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ABSTRACT 

 The Alabama Gulf Coast is subject to many tropical and subtropical storm systems each 

year. The Hurricane Season of 2021 produced twenty-one named storms consisting of seven 

hurricanes with four of these being considered a major hurricane. This research aims to capture 

nutrient concentration and water chemistry parameter trends on the groundwater near Little 

Lagoon, AL, associated with such storm systems. The investigated aquifer lies on the Coastal 

Lowlands district of the East Gulf Coastal Plain and is approximately 1,850 square kilometers 

(km2) extending from Fort Morgan in the west to the eastern part of Orange Beach. The study 

area is bounded by the Gulf of Mexico to the south and Mobile Bay and Oyster Bay to the north. 

This region includes commercial, residential, dune, forested wetland, and wetland land use/land 

cover (LULC). In order to capture groundwater trends following storm events, a well network 

was established and sampled throughout the duration of the study period. Samples were analyzed 

for basic water chemistry parameters (pH, DO, TDS, and Cl-) and nutrient concentrations (SO4
-, 

NO3
--N, NH3, and PO4

3-) and then compared to a continuous temporal precipitation record for 

the area. Results indicated that all nutrient concentrations were spatially variable, and no trends 

were associated following storm events. It was observed from the analysis of the total dissolved 

solids (TDS) and chloride (Cl-) that a long-term chemical response may occur in the shallow 

aquifer. This response was exhibited as a pulse of dissolved species moving through the well-

network approximately 1-month after the cumulative amount of rainfall from related storm 

systems moving through the area. This long-term effect indicates that there may be a 
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conservative chemical transit “response” time of 4-5 weeks occurring within in the shallow 

aquifer system. Due to the high degree spatial variability of nutrients and relatively low 

concentrations measured within the study area, concentrations may be linked to very specific 

residential land-use and a highly temporal application of lawn and garden fertilizers or related 

sewage breakthrough events. One primary takeaway from this study is that variability of nutrient 

and water chemistry data in coastal transitions zones (lagoons and wetland area) is like 

influenced and controlled by a number of physical and biotic processes characteristic for such 

regions, and that without high-temporal and spatial characterization methods, determining 

chemical trends associated with specific storm/hurricane events will be extremely difficult and 

challenging. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

BDL below detection limit 

°C degree Celsius 

Cl- chloride 

cm centimeter 

gal gallons 

H2S hydrogen sulfide gas 

ISE ion selective electrode 

km kilometers 

L Liter 

LULC land-us/land-cover 

m meters 

MCL Maximum Contaminant Level 

mg milligram 

min minutes 

mL milliliter 

MW Mega Ohm 

N nitrogen 

N2 nitrogen gas 

NH3 ammonia 
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NO3- nitrate 

ORP oxidation-reduction potential 

PE polyethylene 

pH log of hydrogen ion activity  

PO4
3- reactive phosphate 

ppm parts per million 

PSU practical salinity units 

SO4
2- sulfate 

TDS total dissolved solids 
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yr year 
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1. INTRODUCTION 

 Each year, the Alabama Gulf Coast is subject to many tropical and subtropical storm 

systems including tropical depressions, major hurricanes, and subtropical storm events from the 

Gulf of Mexico or moving from the atmospheric jet stream. The surface damage and debris from 

these storms can be devastating to the local and regional economy in these areas. Such 

devastation includes fallen infrastructure, flooded streets, and misplaced cars/boats. However, it 

is unclear how such storm systems affect the vulnerability of freshwater aquifers and water 

resources in these coastal regions. To my knowledge and via an extensive literature review, there 

are no prior studies which have focused specifically on the effect of tropical systems on 

groundwater quality for the region. A few studies have speculated that sea spray and related 

storms events may be responsible for the observed elevated salinity within the surficial aquifers 

along the coastal Gulf Shores Alabama; however, these studies did not specifically study such 

processes and their related impact on groundwater quality (Murgulet and Tick, 2007, Murgulet 

and Tick, 2008; Murgulet and Tick, 2013). For example, the resulting storm surges, associated 

onshore precipitation and sea-spray, and changes in hydraulic head and hydraulic gradients may 

impact coastal processes which include infiltration, saltwater intrusion, and nutrient-loading to 

the aquifer and surface water systems in the region (Murgulet and Tick, 2007; Murgulet and 

Tick, 2013). By assessing the surface-water and groundwater chemistry and other associated 

water quality parameters in the area before and after notable storm events, it is my aim to better 

constrain and elucidate the primary processes affecting the coastal processes and the related 
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impacts on water quality for surface water and groundwater due to storm events in the study 

area. Furthermore, it is anticipated that this research will also help to determine surface 

water/groundwater interactions and exchange processes between them on surface water and 

groundwater quality, as a function of rainfall intensity, infiltration, and land-use characterization. 
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2. BACKGROUND 

2.1 Study Area 

 The investigated aquifer lies on the Coastal Lowlands district of the East Gulf Coastal 

Plain, a flat to gently undulating swampy plain in Southern Baldwin County, Alabama (Murgulet 

and Tick, 2013). This area is approximately 1,850 square kilometers (km2) extending from Fort 

Morgan in the west to the eastern part of Orange Beach (Figure 1). The area is bounded by the 

Gulf of Mexico to the south and Mobile Bay and Oyster Bay to the north. This region includes 

commercial, residential, dune, forested wetland, and wetland land use/land cover (LULC). In 

Baldwin County, LULC varies considerably. There are 9 identified major LULC classes: 1) 

water, 2) developed, 3) barren land, 4) natural forested upland, 5) natural shrubland, 6) 

herbaceous upland natural/semi-natural vegetation, 7) herbaceous pasture/hay, 8) herbaceous 

cultivated crops, and 9) wetlands (Murgulet and Tick, 2013). The area is depicted by near flat, 

gently sloping topography with coastal lakes and water bodies such as Little Lagoon, Lake 

Shelby, and transient streams that generally quickly recharge to the subsurface. Under natural 

conditions, groundwater moves South and South-West (Murgulet and Tick, 2013). The soil of 

the area is mostly sandy and therefore precipitation infiltrates very rapid. Consequently, the 

runoff rates are very low, the flowing streams are absent, and direct precipitation infiltration to 

the water table aquifer is most likely to occur (Murgulet and Tick, 2013b). The subsurface water 

flow generally follows the topography; groundwater moves from higher sandy plateau (the 

inland area) to the lower marshlands, to the Intracoastal Waterway, onto the coastal surface 
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waters (e.g., Shelby Lakes, Little Lagoon, etc.) and Gulf of Mexico. During times when the 

evapotranspiration rates are high and/or the precipitation is minimal or absent, the water table is 

low and it slopes toward the Gulf of Mexico. Therefore, during these times, coastal waters will 

receive recharge from groundwater and to a small/negligible extent from precipitation and runoff 

(Murgulet and Tick, 2013a; Murgulet and Tick, 2013b). 

 

Figure 1. Map of Southern Baldwin County, Alabama showing the study area. Locator map is 
adapted from Gillett at al., 2000 and shows the study area outlined in red. 

The two main aquifers of the region include the of A1 and A2 beach sands aquifer units 

(Figure 2). The upper unit, known as the Beach Sands aquifer or aquifer zone A1, is an 

unconfined aquifer consisting of white fine-to coarse-grained quartzose sands, silt, and locally 

sandy clay with a capability of producing more than 545 m³/day (100 gallons/min) locally. 

Regionally, Chandler et al. (1985) estimates that aquifer zone A1 can yield up to 1.5 x 105 

m³/day; however, only a fraction of that amount can be exploited due to the potential risks of 

saltwater intrusion. The Beach Sands aquifer is roughly 6–20 m thick in the study area (Chandler 
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et al., 1985) and the primary source of recharge for this aquifer comes from local precipitation 

(average annual precipitation = 167 cm/year) infiltrating the surface sands (Dowling et al., 2004). 

Aquifer A2, the lower intermediate-depth aquifer, is a semi-confined aquifer that is 60 to 75 m 

thick (Murgulet and Tick, 2007). A2 underlies Gulf Shores and Orange Beach, Alabama, and is a 

shallow Miocene/Pliocene-aged sandy unit confined by an overlying marine clay layer (Murgulet 

and Tick, 2007). This aquifer is extensively developed as a source of fresh water for municipal, 

industrial, private, and irrigation wells. Production rates from this unit range from 545 to 5,450 

m³/day (100–1,000 gal/min). Recharge to this aquifer zone primarily occurs from rainfall where 

the unit crops out to the north under unconfined conditions. A2 is vulnerable to surface 

contamination towards the north as is becomes unconfined (Murgulet and Tick, 2007). The 

average recharge rates for the region were reported to be 40 ± 16 cm/yr, and average discharge 

from Baldwin County to the Gulf of Mexico was reported to be 1.9 ± 0.8 x 109 m3/yr (Dowling 

et al. 2004). However, it is important to recognize that recharge and discharge rates are subject to 

dramatic fluctuation during periods of little to no rainfall and/or during severe drought conditions 

affecting local groundwater conditions. (Murgulet and Tick 2013a; Murgulet and Tick 2013b). 
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Figure 2. Cross-section of the regional aquifer (hydrogeologic) system for the southern Baldwin 
County, Alabama, showing the major Beach Sands Aquifer units, Aquifers A1, A2, and A3 
(Murgulet and Tick, 2007) 

Submarine groundwater discharge (SGD) is an important source of freshwater discharge 

and nutrients to coastal systems (Liefer et al., 2013).  Unlike river inputs, SGD is often diffuse, 

can have a high degree of spatial and temporal variability, and can be supplied by multiple 

aquifers (Burnett et al., 2006). According to a study by Dimova et al. (2021) SGD fluctuation is 

influenced by precipitation and tidal amplitude (Adyasari et. al., 2021). SGD is found to 

transport significant loads of solutes into coastal oceans, including nutrients (Slomp and Van 

Cappellen, 2004), trace metals (Rodellas et al., 2014), and organic matter (Kim and Kim, 2017). 

Nutrients such as nitrate, ammonia, total nitrogen, orthophosphate, and total phosphorous can all 

have a negative impact on the environment and marine life, most notably when there is an excess 

amount of these nutrients discharging from groundwater to estuaries and surface waters.  For 

example, excess nutrient inputs via SGD may cause coastal water and benthic macro-algal 
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eutrophication (Valiela et al., 1990; Hwang et al., 2005), which has been correlated with harmful 

algal blooms (HABs) (Anderson et al., 2002). Often, eutrophication results in moderate to severe 

alteration of the coastal environment due to disruption of food-web structures, reduction in 

biodiversity, hypoxia and anoxia, fish and marine mammal mortality, habitat degradation and 

loss, human health hazards, and increased frequency of HABs (Beebe and Lowery, 2018). 

Fertilizer applications may also contribute to sulfate concentrations in groundwater. Even though 

sandy soils retain very little sulfur, most Alabama soils contain sufficient sulfate in the subsoil 

(Charles, 1999). Nitrate and sulfate concentrations in groundwater are controlled by redox 

conditions in the aquifer (Murgulet, 2010). 

Groundwater and surface water resources in southern Baldwin County, Alabama are vital 

to support the rapidly growing population of the area, support a growing economy, and to ensure 

that environmentally-sensitive ecosystems such as coastal estuaries and wetlands are preserved. 

Growing population, tourism, and industry is dependent upon the quality and quantity of the 

water resources and health of the ecosystem within the region.  Degradation of the water 

resources and coastal transition zones (i.e., coastal estuaries and wetlands) potentially threaten 

the regional economy.  Groundwater is the only viable source of freshwater and is utilized by 

municipalities, private homes, businesses, industry, and large-scale agriculture. The health of the 

coastal surface water bodies and the regional ecosystem is critical to the success of local 

industries such as fish and shrimp industries and manufacturing, tourism, and recreation. 
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3. OBJECTIVES 

 The objectives of this research are to analyze the basic surface water and groundwater 

chemistry during and after hurricane season, including changes in salinity and nutrient 

concentrations, among other important water chemistry parameters: pH, DO, TDS, and Cl- that 

could be associated with storm surge, sea spray, atmospheric deposition, and changes in 

hydraulic gradients. One primary objective of this work will be to characterize the water quality 

and hydraulic regime changes in the A1 (surficial) aquifer post- storm events. It should also be 

noted that the water quality and hydraulic conditions in aquifer A1 can increase the vulnerability 

of aquifer A2 through infiltration and chemical transport via vertical hydraulic gradients that can 

contaminate the lower A2 aquifer, particularly if the A1 aquifer is contaminated or becomes 

contaminated. Therefore, an important aspect of this study will include monitoring any existing 

deep wells and/or municipal water-supply wells to evaluate changes in water quality and 

hydraulics in the A2 aquifer to correlate with changes that are observed within the A1 aquifer 

unit.  

A fundamental set of questions to be addressed from this research include:  

(1) How will intensity and duration of storm events influence changes in water quality/chemistry 

and nutrient concentrations in the surficial A1 aquifer? (2) Does water quality and/or nutrient 

concentration change spatially or temporally with these storm events for the area? 
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4. MATERIALS AND METHODS 

To meet the objectives of this research, a spatial network of groundwater monitoring 

wells and piezometers was established to characterize the hydraulic regime, water chemistry, and 

nutrient evolution for a coastal section of the shallow A1 aquifer surrounding Little Lagoon 

region of southern Baldwin County, Alabama.   Additionally, surface water samples were 

collected from Little Lagoon and other nearby sources within the study area. The well network 

consisted of twelve monitoring wells and piezometers surrounding the area of Little Lagoon, 

Gulf Shores, Alabama. These wells were assigned the following identification (ID #) names: H1, 

H2, S1, GS-2, GS-3, BS-2, USA-1, USA-2, USA-4, USA-5, USA-6, and USA-7, and are listed 

in Table 1. Along with these 12 wells, two surface water sampled during each event. These 

samples are labeled H1SW and S1SW and indicate that they were taken from the lagoon surface 

water by H1 and S1. These monitoring wells and surface water bodies were sampled over time 

(i.e., several monitoring/sampling events), specifically before and after minor to major storm 

events in the area, in order to evaluate resulting hydraulic and chemical/nutrient responses or 

change for the study area. 
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Table 1. Well/piezometer ID with latitude and longitude. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Well ID Latitude Longitude 
S1 30.2545 -87.6935 
H2 30.25536 -87.7245 
H1 30.25375 -87.7248 
BS-2 30.23074 -87.8319 
GS-3 30.25103 -87.6673 
GS-2 30.24983 -87.6674 
USA 1 30.25172 -87.7331 
USA 2 30.25129 -87.7339 
USA 4 30.2589 -87.6947 
USA 5 30.25369 -87.6906 
USA 6 30.25592 -87.7178 
USA 7 30.25701 -87.712 
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5. MONITORING- WELL/PIEZOMETER SAMPLING 

In preparation for a sampling event, 30-mL sample bottles were acid washed with a 10 

vol.% hydrochloric acid (HCl) solution. This solution was made in the lab by using a 36.5% HCl 

solution and high purity NANOpure water (18 M-cm) water. All sampling vials and bottles 

bottles were rinsed with this solution and then a rinsed with the NANOpure water and left to dry 

for at least 24 hours before collecting samples. DI rinse followed. The sample bottles were left to 

dry before taking them for a sample event. 

For each specific sampling event, the hydraulic head (groundwater level) was determined 

by measuring depth-to-water using a water level indicator (Solinst, Model 102) and 

corresponding top-of-casing topographic elevation. Following the static water level measurement 

(hydraulic head), prior to sampling, each well was purged for at least 2-3 well volumes using a 

peristaltic pump (MHEproducts) connected to a handheld battery powered drill (Bauer, Model 

#1791C-B1). Once the well was purged, water samples were collected and placed into a 30-mL 

sample polyethylene (PE), using either the peristatic pump or a down-well bailer and then stored 

on ice. At each well, two samples were taken for duplicate analysis purposes to ensure 

consistency and accuracy of the analytical methods. All samples were then transferred to a 

laboratory refrigerator at 4 °C or frozen until samples could be analyzed within 3-20 days of 

sample collection. Prior to direct analysis, the water samples were removed from the refrigerator 

or freezer and allowed to equilibrate to room temperature (21 °C) before measurement.  The 

respective groundwater or surface water sample from the primary sample collection bottle was 
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transferred into a NANOPure water rinsed-and-dried empty PE bottle so that water chemistry 

parameters could be measured using a HI98194 pH/EC/DO Multimeter (HANNA). The specific 

water chemistry parameters analyzed included pH, oxidation-reduction-potential (ORP), 

dissolved-oxygen (DO), conductivity, total dissolved solids (TDS), practical salinity units (PSU), 

and temperature (Celsius). All collected water samples were either filtered in the lab using a 

vacuum filtration system that used 0.45 micron (m) filtering paper or filtered in the field using 

an AquaPrep 0.45 micron groundwater sampling capsule (Pall). Once filtered, all samples were 

placed into the laboratory freezer until further analysis (i.e., 3-20 days after sample collection). 

In addition to the basic water chemistry (parameter) analyses described above, all 

collected water samples were analyzed for nutrient concentration including sulfate (SO4
2-), 

nitrate as nitrogen (NO3-N), reactive phosphate (PO4
3-), and ammonia (NH3-N). Prior to direct 

analysis, each sample was removed from the refrigerator/freezer and allowed to thaw until 

samples equilibrated to room temperature (21 °C) before measurement. Sulfate, nitrate, and 

reactive phosphate were analyzed using low range Hach TNT+ colorimetric kits and a Hach 

DR1900 spectrophotometer (Hach). Using this analytical technique, the low-range concentration 

ranges for sulfate, nitrate, and reactive phosphate were 40-150 mg/L, 0.15-4.5 mg/L, 0.15-4.5 

mg/L, respectively. The specific analyses were performed by rigorously adhering to the protocols 

and instructions associated with each particular Hach TNT+ analyte kit. Ammonia was analyzed 

using an ISE probe (Hach, IntelliCAL ISENH3181 Ammonia (NH₃) Ion Selective Electrode) and 

a HQ440D Laboratory Dual Input, Multi-Parameter Meter (Hach). Prior to direct analysis, each 

sample was transferred to a 50 mL Erlenmeyer flask where 3 mL of Ammonia pH Electrode 

Ionic Strength Adjusting Solution was added. Once completed, a magnetic stir bar was placed in 

the new solution and the flask was put on a Fisher Scientific Thermix Stirrer (Fisher Scientific, 
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Model 120s). The ISE probe was then submerged into the sample solution for analysis. Duplicate 

analyses were conducted to ensure consistency and accuracy of the analytical methods.  

All nutrient concentrations were then compared to a continuous precipitation record. 

Precipitation data was taken from a local weather station in the Little Lagoon area (Stanton 

Creek- KALGULFS41, weatherunderground). In sections where rain accumulation data is 

shown, this accumulation was calculated using moment analysis. Surface water samples were 

detected to be below detection limit (BDL) for most of the concentrations measured. To further 

assess the robustness and confidence of the precipitation data trends (weatherunderground), a 

temporal subsection of Styx River discharge data was plotted to determine if hydraulic responses 

were consistent and compared well with the precipitation record for the study area (Figure 3).  

The Styx River originates near the town of Bay Minette in Baldwin County, Alabama and is a 

tributary of the Perdido River running approximately 66 km through the southwestern part of 

state, eventually discharging to Perdido Bay. Discharge data was obtained from the USGS 

gauging station located on the Styx River near Seminole, Alabama (USGS-02377750 station). 



 

 
 

14

 

Figure 3. Styx River Discharge relative to the Little Lagoon Precipitation record showing 
correlation with a slight delay in discharge following precipitation. 
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6. RESULTS AND DISCUSSION 

6.1 Nutrients 

6.1A Sulfate 

Analysis of the temporal sulfate concentration data (June 2021-October 2021) show that 

there were notable variations in magnitude, depending upon the specific groundwater sample 

spatial location (Figure 1). As noted, sulfate (SO4
2-) concentrations vary considerably but are 

only present in monitoring wells H2, S1, USA-5, USA-2, and USA-6 (Table 2) for the periods 

when samples were collected.  

The early Summer and late Summer (June 4 and September 8) sampling events exhibited 

the highest average sulfate concentrations of 110.80 mg/L and 94.65 mg/L, respectively. All of 

these wells are in close proximity to Little Lagoon with the exception of well/piezometer H2. 

Thus, a general spatial trend was observed wherein the wells in close proximity to Little Lagoon 

exhibited the greatest measured sulfate concentrations. Recently, the land area where well H2 is 

located was cleared of vegetation for development, and the relatively high sulfate concentrations 

(early-Summer sampling event) may reflect anthropogenic sources related to such activities (i.e., 

lawn fertilizers and/or septic systems, increased infiltration/runoff, and reduced attenuation to 

groundwater). As previously mentioned, all the other wells are in close proximity to Little 

Lagoon’s salt marshes and the measured sulfate concentrations are most likely due to seawater 

source and/or the presence of sulfide-bearing minerals in the sediments and/or from sulfate 

loading via anthropogenic fertilizer or sewage (septic) sources.  Detailed geochemical and 



 

 
 

16

mineralogical analyses of the sediments and peat layers in the area would be needed to determine 

if the sulfate concentrations are a result of the local geology (i.e., pyrite or metastable sulfide 

minerals presence). There were no trends associated with sulfate and pH. It would be expected 

that if pyrite or sulfide mineral oxidation (weathering) processes were significant that decreases 

in pH would also be observed (via the generation of sulfuric acid).  It should be noted that 

coastal salt marshes and lagoons can become anoxic whereby the degradation of organic matter 

and other nutrients can occur, consuming oxygen in the local soils, surface water, and 

groundwater. If excess sulfate exists, the naturally occurring bacteria can utilize the sulfate as an 

electron acceptor for its metabolic processes and cell growth. Thus, the sulfate-reducing bacteria 

can act to reduce the sulfate (low oxygen levels, anaerobic respiration), generating the 

production of hydrogen sulfide (H2S) through this respiration process. It should be noted that a 

strong H2S odor was noticeable during every sampling event for this well location. Further 

evidence of such potential sulfate contributions from anthropogenic sources (and/or sulfide-

bearing sediments) is observed by the “over-range” (>150 mg/L) sulfate concentration values 

measured in the surface water samples (H1SW and SISW). Typical sulfate concentrations in 

seawater are generally between 2,500-3,000 mg/L with an average of approximately 28 mM 

(~2,700 mg/L) (Water Condition and Purification Journal, 2005; 

https://www.lenntech.com/composition-seawater.htm; Canfield and Farquhar, 2009) which 

suggests that seawater spray or tidal influx of sulfate may serve as a primary contributor to the 

relatively higher concentrations observed in the wells surrounding Little Lagoon area. Under 

such reasoning, this indicates that the sources of sulfate could be a combination from seawater 

influx and seawater spray, and tidal influx, anthropogenic (fertilizer or septic) and/or from the 

sulfur-containing sediments in the area. However, due to sulfate being the second most abundant 
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anion in seawater and of the close proximity of Little Lagoon to the coast, the relatively high 

concentrations of sulfate in the sampled well network may be expected to be dominated by the 

seawater (tidal of sea-spray) input (Canfield and Farquhar, 2009). 

 

Figure 4. Figure showing discrete sulfate concentrations relative to a temporal precipitation 
record during the sample period. 

 
Table 2. Table showing the average sulfate concentrations (mg/L) for each sampling event 
during the sample period. 

 

Date Average Sulfate (mg/L) 
4-Jun-21 110.8 

24-Jun-21 41.3 
7-Aug-21 60.65 
8-Sep-21 94.65 
16-Oct-21 54.6 
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Figure 5. Spatial map showing the average sulfate concentrations (mg/L) relative to each 
well/piezometer within the study area. 
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Table 3. Table showing the sulfate concentrations (mg/L) recorded in each well/piezometer 
throughout the sample period. 

 
 
6.1B Nitrate 

Analysis of the temporal nitrate concentration data (June 2021-October 2021) show that 

there were notable variations in magnitude, depending upon the specific groundwater sample 

spatial location (Figure 1). This indicates that the nitrate concentrations are spatially variable and 

are likely to be controlled by any nearby sources (i.e., fertilizer applications, sewage/septic 

releases, localized surface water runoff) and site-specific biogeochemical processes as a function 

of the environmental conditions (dissolved oxygen, redox potential, dissolved organic carbon, 

groundwater chemistry, water mixing, and microbial communities) at each monitoring location 

and specific collection time. Nitrate concentrations ranged between 0.23 and 4.23 mg/L (NO3
--

N) with a mean value of 1.18 mg/L for the entire temporal data set. General temporal trends 

across the study area showed that average nitrate concentrations were highest (1.43 and 1.53 

mg/L) during the mid-Summer (August) and mid-Fall (October) sampling events, respectively. 

Sulfate Concentrations (mg/L) 
Well 
IDs 

4-Jun-
21 

24-Jun-
21 7-Aug-21 8-Sep-21 16-Oct-21 

 H2 84.2 BDL BDL BDL BDL 
GS-2 BDL - BDL BDL BDL 

S1 137.4 41.3 72 118.2 BDL 
GS-3 BDL BDL BDL BDL BDL 

USA-7 - - BDL BDL BDL 
USA-4 - - BDL BDL BDL 
USA-5 - - over range over range over range 

H1 BDL BDL BDL BDL BDL 
USA-1 - - BDL BDL BDL 
BS-2 BDL BDL BDL BDL BDL 

USA-2 - - - 71.1 54.6 
USA-6 - - 49.3 BDL BDL 
H1-SW - - - over range over range 
S1-SW - - - over range over range 
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Nitrate concentrations were statistically lower during the early summer (0.75 mg/L and 0.66 

mg/L) sampling events (Table 3). However, due to the fact that these sampling events only 

represent discrete points in time, temporal trends between these events cannot be appropriately 

determined with confidence. One interesting observation to note is that higher nitrate 

concentrations were consistently recorded in wells USA-6 and H2, which supports the fact that 

spatial variation of nitrate concentration can be significantly controlled by specific groundwater 

environment and proximate sources, as mentioned previously. Furthermore, wells USA-6 and H2 

are in close proximity to each other on the north side of Little Lagoon and may in fact be 

recording nitrate concentrations or conditions as influenced by a particular land use in this 

section of the study area (Map Figure and Figure 4). Generally, the areas just north of (and 

parallel with) Little Lagoon are dominated by residential buildup land-use type and the observed 

elevated nitrate concentrations in these wells may reflect fertilizer application (gardens and lawn) 

or some other anthropogenic activity associated with these areas. Although these trends may be 

associated with such land use, it should be noted that such explanations are only speculative and 

require further high-resolution temporal monitoring and source tracking to make any conclusive 

determinations. In addition to these nitrate spatial trends and long-term temporal trend analyses, 

no particular trends were observed for nitrate concentrations following major or minor storm 

events, even when including that for notable storm systems such as Tropical Storm Claudette and 

Hurricane Ida.  All nitrate concentrations measured temporally over the entire study area were 

below the maximum contaminant level (MCL) of 10 mg/L (nitrate as nitrogen). As mentioned, 

the measured concentrations are spatially variable and would need further temporal 

investigations to catch peak concentrations in the aquifer. Additionally, a subsection of the 

nitrate concentration data sampled from the well network (June 2021) was compared and plotted 
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as a function of the Styx River discharge as an indirect comparison to the long-term precipitation 

and corresponding storm events for the area (Figure 3). Similar to the precipitation record, no 

particular trends were observed for nitrate concentrations following major or minor discharge 

events (Styx River) which seem to correspond well with the storm events captured by the 

precipitation record (data not shown). The low levels of nitrate concentrations evident in the 

wells are most likely associated with background levels of nitrate (nitrogen fixation; atmosphere 

or nitrification) or may reflect some low cumulative level from localized sources such as lawn 

and garden fertilizers or sewage or septic breakthrough in the area. Additionally, denitrification 

process may be occurring whereby nitrate-nitrogen is converted to nitrogen (N2) gas via nitrate-

reducing bacteria under anoxic conditions. In fact, there is some evidence that anoxic conditions 

exist within portions of the well-network of the study area, whereby the production of hydrogen 

sulfide (H2S) is occurring via the reduction of sulfate or sulfide bearing sediments in the system. 

Furthermore, depleted oxygen levels from direct dissolved oxygen (DO) concentrations are 

observed in various wells (well network) revealing that denitrification of nitrate could be 

occurring and contributing to reduced levels of nitrate in the system. Such denitrification 

processes are likely highly variable throughout the area depending on the local hydraulic regime, 

decomposing organic matter, microorganism communities, and nutrient inputs into the system 

both temporally and spatially. 
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Figure 6. Figure showing discrete nitrate concentrations (mg/L) relative to the continuous 
temporal precipitation record during the sampling period. 

 

 

Table 4. Table showing the average nitrate concentrations (mg/L) for each sampling event 
during the sample period. 

Date Average Nitrate (mg/L) 
4-Jun-21 0.748 

24-Jun-21 0.658 
7-Aug-21 1.429 
8-Sep-21 1.104 
16-Oct-21 1.532 
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Table 5. Table showing the nitrate concentrations (mg/L) recorded in each well/piezometer 
throughout the sample period. 
6.1C Phosphate 

Analysis of the temporal reactive phosphate concentration data (June 2021-October 2021) 

show that there were notable variations in magnitude, depending upon the specific groundwater 

sample spatial location (Figure 1). As reported in Table 4, the reactive phosphate (PO4
3-) 

concentrations sampled from the well network surrounding Little Lagoon area, are generally 

below the detection limits (<0.15 mg/L) of the method. The highest average phosphate 

concentration (1.01 mg/L) was measured during the late-Summer sampling event (August) 

whereby the last rain event occurred seven days prior to this sampling event. Of all the wells 

sampled, phosphate was consistently detected in well GS-3 during every sampling event. Due to 

its spatial location and close proximity to the coast, these consistent temporal measurements 

likely indicate that the groundwater in this area is marine (source) influenced or a result of a 

localized source (mineralogical/geologic, waste middens, bone/fossil waste pit, etc.). at or near 

Nitrate Concentrations (mg/L) 

Well IDs 
4-Jun-

21 24-Jun-21 
7-Aug-

21 8-Sep-21 16-Oct-21 
H2 0.44 1.05 3.63 3 2.25 

GS-2 0.5 - 0.41 0.25 BDL 
S1 2.6 1.25 0.98 0.48 0.7 

GS-3 0.4 0.32 1.08 BDL 0.85 
USA-7 - - 0.23 BDL BDL 
USA-4 - - 0.46 0.42 0.42 
USA-5 - - 1.73 0.76 1.2 

H1 0.25 0.29 0.24 BDL BDL 
USA-1 - - 2.2 0.9 1.32 
BS-2 0.3 0.38 0.53 BDL 0.68 

USA-2 - - - 1.88 3.47 
USA-6 - - 4.23 1.14 2.9 
H1-SW - - BDL BDL BDL 
S1-SW - - BDL 0.39 BDL 
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the well. Possible sources of coastal PO4
3- result through the remineralization of organic matter, 

atmospheric deposition, or a product of bottom water upwelling (Adyasari et al., 2021). 

Although more study is warranted, the observed low to non-detect phosphate concentrations may 

suggest that phosphate-derived fertilizer sources are minimal or negligible to groundwater 

loading, at least in the region surrounding Little Lagoon (study area). This may provide further 

evidence that most of the phosphate in this area is derived through remineralization processes. 

 

 

Figure 7. Figure showing discrete reactive phosphate concentrations (mg/L) relative to the 
continuous temporal precipitation record during the sample period. 
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Figure 8. Spatial map showing the average reactive phosphate concentrations (mg/L) relatice to 
each well/piezometer within the study area. 

 

 

Table 6. Table showing the average reactive phosphate concentrations (mg/L) for each sampling 
event during the sample period. 

Date 
Average Reactive Phosphate 

(mg/L) 
4-Jun-21 0.688 

24-Jun-21 0.235 
7-Aug-21 1.01 
8-Sep-21 0.173 
16-Oct-21 0.321 
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Table 7. Table showing the reactive phosphate concentrations (mg/L) recorded in each 
well/piezometer throughout the sample period. 

6.1D Ammonia 

Analysis of the temporal ammonia concentration data (June 2021-October 2021) show 

that there were notable variations in magnitude, depending upon the specific groundwater sample 

spatial location (Figure 1). Table 9 reports the ammonia (NH3) concentration over all sampling 

events (temporally) for the study area. The greatest average NH3 concentrations were measured 

for the early-Summer (June 4) and late-Summer (September 8) sampling events with values of 

1.23 mg/L and 1.21 mg/L, respectively. Groundwater samples from well S1 exhibited the 

greatest ammonia concentrations throughout the study sampling period (12.25 mg/L), followed 

by the second highest concentrations measured in well USA-2 (11.00 mg/L). Due to the fact that 

well USA-2 was not sampled during every event, it is expected that the concentration values 

would be greater than S1 based on the general trends from prior sampling measurements, but this 

cannot be directly confirmed. The presence of ammonia in groundwater may be due to the 

processes of nitrification from nitrogen fixing bacteria in soil and plant rhizomes, 

Reactive Phosphate Concentrations (mg/L) 

Well IDs 
4-Jun-

21 
24-Jun-

21 
7-Aug-

21 
8-Sep-

21 
16-Oct-

21 
H2 BDL BDL BDL BDL BDL 

GS-2 BDL - 0.457 BDL BDL 
S1 BDL BDL BDL BDL 0.556 

GS-3 0.688 0.183 3.226 0.173 0.159 
USA-7 - - BDL BDL BDL 
USA-4 - - 0.16 BDL 0.188 
USA-5 - - 0.197 BDL 0.502 

H1 BDL BDL BDL BDL 0.303 
USA-1 - - BDL BDL BDL 
BS-2 BDL 0.287 BDL BDL BDL 

USA-2 - - - BDL 0.215 
USA-6 - - BDL BDL BDL 
H1-SW - - - BDL BDL 
S1-SW - - - BDL BDL 
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ammonification from decomposing organic matter, and/or ammonification from anthropogenic 

sources of nitrogen (i.e., fertilizers, manure, or sewage). It should be noted that groundwater 

monitoring wells S1 and USA-2 are in very close proximity to Little Lagoon and the surrounding 

salt marshes. The highest NH3 concentration of 5.94 mg/L was measured in well USA-2 during 

the late-summer (September 2021) sampling event. The lowest average NH3 concentration of 

0.53 mg/L was measured during the mid-summer (June 24) sampling event which occurred just 

days after Tropical Storm Claudette made landfall. There are no clear trends of ammonia 

concentration in association with storm events during the sampling period corresponding with 

this study. These results indicate that a much higher temporal sampling resolution is required to 

capture any short-term changes or trends (relationships) of ammonia concentration with storm 

events for the study area. The relatively low ammonia concentrations (0.12-5.94 mg/L) observed 

over several seasons monitored may indicate that nitrogen-derived fertilizer or septic 

breakthrough anthropogenic sources may provide minimal impact to groundwater loading, at 

least in the region surrounding Little Lagoon (study area). As mentioned previously (see above 

“Nitrate” section), conditions may be conducive for denitrification where available ammonia is 

converted via nitrification to nitrate first, under relatively oxygen-rich conditions, and then to 

nitrogen gas (N2) via denitrification processes under anoxic conditions. Under such conditions, 

the redox states in the aquifer would be expected to be highly variable and this would require 

high resolution temporal sampling to confirm such redox transition timescales. 
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Figure 9. Figure showing discrete ammonia concentrations (mg/L) relative to the continuous 
temporal precipitation record during the sample period. 

 
Table 8. Table showing the average ammonia concentrations (mg/L) for each sampling event 
during the sample period. 

 

Date 
Average Ammonia 

(mg/L) 
4-Jun-21 1.225 

24-Jun-21 0.53 
7-Aug-21 0.877 
8-Sep-21 1.207 
16-Oct-21 0.682 
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Table 9. Table showing the ammonia concentrations (mg/L) recorded in each well/piezometer 
throughout the sample period. 

6.2 Water Chemistry 

6.2A Total Dissolved Solids 

General water chemistry parameters were collected temporally (June 2021-October 2021) 

from the monitoring well network for the study area. It was observed from the analysis of the 

total dissolved solids (TDS) that a long-term chemical response may occur in the shallow aquifer 

(Figure 4). A relatively long-term (seasonal) increase in TDS concentration (i.e., peak) was 

observed during the mid-late hurricane season (September 2021). This may indicate that the 

relatively large cumulative (time integrated) water contribution from hurricane/storm events 

during this period is causing an increase of chemical species (TDS) to the shallow aquifer 

through overland flow and increased infiltration. For instance, any immobile chemical species at 

the land surface or within the subsurface (stagnation or adsorbed species) may be mobilized via 

this pulse of water input from such storm/hurricane events, temporarily increasing the TDS load 

Ammonia Concentrations (mg/L) 

Well IDs 
04-Jun-

21 
24-Jun-

21 
07-Aug-

21 
08-Sep-

21 
16-Oct-

21 
H2 0.158 0.382 BDL BDL 0.324 

GS-2 0.144 - 0.12 BDL 0.202 
S1 3.5 0.905 2.55 1.58 1.5 

GS-3 2.42 0.566 2.01 0.877 0.508 
USA-7 - - 0.129 BDL BDL 
USA-4 - - 1.42 0.369 0.491 
USA-5 - - 0.781 1.07 1.07 

H1 0.968 0.575 0.646 0.317 0.368 
USA-1 - - 0.136 0.245 BDL 
BS-2 0.158 0.223 0.313 0.111 0.204 

USA-2 - - - 5.94 1.8 
USA-6 - - 0.655 0.353 0.348 
H1-SW - - BDL 0.188 BDL 
S1-SW - - BDL BDL BDL 
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in the system. This would suggest that the additional water input from storm/hurricane events 

would act to push chemical species and TDS as a pulse through the shallow aquifer system. 

Under such conditions, it may be that relatively lower TDS values would be expected in 

groundwater (i.e., well network) from samples collected during non-hurricane season periods. 

Between June and July (2021), there was a substantial cumulative amount of water input from 

storm events that could be causing a relatively large pulse of water to move through the shallow 

aquifer during this summer season. This large amount of water accumulation via precipitation 

could be temporarily increasing the TDS load followed by a decrease in concentration as the 

cumulative amount of precipitation (water contribution) decreases. As such, this response was 

observed as a pulse of dissolved species moving through the well-network approximately 1-

month after the cumulative amount of rainfall from related storm systems moving through the 

area. This long-term effect indicates that there may be a chemical response (“residence”) time of 

4-5 weeks occurring within in the shallow aquifer system. The Geological Survey of Alabama 

(GSA) conducted a study that also showed that residence times (i.e., from rainfall event to 

chemical and hydraulic response) with the shallow aquifer system, in this same region of coastal 

Alabama, were within the same time-scale as noted for this study herein (i.e., 30-40 days) 

(personal communication, Guthrie, 2022). However, it is important to note as this study reveals, 

that high-resolution sampling is necessary to confirm such temporal or seasonal trends in 

chemical species and TDS even for a relatively small spatial sampling area. 
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Figure 10. Figure showing the average TDS (ppm) data relative to the continuous temporal 
precipitaion record during the sample period. Precipitation values were integrated to show rain 
accumulation for each rain event. The dashed line is indicating the TDS trend shown throughout 
the study period. 

6.2B Chloride 

Groundwater samples were collected (June 2021-November 2021) from the study area 

well-network and analyzed for chloride (Cl-). Figure 5 shows the average Cl- concentrations for 

each sampling event plotted relative to temporal precipitation (amounts in inches) over the study 

area. The highest average chloride concentration (788.43 mg/L) was observed for the late 

Summer (September 2021) sampling event, directly after Hurricane Ida moved through the 

region. It should be noted that the average Cl- concentration (455.60 mg/L) measured during the 

early summer (June 2021) did not include samples from the entire well network (some wells not 

available yet) at this point, and thus direct comparison must take such conditions into 

consideration. However, due to the fact that these are average Cl- concentrations quantified for 

the study area, such responses may reflect general concentrations trends reasonably well. Also, it 



 

 
 

32

should be noted that the general trend of Cl- concentration and temporal response was similar to 

that observed for the TDS trends. For instance, this relatively large amount of water 

accumulation via precipitation (storm and Hurricane Ida events) could be temporarily increasing 

the chloride load followed by a decrease in concentration as the cumulative amount of 

precipitation (water contribution) decreases, as described in the TDS section above. Similar to 

the TDS concentrations response through the shallow aquifer system, as described in the section 

above, the Cl- response was observed as a pulse moving through the well-network approximately 

1-month after the cumulative amount of rainfall from related storm systems moving through the 

area. Again, this long-term effect indicates that there may be a chemical response (“residence”) 

time of 4-5 weeks occurring within in the shallow aquifer system. 

 

Figure 11. Figure showing the average chloride (mg/L) data relative to the continuous temporal 
precipitation record during the sample period. 

 



 

 
 

33

6.2C pH  

Groundwater samples were collected (June 2021-November 2021) from the study area 

well-network and analyzed for pH. Figure 11 shows the average pH values for each sampling 

event plotted relative to temporal precipitation (amounts in inches) over the study area. The 

highest average pH recorded (6.53) was observed during the early fall sampling event (October 

2021). The lowest pH values recorded (6.16 and 6.17) were observed during the sampling events 

that followed Tropical Storm Claudette and Hurricane Ida, respectively. It should be noted that 

these lower pH values measured in the well network could be related to the relative large 

amounts of precipitation and influx of atmospheric-derived water associated with these storm 

systems. 

 

 

Figure 12. Figure showing the average pH values relative to the continuous temporal 
precipitation record during the sample period. 
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6.2D Dissolved Oxygen 

Groundwater samples were collected (June 2021-November 2021) from the study area 

well-network and analyzed for dissolved oxygen (DO). Figure 12 shows the average DO values 

for each sampling event plotted relative to temporal precipitation (amounts in inches) over the 

study area. The highest average recorded DO concentration (4.66 ppm) was observed in the late 

summer (September 2021) during the sampling event that after Hurricane Ida. The relatively 

higher observed DO measurements observed in the well network during this time period could be 

related to the relatively large amounts of precipitation and influx of atmospheric-derived water 

associated with these storm systems, similar to that observed for the lower pH values measured. 

This may help confirm that the major storm systems, such as Hurricane Ida, influence the 

groundwater chemical signature by temporally decreasing pH and increasing DO via the impulse 

of atmospherically-derived water through the shallow aquifer system surrounding the Little 

Lagoon region. The lowest recorded average DO concentration (0.91 ppm) was observed during 

the early-Fall (October 2021) sampling event. This could be due to biological processes like 

microbial degradation of the nutrients in the water. Bacteria in the area can consume oxygen 

during respiration utilizing the oxygen as an electron acceptor and can result in anoxic conditions 

(oxygen-poor aqueous and subsurface environment). 
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Figure 13. Figure showing the average dissolved oxygen (ppm) data relative to the continuous 
precipitation record during the sample period. 

6.3 Nutrient and Water Chemistry Plots 
 
 To further assess site-specific nutrient/chemistry variability and geochemical/water-

chemistry and nutrient trends and correlations between parameters at each of the different 

locations within the study area, a series of scatter plots was created for analysis. In the scatter 

plots shown below, specific correlations can be observed but the strength (robustness) of the 

correlations vary significantly depending upon the particular parameters being compared. Due to 

the nature of this variability, this assessment focuses on the scatter plot with trends (linear 

regression) that exhibit mild to strong correlations with coefficients of determination (R2) 

between 0.1 and 1. Under this classification, R2 values around 0.1 would denote relationships 

with mild correlation between parameters and R2 values approaching 0.8-1 would denote a 

strong correlation between parameters. Although these correlations are not always consistent 

depending on the particular well location, the overall trends (or lack thereof) may provide further 

evidence or confirmation (or denial) of the major processes occurring or better define potential 
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sources under the site-specific chemical complexities and variations observed within the study 

area. Scatter plots with linear regressions having R2 values less than 0.1 are included in the 

Appendix. Further discussion of these poorly correlated parameters, as shown by these scatter 

plots, is not provided due to the fact that no clear relationships can be observed or explained with 

any confidence, which may confirm the high degree of variability of chemical response both 

spatially and temporally for the study area.   

6.3A Nitrate vs. Dissolved Oxygen 

Mild negative correlations (trends) between groundwater nitrate (NO3
-) and dissolved 

oxygen (DO) concentrations were observed for monitoring wells S1 and BS-2 (Figure 13). This 

indicates that decreasing DO values correspond to slight increases in nitrate concentration for 

these spatial locations. However, this trend does not explain the fact that nitrate is predominantly 

generated through nitrification processes under more aerobic or oxygen-rich conditions.  If such 

trends exist, this behavior might suggest that some other limiting step in converting soil nitrogen 

or a nitrogen source to nitrate. Another potential explanation could be that, even under the range 

of DO concentration, that denitrification processes are occurring yielding a reduction of nitrate 

under the range of DO levels present.  It is important to note that these trends are only mildly 

correlated indicating that the correlations between nitrate and DO may be very site specific and 

highly variable, and therefore, may not reliably represent consistent conditions/relationships at 

these locations. 
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Figure 14. Scatter plots and linear regressions for relationships between nitrate (NO3
-) and 

dissolved oxygen (DO) concentrations measured at monitoring wells S1 and BS-2. 

6.3B Ammonia vs. Dissolved Oxygen 
 

A relatively strong negative correlation (trend) between groundwater ammonia (NH3) and 

dissolved oxygen (DO) concentration was observed for monitoring well H2 (Figure 15). This 

indicates that increasing DO values correspond with a decrease in ammonia concentration for 

this spatial location. This observed correlation may indicate that nitrification processes are 
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occurring, whereby soil-nitrogen and/or anthropogenic  sources of nitrogen (fertilizers/septic) 

such as ammonia are being converted to nitrate or another form of nitrogen species. However, 

the scatter plot data for well H2 does not show a corresponding increase in nitrate that might be 

expected under this condition. Alternatively, the complex redox conditions at this location may 

be occurring or the scatter plots may not adequately capture the complete progression of 

nitrification processes, and may therefore reflect a different stage within the nitrogen cycle (i.e., 

denitrification). 

 

 
Figure 15. Scatter plot and linear regression for relationships between ammonia (NH3) and 
dissolved oxygen (DO) concentration measured at monitoring well H2. 

6.3C Nitrate vs. pH 
 

Moderate to relatively strong negative correlations (trends) between groundwater nitrate 

(NO3
-) concentrations and pH were generally observed for several monitoring wells (i.e., S1, GS-

2, and H1) throughout the study area, with the exception of monitoring well BS-2 that showed a 

moderately strong positive correlation between NO3
- and pH (Figure 16). For the most part, these 

observations indicate that increasing pH values correspond with decreasing nitrate concentration 

in the shallow groundwater. Under such conditions it may be that initial relatively lower pH 
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values associated with infiltrating atmospherically-derived precipitation (storm systems), 

corresponding with greater oxygen enrichment, may transition to higher pH as the infiltrating 

water contact time increases. It would be expected that as water contact-time increases through 

the system that the pH would also increase due to the generally higher buffering capacity of soil 

and aquifer media. It may also be expected that oxygen would be depleted as water contact time 

increases through the system as biological degradation processes have time to occur and adjust. 

Although more data and analysis is required, such processes may explain the fact that as pH 

increases (and oxygen is depleted) that nitrate is consumed (decreases) via denitrification 

processes under increasingly anoxic an reducing conditions. However, the moderately strong 

positive correlation between nitrate concentration and pH for monitoring well BS-2 demonstrates 

the notable variation of processes such as redox and pH conditions in the system and in the 

vicinity of this well location (Figure 16). Under this condition, increasing pH corresponds with 

increasing nitrate concentration within the vicinity of well BS-2 and provides evidence of the 

highly variable hydraulic and chemical dynamics within the aquifer system. 
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Figure 16. Scatter plot and linear regression for relationships between nitrate (NO3
-) and pH 

measured at monitoring wells S1, GS-2, H1, and BS-2. 
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Correlations of water chemistry and nutrient data generally exhibited relatively moderate 

to strong correlations as a function of depth-to-water (DTW) as displayed via the scatter plots 

shown below. DTW represents the localized condition of the water table or hydraulic head in the 

shallow A1 aquifer system – greater DTW corresponds with lower water table and greater 

vadose zone extent whereas lower DTW corresponds with higher water table and lower vadose 

zone extent. In many cases, increasing depth-to-water positively correlates with NH3, NO3
-, and 

dissolved oxygen (DO). A higher depth-to-water (= lower water table height and larger vadose 

zone) may indicate more oxygen from the atmosphere and vadose exchange allowing the 

conditions to be more oxygen rich and therefore more NH3 and NO3
- would result through 

nitrification processes. As the conditions have increasing oxygen, it is expected that the nitrogen 

in the soil (or from a fertilizer/septic source) would be converted to NH3, then to nitrite (limiting 

step) and then to nitrate (nitrification).  

6.3D Dissolved Oxygen vs. Depth-to-Water 
 
A relatively moderate positive correlation (trend) between dissolved oxygen (DO) 

concentration and depth-to-water (DTW) was observed for monitoring well H2 (Figure 17). This 

moderate correlation indicates that as the water table decreases (DTW increases) the DO 

increases. Under such conditions, it may be expected that as major storm events cease for an 

extended period of time and the water table decreases in the region, the exchange of oxygen-

abundant (atmospheric derived) soil-gas within the expanded vadose zone could contribute to 

greater oxygen exchange and diffusion to the shallow groundwater. However, as explained in 

prior sections, a pulse of recently recharged precipitation may also be expected to contain 

relatively higher DO concentrations due to relatively recent exchange with the atmosphere just 

prior to infiltration and recharge.  It should also be noted that a combination of data analyses may 
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be able to be used to improve upon a reasonable explanation or process for a particular 

observation. For instance, a negative correlation between groundwater pH and nitrate 

concentration was observed for some of the monitoring wells, whereby lower pH corresponded 

to higher nitrate concentrations. Such lower pH may be associated with greater vadose zone 

exchange (lower water table) corresponding to both higher DO levels and greater nitrate 

concentrations, rather than a greater influx of groundwater and higher water table (lower DTW). 

Regardless, isolating or determining the specific processes predominantly responsible for the 

variation of DO in these complex shallow aquifer systems is challenging, likely requiring a 

higher resolution (temporal) or continuous water chemistry sampling/monitoring campaign in 

combination with other water chemistry and water isotope data.  

 
Figure 17. Scatter plot and linear regression for the relationship between dissolved oxygen (DO) 
and Depth-to-Water (DTW) measured at monitoring well H2. 

 
6.3E pH vs. Depth-to-Water 
 

Relatively mild correlations (trends) between groundwater pH and depth-to-water (DTW) 

were observed for monitoring wells H2 and S1 (Figure 18).  Important to note is the fact that the 

trends between pH and DTW for these wells exhibit opposite behavior, whereby wells H2 and S1 
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display both a positive and negative correlation, respectively.  This indicates that the sampled 

groundwater from monitoring well H2 shows a mild trend in which the pH decreases as DTW 

decreases (i.e., increase in water table height) over the study period. Conversely, this indicates 

that the sampled groundwater from well S1 shows a mild trend in which the pH decreases as the 

DTW increases (decrease of water table). Under such conditions, determining the specific 

processes predominantly responsible for the variation of pH in this dynamic aquifer system is 

challenging, likely requiring a higher resolution (temporal) or continuous water chemistry 

sampling/monitoring campaign in combination with other water chemistry and water isotope 

data. Within the limitations of data collected, it could be interpreted from the H2 scatter plot that 

as a storm delivers fresh atmospheric-derived recharge to the shallow aquifer the pH would be 

expected to decrease (or remain relatively low) with a corresponding increase in the water table 

due to the recharge influx to the system. Conversely, the S1 scatter plot indicates that decreases 

in groundwater pH correspond with decreases in the water table, potentially due to exchange of 

oxygen-abundant soil-gas within the expanded vadose zone allowing for greater oxygen 

exchange and diffusion to the shallow groundwater. Additionally, such relatively simple trends 

and explanations may not be appropriate for such systems whereby the redox conditions, 

nutrients inputs and demands, microbiological degradation processes, and hydraulic regimes are 

in constant flux.  
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Figure 18. Scatter plots and linear regressions for the relationships between pH and Depth-to-
Water (DTW) measured at monitoring wells H2 and S1. 

6.3F Ammonia vs. Depth-to-Water 
 
Moderate positive correlations (trends) between groundwater ammonia (NH3) 

concentrations and depth-to-water (DTW) were observed for a few monitoring wells (i.e., S1 and 

H1) throughout the study area, with the exception of monitoring well H2 that showed a mild 

negative correlation between NH3
 and DTW (Figure 19). For the most part, these observations 
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indicate that increasing NH3 concentrations correspond with increasing depth to water 

(decreasing water table height). Under such conditions, it may be expected that as the water table 

lowers in the region, the exchange of oxygen-abundant (atmospheric derived) soil-gas within the 

expanded vadose zone could contribute to greater oxygen exchange and diffusion to the shallow 

groundwater initiating the conversion of soil-nitrogen and/or other nitrogen sources 

(fertilizer/septic, etc.) to ammonia via nitrification processes. The negative weak correlation 

observed in monitoring well H2 indicates that an increase in groundwater ammonia 

concentration corresponds with an increase in water table height.  Under such conditions it could 

be interpreted that as a storm delivers fresh atmospheric-derived (oxygen-enriched) recharge to 

the shallow aquifer the soil-nitrogen or nitrogen sources would be expected to be converted to 

ammonia via nitrification with a corresponding increase in the water table due to the recharge 

influx to the system. Alternatively, the complex redox conditions at these locations may be 

occurring or the scatter plots may not adequately capture the complete progression of 

nitrification processes, and may therefore reflect a different stage within the nitrogen cycle such 

as organic matter decomposition (i.e., denitrification). As mentioned previously, such relatively 

simple trends and explanations may not be appropriate for such systems whereby the redox 

conditions, nutrients inputs and demands, microbiological degradation processes, and hydraulic 

regimes are in constant flux.  
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Figure 19. Scatter plots and linear regressions for the relationships between ammonia (NH3) 
and Depth-to-Water (DTW) measured at monitoring wells H2, S1, and H1. 
6.3G Nitrate vs. Depth-to-Water 

 
A relatively strong positive correlation (trend) between groundwater nitrate (NO3

-) and 

depth-to-water (DTW) was observed for monitoring well S1 (Figure 20).  This indicates that the 

sampled groundwater from monitoring well S1 (and vicinity) shows a strong trend in which 

increases in nitrate concentration correspond to increases in depth-to-water (i.e., decrease in 

water table height) over the study period. Under this condition, it may be expected that as the 

water table lowers in the region, the exchange of oxygen-abundant (atmospheric derived) soil-

gas within the expanded vadose zone could contribute to greater oxygen exchange and diffusion 

to the shallow groundwater initiating the conversion of soil-nitrogen and/or other nitrogen 

sources (fertilizer/septic, etc.) to nitrate via nitrification processes. Such relatively simple trends 

and explanations may not be appropriate for such systems whereby the redox conditions, 

nutrients inputs and demands, microbiological degradation processes, and hydraulic regimes are 

in constant flux. Overall, isolating or determining the specific processes predominantly 

responsible for nitrate variation in these complex shallow aquifer systems is challenging, likely 
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requiring a higher resolution (temporal) or continuous water chemistry sampling/monitoring 

campaign in combination with other water chemistry and water/nitrate isotope data. 

 

Figure 20. Scatter plot and linear regression for the relationship between nitrate (NO3
-) and 

Depth-to-Water (DTW) measured at monitoring well S1. 
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7. CONCLUSIONS 
 

The groundwater hydraulic regime and associated chemical responses of water chemistry 

and nutrients for coastal wetlands and lagoon systems are extremely complex and present unique 

challenges for characterization due to highly temporal and spatial variability of land-use, 

environmental conditions, and biological processes acting in these dynamic regions. These 

coastal wetland and lagoon regions represent complex transition zones between land-dominant 

and marine-dominant processes whereby precipitation contributes to local recharge while 

groundwater generally discharges to these regions, potentially from more distal sources. Mixing 

and exchange between such a processes can greatly impact environmental and biological 

processes that can impact the concentrations of nutrients and water chemistry significantly in 

these regions and can be very site specific and highly temporally variable. This coupled surface 

water-groundwater study demonstrated that high variability of nutrient concentrations and water 

chemistry was observed both spatially and temporally, even for a relatively small study area 

surrounding Little Lagoon. Relatively high concentrations (>150 mg/L) of sulfate shown in the 

sampled well network may be expected to be dominated by the seawater (tidal of sea-spray) 

input. In terms of nutrient concentrations (nitrate and phosphate), there were no clear chemical 

response trends (or correlations) with duration and/or magnitude of storm events. Due to the high 

degree spatial variability of nutrients and relatively low concentration measured within the study 

area, concentrations may be linked to very specific residential land-use and a highly temporal 

application of lawn and garden fertilizers or related sewage breakthrough events.  At least for the 
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study area and time-scale of the study, the observed low to non-detect nutrient concentrations 

(nitrate and phosphate) suggest that nitrogen/phosphorus-derived fertilizer sources may play a 

minimal or negligible role to groundwater loading.  Additionally and/or alternatively, such low 

nutrient concentrations may indicate that biological mediation (microbial degradation) of the 

nutrients may be occurring due to the complex and highly variable spatial/temporal 

environmental conditions (redox, pH, DO, etc.) within the Little Lagoon and coastal estuary 

regions. Such complexities may mask or overprint particular source loading events to this system 

and, as such, when nutrients were analyzed over the entire hurricane season (June 2021– Nov 

2021), no distinct temporal concentration trends could be observed. However, for certain water 

chemistry parameters such as TDS and chloride, the results of this study suggest that potential 

trends in concentration response to storm/hurricane events may be able to be captured over a 

longer time period (seasonal). The long-term response or pulse of TDS and Cl- (conservative 

solutes) through the system, after cumulative rain events, indicate that there may be a ~4–5 week 

chemical transit time through the shallow aquifer system for the study area (coastal aquifer 

system around the Little Lagoon region). The results indicate that larger water inputs from 

cumulative precipitation totals associated with storm/hurricane events may act to mobilize and 

transport the accumulation of more conservative water chemistry species (i.e., TDS and Cl-) 

pulses through the shallow aquifer, giving rise to observed high peak concentration responses 

after such water influx events occur. However, it is important to note that high-resolution 

sampling is necessary to confirm such temporal or seasonal trends in chemical species, even for a 

relatively small spatial study region (as conducted here). Due to the high spatial variability of 

nutrient concentration, water chemistry parameters and environmental/biological processes likely 

occurring, an extremely high-resolution temporal study would be required to effectively 
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determine specific chemical responses as a function of storm/hurricane events in the study area. 

One primary takeaway from this research is that for the complex shallow coastal groundwater 

system surrounding Little Lagoon, Alabama and other systems similar in nature, that 

conservative chemical responses (pulses) after major and cumulative precipitation events may be 

able to used to determine hydraulic residence times through these systems with some confidence. 

Of course, further high-resolution sampling and analyses are required to better confirm and 

constrain the data and potential hydraulic response correlations.  Another primary takeaway from 

this research is that determining hydraulic residence times, mass flux (and loading), and source 

tracking for nutrients is extremely challenging and not particularly reliable due to the complex 

temporal and spatial variation of environmental and chemical conditions occurring throughout 

this estuary-dominant coastal aquifer system.   As such, the nonconservative nature of nutrients 

(nitrate, phosphate, ammonia) within the complex aquifer system of the study area (Little 

Lagoon region) could not be effectively used for source tracking, estimating nutrient flux, and 

determining hydraulic residence times. The findings from these results should be considered for 

other similar studies that aim to quantify and characterize nutrient sources, nutrient inputs, and 

nutrient fluxes after major storms events for such temporally and spatially complex aquifer 

systems.  An overarching takeaway from this study is that variability of nutrient and water 

chemistry data in coastal transitions zones (lagoons and wetland area) is likely influenced and 

controlled by a number of physical and biotic processes characteristic for such regions, and that 

without high-temporal and spatial characterization methods, determining chemical trends 

associated with specific storm/hurricane events will be extremely difficult and challenging. 
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8. RECOMMENDATIONS 

This study on characterizing the groundwater quality following storm events faced many 

challenges. Along with the complexity of the lagoon’s hydraulic regime, time and money 

constraints played a big part on the list of challenges. Driving down to the Gulf Coast (~5-hour 

drive) for a sampling event following a storm event was not feasible to do with the uncertainty of 

the weather (pop up summer storms). It would have been helpful to have data sensors in each of 

the study wells/piezometers that continuously recorded data so we could see any potential trends 

that may be occurring. Based on these challenges, we recommend (1) An ability to collect a 

high-resolution and continuous temporal data set; (2) A longer study period that captures all 

seasons; (3) High-degree of flexibility to be physically present to capture all rain events and 

corresponding sampling regimes in the study area for multiple days at a time; and (4) Obtaining 

2-3 (or more, i.e., continuous data logging) sampling events per month (5) plan the 

sampling/monitoring network to best optimize and capture chemical responses in association 

with minor to major storms events (monitoring time may require 4-5 weeks of nearly continual 

sampling); and (6) plan for and recognize the complexities that can occur for accurately 

assessing nutrient responses (nonconservative nature) through these dynamic aquifer systems 

that are controlled by highly variable spatial and temporal environmental and hydraulic 

conditions (i.e., sources, seasonality, redox and pH, microbiology, etc.). 
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