueces Bay is observed to have more depleted δD and δ18O 

ratios than the deeper, primary Corpus Christi Bay.  Additionally, the shallow Laguna Madre 

exhibited more visible evaporation effects with some of the most enriched ratios of both isotopes 

in porewater during this sampling period (Figure 32). 

Spatial-temporal Distribution of Phytoplankton and Nutrients 

For the purpose of this section, we refer to stations 1-3 as Copano Bay West (CW), 

stations 4-8 as Copano Bay East (EC), stations 9-12 as Aransas Bay West (AW), stations 13-15 

as Aransas Bay North (AN), stations 16-18 as Aransas Bay East (AE), and stations 19-22 as 

Aransas Bay South (AS). Surface and near bottom chlorophyll-a concentrations were 

consistently low (< 3 µg/l; Figure 33, Figure 34A) among sampling zones in January 2015.  

This is a seasonal characteristic in many coastal systems during the winter months due to 

physical environmental factors.  Both light and temperature have been found to be associated 

with primary productivity in other Texas estuaries (Longley et al. 1994).  Inorganic nitrogen 

concentrations were generally low throughout the water column in January (Figure 35, Figure 

36A, Figure 37, Figure 38A), which is likely another factor contributing to low chlorophyll a 

concentrations at this time.  Neither ammonium nor nitrate + nitrite concentrations were above 5 

µM (Figure 36, Figure 38).  Orthophosphate concentrations were also low in January 2015 

(Figure 40, Figure 41A), but the low DIN:DIP (<8) suggest this system was primarily N-limited 

during this time (Table 1).  DON concentrations in the water column were an order of magnitude 

higher than the DIN concentrations in January (Figure 39A).  Silicate concentrations in the 

water column ranged from ~5 - 50 µM (Figure 42, Figure 43A), which was the lowest of all 

sampling events.  Low concentrations were especially noticeable in Aransas Bay (Figure 42, 
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Figure 43A).  These low silicate concentrations may have important implications for 

phytoplankton growth in the spring months, as diatoms are one of the most common 

phytoplankton groups in the Mission-Aransas estuary (described in Longley et al. 1994), and 

diatom growth tends to be supported by physical conditions in late winter/early spring.   

Porewater concentrations of most nutrients in January 2015 were higher than in the water 

column (silicate, DON, orthophosphate, ammonium).  This was most pronounced for 

ammonium, with porewater samples having 100x higher concentrations than the water column 

(Figure 36A).   Unlike the other nutrients measured, nitrate + nitrite concentrations were 

relatively uniform between water column and porewater samples (Figure 38A).  Similarly, DOC 

concentrations were similar among surface, near bottom, and porewater samples in January 2015 

(Figure 44, Figure 45A).   

In the July 2015 sampling event, chlorophyll-a concentrations were higher than in 

January, with peak concentrations for most sample zones (the exception is surface water from 

zone AS, which peaked in November 2015; Figure 33, Figure 34B).  While physical factors 

such as increased light and temperature likely play a role in the increased chlorophyll-a 

concentrations during this time, concentrations of nitrate + nitrite, orthophosphate, silicate, and 

DON were higher in surface and near bottom water samples in July than in January, suggesting 

increased nutrient availability may play a role as well (Figure 38B, Figure 39B, Figure 41B, 

Figure 43B).  However, ammonium concentrations decreased in all surface, near-bottom, and 

porewater samples in July (< 1 µM; Figure 36B) compared to January, and the DIN:DIP 

decreased as well (Table 3), suggesting more severe N-limitation.  Ammonium is typically 

thought to be a preferred nitrogen source for phytoplankton (Dortch 1990), so the preferential 

uptake of ammonium may be heightened during times of severe N-limitation as seen in July.  



 

45 
 

Porewater ammonium concentrations in this study (< 1 µM; Figure 36B) contrast those 

measured by Hou et al. (2012) at two sites in Copano Bay in July 2009, which ranged from 60.3-

151.2 µM.  This may reflect the temporal variability and potential patchiness of porewater 

nutrient concentrations.  It is also important to note that Hou et al. (2012) sampled in 2009, 

during an extended drought. 

By November 2015, chlorophyll-a concentrations generally decreased throughout 

sampling zones (Figure 33, Figure 34C).  While silicate concentrations throughout the water 

column and porewater remained similar to those in July, (Figure 43C), concentrations of other 

nutrients throughout the water column and porewater decreased compared to July, and many 

resembled concentrations from January (Figure 36C, Figure 38C, Figure 39C, Figure 41C).  

For example, ammonium concentrations (Figure 36C) were low in the water column but high in 

porewater samples; this trend was also seen for orthophosphate (Figure 41C), albeit less 

pronounced.  Nitrate + nitrite concentrations (Figure 38C) also decreased throughout the water 

column and porewater compared to July, while DIN:DIP in November was still indicative of N 

limitation (Table 3).  Additionally, DON concentrations (Figure 39C) decreased compared to 

July, suggesting the potential for DON to have been remineralized by bacteria in the summer 

months or a higher reliance on organic nutrients for phytoplankton growth in the fall/winter 

months.   

The year-round N-limitation seen in this system aligns with previous work describing 

nitrogen to be the primary limiting nutrient in Texas estuaries (Longley et al. 1994; Wetz et al. 

2017).  Inorganic nutrient concentrations in porewater samples, particularly ammonium and 

orthophosphate, were often 1->100 fold higher than in water column samples, suggesting that 

porewater may be an intermittently important source for inorganic nutrients to the Mission-
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Aransas estuary.  The potential importance of porewater as a source for organic nutrient inputs to 

the system cannot be ruled out either, although DON concentrations in porewater were highly 

variable in time-space.   

Nutrient Fluxes  

Groundwater-derived nutrient fluxes were calculated using the radon-derived SGD rate 

presented in Table 2. Groundwater discharge rates vary by season at most locations; however, the 

average of all SGD rates exhibited very little change between July (40.4 cm/d) and November 

(39.1 cm/d). Furthermore, nutrient concentrations measured in the interstitial porewater also vary 

spatially and temporally (Figure 35Figure 45).  

The estimates suggest that SGD delivers a DIN load of 1.0 millimoles (mM)/day, 151.5 

mM/day of DOC, 41.4 mM/day TDN, 60.3 mM/day silicate, and a 1.8 mM/day load of PO4
3- per 

meter square of bottom sediment into the mid-Copano Bay, North Aransas Bay and Redfish Bay 

in July. By late fall the estimated nutrient loads increase significantly for some of the nutrients as 

follows: 56.4 mM/day of DIN load, 234.5 mM/day of  DOC, 41.7 mM/day TDN, 88.2 mM/day 

silicate, and a 1.6 mM/day load of PO4
3- per square meter of bottom sediment. The most 

significant change in nutrient fluxes between summer and fall is in the form of ammonium. In 

November, ammonium fluxes at St. Charles Bay mouth (station 13) and Redfish Bay (station 19) 

are two and three orders of magnitude, respectively, greater than fluxes in July (Figure 46, 

Figure 47). An increase in ammonium fluxes at Mission Bay mouth is also measured but less 

than an order of magnitude. These values of nitrogen fluxes are consistent with published values 

in coastal settings (Table 4).  

When compared to the 2014 Corpus Christi bay study, there is not much fluctuation among 

seasons other than the ammonium fluxes. In Corpus Christi Bay most nutrient fluxes increased by 
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an order of magnitude at all locations (Murgulet et al. 2015). This is explained by not only larger 

groundwater fluxes but also by and increased nutrient concentration measured in porewaters. On 

the other hand, in the Mission-Aransas Estuary the SGD-derived nutrient fluxes for each station 

are less dynamic as a function of hydrologic conditions across seasons and more dependent on 

spatial inputs. The system-wide nutrient fluxes (i.e. season average) appear to be more dependent 

upon the nutrient concentrations in the interstitial fluids than on the hydrologic conditions. It 

should be noted however, that any comparison between the two bay systems is not necessarily 

relevant as sampling and monitoring of SGD occurred during extreme climatologic conditions: 

Corpus Christi Bay-during an extended period of drought; Mission-Aransas Estuary- following 

massive rain and flooding (the 2015 flooding).   

Copano Bay was found to receive an input of 2.29 x 105 moles of nitrogen per year (M 

N/yr) in a dry year and 2.37 x 107 M N/yr in a wet year supplied by the Mission River sub-

watershed (Mooney and McClelland 2012). Under dry conditions this is substantially less than 

the input from Aransas River sub-watershed of 2.38 x 106 M N/yr (a factor of 10.4 less). This 

difference was attributed to lower nutrient loading and less input from point sources (i.e. 

wastewater treatment) in the Mission River catchment area than the adjacent Aransas River sub-

watershed, and is therefore likely more reliant on other sources of nitrogen (Mooney and 

McClelland 2012). This study shows that SGD-derived nutrient (i.e. TDN) fluxes from solely 

along the mainland shoreline of the Copano Bay and Aransas Bay (Aransas West to Redfish 

Bay), are almost four orders of magnitude lower for both July (1.2 x 10-4 M N/yr) and November 

(1.3 x 10-4 M N/yr) than the Mission River discharge during a wet year. During a dry year, 

assuming similar SGD rates at the shoreline, the shoreline SGD-derived input of TDN is only by 

two orders of magnitude lower for both July (1.2 x 10-2 M N/yr) and November (1.3 x 10-2 M 
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N/yr). However, the nutrient input associated with sediment benthic fluxes that could be 

significant in the windy area of South Texas should not be ignored. In areas with hydrologic 

connections between aquifers and bay floor, benthic fluxes could be significantly enhanced 

increasing nutrient inputs. 

A similar rate of SGD could not be applied across the entire bay floor given the large 

heterogeneities that could impede groundwater flow, likely for extensive areas as seen in the 

CRP images (Figure CRP). A small subset was selected to demonstrate the potential contribution 

of groundwater during March, before the massive flooding event. The selected area of 

approximately 1 km2 along the Copano Reef could supply 13 to 57 times more TDN than 

Mission River discharge during a dry year (Spalt 2017). Using the same nutrient flux range 

compared to a wet year from Mission River discharge, SGD equates to 12–55% of riverine TDN 

input. This large range in nutrient flux estimation is based on whether the groundwater (lower 

estimate) or porewater (higher estimate) concentrations are used in the multiplication of the SGD 

rate as discussed in methods section.  

SUMMARY 

The main purpose of this study is to advance understanding of groundwater inflows and 

nutrient transport to bay systems in South Texas for improved Environmental Flow 

recommendations and nutrient criteria by explicitly incorporating groundwater discharge into the 

freshwater inflow needs and nutrient budgets to the south Texas coastal embayments. Specifically, 

this project builds upon current efforts to estimate freshwater and nutrient contributions from 

groundwater to the Nueces River, Laguna Madre, and Baffin Bay estuaries (projects underway). 

This study indicates that SGD may have a large impact on biogeochemical cycles of the Mission-
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Aransas Estuary.  Nutrient, major ion, stable and radiogenic isotopes, and electrical resistivity (ER) 

measurements were acquired between January to December (late fall), 2015 at twenty-two stations 

throughout Copano Bay, Aransas Bay, and Redfish Bay. SGD rates were monitored during July 

and November 2015 at four locations selected based on preliminary observations.  

Average groundwater fluxes, measured using continuous Radon-222, ranged from 0.05 (± 

0.05) to 71.3 (± 14.0) cm/d in July and from 28.8 (± 3.96) to 88 cm/d (± 18.46) in November.  

Average concentrations of nutrients in porewater samples collected were as follows: 298.4 µmol/L 

dissolved organic carbon (Boyd et al.), 283.1 µmol/L total dissolved nitrogen (TDN) 245.1 µmol/L 

ammonium (NH4
+), 0.30 µmol/L nitrate + nitrite (N+N as N), 0.08 µmol/L nitrite (NO2

-), 3.88 

µmol/L orthophosphate (PO4
3-), and 141.3 µmol/L silicate (SiO4

4-) in January; and 343.3 µmol/L 

dissolved organic carbon (Boyd et al.), 80.2 µmol/L total dissolved nitrogen (TDN), 0.49 µmol/L 

ammonium (NH4
+), 2.86 µmol/L nitrate + nitrite (N+N as N), 0.49 µmol/L nitrite (NO2

-), 2.94 

µmol/L orthophosphate (PO4
3-), and 126.6 µmol/L silicate (SiO4

4-) in July; and 332.8 µmol/L 

dissolved organic carbon (Boyd et al.), 75.5 µmol/L total dissolved nitrogen (TDN), 105.1 µmol/L 

ammonium (NH4
+), 0.41 µmol/L nitrate + nitrite (N+N as N), 0.08 µmol/L nitrite (NO2

-), 3.62 

µmol/L orthophosphate (PO4
3-), and 157.6 µmol/L silicate (SiO4

4-) in November.  

Levels of NH4, DOC, and silica were significantly higher in samples from SGD sites than 

in seawater. Measured SGD rates and nutrient concentrations were used to calculate nutrient loads 

discharged into the study area. The estimates suggest that SGD delivers a dissolved inorganic 

nitrogen DIN load of 1.0 millimoles (mM)/day, 151.5 mM/day of DOC, 41.4 mM/day TDN, 60.3 

mM/day silicate, and a 1.8 mM/day load of PO4
3- per meter square of bottom sediment into the 

mid-Copano Bay, North Aransas Bay and Redfish Bay in July. By late fall the estimated nutrient 

loads increase significantly for some of the nutrients as follows: 56.4 mM/day of DIN load, 234.5 
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mM/day of  DOC, 41.7 mM/day TDN, 88.2 mM/day silicate, and a 1.6 mM/day load of PO4
3- per 

square meter of bottom sediment. Although limited to three SGD monitoring stations, this study 

indicates that the influence of porewaters on water column nutrient concentrations and microbial 

respiration, although patchy, may be significant in these systems under the environmental 

conditions associated with our sampling regime.   

This study shows that SGD-derived nutrient (i.e. TDN) fluxes from solely along the 

mainland shoreline of the Copano Bay and Aransas Bay (Aransas West to Redfish Bay), are almost 

four orders of magnitude lower for both July (1.2 x 10-4 M N/yr) and November (1.3 x 10-4 M 

N/yr) than the Mission River discharge during a wet year. During a dry year, assuming similar 

SGD rates at the shoreline, the shoreline SGD-derived input of TDN is only by two orders of 

magnitude lower for both July (1.2 x 10-2 M N/yr) and November (1.3 x 10-2 M N/yr). However, 

the nutrient input associated with sediment benthic fluxes should not be ignored in this area. In 

areas with hydrologic connections between aquifers and bay floor, benthic fluxes could be 

significantly enhanced, increasing nutrient inputs. The electrical resistivity imaging and 

geochemical characteristics reveal a highly heterogeneous substrate and hydrologic conditions that 

show the need for further investigations to develop an accurate freshwater and nutrient budget to 

the estuary. Thus, a similar rate of SGD cannot be applied to the entire bay system due to not only 

large heterogeneities in hydrologic conditions but also because of variable spatial and temporal 

porewater nutrient concentrations. However, the additional input from coupled deep and 

recirculated sediment fluxes should not be ignored as it has the potential to exceed the riverine 

nutrient input, especially in the form of organic nutrients. 
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TABLE LEGEND  

Table 1: Average Radon and Radium concentrations and water mass ages by sampling region in 

January, July and November 2015. Sample regions: Copano Bay West (CW), Copano Bay East 

(Cech et al.), Aransas Bay West (Boyd et al.), Aransas Bay North (AN), Bay East (AE), Aransas 

Bay South (AS). 

Table 2: Submarine groundwater discharge rates (cm/d) calculated from continuous 222Rn 

monitoring. November average includes the July SGD rate for station 12 as representative of the 

presence of negligible SGD areas. Errors are the standard deviation of all measurement intervals 

(30 minutes) for the monitoring period. 

Table 3: Ratio of inorganic nitrogen (ammonium, N+N) to orthophosphate in the water column 

(surface and near bottom) in January, July and November 2015. Sample regions: Copano Bay 

West (CW), Copano Bay East (Cech et al.), Aransas Bay West (Boyd et al.), Aransas Bay North 

(AN), Bay East (AE), Aransas Bay South (AS). 

Table 4: Comparison of groundwater and solute fluxes in similar coastal and estuarine settings 

(expressed in m3 ·m-2 ·d-1 and mmol·m2·d-1, respectively; modified from Spalt (2017)). 
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Sampled Regions 
222Rn 

(Bq/m3) 

224Ra 

(dpm/m3) 

226Ra 

(dpm/m3) 
224Ra/226Ra 

Water Mass 

Ages (days) 

January 2015 

CW 39.5 859.9 775.3 1.1 10.6 

CE 34.2 470.6 666.2 0.7 14.0 

AW 29.4 512.25 787.6 0.7 18.4 

AN 48.6 656.6 600.2 1.1 6.7 

AE 28.9 335.2 601.5 0.6 18.1 

AS 20.9 474.4 404.7 1.2 5.9 

Copano Bay Average 36.9 665.2 720.8 0.9 12.3 

Aransas Bay Average 32.0 494.6 598.5 0.9 12.3 

Event Average 33.6 551.5 639.3 0.9 12.3 

July 2015 

CW 31.4 774.1 618.8 1.3 5.3 

CE 17.0 537.0 302.9 1.8 3.4 

AW 13.2 520.6 506.0 1.0 7.6 

AN 6.5 434.0 516.2 0.8 10.4 

AE 14.8 ─ 347.6 ─ ─ 

AS 13.0 373.6 353.1 1.1 13.9 

Copano Bay Average 24.2 655.5 460.9 1.5 4.4 

Aransas Bay Average 11.9 442.7 430.7 1.0 10.6 

Event Average 16.0 527.9 440.8 1.2 8.1 

November 2015 

CW 29.5 769.7 883.0 0.9 9.3 

CE 71.9 531.0 804.0 0.7 16.8 

AW 17.6 279.1 719.0 0.4 27.4 

AN 46.5 640.1 751.5 0.9 10.2 

AE 16.2 1014.9 640.2 1.6 2.8 

AS 14.3 502.8 489.0 1.0 8.3 

Copano Bay Average 50.7 650.4 843.5 0.8 13.1 

Aransas Bay Average 23.6 609.2 649.9 1.0 12.1 

Event Average 32.7 622.9 714.5 0.9 12.5 

Table 1: Average Radon and Radium concentrations and water mass ages by sampling region in 

January, July and November 2015. Sample regions: Copano Bay West (CW), Copano Bay East 

(Cech et al.), Aransas Bay West (Boyd et al.), Aransas Bay North (AN), Bay East (AE), Aransas 

Bay South (AS). 
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Station July November 

7 50.46 ± 5.25 88.02 ± 18.46 

12 0.05 ± 0.05 ─ 

13 71.28 ± 14.01 28.81 ± 3.96 

19 39.91 ± 7.97 42.75 ± 9.86 

Average 40.4 39.9 

Table 2: Submarine groundwater discharge rates (cm/d) calculated from continuous 222Rn 

monitoring. November average includes the July SGD rate for station 12 as representative of the 

presence of negligible SGD areas. Errors are the standard deviation of all measurement intervals 

(30 minutes) for the monitoring period. 

 

Date Sample Region DIN:DIP 

January CW 4.3 

 CE 2.4 

 AW 2.8 

 AN 7.8 

 AE 7.2 

 AS 7.4 

July CW 0.7 

 CE 1.0 

 AW 0.1 

 AN 0.5 

 AE 0.9 

 AS 2.9 

November CW 3.3 

 CE 2.2 

 AW 1.2 

 AN 1.2 

 AE 0.5 

 AS 3.0 

Table 3: Ratio of inorganic nitrogen (ammonium, N+N) to orthophosphate in the water column 

(surface and near bottom) in January, July and November 2015. Sample regions: Copano Bay 

West (CW), Copano Bay East (Cech et al.), Aransas Bay West (Boyd et al.), Aransas Bay North 

(AN), Bay East (AE), Aransas Bay South (AS). 
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Site SGD              DOC TDN NH4
+  DIN Reference 

Eilat, Israel 0.26–0.60 – – – 2.9–10 
(Shellenbarger et al. 

2006) 

Huntington Beach, 

USA 
0.06–0.92 – – – 0.7–12 (Boehm et al. 2006) 

Jeju, South Korea 0.44 – – – 21.4 (Hwang et al. 2005) 

Kuauaiwa, USA 0.37–0.39 – – – 6.8–7.0 (Street et al. 2008) 

Balandra, Mexico 0.18 – – – 2.07–51.6 
(Urquidi-Gaume et al. 

2016) 

Merito, Mexico 0.02–0.18 – – – 2.13–4.72 
(Urquidi-Gaume et al. 

2016) 

Tuckean Swamp, 

Australia 
– – – 35 3.6 (Santos et al. 2013) 

Turkey Point, 

Florida 
0.11 34.3 8.23 4.81 1.13 (Santos et al. 2008) 

Muri Lagoon, Cook 

Islands 
– – – – – (Cyronak et al. 2013) 

Galveston Bay, 

USA 
– – – 0.45–2.2 – 

(Warnken et al. 2001; 

Warnken et al. 2000) 

Mission-Aransas 

Estuary, USA 
0.40–0.88 49–450 9–92 0.2–156 0.5–156 This Study 

Table 4: Comparison of groundwater and solute fluxes in similar coastal and estuarine settings 

(expressed in m3 ·m-2 ·d-1 and mmol·m2·d-1, respectively; modified from Spalt (2017)). 
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FIGURE LEGEND 

Figure 1: Study area showing stream gauges for Aransas River, Mission River, and Copano 

Creek (yellow triangles), all groundwater wells sampled (green dots), and the geochemically 

similar wells (red squares) used for analysis. 

Figure 2: 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) (AGI 2016). 

Figure 3: January sampling stations with locations where porewater and radium were sampled 

are identified. 

Figure 4: July sampling stations with locations where porewater and radium were sampled are 

identified. 

Figure 5: November sampling stations with locations where porewater and radium were sampled 

are identified. 

Figure 6: Daily mean streamflow (m3/s) for Aransas River near Skidmore (08189700), Mission 

River at Refugio (08189500), and Copano Creek near Refugio (08189200), TX. Sampling 

periods are highlighted in blue. 

Figure 7: Monthly mean precipitation (mm) at Copano East Monitoring Station. 

Figure 8: Conceptual model showing the radon inventory per unit area for estimating 

groundwater discharge (Burnett and Dulaiova 2003). 

Figure 9: Study site and continuous resistivity transects. The inset shows transects from the 

study in the geological influences on groundwater discharge. 

Figure 10: Continuous Resistivity Profile (CRP) transects. A-A’ = Copano West. B-B’ = 

Copano East. C-C’ = Aransas West. D-D’ = Aransas North and Aransas East. 

Figure 11: Radon concentrations (Bq/m3) by station in surface (“S”) and near bottom (“B”) 

waters of Copano Bay and Aransas Bay for January, July, and November 2015. 

Figure 12: Average radium-226 activities (dpm/m3) in Copano Bay and Aransas Bay in January, 

July, and November 2015. 
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Figure 13: Average radium-224 activities (dpm/m3) in Copano Bay and Aransas Bay in January, 

July, and November 2015. 

Figure 14: January radium ages (days) derived from 224Ra/226Ra activity ratios of surface water 

and shallow groundwater. Average wind direction is indicated by the arrows. Average wind 

speed was 1.2 m/s. 

Figure 15: July radium ages (days) derived from 224Ra/226Ra activity ratios of surface water and 

shallow groundwater. Average wind direction is indicated by the arrows. Average wind speed 

was 6.5 m/s. 

Figure 16: November radium ages (days) derived from 224Ra/226Ra activity ratios of surface 

water and shallow groundwater. Average wind direction is indicated by the arrows. Average 

wind speed was 1.5 m/s. 

Figure 17: Mass ratios of sulfate to chlorinity (SO4
-/Cl-) and total alkalinity (μmol/kg as HCO3

-) 

to chlorinity (TA/Cl-) by station. The horizontal line represents the typical seawater ratios at 35 

parts per million salinity. 

Figure 18: Relationships of mass ratios of sulfate to chlorinity (SO4
-/Cl-) with chloride (Cl-) and 

total alkalinity (μmol/kg as HCO3
-) to salinity (psu). 

Figure 19: Cross-correlation between sulfate (mg/L) and chloride (mg/L) for January, July, and 

November. 

Figure 20: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of salinity 

(psu) for January, July, and November. Surface = 0.2m below the air-water interface. Bottom = 

0.2m above the sediment-water interface. 

Figure 21: Mass ratios of magnesium to chlorinity (Mg2+/Cl-) and total iron to chlorinity (Fe/Cl-) 

by station. The horizontal line represents the typical seawater ratios at 35 parts per million 

salinity. 

Figure 22: Mass ratios of potassium to chlorinity (K+/Cl-) and calcium to chlorinity (Ca2+/Cl-) by 

station. The horizontal line represents the typical seawater ratios at 35 parts per million salinity. 

Figure 23: Relationships of mass ratios of magnesium to chlorinity (Mg2+/Cl-) and total iron to 

chlorinity (Fe/Cl-) with chloride (Cl-). 

Figure 24: Relationships of mass ratios of potassium to chlorinity (K+/Cl-) and calcium to 

chlorinity (Ca2+/Cl-) with chloride (Cl-). 
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Figure 25: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Dissolved Oxygen (mg/L) and pH for January, July, and November. 

Figure 26: Mass ratios of sodium to chlorinity (Na+/Cl-) and bromide to chlorinity (Br-/Cl-) by 

station. The horizontal line represents the typical seawater ratios at 35 parts per million salinity. 

Figure 27: Relationships of mass ratios of sodium to chlorinity (Na+/Cl-) and bromide to 

chlorinity (Br-/Cl-) with chloride (Cl-). No bromide data was available for January. 

Figure 28: Cross-correlation between manganese (mg/L) and chloride (mg/L) for January, July, 

and November 2015. 

Figure 29: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of Total 

Alkalinity (TA, μmol/L as HCO3
-) for January, July, and November. Surface = 0.2m below the 

air-water interface. Bottom = 0.2m above the sediment-water interface. 

Figure 30: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of δD (‰ 

VSMOW) and δ18O (‰ VSMOW) for January, July, and November. 

Figure 31: Cross-correlation between δD (‰ V-SMOW) and δ18O (‰ V-SMOW) for the study 

period. GMWL = Global Meteoric Water Line (Craig et al. 1963). WMWL = Waco Meteoric 

Water Line. 

Figure 32: Cross-correlation of δD (‰ V-SMOW) and δ18O (‰ V-SMOW) showing the 

comparison of primary and secondary bays in the Nueces River and Mission-Aransas Estuaries. 

GMWL = Global Meteoric Water Line (Craig et al. 1963). WMWL = Waco Meteoric Water 

Line. 

Figure 33: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Chlorophyll-a (μg/L) for January, July, and November. Surface = 0.2m below the air-water 

interface. Bottom = 0.2m above the sediment-water interface. 

Figure 34: Chlorophyll-a concentration (μg/L) in surface (“S”) and near bottom (“B”) waters of 

Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and November 2015 (C). 

Figure 35: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Ammonium (NH4, μmol/L) for January, July, and November. Surface = 0.2m below the air-

water interface. Bottom = 0.2m above the sediment-water interface. 

Figure 36: Ammonium concentrations (μM) in surface (“S”), near bottom (“B”), and porewater 

(“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and November 2015 

(C). 
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Figure 37: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Nitrate+Nitrite (N+N, μmol/L) for January, July, and November. Surface = 0.2m below the air-

water interface. Bottom = 0.2m above the sediment-water interface. 

Figure 38: Nitrate + nitrite concentrations (μM) in surface (“S”), near bottom (“B”), and 

porewater (“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and 

November 2015 (C). 

Figure 39: Dissolved organic nitrogen concentrations (μM) in surface (“S”), near bottom (“B”), 

and porewater (“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and 

November 2015 (C). 

Figure 40: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of O-

Phosphate (PO4, μmol/L) for January, July, and November. Surface = 0.2m below the air-water 

interface. Bottom = 0.2m above the sediment-water interface. 

Figure 41: Orthophosphate concentrations (μM) in surface (“S”), near bottom (“B”), and 

porewater (“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and 

November 2015 (C). 

Figure 42: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of Silicate 

(SiO4, μmol/L) for January, July, and November. Surface = 0.2m below the air-water interface. 

Bottom = 0.2m above the sediment-water interface. 

Figure 43: Silicate concentrations (μM) in surface (“S”), near bottom (“B”), and porewater (“P”) 

of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and November 2015 (C). 

Figure 44: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Dissolved Inorganic Carbon (DOC, μmol/L) for January, July, and November. Surface = 0.2m 

below the air-water interface. Bottom = 0.2m above the sediment-water interface. 

Figure 45: Dissolved organic carbon concentrations (μM) in surface (“S”), near bottom (“B”), 

and porewater (“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and 

November 2015 (C). 

Figure 46: Groundwater nutrient fluxes (μmol/m·d) at Mission Bay Mouth (station 7), St. 

Charles Bay mouth (station 13), and Redfish Bay (station 19) for July 2015. 

Figure 47: Groundwater nutrient fluxes (μmol/m·d) at Mission Bay Mouth (station 7), St. 

Charles Bay mouth (station 13), and Redfish Bay (station 19) for November 2015. 
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Figure 1: Study area showing stream gauges for Aransas River, Mission River, and Copano 

Creek (yellow triangles), all groundwater wells sampled (green dots), and the geochemically 

similar wells (red squares) used for analysis. 

 

 



 

68 
 

 

Figure 2: 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) (AGI 2016). 

 

 

Figure 3: January sampling stations with locations where porewater and radium were sampled 

are identified. 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCM-_moG2pscCFdEakgodbvgPvg&url=https://www.agiusa.com/marinesystem.shtml&ei=Ib7MVY-rDtG1yATu8L_wCw&bvm=bv.99804247,d.aWw&psig=AFQjCNGuHkN4-WJKNjHxf4QliX7eKl5oKg&ust=1439567719723855
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Figure 4: July sampling stations with locations where porewater and radium were sampled are 

identified.  

 

Figure 5: November sampling stations with locations where porewater and radium were sampled 

are identified.  
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Figure 6: Daily mean streamflow (m3/s) for Aransas River near Skidmore (08189700), Mission 

River at Refugio (08189500), and Copano Creek near Refugio (08189200), TX. Sampling 

periods are highlighted in blue.  

 

Figure 7: Monthly mean precipitation (mm) at Copano East Monitoring Station. 
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Figure 8: Conceptual model showing the radon inventory per unit area for estimating 

groundwater discharge (Burnett and Dulaiova 2003). 

 

Figure 9: Study site and continuous resistivity transects. The inset shows transects from the 

study in the geological influences on groundwater discharge. 
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Figure 10: Continuous Resistivity Profile (CRP) transects. A-A’ = Copano West. B-B’ = Copano East. C-C’ = Aransas West. D-D’ = 

Aransas North and Aransas East. 
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Figure 11: Radon concentrations (Bq/m3) by station in surface (“S”) and near bottom (“B”) 

waters of Copano Bay and Aransas Bay for January, July, and November 2015. 
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Figure 12: Average radium-226 activities (dpm/m3) in Copano Bay and Aransas Bay in January, 

July, and November 2015. 

 

 

Figure 13: Average radium-224 activities (dpm/m3) in Copano Bay and Aransas Bay in January, 

July, and November 2015. 
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Figure 14: January radium ages (days) derived from 224Ra/226Ra activity ratios of surface water 

and shallow groundwater. Average wind direction is indicated by the arrows. Average wind 

speed was 1.2 m/s. 

 

Figure 15: July radium ages (days) derived from 224Ra/226Ra activity ratios of surface water and 

shallow groundwater. Average wind direction is indicated by the arrows. Average wind speed 

was 6.5 m/s. 



 

76 
 

 

Figure 16: November radium ages (days) derived from 224Ra/226Ra activity ratios of surface 

water and shallow groundwater. Average wind direction is indicated by the arrows. Average 

wind speed was 1.5 m/s. 
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Figure 17: Mass ratios of sulfate to chlorinity (SO4
-/Cl-) and total alkalinity (μmol/kg as HCO3

-) 

to chlorinity (TA/Cl-) by station. The horizontal line represents the typical seawater ratios at 35 

parts per million salinity. 
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Figure 18: Relationships of mass ratios of sulfate to chlorinity (SO4

-/Cl-) with chloride (Cl-) and 

total alkalinity (μmol/kg as HCO3
-) to salinity (psu). 

 

 

Figure 19: Cross-correlation between sulfate (mg/L) and chloride (mg/L) for January, July, and 

November. 
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Figure 20: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of salinity 

(psu) for January, July, and November. Surface = 0.2m below the air-water interface. Bottom = 

0.2m above the sediment-water interface. 
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Figure 21: Mass ratios of magnesium to chlorinity (Mg2+/Cl-) and total iron to chlorinity (Fe/Cl-) 

by station. The horizontal line represents the typical seawater ratios at 35 parts per million 

salinity. 
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Figure 22: Mass ratios of potassium to chlorinity (K+/Cl-) and calcium to chlorinity (Ca2+/Cl-) by 

station. The horizontal line represents the typical seawater ratios at 35 parts per million salinity. 
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Figure 23: Relationships of mass ratios of magnesium to chlorinity (Mg2+/Cl-) and total iron to 

chlorinity (Fe/Cl-) with chloride (Cl-). 

 

 

 

Figure 24: Relationships of mass ratios of potassium to chlorinity (K+/Cl-) and calcium to 

chlorinity (Ca2+/Cl-) with chloride (Cl-). 
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Figure 25: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Dissolved Oxygen (mg/L) and pH for January, July, and November.  
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Figure 26: Mass ratios of sodium to chlorinity (Na+/Cl-) and bromide to chlorinity (Br-/Cl-) by 

station. The horizontal line represents the typical seawater ratios at 35 parts per million salinity. 
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Figure 27: Relationships of mass ratios of sodium to chlorinity (Na+/Cl-) and bromide to 

chlorinity (Br-/Cl-) with chloride (Cl-). No bromide data was available for January. 

 

 

 

Figure 28: Cross-correlation between manganese (mg/L) and chloride (mg/L) for January, July, 

and November 2015. 
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Figure 29: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of Total 

Alkalinity (TA, μmol/L as HCO3
-) for January, July, and November. Surface = 0.2m below the 

air-water interface. Bottom = 0.2m above the sediment-water interface. 
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Figure 30: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of δD (‰ 

VSMOW) and δ18O (‰ VSMOW) for January, July, and November. 
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Figure 31: Cross-correlation between δD (‰ V-SMOW) and δ18O (‰ V-SMOW) for the study 

period. GMWL = Global Meteoric Water Line (Craig et al. 1963). WMWL = Waco Meteoric 

Water Line.  

 

Figure 32: Cross-correlation of δD (‰ V-SMOW) and δ18O (‰ V-SMOW) showing the 

comparison of primary and secondary bays in the Nueces River and Mission-Aransas Estuaries. 

GMWL = Global Meteoric Water Line (Craig et al. 1963). WMWL = Waco Meteoric Water 

Line. 
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Figure 33: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Chlorophyll-a (μg/L) for January, July, and November. Surface = 0.2m below the air-water 

interface. Bottom = 0.2m above the sediment-water interface. 



 

90 
 

 

Figure 34: Chlorophyll-a concentration (μg/L) in surface (“S”) and near bottom (“B”) waters of 

Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and November 2015 (C). 
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Figure 35: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Ammonium (NH4, μmol/L) for January, July, and November. Surface = 0.2m below the air-

water interface. Bottom = 0.2m above the sediment-water interface. 
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Figure 36: Ammonium concentrations (μM) in surface (“S”), near bottom (“B”), and porewater 

(“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and November 2015 

(C). 
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Figure 37: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Nitrate+Nitrite (N+N, μmol/L) for January, July, and November. Surface = 0.2m below the air-

water interface. Bottom = 0.2m above the sediment-water interface. 
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Figure 38: Nitrate + nitrite concentrations (μM) in surface (“S”), near bottom (“B”), and 

porewater (“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and 

November 2015 (C). 
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Figure 39: Dissolved organic nitrogen concentrations (μM) in surface (“S”), near bottom (“B”), 

and porewater (“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and 

November 2015 (C). 
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Figure 40: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of O-

Phosphate (PO4, μmol/L) for January, July, and November. Surface = 0.2m below the air-water 

interface. Bottom = 0.2m above the sediment-water interface. 
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Figure 41: Orthophosphate concentrations (μM) in surface (“S”), near bottom (“B”), and 

porewater (“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and 

November 2015 (C). 
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Figure 42: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of Silicate 

(SiO4, μmol/L) for January, July, and November. Surface = 0.2m below the air-water interface. 

Bottom = 0.2m above the sediment-water interface. 
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Figure 43: Silicate concentrations (μM) in surface (“S”), near bottom (“B”), and porewater (“P”) 

of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and November 2015 (C). 
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Figure 44: Spatial distribution using Inverse Distance Weighted (IDW) interpolation of 

Dissolved Inorganic Carbon (DOC, μmol/L) for January, July, and November. Surface = 0.2m 

below the air-water interface. Bottom = 0.2m above the sediment-water interface. 
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Figure 45: Dissolved organic carbon concentrations (μM) in surface (“S”), near bottom (“B”), 

and porewater (“P”) of Copano Bay and Aransas Bay in January 2015 (A), July 2015 (B), and 

November 2015 (C). 
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Figure 46: Groundwater nutrient fluxes (μmol/m·d) at Mission Bay Mouth (station 7), St. 

Charles Bay mouth (station 13), and Redfish Bay (station 19) for July 2015. 

 

Figure 47: Groundwater nutrient fluxes (μmol/m·d) at Mission Bay Mouth (station 7), St. 

Charles Bay mouth (station 13), and Redfish Bay (station 19) for November 2015.  
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APPENDIX LEGEND 

Appendix 1. Time-lapse electrical resistivity (ER) inversions for first and last monitoring time 

and the final percent change in resistivity images for groundwater monitoring stations: Oso Bay 

Inlet, Laguna Madre mouth, and Shamrock Island (see Figure 1 in the main report for locations). 

Appendix 2. Summary of all geochemical and isotope data collected in January, July, and 

November, 2015.  

 

 

 

 

 



 
Figure TL 1: Summer time-lapse resistivity profiles (first (a) and last (b) time steps) for station 7 at Mission Mouth (see Figure 10 for 
geographic reference). The computed percent difference in resistivity (c) shows the change in porewater resistivity over a four-hour 
period. 



 
Figure TL 2: Fall time-lapse resistivity profiles (first (a) and last (b) time steps) for station 7 Mission Mouth (see Figure 11 for 
geographic reference). The computed percent difference in resistivity (c) shows the change in porewater resistivity over an eight-hour 
period. 



 
Figure TL 3: Summer time-lapse resistivity profiles (first (a) and last (b) time steps) for station 13 at St. Charles Mouth (see Figure 
10 for geographic reference). The computed percent difference in resistivity (c) shows the change in porewater resistivity over a 
seven-hour period. 



 
Figure TL 4: Fall time-lapse resistivity profiles (first (a) and last (b) time steps) for station 13 at St. Charles Mouth (see Figure 11 for 
geographic reference). The computed percent difference in resistivity (c) shows the change in porewater resistivity over an eight-hour 
period. 



 
Figure TL 5: Summer time-lapse resistivity profiles (first (a) and last (b) time steps) for station 19 in Redfish Bay (see Figure 10 for 
geographic reference). The computed percent difference in resistivity (c) shows the change in porewater resistivity over an eight-hour 
period. 



 

 
Figure TL 6: Fall time-lapse resistivity profiles (first (a) and last (b) time steps) for station 19 in Redfish Bay (see Figure 11 for 
geographic reference). The computed percent difference in resistivity (c) shows the change in porewater resistivity over a six-hour 
period. 


