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ABSTRACT 

The Mobile River System acts as a vital economic, social, and cultural center for 

Alabama and the northern Gulf of Mexico region. With increasing levels of urbanization and 

land-use and development, the ecological integrity of this system becomes more vulnerable to 

imbalance due to pollution, anthropogenic alteration of stream course, and other land-use 

activities. This study focuses on tracking suspended sediment material transported by the Mobile 

River System, from upstream origin of erosion through the Mobile Estuary, and into Mobile Bay, 

by combining established geochemical and remote sensing methods and approaches. To 

accomplish this, I posed three research questions, (Q1) where in the upper reaches of the system 

are the suspended particulates originating? (Q2) what is the magnitude of flux for suspended 

sediment (SS) and associated major and trace metals from the river system? and (Q3) can the 

distribution of the suspended sediment material be effectively tracked within the Mobile Bay 

basin? The origin of sediment, i.e. identifying sources from the two major tributaries of the 

Mobile River, the Alabama and the Tombigbee Rivers (Q1) was determined using geochemical 

fingerprinting of radioisotopes and trace metals. The concatenation of fingerprinting properties 

of each tributary and of downstream suspended sediments in a geochemical mixing model 

resulted in 61% of suspended sediment material originating from the Tombigbee Basin, and 39% 

from the Alabama Basin. The flux of material out of the river system into Mobile Bay (Q2) was 

determined through compositional analysis of suspended sediment material collected by passive 

suspended sediment capture within the Mobile-Tensaw Delta. Using this sampling approach, SS 

flux entering the Delta varied between 981 g/s during low flow regime and 23,509 g/s during 



iii 

 

high flow. Associated trace metal fluxes were below EPA regulated limits. (Q3) Calibration of 

existing remote sensing algorithms with in-situ data from Mobile Bay proved successful in 

generating remote sensing algorithms which can track sediment movement in Mobile Bay across 

seasonal and hydrologic conditions.
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INTRODUCTION 

Sediment transport in river systems is essential for managing water quality.  High 

sediment loads not only decrease water transparency, thus limiting biological productivity, but 

also carry contaminants efficiently from upstream locations to the coast.  The complexity of river 

systems combined with continually changing land-use leads to challenges for tracking and 

monitoring of contaminations as sources can be extremely varied and geographically disparate.  

Nevertheless, a better understanding of the dynamics of contaminants is essential to evaluate and 

manage the water resources adequately not only upstream but also in the economically vital 

coastal regions downstream. 

The Mobile-Tensaw (M-T) River system is the sixth largest river system and the second 

largest estuary in the United States (Byrnes et al., 2013). Large amounts of suspended materials, 

including sediment carrying trace metals, are transported through the watershed and deposited in 

Mobile Bay.  The size of this drainage basin (approximately 114,000 km²), spanning over four 

states (AL, MS, GA and TN), makes identifying the origin of sediments and contaminants to be 

an inherently difficult task.  In addition it should be noted that the majority of the population of 

Alabama lives within the basin, the river network has an extensive lock-and-dam system, and 9 

superfund sites are active within the watershed (Ward et al., 2005; www.usgs.gov).  Sediment 

budget of Mobile Bay is routinely estimated by mass-balance of the amount of sediment dredged 

from the Mobile Ship Channel (to keep the channel at a consistent depth) and extrapolated to 

account for the entire Bay (Byrnes et al., 2017).  This method is limited in accuracy by the 

https://www.usgs.gov/centers/lmg-water/science/mobile-river-basin-study?qt-science_center_objects=0#qt-science_center_objects
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narrowness of the deposition area of the channel and by the slow rate of data accumulation 

inherent to the dredging process.  

This study aims to track suspended material movement through the MR-MB system, 

from erosional origin upstream to final deposition at the Delta, and the spatial distribution within 

Mobile Bay.  To achieve this goal, three primary research questions were addressed: (Q1) where 

in the upper reaches of the system are the suspended particulates originating? (Q2) what is the 

magnitude of flux for suspended sediment (SS) and associated major and trace metals from the 

river system? and (Q3) can the distribution of the suspended sediment material be effectively 

tracked within the Mobile Bay basin?  

In devising methods and tools to answer these questions, considerations must be made 

according to the greater understanding which exists for large diverse river systems connected to 

shallow estuaries.  At system scales, the origin of suspended material is often difficult to 

determine, and it is recognized that streamflow is the most significant factor in evaluating 

suspended sediment flux (Rubin and Topping 2001).  Additional factors, such as land-use 

changes, stream course alteration (such as dams and bulkheads), elevation change, and water 

usage practices alter sedimentation rates as well (Mukundan et al., 2010; Cook and Moss 2012; 

Ramirez-Avila and McAnally 2011).  For example, a study by Bankhead et al. (2008) found that 

between 1974 and 2003, individual sections of the Tombigbee River widened up to 85 m 

primarily due to upstream dam constructions resulting in bank erosion.  To examine the effects 

of these factors on water quality, large-scale monitoring systems must be built, both in the 

upstream channels and throughout the downstream estuaries.  A model for such expansive 

monitoring has been maintained in the Chesapeake Bay System since 1983.  This monitoring 

system features 123 upstream monitoring stations, of which 40 have been recording parameters 
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such as total nitrogen (TN), total phosphorous (TP), suspended sediment concentrations (SSC), 

dissolved inorganic carbon (DIC), and nitrate (NO3
-) since the 1980s, as well as multiple 

hundreds of monitoring stations within the Chesapeake Bay itself (USGS 2019)  That program 

was  integral in providing quantitative goals for management efforts (1987 Chesapeake Bay 

Agreement and Chesapeake 2000 Agreement, Chesapeake Bay Program 2011), evolving 

scientific research in the field of ecosystem restoration such as the impact of excess nutrients as a 

primary pollutant and the contribution of airborne nitrogen to estuarine pollution, and serving as 

a prototype for other water management efforts (e.g. National Estuaries Program, Panama, Japan, 

China, Macau, etc.) (https://www.chesapeakebay.net/).  Despite being the sixth largest river 

system in the US, both the Mobile River Basin and Mobile-Tensaw River Delta severely lack in 

monitoring capability.  Currently, there are a total of 196 monitoring stations upstream, but 172 

of these (i.e. 90%) monitor only discharge and gage height (https://waterdata.usgs.gov/).  

Furthermore, there are only two stations within the M-T Delta, located only at the most northern 

section just downstream from the divergence of the Tensaw River from the Mobile River.  For 

the entire system, only approximately 40 stations record any kind of water quality parameters, 

where most record only a limited set of parameters (usually one or two), such as temperature, 

specific conductivity, or dissolved oxygen (DO).  Furthermore, the longevity of these records is 

very short; for example, the oldest monitoring stations only began recording data in 2007, while 

the majority have only been constructed in the last six years (i.e. since 2014).  This spatial and 

temporal monitoring of the river system is largely insufficient to identify and model 

anthropogenic influences on basin scale.  As a result, there are available modeling studies 

evaluating SS fluxes only on individual smaller watersheds within the Mobile River Basin.  Due 

to the lack of continuous and comprehensive monitoring systems, individual studies must seek to 

https://www.chesapeakebay.net/what/publications/chesapeake_2000_agreement
https://www.chesapeakebay.net/
https://waterdata.usgs.gov/
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fill the gaps of mechanistic understanding of the underlying processes.  Two of the most widely 

applied and effective approaches for identifying sources of suspended particle fluxes and 

associate upstream originating contaminations entering estuarine systems involve geochemical 

fingerprinting and remote sensing.  To a certain extent, attempts for such studies have been 

conducted in the Mobile River System (Grace, 2004; Cook 2007; Ha and Park 2012; Zhao et al., 

2011).  However, these studies were generally limited either by spatial scale or lack of sufficient 

temporal data, which ultimately have been hindering successful modeling efforts. 

Geochemical fingerprinting is based on the fact that sediment composition depends 

primarily on geologic origin owing to the inherent heterogeneities in the weathered parent rocks’ 

composition.  This principle allows using as tracers of sediment movement both naturally 

occurring radioisotopes that are part of the rocks' core composition and anthropogenic materials 

induced secondary to the systems (Hughes 2008).  Such approaches have been applied 

effectively across spatially and geologically disparate areas elsewhere (Motha et al., 2002; 

Doxoran et al. 2005; Gellis et al., 2009; Wallbrink et al., 2009; Collins et al., 1997; Haddadchi et 

al., 2013, Appendix Table A4).  The most relevant to the Mobile River Basin study site is a 

study conducted by Peterson et al. (2013) in the Apalachicola-Chattahoochee-Flint (ACF) River 

system.  This river system is (1) a direct eastern neighbor of the Mobile River system for much 

of the northern track, (2) has a similar northern reach and total system length, and (3) has a lower 

but analogous discharge (~550 m³/s in ACF, ~1,700 m³/s for Mobile) due to nearly identical 

climatic and environmental conditions.  Using radioisotopes in combination with other 

geochemical proxies, Peterson et al. (2013) were able to successfully differentiate contributions 

from upstream tributary basins, and further use this information in conjunction with SS collected 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012JC007878
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downstream to determine both magnitudes of sediment flux and upstream origin of the 

transported material. 

Based on these previous studies I carried out a three-year investigation (between 2017 and 

2020)on the sediment dynamics and associated trace metal fluxes of the Mobile River Watershed 

- Mobile Bay complex in Alabama.  To understand better upstream-downstream sediment and 

metal transport through the system, I used a set of geochemical approaches to answer the 

questions of the (1) magnitude of SS and trace metal fluxes and (2) their origin. To delineate the 

sources of SS fluxes entering into the 

Mobile Bay Estuary (M-T Delta and 

Bay areas), I used a combination of 

several site- and rock unit -specific 

geochemical characteristics, including 

major and trace elemental composition, 

radiometric analysis, and mineralogical 

composition of surface sediment from 

the upstream basins and downstream in-

situ collected SS samples.  Two main 

tributaries comprise the Mobile River 

Watershed, the Alabama River and the 

Tombigbee River (Figure 1).  

Figure 1 Map of MR-MB Watershed. Internal basin extents highlighted 

The rationale is that these two river basins display distinct underlying geologies (Johnson 

et al., 2002, Appendix Figure A5), which ultimately result in unique geochemical fingerprints 
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for each basin, allowing for downstream sediments to be correlated to a particular upstream 

origin (Peterson et al., 2013).  To identify these two endmembers, a statistical comparison of 

watershed components is performed using correlation matrices.  Based on correlation factors, the 

parameters are then grouped into two distinctive groups.  Finally, the two endmember groups are 

used in a multivariate mixing model as inputs to determine percent contribution to downstream 

SS flux from each upstream source basin (Haddadchi et al., 2013).  Trace metals absorbed on 

suspended sediment particles carried by these two water sources also reflect site-specific 

anthropogenic impacts within each tributary subbasin and give insights about trace metal 

contamination potentials. 

Further, once the SS plume reaches the coastline, I used a satellite-based approach to track SS 

distribution seasonal patterns and flow regime dynamics within Mobile Bay.  Remote sensing is 

a useful tool in tracking SS.  The satellite SS distribution determination is predicated on the 

concept of differences in sediment and water's reflective properties in satellite imagery captured 

at different wavelengths (Doxaran et al., 2002).  This has been applied in many different regions 

(D’Sa et al., 2007; Doxaran et al., 2005; Ouillon et al., 2008; Pavelsky and Smith (2009).  A 

common finding, illustrated by a study conducted by Schiebe et al. (1992) on Lake Chicot, 

Arkansas, is that the red spectrum (620-740nm) is most sensitive to variations in SSC, and water 

reflects approximately no NIR wavelengths, and thus a ratio of the two can be an effective 

method of identifying SS in water bodies.  Briefly, for this study, the tracking of the SS within 

Mobile Bay is performed by applying a remote sensing algorithm that relates the reflectance 

value with an SS component (most often SSC or turbidity), where the algorithm must be 

calibrated based on satellite-specific sensor, in-situ values, and local environmental conditions 

(Long and Pavelsky, 2013).  Once the algorithm is calibrated, it is applied to imagery without 
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accompanying in-situ data, allowing for evaluation of a much wider range of imagery as well as 

improved means of monitoring going forward. 
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STUDY AREAS AND SEDIMENT SAMPLING STRATEGIES 

The sample collection for this study was completed within all three components of the 

MR-MB system (basin, delta, and bay; Figure 2).  Bulk surface 

sediments were collected upstream from the Alabama River and the 

Tombigbee River Basins, SS material was collected downstream from 

the Mobile River Delta using time-integrated material samplers (TIMS), 

and SS were retrieved from filtering grab water samples from Mobile 

Bay.  The bulk surface sediments at multiple upstream locations were 

recovered from shallow sediment cores and augur excavations from 

different depths during the summer of 2017 and fall of 2019.   

Figure 2 Diagram of MR-MB continuum and sample types. Depicts the location and the 

different types of sediment collected during this study. 

Second, the SS in surface waters from the M-T Delta area were collected via TIMS deployments 

during several different seasons between 2018 and 2020, and finally, the filtered SS material 

from surface water from Mobile Bay was collected and analyzed between 2017 and 2019.  All 

samples were collected according to EPA methods (Gellis 2016). 

Upstream Bulk Surface Sediment Sampling  

Bulk surface sediments from the Mobile River Basin were collected from the two main 

tributaries, the Alabama and Tombigbee Watersheds (Figure 3).  To ensure representative 

sampling of each basin, the four sampling sites within each basin were spread spatially as evenly 
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as possible.  The upstream bulk surface sediment samples in the Alabama Watershed 

were collected as sediment cores, but only the uppermost section was used (15 cm).  The 

sediment cores were recovered using a Dreyer Vibracore device (Model CG5), usually near 

small undisturbed lakes from a point within 3 meters of the lake shoreline of the nearest stream 

course.   

From north to south 

downstream, surface sediments were 

recovered from Weiss Lake (WSL), 

Wind Creek State Park (WCP), Cheaha 

Lake (CCL), and Paul M. Grist State 

Park (PGP) (Figure 3).  The bulk 

sediment samples from the Tombigbee 

River Basin were collected using a hand 

augur from points within 15 m of an 

average stream course, except for one 

sample (DAC) which was taken from 

the center of a horseshoe bend.   

Figure 3 MR-MB Sampling Locations Map. Shows the MR-MB river system and the sampling 

locations of bulk surface sediments and SS collected by TIMS during this study. Left corner 

inscert depicts a zoomed-in map of the Mobile-Tensaw River Delta and the locations of the 

deployed TIMS during this study (described below) 

From north to south downstream, sediments were collected from Bankhead Lake (BHL), 

Cochrane Recreation Area (CRA), Demopolis (DAC), and Bashi Creek (BIC) (Figure 3).  The 

bulk sediments were excavated from a maximum 30 cm depth, of which the top ~20 cm were 

used in the analyses.  Because of the large sampling area, significant variations in elevation and 
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weathered secondary accumulated material may introduce biases in end-member identification 

and mixing models.  Thus, comparing to other studies (Guan et al. 2017), I used deeper origin 

bulk sediments to compensate for these differences and to ensure that I collect all appropriate 

parent-rock material. 

Downstream Delta SS Sampling 

For this study, the downstream suspended sediment material entering the coastal zone 

was collected from the Mobile-Tensaw River Delta via passive SS capture.  This method was 

preferred to discreet grab sampling because the expected SS concentrations in the river waters 

are too low for grab samples to amass the large amounts of sample required by various analytical 

analyses (Paterson et al. 2012).  The Mobile River is formed after the confluence of the Alabama 

and Tombigbee Rivers near Mount Vernon, Alabama (Figure 3), and after approximately 30 

river miles the Mobile River is thought to split nearly evenly (54% vs. 46% respectively) into the 

Mobile and Tensaw Rivers, which continue through the Mobile-Tensaw River Delta (USGS 

2019).  While the Mobile River flows cohesively through the Mobile-Tensaw Delta, the Tensaw 

River continues to divide through the Delta, eventually entering Mobile Bay as three different 

tributaries, the Tensaw (TR), the Apalachee (AR), and the Blakeley (BR) Rivers.  Collected SS 

and trace metal fluxes information from these deployments was then extrapolated proportionally 

to account for the Mobile River contribution to the Bay. This strategy was adopted due to 

technical difficulties in securing an SS collector at the mouth of the Mobile River, which is a 

much more developed river compared to Tensaw and has significant boat traffic.  The samplers 

used in this study are passive samplers adapted from a design known as the bi-directional time-

integrated mass sediment sampler (TIMS) (Elliott et al., 2017).  This sampler is a PVC tube of 

10.2 cm diameter and 122 cm length with specialized nozzles on either end, one straight, thin 
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inflow and one elbow outflow (Figure 4). The TIMS operates based on Bernoulli’s principle, 

where water enters a narrow inflow valve at natural river velocity. Upon entry into the main 

body of the sampler, the increase in 

tube diameter results in a sudden 

decrease of water velocity and 

subsequent sediment deposition.  

Figure 4 Bi-directional TIMS 

collection device. Top photo (A) 

depicts the sampler collection 

chamber, while the bottom (B) is 

an example of the deployments in 

the Blakeley River during this 

study. 

The remaining clear water is 

slowly pushed out of through an 

exit nozzle. The exit nozzle is a 

90⁰ elbow allowing for water to enter the tube only in one direction, from the upstream direction 

and prevents Bay water and sediment from entering during high tide.  The amount of water that 

passes through the sampler is a function of stream velocity, as defined in Elliott et al. (2017).  I 

deployed the TIMS four times during the course of this study.  The samplers were always placed 

in the center of each stream course to reduce resuspension collection and left in the water for at 

least one month in order to collect a sufficient mass of sediment for analysis. Actual deployment 

times varied due to issues of weather conditions and boat availability for retrieving the samplers.  

After the samplers were retrieved from the water, their contents, on average of about 8.5 L of a 

mixture of river water and fine sediment material, were transferred into 50 L clean plastic 

A 

B 
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containers. In these containers they were transported to the lab for further SS separation and lab 

analysis. 

Mobile Bay Grab Sampling Events 

In-situ surface bay water samples were collected according to USGS 2006 guidelines as 

500 mL grab samples from about 30 cm depth. A total of 370 grab samples were collected, 227 

during low river flow regime, 107 for moderate flow, and 36 during high flow.  Due to the large 

size of Mobile Bay (50 km long in north-south along direction from the Delta to Main Pass, 15 

km wide in the Delta area and 30 km at the barrier island in an east-west transect, each boat 

survey focused on a portion of the Bay with 

the northern section (15-20km wide) 

immediately adjacent to the Delta ultimately 

receiving the most coverage (Figure 5).  The 

surveys were run as transects across the Bay 

at a boat speed of approximately 5 km/h 

collecting 500 mL surface water grab samples 

more often every 2.2 km (0.02 deg) while 

collecting continuous turbidity measurements.  

Figure 5: Grab Sample Locations. Map of all 

collected in-situ grab samples intended for use 

in algorithm calibration. 

 

During all surveys GPS positioning of the sampling locations was recorded in 30-sec 

intervals (Lowrance HDS 5) with an accuracy of ± 1 m.  Turbidity data were recorded 

continuously (1-minute intervals) using a YSI ProDSS handheld Multiparameter Water Quality 

Meter (resolution 0.1 ±.3 FNU, range 0 to 4000 FNU).  Approximately two transects could be 
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conducted on a given field day, which necessitated between 1-2 days for all in-situ sampling 

efforts.   

Satellite imagery of the same locations and times of all Mobile Bay in-situ collection 

campaigns were necessary for enabling direct spatial and temporal correlation between the two 

data sets. To achieve the correct timing of satellite imagery capture, the PlanetScope satellite 

system which has 48 active satellites allowing for the collection of daily imagery was used 

(Planet 2016).  The imagery products produced by the PlanetScope system are high resolution 

(3.7 m) and are separable into four wavelength bands, blue (455-515 nm), green (500-590 nm), 

red (590-670 nm), and near-infrared (NIR, 780-860nm), of which red and NIR are most useful in 

discriminating SS.  Thus, associated satellite imagery was collected for each sampling campaign 

and manipulated using ArcGIS, ERDAS, and QGIS. One of the satellite images was completely 

covered in clouds and thus was excluded from further analysis and consideration. The goal of the 

sample analysis for this approach was to correlate all quantitative measurements [SSC, Turbidity, 

Satellite brightness values (BN)] at specific locations for use in calibrating the remote sensing 

algorithms for SSC evaluation. 

Hydrologic Conditions During This Study 

The river discharge is the primary factor affecting sediment transport through river 

systems and distribution patterns downstream. Generally, the sampling campaigns were 

scheduled to target (1) contrasting climatic and hydrological regimes to obtain an overall 

representation of the sediment flux dynamics and (2) period when there was a satellite pass over 

Mobile Bay. During this study, I was able to capture a total (boat surveys and TIMS 

deployments) of four high river flow regimes (SVR-MAR17, SVR-JUL17, TIMS-SPR19, TIMS-

WSR19/20) and four lower flow regimes (SRV-MAY17, SRV-JUL18, SRV-JUL19, TIMS-
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SUM19) (Figure 6). The hydrologic data was retrieved from online available USGS stream 

gauges, including primarily discharge and flow velocity (https://waterwatch.usgs.gov). 

Figure 6 Hydrograph of the Tensaw River monitoring station. 

(https://waterdata.usgs.gov/nwis/uv?site_no=02471019 ) Areas highlighted in green indicate 

TIMS deployments (TIMS-SPR19, TIMS-SUM19 and TIMS-WSR 19/20). Yellow dashed lines 

show the boat surveys of grab sampling (SRV-MAY17, SRV-JUL17, and SRV- JUL18). For 

total system discharge see appendix Figure A3. 

 

During this study, the TIMS were deployed during the one transition from a moderate to 

high flow regime from March 26 to May 17, 2019 (TIMS-SPR19), one high flow from 

December 27, 2019 to May 11, 2020 (TIMS-WSR19/20), and one low flow regime from July 16 

to August 19, 2019 (TIMS-SUM19).  The TIMS-SPR19 deployment depicted water fluxes 

between 453 m³/s and 1,650 m³/s (average 1,010 m³/s), indicating a moderate to high flow 

regime.  Stream velocity varied between 0.33 m/s and 1.06 m/s (average 0.74±.18m/s) at the 

https://waterwatch.usgs.gov/
https://waterdata.usgs.gov/nwis/uv?site_no=02471019
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stream gauge over the collection period.  This represents the second half of a high flow regime, 

which began in December 2018 and is characterized by high, sharp peaks in discharge followed 

by a sharp decrease in discharge until the next storm event.  Major storm events (and thus peaks) 

recurred approximately every three weeks (Figure 6).  The collection period captures one of 

these major storm events, where collection begins in the falling period of one peak, the trough of 

which dips below the overall discharge median, continues through the rise and fall of the next 

discharge peak, and ends on another rising period.  The TIMS-SUM19 deployment experienced 

water fluxes between 57.2 m³/s and 592 m³/s (av. 249 m³/s), indicating a low flow regime.  

Stream velocity varied between -0.30 m/s (tidal influence) and 0.50 m/s (av. 0.17±0.14 m/s) at 

gauge location over collection period. This collection period is part of a larger low flow regime 

that began in June, characterized by occasional (~1 per month) peaks to the median discharge, 

interspaced by periods of sub-second quartile discharge.  The collection period begins on a rising 

limb of one of these peaks and captures the fall off from this peak, concluding before the rise of 

the next major peak. The TIMS-WSR19/20 deployment experienced water fluxes between 507 

m³/s and 1,660 m³/s (average 1,170 m³/s), representing a high flow regime. During this 

deployment, the discharge remained above the overall 3rd quartile for the entire first month of 

deployment, thereafter, experiencing peaks and troughs that straddle the 3rd quartile and remain 

well above the overall median discharge. Only on the last day of deployment did discharge drop 

to the median. 

The five in-situ boat surveys in Mobile Bay during this study were scheduled to capture 

similar hydrodynamics. The SRV-MAR17 (March 14-16, 2017) sampling targeted moderate to 

high conditions (av. 973 m³/s) and is characterized as the peak of a moderately high flow event, 

the base of where conditions fall to the median discharge on either side of the peak. The SRV-
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MAY17 (May 11, 2017) sampling campaign targeted moderate-low flow conditions (av. 599 

m³/s).  Despite the median discharge value, the week preceding collection is characterized by a 

continuously falling limb of a discharge peak. The SRV-JUL17 campaign was conducted under 

high flow conditions (av. 1,363 m³/s), where the preceding week experienced the rise of a 

discharge peak which began to fall just before collection. The SRV-JUL18 campaign was carried 

out under low flow conditions (av. 259 m³/s), where the week preceding is characterized by two 

small discharge peaks which give way to rising discharge until collection. The SRV-JUL19 

campaign was carried out under low flow conditions (av. 242 m³/s), where low flow dominated 

the week prior to collection, though river discharge was increasingly sharply to median values 

during actual sampling days. 
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METHODS AND DATA ACQUISITION 

Geochemical Tracer Approach For Source And Flux Assessments 

Field method collections and particle size distribution 

I applied the same sample preparation methods for all collected surface samples 

following the EPA method 600/R-16/210 as well as methods described by Peterson et al. (2013) 

in a similar study in Florida. The surface sediments were dried at 105 ºC for 12-36 hours in 

preparation for chemical analyses, after which a combination of sieving (sieve sizes range from -

1Φ to 8 Φ) and Malvern Mastersizer 3000 was used to constrain sediment size distribution. The 

sediment-rich fluid mixture collected by the TIMS was transported to and centrifuged in the lab 

in 200mL batches at 4,000 rpm for 5 minutes to separate the fine sediment fraction. 

Mineralogical composition 

The mineralogical composition was determined utilizing X-ray powder diffraction 

(XRD), where the deflection angle measured when X-rays contact the sediment crystal structure 

is indicative of a particular mineral. This information was used to collaborate with end-member 

identification as well.  The XRD analyses were conducted following a modified method from 

Cook et al., 1975.  Due to the sediment being mostly quartz sand, XRD clay slides were created 

in leu of bulk XRD analysis. Following a method modified from Foos and Quick (1988), 

sediment was pulverized using an agate mortar and pestle, then suspended in ultra-pure carbon-

free water (UPCFW) and allowed to settle, so the heavy materials (i.e. quartz) fell out of 
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suspension according to Stoke’s law.  The upper layer of the sediment slurry was decanted into a 

vacuum filter apparatus where it was filtered through a 0.45µm membrane syringe filter. The 

resultant clay film was rolled off the filter membrane and onto a glass slide for XRD analysis via 

Bruker D8 X-ray diffractometer. 

Radioisotope analyses 

To identify end-members contributing to the SS flux to the M-T Delta and Mobile Bay, a 

suite of naturally occurring and man-made radioisotopes (i.e. 210Pb 1/2=22.3 years, 226Ra 

1/2=1,600 years, 228Ra 1/2=5.8 years, and 234U 1/2= 2.5 × 10⁵ years, and 137Cs 1/2=30.17 years) 

were analyzed using HPGe COAX detector (ORTEC, Oak Ridge, TN) in the collected SS 

materials.  These radioisotopes were chosen because of several reasons: (1) they have 

sufficiently long half-lives to be useful for tracking sediment over the months (and perhaps 

several years) it takes sediment to transit the system, (2) they are generally chemically inert with 

the environment and variations in their distribution is to be attributable solely to the spatial origin 

as the geologic origin.  For this method, a homogeneous aliquot of the fine-grain dry sediment 

from each sampling location is packed into aluminum cans of volume 20 cm3, 40 cm3, or 60 cm3 

depending on the available amount material, sealed and left for at least 21 days. This time allows 

for reaching radioactive secular equilibrium between 226Ra (1/2=1,600 years) and its daughters, 

214Bi (1/2=19.9 min) and 214Pb (1/2=26.8 min), as well as with 210Pb (1/2=22.3 years) which are 

all part of the 238U decay series.  The activity concentration of 226Ra was assessed using an 

average of the count rates of 214Bi (E=609keV) and 214Pb (E=359keV) because of the 

interference of the direct 226Ra gamma line in 186keV with 235U, whereas 210Pb was analyzed by 

its own 46keV gamma line.  The naturally occurring isotope 228Ra (1/2=5.75 years) which is a 

product of the 232Th decay series (Appendix Figure A6) was analyzed using its daughter 228Ac 
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(1/2=6.1 hours) via the gamma line at 338keV assuming radioactive equilibrium.  The instrument 

was calibrated using two sediment standards produced by the International Atomic Energy 

Agency (IAEA).  The IAEA 300 standard was used for calibration of the 228Ra and 210Pb 

measurements, whereas the IAEA 315 standards were used for the calibration of 226Ra.  

Individual efficiencies were produced for all three geometries that were used, i.e. 15cm3, 30cm3, 

or 60cm3 Al cans. To address the issue of potential annihilation of gamma energy due to 

sediment density differences, density calculations were made for each standard as well as each 

sample location (Figure 3).  

Metal analyzes 

To determine trace metal fluxes delivered by particulate material to the M-T Delta and 

Mobile Bay and facilitate end-member identification, trace and major metal content in the 

collected various (bulk and suspended sediment) materials were assessed using inductively 

coupled plasma mass spectrometry (ICP-OES), according to EPA Method 3051A (EPA 2007).  

Briefly, an aliquot of 1.0 g fine-grain sediment is combined with 10 mL of 70% nitric acid into a 

sealed Teflon bomb for sediment microwave digestion.  The microwave subjects the sample to 

temperatures up to 180oC over ten minutes. This digestion protocol results in 98% digestion, 

where the goal is to leech trace metals from the surface of silicates.  After the sample is cooled 

down to room temperature, the liquid portion is decanted and filtered through 0.2m PEE 

syringe filter and chilled in prep for introduction to the analyzer.  The ICP-OES used is a Perkin 

Elmer Optima 4300 DV ICP-OE with Perkin Elmer As-93 Plus Autosampler which uses ultra-

high purity argon and nitrogen to push the sample through the baffled cyclonic spray chamber to 

the gemcone high solids nebulizer.  Quality control is maintained by using multi-element 

standards provided by CPI International and High Purity Inc., which are prepared using S% BDH 
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Aristar Ultra HNO3 blank solutions. Detection limits (DL), while variable from analyte to 

analyte, are generally in the sub-microgram range, where .046 μg (for Sr) is the lowest DL 

observed. This analyzes each sample for ionic concentrations, in terms of the mass of metal/mass 

of the sample, of which Al, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Sr, Ti, V, Zn, Si, 

K, and Na were all considered. The results for each element are reported as an average and 

analytical standard deviation of triplicate analyzes of each sampling location. 

Remote Sensing Approach To Determine The SS Distribution In Mobile Bay 

In-situ SS grab bay sample processing 

The 500mL filtering of the grab water samples collected in Mobile Bay was done 

according to established lab suspended sediment filtering protocols (Wilde 2002).  Due to the 

expected low SS concentrations present in surface water and higher analytical error from small 

mass difference between blank filters and filters loaded with SS, I used analytical balance with 

0.0001 g precision.  In addition, the filters were pre-dried and put in an exicator box (Dry-Keeper 

H420561003 Desiccator) until reaching constant weight. Only after that, they were weighed 

again before placing them onto a vacuum-filter apparatus.  After the water was poured 

completely, the loaded filter was dried, set in the exicator box until constant weight, and weighed 

again. The difference in post- and pre-filtering weights was assigned for SS concentration per 

500mLwater sample. 

Satellite data acquisition 

To achieve the correct timing of satellite imagery capture, the PlanetScope satellite 

system which has 48 active satellites allowing for the collection of daily imagery was used 

(Planet 2016).  The imagery products produced by the PlanetScope system are high resolution 
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(3.7 m) and are separable into four wavelength bands, blue (455-515 nm), green (500-590 nm), 

red (590-670 nm), and near-infrared (NIR, 780-860nm), of which red and NIR are most useful in 

discriminating SS.  Thus, associated satellite imagery was collected for each sampling campaign 

and manipulated using ArcGIS, ERDAS, and QGIS.  The discharge from the Mobile River 

system into Mobile Bay was recorded using USGS gauges for the Tensaw and Mobile Rivers 

and used to determine the hydrologic regime under which each campaign was conducted.  The 

goal of sample analyses for this approach was to correlate all quantitative measurements [SSC, 

Turbidity, Satellite brightness values (BN)] to specific GPS locations (Aooendix Figure A7). As 

each grab sample is associated with a particular GPS location, this SSC value is added to the data 

available at the particular collection location.  Next, the turbidity data which was recorded 

continuously every minute is added to each GPS location by comparing it with the time of grab 

sample collection.  

Additionally, eight satellite imageries from the PlanetScope satellite system were also 

retrieved for use in testing the calibrated algorithms against imagery where there is no 

accompanying in-situ data.  These images were chosen, encompassing a range of temporal and 

hydrologic conditions. A series of images, captured on December 15, 2019, December 31, 2019, 

and February 7, 2020, was chosen as the respectively represent the climb, initial peak, and mid-

regime conditions of a high flow period. October 1, 2019 imagery was chosen as it represents the 

most prolonged low flow conditions during the study period. October 21, and October 28, 2018 

were chosen as they represent the influence of a storm event during low flow conditions, which 

occurred just prior to the October 21 image, after which no other major events occur in the 

interstitial period. March 31, 2018, and April 21, 2019 were both chosen partially due to flow 
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condition (moderate and high respectively) and partially due to very stark plume boundaries 

apparent in the Bay at the time of capture. 

Data Analyses 

Source assessments and mixing models 

To determine the SS source contribution of each of the two main tributaries in the Mobile 

River Watershed (i.e. Alabama [AL] versus Tombigbee [TB]), I used two multivariate mixing 

models. These mixing models use data from upstream concentrations from the AL and TB 

source areas and compare them to the downstream mixed concentration of each chosen tracer to 

determine percentage-wise how much material is expected to be contributed from each source 

area. The mixing models work under two assumptions.  The first assumption is that the AL and 

TB Rivers mix thoroughly at their convergence to form the Mobile River, and the Tensaw 

tributary that the Mobile River splits into later in the Delta has the same composition. This 

allows for sampling which occurs only in the Tensaw discharge to represent overall 

concentrations imparted from the AL and TB. Secondly, I assume that sediment input and loss  

after the convergence of AL and TB are negligible compared to the sediment input and loss in 

the AL and TB source areas. This assumption is predicated on the fact that considerable spatial 

variability in geological composition and terrain gradients are to be expected over the much 

larger areas occupied by the AL and TB watersheds, compared to the much smaller area of the 

Mobile River and Delta downstream. Thus, when concentration data is input into the mixing 

models, the downstream concentrations should represent the input concentrations from the AL 

and TB. 
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The first mixing model is derived from Motha et al. (2003) (hereafter referred to Model 

1). It utilizes inputs of a tracer source concentration (upstream) and downstream tracer 

concentration for a given number of tracers and source locations.  The number of source 

locations used in the model is based on the number of sediment sampling locations, and overall 

basin contribution is calculated by adding the model predicted percent contribution from each 

surface sediment within that basin. This approach is applied to both models.  The second model I 

used is described in Gellis et al., 2009 (hereafter referred to Model 2), and incorporates source 

concentration, sample concentration, and associated variances for a given number of tracers and 

source locations.  

𝑇 = √∑ (𝐶𝑖−∑ 𝑋𝑗𝑆𝑖𝑗
2
𝑗=1 )

2𝑛
𝑖=1

𝑛
    Model 1 

T = (
1

𝑛
) ∑ |𝐶𝑖 − ∑ 𝑋𝑗𝑆𝑗𝑖

𝑚
𝑗=1 |/√∑ 𝑋𝑗

2(𝑉𝐴𝑅𝑖𝑗/𝑚𝑗)𝑚
𝑗=1

𝑛
𝑖=1   Model 2 

where: T is Total contribution, 𝐂𝐢 is concentration of fingerprint property (i) in sediment 

samples, 𝐒𝐢𝐣 is concentration of fingerprint property(i) in source category (j), 𝐗𝐣 = percentage 

contribution from source category (j), 𝐕𝐀𝐑𝐢𝐣 is variance of the measured values of tracer i in 

source area j, 𝐦𝐣 is the total number of samples for an individual source, n is number of 

fingerprint properties, m is number of sediment source categories. 

These two models were chosen because of crossover of inputs and available data, and 

because of proven of being effective in other similar studies.  Also, I aimed to have at least two 

independent approaches to have a basis for comparison. The primary distinction between these 

two models is the use of tracer variance in Model 2 which is not utilized in model 1. In practice, 

the main distinction is that Model 2 can be mathematically solved without any initial assumption 

for percentage contribution from each source category (i.e. 𝑋𝑗 is blank at the start of calculation) 

while model 1 cannot be solved without an initial assumed value present for 𝑋𝑗 which can affect 

output results. 
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Suspended sediment and trace metals fluxes assessments 

The river-derived SS fluxes were determined using an equation based on the 

mathematical relationship between suspended sediment concentration and river discharge: 

Fss = SSC(in-situ)×QR                                                                 Eq 1 

Where: Fss is average sediment flux (g/s) for a given sampling period, SSC(in-situ) is the average 

suspended sediment concentration (g/m³) recorded during that sampling period, and QR is the 

average Tensaw River discharge (m³/s) over the sampling period.  

 

The average in-situ SS concentration is determined by dividing the total mass of sediment 

collected in the three TIMS samplers by the volume of water processed by the samplers for the 

time of deployment (determined based on relationship between ambient stream flow velocity and 

flow velocity within sampler; Elliott et al. 2017). As the three samplers represent the total 

outflow of the Tensaw River, the river discharge is obtained from the USGS Tensaw stream 

gauge (waterdata.usgs.gov ). Trace metal fluxes are also determined in TIMS SS samples, using 

trace metal concentrations (mg/kg of suspended sediment) derived from ICP analyzes.  

To calculate the trace metal flux (g/s) for each deployment/season, I multiply the metal 

concentration in the sediment (mg/kg SS) by total SS collected to attain the mass of each trace 

metal collected. The mass is then divided by the total sampled volume of water to determine TM 

concentration in the sampled water, and finally, I multiply this concentration by total water flux 

(and convert units) to calculate TM flux in g/s. This was determined for every tracer at each 

TIMS sampling station for the TIMS-SPR19 and TIMS-WSR19/20 deployments, though TIMS-

SUM19 flux data only being assessed for the Tensaw River and Blakeley River sampling stations 

due to a lack of material available for later processing of Apalachee River samples with the ICP.  

 

https://waterdata.usgs.gov/nwis/uv?site_no=02471019
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Satellite imagery and in-situ SSC compilation 

In the process of integrating the satellite and in-situ data, the first consideration that is 

applied is an assessment of the level of viability of the in-situ data. This is done by testing 

correlations between in-situ collected SSC and turbidity data. The threshold I used in this study 

for the significance of the correlation was R2 > 0.7 to eliminate data collection errors. Based on 

this criterion, the entire SRV-JUL19 campaign was removed due to unreliable turbidity and SSC 

data. The SRV-MAR17 sampling event was also removed due to excessive cloud cover in 

satellite imagery. Once usable imagery for each campaign was compiled, it was mosaiced, 

clipped and atmospherically corrected using PlanetScope provided correction factors and 

ground-truthing points. For each in-situ sampling campaign then the GPS coordinates of grab 

sampling are overlain on the imagery and used to extract brightness (BN) values of each 

wavelength at the pixel corresponding to the in-situ collection location. With all in-situ and 

satellite data now compiled by data and location, specific data cleaning methods are applied. 

While BN values are assumed to be indicative of SSC, reflectance from the bottom of the Bay 

can influence BN in shallow waters (<1m for wavelengths above 600 nm) (Gordon and 

McCluney 1975), so all sample points with depths below 1 meter were removed from the data 

set, as determined from bathymetric maps of Mobile Bay (Danielson et al. 2013). Other points 

were removed due to local imagery interference, such as a cloud or shadow blocking the 

sampling location. 

After the in-situ and remote sensing data was compiled, I tested the goodness of their 

correlation. This is done by creating simple remote sensing algorithms between the in-situ field 

data (SSC, mg/L and Turbidity, FNU) and BN values (individual bands and band ratios). These 

algorithms come in many mathematical forms, of which linear and exponential functions will be 

file:///E:/Masters%20Archive%20Rem/Papers/Gordon%20and%20McCluney%201974.pdf
file:///E:/Masters%20Archive%20Rem/Papers/Gordon%20and%20McCluney%201974.pdf
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utilized in this study, though others were tested before these two became the focus of the study. 

Because there were no existing algorithms for this study area that I could use to verify against, I 

chose to develop multiple variations of an algorithm developed by Doxaran et al. (2002) for the 

area of the Gironde Estuary. The original aim of this project was to use one existing algorithm, 

but similar to the geochemical models in this syudy, the lack of comparative results as well as 

difficulty in algorithm application to new geographic locations resulted in a need for multiple 

algorithms.  The exponential algorithm, in the form 

𝑆𝑆𝐶 = 𝑎 × 𝑒𝑏×
𝑅𝑒𝑑 𝐵𝑁

𝑁𝐼𝑅 𝐵𝑁                                                             Eq 2 

where a and b are simple correction factors taken from a study by Doxoran et al. (2002) in which 

the MODIS satellite system was used to assess SSC in the Gironde Estuary in western France. 

Given local environmental differences, the correction factors were altered slightly to improve 

correlation in this study area, but the overall form of the equation remains the same. The second 

algorithm, linear turbidity equation was generated from the best fit between turbidity and the 

RED/NIR BN ratio. Turbidity was chosen as opposed to another SSC algorithm to make use of 

collected turbidity data and the direct relationship established between the two factors. This 

equation takes the form: 

𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 = 𝑎 × (
𝑅𝑒𝑑 𝐵𝑁

𝑁𝐼𝑅 𝐵𝑁
) − 𝑏                                              Eq 3 

This equation mirrors the form of other remote sensing algorithms (e.g. Long and Pavelsky 

2012) but is not entirely based on any, i.e. it is unique for this study.  I assessed the algorithms’ 

effectiveness and accuracy using ArcGIS.  

The algorithms are applied to satellite imagery using image analysis software (ERDAS 

IMAGIN and ArcGIS). The algorithms were first applied to the sampling campaign imagery, 

such that the knowledge garnered in the in-situ data and general field observations could be 
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utilized to assess the validity of the algorithm outputs. Once an algorithm is determined viable 

based on these “known” imageries and their associated hydrologic conditions, it can be applied to 

“unknown” imagery of indiscriminate sampling date. Various imageries were then manipulated 

using the algorithms in order to track SS movement over varying temporal and environmental 

conditions, with substantial importance placed in determining the capability of the algorithm at 

varying hydrologic conditions. These upper and lower confidence limits determined by flow 

regime, while important generally to constrain confidence, are particularly necessary for low-end 

determination given the depth and bottom reflectance issues mentioned previously.  
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RESULTS 

Radioisotope, Geochemical And Mineralogical Distributions Through MR-MB System 

To assess the SS contribution of each of the two watershed end-members, I analyzed both 

surface sediments collected upstream in the Mobile River watershed (a total of eight locations) 

and fine SS collected during the TIMS’ deployments (total of three tributaries).  The selected 

sampling locations upstream are used to characterize their representative river basin (i.e. 

Tombigbee or Alabama).   

Table 1 Representative geochemical analysis results for each surface sampling location. 

Included here are two tracers, one radioisotope and one trace metal. A full table with all tracers 

can be found in the appendix Table A3 

Sample ID Basin ²²⁶Ra 

(Bq/kg) 

± Co (mg/kg 

SS) 

± 

PGP Alabama 112.7 4.2 0.4 0.1 

CCL Alabama 156.3 4.5 3.0 1.0 

WCP Alabama 145.3 4.1 4.1 0.4 

WSL Alabama 68.9 2.2 5.6 1.4 

BIC Tombigbee 168.3 4.1 5.3 1.4 

CRA Tombigbee 177.3 4.1 9.1 1.6 

DAC Tombigbee 183.6 4.2 21.9 2.0 

BHL Tombigbee 68.5 2.7 2.6 0.0 

BR Downstream 183.0 7.5 13.7 0.0 

AR Downstream 170.8 7.8 15.0 0.1 

TR Downstream 177.8 7.8 14.2 0.5 
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The surface sediments in the Alabama River Watershed (i.e. PGP, CCL, WCP, WSL) 

show basin averages for 210Pb, 226Ra, and 228Ra, which all fall below the averages seen in the 

Tombigbee River Watershed and downstream while ²¹²Pb and 234U have average values higher 

than those seen in the Tombigbee but significantly lower than in the downstream sediments.  The 

surface sediments WSL had the lowest radioisotope abundances for all species within this basin. 

The PGP surface sediment shows enrichment in 210Pb and 234U relative to the other surface 

sedimentss in the Alabama Basin, whereas the CCL sediments show highest in basin enrichment 

for 226Ra, 228Ra, and 212Pb and lowest abundances in no radioisotopic tracer category.  The WCP 

sediments is most analogous to the WSL sediments, though it shows higher enrichment in all 

species, especially for 226Ra and 210Pb which have values analogous to the CCL sediments, which 

has abundances more similar to the PGP and CCL surface sediments. Sediment collected in the 

Tombigbee Watershed (BIC, CRA, DAC, BHL) showed more considerable variability, where 

concentrations of all tracers excluding 226Ra are on average higher than those collected in the 

Alabama River Watershed, but lower than the downstream (excepting BHL, which has lower 

values, more analogous to Alabama River Watershed surface sediments). The ²²⁶Ra content in 

sediments showed high variability within this basin (ranging from 69±3 Bq/kg to 184±4 Bq/kg 

[n=9]), where DAC has the highest ²²⁶Ra concentration across all Tombigbee samples. For all 

species, except 226Ra, the BIC, CRA, and DAC show a high degree of uniformity, where 

individual abundances vary by less than 3 standard deviations in almost all instances.  The 

downstream samples (BR, AR, TR) samples are highly uniform, such that no differentiating 

trends are apparent. These have the highest average activity concentrations relative to the other 

basins for all naturally occurring isotopes. However, although the average 226Ra concentration is 

higher downstream compared to the Alabama Basin (177±8 Bq/kg [n=9] and 149±4 [n=12] 
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Bq/kg respectively), the DAC and CRA surface sediment values are within the error range of all 

downstream values.  

I found that the major and trace metal concentrations throughout the MRB and the 

Mobile Delta varied significantly more than the radioisotope signatures. However, downstream 

samples still display high internal uniformity. Sediments within the Alabama River Watershed 

have a distinct chemical signature relative to the other surface sediments within the MRB, where 

there are no consistent trends across both surface sediments and tracer. Relative to the other 

sediments from the Alabama Basin, the sediments recovered from the PGP location have the 

highest abundances for Al, Ba, Be, Mn, Ni, Sr, Zn, and Na, but the lowest for Ca, Cd, Co, Cr, 

Cu, Fe, Mg, and Ti. The CCL surface sediments have the highest abundance for Cu and lowest 

for Al, Ba, Mn, Pb, and V. The WCP surface sediments have the highest abundance for Ca, Mg, 

Ti, and K, but the lowest for B, Be, and Zn.  The WSL surface sediments have the highest 

abundance for B, Cd, Co, Cr, Fe, Pb, and V, but the lowest for Ni, Sr, K, and Na. The surface 

sediments from the Tombigbee Watershed show variability between sampling locations. 

However, each tracer's variation from place to place is generally much narrower than Alabama 

Watershed surface sediments. Relative to the other sediments from the Tombigbee Watershed, 

sample BIC havs the highest abundance for zero metals and the lowest for Ba, Be, Cr, Pb, Ti, 

and V. CRA has the highest abundance for Al, B, Ca, Cd, Cr, Cu, Fe, Mg, Ni, Sr, V, Zn, and Na, 

and the lowest abundance for no tracer. DAC has the highest abundance for Ba, Be, Ca, Co, Mn, 

and Ti, but the lowest for Cu, Mg, Sr, K, and Na. On the other hand, the surface sediments from 

the BHL location has the highest abundance for K and Pb, but the lowest abundance for Al, B, 

Ca, Cd, Co, Fe, Mn, Ni, and Zn.  
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The suspended sediment material collected from the TIMS samplers deployed at the three 

rivers downstream shows high uniformity. Only Ca, Zn, and Na show some significant variation, 

with the SS from the Apalachee River outlying for Ca and Zn, and the SS collected at the 

Tensaw River outlying for Na.  The highest concentrations of Al, Ba, Be, Co, Mg, Zn, and K in 

SS material were measured downstream in the Tombigbee River Basin, and the lowest values in 

the Alabama River Basin.  In general, elements such as B, Cr, Fe, Ni, and Na on average have 

the highest concentration in sediments collected downstream, median in the Alabama River 

Basin, and lowest in the Tombigbee Basin. On the other hand, Ca and Sr show the highest 

average concentrations in the Tombigbee, median downstream, and lowest values in the 

Alabama River Basin. Of all metals, Cd is the only case where sediment materials with the 

highest concentration in the Alabama River Basin, median values in the Tombigbee, and lowest 

downstream at the Delta. Of all tracers, Cd also had a unique distribution, with the lowest 

average concentration for each basin. For comparison, Cu, Mn, Pb, Ti, and V show the highest 

average concentration in the Alabama Basin, median downstream, and lowest in the Tombigbee 

Basin.  

The grain size distribution analyses of the collected SS material revealed primarily fine 

sand to clay-sized grains (2Φ to 9.5Φ) moderately well sorted (st.dev.=0.71Φ) (Appendix Figure 

A4). Based on deployment from this study, each TIMS collected between 6.1g and 80.1g of fine 

sand to clay sediment (D50=6.5Φ, n=3). For the SS collected via the TIMS in the river delta, the 

expected d50 particle size distributions, as determined by Elliott et al. (2017), for marshland 

range from 10.5-15.0μm with the TIMS capturing a d50 of 14μm.  To ensure theTIMS sampler is 

collectiong the desired SS, sediment collected in each of the Apalachee, Blakeley, and Tensaw 

Rivers from the first (TIMS-SPR19) TIMS deployment were analyzed for grain size distribution.  
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The grain size distribution of Apalachee River sediments revealed d10 of 3.84 μm, d50 of 13.3 

μm, and d90 of 42.2 μm, whereas the SS material from Blakeley had d10 of 3.18 μm, d50 of 10.1 

μm, and d90 of 29.3 μm, and from Tensaw River d10 of 3.01 μm, d50 of 9.58 μm, and d50 of 83.6 

μm. The consistency of these values and the overall d50 of 11 μm align well with expected values 

reported by Elliott et al. (2017).  

Mixing Model Estimates For AL And TB Watershed Contributions 

In order to use any tracer for the mixing models, they have to be (1) site-specific (i.e. 

representative for each watershed end member), and (2) conservative, i.e. do not participate in 

physical, chemical or biological reactions that would result in addition or removal through the 

system.  For the model to work mathematically, the end-members must bracket the downstream 

result, so a test for conservativeness I used was to see if this bracketing was present for each 

tracer. Tracers which showed abundances downstream either significantly higher or lower than 

both upstream basins were considered non-conservative, and thus eliminated from the model 

inputs. An example of this is ²¹⁰Pb, which has maximum upstream concentration of 41.8 Bq/kg, 

but the minimum downstream abundance is 191.1Bq/kg implying non-conservativeness. I thus 

used only a subset of measured tracers as endmembers in a mixing model. These elements were 

²²⁶Ra, Al, B, Ca, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, V, K, and Na. These elements most readily 

reveal the distinct chemical fingerprints of each basin (i.e. Alabama and Tombigbee). 
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Table 2 Mixing Model Results. Percent contribution of sediment from each upstream surface 

sample and basin as generated by each model. The overall column is the average of the results of 

each model. While individual sampling locations have variable model assumed contribution, 

overall basin contribution is very consistent 

Sample ID Model 1 Model 2 Overall 

PGP 11.89 10.29 10.61 

CCL 12.04 13.92 13.54  

WCP 0.00 7.35 5.88 

WSL 15.17 7.37 8.93 

BIC 10.33 12.94 12.42 

CRA 23.50 26.10 25.58 

DAC 13.46 12.43 12.63 

BHL 13.61 9.61 10.41 

AL Basin 39.10 38.92 38.96 

TB Basin 60.90 61.08 61.04 

 

Model 1 values are determined by running the model with the tracers indicated above 

with no initial assumption of percent contribution, and thus all reported values are derived solely 

by the model’s collation of tracer composition.  Based on that, I found that 39.1% of SS material 

is contributed from the Alabama Basin and 60.9% from the Tombigbee Basin. Model 2 requires 

an initial estimate for percent contribution, which the model considers along with tracer 

concentrations to modify the assumption to a final percent contribution estimate. Thus, Model 2 

outputs will be variable based on the initial contribution assumption, so a suite of initial 

assumptions are tested and averaged to obtain the values presented in table 2. The suite of 

assumptions includes initial contribution assumptions based on Model 1 outputs, various 

magnitudes of equal inputs from each surface location, and distance upstream from TIMS 

collection. The average basin contribution from this suite indicates 38.92% contribution from the 

Alabama basin and 61.08% contribution from the Tombigbee Basin, with a standard deviation of 
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3.73%. To further dissuade concern of the variability caused by the initial assumption, various 

model runs were conducted with both random and extreme values input for the initial 

contribution assumptions, and in each case basin contribution remained within ±10% of suite 

estimated basin contribution.  

The estimates on both basin-scale and for individual samples locations between the two 

models commiserate, with the only significant deviation appearing between WCP and WSL, the 

two northernmost surface sampling locations of the Alabama Basin. Interestingly, despite their 

individual estimates varying significantly between models, the estimated contribution from the 

two samples together is relatively uniform, with 15.17% contribution in Model 1 and 14.72% in 

Model 2. Of note, WCP and WSL are two of the most similar surface samples of the upstream 

basins, where only for tracers Co, Mn, K, and Sr do they show significant deviation, and for Sr 

this difference is still minor relative to overall Sr variation in all samples.  

Seasonal SS Fluxes Entering Mobile Bay 

The results from the amount collected SS and seasonal variations of SS fluxes during this 

study are presented in Table 3. The spring moderate flow TIMS deployment (TIMS-SPR19) 

captured 172 g total and 3.2 ± 0.2 g of suspended sediment per day of deployment, with the three 

samplers (BR, AR, TR) collecting 1.0 g, 0.8 g, and 1.5 g per day, respectively.  This relates to an 

average SSC of 3,700 mg/m³ over the entire collection period. 
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Table 3 SS Flux Results. Overview of results from suspended sediment in-situ campaigns. 

Campaign results are a collation of AR, BR, and TR TIMS collection efforts 

Sampling campaign 

ID 

Average SS 

collected per day 

(g) 

Average total 

system SS Flux 

(g/s) 

River flow regime 

TIMS-SPR19 3.2 ± .2 8,234 Moderate 

TIMS-SUM19 0.8 ± .04 981 Low 

TIMS-WSR19/20 9.7 ± .5 23,509 High 

 

Using Eq.1 and the Tensaw River water discharge retrieved from the USGS gage of 

1,010 m³/s results in SS flux of 3,790 g/s for the Tensaw River and 8,230 g/s for the system input 

to Mobile Bay. During the low flow regime of the river system (TIMS-SUM19), the three TIMS 

collectors (BR, AR, TR) captured 0.8 ± 0.04g of sediment per day, respectively 0.3 g, 0.2 g, and 

0.3 g suspended sediment material. This corresponds to an average SSC of 1810 mg/m³, resulting 

in a SS flux output of 451 g/s for the Tensaw River, and a total system output to Mobile Bay of 

981 g/s. The high flow deployment (TIMS-WSR19/20) captured 1,322 g total and 9.7 ± 0.5 g of 

suspended sediment per day of deployment, with the three samplers (BR, AR, TR) collecting 4.5 

g, 1.4 g, and 3.8 g per day, respectively. This corresponds to an average SSC of 9300 mg/m³, 

resulting in a SS flux output of 10,800 g/s for the Tensaw River, and a total system output to 

Mobile Bay of 23,500 g/s. In all cases the Tensaw contribution was 46% of the total suspended 

sediment fluxes discharged in Mobile Bay. In comparison, the amount of sediment delivered to 

the bay during low flow regime was only 12% of that during moderate flow conditions. I found 

that sediment flux is highly dependent on river discharge, where a minimum flux of 981 g/s 

(3.1×10⁴ tons/year) occurred during low flow conditions, 8,234 g/s (2.6 × 10⁵ tons/year) during 
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moderate flow conditions, and a maximum of 23,500 g/s (7.4 × 10⁵ tons/year) during high flow 

conditions.  

Seasonal Metal Fluxes Entering Mobile Bay 

Using the TIMS-based SS flux assessments and lab-based assessments of trace metal 

concentrations in SS, I calculated metal fluxes during each of the deployments (for full data see 

Appendix Table A2). I found that during the TIMS-WSR19/20 Mobile Bay received the highest 

flux for almost every measured metal (Figure 7). Compared to the deployment in the spring of 

2019 (TIMS-SPR19) the Bay received 46.3% higher fluxes across all tracers. Results from both 

deployments show that Mobile Bay received significantly larger flux during both spring seasons 

(2019 and 2020) compared to the summer. Indeed, the magnitude of the metal fluxes during the 

summer of 2019 (TIMS-SUM19) was 4.2% of the magnitude of TIMS-WSR19/20, and 9.5% the 

magnitude of TIMS-SPR19 across all tracers.  For each sampling period, the highest fluxes were 

from the major metals such as Mg, Al, K, Ca, Mn, and Fe. These major metals account for 

significantly more material transported (tens to hundreds of g/s) than the remaining minor 

elements, which flux on the order of thousandths to 5 g/s. Na, Ba, Zn, and Sr are the most 

prevalent of these minor metals in terms of flux.  
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Figure 7 Metal fluxes. Presented in g/s as estimated for each sampling campaign. Major 

elements were separated from minor elements based on concentrations. 

 

It is interesting to note that for metal concentration (Figure 8) there is an opposite trend 

as seen from flux data, where TIMS-SUM19 has the highest metal concentration in the 

suspended sediment, followed by SPR then TIMS-WSR19/20 on average. The differences in 

concentration are not nearly as significant here as the differences in flux are, but the pattern 
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remains uniform for both major and minor constituents. While most metals show similar relative 

abundances in both flux and SS concentration, Na is of a high enough concentration to necessity 

inclusion with the major metals of Mg, Al, K, Ca, Mn, and Fe. 

 

Figure 8 Metal concentrations in the SS. Presented in mg/kg SS as collected during the three 

TIMS deployments.  
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Remote Sensing Algorithms And SS Distributions In Mobile Bay 

Algorithm calibration 

For the algorithm calibration I used three out of five survey datasets (SRV-May17, SRV-

JUL17, and SRV-JUL18) due to problems with cloud coverage (SRV-MAR17) and data 

incompatibility (SRV-JUL19, Figure 9). Individual points from other campaigns were removed 

due to either cloud cover at the sampling location or depth concerns. Cloud cover obscures 

satellite imagery, rendering correlation impossible, while shallow depth (< 1m) will incur 

excessive bottom reflectance such that the signal from SSC alone is obscured. Cross-plot of 

turbidity versus SSC from grab sampling is presented in Figure 9.  

 

Figure 9 Turbidity vs SSC correlation. From MB surface grab sampling campaigns. All data 

R²=.8542. Data Excluding SRV-JUL19 R²=.1931 

SRV-MAY17, SRV-JUL17, and JUL 18 show a consistent correlation pattern, 

demonstrated by the black trend line and R²=.8542, while SRV-JUL19 has no definitive 
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relationship between turbidity and SSC, demonstrated by the correlation dropping to R²=.1931 

when this sampling date is added. This incompatibility of the turbidity/SSC relationship is why 

JUL19 data was not used for algorithm calibration. 

In all field efforts I focused primarily on surface grab samples as these are most directly 

related to the associated satellite imagery and this surface SSC is taken as representative of the 

entire water column. This assumption of homogeneity with depth is accepted based on a limited 

sampling effort that accompanied the SRV-MAR17 in-situ sampling campaign, where water 

samples from near bottom and surface at 31 sampling locations were collected (Figure 10). 

 

Figure 10 SSC Variation with depth. SSC is measured at surface and 15 m depth for 31 

sampling locations from MAR17. Nineteen of these samples show SSC greater at the surface, 

while 12 show SSC greater near the bottom.  

As Figure 10 shows, there is no differentiating trend in SSC with depth, where 39% of 

samples show greater SSC at the bottom while 61% show greater SSC at the surface. The 
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average error of the “bottom” samples relative to surface sample is -2% (σ=50%). While 

individually samples may show disparity, when taken as a set the differences in SSC at the 

surface and at depth are minimized and surface SSC can be effectively representative of SSC 

throughout the entire water column.  

The SRV-MAY17 campaign focused on the northern portion of the Bay (north of 

Brookley Field/latitude 30.620ºN) where 36 samples were collected, reduced to 9 usable points 

due to depth and cloud considerations. Suspended sediment concentration for these grab samples 

ranged from 1,780 to 2,680 mg/m³, while turbidity ranged from 65-166FNU. The correlative 

satellite imagery was recorded on May 10, approximately 18 hours before in-situ collection. The 

SRV-JUL17 campaign focused primarily on the northern portion of Mobile Bay between 

latitudes 30.624ºN (Village Point) and 30.509ºN (Point Clear) on July 7, with one transect in the 

southern half of the Bay along the 30.335ºN parallel conducted on July 6. Thirty-six grab 

samples were collected, reduced to 19 after cloud and depth consideration. SSC values ranged 

from 1140-2180 mg/m³ and turbidity ranged from 16-82 FNU. Associated satellite imagery was 

captured during the July 6 transect. The SRV-JUL18 campaign consisted of two east-west 

transects on latitude parallels 30.48ºN and 30.44ºN and succeeded in collecting 50 grab samples. 

Of them, only five samples were removed due to depth concerns, where depth at the sampling 

location is less than one meter and bottom reflectance interferes with SSC reflectance signal. 

Suspended sediment concentration values range from 600-1100 mg/m³ and turbidity from 4-15 

FNU. The correlative satellite imagery was captured on July 18, approximately four hours after 

sampling concluded.  

To ensure cross comparability of satellite data, five ground comparison points were 

identified, including three large roofs, a wide beach face, and an airport runway.  The top of 
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atmosphere (TOA) corrected brightness values were taken at a particular point on each of these 

structures from each satellite image and compared, primarily in terms of Red/NIR band ratio. It 

was found that the SRV-JUL17 and SRV-JUL18 imageries correlate well (<10% difference 

averaged across all comparison points) despite one being a wet season and the other a dry. The 

SRV-MAY17 campaign shows consistently higher brightness values, which results in ~35% 

average error among all comparison points when correlated with the other campaigns.As this 

imagery aims to create a representative algorithm for all conditions, the TOA brightness values 

for all three campaigns are accepted and used in algorithm calibration, with output error 

estimated at 35.5%. 
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Table 4 Example of data required for input into remote sensing algorithms. Includes sample location, in-situ measured physical 

properties, and satellite BN values at sampling location. Satellite BN values are listed first by band, then as band ratios. All BN values 

are top of atmosphere corrected. 

Sample ID DATE Latitude Longitude 

Sediment 

(mg/L) 

Turbidty 

(FNU) 

Red 

TOA 

corrected 

NIR 

TOA 

corrected 

TOA 

Red/NIR 

TOA 

NIR/Red 

MB_101_17 42866 30.627 -88.005 17.8 120.07 781.671 679.722 1.15 0.869575 

MB_102_17 42866 30.628 -88.001 21 129.73 806.439 675.664 1.194 0.837836 

MB_103_17 42866 30.628 -88.001 22.8 129.73 806.439 675.664 1.194 0.837836 

MB_104_17 42866 30.629 -87.997 21.2 166.75 799.168 675.325 1.183 0.845036 

MB_105_17 42866 30.63 -87.991 21 67.24 842.342 730.109 1.154 0.866761 

MB_106_17 42866 30.631 -87.986 25.1 119.02 821.664 700.35 1.173 0.852356 

MB_107_17 42866 30.631 -87.986 26.8 119.02 821.664 700.35 1.173 0.852356 

MB_108_17 42866 30.632 -87.98 20.2 65.33 823.482 690.543 1.193 0.838565 

MB_109_17 42866 30.633 -87.974 22 74.55 836.661 688.176 1.216 0.822527 
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The in-situ remote sensing data were used in conjunction with simultaneous satellite 

imagery to calibrate the basic algorithm forms outlined above (see data analysis methods). The 

calibrated algorithms are as follows:  

𝑆𝑆𝐶 = 34 × 𝑒0.6×
𝑅𝑒𝑑 𝐵𝑁

𝑁𝐼𝑅 𝐵𝑁 − 45                                                       Eq 4 

 

Figure 11 SSC Algorithm Validation. Comparison of measured SSC at in-situ sampling site vs. 

algorithm estimated SSC at the in-situ sampling location.  

𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 = 179.14 × (
𝑅𝑒𝑑 𝐵𝑁

𝑁𝐼𝑅 𝐵𝑁
) − 101.87                                              Eq 5 

R²=0.7443 
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Figure 12 Turbidity Algorithm Validation. Comparison of measured turbidity at the in-situ 

sampling site vs. algorithm estimated turbidity at the in-situ sampling location. Note that for both 

algorithms, the relationship between estimates and actual values is weakest at high-end 

SSC/Turbidity values. 

 

Cross validation was used to verify these correlations, where for each algorithm a random 

10% of calibration data was removed and the correlation of the remaining 90% was assessed. 

This was repeated 10 times for each algorithm. For Eq. 4, the standard deviation of  these 

validation tests was 1.4%, with a minimum correlation of R²=0.7258, maximum of R²=0.7638, 

and average of  R²=0.7436. These validation results agree strongly with the overall correlation of 

R²=0.7443 when using all data, and thus the algorithm appears to validly be predicting SSC. For 

Eq. 5, the standard deviation of  these validation tests was 2.1%, with a minimum correlation of 

R²=0.8138, maximum of R²=0.8917, and average of  R²=0.8452. These validation results agree 
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strongly with the overall correlation of R²=0.8453 when using all data, and thus the algorithm 

appears to validly be predicting turbidity. 

Firstly, the algorithms were applied to imagery from in-situ study dates, to ensure 

reasonable values were generated for all points, not just sampled locations, as demonstrated in 

Figures 11 and 12. Algorithm application to in-situ study dates was carried out in Figures 13 

and 14 below, where at both highest and lowest flow in which in-situ sampling was conducted, 

the algorithm produces reasonable values across the entire bay. With these images generating 

successfully, the algorithm may now be applied to imagery without accompanying in-situ data to 

survey a wider range of conditions. 

 

Figure 13 SRV-JUL17 Algorithm Maps. Algorithm estimated SSC (left) and Turbidity (right) 

for the July 2017 field sampling campaign. This sampling campaign represents the highest flow 

conditions under which MB in-situ sampling was undertaken. Cloud cover obfuscates results 

along the southern shore east of Main Pass and near downtown Mobile.  
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Figure 14 SRV-JUL18 Algorithm Maps Algorithm estimated SSC (left) and Turbidity (right) for 

the July 2018 field sampling campaign. This sampling campaign represents the lowest flow 

conditions under which MB in-situ sampling was undertaken. 

Post-Calibration Algorithm Evaluations 

After the algorithm was calibrated, I performed several post-calibration assessments. The 

goal of these evaluations was to test the sensitivity of the algorithm under extreme (very low and 

very high SS loading) and a moderate flow regime. I evaluated eight distinct conditions, three 

low flow, three high flow and two moderate flow regimes. Images were chosen to assess the 

widest possible range of hydrologic and seasonal conditions, while also tracking changes across 

important events such as the start of the wet season and prolonged low flow conditions. To 

qualify the algorithm results, data on hydrologic conditions, local meteorological conditions, 

other in-situ monitoring data are also included. While performing these evaluations, I ideally 

would use images of the entire Bay, but satellite passes rarely cover the entire bay on a single 

day, and full images without significant cloud interference are rarer still, necessitating a reliance 

on many partial images. 
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Low-flow regime tests 

Low flow regime with prolonged dry conditions 

The October 1, 2019 imagery (Figure 15) was chosen to evaluate low flow algorithm 

effectiveness further. This imagery was captured during the most prolonged low flow regime 

seen during the study period. The average MRS discharge on the day of capture was 136 m³/s. 

Tides range in height from 0.1 m to 0.4 m. Local climatic conditions include initially northerly 5 

km/h winds, which approximately an hour before image capture switch to southerly 14 km/h 

winds with no precipitation. The Dauphin Island Sea Lab (DISL) stations at Cedar Point and 

Dauphin Island (DI) report turbidities of 7 FNU and 5 FNU, respectively, which relate to ~210 

FNU and ~180 FNU estimated by the algorithm at each location. The SSC and turbidity maps 

indicate the highest values in the southern portion of the Bay, especially in the inlet area to Pass 

aux Herons. The algorithm indicates more dense sediment plume coverage in the interface 

regions with Main Pass (MP) and Pass-aux-Herons (PaH), though this plume area is not one 

cohesive mass. Especially in the northern portion of the Bay, the lowest values are observed 

closest to the shore. 
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Figure 15 October 1, 2019 Algorithm Maps. The imagery on the left panel shows SSC (mg/L) 

distribution, while the right panel shows Turbidity (FNU) distribution on October 1, 2019 under 

a prolonged low flow regime. This imagery has lower sediment concentration relative to other 

assessed imagery (see following examples below), where the northern half of the Bay has lower 

values (avg. 15-35 mg/L, 60-165 FNU) than the southern half of the Bay (avg 35-65 mg/L, 150-

250 FNU).  

 

Low flow typical conditions 

The May 15, 2018 imagery (Figure 16) was chosen to evaluate the low flow boundary of 

algorithm efficiency. This imagery was captured under low flow (sub 1st quartile) in the trough 

between high flow periods, where average MRS discharge on the day of capture was 624 m³/s. 

Tides ranged in height from -0.3 m to .5 m. Local climatic conditions include calm winds 

(though gust to 21 km/h NE briefly) and no precipitation within the last three days. The Dauphin 

Island Sea Lab (DISL) monitoring system (https://arcos.disl.org/) reported turbidity of 5 FNU at 

the Bon Secour Station (algorithm estimates 50 FNU at the same location) and -2 turbidity at the 

Dauphin Island (DI) station (~60 FNU algorithm estimate at locality). The SSC and turbidity 

maps show consistently low-end concentrations across the Bay, with one clearly identifiable 

https://arcos.disl.org/
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plume in the northwest portion of the Bay. There is a well-defined, extremely concentrated 

plume in the northwest portion of the Bay, which appears to be emerging/has emerged from 

Mobile River. Cloud cover interferes somewhat with imagery in the southern portion of the Bay 

(especially near MP and Bon Secour). 

 

Figure 16 May 15, 2018 Algorithm Maps. The imagery on the left panel shows SSC (mg/L) 

distribution, while the right panel shows Turbidity (FNU) distribution on May 15, 2018 under 

low flow regime. This imagery depicts estimates the lowest sediment abundance observed in this 

study. The SSC throughout the entire Bay is relatively uniform, with overall values between 10-

30 mg/L (45-135 FNU), where values decrease with increasing distance from the shore. There is 

a well-defined, extremely concentrated plume in the northwest portion of the Bay, which appears 

to be emerging/has emerged from Mobile River. Cloud cover interferes somewhat with imagery 

in the southern portion of the Bay (especially near MP and Bon Secour). 

 

Low flow with storm impact 

The October 21, 2018 imagery (Figure 17) was chosen in consort with the October 28, 

2018 imagery to assess general algorithm effectiveness at low flow conditions and evaluate 

impacts of storm events during low flow conditions. This imagery was captured under low flow 
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conditions (less than 500 m³/s), where average MRS discharge on the day of capture was 483 

m³/s, approximately 2 days after a storm event upstream. Tides ranged in height from 0.2 m to 

0.3 m. Local climatic conditions include sustained 18 km/h winds (max sustained of 29 km/h) 

and no precipitation. The NERRS Weeks Bay station recorded turbidity values of 30 FNU, 

which is the highest turbidity recorded at this station during October 2018. The SSC and 

turbidity maps show the highest sediment concentration in the center of the Bay (along the 

shipping channel) south from Gaillard Island to Main Pass.  

 

Figure 17 October 21, 2018 Algorithm Maps. The imagery on the left panel shows SSC (mg/L) 

distribution, while the right panel shows Turbidity (FNU) distribution on October 21, 2018 

during a low flow regime right after storm impacts. This image indicates very high sediment 

abundance across the central section of the Bay, where sediment concentration seems to increase 

moving south (especially south of Gaillard Island) as well as moving away from shore. In the 

south-central Bay, the values reach maxima of >100 mg/L (~420 FNU), whereas minimum 

values of 35 mg/L (150 FNU) are estimated near the shore. 

 

The October 28, 2018 imagery (Figure 18) was chosen in consort with October 21, 2018 

imagery (Figure 17) to assess general algorithm effectiveness at low flow conditions and 
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evaluate impacts of storm events during low flow conditions. Additionally, this image was 

chosen because of extreme water clarity in true-color imagery. This imagery was captured under 

low flow conditions, where average MRS discharge on the day of capture was 488 m³/s. 

Discharge from MRS was stable in the week between this imagery capture and the October 21, 

2018 imagery capture. Tides ranged in height from -0.1 m to 0.5 m. Local climatic conditions 

include sustained winds between 9 km/h and 19 km/h, increasing over the course of the day. 

Though there was no precipitation on the day of capture, two days before, there was local rainfall 

of 4.3 cm. The NERRS Weeks Bay station recorded turbidity values of 6 FNU. The SSC and 

turbidity results show a relatively wide range of sediment concentrations, with the southern 

portion of the Bay displaying the highest values. Many of the areas of higher estimated values, 

especially in the northern portion of the Bay, correlate to known areas of shallow bathymetry and 

thus the values in these location are not considered unreliable. While multiple plume areas are 

indicated, many of these localized plumes correspond to known areas of shallow bathymetry, 

especially in the northern half of the Bay near the delta and along the channel. 
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Figure 18 October 28, 2018 Algorithm Maps The imagery on the left panel shows SSC (mg/L) 

distribution, while the right panel shows Turbidity (FNU) distribution on October 28, 2018 under 

low flow regime right after storm impacts. This imagery estimates a wide range of sediment 

abundance, where the northern portion of the Bay has a lower abundance (avg 25-50 mg/L, 105-

210 FNU) while the southern portion of the Bay has much higher (double) values (50-90 mg/L, 

195-315 FNU). While multiple plume areas are indicated, many of these localized plumes 

correspond to known areas of shallow bathymetry, especially in the northern half of the Bay near 

the delta and along the channel. 

 

Moderate flow regime tests 

Moderate flow typical conditions 

The March 31, 2018 imagery (Figure 19) was chosen to evaluate the algorithm’s ability 

to differentiate plume boundaries due to a prominent sediment plume on the western half of the 

Bay visible in true-color imagery. This imagery was captured under moderate flow conditions on 

a rising discharge peak where the average Mobile River system (MRS) discharge on the day of 

capture was 1,683 m³/s. Tides ranged in height from 0.18 m to 0.34 m. Local climatic conditions 

include northerly to north-easterly winds of average 9 km/h (max sustained of 21 km/h) with no 

precipitation, though the day before, there was 3.4 cm of rainfall. The NERRS 

(https://coast.noaa.gov/nerrs/) Weeks Bay station recorded average turbidity of 10 FNU at the 

time of image capture. The produced SSC and turbidity maps show significant sediment presence 

on the west side of the Bay, with the highest concentrations in the area around Pass aux Herons. 

Sediment appears much less concentrated on the eastern portion of the imagery area. This image 

appears to show a large plume on the west side of the Bay, where the main body of the plume 

has sediment abundance between 65 and 90 mg/L (225-330 FNU). This plume is offset by much 

lower values in the eastern portion of the Bay, where values range from 15-45 mg/L (75-210 

https://coast.noaa.gov/nerrs/
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FNU). The interface area with PaH has the highest estimated sediment abundance by a 

significant margin. 

 

Figure 19 March 31, 2018 Algorithm Maps. The imagery on the left panel shows SSC (mg/L) 

distribution, while the right panel shows Turbidity (FNU) distribution on March 31, 2018. 

Assessments were completed for a moderate flow regime. This image appears to show a large 

plume on the west side of the Bay, where the main body of the plume has sediment abundance 

between 65 and 90 mg/L (225-330 FNU). This plume is offset by much lower values in the 

eastern portion of the Bay, where values range from 15-45 mg/L (75-210 FNU). The interface 

area with PaH has the highest estimated sediment abundance by a significant margin. 

 

Moderate to a rising flow regime 

The meteo-hydrological conditions in Mobile Bay on February 7, 2020 (Figure 20) were chosen 

to evaluate algorithm performance and SSC dynamics during troughs of high flow regimes. This 

imagery was captured under moderate to high flow conditions on the rising limb after a sharp 

trough in system discharge, where average MRS discharge on the day of capture was 2,126 m³/s. 

Tides ranged in height from -0.1 m to 0.6 m. Local climatic conditions include sustained 
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southerly and westerly winds of 16 km/h (max sustained of 32 km/h). 0.9 cm of rainfall was 

deposited on the day of image capture, and 4.3 cm was precipitated on the preceding day. The 

NERRS Weeks Bay station reported turbidity of 83 FNU, while the DISL Bon Secour station 

reported turbidity up to 200 FNU on this day (at location algorithm estimates ~180 FNU). The 

SSC and turbidity maps show the highest sediment along the centerline of the Bay, decreasing 

outward toward the shores. The imagery also appears to indicate a small low abundance area in 

the north-central Bay, but upon comparison with true-color imagery, it is discovered that this is 

most likely an anthropogenic effect. Since this is along the ship channel, a real possibility is a 

concentration of boats creating a plume of re-suspended material resulting in distinctive color 

compared to the rest of the Bay. 

 

Figure 20 February 7, 2020 Algorithm Maps. The imagery on the left panel shows SSC (mg/L) 

distribution, while the right panel shows Turbidity (FNU) distribution on February 7, 2020 under 

moderate-high flow conditions. This imagery estimates high sediment abundance throughout the 

Bay, with values only lowering significantly near both shores. In the center of the Bay values 

range from 65-95 mg/L (300-375 FNU), while minimum values of approximately 15 mg/L (75 

FNU) exist near the shore in outlets from smaller local sources (most notably Fowl and Dog 

Rivers). The imagery also appears to indicate a small low abundance area in the north-central 
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Bay, but upon comparison with true-color imagery, it is discovered that this is most likely an 

anthropogenic effect. Since this is along the ship channel, a real possibility is a concentration of 

boats creating a plume of re-suspended material resulting in distinctive color compared to the 

rest of the Bay. 

 

High flow regime tests 

High flow at the peak 

The April 21, 2019 imagery (Figure 21) was chosen to evaluate the plume distinction 

capabilities of the algorithms; during this day, there appears to be a stark sediment plume 

boundary present just west of Gaillard Island in true-color images. This imagery was captured 

under high flow conditions, at the peak of a major high flow event, where average MRS 

discharge on the day of capture was 3,285 m³/s. Tides ranged in height from -0.1 m to 0.6 m. 

Local climatic conditions include south-easterly winds, which increase in speed from 5 km/h to 

19 km/h over the course of the day. There was no precipitation on the day of capture, but during 

the two previous days (mostly on the earlier of these days) a 3.5 cm combined rainfall was 

recorded. The NERRS Weeks Bay station reported turbidity of 100 FNU, and the closest 

imagery estimate is also ~100 FNU. The highest SSC values are in the southern portion of the 

Bay. There is a starkly visible plume boundary on the west side of the Bay, which starts at Dog 

River and continues south. The sharp plume boundary separates the main plume from an area of 

lower estimated sediment abundance (avg 15-35 mg/L, 60-150 FNU). On the east side of the 

Bay, the plume fades away to low-end values (~20 mg/L, ~60 FNU) near the shore. 
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Figure 21 April 21, 2019 Algorithm Maps. The imagery on the left panel shows SSC (mg/L) 

distribution, while the right panel shows Turbidity (FNU) distribution on April 21, 2019 under 

high flow conditions, more specifically at the peak of a major high flow event. The imagery 

shows a major sediment plume along the vertical middle of the Bay, with a sharp plume 

boundary on the west side. The SSC in the plume ranges from 35 to 70 mg/L (165-330 FNU), 

with a portion in the extreme south of the Bay showing values up to 100 mg/L (360 FNU). The 

sharp plume boundary separates the main plume from an area of lower estimated sediment 

abundance (avg 15-35 mg/L, 60-150 FNU). On the east side of the Bay, the plume fades away to 

low-end values (~20 mg/L, ~60 FNU) near the shore. 

 

Rising high flow 

The December 15, 2019 imagery (Figure 22) was chosen to evaluate both algorithm 

performance and SSC dynamics during the rising of a high flow regime. This imagery was 

captured under rising high flow conditions, in the middle of the rising limb of a significant high 

flow regime, where average MRS discharge on the day of capture was 1,842 m³/s. Tides ranged 

in height from -.01 m to 0.6 m. The local climatic conditions include sustained southerly and 

south-easterly 14 km/h winds (max sustained of 32 km/h). Precipitation did not occur on the day 

of capture, but the day before 2.9 cm of rainfall was deposited with an additional 0.3 cm the day 
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before that. The DISL stations Cedar Point and DI report turbidities of 6 FNU and 7 FNU, 

respectively, which relate to ~200 FNU and ~275 FNU estimated by the algorithm at each 

location. The SSC and turbidity outputs show relatively high sediment concentration, with 

plumes in the northwest, along the western shore, and near Main Pass. This imagery displays few 

low-end values (>25 mg/L, 75 FNU), where the highest sediment abundances were found in the 

northwest, along the western shore, and in the south. Suspended sediment concentration is >100 

mg/L (>400 FNU) near the shore in the southwest bay, while for the majority of the bay values 

range from 65-90 mg/L (255-390 FNU). This trend is only broken in the eastern Bay north of 

Point Clear, where 30-55 mg/L (135-225 FNU). 

 

Figure 22 December 15, 2019 Algorithm Maps. The imagery on the left panel shows SSC 

(mg/L) distribution, while the right panel shows Turbidity (FNU) distribution on December 15, 

2019 under rising high flow conditions. This imagery displays few low-end values (>25 mg/L, 

75 FNU), where the highest sediment abundances were found in the northwest, along the western 

shore, and in the south. Suspended sediment concentration is >100 mg/L (>400 FNU) near the 

shore in the southwest bay, while for the majority of the bay values range from 65-90 mg/L (255-

390 FNU). This trend is only broken in the eastern Bay north of Point Clear, where 30-55 mg/L 

(135-225 FNU). 
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Peak high flow 

The December 31, 2019 imagery (Figure 23) was chosen to evaluate the algorithm 

performance during peak high flow conditions. This imagery was taken at the peak of the first 

seasonal rise to high flow conditions during winter 2019, where average the MRS discharge on 

day of capture was 3,247 m³/s. Tides ranged in height from 0.1 m to 0.5 m. Local climatic 

conditions include oscillating winds from northerly to southerly of 11 km/h, as well as an evenly 

distributed total precipitation of 1.1 cm over the previous two days. The DISL stations Cedar 

Point and DI report turbidities of 25 FNU and 7 FNU, respectively, which relate to ~360 FNU 

and ~200 FNU estimated by the algorithm at each location. The SSC and turbidity values in this 

image are high in all portions of the Bay, and no particular plume is visible unless the whole 

mass is considered to be a massive sediment plume. 

 

Figure 23 December 31, 2019 Algorithm Maps. The imagery on the left panel shows SSC 

(mg/L) distribution, while the right panel shows Turbidity (FNU) distribution on December 31, 

2019 under a peak of the first seasonal rise to high flow. This imagery has the highest estimated 
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sediment abundance, where average SSC for the entire Bay is 90 to >100 mg/l (330 to >450 

FNU). Values become slightly higher from north to south, with the eastern nearshore being the 

lowest abundance area (avg 60-80 mg/L, 225-255 FNU) 

In summary, the algorithms appear to be performing well in terms of identifying sediment 

plume boundaries and relative intensity of these plumes, though interference from weather and 

water depth remain obfuscate confidence in specific numerical results. All estimated values lie 

within physically reasonable bounds (as defined by both data collected directly by this study and 

monitoring stations operated under Alabama’s Real-Time Coastal Observing System-

https://arcos.disl.org/) for both turbidity and SSC. Additionally, Gaillard Island (triangular 

shaped island in west-central Bay) acts as a decent proxy for imagery consistency, given that as 

an unchanging landmass (on the perimeters, the center and especially northern portion often 

flood) and thus its estimated values should be unchanging regardless of timing of imagery or 

overall hydrologic conditions. This theory is confirmed in the imagery, as in all algorithm 

outputs the non-flooded portions of Gaillard show a high degree of consistency, providing a 

small additional amount of confidence that the variations between imagery are due to actual 

differences in SS abundance.  

 

 

 

 

 

 

https://arcos.disl.org/
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DISCUSSION 

Tributary SS and metal contributions 

The combined results from the two mixing models show that 61±0.1% of suspended 

material entering Mobile Bay at the Delta is from the Tombigbee River Basin, while 39±0.1% 

originates in the Alabama River Basin with a difference in estimates between the individual 

model assessments less than 0.5% (Table 2).  To further test the robustness of these results, I 

experimented with extreme input values in Model 2 and found that the variation in the output 

was <3.8% (see Appendix Table A1). These results indicate that the main assumption of the 

geochemical approach that I applied to identify SS sources in the Mobile River basin based on 

inherent differences in the geological signature of the two main tributaries, the Alabama and 

Tombigbee Basins, is well founded. After proving that the approach reflects a realistic transport 

process in the MRB, I used the relationship between water discharge and sediment input by the 

two main tributaries to assess water flux contributions by each river. I found that the Alabama 

River accounts for 54±5 % of water discharge relative to the Tombigbee’s 46±5 %.  These 

results are intriguing because they indicate that although the Tombigbee River has lower water 

contribution to the system, it delivers more sediment, which seems to be in violation with the 

main finding in this study that discharge is the primary factor affecting suspended sediment 

discharge. To examine this main finding, I inspected a possible relation between the amount of 

SS transported by the systems and the locations and numbers of dams currently and in the past in 
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the two individual basins. This 

approach was based on the idea that 

dams often act as sediment traps.  

Figure 24 Map of all major 

Alabama dams. Includes sampling 

locations. Dams are more evenly 

distributed throughout the AL 

basin, while there is clustering of 

more than half of dams within the 

TB basin in the northeastern portion 

of the watershed. 

A map of the current 

locations of all dams in the two 

river basins (i.e. Mobile River 

Basin) is presented in Figure 24. I 

found that there are 15 dams in the 

Alabama Basin and 10 in the 

Tombigbee. When examining the distribution of dams in each basin, I found that the Tombigbee 

Basin has only four dams along the Tombigbee stream course, which encompasses ~2/3 of the 

watershed area, while the Alabama-Coosa stream course, which also covers ~2/3 of its basin, has 

ten dams. Additionally, six of the ten total dams in the Tombigbee Basin are concentrated on the 

upper half of the Black Warrior River, while dams in the Alabama Basin are much more evenly 

distributed. This dam investigation confirms the hypothesis that the lower SS fluxes found in the 

AL basin relative to the TB in this study are partially a result of more dams in the Alabama 

Basin, especially along major waterways, where sediment capture by dams is a major 

contributing factor to total sediment output. A compounding factor which may further explain 

this discrepancy with underlying theory is the general lithologic character of each basin. As 
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noted above and shown in Figure A5, the AL basin is underlain by significantly more 

metamorphic and igneous provenences than is the TB basin which is mostly underlain by 

sedimentary rocks. Because sedimentary rocks and clays are generally more easily eroded than 

other classes of rock, these lithologic characters likely contribute to the deviation in mixing 

model estimated SS contribution from the TB relative to the AL from the underlying theory that 

increased discharge equates directly to increased sediment contribution.  

To better understand the trace metal distributions in the two main tributaries, i.e. the 

contaminant sources in the MRB, I identified the locations of superfund sites and major coal 

plants (Figure 25). Superfund sites are locations which have been polluted to the point of 

requiring long term hazardous material clean-up efforts. Such sites were sequestered under the 

Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) of 1980 

due to meeting the criteria of dangerous levels of hazardous waste on-site. The majority of the 

superfund sites are located either in the middle of the state near the greater-Birmingham area or 

near the Mobile-Tensaw Delta (Figure 25). I only included a representative figure because I 

found that there is no apparent correlation between superfund sites and higher anthropogenic 

contaminants such as V, Cr, Be, and Cd upstream. However, I found that the downstream 

suspended sediments in general, show higher concentration for B, Ba, Be, Cr, Sr, V, and Zn.  
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Figure 25 Representative map of 

contamination assessment. Circles 

represent relative abundance of the possible 

contaminant being assessed (Vanadium in 

this image) in surface sediments. 

Nevertheless, based only on the 

limited sampling size, I cannot make firm 

conclusions regarding the reasons for the 

elevated levels in the Delta samples. In 

addition to the contaminant source 

distribution upstream, the geochemical 

changes of trace metal behavior must be 

examined. The lower concentrations in 

sediments upstream combined with the 

higher contaminant levels near the coast could be explained by the specific water-SS partitioning 

coefficients of the trace metals in fresh and brackish waters, resuspension and geoaccumulation 

(Li et al., 2018).  This is beyond the scope of this study.  

Seasonal SS and metal flux dynamics 

All calculations of flux must be taken with extreme reservation, for despite the apparent 

strong agreement between theory and presented results the methodology applied cannot 

comprehensively account for all suspended flux through this system. As indicated in Elliott et al., 

2017, the TIMS samplers were chosen because of their ability to collect representative samples 

of a sufficient mass which can be used in geochemical analyses, as due to low sediment 

concentrations grab samples are unable to collect a sufficient amount of material. The hope was 

then that these same collected samples could be used to gain a cursory understanding of sediment 
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flux in this system. In practice, the TIMS samplers utilized for SS collection only represent flux 

at their exact collection location in the surface waters near the center of the stream course, thus 

leaving sediment flux in all other cross-sectional areas of the stream course (ie suspended 

materials nearer the shore, etc) unaccounted for in this study. Even the flux estimate for the exact 

spatial location must be treated with skepticism, as the flow dynamics within the TIMS sampler 

change as sediment is captured and the internal shape of the sampler is altered by the 

accumulation of sediment therin. The minimum 1 month interval between sampler deployment 

and collection used in this study is much too long to account for all of the variations in flux 

which may occur over that collection period, a problem which is compounded by the changing 

flow dynamics within the sampler itself as outlined previously. Additionally, the spatial disparity 

between where SS is collected and where the river gages which provide river discharge and flow 

velocity data utilized in the flux determination further obfuscates the validity of these results. To 

whollisticlally define total SS flux in this system, methods would need to be altered such that the 

entire cross section of the river is sampled concurrently as well as the accumulated sediment 

being removed and accounted for on as short of a time scale as possible. This ideal approach 

would also entail monitoring of discharge and flow velocity at the sampling location as opposed 

to at a station upstream as was used in this study. Given all of these concerns, all flux related 

results and conclusions presented in this study are qualified with the disclaimer that I am not 

asserting a whollistically accurate representation of flux. Rather these flux results should be 

treated as a first effort of passive sediment capture to define flux in this complex system and 

should serve only as a relativistic comparison of flux at these exact sampling locations between 

differing flow regimes which may serve as a loose and general starting point for the optimization 

of future study.  
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The SS flux estimates generated in this study strongly correlated (R2=0.97) with the river 

discharge, where higher discharge equates to higher SS flux (Figure 26). For this specific 

system, I found that the SS flux-discharge relationship is exponential. This is a significant 

finding because it gives insights about the level of impact regarding SS transport during different 

flow regimes, and especially during storm events. For reference, in this study flow regimes are 

defined by statistical discharge quartiles, where in the category of “low flow” falls all water 

discharge data in the sub-first quartile discharge, “moderate flow’ are discharge data bracketed 

by first and third quartiles, and “high flow” are data in the super-third quartile discharge. Thus, 

by this definition, high flow conditions are only sustained when large storm events are persistent. 

 

Figure 26 SS Flux and river discharge comparison. The exponential correlation between data 

from this study indicates a constant relationship between flux and discharge.  

 

Based on this rationale and the exponential relationship determined in this study, I found 

that the ratio of flux/discharge increases by a factor of 2.3 times from low to moderate flow and 
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2.5 times from moderate flow to high flow.  This implies that while discharge increase from low 

flow to moderate flow conditions will significantly raise SS flux, the highest impact of SS fluxes 

delivered to Mobile Bay is observed (or should be expected) by high flow conditions induced by 

major storm events. These results are also in agreement with my initial assumptions that the 

magnitude of the SS transported through the basin must be regulated by the magnitude of the 

river discharge and agree with similar observations in others river systems.  

While the flow definitions and characteristics outlined above allow for overall regime 

inferences when average discharge over a whole period is considered, the concern remains of 

conflating storm-induced discharge with baseflow. Due to the temporal length of the TIMS 

collection, each of the sampling campaigns features individual days or weeks where flow is more 

exemplative of a higher or lower flow regime. Thus, given the time-integrated nature of the 

TIMS method of data collection, it is not possible to quantify individual storm impact on SS flux 

conclusively. Given the exponential impact of major storm events being the primary influence of 

SS output as found by this study, future studies may benefit from focusing on both individual 

storm events and periods between storm events, whether by more targeted collection campaigns 

or a more robust continuous monitoring system. 

Mechanisms driving metal flux dynamics: human impact implications 

The trace metal fluxes calculated in this study are a function of both SS fluxes and their 

concentrations in the sediments, and as such they should be treated with the same skepticism 

outlined for total flux enumerated at the start of the flux discussion section. Trace metal flux 

estimates during this study show agreement with overall SS flux, i.e. high metal fluxes were 

associated with river discharge (Figure 7). I found during the TIMS-SUM19 deployment that 

despite the distinctive elevated metal concentrations in SS, the total metal fluxes were still in 
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accordance with expected trend by the river discharge, i.e. concentrations were not high enough 

to compensate for the lower river discharge.  Thus, based on this study, the driving factor behind 

trace metal fluxes is total amount of sediment transported, which as outlined above is primarily a 

factor of total discharge. While this is an expected result, the relation of trace metal 

concentration in the SS is a much more confounding result. I suggest that it might be a 

combination of reactivation of sediment sources upstream and metal geochemical changes (i.e. 

sorption-desorption) under different redox conditions at the fresh-saltwater interface in the Delta.  

In theory, if the same sediments are being picked up by the water system year round then the 

trace metal concentration in the SS should be the same, and the trace metal fluxes should be only 

a function of SS flux/river discharge. Given the uniformity of relative metal concentrations 

within each sampling period and the geographic consistency of the basin, the possibility of some 

major sediment source change occurring seasonally is unlikely. Therefore, I suggest that it is 

more feasible that certain sediment compositional changes occur during the different 

seasons/flow regimes. Based on my limited results, I suggest that specific seasonal 

environmental conditions cause higher rates of trace metal desorption into the water more during 

the winter, and higher precipitate onto the sediment in the summer, or some combination of each. 

I speculate that there are two possible theoretical explanations. The first is based on the level of 

saturation, where the high water volumes seen in the wet season deployments (TIMS-SPR and 

TIMS-WSR19/20) allow for a higher rate of trace metal desorption/stripping from the sediment 

surface, resulting in lower concentrations in the SS. Lower rates of desorption then would be 

expected during low flow conditions (i.e. TIMS-SUM) when the concentration saturations 

indexes are higher and precipitation of metals should occur. The second possible reason for the 

observed variations in concentrations of trace metals during different flow regimes might be 
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changes in the oxidation state of various minerals, such as Fe, Mn, Cr, Co, which may be 

induced by different oxygenation levels of the coastal waters. During reduced flow in the 

summer, the areas experience a different level of hypoxia. For example, a study by Banks et al. 

(2012) examined the behavior of different metals at the sediment-water interface in highly 

contaminated areas in Australia subjected to hypoxia. They found that manganese and iron, 

which are known to regulate the release of other divalent cations from sub-oxic sediments, were 

released from sediments as hypoxia developed. In contrast, the release of arsenic, cadmium, 

copper, and zinc was comparatively low, most likely due to the inherent stability of these 

elements within the sediments, perhaps due to their refractory origin association with fine-

grained sediments or being bound in stable sulfide complexes. While either or neither of these 

hypotheses are realistic, it also has to be underlined the fact that the observed higher trace metal 

concentrations in the collected SS during low flow periods were not significant enough to cause 

deviation from the overall positive relationship between suspended material flux and discharge. 

When comparing to EPA limits, I found that all flux estimates regardless of season are 

well below EPA limits (https://www.epa.gov/wqc/national-recommended-water-quality-criteria-

aquatic-life-criteria-table) and thus based on this study. While variation may affect some parts of 

the ecosystem, I did not find fluxes of human health concerns. This also provides a corroborating 

point to the coal ash and superfund comparison conducted upstream, where no consistent pattern 

of contamination is recognized upstream as well, as no significant contamination is found to 

have been propagated by the system waters to Mobile Bay.  

Flux comparison to ther regional studies 

I compared results of this sediment flux estimates to the currently available sediment 

mass balance produced for the Mobile Bay estuary produced by the USACE Mobile, AL (Byrnes 

https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table
https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table
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et al., 2017). Byrnes et al. (2017) estimated an average suspended sediment load of 3.58 × 10⁶ 

tons/year (112,887 g/s) was delivered to Mobile Bay over the period 1984-2011. While this 

estimate is considerably larger than that generated by this study (maximum 7.41 × 10⁶ tons/year, 

23,509 g/s), a variety of factors exist which may explain the differences inherent to the study 

methodologies.  For example, river discharge variations through the years, as well as the impact 

of dam constructions and land-use changes over the long study period have affected these 

USACE estimates and are most likely the most significant uncertainty. In addition, as addressed 

in the USACE study, the reported estimates derived from dredge data are affected by o re-

dredging of re-suspended sediment and backfill of the channel from channel wall collapse.  

Remote sensing calibrations of the Mobile Bay SS distribution 

During the development of the correlation between the in-situ data and remote sensing 

imageries I anticipated the following problems which are specific to the area.  First, during this 

study, I found that the SS concentrations in the bay water column are very low (<50mg/L). This 

resulted in very small differences between blank filters and loaded and has most like affected to a 

certain degree some of the field correlations.  Second, the Mobile Bay weather is subjected to 

quick changes and cloud coverage often had resulted in poor quality imagery and discarding 

large field data collection.  Finally, Mobile Bay has an average depth of 3m and I expected 

interferences in my imagery from bottom reflections. 

Nevertheless, based on Figures 10 and 11 the results of the in-situ imagery calibrations 

are very promising, resulting in clearly outlining plume boundaries and realistic and adequate 

response of the SS plume within the bay given known field conditions.  Furthermore, the 

relationship between the turbidity and SS estimates established by this study is very strong 

(R2=0.85), as both imagery sets estimate values consistent with the turbidity-SSC rating curve 
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generated from field observations. The concern for shallow imagery depth proves well-founded 

in this in-situ imagery, especially the low flow image, where on the northern margins of the Bay 

known shallowly submerged bathymetric features appear as low concentration sediment plumes. 

The non-appearance of these features on the high flow imagery provides an interesting point of 

comparison, highlighting the narrow margins between bottom reflectance interference and 

sufficient water depth for reliable reflectance values in such a shallow system. Another important 

aspect of this imagery is the range of effectively estimated values, as the ultimate utility of these 

algorithms will lie in evaluating all possible SSC and flow regimes. In these in-situ images the 

entire recorded range of possible SSC values has been accurately estimated. However, this 

effectiveness is obfuscated by two unavoidable factors: 1) The algorithm was created based on 

the empirical relationship between SSC and reflectance in these exact imageries 2) The physical 

sample collection process requires calm climatic conditions and narrow temporal windows in 

which field studies may be performed. The impact of these factors cannot be fully addressed by 

analysis of the SRV campaign date imagery alone, and thus the apparently calibrated algorithm 

must be applied to non-in-situ imagery and assessed in terms of reasonable SSC,  more largely 

varying flow regimes, climatic conditions, and time of year.  

The set of nine comparison images provide essential insight to help address the concerns 

raised above. In these post-calibration images (PCI), the relationship between SSC and turbidity 

conforms to the rating curve determined from in-situ data, implying that the algorithms can be 

effectively compared regardless of external conditions. The issue of reasonable sediment 

abundance estimates across all PCI is a more complicated relationship. In in-situ evaluations, 47 

mg/L is the highest observed SSC, though a majority of images have SSC values as high as ~90 

mg/L, mostly in the limited areas near the center of plumes (excluding December 31, 2019, 
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which is almost uniformly >90 mg/L). While this difference superficially seems to imply an 

overestimation in estimated values relative to actual, several factors combine to mitigate this 

concern. The first is where these plumes generally appear, as of the seven images which contain 

these high SSC values, three images (3/31/18 Figure 19, 10/28/18 Figure 18 , 4/21/19 Figure 

21) show these values in the interchange regions with other water bodies (i.e. Main Pass and Pass 

aux Herons). In interchange regions a combination of increased wave action, forcing through 

narrow passes, and location in the widest and least wind-protected portion of the bay could force 

higher SSC evaluations, whether as a result of these factors stirring up more sediment into 

suspension or satellite reflectance being impacted by higher wave sinuosity relative to the calm 

waters necessary in in-situ data acquisition. Of the four remaining images in question, three 

(12/15/19 Figure 22, 10/21/18 Figure 17, 2/7/20 Figure 20) show very large apparent plumes, 

spanning a significant north-south section of the bay. For 10/21/18 and 2/7/20, the area of high 

SSC is concentrated along the mid-line of the bay, while 12/15/19 is most concentrated along the 

western shore as well as near Main Pass and the northwest bay. These three images have in 

common that they are captured under the highest wind conditions observed in this study. On each 

of the three image days average wind speed was 14-16 km/h with maximum sustained winds of 

~30km/h. Compared to the other imagery dates where average winds range from 5-9km/h with 

few sustained winds above 10km/h, both the speed and persistence of the winds for these dates 

are significant. High winds cause increased wave action (and heighten SSC as discussed above) 

which are most impactful in the deepest part of the bay as well as increasing impact inverse to 

distance from land. This would imply that the most impacted area of SSC estimate due to wind 

action would be in the center of the Bay, just as is seen for 10/21/18 and 2/7/20. The 12/15/19 

imagery does not follow this pattern as closely, but the dual impact of easterly winds pushing 
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water against the western shore as well as sediment input from the major rising high flow regime 

accompanying this image can somewhat account for this discrepancy. The last image with 

exceptionally high SSC is the 12/31/19 image (Figure 23), where SSC estimates for the majority 

of the bay fall >90 mg/L. This date does not have extreme wind conditions, but it does have 

extreme high flow conditions (discharge of 3,247 m³/s). Analogous flow only occurs during one 

other imagery capture 4/21/19 (Figure 21) where discharge is 3,285 m³/s, yet on this date, as 

previously discussed, such high SSC is seen only near Main Pass while a majority of the bay has 

an estimated SSC of 35-55 mg/L. The discrepancy illustrated here seems to imply either an issue 

with algorithm implementation or a flaw in the premise that flow regime has a direct relationship 

to SSC, but these two dates fall within TIMS deployment periods, and thus some comparative 

data may be utilized. During spring 2019 the TIMS estimated an average SSC of 3.7 mg/L, while 

in winter of 2019-2020 it estimated 9.3 mg/L, implying 2.5 times more sediment deposited to the 

Bay in the 12/31/19 imagery as compared to the 4/21/19 imagery. This relationship is 

remarkably similar to the imagery result where assuming approximately average values of 45 

mg/L and 100 mg/L for 4/21/19 and 12/31/19 respectively the sediment in December is 2.2 times 

higher than in April. Though comparison between daily and seasonal results is accompanied by 

implicit skepticism, the symmetry of the two data sets implies that the imagery is accurate, while 

also implying the trace metal suspended concentrations derived from TIMS collection (Appendix 

Figure A1 and A2) may be assumed to be representative of TM suspended concentrations in the 

bay.  Therefore, the source of this discrepancy must lie in the timing of the flow regime as 

opposed to the magnitude. Both of these images were captured at the peak of their respective 

flows, yet the April peak was the sixth peak of the 2018-19 high flow season, while the 

December peak was the first maximal peak of the 2019-20 high flow season. This data implies 
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that the SSC deposition into Mobile Bay is maximal at the start of the high flow season, where 

sediment which was accumulated during the dry season is flushed by the first major flow event, 

leaving progressively less sediment for subsequent high flow events to carry downstream. Given 

the limited temporal resolution of this study, this finding will likely require further study for 

complete validation. 

Temporal and spatial SS and metal flux distribution in Mobile Bay 

These images suggest that sediments stay most well suspended in the middle portion of 

the bay, south from Gaillard Island to pass-aux-herons and most especially along the western 

shore. This would imply that since sediment concentration in the water remains high here, 

deposition is lower relative to other parts of the bay, such as along the southern, eastern, and 

northern shores. This sediment distribution pattern, given the positive relationship between SS 

and heavy metal flux, would imply that heavy metal deposition follows this same pattern. To 

qualify this finding, two other studies are used for comparison which report bathymetric 

elevation change over time and general spatial trace metal trends, respectively. The bathymetric 

study 2017 USACE Mobile Bay on sediment budget  by Byrnes et al. (2017) shows that since 

1917, the areas where elevation has the most positive change (i.e. most sediment deposition) are 

north from Gaillard Island on either side of the shipping channel, along the north/northeastern 

shore, and along the southern shore (Figure A8). There is a moderate amount of accumulation 

all along the eastern shore, except between Weeks Bay and Mullet point. The centerline of the 

bay, and the area between Pass-aux-Herons has experienced the most significant negative 

elevation change, with slight negative change along the western shore in this area. These findings 

seem to match up well with the conclusions drawn from the satellite imagery analysis. The other 

comparison study, from Lafabrie et al.(2011), is focused on As and Hg bioaccumulation in 
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Mobile Bay, and as a portion of this study set out to determine general TM distribution on the 

bay. They concluded that the eastern side of the bay is more enriched in TM than is the western 

side, and this aligns well with this study’s conclusion that deposition occurs along the majority of 

the eastern shore while large sections of the western shore are expected to be lacking in 

deposition. Together these comparisons provide confidence that the imagery is accurate enough 

to convey useful information for tracking suspended sediments not just at the surface but through 

their entire life cycle in Mobile Bay. 

 

 

 

 

 

 

 

 



76 

 

CONCLUSIONS 

Tracking of river suspended material is essential to maintaining the ecological integrity of 

a water system whose watershed is both economically and biologically essential.  Adequate 

management practices become even more critical in the face of increased population and 

urbanization. For the MR-MB system, such tracking capability is in its early development 

relative to both other comparable systems and the need of those who rely on this system's healthy 

operation. This study aimed to continue this development by answering three questions, (Q1) 

Where in the upper reaches of the system are the suspended particulates originating? (Q2) What 

is the magnitude of flux of suspended sediment (SS) and associated trace metals (TM) 

outflowing from the river system? and (Q3) Can the suspended material be effectively tracked 

within Mobile Bay? The origin of sediments (Q1) was determined through the actuation of 

mixing models that incorporate the composition of both upstream surface samples and 

downstream suspended sediments, determining that 61% of suspended sediments originate in the 

Tombigbee River Basin, while 39% is contributed from the Alabama River Basin. This implies a 

deviation from the underlying assumption of a direct relationship between river discharge and SS 

flux, likely caused by more significant sediment capture by dams located in the Alabama River 

Basin, ultimately limiting downstream SS flux. The flux of sediment from MR to MB (Q2) was 

determined through TIMS SS capture, where average SS flux is found to vary between 981 g/s 

and 23,509 g/s during low and high flow periods, respectively. Heavy metal fluxes, evaluated by 

this study that enter Mobile Bay through SS, were below EPA limits. (Q3) An image processing 
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algorithm for calculating the SS distribution in Mobile Bay using satellite remote sensing and 

extensive in-situ sediment concentration data was successfully calibrated. Based on this 

calibration, two algorithms were created and demonstrated to effectively track suspended 

sediment across the Bay during contrasting hydrologic and meteorological conditions. 

Although this study answered each of these questions with confidence, there are still 

many areas and concerns that would require further investigation. For example, this study 

demonstrated the effect of dams on total sediment transport, which while being a long 

understood effect of dam construction has been studied only in very limited capacity within this 

system. Thus, further examination to determine the exact effect the dams have on SS 

composition and, in turn, on water quality in this system is required. I suggest that a denser 

sampling site strategy is also required to identify with higher precision hot spots of 

contaminations within the MRB. Another area for future exploration is the influence of storm 

events, specifically the timing of storm events, on SS flux. Due to the long (>1 month) 

deployment of SS samplers in this study, all flux estimates are averaged over the same period, 

which in the MR-MB system nearly unanimously implies multiple storm events, regardless of 

the season. In both SS sampler deployments and satellite imagery, the ubiquitous direct 

relationship between SS flux and river discharge indicates that storms at the start of the wet 

season impart greater SS flux than do storms of comparable magnitude which occur later in the 

season. Finally, through the process of calibration of the satellite approach, I found that the 

algorithm has some limitations. These were observed specifically when hydrologic conditions 

are at maxima (both high and low) as well as during strong wind conditions. I suspect that these 

are due to the shallow nature of MB (average depth of 2.5 m), which leads to significant increase 

in roughness of the water surface which effect its spectral reflectance. Resuspension of sediment 
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due to this increased wind and wave impact may also be obfuscating algorithm results which are 

intended to reflect the movement of suspended sediments induced directly by outflow from the 

MRS. Continued use of this algorithm in future monitoring efforts may elucidate a better 

understanding of how both the algorithm and Mobile Bay itself react to these extreme conditions. 
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Table A1 Mixing model full outputs, including 4 variants of model 2 input percent contributions 

Model Estimated Percent Contribution 

Source 
Model 
1 Model 2 

Model 2 

Average 

Model 

2 

error 

Overall 

Average 

Overall 

Error 

% Contribution Input 

values 

no 

input 

motha 

results 

uniform at 10% 

contribution 

uniform at 20% 

contribution 

% based on distance 

upstream 

PGP 11.89 12.87 17.82 10.47 0.00 10.29 7.51 10.61 6.55 

CCL 12.04 12.05 11.87 10.49 21.27 13.92 4.95 13.54 4.37 

WCP 0.00 0.00 9.73 10.52 9.14 7.35 4.93 5.88 5.39 

WSL 15.17 14.99 0.00 11.14 3.33 7.37 6.90 8.93 6.92 

BIC 10.33 10.31 10.34 10.61 20.50 12.94 5.04 12.42 4.52 

CRA 23.50 22.80 28.38 25.50 27.73 26.10 2.52 25.58 2.48 

DAC 13.46 13.42 11.42 10.61 14.25 12.43 1.70 12.63 1.54 

BHL 13.61 13.56 10.44 10.66 3.79 9.61 4.13 10.41 4.00 

AL % 39.10 39.91 39.42 42.62 33.74 38.92 3.73 38.96 3.23 

TB% 60.90 60.09 60.58 57.38 66.26 61.08 3.73 61.04 3.23 
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Figure A1 Derived suspended concentration of major metals in mg/L for downstream sediments 

collected by TIMS. 

 

Figure A2 Derived suspended concentration of minor metals in mg/L for downstream sediments 

collected by TIMS. 
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Table A2 Compilation of metal flux data for downstream sediments collected by TIMS 

 

 

 

 

HM Flux Be error Na error Mg error Al error K error Ca error V error

SPR HM Flux Total

mg/s Tensaw HM Flux (mg/s) 4.280759 0.132458 416.4633 13.04132 9634.46 238.0271 79147.16 2487.962 6304.147 166.3802 3594.389 85.12979 103.8122 3.466125

Total HM Flux (mg/s) 9.305998 0.287951 905.3551 28.35069 20944.48 517.4503 172059 5408.612 13704.67 361.696 7813.888 185.0648 225.6787 7.535054

g/s Tensaw HM Flux (g/s) 0.004281 0.000132 0.416463 0.013041 9.63446 0.238027 79.14716 2.487962 6.304147 0.16638 3.594389 0.08513 0.103812 0.003466

Total HM Flux (g/s) 0.009306 0.000288 0.905355 0.028351 20.94448 0.51745 172.059 5.408612 13.70467 0.361696 7.813888 0.185065 0.225679 0.007535

mg/L Tensaw Average Concentration (mg/L)4.23E-06 1.31E-07 0.000412 1.29E-05 0.009522 0.000235 0.078223 0.002459 0.006231 0.000164 0.003552 8.41E-05 0.000103 3.43E-06

Total Average Concentration (mg/L)4.25E-06 1.32E-07 0.000414 1.3E-05 0.009568 0.000236 0.078601 0.002471 0.006261 0.000165 0.00357 8.45E-05 0.000103 3.44E-06

SUM HM Flux Total

mg/s Tensaw HM Flux (mg/s) 0.439734 0.010954 90.67297 0.630363 959.0317 19.08104 6770.326 164.4828 615.7086 9.635912 262.7632 5.372793 9.424599 0.197872

Total HM Flux (mg/s) 0.955944 0.023812 197.1151 1.370354 2084.851 41.48053 14718.1 357.5713 1338.497 20.94764 571.2243 11.67998 20.48826 0.430156

g/s Tensaw HM Flux (g/s) 0.00044 1.1E-05 0.090673 0.00063 0.959032 0.019081 6.770326 0.164483 0.615709 0.009636 0.262763 0.005373 0.009425 0.000198

Total HM Flux (g/s) 0.000956 2.38E-05 0.197115 0.00137 2.084851 0.041481 14.7181 0.357571 1.338497 0.020948 0.571224 0.01168 0.020488 0.00043

mg/L Tensaw Average Concentration (mg/L)1.77E-06 4.4E-08 0.000364 2.53E-06 0.00385 7.66E-05 0.027178 0.00066 0.002472 3.87E-05 0.001055 2.16E-05 3.78E-05 7.94E-07

Total Average Concentration (mg/L)1.56E-06 3.89E-08 0.000322 2.24E-06 0.00341 6.78E-05 0.024071 0.000585 0.002189 3.43E-05 0.000934 1.91E-05 3.35E-05 7.03E-07

WSR HM Flux

mg/s Tensaw HM Flux (mg/s) 10.52076 0.169796 2206.283 9.771579 22948.84 295.785 162722.5 2549.732 14720.82 149.3712 6264.493 83.2864 225.9756 3.067308

Total HM Flux (mg/s) 22.87121 0.369122 4796.266 21.24256 49888.77 643.0109 353744.6 5542.896 32001.79 324.72 13618.46 181.0574 491.2513 6.668062

g/s Tensaw HM Flux (g/s) 0.010521 0.00017 2.206283 0.009772 22.94884 0.295785 162.7225 2.549732 14.72082 0.149371 6.264493 0.083286 0.225976 0.003067

Total HM Flux (g/s) 0.022871 0.000369 4.796266 0.021243 49.88877 0.643011 353.7446 5.542896 32.00179 0.32472 13.61846 0.181057 0.491251 0.006668

mg/L Tensaw Average Concentration (mg/L)9E-06 1.45E-07 0.001888 8.36E-06 0.019637 0.000253 0.139237 0.002182 0.012596 0.000128 0.00536 7.13E-05 0.000193 2.62E-06

Total Average Concentration (mg/L)9.16E-06 1.48E-07 0.001922 8.51E-06 0.019989 0.000258 0.141733 0.002221 0.012822 0.00013 0.005456 7.25E-05 0.000197 2.67E-06

9  Be  [ No Gas ] 23  Na  [ He ] 24  Mg  [ He ] 27  Al  [ He ] 39  K  [ He ] 44  Ca  [ He ] 51  V  [ He ] 

Cr error Mn error Fe error Co error Ni error Cu error Zn error As error Sc error Sr error

133.6638 3.886052 5927.492 148.7273 102418.5 2356.663 54.48981 1.246506 83.38572 2.025539 67.66903 1.764788 403.7704 11.68774 26.28264 0.672107 21.7474 0.598509 179.9051 5.270921

290.5735 8.447939 12885.85 323.3203 222648.8 5123.18 118.4561 2.709796 181.2733 4.403346 147.1066 3.836495 877.7617 25.40813 57.13617 1.461102 47.27695 1.301106 391.0981 11.45852

0.133664 0.003886 5.927492 0.148727 102.4185 2.356663 0.05449 0.001247 0.083386 0.002026 0.067669 0.001765 0.40377 0.011688 0.026283 0.000672 0.021747 0.000599 0.179905 0.005271

0.290574 0.008448 12.88585 0.32332 222.6488 5.12318 0.118456 0.00271 0.181273 0.004403 0.147107 0.003836 0.877762 0.025408 0.057136 0.001461 0.047277 0.001301 0.391098 0.011459

0.000132 3.84E-06 0.005858 0.000147 0.101223 0.002329 5.39E-05 1.23E-06 8.24E-05 2E-06 6.69E-05 1.74E-06 0.000399 1.16E-05 2.6E-05 6.64E-07 2.15E-05 5.92E-07 0.000178 5.21E-06

0.000133 3.86E-06 0.005887 0.000148 0.101712 0.00234 5.41E-05 1.24E-06 8.28E-05 2.01E-06 6.72E-05 1.75E-06 0.000401 1.16E-05 2.61E-05 6.67E-07 2.16E-05 5.94E-07 0.000179 5.23E-06

11.7826 0.263903 352.053 8.274073 9817.518 217.4228 4.794346 0.104767 7.487662 0.151199 5.761594 0.119588 33.86844 0.70462 2.224025 0.050944 2.011573 0.047989 12.7576 0.280809

25.61434 0.573702 765.3325 17.98712 21342.43 472.6582 10.42249 0.227755 16.27753 0.328692 12.5252 0.259975 73.62705 1.531782 4.834838 0.110747 4.372985 0.104324 27.7339 0.610455

0.011783 0.000264 0.352053 0.008274 9.817518 0.217423 0.004794 0.000105 0.007488 0.000151 0.005762 0.00012 0.033868 0.000705 0.002224 5.09E-05 0.002012 4.8E-05 0.012758 0.000281

0.025614 0.000574 0.765333 0.017987 21.34243 0.472658 0.010422 0.000228 0.016278 0.000329 0.012525 0.00026 0.073627 0.001532 0.004835 0.000111 0.004373 0.000104 0.027734 0.00061

4.73E-05 1.06E-06 0.001413 3.32E-05 0.039411 0.000873 1.92E-05 4.21E-07 3.01E-05 6.07E-07 2.31E-05 4.8E-07 0.000136 2.83E-06 8.93E-06 2.05E-07 8.08E-06 1.93E-07 5.12E-05 1.13E-06

4.19E-05 9.38E-07 0.001252 2.94E-05 0.034905 0.000773 1.7E-05 3.72E-07 2.66E-05 5.38E-07 2.05E-05 4.25E-07 0.00012 2.51E-06 7.91E-06 1.81E-07 7.15E-06 1.71E-07 4.54E-05 9.98E-07

283.0444 4.090897 8390.07 128.2606 234404.3 3370.382 114.6587 1.624049 180.6765 2.343805 139.6802 1.853802 817.9715 10.92267 52.45205 0.789705 47.98926 0.743901 305.3451 4.352967

615.3138 8.893254 18239.28 278.8275 509574.7 7326.916 249.2581 3.530542 392.775 5.095229 303.6526 4.030004 1778.199 23.74494 114.0262 1.71675 104.3245 1.617176 663.7936 9.462972

0.283044 0.004091 8.39007 0.128261 234.4043 3.370382 0.114659 0.001624 0.180677 0.002344 0.13968 0.001854 0.817972 0.010923 0.052452 0.00079 0.047989 0.000744 0.305345 0.004353

0.615314 0.008893 18.23928 0.278827 509.5747 7.326916 0.249258 0.003531 0.392775 0.005095 0.303653 0.00403 1.778199 0.023745 0.114026 0.001717 0.104324 0.001617 0.663794 0.009463

0.000242 3.5E-06 0.007179 0.00011 0.200573 0.002884 9.81E-05 1.39E-06 0.000155 2.01E-06 0.00012 1.59E-06 0.0007 9.35E-06 4.49E-05 6.76E-07 4.11E-05 6.37E-07 0.000261 3.72E-06

0.000247 3.56E-06 0.007308 0.000112 0.204169 0.002936 9.99E-05 1.41E-06 0.000157 2.04E-06 0.000122 1.61E-06 0.000712 9.51E-06 4.57E-05 6.88E-07 4.18E-05 6.48E-07 0.000266 3.79E-06

60  Ni  [ He ] 63  Cu  [ He ] 66  Zn  [ He ] 75  As  [ He ] 78  Se  [ He ] 88  Sr  [ He ] 52  Cr  [ He ] 55  Mn  [ He ] 56  Fe  [ He ] 59  Co  [ He ] 

Mo error Ag error Cd error Sb error Ba error Tl error Pb error Th error U error

0.863702 0.039444 0.353385 0.011206 1.099728 0.036356 0.184062 0.045745 703.6929 24.38876 1.072397 0.046829 71.01179 2.872421 32.68566 1.249439 7.896068 0.312181

1.877614 0.085748 0.768228 0.024361 2.390712 0.079035 0.400136 0.099445 1529.767 53.01905 2.331297 0.101802 154.3734 6.244394 71.05579 2.716171 17.16536 0.678653

0.000864 3.94E-05 0.000353 1.12E-05 0.0011 3.64E-05 0.000184 4.57E-05 0.703693 0.024389 0.001072 4.68E-05 0.071012 0.002872 0.032686 0.001249 0.007896 0.000312

0.001878 8.57E-05 0.000768 2.44E-05 0.002391 7.9E-05 0.0004 9.94E-05 1.529767 0.053019 0.002331 0.000102 0.154373 0.006244 0.071056 0.002716 0.017165 0.000679

8.54E-07 3.9E-08 3.49E-07 1.11E-08 1.09E-06 3.59E-08 1.82E-07 4.52E-08 0.000695 2.41E-05 1.06E-06 4.63E-08 7.02E-05 2.84E-06 3.23E-05 1.23E-06 7.8E-06 3.09E-07

8.58E-07 3.92E-08 3.51E-07 1.11E-08 1.09E-06 3.61E-08 1.83E-07 4.54E-08 0.000699 2.42E-05 1.06E-06 4.65E-08 7.05E-05 2.85E-06 3.25E-05 1.24E-06 7.84E-06 3.1E-07

0.074132 0.0016 0.031133 0.00041 0.101785 0.002093 0.029804 0.001243 56.4208 1.266024 0.095167 0.001811 6.317221 0.137148 3.181536 0.068597 0.729073 0.018216

0.161157 0.003477 0.067681 0.000892 0.221273 0.004549 0.064791 0.002701 122.6539 2.752226 0.206884 0.003937 13.73309 0.298147 6.916383 0.149125 1.584941 0.039599

7.41E-05 1.6E-06 3.11E-05 4.1E-07 0.000102 2.09E-06 2.98E-05 1.24E-06 0.056421 0.001266 9.52E-05 1.81E-06 0.006317 0.000137 0.003182 6.86E-05 0.000729 1.82E-05

0.000161 3.48E-06 6.77E-05 8.92E-07 0.000221 4.55E-06 6.48E-05 2.7E-06 0.122654 0.002752 0.000207 3.94E-06 0.013733 0.000298 0.006916 0.000149 0.001585 3.96E-05

2.98E-07 6.42E-09 1.25E-07 1.65E-09 4.09E-07 8.4E-09 1.2E-07 4.99E-09 0.000226 5.08E-06 3.82E-07 7.27E-09 2.54E-05 5.51E-07 1.28E-05 2.75E-07 2.93E-06 7.31E-08

2.64E-07 5.69E-09 1.11E-07 1.46E-09 3.62E-07 7.44E-09 1.06E-07 4.42E-09 0.000201 4.5E-06 3.38E-07 6.44E-09 2.25E-05 4.88E-07 1.13E-05 2.44E-07 2.59E-06 6.48E-08

1.757735 0.024796 0.744839 0.006358 2.426342 0.03244 0.745705 0.019262 1356.755 19.62528 2.286986 0.028071 151.532 2.125998 76.56205 1.063362 17.34311 0.282368

3.821162 0.053905 1.619214 0.013822 5.274657 0.070522 1.621098 0.041874 2949.468 42.66365 4.971709 0.061024 329.4173 4.621735 166.4392 2.311656 37.70242 0.613843

0.001758 2.48E-05 0.000745 6.36E-06 0.002426 3.24E-05 0.000746 1.93E-05 1.356755 0.019625 0.002287 2.81E-05 0.151532 0.002126 0.076562 0.001063 0.017343 0.000282

0.003821 5.39E-05 0.001619 1.38E-05 0.005275 7.05E-05 0.001621 4.19E-05 2.949468 0.042664 0.004972 6.1E-05 0.329417 0.004622 0.166439 0.002312 0.037702 0.000614

1.5E-06 2.12E-08 6.37E-07 5.44E-09 2.08E-06 2.78E-08 6.38E-07 1.65E-08 0.001161 1.68E-05 1.96E-06 2.4E-08 0.00013 1.82E-06 6.55E-05 9.1E-07 1.48E-05 2.42E-07

1.53E-06 2.16E-08 6.49E-07 5.54E-09 2.11E-06 2.83E-08 6.5E-07 1.68E-08 0.001182 1.71E-05 1.99E-06 2.45E-08 0.000132 1.85E-06 6.67E-05 9.26E-07 1.51E-05 2.46E-07

238  U  [ No Gas ] 137  Ba  [ He ] 205  Tl  [ No Gas ] 208  Pb  [ No Gas ] 232  Th  [ No Gas ] 107  Ag  [ He ] 111  Cd  [ He ] 121  Sb  [ He ] 95  Mo  [ He ] 
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Table A3 Compilation of tracer concentrations used in mixing models. Concentrations for each 

tracer colored to show relative magnitude of concentration between samples for each tracer. 

 

 

 

 

 

Ra-226 (Bi-214 + Pb-214) ± U-234 ± Pb-210 ± Ra-228 ± pb-212 ±

Alabama PMG (1-5 avg) 112.6516577 4.222994 179.7137 5.921148 41.77605 2.917455 1.317129 0.082233 1.934194 0.041048

Alabama CC (1-5 avg) 156.3387406 4.499505 125.7345 4.349882 16.05392 1.134679 1.813265 0.066525 2.991771 0.040441

Alabama WCSP (1-5 avg) 145.3226311 4.093265 58.53881 2.784736 20.1976 1.245336 0.563638 0.034705 1.171135 0.023387

Alabama WL (1-5 avg) 68.86794182 2.164803 42.36091 2.06765 7.12971 0.638762 0.519553 0.029631 0.997787 0.019235

Tombigbee BR (1-2 avg) 168.2791814 4.107823 66.14178 2.274474 33.45333 1.4603 1.464253 0.052915 1.564956 0.022115

Tombigbee CB (1-2 avg) 177.3184054 4.078136 59.13182 2.072454 29.78102 1.3252 1.300846 0.048256 1.437496 0.020511

Tombigbee DAC (1-2 average for gspec, 1 only for metals)183.5512879 4.207525 65.97134 2.221881 24.76147 1.238019 1.371265 0.050105 1.516351 0.021308

Tombigbee BL (1-2 avg) 68.53157504 2.721513 36.3803 1.760563 27.92848 1.396424 0.649019 0.036626 0.77185 0.016147

Downtream Blakeley Spring 182.9931525 7.496877 289.2325 13.21701 216.1242 10.49592 4.16867 0.236004 4.501982 0.095313

Downtream Apalachee Spring 170.8313392 7.779875 303.8276 14.40327 202.2 10.94975 5.657619 0.29654 4.072799 0.097778

Downtream Tensaw Spring 177.7611856 7.844275 296.6464 14.20308 191.0588 10.48571 5.158941 0.278964 4.125856 0.096952

Physiological province Sample ID Bq/kg based on eff from IAEA-375 Bq/kg based on eff from IAEA-300

heavy metals (mg/kg SS)->

Al ± B ± Ba ± Be ± Ca ± Cd ± Co ±

8572.168 780.5956 104.5566 24.11943 138.3763 45.42014 0.917475 0.196673 208.5343 128.5963 0.053553 0.012563 0.39065 0.104371

3561.382 1905.155 51.8601 41.50126 28.19919 25.7946 0.087857 0.125301 473.8367 625.43 0.552374 0.66831 2.974861 1.024025

5425.265 1954.845 48.27494 5.962376 45.56162 22.82573 0 0 1307.313 1164.028 0.896614 0.097484 4.102779 0.417745

7406.856 1548.467 216.1112 56.30852 42.0125 6.873307 0.41745 0.183101 371.6935 75.64425 4.34077 1.33766 5.604057 1.409767

5300.602 1866.46 16.31278 3.811172 56.31396 16.48425 0.59563 0.146191 1892.347 601.9604 0.717744 0.214589 5.259416 1.430501

9923.602 986.1577 35.84378 4.85556 89.43687 5.912495 1.052149 0.027616 86592.98 80734 1.660154 0.328003 9.126959 1.611775

9179.649 1426.64 14.11831 0.196534 98.04178 3.678983 1.131824 0.146486 194.9716 121.9162 0.350732 0.321904 21.8665 2.028326

13516.32 436.785 80.41537 0.910488 0.661513 0.009239 62.21871 1.740482 0.068896 0.000528 2.590235 0.034949

13366.82 2569.355 102.1745 2.173386 141.8284 0.896412 1.231194 0.033271 4087.224 136.9728 0.276613 0.023296 13.72861 0.019663

15913.33 2713.688 112.7007 0.892745 163.0767 0.680953 1.37153 0.011181 4603.996 159.3619 0.264723 0.021467 15.04273 0.055583

17658.66 6005.964 107.3645 5.914878 139.5588 5.769828 1.28576 0.075735 4041.352 19.13728 0.278036 0.029231 14.2138 0.503698

Cr ± Cu ± Fe ± Mg ± Mn ± Ni ± Pb ±

0.537021 0.1055579 8.870863 5.684636 626.0112 117.0441 11.69455 1.0458 5688.846 4306.226 38.34246 20.92834 17.16375 2.982154

17.39197 19.8333662 115.1075 97.05352 10144.78 8022.83 302.3592 118.7658 173.5111 200.7427 17.81901 15.20628 6.19984 4.923489

8.218817 2.10166435 14.39987 1.99617 9896.525 749.5545 981.7351 231.1234 225.9798 164.7433 3.987125 0.167843 10.74561 1.982134

102.3056 17.656563 27.54717 17.67946 32107.02 4865.405 165.9254 42.38164 490.4688 260.9332 3.889073 2.422908 20.77098 4.513887

12.18345 4.03349786 6.851091 1.296652 10245.54 2257.919 845.7739 244.7354 497.9549 220.2494 7.351204 2.135157 6.000455 1.273698

29.39699 5.0253291 8.223914 1.314875 17801.21 1917.374 1607.286 291.4061 524.4569 127.7054 17.45634 5.473038 6.136975 1.855209

13.83509 0.53651032 5.487614 1.118898 9971.916 278.1595 492.3794 50.38398 1297.705 148.6636 8.690495 0.438125 12.65028 1.956138

15.50141 0.90157224 6.875256 0.193331 8330.34 200.6162 501.4564 17.06788 212.7043 3.807104 5.774542 0.172691 13.15915 0.462093

31.01236 4.51520584 18.71763 0.282758 21457.24 408.5638 2113.615 168.2061 1506.856 46.58319 17.95521 1.577027 11.69679 0.50554

35.26069 0.9831426 21.63406 0.386156 22435.43 949.1573 2309.122 54.52099 1655.255 17.79904 20.51028 0.34639 13.06089 0.41644

33.57995 5.76047843 18.18309 0.505764 22568.35 798.6194 2360.481 270.8703 1463.137 14.23262 18.78359 1.988413 12.12533 0.34361

Sr ± Ti ± V ± Zn ± Si ± K ± Na ±

19.4866 1.929366 4.387853 1.734055 20.0219 2.65058 57.81256 26.14383 18.99397 18.44881 357.961 135.9517 188.8245 86.86896

4.053128 2.602099 31.03181 10.27211 14.74933 11.5146 31.87449 15.1211 12.85018 8.868882 252.1097 86.88037 30.55489 28.02311

9.304881 8.142488 186.138 33.04593 17.22753 0.352019 22.0109 7.75029 42.79824 22.96803 1089.608 235.3091 82.52071 11.65147

2.726057 0.81331 54.49411 1.873099 69.33794 14.06195 35.96029 13.08422 3.35068 1.49406 131.1588 49.14145 21.75273 6.166397

15.7986 4.428989 3.199073 1.599471 10.86752 2.950179 28.47716 8.031207 39.98078 86.8463 641.2869 172.4898 30.66513 4.672787

191.5306 146.3475 3.763194 1.463922 23.12393 4.459415 52.15736 4.642315 12.99965 9.573903 1097.769 98.50439 87.04427 58.2162

8.649946 1.154684 7.983573 2.435315 16.03647 0.66613 31.78624 1.421729 14.82115 6.012427 493.4419 47.25408 23.00834 10.90921

18.16811 0.678223 16.86374 0.536503 21.62333 0.309494 1590.632 68.0721 51.29153 2.366665

34.47036 0.664455 4.469426 1.544073 26.24208 2.96936 89.66765 2.865859 49.5292 45.72934 1206.863 155.4167 93.74222 7.97986

39.64679 0.406932 4.470309 1.394388 28.30661 2.428685 101.8055 0.158571 34.13999 35.45826 1320.29 53.36322 93.72329 1.579892

36.44153 1.430742 7.875353 4.536637 28.95259 4.672291 91.86731 5.346285 32.02274 43.34545 1346.937 234.3858 119.4918 11.9135
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Figure A3 Total discharge of Mobile River Systemin L/s. Determined by summation of Tensaw River stream gauge and Mobile River 

stream gauge data. 
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Figure A4 Sediment size distribution for TIMS collected suspended sediments from sampling 

campaign TIMS-SPR19 



91 

 

 

Figure A5 Map of Mobile Basin overlain with major geologic regions. Obtained from Byrnes et 

al 2013  
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Figure A6 Uranium 238 and Thorium 232 decay series with daughter half-lives 
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Figure A7 Conceptual diagram of remote sensing algorithm creation process. Circles are SSC 

for individual grab samples and background shows relative intensity of satellite imagery BN 

values. 
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Table A4 Various geochemical fingerprinting mixing models as compiled by Haddadchi et al. 

2013. 
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Figure A8 From Byrnes et al. 2017. Bathymetric change between 1917 to 1918 and 1960 to 

1962 for Mobile Bay superimposed on NOAA chart 11376. Yellow to red colors represent 

erosion and green to blue colors represent deposition.  

 


