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STATEMENT OF THE PROBLEM 

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 within the 

region, and to ensure that environmentally-sensitive ecosystems such as coastal estuaries and 

wetlands are preserved in the region. Degradation of the water resources and the health of coastal 

zones (i.e. coastal estuaries and wetlands) can adversely affect the regional economy.  

Groundwater is the primary source of freshwater in the region and is utilized by municipalities, 

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

water bodies (estuaries and wetlands) and the regional ecosystem is critical to the success of 

local industries (i.e. fish and shrimp industries and manufacturing), tourism, and recreation.  In 

recent years, Baldwin County has experienced some of the most rapid growth in public and 

private sectors, ranking third among all counties within the state of Alabama.  As a result, 

observed decreasing quality of groundwater and surface water due to increased agricultural 

landuse, and urban and residential expansion has become and increasing concern for the region.  

Agricultural and urban uses of fertilizers and septic systems are primary sources that contribute 

to nutrient contamination of groundwater and surface water in the region.  Nitrate contamination 

has been observed to be a problem in some of the aquifers of Baldwin County (Murgulet and 

Tick, 2009).  Nitrate levels in wells have been observed to exceed regulatory drinking water 

standards (10 mg/L).  Not only is this a concern for human health but groundwater discharge and 

surface-runoff of elevated nitrate levels to coastal surface waters may adversely affect the 

ecological health of coastal wetlands, embayments, and estuaries.  Therefore, it is imperative to 

construct an accurate conceptual model for contaminant transport in the region.  The 

development of a two-dimensional cross-sectional groundwater flow and transport numerical 

model will help to identify potential groundwater recharge and discharge zones, flow pathways 

delineate areas most prone to contaminant discharge, and predict contaminant transport to the 

coastal zones in Baldwin County, Alabama and the Gulf of Mexico.  

 

RESEARCH OBJECTIVES 

The objectives of this study are part of a large scale effort to 1) characterize groundwater 

flow and transport in the aquifers of southern Baldwin County; 2) quantify groundwater 

residence times through the groundwater system 3) determine the spatial and temporal 

distribution of contaminants traveling through the aquifer system; 4) assess mechanisms of 

contaminant transport and fate through the aquifer system (i.e. nitrification/denitrification, 

dilution, advection, etc.); and 5) develop useful conceptual models for the aquifers system of 

Baldwin County and other similar coastal groundwater systems across the world.  Tools such as 

these will be critical for developing cost-effective aquifer management plans and protect 

groundwater resources in the region and identify zones receiving discharging groundwater along 

the Gulf of Mexico. This study aims to evaluate the groundwater flow and nitrate transport in the 

aquifer system of Southern Baldwin County and to the Gulf of Mexico in response to variable 

density flow caused by the presence of seawater at the coast. To aid in accomplishing the 

objectives of this study, a two-dimensional variable-density groundwater flow model was 

developed using the SEAWAT code (Guo and Langevin 2002). 

 

METHODOLOGY 

A two-dimensional cross-sectional variable-density groundwater flow and transport 

model was developed for a general North-South flow direction, based on the flow gradients 
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identified by Walter and Kidd (1979) and Murgulet and Tick (2008). The numerical model was 

developed to represent the three major aquifers for the region (A1, A2, A3) (see Final Report), 

the Intracoastal Waterway (IW), the unnamed channel connecting Shelby Lakes and Little 

Lagoon (CR), and the Gulf of Mexico. The model accounts for processes such as advection and 

dispersion that may occur within any subsurface system when a contaminant is released under 

conservative conditions and for the density-difference between freshwater and seawater. 

Sorption and reaction terms are not included in the simulation, because nitrate behaves mainly 

conservatively in the absence of denitrification (Murgulet and Tick 2009).  

The model was calibrated for flow under steady-state conditions using well hydraulic 

information collected from the field. Solute transport was then simulated under transient 

conditions using SEAWAT simulation code in order to account for the density difference 

between freshwater and seawater with every simulation step. Recent data collected on 

groundwater nitrate levels and chloride concentrations (Murgulet and Tick, 2008; Murgulet and 

Tick, 2009) for the region were used to test the groundwater transport model to help predict and 

determine flow pathways, and potential discharge zones for the region. The calibrated flow 

system used as the initial conditions for the transient model offered a good representation of 

solute transport under conservative conditions. 

The two dimensional finite-difference grid used to represent the model, which consisted 

of twenty-four layers, was designed to represent the subsurface hydrogeology of the study area 

and to allow for a better representation of different lithologies during calibration (e.g., 

conductivity values). All layers vary in thickness to best represent elevations of the specific 

formations. The model grid is 46,850 x 20 meters corresponding to 235 columns and 1 row, 

respectively. The cell size in the X direction was 199.4 m. The length of the cross section 

corresponds to the approximate distance between the coastline and a few hundred meters North 

of Interstate 10. Boundary conditions simulated in the present model included constant head and 

constant concentration, no flow, and recharge. A 1,000 year transient simulation was conducted 

assuming constant boundary conditions. Constant-head boundaries, for all twenty-four layers, 

were established along the southern (Gulf of Mexico) and northern boundaries (immediately 

North of Interstate 10) of the aquifer system in the vertical direction and at the Intracoastal 

Waterway and the unnamed channel (on layer 1). These boundaries were established to mimic 

the regional trend of the potentiometric surface and to represent observed water levels for the 

simulated year conditions. Salinity constant concentrations were assigned at each of the constant 

head boundaries. Constant head values assigned at the southern boundary were based on field 

observations observed for each aquifer. 

 

PRINCIPAL FINDINGS AND SIGNIFICANCE 

Numerical modeling simulation results revealed that nitrate and groundwater discharge to 

the Gulf of Mexico were not significant from the shallower saltwater impacted aquifers. The 

results of the model, in conjunction with measured data, indicated that the Intracoastal Waterway 

plays an important role in diverting groundwater from discharging directly into the Gulf of 

Mexico. Salinity concentrations recorded from the Intracoastal Waterway and the unnamed 

channel further suggest the dilution of water from the Intracoastal Waterway with fresh 

groundwater (e.g., 18,450 mg/L salinity) and that the unnamed channel is saltwater fed (e.g., 

29,750 mg/L salinity). Therefore, the model indicates that nitrate outflow from the system occurs 

mainly through the Intracoastal Waterway and to a lesser extent through submarine groundwater 

discharge. Although the cross-sectional model reveals that direct discharge of nitrate to the Gulf 
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of Mexico is not a major factor, a significant proportion of nitrate may be transported to Mobile 

Bay (via the Intracoastal Waterway) and eventually to the Gulf of Mexico. The absence of nitrate 

in groundwater and surface water in areas south of the Intracoastal Waterway (Murgulet and 

Tick 2009) is supported by the results of the model.   

The results of the transient model simulation indicate that the flow dynamics and 

contaminant transport processes within the aquifer system are additionally influenced by density 

variations that occur from the incursion of saltwater. Using the results of different simulated 

scenarios, residual nitrate concentrations in the saturated zone were estimated to range between 

30 and 160 mg/L for the contamination source zones. Simulations results indicate that nitrate 

present in concentrations as high as 5 mg/L extend to the deeper Gulf Shores Aquifer (Aquifer 

A2). Travel times of nitrate to these depths range from modern/contemporary to approximately 

100 years. This is in relatively good agreement with the long history of agriculture and farming 

in this area. However, migration of nitrate to these depths may be enhanced due to increased 

aquifer development (high pumping rates observed) which can act to increase vertical gradients, 

the degree of mixing and dispersion, and diffusion through the aquifer system. The occurrence of 

high vertical gradients is revealed by simulated transport results, observed nitrate distribution 

along the simulated cross section, and by independent radiocarbon age dating measurements. The 

presence of nitrate at greater depths is accompanied by younger waters. For instance, 

groundwater ages ranging from modern to 100 years old were identified in areas where nitrate 

migrated vertically to the Gulf Shores Aquifer (Aquifer A2). At shallow depths nitrate exceeds 

concentrations greater than 80 mg/L. This suggests a relatively permanent source of nitrate-

contaminated modern water from the primary sources derived from the water table aquifer and 

the land surface.  

Results of the different simulated scenarios indicate that if input of nitrate is ceased, after 

approximately 50 years, a residual nitrate in concentrations as low as 2 mg/L will be present at 

the top 50 meters of the aquifer. This concentration further decreases with increasing simulation 

time. Under this scenario, the size of the nitrate plume was shown to increase due to processes of 

dilution and diffusion while overall concentrations within the plume decrease. However, even 

after 200 years, a residual nitrate concentration of approximately 0.2 mg/L will still remain in the 

southern part of the aquifer system. Residual nitrate, in concentrations greater or equal to 0.2 

mg/L, will be completely flushed out of the system after 300 years. Therefore, in the absence of 

denitrification and a non-continuous contamination source, nitrate will persist in the system for 

long periods of time. Under these circumstances however, nitrate concentrations may be 

diminished by dilution and dispersion processes. Nevertheless, it should be mentioned that the 

time it takes a contaminant to be flushed out of the system and to be diluted is dependent on the 

amount of recharge that the system receives. It is expected that greater dilution and reduced 

residence times of the contaminant will occur during increased recharge conditions thereby 

flushing contaminant from the system at a faster rate.  

 

CONCLUSIONS 

The results of the model reveal the importance of the Intracoastal Waterway in acting as a 

groundwater and contaminant sink for the Beach Sand and Gulf Shores Aquifers. The model 

predicts that the Beach Sand and Gulf Shores Aquifers will be impacted by severe saltwater 

intrusion, whereas the deeper 350 and 500-Foot Aquifers will experience negligible saltwater 

intrusion for the entire simulation period. This is primarily the result of preexisting elevated 

salinity concentrations and relatively low hydraulic head elevations in close proximity to the 
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coastline in the top two aquifers (e.g., the Beach Sand and Gulf Shores Aquifers) and the induced 

reverse groundwater gradient  (i.e. south to north) from the coast to the Intracoastal Waterway. 

Consequently, nitrate discharge to the Gulf of Mexico likely originates from the lower part of the 

aquifer system (e.g., the 350 and 500 Foot Aquifers) through submarine groundwater discharge. 

However, nitrate discharge to the Gulf of Mexico through the cross section from the upper Beach 

Sand and Gulf Shores Aquifers (A1 and A2) is not negligible. Nitrate discharges from these 

aquifers through diffusion and seawater circulation within the seawater/freshwater transition 

zone. The Intracoastal Waterway acts as barrier to groundwater contaminant input to coastal 

surface waters located in close proximity to the coast (e.g., Lake Shelby and Little Lagoon) by 

removing the largest part of nitrate from groundwater. However, significant nitrate discharge 

may occur to the Gulf of Mexico from Mobile Bay via the Intracoastal Waterway. 
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Statement of the problem and research objectives 
Globalization of the nitrogen cycle 

In the last century, humans have significantly altered the global nitrogen (N) cycle, resulting 

in a dramatic increase in the rate at which „fixed‟ (or biologically active) N is created globally. The 

magnitude and scale of this increase has been remarkable: since 1970 alone, the rate at which N2 has 

been fixed has gone up by 120% worldwide. Excessive N inputs to ecological systems are linked to 

several environmental concerns, including the eutrophication of inland freshwater and marine 

ecosystems, and the loss of species diversity.  Increasingly, elevated N inputs are also being linked to 

ecological changes that have negative consequence for human health, including the distribution and 

abundance of key disease vectors, as well as the occurrence of harmful algal blooms (HABs). For 

these reasons, understanding controls on the cycling and fate of reactive nitrogen in regional 

landscape remain an important research priority. 

 

The role of denitrification in the nitrogen cycle 

Given concern over this escalation in N inputs to ecosystems, much current research focuses 

on understanding how bioavailable forms of N are transformed, transported, and retained within 

landscapes. Large-scale budgets indicate that only 20-25% of the N added to the biosphere is 

exported to oceans. This suggests that a significant N sink must exist within landscapes, and 

denitrification within riparian and aquatic habitats has been identified as the process most likely 

responsible for this N removal.  Denitrification is a heterotrophic process in which organic matter 

oxidation to CO2 is coupled to the reduction of dissolved nitrate (NO3
-) and nitrite (NO2

-).  This is 

carried out by bacteria in anoxic, or low-oxygen environments (where O2 is < ~0.2 mg/L), with an 

end product of nitrogen gas (N2 or N2O).  Bacteria capable of denitrification are widespread in soils 

and sediments, and this process can occur throughout terrestrial, freshwater, and marine 

environments.  Importantly, denitrification is thought to be the primary mechanism by which 

bioavailable N can be permanently removed from ecosystems.  
 

Eutrophication in the Mobile River Basin 

Widespread nutrient enrichment within the Mobile River Basin of the southeastern US has 

the potential to increase the delivery of nitrogen (N) and phosphorus (P) to ecosystem of the Gulf 

Coast. This notion is supported by research showing that variation phytoplankton abundance in 

several Mobile Bay estuaries is directly linked to differences in N delivery from the upstream 

catchment, and is presaged by well-documented eutrophication in the northern Gulf of Mexico 

associated with nutrient delivery from the Mississippi River.  The extent to which nutrient 

enrichment and associated anoxic conditions persist in the Mobile Bay is largely unknown; however, 

reducing N transport to Alabama‟s coastal waterways will likely ameliorate possible loss of 

commercial and recreational value due to hypoxic events similar to the Dead Zones widely observed 

in the Gulf of Mexico. The goal of this proposed research is to evaluate the patterns and controls 



on sediment denitrification within the Cahaba River, a key drainage system within the Mobile 

basin in central Alabama.  

One key observation motivating this research comes from a long-term survey of stream 

chemistry from multiple stations located along the Cahaba River (Fig 1; data from UA, Center for 

Freshwater Studies).  These show sharp increases in 

N concentration associated with Birmingham, AL, 

followed by a clear decline downstream of the urban 

environment. Even correcting for the effects of 

dilution downstream, these data indicate a strong 

potential for N removal in this river, and the goal 

of our research is to help explain this observation. 

 

Brief explanation of the methods 

Research is organized into three elements (RE 

I-III), and includes both laboratory and field activities.  

For RE I and II, we have collected sediments from 

multiple locations in the Cahaba River and elsewhere 

in the Mobile drainage. With these, we have carried out 

experiments designed to quantify rates of denitrification, 

and to assess the relative importance of dissolved NO3
- 

and labile carbon as drivers of this process. We have also used these sediments to characterize 

changes in the structure of microbial communities associated with denitrification.  For RE III, we 

have initiated field studies aimed at making estimates of ecosystem metabolism (gross primary 

production; GPP and ecosystem respiration; R) along a channel continuum in the Cahaba River.  In 

conjunction with this, we are working to develop methods for making whole-system estimates of net 

denitrification via membrane inlet mass spectrometry (MIMS). The long-term goal of RE III is to get 

field estimates of denitrification, contrast these with laboratory results, and evaluate how these vary 

with NO3
- concentration, channel size, and rates of metabolism.  

 Two approaches have been used to characterize the activity and status of sediment 

denitrifiers along the Cahaba River.  The first, denitrification potential assays (DNPs), involve a 

direct measure of respiration in bottle experiments that are amended with varying levels of nitrate 

and an organic carbon source (glucose).  To complete DNP assays, sediments are homogenized in the 

field from several subsamples at a site, brought into the laboratory, and a known mass placed into 

gas-tight sampling bottles. Water from each site is then amended with N and/or C and added to 

sampling bottles, bottles are then flushed with N2 gas to create an anaerobic environment, and 

acetylene is added.  Acetylene blocks the conversion of N2O to N2(g) during denitrification, so 

accumulation of N2O over time in bottle headspace represents net denitrification.  Because resource 

limitation and oxygen inhibition are alleviated through nutrient additions and purging bottles with 

N2, these measurements represent rates under ideal conditions (hence the name „potentials‟).  Our 

second approach for evaluating the denitrifier community uses genetic tools to measure gene 

expression (mRNA) in un-manipulated sediment communities. For this analysis, samples are 

immediately preserved upon collection in the field to capture in situ activity.  Gene expression 

measurements in these preserved samples targets the genes coding for a critical dentirification 

enzyme, nitrite reductase (gene abbreviation, nir).  Using quantitative PCR (qPCR), we measure the 

number of copies of the nir genes found in the samples after DNA and RNA extraction.  The more 

copies of the genes, the more active those enzymes are in the sample.  We are also using the variation 

in different nir sequences found in sediments along the Cahaba River to “fingerprint” the denitrifier 

community.  Our fingerprinting method, called terminal restriction length polymorphisms (T-RFLP), 
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Fig. 1: Dissolved inorganic nitrogen (N) concentration 

from six sampling stations located along the Cahaba 

River, AL.  Sites correspond to USGS monitoring 

stations and include: Liberty (1), Acton (2), Helena (3), 

Centerville (4), Suttle (5), and Marion Junction (6).  
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can be used to distinguish changes in denitrifier community structure that might be indicative of 

shifts in N cycling along the Cahaba River. 

 Finally, field research for this project has focused on ecosystem metabolism at six sites 

identified in Figure 1.  We are currently using diel measurements of dissolved oxygen to make 

estimates of GPP, and R (and GPP/R) following standard single-station mass balance approaches.  

These metrics provide an estimate of the assimilative N demand in different sections of the river 

(e.g., above and below the fall line), and at different seasons.  Further, this effort will allow us to 

explore potential indirect links between river productivity and denitrification. We made initial 

estimates of metabolism in summer 2009 from two locations; since March of 2010, we have started a 

field campaign in which oxygen data are collected at all six stations at monthly intervals, with greater 

frequency (e.g., biweekly) during important seasonal transitions (e.g., spring-summer).  Our plan is 

to continue this effort through May of 2011. In addition, in the summer of 2009, we collected water 

samples from two stations (Helena and Sprott) to make estimates of dissolved N2 concentration, with 

the goal of using these to calculate whole-system, net denitrification.   

 

Principal findings and their significance 
Lab experiments: results to date provide 

evidence for carbon (C) limitation of 

denitrification, as well as secondary limitation by 

N (nitrate) as indicated by a larger effect of C and 

N amendment versus C amendment alone (Figure 

2).  Results from these limitation also assays 

suggest variable controls on denitrification among 

sites. Specifically, C amendment stimulated rates 

of denitrification at Helena and Sprott, where N 

addition had no effect.  In contrast, the shoals at 

Piper had only a small response to C additions, 

but responded strongly to N addition, with no 

additive effect of C and N together (Figure 2). 

This suggests that C limitation of denitrifying bacteria 

was alleviated by the presence of organic matter rich 

sediments associated with shoal macrophytes.  

Furthermore, denitrification potentials measured at coastal sites by the Mortazavi lab as part of this 

same project also showed evidence of strong N limitation, but no effects of adding C, most likely due 

to high primary production (i.e., organic matter production) coupled with low water nitrate 

concentrations (data not shown). 

 

Genetic analyses: Sediment samples were collected in the summer of 2009 and winter of 2010, and 

are currently being processed in the Edmonds lab.  This genetic work involves amplification of nirS 

and nirK genes using 3 primer sets for each gene, a combination of 3 different fluorescent tags, and 3 

different restriction enzymes. DNA and RNA extractions have been started, and gene products have 

been found for all samples for all primer sets.  Once completed, both longitudinal and seasonal 

patterns will be evaluated. 

 

Field results: To date, estimates of metabolism suggest significant differences in productivity with 

longitudinal position in the river and strong seasonal variability. Specifically, rates of productivity 

(and P/R) were greater below (at Sprott) than above (at Helena) the fall line in the summer of 2009. 

Furthermore, sites below the fall line appear to show greater seasonal fluctuation in metabolism when 

compared to upstream reaches. This metabolism research is ongoing, and understanding these 

DNP assays at three sites in February, 2010, including 

unamended (controls), nitrate (N) amended, carbon (C) 

amended, and both C and N addition.  Bars are 

averages of three replicates, ±1 standard error.  



patterns will improve as we continue this effort, which represents a major component of Elise 

Chapman‟s dissertation.  Finally, we are still working to develop and improve the field and analytical 

methods required to get accurate and repeatable estimates of N2 gas concentration via MIMS. 
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Student Support

Category Section 104 Base
Grant

Section 104 NCGP
Award

NIWR-USGS
Internship

Supplemental
Awards Total

Undergraduate 4 0 0 0 4
Masters 5 0 0 0 5

Ph.D. 3 0 0 0 3
Post-Doc. 0 0 0 0 0

Total 12 0 0 0 12
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Notable Awards and Achievements

Findings from the pervious concrete project showed a consistent reduction in contaminants in leachate from
rainwater and stormwater through the newly cast pervious concrete system compared with runoff from a
comparison impervious pavement. The reduction of measured contaminants ranged from 20% to 85%.

Results from the groundwater flow paths and discharge project revealed the importance of the Intracoastal
Waterway to act as a barrier to groundwater contaminant input to coastal surface water. While at the same
time pointing out the fact that significant nitrate discharge may occur to the Gulf of Mexico from Mobile Bay
via the Intracoastal Waterway.
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