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ABSTRACT

Submarine groundwater discharge (SGD) is an important source of natural and
anthropogeniautrientsand contaminants in coastal watédsitrient inputs from SGD can cause
or exacerbateutrophicationhypoxia, seagrass beds degradation, and harmful algal blooms
(HABs), among other ecological impacBoastal karssystemsand estuaries are among the
most complex coastareaswherethe assessment SGD and derived nutrient fluxes is
particularlychallenging.Their typically heterogeneous hydrogeology combined teithporal
fluctuations ofmarine and terrestrial forcirmgsult in large variations of SGD in both systems.
this dissertation évaluatedhe magnitude and mechanisms driving SGD #hirnportance as a
source of water and nutrients to Maerro Gordda coastal karst system southern Spajn
and Mobile Bayan estuary of the northern Gulf of Mexjctn Maro-Cerro Gordd found that
SGD accounted for an important part of tegter bulget of thecoastakarstaquifer, the only
source of freshwater for nearby population and agricultural activities. Additionally, SGD served
asavectorfor NOs fertilizers contamination to the sea, putting at tlekendangered species of
the coastal ecosystem. In Mobile Bawpund thatl/4 of the nutrient budges delivered bySGD
during the dry seasasNH," (56% of the total)landDON (15%of the total) mostly onthe east
shore, wherdubileesoccur.l demonstrted thatthese SGEderived nutrient inputs, in contrast to
previous hypotheses, are originated naturfatiyn organic mattemineralizationin apeat layer
foundonly on the east shore of the baycomparison, groundwater discharge in M@erro
Gordo was primarily controlled by the terrestrially driven hydraulic gradient of the karst aquifer,

while in Mobile BaySGD was mainly marindriven bysea level fluctuations (tidal pumping).



Furthermore, the extremely fast groundwater flow of the karst aquifer in-Gmo Gordo
always created oxic conditions, allowing the ;N€éntamination to reach the sé@acontrast, in
the shallow coastal aquifer of Mobile Bafjound tat while the main form of nitrogen in inland
fresh groundwater wasOgs', the SGDderived nitrogennputsto the bay was almost entiraty
the form ofNH,". Theselarge fluxes oNH4" were produced biwo main processesrganic

matter mineralizatioanddissimilatory nitrate reduction @mmonium (DNRA)
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m (a); at study site TSE a 1.5 m thick organic fine sand layer with 0f36% organic
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4.2. Schematic geologic cross sections showing the lithologic ¢bassics of the
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of ni™ a a 8% sighatures are shown in all panels (Amberger and Schmidt, 1987;
Kendall, 1998; Kendall et al., 2007; Xue et al., 2009). The theoretical denitrification line

o 00 as 1.5:1 is shown in ghanels based on Kendall et al. (2007) and Murgulet

AN TICK (2013 ittt ee et e e e e e e e e e seene e s e e e e e e e aeaeeeeeeeesstnnneeeeeeeeeeeeennsnnnnns 210
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CHAPTER 1:
INTRODUCTION

The phenomenon of groundwater discharge orsélafloor hasbeen documentefdr
more than two millennia. The earliest records date back from the Roman period describing
freshwatersubmarinesprings in the Mediterranean Sea (Kohout, 1966; Moore, 2010).
Historically, the exchange of groundwater and seawater at theséanithterphas@)so known as
submarine groundwater di s c h ascigntficdu®sP) wi whs on
little actual scientific and economic importance (Kohout, 1966; Burnett and Dulaiova, 2003).
However, within the last three decades SGD was fouheé tmessentiasource of water and
dissolved constituents such as nutrients and pollutants to coastal environments and thus, one of
the major players in coastal ecosystems (Johannes, 1980; Moore, 1999; Null et al., 2012;
Rodellas et al., 2014). In rivelominated coastal systems, such as estuaries, SGD has been
traditionally overlooked as it often represents only a small part of the coastal water budget
compared to river inputs (Moore, 1996; Burnett et al., 2006). However, the much higher nutrient
concentations in groundwater compared to rivers often result in-8€lvered nutrient fluxes
comparable to fluvial loadings (Charette et al., 2@¥htos et al., 200&u et al. 2013 In turn,
excess nutrient inputs derived from SGD could cause ecologicatlpaions such as
eutrophication, hypoxia, harmful algal blooms (HABs), and seagrass beds degradation, to
mention a few (Valiela et al., 1990; Hwang et al., 2005; Garcés et al., 2011; McCoy et al., 2011,

Smith and Swarzenski, 2012). In contrast, in co&stdas areasvhere runoff is limited due to



high infiltration rates, SGD can besggnificantcomponent of both the water and nutrient

budgets €.g.,Dimova et al., 2011; Tove®anchez edl., 2014; Trezzi et al., 2017).Furthermore,

in karst aquifers thgroundwater residence tinerelatively short, allowing fast transport from

land to the ocean, little natural attenuation, and thus large net pollutant fluxes (Weinstein et al.,
2011; TovarSanchez et al., 2014; Trezzi et al., 2016).

Evaluating the maghide of SGD, driving mechanisms, and ultimately the Siefived
nutrient inputs to coastal watasshighly challenging in both estuaries and coastal karst areas.
Hydrogeological heterogeneities and temporally variable marine and terrestrial forcingresult
large high temporal and spatial variations of SGD in both syst8imadfield and Legrand,

1971; Pinault et al., 2008urnett et al. 2006Custodio, 2010Santos et al. 2012; Russoniello et

al. 2013; Uddameri et al. 2014Hstuaries are highly dynamsystemsypically associated with
heterogeneous coastal aquifgrat allowfor complex nutrient biogeochemical transformations
asgroundwater flowshrough the coastal aquifer (Dyer 1973; Krantz et al. 2004; Slomp and Van
Cappellen, 2004; Russonielloat 2013; Michael et al. 2016). In comparison, coastal karst
aquifers area lithologically characterized by a combination of fissures, fractures, conduits, and
caves that serve as preferential pathways that facilitate fast groundwater flow and create point
source nutrient inputs to the s@orthington, 1999; Bakalowicz et al., 2005; Barbera and
Andreo, 2015)The large degree of heterogeneity in combination with marine forces in these
lithologically complexcoastal systems, make traditional hydrogeologinadieling methods
unreliable(Butscher and Huggenberger, 208Talker et al. 2009ylartinezSantos and Andreu,
2010; Rapaglia et al., 2018pung et al. 2015). Some of these challenges bhaea successfully
addressetly usingshortlived radioisotopes from the U/Th decay serideswever,some

limitations and challengeaemain(Lee, 1977; Moore, 1996; Burnett and Dulaiova, 2003;



Johnson et al., 2008; Knee et al., 20Bpecifically,in estuaries and coastal karst systetimsir
complex s#ings further enhance the already difficult task of evaluating SGD and derived
nutrient fluxegBurnett et al. 2003)

Maro-Cerro Gordo in Southern Spain is an environmentally protected coastal area with a
karstic marble coastal aquifer. The coastal kagsifer has been overpumped to satisfy the
increasing demand from intensiagriculture and tourism. SGD was never considered an
importantcomponent of the water budget of the area. However, the shortage of water in the
coastal area prompted water manageisonsidethe need to quantify the significanceSGD
in the aquifer water budget (Andreo and Carrasco, 1geB)hermore, poirsource excess
nutrient inputs via SGD from agriculture lands to the sea raised questions about the magnitude of
SGD-derived nutrient fluxes antheir impacton the endemic and endangered biota that inhabit
the coastal ecosystem.

Frequent local reportsf water quality degradation often observed in Mobile Bay,
Alabamawasthe primary motivation for studying SGD in this coastal sandy aquifer in the
Northern Gulf of Mexico (Loesch, 1960). Of particular interest for this study are two major
ecological disturbancebatalsoaffectthe local economy of Mobile Bay. These include (1)
largescale fish and crustaceakiBs locally known asJubileesthat occur mostly on the east
shore of Mobile Bay during the summer, andi{@)mful algal blooms (HABs) often
documented in areas of limited surface water inputs. Previous sfadjdsoesch, 180; May,
1973;Liefer et al., 2009; Mcintyre et al., 201lave suggested that nutrient inputs delivered by
SGD might control these eventsjt direct assessmemgre never performekefore this study
Furtherlarge scaleimplications include directimpact on adjacent estuaries in the Gulf of

Mexico (e.g.the Mississippi Bight), and the overall nutrient budget of the Coastal Gulf Region.



The overreaching goal of this dissertation is to compare the magnitude and mechanisms
driving SGD and its importanaes a source of water and nutrients to two coastal systems with
contrasting hydrogeological settings: (1) M&erro Gordo (coastal karst system) and (2)

Mobile Bay (sandy coastal aquifer in an estuary of the northern Gulf of Mexico). The
dissertation consts of five chapters, an introduction chapter (Chapter 1), three manuscripts
intended to be peeeviewed journal articles (Chapter 2, Chapter 3, and Chapter 4), and an
overall conclusion chapter (Chapter 5).

Chapter 2 e n tAssessing dubmiarine gralwater discharge (SGD) and nitrate
fluxes in highly heterogeneous coastal karst aquifers: challenges and salutionsc o aut hor ed
Natasha Dimova, Bartolomé Andreo, Jorge Prieto, Jordi Gé@nalana, and/alentiRodellas,
was published idournal of Hydology. This chapter focuses on the evaluation of the total
groundwater discharge from a coastal karst aquifer to the-Manm Gordo coastal area and the
associated nitrate fluxes. This study was carried out between 2015 and 2016. Coastal
groundwater didtarge in this area occurs in four forms: submarine springs, subaerial coastal
springs, diffuse groundwater seepage, and groundviedasreeks. A multmethod approach
was applied to assess each form of dischasigy radiotracers{Rn and®®*Ra) andsalinity
mass balances, seepage meter, and flowmeter measurements. The feasibility of each method for
guantifying each form of groundwater discharge were compared, and recommendations for
further applications in other karst systems worldwide were given.

Chapter 3 e n tConstidaieirdy thé@ importance of submarine groundwater discharge
(SGD) inhydrogeologicallycomplex estuariessxampleof Mobile Bay, Alabanta ¢o-authored
by Natasha Dimovailexander Lamore, and Jackson Stewart, is currently under raview

Estuaries and Coast3his study presents a detailed evaluation of the spatial and temporal



variation of SGD and its contribution to the water budget of Mobile Bay during three
consecutive years (2042017) Special emphasis was given to areas aloag@#st shore of
Mobile Bay affected byubileesand HAB eventsA combination of radiotracer techniques
(**Ra,**Ra,?*Ra, and®Rn) , st abl®e a ), aml peemmge(Mmeéters deployments
was utilized to assess SGD. Additionally, a shallowifer hydrogeological characterization was
performed using lanased (Electrical Resistivity Tomography, ERT) and marine (Continuous
Resistivity Profiling, CRP) shallow geophysical surveys, and multiple sediment cores collection.
Chapter 4 e n tAiie grbuadivatederived nutrient inputs important for the Jubilee
events in Mobile Bay, Alabamai3 coauthored by Alex Lamore, Jackson Stewart, Yuehan Lu,
Dini Adyasari, Joe Lambert, and Natasha Dimova. This is the first study that attempts to
complete tle nutrient (NQ’, NH,", DON and PGQ") budgets of Mobile Bay and evaluate the
significance of the SGlderived nutrient fluxes compared to risdrived nutrient discharge to
Mobile Bay. Furthermore, the main sources of nutrients and their biogeochemical
transformations in the transition ofogmdwater through the coastal aquifer to the bay, were
evaluated using a mass bal'@n caent)aediméntorganict r at e
matter st afd e iy aiid dispolvedd orgaiic matter (DOM) composition
analyses. To eWwaate the ecological implications of the S&@PBrived nutrient fluxes in Mobile
Bay, the locations impacted Bubileesand HABs were specifically examined during this
investigation.
In Chapter 5the conclusions from each chapter are summarized, splgifaaising on
the main differences in magnitude and driving forces between the two studied coastal systems,
the karst system of MarGerro Gordo in Spain and the estuarine system of Mobile Bay,

Alabama.
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CHAPTER 2

ASSESSING SUBMARINEGROUNDWATER DISCHARG& (SGD) AND NITRATE

FLUXES IN HIGHLY HETEROGENEOUS COASTAL RRST AQUIFERS: CHALLENGES
AND SOLUTIONS
2.1 Abstract
Groundwater discharge in coastal karst aquifers worldwide represents a substantial part

of the water budget and is a main pathway for nutrient transport to the sea. Groundwater
discharge to the sea manifests under different forms, making its assessiyehallenging
particularly in highly heterogeneous coastal systems karst systems. In thid gtedent a
methodology approach to identify and quantify four forms of groundwater discharge in a mixed
lithology system in southern Spain (Ma@erro Gordo}hat includes an ecologically protected
coastal area comprised of karstic marbleund that groundwater discharge to the sea occurs
via: (1) groundwatefed creeks, (2) coastal springs, (3) diffuse groundwater seepage through
seabed sediments, and gdpmarine springd.used a multmethod approach combining tracer
techniques (salinity?’Ra, and*?Rn) and direct measurements (seepage meters and flowmeters)
to evaluate the discharge. Groundwater discharge via submarine springs was the mostdifficult
assess due to their depth (up to 15 m) and extensive development of the springs tonduits.
determined that the total groundwater discharge over the 16 km of shoreline of the study area
was at least 11 + 3 x im*d™ for the four types of dischargesassed. Groundwateerived
nitrate (NQ) fluxes to coastal waters over ~3km (or 20%) in a highly populated and farmed

section of MareCerro Gordo was 641 + 1660l d*, or ~75% of the total N©loading in the

study areal demonstrate in this study themultrmethod approach must be appliedagsessll
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forms of SGD and derived nutrient fluxes to the sea in highly heterogeneous karst aquifer
2.2Introduction

Coastal karst aquifers are 46% of the Mediterranean coastline, and play a key role in
regional socioeconomic, providing residents with essential water resources (Fleury et al., 2007;
Bakalowicz, 2015; Arfib and Charlier, 2016; Trezzi et al., 2017). Groundwater is often the only
available source as Mediterranean precipitation is scarcepanaldgc, and often limited runoff
due to efficient infiltration and percolation through the karst aquifers (McCormack et al., 2014).

Typically, karstified carbonate aquifers are comprised of a complex set of fractures,
conduits, and cavities generatingtgpatial and temporal heterogeneity in groundwater flow
(Worthington, 1999; Bakalowicz et al., 2005; Barbera and Andreo, 2015). This in turn results in
challenging water resources management and attempts to develop water budgets and numerical
models desdbing karst systems often fail or result in estimates with large uncertainties
(Butscher and Huggenberger, 2007; Martirantos and Andreu, 2010; Rapaglia et al., 2015).

When a karst system is hydraulically connected to the sea, a significant part of
groundwater can flow directly to the sea in different forms (Stringfield and Legrand, 1971,
Pinault et al., 2004; Custodio, 2010). Groundwater discharge to the sea can occur via submarine
springs (Fleury et al., 2007; Bakalowicz et al., 2008; Dimova etGil1)2or subaerial coastal
springs near the shoreline (Aunay et al., 2003; Mejias et al., 2008; Gatstna et al., 2010)
depending on the geologic structure (Bonacci and-Bojeacci, 1997; Benac et al., 2003;
Stamatis et al., 2011). Conduits and fraeslburied under seabed sediments near the shoreline
can also produce diffuse groundwater seepage (e.g.-Bavarhez et al., 2014; Rodellas et al.,
2012). Conversely, impervious strata can create enough hydraulic pressnlanibsprings

whose runoff iows to the sea as groundwated creeks without experiencing infiltration (e.g.
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Yobbi, 1992; Katz et al., 2009). In this wotlkyill use the widely accepted term submarine
groundwater discharge (SGD) for the submerged forms of groundwater dischargsda s
defined by Burnett et al. (2003) and Moore (2010).

Groundwater discharge of unconsolidated sedimentary coastal atpai$elbgen
considered an insignificant component in water and nutrient budgets, mostly due to its relatively
small (<10%) volumtic contribution compared to surface water (Burnett and Dulaiova, 2003;
Moore 2010). However, in karst systems with limited runoff, SGD is a major component of the
coastal aquifer water and nutrient budget. Wiesieess of nutrients are delivered in cahst
systems, these produce ecological perturbations such as harmful algae blooms (e.g. Hallegraeff,
1993; Smith and Swarzenski, 2012), and seagrass habitat modification (e.g.Valiela et al., 1992)
to mention a few.

Coastal karst SGD can have very diffier composition due to the wide range of
groundwater residence time and complex pathways of the discharging waters (Weinstein et al.,
2011; TovarSanchez et al., 2014; Trezzi et al., 2016). It is therefore necessary to apply a multi
method approach to adgagely identify and assess all forms of groundwater discharge when they
coexist.

A number oftechniques have been developed to identify and estimate groundwater
discharge to coastal areas under different climatic conditions and geologic settings aRcejnst
naturally occurring radon and radium isotopes are effective groundwater tracers of SGD (e.g.
Cable et al., 1996; GarcfBolsona et al., 2010; Rodellas et al., 2015; Dimova et al., 2015) as they
are chemically conservative and are typically a fewrsrdé magnitude higher concentrations in
groundwater than surface waters, allowing for easy detection in receiving coastal waters (Burnett

etal., 2003). Furthermore, mass balance determination of radium and radon excesshorear
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surface quantifies thmagnitude of groundwater fluxes (Cable et al., 1996; Wong et al., 2013;
TovarSanchez et al., 2018pecifically,??Rn (.= 3.8 d) and*"Ra (t,.= 3.6 d) which have
relatively short haHives, and in the timacale range of typical coastal mixipgpcesses can be
used in combination to assess SGD (Moore, 1996; Cable et al., 1996; Burnett and Dulaiova,
2003).

Alternatively, in areas of faster groundwater flow regimes (e.g. karst and volcanic
systems), salinity (e.g. Knee et al., 2010; Stieglital ¢2010; GarciaSolsona et al., 2010;

Dimova et al., 2011) and thermal anomalies along the shoreline at the points of discharge are
proven to be good indicators of SGD (e.g. Pluhowski, 1972; Johnson et al., 2008; Peterson et al.,
2009; Mejias et al2012; Tamborski et al., 2013h areas where permeable sediments are

present, direct measurements of SGD using seepage meters are used in parallel with radiotracer
techniques (Lee, 1977; Burnett et al., 2006; Saltadri et al., 2015).

The mixed litholog Maro-Cerro Gordo coastal area is an example where identifying and
guantifying all components of groundwater discharge are critical to building a comprehensive
water budget that addresses adequately the existing economic and ecological demands of the
adjacent coastal communities and ecosystdraad use includes intensive agriculture with 1.3
km? of greenhouses and additional surface tropical crops, in combination with accelerating
tourism in the area during the pdstcadesThese land uses are increagymgptisfied by
groundwater extractions, in this case from the Sierra AlmAdibarquillas Aquifer (Andreo and
Carrasco, 1993), a highly fissured and karstified marble formation within the study site.

In order to assess the severity and impact of theasing groundwater abstractions,
water managers require a comprehensive water budget for the area. The current water budget

based on a mass balance approach indicates total fresh water of &@yZdor the Sierra
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Almijara-Alberquillas Aquifer (Caslio et al., 2001). This budget was suggested to be comprised
of: (1) inland springs and intermittent creeks (32 &rby™), (2) extraction for irrigation and
consumption purposes (12 x°16° y1), (3) water transfer to the Neoge@eiaternary coastal
formations, and the remaining part to (4) groundwater discharge to the sea®(@®>y1p A

more recentvater mass balance budget usingAlRLIS (A = altitude, P = slope, L = lithology, |

= infiltration landforms, S = soil type) method (Andreo et alQ&dncluded an infiltration
coefficient of 40- 45%and confirmed that the total budget of the Sierra AlImifdizerquillas
Aquifer is 50 x 16m?y ™ for 2003i 2005, which were notably dry years (PéRamos and

Andreq 2007). This assessment based 0032005 data found a slightly higher natural

drainage through spring8& x 160 m*y™) and extraction (15 x £n® y*) compared to the

estimate by Castillo et al. (2001), suggesting that groundwater discharge is negligible. However,
more recently SGD was found to be significant a1 m* y™* in Maro-Cerro Gordo using a
combination of GlShased approach, hydrometeagital methods, and preliminaf§Ra
evaluations (Andreo et al., 2017).

In this study] performed aomprehensivassessment of the total groundwater discharge
to the sea in the MarGerro Gordo area through the application of a set of methods selective
each form of dischargéused a combination of radiotracet¥Rn and®*’Ra) and salinity mass
balances, seepage meter measurements, and flowmeter measurements to: (1) identify point
discharges to the sea; and (2) quantify the total groundwatergkctiam the Sierra Almijara
Alberquillas Aquifer to adjacent coastal watdrurther (3) estimated groundwatéerived
nitrate (NQ) fluxes to the coastal waters of Ma@@rro Gordo and compared theseNiixes
in an ecologically protected area (witw anthropogenic activities) to unprotected zones (with

intense agriculture and overpopulatioffie sampling campaigns were conducted during base
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flow conditions to provide a conservative estimate of the total groundwater discharge to the sea
and nitrae fluxes of the Sierra AlmijarAlberquillas Aquifer and Mar&erro Gordo coastal
areaFinally, (4)I compared the applicability of each method to assess the forms of groundwater
discharge and made recommendations for applying this approach to othegkéestsystems
worldwide.
2.3 Study site and hydrogeological settings

The study site, Mar€erro Gordo, is located along the coastal fringe between Nerja and
La Herradura in the easternmost section of the Malaga Province and part of the western Granada
Province ¢outhern Spain) along 16 km of shoreline (R2d.). Approximately 80% of the study
area is within the environmentally protected M&merro Gordo Natural Area, which comprises
3.58 knfand 14.31 krhof terrestrial and marine surface respectivélye area is characterized
by a typical Mediterranean climate with average annual precipitation of 500 roetyrring
almost entirely during fall and winter (Andreo and Carrasco, 19%@)ve divided the area in
three sections based on their predomitigmtlogy and associated forms of discharge. From east
to west these are: (1) karst section, which includes the Cerro Gordo cape from Cafiuelo Beach to
La Herradura; (2) schist section, confined between El Cafiuelo Beach and Maro Beach; and (3)

conglomeratesection, which comprises the area between Maro Beach and Nerja (city).1Fig.
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Figure 2.1. Study site location and geological map showing water table contour lines (from
PérezRamos and Andreo, 2007), groundwater flow direction, important wellpiandmeters,
sampling points, and terrestrial springs. Groundwater discharge to the sea (TGD) is represented
in purple and is based on this study. Coastal springs are represented as CS, grotetiwater
creeks as GC, diffuse groundwater seepage as GSubanthrine springs as SS. The study area
is divided in three sections: conglomerate section, schist section, and karst section. The
distribution of seagrass beds are based on Baf@maia et al. (2002), and Aranda and Otero
(2014).
2.3.1 Alberquillas Aqgifer Unit

The main aquifer formation in the study area is the Alberquillas Aquifer Unit, a
telogenetic karst formation that underlines the southeast sector of the Sierra Almijara Aquifer
unit and is comprised of highly fissured and karstified Triassibl®g@Andreo and Carrasco,
1993). The lithology varies from dolomitic to calcitic marble over the 600 m maximum

thickness from basement to the surface (Andreo et al., 1993). In general, the primary porosity of
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this unit is negligible and the degree of ltdisation is locally higher in the lower portion, with
the exception of Nerja Cave, which is a 3 R hdcavity located 158 m above sea level and 930
m from the shoreline (Duran, 1996; Andreo et al., 1993; Jorda et al., 2011).

The Alberquillas Aquifer Wit exhibits an elongated shape towards the southeast and a
total surface of 60 kfnand is directly in contact with the Mediterranean Sea only along the karst
section (Fig2.1). The two aquifer units (Alberquillas and Almijara Aquifer units) are
hydraulically connected, constituting the Sierra Almija#erquillas Aquifer (142 krf), which
recharges from local precipitation (Carrasco et al., 1998). Conceptual hydrogeological models
developed for the Sierra Almijavaberquillas Aquifer suggest that groumdter generally flows
from north to south, and SGD occurs mainly in eastern Cerro Gordo (Andreo and Carrasco 1993;
Carrasco et al., 1998; PérBamos and Andreo, 2007).

The first attempt to locate SGD in Ma@erro Gordo was performed by Espejo et al.

(1988) via aiborne infrared thermakmote sensing. Two thermal anomalies were detected

during this survey, one in the Maro area (conglomerate section), and one in the vicinity of Cerro
Gordo and Cantarrijan (karst section); these were also confirmed biydavi@ce seawater

salinity (Espejo et al., 1988).

A cluster of three submarine caves with active springs (Cantarrijan Caves) were
identified at water depths of about 7 m near the Cantarrijan Beacl2 (Bigluring SCUBA
diving explorations in the karsection during this study. The vents of these springs are located
at the same depth and only 3 m away from each other. Thusniy assessments the flux of
these three springs was treated as a single dischargel poémttified the vents of two addnal
submarine springs at water depths of 12 m (Palomas Cave) and 15 m (Sifon Cave) in anchialine

caves with up to 10 m of horizontal development (Bitj)). These caves, together with the three
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small Cantarrijan Cave springs, represent the deep SG2mé SimijaraAlberquillas Aquifer
in the karst section. From SCUBA diving observatidrisund that all three discharge points are
related to highlydeveloped karstic conduits at deptfound during this study that they were
active even during droughtBig. 2.2), showing base flow conditions of Sierra Almijara
Alberquillas Aquifer water budget drainage.
2.3.2 Schist formation

Alberquillas Aquifer Unit is overlaying a concordant Paleozoic schist formation along
most of its extension and is tectonicaftycontact through a set of faults (Andreo et al., 1993).
Metamorphosed during the Alpine Orogeny it presents a maximum thickness of 500 m and very
low hydraulic conductivity (Andreo et al., 1993). Outcrops of the schist formation can be found
almost alog the entire schist section (F@1). The schist formation serves as a hydrogeological
barrier for SGD in this area (Andreo and Carrasco, 1993), and groundwater discharge to the sea
in this section manifests as four srasilte creeks and one coastal sgriThe four creeks
include: Tierras Nuevas Creek which emanates from a soil layer on the schist formation; the
Colmenarejos Creek which was dry over the sampling campaigns; Miel Creek which is of
particular interest as it is solely fed by permanentlytdisging springs located along the Sierra
Almijara-Alberquillas Aquifer in the sea (Andreo and Carrasco, 1993). The Maro Stream was
observed to be produced by irrigation excess from abundant agriculture located nearby.

Lastly, the Alberquillas coastal spg, located 20 m from the shore at the Alberquillas
Beach at the contact between the highly permeable Alberquillas Aquifer Unit karstic marble and
impermeable schist, was found to have a perennial flow regime.

2.3.3 Conglomerate, breccia, and traverforenations
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Pliocene conglomerate and breccia deposits with a maximum thickness of 60 m, form ~
90% of the conglomerate section of the study area, representing the second most important
permeable formation in the study site (Fourniguet, 1975; Andreq é08B; Guerrdvierchan
and Serrano, 1993). This formation is comprised of marble fragments cemented by a red matrix,
showing signs of dissolution in the upper portion due to its calcite composition. Its hydraulic
conductivity permits limited groundwateof mainly due to primary porosity and the slight
presence of fractures (Andreo and Carrasco, 1993). In the coastline comprised of this formation,
groundwater discharge can be identified visually as two coastal springs, the Doncellas and
Barranco Maro Sprigpand the groundwatded creek (Caleta Creek) which originates from a
spring located near the town of Maro (F2dl). On the easternmost sector of the conglomerate
section, south from the town of Maro, a 30 m thick highly porous and permeable quaternary
travertine is present in direct contact with the sea at Maro ClIiff to the south (Jorda, 1988). The
two small coastasprings of Huerto Romero and Maro Beach are present in this formation along
with the intermittent groundwatded creek of Maro Creek.have observed that excesater
from the Maro Spring locatebproximatelyl km to the north of Maro CIiff, flows adaro
Creek and discharges to the sea from the travertine cliff as a waterfall that is intermittently active
depending on irrigation times. The Maro Sprig is vkelbwn and it was included in the Sierra
Almijara-Alberquillas Aquifer water budget, and itusilized for drinking and irrigation

purposes (Lifidn et al., 2000). The Sanguino Creek remained dry throughout this study.
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Figure 2.2. Average monthly precipitation and sea level change during 2010, 215, and 2016.
Error bars show the monthly rainfall vaiility during this study. In December of 2015 slight
precipitation occurred only during the first week, however, abundant rainfall took place during
SeptembeNovember. Sea level showed lower values during Jaragyand higher during
AugustDecember. 8mpling campaigns were conducted during Maly (dry periods) and
December (wet periods).

2.4 Methods

Water fluxes to the sea from karstic submarine springs were quantified usfAtRéL)
and (2) salinity mass balances, groundwater seepage was ggamsifig both (3) °Rn box
model mass balance and (4) seepage meter deployments in the locations where radon anomalies
were observed. Subaerial groundwater discharge from coastal springs and groufetdivater
creeks was measured directly using a flowm@iger
2.4.1 Tracer techniques
2.4.1.1%**Ra distribution and submarine springs discharge assessment

A total of 38 discreet?Ra samples of 60 L each were collected in September of 2006
and 2010 to survey the schist and karst sectionsZHig.All seavater samples were collected
at a depth of 0.3 m, with the exception of S"Nand SW21 that were collected at the submarine
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springs at 8 m and 15 m respectively. Seawater (n = 30) and groundwater (n = 8) samples were
obtained using a submersible pump, amale later passed through a PVC column filled with

about 25 g of Mn@coatedfibers (Mnfibers) at a flow rate of approximately 1 L rifito allow

for aquantitativeabsorption of*‘Ra (Moore, 1976; 2008). Mfibers were then transferred to

the lab, rinsd with Rafree water, and partially dried (Sun and Torgersen, 1998). Activities of
??"Ra were measured using a Radium Delayed Coincidence Counter (RaDeCC) system (Moore
and Arnold, 1996; GarciSolsona et al., 2008). The Mibers were counted twice, withe first

time immediately after collection to assess the f6fRa in the water, and a second time after a
month to evaluate the supporfédRa in equilibrium witf*°Th. The excess 6f“Ra was used to
construct £24Ra mass balance following Charette et al. (2001), which assumes tffdRene

excess in coastal waters is the result of groundwater input2.(BqgThis approach was applied

to assess water fluxeBgsp, M dY) originated from the three submarine sgsipresent in the

karst section of the study site (Ad.):

& — 2.1)

whereRay,is the?**Ra activity in coastal waters, i.e. the surface waterreethber (dpm f);
Raywis the offshoré/Ra activity in open waters (dpm ¥ Rasapis the activity of the
groundwater engnember (dpm fi); t is the coastal water residence time {djs the volume
(m®) of coastal water affected by each submarine spring (SGD phmesis the®’’Ra decay
constant (0.1894Y.
Because this area is greatly exposed to prevailing west winds, large waves, and intensive
mixing, | assumed that the residence ti)eof the water in this high energy coastline must be
no more than one day. Thusjsed the onéay value inthemass balance model. The volume

affected by SGDV) was constrained using the surface area of the salinity anomaly created by
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the spring plumeral corresponding water depths, obtained from the Andalusia Council of
Environment bathymetry databasétp://www.juntadeandalucia.es/medioambiente/site/rediam
To obtain thé*/Ra ativity (Ras,) surface water enthember representative of the whole water
column, average values of water samples collected from the surface and at the depth of the
spring discharge were used.
2.4.1.2 Salinity anomalies and submarine spring discharge atratu

To identify and quantify submarine springs discharge following theeter isobath
parallel to the shoreline, three salinity boat surveys were performed in May, July, and December
of 2015 along the entire stretch of the studied coastline. Eleatandlctivity (EC) and
temperatureT, °C) were measured continuously at a constant depth of 0.3 m with accuracies of
+ 20 pS critand + 0.1°C by towing a conductivitgmperaturelepth sensor (CTD, Solirft
from boat at a speed of about 2 kih Beawatesalinity values were obtained from EC using the
conversion method 2520B (Standard Methods for the Examination of Water and Wastewater,
APHA, 1999). Data were recorded in 2 min intervals concurrently with precise GPS boat
positioning recorded in 38ec inervals (Garmin Etréx20x) with an accuracy of + 3 m.
Electrical conductivity and temperature of groundwater samples were measured using a Pro2030
(YS! Inc.) handheld instrument with accuracies of + 1 uS camd + 0.3°CBefore sampling,
the CTD sensaand handheld instrument (YSI) were calibrated using two conductivity solutions
(Oaktorf): 1413 uS critand 12,880 uScih me a s u r ampesature 2obrect®n for EC
was automatically perfor medtaunsd nlg. 'dotithe €0 c o mp
sensor and the handheld instrument respectively.

To compare data points from all surveys and identify consistent spatial salinity variations

(i.e. permanent groundwater fluxes) independent of seasonal fluctuations, salinity values from
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each surveyere normalized based on their total average. Salinity anomalies were defined as
positive when salinity is higher than average and negative when it is lower than the average
value.

A salinity mass balance based on the salinity anomalies generated byisatspangs
inputs was constructed to determine groundwater fluxgs,(m® d™) in the karst section using
Eq. 21 and following Crusius et al. (2005) and Knee et al. (2010). To calculate the fresh water
fraction of the spring dischargeysed the apprach described in Knee et al. (2010), which
indirectly defines the groundwater salinity eme&mber $akgp) to be zero (Eq..2):

& — (2.2)
where,Sal,, andSal,, represent salinity values of open water and coastal surface waters. As in
Eq.2.1, Vis the volume of coastal water affected by SGB){mndt is the coastal water
residence time (d).used the same endember values as in th&Ra mass balance. Notest
this mass balance assumes a groundwater salinitynenaber $akgp) of zero in order to
guantify only the fresh component of SGD (Knee et al., 2010).

2.4.13 %*Rn surveys and groundwater seepage assessment
Seawatef?Rn concentrations were meadiiie surface coastal waters (at about 0.3 m
depth) in July, December of 2015, and July of 2016 along all sections using a RAD AQUA set
up (Durridge Co., Inc.) as described in Dulaiova et al. (2005) and further improved by Dimova et
al. (2009). To obtain dorrin-water concentrations, the measured rakheair was corrected
using the temperattid e pendent Ost wal dbés solubility coef f
2.3):

| ™nume A 8 (2.3)
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whereT (°C) is the water temperature, measured in 2 min intervals using a temperature data
logger (HOB®, Onse? Inc.). Analytical uncertainties 6f°Rn in water were most of the time
lower to 10%. The RAD AQUA system was run stationary for at least 20 nfe &eginning of

all surveys to achieve water/air and radioactive equilibrium (Dimova et al., 2009), and set up to
measure in 10 min intervals while moving at boat speed of 2kt &llow for detection of
rapid?*Rn changes. These data were coupled GRS coordinates to be mapped later.

Diffuse groundwater seepage was quantified usiféRn mass balance (box model) as
described in Burnett and Dulaiova (2003) during July of 2015 and 2016, and December of 2016.
To evaluate diffuse groundwater seepasieg a*Rn mass balance (Eg4), >’Rn timeseries
(1 - 2 days long) were conducted in the Maro Giffiid Cantarrijan Beach seepage area. For this
study, this mass balance was modified to account for radon inputs to the sea from a small
groundwateifed waterfall (Maro Creek) (Fig.1). Radon fluxesRgw) (dpm m?h™) from
groundwater discharge were determined using mass balance equation wh&f®Rtaputs to

the water column are balanced by radon:

& & & & # & (2.4)

whereFamis the?’Rn atmospheric evasion fluxes through the water/air interpRagare
mixing losses due to tidal variations and horizontal mixigiertan are fluxes of?Rn into the
system from a groundwatéed waterfall present in Maro Clif€rais the production of*Rn
from ?*Ra decay within the water column; agl is >*Rn diffusion flux from seabed
sediments.

To assess the contribution?3fRn from Maro Creek the radon flux from the creek
(Fwaterfa) Was calculated by multiplying the average creek radon concentration by the water flux

which was based of flowmeter measurements and specific area of discharge. This correction was

25



only done during Creek flow regime. Corrections for the prodnaifé®Rn from dissolved

?2%Ra (i.e. supported radon) in coastal wat€s)(were done utilizing the Mfiber collected in
September of 2006 (one sample) and in July of 2016 (two samples) in Maro Cliff and Cantarrijan
Beach at the time series statiofhe average concentration (September 2006 and July 2016)

was applied in th&"Rn mass balance. The procedure follows the technique described in details
in (Charette et al., 2001). TR#Ra equilibrated samples were counted via gamma spectrometry
(HPGe wél detector, Canberra GCW3522) using th#®b peak at 352 keV. Atmospheric

evasion of*Rn (Fam) was calculated based on the water/air interpffa8& concentration

gradient (dpm ), ?°Rn Ostwald solubility coefficient, arfd’Rn gas transfer veldgi(k, m H

Y. The gas transfer velocity (mhwas calculated using E5 as described in Macintyre et al.

(1995):

Eonmnm mMuv O s — (2.5)
whereuso is wind velocity at 10 m above sea level (M) acquired from an internet web service
(http://www.wunderground.com/gcis the Schmidt number, atds a factor that ranges from %2
(Up<3.6m3d) t 0,0>3.6 I &).

During high wind conditions (July of 2013)used Eq2.6 (all terms are defed in Eq.
25) designed in Kremer et al. (2003) for shallow waters and a wide range of wind speeds

(Cockenpot et al., 2015):

Eonm ppuv A — (2.6)
Molecular diffusion flux of?Rn from seabed sediment8d;) was determined using the
approach described in Martens et al. (1980).
After all corrections were made, negative fluxes were considered mixing |6&s (

The pore watef?’Rn concentration and porosity of sediments were determined based on the

26



procedure reported in Corbett et al. (1998). Groundwater seepage vekiailydm d*) was
then calculated (EQ.7) by dividing SGDBderived®?’Rn fluxes by the representative
groundwatef?Rn concentration erthember Rnsgp, dpm m®) (Burnett and Dulaiova, 2003).

The groundwater erthember Rrsgp) was assessed in groundwater collected from a
small cavity in the travertine cliff located 1 m a.s.l. in Maro Cliff, and-@¥#l in Cantarrijan
Beach (Fig2.1). Groundwatef?’Rn concentrions were analyzed with a RAD7 using a RAD
H,0O set up in duplicate 250 mL samples.

3" $ — (2.7)

In order to calculate groundwater fluxéséo, m>d™), the obtained seepage velocities
were multiplied by the total area through which SGD occurs usin@ Bg.

& 3' $! (2.8)
whereSGDrepresents seepage velocity (ci),candA is the seepage area3iTo constrain the
seepage ared\) at the beach facéconducted a highesolution?”’Rn survey by manually
moving a small boat at a speed of 15 T for more precise results, during this survey, the RAD
AQUA system was let to equilibrate for 20 min everyl® m of shoreline. The ¢ir-resolution
222Rn survey data was mapped using a linear ordinary kriging interpolation method (ArcGIS 10),
each concentration interval was then contoured (using the ArcGIS 10 contour spatial analyst) to
obtain?*’Rn concentration isolines. The seepagadk) was delineated by creating a polygon
that followed the 35 x falpm m?isoline as a threshold in Maro Cliff and 6 <#pm m?®in
Cantarrijan Beach. The seepage are3 (s obtained by calculating the polygon geometry
based on the ETRS 1989 UT&bne 30N projected coordinate system.

2.4.1.4Fresh SGD assessment in diffuse seepage
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As defined by Taniguchi et al. (2002), diffuse groundwater seepage is comprised of two
components: (1) a fresh (meteoric) groundwater component and (2) a recircudatatbse
component. To calculate the fresh water component in seepage areas of the study site (e.g. in
Cantarrijan Beach),applied a salinity mixing model (Eg8.9 and2.10) as described in
Taniguchi et al., (2005) and used by many others (e.g. Chatrette2007; Taniguchi et al.,

2008; Santos et al., 2009). The approach relies on two basic equations:
£ £ p (2.9)

3Al & 3Al A& 3Al & (2.10)
wherefesgpand frseprepresent the fresh and recirculated fractions of SGDSahkgspand
Saksgpare the salinity values measured in fresh groundwater-{{&W) and maximum
recirculated salinity (G\APz4).
2.4.2Direct groundwater flow measurements
2.4.2.1 Flowmeter measurements of coastal springs and creeks

The location of coastal springs and inland springs feeding groundigdtereeks were
identified via field observations. The discharge from the identifiedtabaprings (Doncellas,
Barranco Maro, Huerto Romero, Maro Beach, and Alberquillas) and groundetereeks
(Caleta Creek, Tierras Nuevas Creek, and Miel Creek) entering the sea, were measured using a
flowmeter (OTT C2, OTT Hydromet GmbH) with an acaty of + 10%. Channel widths were
between 10 cm and 140 cm and depths were below 30 cm in all springs and creeks. Flow
velocity measurements at the average water depths were recorded in 10 cm intervals across the
stream cross section right before dischange the sea. Water fluxes were calculated for each

interval multiplying width (10 cm) and depth by flow velocity. Total water flux @) was then
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calculated by adding water fluxes in all intervals. To observe differences between dry and wet
periodsmeasurements were conducted during July and December of 2016.
2.4.2.2Seepage meter measurements of diffuse seepage

To verify**Rn-based SGD estimatdsjeployed multiple seepage meters in July of
2016. Leetype seepage meters, built following the pohae described in Lee (1977) were
deployed near th&?Rn time series station in areas of active groundwater seepage (Maro Cliff
and Cantarrijan Beach) during July of 2016. Four seepage meters were deployed in Maro Cliff
and nine in Cantarrijan Beach totaim a representative evaluation of the seepage area. These
were made of a bottomless 60 L plastic drum with an area of ¢.@&tima plastic bag attached
to a twoway valve (Isiorho and Meyer, 1999; Schincariol and McNeil, 2002; Rosenberry, 2008).
The sepage meters were submerged and slowly inserted in the sediments leaving 2 cm of space
between the sediments and the drum interior top. The seepage meter was positioned inclined in
order to leave the valve side slightly higher allowing any gas to eschype pkastic bag
attachment; the water volume entering the plastic bag and time elapsed were then recorded (Lee,
1977). Seepage velocitieSGD, cm d*) were calculated using EB.11 modified from Lee
(1977):

8

3'$ (2.11)
whereV is volume of water entering the plastic bag (nli$; the time elapsed (s), and 68.79 is a
unit conversion factor specific to the 0.12 flow area to obtain seepage velocity in cih d
Groundwater discharge {d?) was calculated using E8.8.

2.4.2.3Groundwater chemistry, stable isotopic composition, and fltxes

During July and December of 2015%Haadnd i n

U*80), NO; and SQ* were measured in all points of groundwater discharge to the sea, Maro
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Spring, and a well located in the conglomerate section (Nerja Cave? (BigA total of 23
samples were collected in Maro Cliff and Cantarrijan Beach-{@®l) (n = 4), all subaerial
coastal springs (Doncellas, Barranco Maro, Huerto Romero, Maro Beach, and Alberquillas, n =
14), and groundwatded creeks (Maro Creek and Miel Creek, n = 5) during all sampling
campaigns.

Water samples were collected for analysis in 150 mL bottlestaned at 4°C until
measurement, diluted tordS cm’, and filtered before analysis. N@nd SQ* concentrations
were analyzed at the CEHIUMA (Center of Hydrogeology of the University of Malaga)
laboratory via ionic chromatography (Metrohm 881 Compad®i®) with an accuracy of £ 2%.
Wat er st ab’He a ii’@) wéroase analyged at the CEHIUMA using a Laser Cavity
Ring-Down Spectrometer (Picar@RDS L2126)) wi t h accur a®i ds dor Nu1la
a n d°0 gespectively. Isotopic ratios wetealculated using the Vienna Standard Mean Ocean
Water (VSMOW, i n Fg) mmoNi' tothageawefe calculated by (
multiplying NOs” concentrations at each point of discharge during each sampling campaign by
corresponding measured groundeveflux (Eq.2.12):

& & 1] (2.12)

where[NOs] represents nitrate concentrations (mmo)nandFscpis the groundwater flux (fh
dh
2.5Results
2.5.1 Detecting submarine spring discharge usfiga and salinity
2.5.1.1%*"Ra activities in seawater and groundwater
During the?*Ra sampling campaign in September of 2010, the avét®Re

concentrations in surface waters along the study area wag @@ntm (n=30) ranging from
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56 +4 dpmm™to 8 +1 dpmm™ (Fig. 2.3; Appendix | Table L In general®**Ra values along
the schist and karst sections of the study area were lower compared to other Mediterranean
regions (e.g. Moore, 2006; Gareéalsora et al., 2010; Rodellas et al., 2014). However, two
distinctive?*Ra-high anomalies in coastal surface wateese identifiedduring this survey;
thesewere associatedith water inputs with average salinity of 0.8 from the groundwiater
Miel Creek (56+ 4 dpmm®), and the three clustered submarine springs discharging from
Cantarrijan Caves (514dpmm™) located in the Cantarrijan area (F2B). Miel Creek
(average salinity anomaly = 0.3), which flows through the marble formation of Alberquillas
Aquifer Unit for a total length of approximately 5 km, has a perefinial a firm indication that
it is fed by groundwater (Fi@.3). Indeed, a set of springs located predominantly in the
southernmost section of the Creek at the magblest contachave been observed to maintain
the constant creek flow regime all year long. The second pe&afRaf was located right above
the three submarine springs (Cantarrijan Caves) near Cantarrijan Beach. Af{#tagalues
significantly higher (20 # dpmm™) than offshore background activity (81€lpmm™) were
detected alsalong the karst section from Cantarrijan to Cerro Gordo, where Alberquillas

Aquifer Unit is directly in contact with the sea (F&33).
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Figure 2.3Interpolated®®Ra activity concetrations in September of 2010 along the schist and
karst sections. Two areas of hijfRa in coastal waters were identified in the schist section near
groundwateifed Miel Creek (56 + 4 dpm 11, and the three clustered submarine springs
discharging fronCantarrijan Caves (51 + 4 dpnidjriocated in the Cantarrijan area (karst
section).

Radium224 in groundwater iGantarrijan Beach varied from 660 + 80mm (salinity
anomaly = 1.6) in a shallow well (GWVell, Appendix | Table 1to 5500 + 43@pmm>
(salinity = 31.1) in five piezometers installed on the shore {&¥¥-5, Appendix | Table 1
Activity of ?*Rain groundwater collected from two wells in the karstic marble (G@&/1 and
GW-CG-2, Appendix | Table L showed similar activities, 1260 + @pmm™ and 1020 + 80
dpmm with salinities of 2.2 and 0.6 respectiveline variation of*Ra concatrations in GW
Well and Pz1-5 can be explained by the seawater recirculation in the beach sediments. Radium
concentrationn fresh waters is very lomus to adsorption onto particles. However, in pore

water with higher ionic strength (i.e. brackish and salt water) radium desorbs due to cation

exchange. This process increases dissdf&& concentration (Webster et al., 1995).
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2.5.1.2Salinityanomalies

The average salinity in coastal waters of the study site during continuous measurements
in September of 2010 was 36.4 + 0.2, during May of 2015 was 36.6 £ 4.0, in July 2015 was 37.2
+ 1.2, and in December of 2015 was 34.5 + 1.7. A negative salinity §homd.2 to-1.7 was
observed during all sampling campaigns in the conglomerate section in the vicmitjtipte
coastal springs (Doncellas, Barranco Maro, Huerto Romero, and Maro Beach) and two
groundwateifed creeks (Caleta Creek, and Tierras Nuevas Creek) (Fig. 2.4). However, in the
schist section where Alberquillas coastal spring enters the sea, salinity weallgesimilar to
the average throughout the coastline with a value ofiB&&ptember of 2010, 37.1 in May of
2015, 37.1 in July of 2015, and 34.4 in December of 2015. Similarly, small salinity variation
(Fig. 2.4) associated with high'Ra (Fig. 2.3)was observed near the outlet of the groundwater

fed Miel Creek.
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Figure 2.4 Salinity anomaly map showing combined results from May, July, and December of
2015. Two areas of negative salinity anomalies were found in the conglomerate (salinity
anomaly =1.2 to-1.7) and karst (salinity anomaly-8.3 to-1.0) sections almost pedity

aligned with their delineated extent.

In the karst section (Fi@.1), where the karstic marble formation is in contact with the
sea, negative salinity anomalie®.8 to-1.0) coincided with previously observed higfRa
concentrations in coastakers near the Palomas &ifbn Cavessubmarine springs. The
largest salinity anomaly1.0) in the karst sectiomas foundn Cantarrijan Beach, which could
be related to Cantarrijan Caves springs. However, the lowest values are distributed along the
beah area, slightly deviated to the East off Cantarrijan Caves, where groundwater seepage
through marine sediments can, therefore, also be occurring.
2.5.2Evaluating submarine spring discharge usfifBa and salinity
2.5.2.1%"Ra mass balance

To assess groundwater discharge in the areas of #iiRé (121 51 dpm nit) and

negative salinity anomalies)(3 to-1.0), i.e. the areas of Cantarrijan Caves, Palomas Cave, and
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Sifon Cave submarine springs (Fig2 and2.3), | used £*’Ra mass batee following Moore
(1996) and Charette et al. (2001; Bd.). The main assumption in this approach is that4ira
excess in the karst section is considered to be originated solely by submarine springs.

SGD through Cantarrijan Caves was quantified giire”‘Ra coastal water entiember
measured in SY8, SW7, SW13 and SW24 Ra,,= 25 + 2 dpm i1, n = 4), where SW was
collected at the depth of discharge (8 m). Average offshore background activity (8 + T3pm m
measured in SW23, SW27, SW29, andSW-30 was used as the open water-er@mnber Ra,)
(Appendix | Table 1 Groundwater samples collected from well @#-1 (Fig2.1), which is
the closest well to the submarine springs and is representative of the marble aquifer formation,
was used as the@undwater endnember (1260 + 90 dpm nsalinity = 2.2). Following the
same approach, SGD was also evaluated in the area of Palomas Cave usBW-30y SW21,
and SW25 (Rayy = 18 + 2 dpm i, n = 3), where SW21 was collected at 15 depth of
dischar@. In Sifon Cave samples SW, SW22, and SW26 were used as the coastal water
endmember. The same open watkgay,) and groundwateiRascp) endmembers were used:
1260 + 90 dpm M and 8 + 1 dpm Mrespectively (Fig2.3; Table2.1).

The estimated growlwater fluxesKscp) through Cantarrijan Caves was 4.7 + 0.5 % 10
m® d™, at Palomas cave was 4.3 + 0.5 X d™, and for Sifon Cave was 3.7 + 0.4 i d™.
This represents a total flux of 12.8 + 1.4 ¥ &8 d"* via submarine springs, where reported

errors are based on analytical uncertainti€$‘®a measurements.
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Radium (1) mass balance Salinity mass balance (2)

Ra,, Rasep Ray, Saly Sakgp Saly \ Fsep (1) Fsep(2)
(dpm m?) (x 10m°) (x 10m*d™Y)
Cantarrijan  25+2  1260+90 8+1 36.3+0.1 0.0 36.5 2.67 47+05 0.8+0.1
Palomas 18+2 1260+90 8=+1 36.4+0.1 0.0 36.5 4.04 43+05 09+0.1
Sifon 17+2 1260+90 8+1 36.4+0.1 0.0 36.5 3.72 3.7+0.4 0.5+0.1
Total flux 128+14 23%0.2

Table2.1. Summary of values for all terms used to solve the radium and salinity mass balances to assess submarine springs discharge
in the karst section. Calculated total flux£b) using both methods are also shown.
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2.5.2.2Salinity mass balance

The salinity anomaly created by the Cantarrijan, PalomasSiémadCaves in the karst
section (Fig2.4, Table 2.) allowed us to construct individual mhalances at each location and
calculate SGD independently of tfféRa approachConsidering that the salinity of groundwater
discharge of these springs is the same value of the endmember used¥ameethod Table
2.1), and applying EqR.2 | calculated a total groundwater flux of 0.8 + 0.1 mdd? in
Cantarrijan Caves, 0.9 + 0.1 x*18° d” in Palomas Cave, and 0.5 + 0.1 ¥ & d"* through
Sifon Cave; representing a total of 2.3 + 0.2 ritbd ™.
2.5.3Assessing diffuse groundwater seepage usfiitRa mass balance asdepageneter
measurements
2.5.3.1°%?Rn distribution in seawater

High ?*’Rn concentrationa/ere measureith two distinct areas in the Maro Cliff area
(conglomerate section) and Cantarrijan Beach (lsmior) with maximum concentrations of
44 + 3 x 16dpmm=2and 30 + 2 x 1hdpmm=respectively (Fig25). In generalalongthe
conglomerate sectiof?’Rn activities were within background levels (1.9 + 0.6 %dfinm™)
with the mentioned exception ottavein the Maro Cliff area where the travertine formation is
in contact with the sea. In this location, arfiSravertine cliff ends in coarse seabadd
through which groundwater seepagas identifiedunderlyinga 1.5m water column. In the
karst section, higf?Rn was detected only along the Cantarrijan Beach where a steep ravine,
formed in the marble formation, ends in a big opening comprisecaodesand, pebbles,
cobbles, and even boulders suggesting flash flooding events in the ravirsggaiferant

precipitations.
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Figure 2.5Radon222 distribution map based on surveys during July and December of 2015,
and July of 2016. Two radon peaken in found in Maro Cliff (conglomerate section) and
Cantarrijan Beach (karst section) with maximum concentrations of 44 + 3dpOm*and 30
+ 2 x 16 dpm m°respectively.
2.5.3.2Groundwater discharge assessments in the conglomerate section (Maro Cliff)
Diffuse groundwater seepage was identified in this area durifrRil surveys (July
and December of 2015, and July of 2016) suggestingdbpagés maintained byase
groundwaer flow (Fig.2.6a).1 calculated that?®Rn contribution from the waterfall (i.e.,
Fwaterfal) Was on average 16 + 6 dpnm* (Table 22). To account for the production TfRn
from **Ra dissolved in coastal watersz{ | used the averaged conaeation (280 + 50 dpm i
% n = 3) measured in September of 2006 (306 + 40 dymms 1) and July of 2016 (260 + 50
dpm m?3, n = 2) at the time series statidrable 2.2 Fig. 2.6b). Atmospheric evasiorFym) was
calculated using Eq 8 except in July2615, when wind speed was much higher (8%resid|

used Eg2.6 instead. Diffusive flux of*Rn from seabed sedimenfy() was 619 57 dpmm™

d™* accounting for only 0.2 0.5% of totaf*Rn fluxes (Fig. 2.7). As one would expect in coastal
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watess with little protection against wind and waves, mixiogsedn this studyrepresent the

main?*Rn loss in the model (Fi@.7).
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Figure2.6.(a) Groundwater seepage velocity averaging results from radon mass balance and
seepage meters in areas of diffuse seepage (Maro Cliff and Cantarrijan Beach). Radon

distribution in (b) Maro CIiff (conglomerate section) and (c) Cantarrijan Beach (kanstngect

where cylinder symbols represent seepage meter locations and the star radon time series stations.
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The?*Rn concentrations in groundwater emeembers Rrsgp were 350 + 50 x Faipm
m3, 440 + 60 x1bdpm m?*, and 320 + 30 x f@lpm mi*during July,December of 2015, and
July of 2016 respectively, with an average value of 370 + 50 dpid ni°. Based on these
estimatesTable 2.2 and applying EQR 4, | obtained average seepage velocities of 39 + 10 cm
d* (n = 43) in July 2015, 40 + 11 cn-¢n = 78) in December of 2015, and 38 + 10 ch(ml=
90) during July of 2016Reported SGD uncertainties are calculated basétflen variations
from all samples collected in the area to obtain the groundwatenembersRnscp) (Burnett
et al., 2007)which ranged from 320 + 30 x 3dpmm>to 690 + 50 x 1bdpmm™ (n = 8)
during this study.

Utilizing Eq. 2.8 | estimated total groundwater fluxes based orfifien box model to be
3.0 £ 0.8 x 16m> d™ during July of 2015, 3.1 + 0.8 x 4 d* in December of 2015, and 2.9 +
0.7 x 16m*d* in July of 2016 Table 2.3. Using Eq.2.11 an average seepage velocity of 28 +
6 cm d' (Table 2.3 was calculated. This assessment is in good agreement with the average
?2Rn-based value of 38 + 10 cnt.dUsing Eq.2.8 and a seepage area of 7.7 rh®based on
the radon concentration (Fig6b), | calculated a groundwater flux of 2.1 + 0.4 a8 d™ in

July of 2016 Table 2.3.
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Seepage
Rnsao Fuvatertal Cra Foir Fuix Fam Page  sep

Area
x 10dpmm?) & ml?g d‘_’l';’m @dpmm®  (dpmrPdl  (x1FdpmrdY  (x18m) (cmd) (x 1¢mPdY)

I:SGD

Juk1s 350 + 50 16 + 6 280 + 50 619 + 57 149 +40 33+9 7.7 30+10 3.0+0.8
Maro CIiff Dec15 440 + 60 21+8 280 + 50 619+ 57 238+64 11+3 7.7 40+11 3.1%0.8
Juk16 320 + 30 10+5 280 + 50 619 + 57 160+43 25+7 7.7 38+10 2.9+0.7

Juk15 310 % 70 N/A 170 + 40 455 + 51 - 4.3 - -
Cantarrijan Dec15 240 = 60 N/A 170 £ 40 455 +51 84 +13 305 4.3 52+8 2.3+0.3
Beach Juk16 350 + 40 N/A 170 + 40 455 + 51 115+18 274 4.3 22+3 0901

Table2.2. Parameters used in the radon mass balance to assess diffuse seepage in Maro Cliff (conglomerate section) and Cantarrijan
Beach (karst section) including estimated groundwater fluxes)F
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2.5.3.3Groundwater fluxes in the karst section (Cantarrijan Beach)

Multiple radon surveys in this area (July and December of 2015, and July of 2016)
indicated a strong seasonality in seaw&t@n concentrations, with an average of 75 + 3% 10
dpmm3in Decenber and 11 + 2 x f@lpmm2in July, suggesting higher SGD during the wet
period. The averag@®Ra concentration (&) was170 + 40 dpm i measured in September of
2006 (169 + 30 dpm f n = 1) and July of 2016 (170 + 40 dpnitm = 2) (Table2.3). The
variation of the groundwatéf’Rn endmember (240 + 60 x £@lpm ni*to 350 + 40 x 1ddpm
m3, n = 6) was used to calculate the final groundwater discharge flux uncertBetpsge
velocities in December and July were on average 52 + 8'cfn d61) and 22 + 3 cm™t(n =
115) respectivelyTable 2.3.

| found that groundwateseepag@eccurs only in the westernmost sector at the end of the
Cantarrijan Ravine (Fid.6c). Seepageelocities, determined from akeepageneters deployed
along the bach, show that groundwater seepage ceases exactly at the ladeti@seepage
meter SM4 wasdeployed(Fig. 2.6¢). | used this as a criterion to define sez=pagéace and
decided to use thf&“Rn contour line of 6 + 1 x f@pmm™ to calculate theeepagearea, and
averaged SM.-4 to determina seepageelocity of 23 + 7 cm d. Using the??Rn methodl
found that the total diffuse groundwatsrepagén the Cantarrijan Beach area ranged from 2.3 +
0.3 x 1 m*d™* during the wet period to 0.9 +10x 1¢ m*d™ during dry conditions; whereas

seepage meter measurements resulted in 0.9 + 0. 2% di0.
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Figure2.7.Radon fluxes result of each component of the mass balance box model during all
sampling campaigns in Maro Cliff (conglomerate segtanrd Cantarrijan Beach (karst section).
The largest tracer losses occurred via mixing due to the high exposure of both areas to waves and
currents. Greater difference in SGBRn fluxes was found between wet periods (December)
and dry periods (July) in@htarrijan Beach compared to Maro CIiff.

During all sampling campaigns, the groundwater sampled from the shallow well at
Cantarrijan Beach (GWVell, Fig2.1) always had salinity values of 1.@.2. During September
of 2010, salinities of 6.6 31.1 were also observed in pore water samples collected in all five
piezometers installed on the beach (B&&1-5, Fig2.1). Based on the salinity mixing model

(usingEgs.2.9 and2.10) | calculated that the fresh fraction of SGD at this site was 48% of the

total groundwater seepage. Therefore, when constructing the Sierra AlAijarguillas
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Aquifer freshwater water budget for July of 2016, only 0.4 + 0.1%nf@™ (representative of

the 48% freshwater component) should be taken into account

SGD seepage rate (crit)d
Maro Cliff ~ Cantarrijan Beach

Radon model 38+10 22+3
Seepage meters 287 237
SM-1 19 13
SM-2 32 32
SM-3 37 26
SM-4 25 20
SM-5 0
SM-6 1
SM-7 0
SM-8 0
SM-9 1

Table2.3. Comparison of groundwater seepage velocities estimated via radon model and seepage
meters during July of 2016 (dry period) in Maro Cliff (conglomerate section) and Cantarrijan
Beach (karst section).

2.5.4Groundwater contribution from coastal springs and groundvietecreeks
Groundwater discharge to the sea during dry conditions calculated using flowmeter
measurements in July of 2016 from coastal spring Huerto Romero was 37d 3from Maro
Beach wa®6 + 2 nid™, from Barranco Maro wak? + 1 nid ™, from Doncellas was 460 + 40
m2d?, and from Alberquillas was 1060 + 9G dt (Appendix | Table 2 The discharge from
groundwateifed creek Miel Creek was 1230 + 118, from Caleta Creek60 + 10 mid™,
and from Tierras Nuevas Creek was 110 + @ The total discharge from all creeks was
3100 + 280 md™; which represents 33% of the total groundwater discharge in the study area.
In December of 2016, during high flow conditions,ctliarge from coastal springs Huerto
Romero was 100 + 9}d™, from Maro Beach was 43 + 4%aii*, from Barranco Maro was 69 + 6
m2d?, from Doncellas was 530 + 50’6, and fromAlberquillas was 1590 + 140%d™.

Discharge via groundwatéed Miel Creekwas 1820 + 160 fd™, from Caleta Creek was 220 *
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20 n?d?, and from Tierras Nuevas Creek was 190 + 2@ mwhich constitutes 4580 + 60°m
d™* or 37% of the total discharge in the study afsgpendix | Table 2
2.5.5Groundwater isotopic compositi, water chemistry, and nitrate fluxes

Isotopic values are widely scattered along a linear trend (Local Groundwater Line, LGL)
with a slope of 6.06, with averages-6f2 & &n d. & °H oa n@irespectively (Fig2.8a
and2.8b). All samples falbetween the Global Meteoric Water Line (GMWL; Craig, 1961) and
the Western Mediterranean Meteoric Water Line (WMMWL; Gat and Garmi, 1970), samples
collected in or derived from Maro Spring are situated slightly above the WMMWL. Deuterium
valuesrangedfror8 3 N 4% No 1 & O weteibdtweerii6 +0 . 1 & -788n d
+0 . 1 Appendix | Table 2 | observed that groundwater collected from Maro Spring
(conglomerate section) has the lightest isotopic signaturd &.&4 &n o & f oa nf@ U
respectivly. Samples collectenh the conglomerate section fraznastal springs Barranco Maro,
Huerto Romero, Maro Beach, and groundwd¢er Maro Creek showed values that ranged from
-45and7.6to-43a &nd®a. At the point of o€ldfglhmwed di scl
slightly higher valuesof4 4 & &n dt & °H oa n®@i Caastal springs Doncellas,
Alberquillas, and groundwatded Miel Creek all located in the schist section, are grouped
together with Nerja Cave (conglomerate section), showing a@ewdges 0f3 3 a @&n & a
f ot & n®@. Samples collected from GWell (Cantarrijan Beach), have the highest values

v

in the study area witaverage®f-2 2 & @&n & & °HM oa ‘@ U
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Figure2.8.( a) | sot opi ©0,¢éH)inhpaies sarhps catlectédiduring all sampling
campaigns. Local Groundwater Line (LGL) represents the linear trend based on all groundwater
samples collected in the study area. Global Meteoric Water Line (GMWL) is based on Craig,
(1961) and the Western Mediterranean &beic Water Line (WMMWL) on Gat and Garmi,
(1970).White color represents points of discharge in conglomerate and breccia lithology, while
light grey are in travertine (conglomerate section); dark grey shows points in schist (schist
section); and black cot show locations in karstic marble (karst sectiddgro Spring and Nerja

Cave well (not points of discharge to the sea) are represented with a black and white star
respectively. Water samples collected at each section (conglomerate section, schist section, ans
karst section) are grouped in dashed squéngs$sotopic composition of samples collected from
points of discharge from the travertine formation in the conglomerate section. The two
groundwater engnembers (Maro Spring and irrigation waters) are circled, while diffuse seepage
in Maro CIiff is repreented with squares.
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Groundwater sulphate (S©) concentrations ranged from 50@&mmol m*in
Alberquillas coastal spring to 3220 + 64 mmof in Cantarrijan Beach (n = 23A\ppendix |
Table 3. Samples collected in the conglomerate section fromaagstings Doncellas,
Barranco Maro, Huerto Romero, Maro Beach; groundwiagiMaro Creek, and diffuse seepage
in Maro Cliff had similar SG concentrations ranging between 1500 and 3000 mrifolAh
samples (including Maro Spring) collected from Sigkhaijara-Alberquillas Aquifer in this
area fall within a SGF” concentration range of 170600 mmol ri?. Miel Creek and coastal
spring Alberquillas (schist section) showed lower values ranging from 500 = 10 to 710 + 14
mmol m®. Water collected in Caatrijan Beach had the highest concentration in the study area,
with an average of 3030 + 60 mmolrfAppendix | Table 2

Nitrate (NGQ') concentrations were highest in coastal springs of the conglomerate section
including Doncellas, Barranco Maro, HueRomero, and Maro Beach with an average of 446 +
50 mmol m®(n = 6). Water samples that were directly derived from Maro Spring (Maro spring,
Maro Creek) and did not experience infiltration (i.e. had no fertilizer added), showgd NO
concentration of 5 21 mmol m®.NO5 concentrations in diffuse groundwater seepage in Maro
Cliff were consistently near 130 + 3 mmof’rtn = 2). Samples collected in the schist section
from groundwatefed Miel Creek and coastal spring Alberquillas, and in the karst seabion fr
Cantarrijan Beach, showed levels of N@nging from 55 mmol iin Miel Creek to 168 mmol

m2in Cantarrijan Beach (n = 5Appendix | Table 2
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Relative

Fresh TGD Annual Agricultural ;
TGD CSs GC GS SS from SAA budget SAA area agrg:rt(]al;ural N-TGD
(x 10m*d™) (x 10 my™?) (km?) (%) (mol d*%)
chcr;%‘;merate 357 40 05708 01102 29i3.0 0 0.17 0.2 0.067 0.08 204 95 550- 732
Schist 247136 1.1i16 1.3120 0 0 2.37 3.4 0.87 1.2 103 7 1367 204
section
Karst 3.07 4.8 0 0 0971 23 21725 2.57 3.6 1.07 1.3 0 0 1817 53
section

Table 24. Summary of total groundwater discharge (TGD) including all modes of discharge (CS, GC, GS, SS), and fresh groundwater
discharge from the Sierra Almijardberquillas (SAA) aquifer (daily and annual). Total nitrate fluxes to coastal watef&@ is

shownfor the three sections (conglomerate, Schist, and Karst sections), with respect to agricultural coverage. Relativalagricultur
area represents the coverage normalized by the total extension of each section near the coast.
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Nitrate fluxeswere unevenly distributeoh the three sections of the study sitalfle 2.4.
The combination of high Nin coastal springs and high flow groundwater seepage results in
NOs fluxes in the conglomerate section of 550 + 140 migdnd 730 + 190 mol Y During this
study, NQ  fluxes in the schist and karstctiontogether were 150 + 20 mot‘during dry and
250 + 40 mol & during wet periodsTable 2.4.
2.6 Discussion
2.6.1 Method selection and assessment of each form of groundwater dischargeeta the
2.6.1.1 Submarine springs

Quantifying submarine springs discharge in the karst section was found to be the most
difficult part of this study. None of the data collected during the tf&a boat surveys along
the coastline showed tracer anomaliethanareas of submarine spring discharge (E).
However,| wasable to detect**Ra and salinity anomalies produced by the three submarine
springs discharging from Cantarrijan, Palomas, and Sifon Cave2 @ignd2.4).
Concentrations o¥‘Rawereon average four times higher (20 + 7 dpiii,m = 10) compared to
offshore waters (8 + 1 dpm™in = 4) in locations where f6°Rn signal was detected.

Considering that*Ra and®?’Rn have similar halfives and experience similar mixinig,
hypothesizahat the lowef*’Rn concentrations in coastal waters of the karst section must be due
to degassing. Similar effects on dissol¢&Rn and®*’Ra have been observed in coastal waters
by Dulaiova and Burnett (2006) and Stieglitz et al. (2010). As fouttdsrstudy site, both
studies showed a strong correlation betw&&Rn concentration and salinity &°Rn and®*Ra,
trends that are consistent with%2Rn deficiency due to atmospheric evasion (Stieglitz et al,
2010). Furthermore, when combining t&Rn concentration data with salinity anomalies from

all boat surveys along the entire shorelinehserve that’Rn concentrations decrease at a faster
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rate than salinity when closer to the groundwater sourceZBig,2.%). If wind conditions are

corstant during the surveys (which there were), followingthe1 c k 6s Law, degass.i
molecular diffusion through the watatmosphere interphase must be enhanced when seawater

22Rn concentration is higher (the concentration gradient is highers, fiim effect is most

likely created because the water coluatmosphere concentration gradient in areas close to the

groundwater source is at its highest, favoring atmospheric evasion.
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Figure2.9. Mixing plots of*"Ra (a) and*“Rn versus salinity (b) showing best fit linear and
exponential mixing lines, respectively, during surface water surveys along the coastline in
September of 2010, July and December of 2015.

Based on these findingsconcluded that?’Ra (Eq.2.1) and sahity (Eq. 2.2) mass
balances are the two methods better suited to evaluate groundwater discharge from submarine

springs of the ones utilized in this study. HowevVvdéound a significant difference between the

springs discharge assessments obtained tsirsg two tracers; the flux based ond®a mass
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balance was 12.8 + 1.4 x%18° d*, whereas using the salinity mass balancaiculated a
discharge of 2.3 + 0.2 x im° d™. | suggest that the difference could be explained by selection
of the endmember in the mixing model, which has been previously described by others as a
factor in correct determination of groundwater discharge (e.g. Peterson et al., 2008; Moore,
1996; CerdedDomenech et al., 2017). A critical component in any tracer study isléwise of
a representative groundwater emeémber RasgpandSakgp) collected at the point of discharge.
All submarine springs described here are located in submarine caves (Cantarrijan,
Palomas, an&ifon Caves) withvents parallel to the surface (iterizontalgeometry) at depths
of 81 15 m below sea level. The springs discharge occurs parallel to the land surface at about 5
10 m landward from the caves entrance. SCUBA diving to the springs vents for representative
groundwater/spring water emmdentber was challenging, thus the presented estimates of spring
discharge are based on groundwater from the closest located welC&¥Y Fig.2.1) with a
?Ra concentration of 1260 + 90 dpn?mnd salinity of 2.2 + 0.1.
Because springs conduits are sabje seawater intrusiohsuggest that the salinity of
the discharging spring water could be higher than groundwater salinity sampled from the inland
well (GW-CG-1) whichl used as the groundwater emg&mber RasgpandSakgp). While in
fresh water, radim is mostly attached to particles and its dissolved concentration is very low, in
brackish spring water radium would be mostly dissolvedianould have observed high&Ra
in the enémember waters (Burnett et al., 2006; Ceamenech et al., 2017).aBed on the
correlation between salinity afitfRa desorption, a salinity increase of 5 to the groundwater end
member (GWCG-1) would produce an extrapolat&dRa increase of 60 dpm ¥nresulting in a
decrease spring flux of about 65%, which is clos¢nhéosalinity mass balance estimation. A

salinity of 5 in submarine springs seems reasonable as it is similar to those found by Garcia
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Solsona et al. (2010) in a coastal karst aquifer in eastern Spain, where annual average salinity of
outflowing brackish sgbmarine springs was 6.8. Furthermore, in well- G@&1 located 500 m
inland from the submarine springs in the karstic marble, a salinity value of 2.2 was measured,
also indicating that a value of 5 was plausible.

The salinity mass balance method estimates only the fresh water fraction of the spring
discharge. In this way, the difference in discharge estimation uif§aand a salinity mass
balance is found because fi&ka method estimates the total (brackisischarge, while the
salinity method accounts only for the fresh portion. Therefore, only the spring discharge based
on the salinity model should be used in the water budget of Sierra AlAijaeequillas Aquifer.
2.6.1.2Diffuse groundwater seepage thgh seabed sediments

In contrast to the case of submarine spring dischafgand that groundwater seepage
through seabed sediments (Maro CIiff, conglomerate section; and Cantarrijan Beach, karst
section) was most adequately detectable USfiRn as aracer and direct measurements (i.e.
seepage meters). The obser{@&n concentrations in receiving surface waters were as high as
44 + 3 x 16dpm m® at both groundwater seepage areas, i.e. Maro Cliff and Cantarrijan Beach
(Fig. 2.4).

Although, | also observed higff’Ra concentrations in samples collected near Cantarrijan
Beach (Fig2.3), these were associated with nearby discharge from the Cantarrijan Caves
submarine spring (Fig.3, sampling points S¥8, SW-7, and SWL13). Indeed, during one tfe
dry period sampling events (July of 20163lid not detect an§?‘Rn in coastawaters of
Cantarrijan Beach giving us confidence that the previcnisbervedsignals (September 2010)
were from the springs and not from the diffuse seepage. For tleereason, salinity could not

be used as a tracer in eitlodithe seepagareas (Maro Cliff and Cantarrijan Beach) because
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salinity anomalies were also created mostly by nearby coastal and submarine springs
respectively, overwhelming the salinity signaitis only due taliffuseseepage.

In this complex scenarié®Rn was the only groundwater tracer able to uniquely identify
diffuse groundwater seepage to the sea &hitRa mass balance was thus used to quantify
groundwater seepage fluxes. Based o ss balance in the Maro Cliff aréaalculated a
discharge of 2.9 + 0.8 x im® d* (Table 2.3, whereas using seepage meter deployments (n = 4)
the discharge waa 1 + 0.4 x 18m®d™. In the Cantarrijan Beadtound very similar seepage
flux estimates using th&?Rn approach (0.9 + 04 10°m® d) and using seepage meters (0.8 +
0.2x 10°m?® d™*) with a total of 9 deploymentd é&ble 2.3. While the two methods agree very
well, | recommend using tHfé’Rn method over seepage meters. The main advantages of the
?22Rn technique are (1) fully automatic data collection with very little field efforts, (2) temporal
and spatially integrated SGD estimates, which allow capturing small hydraulic conductivity
variaions over large areas of diffuse seepage (Burnett et al., 2001).
2.6.1.3Subaerial forms of groundwater discharge to the sea (coastal springs and groufetivater
creeks)

Coastal springs, and creeks that are primarily groundwater sustained, were @y gires
the conglomerate and schist sections of the study site that are comprised of conglomerate and
schist, where permeablities are lower than in the marble formation (karst section). During boat
surveys??Rn activity levels in coastal waters of these sectionsvere always within
background offshore values (1.0 + 0.2 X dpm m?>, Fig.2.5) even at the pointsf coastal
springs and groundwatéed creeks discharge that were visually identiflegttributed the
observed low??Rn concentrations to dagsing and radioactive decay during groundwater transit

from land to the ocean. For instantRn concentration at the point of the groundwer
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Maro Creek origin (Maro Spring50 + 90 dpm i) was significantly higher than at the point of
the Creek entrance to the sea (Maro Credl63; 7 dpm ri7) (Fig. 2.1; Appendix | Table 2
However,l wasable to find groundwater signature of the Miel Creek and the Alberquillas
coastal spring in coastalaters of the schist section usiffgRa concentration anomalies; radium
was 56 +4 dpmm™ and 12 + 2 dpm mrespectively at their point of entry to the sea (if).
While coastal springs were easily located visually, additional field efforts wea#iyusequired
to determine whether the creeks were solely fed by groundwater inputs from the karst aquifer in
order to be considered (or not) in the total groundwater budget of Sierra AlAilBmaguillas
Aquifer.
2.6.1.4Total groundwater discharge Maro-Cerro Gordo coastal area

Combining all groundwater fluxes to the sea in M@erro Gordo) estimate a daily
groundwater discharge that ranged between 9 + Zm3@" during dry periods and 12 + 3 x
10*m®d™* during wet periods, with an averageldf+ 3 x 16m*d™. This combined discharge is
composed of: 3.6 4.0 x 16m*d™ in the conglomerate section, 2.8.6 x 1Gm*d*in the
schist section , and 3i34.7 x 1dm3d™in the karst sectionppendix | Table 2 As described
above, differences in the geologic settings in each section, have defined the form of groundwater

flow to the sea (Fig2.10, Table 2.4.
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Figure2.10. Total groundwater discharge (TGD) in the study area divided in forms of discharge
(GS:groundwater diffuse seepage, CS: coastal springs, GC: groundaeataeeks, SS:
submarine springs), showing maximum and minimum flux during wet and dry periods.

In the conglomerate section, most of the groundwater flow takes place preferentially
through the travertine formation as groundwater seepage and it i312% of the total discharge
in the study area, whereas small coastal springs dispersed along the section contrib68to 5
and groundwatefed creeks for I 2%. The ubiquitous presenckaschist formation in the

schist section impedes direct submarine flow and groundwater discharge converges in two

points: groundwatefed Miel Creek, and Alberquillas coastal spring which account for 2B%
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of the total discharge. In the karst sectiwhere Sierra Almijargdlberquillas Aquifer is in direct
connection with the sea, SGD takes place as groundwater seepage through marine sediments in
Cantarrijan Beach assessed to account forlB%. Karstic submarine springs in Cantarrijan
Caves, PalomaSave, and Sifon Cave represent-%% of the total groundwater discharge to
the sea.
2.6.2Complexity of Sierra AlmijardAlberquillas karst aquifer hydrodynamics

The large spatial variations in the different forms of groundwater discharge in this coastal
karst aquifer were also reflected in the seasonal variability of discharge during contrasting
periods (Fig2.2). For instance, in Maro Cliff (conglomerate sectibiy. 2.1) | expected higher
seepage rates in December during the wet period4Rg.Howevey the discharge estimations
for the dry period (July) and the wet period (December) were statistically identical: groundwater
seepage in Maro Cliff during thdry period was 2.9 + 0.8 x im®dtand 3.0 + 0.8 x fim*d
during the wet period.

There are two hypotheses that attempt to explain the observed lack of seasonal variation
of groundwater discharge in Maro CIiff. The first hypothesis suggests thalbskeeved steady
flow is maintained by continuous infiltration of agricultural irrigation water used by the adjacent
greenhouse fields. A second hypothesis, proposed by Espejo et al. (1988) and Castillo et al.
(2001) suggests that the surplus of groundwtatermaintains the base flow during the dry
season originates from the Sierra Almij@iderquillas Aquifer. The authors propose that
groundwater is transferred from the Sierra Almiatherquillas Aquifer to the coast through the
adjacent conglomeratenit and travertines near the small town of Maro. These two
hydrogeologic units are indeed in immidate contact with the sea2([E)glo test both

hypothese$ used two common geochemical approaches.
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Ifirst differenti at eidanb ¥®) aoepositiots éneone positive i s 0t C
values), associated with evaporation processes or mixing with seawater (Gat, 1971). The isotopic
composition of groundwater collected from Maro Spring (i.e. in the conglomerate section)
showed the most negative value$ 6 a7 . 7a) on the | ocal groundwat
area (Fig2.8b). These values correspond to the composition of deep groundwater flow in Sierra
Almijara-Alberquillas Aquifer (Lifian et al., 2000). Groundwater seepage in Maro ClIiff presents
averagesotopicvalues-4 4a &ndta) that are similar but sl ig
suggesting that water transfer from the marble formation is a plausible option.

To differentiate between irrigation water and water transferred from the Sierra Almijara
Alberquillas Aquifer to the travertines, the water stable isotopesramdbers have to be very
different than the deep/spring groundwater which has a negative composition compared to more
positive values of evaporated irrigation wateknow that the wadr used for irrigation is
withdrawn by farmers from Maro Spring. However, once extracted and in contact with the
atmosphere, the water isotopic composition changes to more positive isotopic valses.
found that the collected spring water utilizedifoigation is typically stored in holding tanks
and used when needed. During this holding time and in the process of irrigation, the water
experiences further evaporation, and as a result, it should result in even more positive isotopic
signature such use waters of the coastal spring Barranco Maro (ug3aand-7.3). The
isotopic signature of irrigation water is thus, very different from the original Maro Spring water,
allowing us to define a twendmember system where coastal spring Huerto Romeresepts
the most evaporated irrigation water (R2gb). Based on a mixing model using these-end
memberd found that seeping groundwater at Maro CIiff is indeed composed mostly from

infiltrating irrigation waterl also found that the ratio of Maro Spgiwater to irrigation changes
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depending on the season with highest percentage (up to 82%) of irrigation water during the dry
period compared to the wet period (74%).

To further confirm these finding,utilized water quality parameters, such as sulfate
(SO%) and nitrate (N@) concentrations, to differentiate between these two water sources.
Infiltrated irrigation water should have much higher{Né@ncentrations and constant SO
whereas deep groundwater shocidehtainnatural concentrations of NOThus, N@ content
can be used as an indication of irrigation origin. The isotopic composition of Sierra Almijara
Alberquillas Aquifer in this area fall within a narrow $Qconcentration range (17002600
mmol mi®) (Fig. 2.11), being naturally high iMaro Spring groundwater (Lifian et al., 2000).
When plotting S@ and NQ’ concentrations in water, all water samples derived from Maro
Spring before infiltration showed low NGtoncentration (5 21 mmol m®) and naturally high
levels of SG* (Fig. 2.11). All samples collected from coastal springs that discharge to the sea
(Doncellas, Barranco Maro, Huerto Romero, and Maro Beach coastal springs), showed levels of
SO, % typical of Sierra AlmijaraAlberquillas Aquifer and high levels of NOQmore than 38
mmol m®) indicating fertilizer inputs. On the other hand, samples collected at the area of
seepage through seabed sedimantse Maro Cliff, showed N© concentrations (130 mmol'm
%) that are closer to the observed background levels of Siemizara-Alberquillas groundwater

representative (621 mmol n) than to the contaminated infiltrated water (FAd.1).
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Figure2.11. Groundwater ionic relationship between N&nhd SQ* where groundwater samples
with similar composition are group@udashed squares. Symbols are presented as ia.&ig.
based on the section and lithology they are located. In the conglomerate section Maro Spring,
Nerja Cave, and Maro Creek show similar,$@oncentration with low N@, while Doncellas,
Barranco MaroHuerto Romero, and Maro Beach presengNOntamination. Samples from the
schist section (Miel and Alberquillas) present a distinctive signal with low &l SQ*
concentrations. Groundwater collected in Cantarrijan Beach (karst section) showsrseawate
influence from saltwater recirculation in beach sediments. Arrows indicate the geochemical
change before irrigation and after fertilizers application {[N@here Maro cliff (diffuse

seepage) shows mixing between both groups.

Therefore] am confidentthat groundwater seepage to the sea observed and quantified in
Maro CIiff is mostly generated as a result of infiltrated irrigation watieund uniform
groundwater flux (independently of rainfall) in this area throughout the year2(6&).
supportingthis hypothesis. Irrigation occurs constantly throughout the year, and infiltration
through the highly porous travertine constitutes a constant source of water that flows towards the
coast and ultimately discharges into the sea as groundwater sdepga@on water from
greenhouse farming is collected from the Maro Spring and thus SGD in the Maro Cliff should
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not be added to the total budget of the aquifer system as it has been already accounted as
groundwater from Maro Spring on land. This is a sigatfit new finding and should be
considered when compiling the total water budget of the Sierra AlrfAjerquillas Aquifer.

In contrast to the groundwater seepage dynamics in Maro Cliff (conglomerate section),
the seepage rates in the Cantarrijan Bekats{ section) were seasonally modulated; the
groundwater flux that the Cantarrijan Beach area received in the dry period was 0.9 +9.1 x 10
m®d™* which was half of its wet period discharge (2.3 + 0.3 %t ™). Differences in aquifer
recharge and sdevel variations between the dry and wet periods have control on the magnitude
of SGD (Carrasco et al, 1998; Santos et al., 2009). During dry periods precipitation was absent
for up to two months, decreasing the recharge from infiltrated meteoric wa&esrra Almijara
Alberquillas Aquifer. Although during December of 2015 the area did not receive any rainfall,
rain events occurred during SeptembEvember contributed to the recharge of Sierra Almijara
Alberquillas Aquifer, deriving in higher seepadaxes in Cantarrijan Beach (Fig2).

Additionally, the mean sea level measured during 28016 near the study area (Permanent
Service for Mean Sea Level, http://www.psmsl.org/data/obtaining/stations/1940.php) showed
seasonal fluctuations, with lower sea levels during JarAdasycomparedo higher levels

during AugustDecember (Fig2.2). The observed moderate increase of 15 cm during the dry
periods has contributed to the observed higher salinity of groundwater in Cantarrijan Beach, as
well as the overall lower groundwater seepage iiiesg the dry periods.

Based on the salinity mixing model (EQ® and2.10), 1 calculated that the fresh
fraction of SGD was 48% of the total groundwater seepage, which means that during July of
2016, only 0.4 + 0.1 x £am® d"* should be taken into agont as part of the Sierra Almijara

Alberquillas Aquifer water budget.
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The salinity gradient observed from GWell to GW-Pz4 is an indication that there is
saltwater recirculation in the beach sediments and witfffRe approach have captured both
thefresh and recirculated SGD (Fig6c). | did not repeat these measurements during the wet
period, butl can hypothesize that this percentage was very similar based on the salinity measured
in GW-Well during December of 2012\ppendix | Table 2
2.6.3Importance of groundwater discharge for the water budget of Sierra AlrAifaeaquillas
Aquifer and nitrate loading to MatGerro Gordo coastal area

To estimate the portion of the annual fresh groundwater discharge to the sea from Sierra
Almijara-Alberquillas Aquifer water budgel .extrapolated average daily fluxes to obtam
annualrange for the wet and dry period&ple 2.4. During this studyl found that the total
groundwater discharge to the sea was 1.9 + 0.5 mi@* during the dry period, arl6 + 0.8 x
10° m*y* wet period (Table 2.4. Based on PéreRamos and Andreo (2007) and Castillo et al.
(2001)the total annual groundwater budget of the Sierra Aimidbeerquillas Aquifer iS50 x
10° m®y™, and thus the fluk estimated represents 5% of the water resources of this karst
system. This is a conservative estimate and should be considered as groundwater flow at base
conditions because sampling campaigns were purposely not conducted after big rain events (Fig.
2.2).

In these calculabns,| do not account for groundwater seepage in Maro Cliff
(conglomerate section), coastal springs Doncellas, Barranco Maro, Huerto Romero, and Maro
Beach, and groundwatéed Tierras Nuevas Creek as they are originated from irrigation water
that hadeenalready accountealsoutputs fromMaro Spring.

Based on the groundwater discharge to theN@g, fluxes per unit of shore length in the

conglomerate section were 205 + 90 mmdiait, while the schist and karst sections together
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receive between 15 +@mol m'* d* on averageWhen normalized by shore lengthiQs

dischargén the conglomerate sectigs 3.5 mmol rif d’, which compared to other
anthropogenically impacted sites of coastal karst aquifers in the Mediterranean, is very similar.
For exampleGarciaSolsona et al. (2010) estimated a nitrate flux ofi83% mmol nd™ in

eastern Spain, and Rodellas et al. (2014) found 0.97 mifidfim Majorca Island (Balearic
Islands), whereas in a site in Menorca Island the flux was 18 mihdf'fGarciaSolsona et al.,
2010Db). It is important to note that while it only represents 20% (or 3 km) of the total shoreline
length (16 km), the conglomerate section receives about 75% of the tofaddli@ered to
Maro-Cerro Gordo coastal water&gpendix | Table 3.

Since 1989 the Mar@erro Gordo Natural Area (schist and karst sections), has been
protected due to the presence of endemic and endangered flora and fauna by the Council of
Environment of Andalusia. The European Commission designated the ar&pesial
Protection Area (SPA), Specially Protected Area of Mediterranean Importance (SPAMI), Site of
Community Importance (SCI), and Special Area of Conservation (SAC) (Aranda and Otero,
2014).Specifically, the conservation area hosts three speciasiafe phanerogamZdstera
marina, PosidoniaoceanicaandCymodoceaodosg, includedin the IUCN Red List of
Threatened SpecieSeagrass provides a unique habitat for a wide range of species (Hughes et
al., 2009); including the largest bivalve in thediterraneafinna nobilis(Theodorou et al.,

2015), endangered figpinephelus marginaty$allego et al., 2015), and marine tudaretta
caretta(Tomas et al., 2001) among otheks. other studies have demonstrated, nitrate surplus
loading often altex theprimaryproducersommunity (Rapport and Whitford, 1999), and fast
growing micro andnacroalgaean proliferate preventing seagrasgestera marinand

Posidoniaoceanicafrom having enougkunlightand space (Hauxwell et al., 2001; Deegan et
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al., 2002). For example, Valiela et al. (20@monstratethat seagrass production could

decrease up to 90% when nitrogen inputs are higher than 500 kgy\.Hanly in the

groundwater seepage area of Maro Gltve found that nitrogen fluxes (aisrate) was about

2500kgN hdy!, which is five times higher than the
major concern for the ecological status of the marine system in the conglomerate section (Fig.

2.1). However to further understand thmplications of nutrients fluxes to the sea on the marine
ecosystem (particularly on endemic seagrass and faaddi)ionalinvestigation in the areaust

be conducted

2.6.4Sensitivity analysis of methods applied

To further compare the applicability of methodologies utilized in the presented multi
method approachc onst ructed a sensitivity analysis in
2.6.4.1Parameter sensitivity 6f*Ra and salinity mass balance methfmdsletermining
discharge of submarine springs

Three terms represent the major source of uncertainty fife and salinity mass
balanced used to calculate submarine spring discharge, including (1) the residence time of the
receiving coastal water$) ((2) the volume of the SGD plum¥)( and (3) the uncertainty in the
determination of groundwater emdember Rascp) (Table 2.9.

The largest uncertainty in this model is given by the assumption of a one day residence
time ). A common technique for ssssing water ages of coastal waters is based onrlisiedrt
radium isotopes>Ra and**Ra (Moore, 2000). However, during this studyuld not measure
both radium isotopes andvasunable to apply this method. The karst section of Maeao
Gordo dsplays rocky cliff areas spread across the geographically exposed to prevailing west

winds coastline which reflects the influence of high energy waves. The karst aquifer has very
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high secondary porosity and permeability which provides the opportunigxtensive
groundwateisurface water exchange. The estimate of a one day residence time for this study is
based on a comparison to similar kegiergy coastal environments that are typical for the
Mediterranean coastline. Under similar hydrogeological ¢mmdi in eastern Spain, using the
methodology presented in Moore (2000), Gaf®ddsona et al. (2010) assessed residence t)me (
between 1.1 d and 2.7 d, whereas Tevanchez et al. (2014) found residence times of 1.7, and
1.2 days in three coves in argasystem in the eastern shore of the Majorca Island. Considering
these studies and specifics of this study siseiggest using residence times of 0.25, 0.5, 1.0, and
3.0 days in the sensitivity analysis.

To determine the volume (V = plume area x dgpfithe SGD plumed, used areas of
salinity sea surface anomalies created by the submarine springs discharge-@eMai@ordo.
Specifically,| utilized salinity anomalies 60.3, 0.0, 0.3, and 0.6 isolines. For vertical stale
use water depths acged from the bathymetry database of the Andalusia Council of
Environment(http://www.juntadeandalucia.es/medioambiente/site/redassuming a well
mixed water column. However, Garesolsona et al. (2010) found in eastern Spain that although
complete mixing in the water column could be found near the karst springs vents, the salinity
anomaly measured in surface waters was limited to the 0.5 m upper most layer. Similar settings
are posible in MareCerro Gordo; thud,also calculate®/ based on the 0.0 salinity anomaly

isoline and considering a depth of 0.5Talfle 2.9
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Method/Form Model parameters Final SGD Percentage

of discharge estimate  difference
Residence “*Ragw Salinity Volume SGD plume 222Rn isoline Seepage area  (x 10 n?dY)  between
time end isoline (x 10° m?) (x 10* dpm ) (x 10° m?) min and
(days) ~ member ) ) max
(dpm nt°) Cantarrijan Palomas Sifon Maro Cliff Cantarrijan - Maro  Cantarrijan estimate
Beach Cliff Beach
Salinity mass 0.25 N/A -0.3 0.9 1.5 1.1 N/A N/A N/A N/A
balance/ 0.50 N/A 0.0 2.6 4.0 3.7 N/A N/A N/A N/A
Submarine 1.00 N/A 0.3 2.8 54 4.7 N/A N/A N/A N/A 0.2-90.5 100%
springs 3.00 N/A 0.6 4.6 8.7 7.1 N/A N/A N/A N/A
0.5 m water column 0.0 0.20 0.18 0.19 N/A N/A N/A N/A
22Ra mass 025 o0+g0 03 0.9 15 1.1 N/A N/A N/A N/A
balance/ 0.50 - 0.0 2.6 4.0 3.7 N/A N/A N/A N/A 0.03-13.5 100%
Submarine 1.00 1260 + 90 0.3 2.8 54 4.7 N/A N/A N/A N/A ’ ‘
springs 3.00 - 0.6 4.6 8.7 7.1 N/A N/A N/A N/A
0.5 m water column 0.0 0.20 0.18 0.19 N/A N/A N/A N/A
#222n mass N/A N/A N/A N/A N/A N/A 25 5 2.4 1.0
balance/ N/A N/A N/A N/A N/A N/A 30 6 7.7 3.2 1.1-10.0 89%
Diffuse N/A N/A N/A N/A N/A N/A 35 8 10.6 4.3 ’ '
seepage N/A N/A N/A N/A N/A N/A 45 10 17.8 57
Seepage N/A N/A N/A N/A N/A N/A 25 5 2.4 1.0
meters/ N/A N/A N/A N/A N/A N/A 30 6 7.7 3.2 1.2-91 87%
Diffuse N/A N/A N/A N/A N/A N/A 35 8 10.6 4.3 ) )
seepage N/A N/A N/A N/A N/A N/A 45 10 17.8 5.7

Table 25. Values of all parameters applied in the sensitivity analysis including flux ranges estimated for each methodology.
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There are only two groundwater wells in the karst section of i&mo Gordo, (GW
CG-1 and GWCG-2). For the sensitivity analysisised®*’Ra concentration in GWG-1 (1260
+ 90 dpm ni) and GWCG-2 (1020 + 80 dpm ) as endmembers, both sampled in $ember
of 2006.

After tabulating these parameters, both®Ra and salinity mass balance models
showed the highest sensitivity to variations in the volume affected by 8GDfgund that the
total discharge from submarine springs decreases by 8@ uding salinity isolines of 0.6 to
0.3 in a weHmixed water column; however, if the fresh plume is limited to the 0.5 m top layer of
the water column, the decrease is up to 97%. Residencet}imas(the second most important
variable affecting the vability of discharge from submarine springs, increasing by 92% when
changing the residence time from 0.25 to 3.0 d&gble 2.5. The?*’Ra mass balance showed
limited sensitivity to varying groundwater emtember valuesRascp), when using the GVCG-

2 value instead of GWCG-1, all estimations increased only by 20%. The maximum variation
utilizing the three variables simultaneously in tifRa mass balance was 100% with a total
discharge of 0.2 90.5 x 18 m® d*. The salinity mass balance presentédtal variation of

100% to changingandV, with a total discharge of 0.0313.5 x 16 m* d*, which represents

the purely fresh discharg&dble 2.5.

2.6.4.2Parameter sensitivity of tfé°Rn mass balance and seepage meters measurements in
determiningdiffuse seepage

In the??Rn model| considered that only the seepage afa6uld be subject to
ambiguity because all terms in the model (including the groundwatenember) have been
carefully measured. To delineate the size of the seepagkeused the followingRn

concentration isolines: for the Cantarrijan Behadled the 10, 8, 6, and 5 dprit mvhile in
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Maro Cliff | used the 25, 30, 35, and 45 dprii (hable 2.5. For comparison reasons, were used
the same seepage areas to calculate Sdhwsing the seepage meters approach. Using the 25
x 10°dpm m?#’Rn concentration isoline in Maro Cliff produces 86% higher for both dry and
wet periods, compared to seepage area based on the 28pmié® isoline. The discharge
ranged from 0.9 6.7 x 1¢ m*d* and 0.9 7.5 x 16 m* d* during dry and wet periods
respectively. In Cantarrijan Beatlfiound an increase of 82%, with a discharge estimation that
ranged between 0i21.2 x 16 m®*d* and 0.5/ 2.9 x 16 m® d* during dry and wet periods. The
radon method showed higher sensitivity (89%) than the seepage meter assessmeniaB& %) (
2.5).
2.6.4.3Implications for the water budget of Sierra Almijgkbioerquillas Aquifer

Using the presented ranges of fluxesatemethodology, calculated a total
groundwater discharge to the sea ofi41®5.1 x 16 m® d™ from all forms of discharge (Table
2.6). The fresh water component of the total discharge can be obtained from the salinity mass
balance in submarine spring&Rn mass balance and seepage meters for diffuse seepage in
Cantarrijan Beach (47% fresh, based on the salinity mixing model), Caleta and Miel Creeks, and
Alberquillas Spring (see sections 5.2 and 5.3). Applying a residence time of 0.25 d, the lowest
edimated volumes affected by the SGD pluri 4t each submarine spring (0.2 ¥ ¥, 0.18
x 10 m®, 0.19 x 16 m®) derived from a 0.5 m water column, and the largest estimates for
seepage face in Cantarrijan Beach (A = 1.0 %9 for the?*Rn model ad seepage meter
methods, the minimum fresh groundwater discharge is 0.9 mg*. Applying the assumption
of a 3days residence time, the larg¥'sit each submarine spring (4.6 ¥ b, 8.7 x 16 m°,
7.1 x 160 m®), and the largesk in CantarrijanBeach (5.7 x 10m?) for the?”Rn model and

seepage meter methods, the maximum fresh groundwater discharge from Sierra-Almijara
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Alberquillas Aquifer is 6.8 x 10m®y™. A total groundwater discharge of 6.8 X 1@’ y* seems

plausible but unlikely duringase flow conditions when compared to the total water budget of
Sierra AlmijaraAlberquillas (50 x 16m®y™?). However, a residence time of 1 day seems more
realistic based on other studies conducted in similar areas. The application of this sensitivity

analysis including all terms and applying-ddy residence time gives a total discharge of 1.0

35x10m’y™.
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Seepage meter Flow Fresh water

meter
method method budget of SAA

?2Ra method 222n method Salinity method
Mode of

groundwater
(GW) discharge Obs. | Flux Obs. | Flux Obs. | Flux Obs. | Flux Flux
/ site name anomaly (x10° anomaly (x10° anomaly (x10° anomaly (x10° (x10°
n m3 d-l) In m3 d—l) In m3 d—l) In m3 d—l) m3 d-l)
seawater seawater seawater seawater

(x 1 mdd™)

GW-fed creeks
Caleta
Tierras N.
Miel

P N/A O] N/A P N/A O N/A 1471 2.2 127121

Coastal springs
Doncellas
BarrancoM.
HuertoR.
Maro Beach
Alberquillas

O N/A o N/A P N/A O N/A 1671 2.4 117116

Submarine

springs
Cantarrijan P 0.27 90.5 (0] N/A P 0.037 13.5 (@] N/A N/A 0.0371 13.5
Palomas
Sifon

Diffused

seepage
Maro Cliff
CantarrijanB.

O N/A P 1.17 10.0 P N/A P 1.27 9.1 N/A 0.17 1.4

Table 26. Applicability comparison of all methods utilized to detect and quantify different modes of groundwater discharge to the sea
Flux ranges are based on maxima and minima estimations obtained in the sensitivity analysis. Daily fluxes are shovorfiooéach
discharge and method, and annual water budget (fresh) of Sierra AtWlipemajuillas (SAA).
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2.6.5Global applicability of the presented methodology approach

The modes of discharge found in Maerro Gordo are commonly observedther
areas worldwide independent of climate. About half of the Mediterranean and Adriatic coastline
is comprised of karst aquifers and hydrogeological settings similar to-®=ro Gordo can be
expected (Fleury et al . mosEsehatiosahord &ten pSrioui | et
that groundwater discharge was not quantified due to the complex settings where at least two
forms of discharge occur in multiple locations (e.g. Fleury et al., 2007; Burnett et al., 2008).
Similar problems are encotered in karst coastlines in the Yucatan Peninsula (Mexico), a karst
platform located in the Caribbean Sea. Gonneea et al. (2634jned that submarine springs
were representative of the total SGD in the study area, but pointed out that diffuse discharge
away from springs was not measuridll et al. (2014)assessed SGD in the eastern shore of the
Yucatan Peninsula where submarine springs and diffuse seepage are present. Due to the lack of a
field method to quantify groundwater seepage, they asaljtical calculations to establish a
first order approximation of SGD. Furthermore, SGD in volcanic systems, although geologically
different than karst, have comparable dynamics due to the similar intrinsic porosity and
permeability (Burnett et al2008 Johnson et al., 2008; Peterson et2009, Dimova et 3l
2012).

Common characteristics of these sites include (1) simultaneous groundwater discharge to
the sea occurring in two or more forms due to highly heterogeneous geological settings, (2) high
infiltration rates resulting in negligible riverine freshwater inputs, and (3) significant
groundwater inputs.

2.7 Conclusions
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Work presented here demonstrates that determining total groundwater discharge to the
ocean from coastdarstaquifers is not trikal and it requires very goodinderstanding of the
geology and groundwater origia constrain an adequate water budget. Specifically, as a result
of the complex geology of MarGerro Gordo coastal area and highly heterogeneous Sierra
Almijara-Alberquillas coastal karst aquifédrfoundthatgroundwater discharge manifests in four
different forms: (1) groundwatded creeks, (2) coastal springs, (3) groundwater seepage
through seabed sediments, and (4) submarine springs. These expressions of discyprgal are
for karstsystemsand shoulde expecteth similar geological settings elsewhere including
volcanic systems, which although having different rock composition, behave hydrologically very
similar. | found that only the application of a set of methgpecific for each form alischarge
adequately characterizes and gives a realistic evaluation of groundwater discharge to the sea and
thus recommend the following approachgsle 2.6.

Continuous’®Rn measurements in coastal waters via boat supreyed to be the most
reliable method for detecting diffuse groundwater seepage theaadied sediments. The
technique complements well wittfZRn mass balance model based on ti@ees
measurementserformed with the same instrumentatidrfound that this method gives similar
results to direcineasurements carried out frdreetype seepage meters.

The presence of submarine springss reliably detectedsing continuous salinity
measurements and discré&Ra sampling. However, because nagasalinity anomalies in
coastal waters could be the result of discharge of other freshwater inputs (e.g. groufedivater
creeks and coastal springs) which are likely to occur in karst systems, salinity alone is not a
reliable tracer for SGD in coastalrkasystemsl wasable to confirm the presence of submerged

springs only when combined with high concentratior€¥%a concentrations and direct
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observations via SCUBA diving. Direct flowmeter measurements or applyiféfremethod
would have been ¢dnically and economically challenging, given the springs depth and their
lateralventgeometry.

Subaerial coastal springs agbundwateifed creeksareeasilydetectable visually in the
field. However,| found that tracer surveys are helpilidentify sources ospringsand
assessing the total dischafgem both forms of subaerial groundwater discharge.

| found that the combination of hydrochemist80; % and NQ) and water stable
isotopeq A a N°@) was ideal to decipher the origin of eachnpaif groundwater discharge
to the sea.

Nitrate fluxes, in an area where endemic and protected seagfasse® marina,
Posidoniaoceanicaare presentyere found to be comparable with otleeastal karst aquifers
environmentally impacted by anthropogenic activities in the Mediterranean.

Based ommy experiencel strongly recommend the application of the described
methodology approach in coastal karst systems to assess total groundwhtggedisrthe sea
and associated nutrients fluxes.
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2.10AppendixI

Table 1 Salinity, temperature, arfd‘Ra activity concentrations in September of 2006 and 2010
in groundwater (GW) and seawater (SW). &-1 is a well located in Cerro Gordo that
constitutes the radium groundwater endmber (Rgsp) for Cantarrijan, Palomaand Sifon

Caves. GWPz and GWWell are the installed piezometers and the shallow well sampled on the
Cantarrijan Beach; these were usedtf@ salinity mixing model enthember (Sakp, Sakscp
andSaquGD).

. Coordinates Temperature . 2Ra
Sample ID Date Time Latitude  Longitude C) Salinity (dpm )
SW-1 9/21/2010 8:15 36.7515 -3.8170 21.9 36.5 21+2
SW-2 9/21/2010 8:35 36.7495 -3.8176 21.7 36.2 56+4
SW-3 9/22/2010 15:40 36.7468 -3.8083 22.9 36.4 16+£2
SW-4 9/22/2010 17:12 36.7441 -3.7989 22.9 36.5 13+2
SW-5 9/22/2010 9:45 36.7414 -3.7896 22.3 36.3 202
SW-6 9/22/2010 9:02 36.7386 -3.7802 21.8 36.3 51+4
SW-7 9/23/2010 9:25 36.7386 -3.7802 22.9 36.4 23+3
SW-8 9/22/2010 16:20 36.7487 -3.8286 23.3 36.3 15+2
SW-9 9/21/2010 8:50 36.7460 -3.8193 21.9 36.5 08+1
SW-10 9/22/2010 15:50 36.7433 -3.8099 22.8 36.4 14+2
SW-11 9/22/2010 17.02 36.7406 -3.8006 23.2 36.3 11+1
SW-12 9/22/2010 11:09 36.7379 -3.7911 22.3 36.4 22+2
SW-13 9/22/2010 9:17 36.7352 -3.7817 22.1 36.4 14+2
SW-14 9/23/2010 9:50 36.7293 -3.7616 22.1 36.4 17+ 2
SW-15 9/22/2010 16:25 36.7453 -3.8302 23.9 36.3 11+1
SW-16 9/21/2010 9:10 36.7426 -3.8208 22.0 36.5 12+ 2
SW-17 9/22/2010 16:05 36.7399 -3.8114 23.2 36.3 8+1
SW-18 9/22/2010 0:00 36.7345 -3.7927 22.5 36.4 15+2
SW-20 9/22/2010 8:10 36.7291 -3.7740 22.2 36.4 23+2
SW-21 9/23/2010 10:05 36.7291 -3.7740 20.4 36.5 19+2
SW-22 9/21/2010 14:34 36.7264 -3.7647 22.4 36.4 202
SW-23 9/21/2010 9:20 36.7392 -3.8223 22.1 36.5 8+1
SW-24 9/22/2010 8:34 36.7284 -3.7849 22.2 36.3 14 +2
SW-25 9/22/2010 8:20 36.7256 -3.7754 22.2 36.4 12+2
SW-26 9/21/2010 14:56 36.7230 -3.7660 22.3 36.4 15+2
SW-27 9/21/2010 9:30 36.7357 -3.8239 22.1 36.5 10+£2
SW-28 9/21/2010 15:07 36.7195 -3.7676 22.0 36.4 17+2
SW-29 9/21/2010 9:45 36.7324 -3.8255 21.9 36.4 5+1
SW-30 9/21/2010 11:50 36.7253 -3.8286 22.5 36.4 8+1
GW-Well 9/21/2010 17:30 36.7383 -3.7771 21.7 1.6 660 + 30
GW-Pz1 9/21/2010 20:00 36.7380 -3.7776 22.1 14.9 2240 + 190
GW-Pz2 9/22/2010 9:00 36.7380 -3.7776 22.5 6.6 780 + 50
GW-Pz3 9/22/2010 10:00 36.7380 -3.7776 23.9 12.2 1290 + 80
GW-Pz4 9/22/2010 0:54 36.7380 -3.7776 24.8 31.1 5500 + 430
GW-Pz5 9/22/2010 13:45 36.7380 -3.7776 25.6 24.2 3970 + 160
GW-CG-1 9/14/2006 14:45 36.7333 -3.7686 24.0 2.2 1260 = 90
GW-CG-2 9/15/2006 10:00 36.7502 -3.7751 22.8 0.6 1020 + 80
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Table 2. Temperature, electrical conductivity (and salifitfiRn, NQ;, SQ2, Hiy  d%d U
during July, December of 2015, and July of 2016. In all points of groundwater discharge to the
sea, fluxes are also included.

Temp. Cond. Discharge 22Rn NO; SOZ *H o

faa::pg?% Sample ID Dlstsh:rge Latitude Longitude (Salinity) (x 16° 3
paig P €C)  @Sscmb)  (midY A (mmol m®)
dpm nt) (VSMOW)

September Cantarrijan C. 36.7381 -3.7784 - - 840 + 40 - - - - -

2010 Palomas C. ss 36.7311  -3.7698 ; . 960 + 50 ; . ; ; ;
Sifon C. 36.7296  -3.7657 - - 510 £ 20 - - - - -

July Cantarrijan 367386  -3.7774 239 5560 (3.0) - 310£70 168 3220 -33 5.7

2015 Beach Gs
Maro Cliff 36.7531  -3.8397  21.3 794 3%1% *  350+50 - - - -
Alberquillas GC 367502  -3.8090  23.9 866 - 70£40 76 711 38  -6.4
Nerja Cave 36.7612  -3.8447  23.0 707 N/A 50+£20 21 1710 -41  -6.8
Maro Spring N/A 36.7608  -3.8379  19.5 731 N/A 140£40 20 2520 -46  -7.7
Maro Creek 4 36.7531  -3.8397  22.3 938 - 8+3 - - - -

December Cantarrijan 2270 =

2015 Bonch o 36.7386  -3.7774  17.3  4359(2.7) 260 240£60 - - - -
Maro Cliff 367531  -3.8397 154 731 3?32% 440460 132 2370 -44 7.4
Barranco Maro 36.7514 -3.8511 15.9 711 - 590 + 30 483 2750 -42 -7.1
gg;‘;‘;o cs 367533  -3.8426  16.1 694 - 690+50 501 2880 -44 -7.3
Maro Beach 36.7539  -3.8363  16.3 703 - 320430 20 2490 -47  -7.6
Nerja Cave 36.7612  -3.8447  16.4 687 N/A 57+40 11 1690 -41  -6.8
Maro Spring 36.7608  -3.8379  17.1 698 N/A 250+£90 17 2580 -46  -7.7
Maro Creek 1 A 36.7602  -3.8374  17.9 754 N/A - 21 2410 45 -7.6
Maro Creek 2 36.7561  -3.8396  18.5 987 N/A 104+20 21 2420 -45 7.6
Maro Creek 3 36.7532  -3.8397  16.4 687 N/A 16+7 21 2410 45 -7.6
Maro Creek 4 36.7531  -3.8397  17.2 784 ) 4+2 ; ; ; ;

July Cantarrijan 367386  -3.7774  20.7 5040 (3.2) 930+160 350+40 127 2850 -34 -58

2016 Beach GS
Maro Cliff 367531  -3.8397 209 938 25;;% 30430 88 2140 -44 76
Doncellas 36.7517  -3.8579  20.8 854 460 £ 40 - 400 1680 -40 6.6
Barranco Maro 36.7514  -3.8511  20.2 1003 17+1 - 492 2400 43  -7.3
ggﬁgo cs 36.7533  -3.8426 212 860 37+3  220+140 364 2320 -44 15
Maro Beach 367539  -3.8363  20.3 1021 26+2  440+30 435 2590 -44 T4
Alberquillas 36.75023  -3.8090 245 612 1060 + 90 - 65 505 -39 -65
Miel 367508  -3.8152  20.9 545 1%‘?1% * ; 55 578 38 -6.6
Caleta GC 36.7535  -3.8458  21.4 871 160 + 10 - - - - -
Tierras Nuevas 36.7531 -3.8326 20.7 894 110 + 10 - - - - -
Maro Spring A 36.7608  -3.8379  19.6 746 N/A - 15 2170 46  -7.9
Maro Creek 4 367531  -3.8397  21.6 1238 60+ 9 6+2 5 2330 -44 7.4

December Doncellas 36.7517 -3.8579 17.1 764 530 + 50

2016 Barranco Maro 36.7514  -3.8511 157 954 70+6 - - - - -
Huerto 367533  -3.8426  16.4 819 100 £ 9 - - - - -
Romero CS
Maro Beach 36.7539  -3.8363  16.9 929 40+£4 - - - - -
Alberquillas 367502 -3.8090  21.2 489 1‘?3% * ; ; ; ; ;
Miel 36.7508  -3.8152  16.0 513 1?%% * - - - - -
Caleta GC 36.7535  -3.8458  15.9 945 220 £ 20 - - - - -
Tierras Nuevas 367531  -3.8326  15.3 914 190 + 20 ; - ; ; .
Maro Creek 4 36.7531  -3.8397  17.2 784 160+ 10 - - - - -
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CHAPTER 3
CONSTRAININGTHE IMPORTANCE OF SBMARINE GROUNDWATERDISCHARGE

(SGD) IN HYDROGEOLOGCALLY COMPLEX ESTUARIES: EXAMPLE OF MOBILE
BAY, ALABAMA

3.1 Abstract

| used a combination of radiotracer techniq#é®Re, **Ra,**Ra, and*?Rn), stable
i s ot ofDa s H)iiseepage meters, electrical resistivity, and sediment cores collection
during three consecutive years (2€A@L7) to evaluate the importancesobmarine
groundwater discharge (SGID)Mobile Bay (Alabama); the fourth largest estuary in the USA.
found that the magnitude and dynamics of SGD in Mobile Bagstuarine system in the
northern Gulf of Mexico, were mainly the result of shallow lithological heterogeneities created
during the modern development of the bapund significant spatial and temporal variations of
SGD in the bay. When compared to the riverine discharge, SGD only contributed between 0.2%
(wet season) and 5% (dry season) of the total freshwater inputs to Mobile Bay. During the dry
season; however found that 80% of the total SGD in Mobile Bay occurs in areas that are
ecologically impacted by anoxia and massive fish deaths locally knodub#ses In these
areas SGD comprised 37% of the total water inputs during the dry season, coinciding with the
time of the year whedubileesoccur. Electrical resistivity surveys and characterization of
sediment cores collected from the impacted areas revealed that SGD occurs through an organic
layer, an important source of nutrients under anoxic conditindigatinga correlation with

Jubilees In conclusion, while SGD might not be a significant source of fresh wa¢stuaries
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as a whole, the lithological heterogeneity of estuaries can result in important SGD inputs and
ecological perturbations in specifiedations.
3.2 Introduction

Submarine groundwater discharge (SGD) is a significant source of water and dissolved
constituents in coastal environments worldwide (Johannes 1980; Moore 1999; Sawyer et al.
2014).However, in riverdominated coastal areas sushestuaries, SGI3 typically overlooked
due to its limited volumetric contribution compared to fluvial fluxes. Nevertheless, it has been
demonstrated that SGD can rival riverine inputs in some areas, specifithligspect to
material loadings (Moore9B6; Burnett and Dulaiova 2006; Xu et al. 2013)derstanding the
coastal hydrogeology and consequent temporal and spatial variability of SGD is crucial for
constructing local water budgets, adequately managing water resources, and studying the effects
of SGD on estuarine ecosystems worldwide (Burnett et al. 2003; Henderson et al. 2010; Xu et al.
2013; Befus et al. 2014).

Estuaries are geologically dynamic transition systems which geomorphology, water
circulation, biogeochemistry, and ecology vary both temporally and spatially (Dyer 1973; Wolfe
1986; Roman et al. 2000; Krantz et al. 2004). Modern estuaries were formeximppety 5000
years ago when the sea level reached its present level following the shoreline transgression and
leading to estuarinbasin sediment accumulation comprised of diffefacies(Wolfe 1986;

Bianchi 2007; Rodriguez et al. 2010). These spatdillgrse modern sediment deposits
comprise the coastal shallow aquifers through which SGD often occurs (Krantz et al. 2004;
Russoniello et al. 2013; Michael et al. 2018ydrogeological heterogeneities in combination
with short and longterm fluctuationsof marine and terrestrial forcing, typical for coastal

settings, result in high temporal and spatial variations of SGD in estuarine systems (Burnett et al.
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2006; Santos et al. 2012; Russoniello et al. 2013; Uddameri et al. PaeHo thisunique
variahlity of SGD, largescale numericahodelingand assumptions typically applied to
terrestrial hydrogeological systems are not applicabéelénuately evaluate SGDestuaries
(Stalker et al. 2009; Young et al. 2015).

The development of geochemical tratechniquesd.g.,radium and radon) during the
last two decades hagynificantlyadvancedur abilityto identify and quantify SGD in coastal
zones worldwide (Burnett et al. 2003). However, characterizing SGD in estuaries stili bears
number oflimitations and difficultiesFor example, because estuarine basins receive water
inputs from multiple sources (e.qg., fluvial, marine, and groundwater) that vary seasonally, one of
the challenges of using geochemical tracers +bakmces and mixing models isatd to
uncertainties in the determination of representativereachbers (e.g. Xu et al. 2013; Rodellas et
al. 2017;,CerdaDomeénech et al. 20).7n the coastatone,SGD is comprised of terrestriaily
driven fresh groundwater (FSGD) and recirculated seawWBR{SGD) controlled by marine forces
(Taniguchi et al. 2005)dentifying and quantifying these two components is particularly
important when constructing tifieesh watebudgets of coastal aquifers for water resources
management effor{@ aniguchi et al2002; Null et al. 2012; Montiel et al. 2018)ypically, a
salinity mixing model is used to address this task (Taniguchi et al. 2005; Charette 2007; Santos
et al. 2009). However, in estuarjeslinity anomalies in the receiving surface waters are the
reault of both river and groundwater inputs. In these cases, applying a methodology approach
based on multiple tracer techniques is imperative (Crusius et al. 2005; Tait et al. 2013).

Recent sensitivity analyses suggest that, in addition to the determiobtienSGD end
membersthesize of the seepage face bears the selawgdstuncertainty in radiotracers

evaluations in the coastal zone (Montiel et al. 2018). For exathel@irect output from the
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radon mas$alance modeling approach is groundwatecspe i ¢ di scharge or
(cm d%) (Burnet and Dulaiova 2003) and converting the raderived specific discharge to
groundwater discharge frd™) requires constraining the size of the SGD plume arépg Trhis

is often highly challengingecause of the ephemeral nature of raglas and its fast mixing in
these dynamic coastal systems (Lambert and Burnett 2003; Stieglitz et al.261@Yly, when
using the radiunbased masbalance approach, determining the volume of the tidal prisim int
which SGD takes place is usually difficult because the fresh groundwater tends to accumulate
preferentially in the top layer of the water column (Gafwdsona et al. 2010; Tov&anchez et

al. 2014; Montiel et al. 2018).

The Mobile Bay Estuary in Alabma is located in the northern Gulf of Mexico to the east
of the Mississippi River Delta (Fig. 1Althoughthis is the fourth largest estuary in the USA,
groundwater contribution and hence its importahes nevebeen studied beforélowever,
previous sudies have indicated that SGD might have significant effects on the coastal water
quality withimportanteconomic and ecologic implications for this coastal region in the Gulf of
Mexico (Stumpf et al. 1993; Bricker et al. 2008; Macintyre et al. 2011)nBtine summer,
large-scalemortalities of fish and shellfisthgcally knownasJubilees have been observed in
Mobile Bay for at least 150 years (Loesch 19@@%ectedbiota includes mainly demersal fish
and crustaceans such as the blue crab, whicheayavaluable in this regioMay 1973). These
events have been attributed to water column stratification and oxygen depletion of bottom bay
waters May 1973; Turner et al. 1987n addition to thelubileeevents, harmful algal blooms
(HABs) have been repied in the southern area of Mobile Bay where river inputs are limited
(Parsons and Dortch 2002; Liefer et al. 2009; Mcintyre et al. 2011; Su et al. @ptd)date the

direct causes of these two phenomena remain poorly understood.
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| assessed the SGfontribution to the water budget of the fourth largest estuary in the
US, Mobile Bay, using a combination of radiotracer technigtf@®4,%*‘Ra,?**Ra, and*Rn),
stabl e i oa ), e seepage meweployments during three consecutieass
(20152017). To understand the preferential SGD flow paths in the heterogeneous shallow
aquifer, | conducted shallow geophysical surveys using bothdaseld (Electrical Resistivity
Tomography, ERT) and marisirne (Continuous Resistivity ProfilinGRP) resistivity
measurements, and collected multiple sediment cores from the adjacent shoreline to constrain the
interpretations of these measurements.

3.3 Research area
3.3.1 Location and estuary description

Mobile Bay is a shallow (av. depth of 3.5 estuary with a total area of 13k&?. The
bay exchanges water with the Gulf of Mexico mainly through Main Pass between Dauphin
Island and Morgan Peninsula (Greene e28l07; Rodriguez et ak008) (Fig.3.1). The climate
of coastal Alabama is humid subtropical waitnualprecipitation of 1670 mm¥and an
averagdemperature of 21°C. Rainfall is highly variable throughout the year vatixamum
during March and August and minimum during June and Octobard\at al. 2005).

The primary source of runoff into Mobile Bay (~ 95%) is the MceBigmsaw River
System which iscomprised of five rivers at thdobile-Tensaw River Deltathe Mobile,
Spanish, Tensaw, Apalachee, and Blakeley Rivers. The average gesoh#ire system is 1500
x 10°m?® d* with a strongseasonal pattern that can differ considerably from year to year
(Schroeder1978; Dzwonkowski et gl2011). The peak of the river discharge occurs during
March coinciding with the highest precipitatiomhereas minimum discharge is from July to

September (Schroeder et, 41990; Ward et al2005). Discharge from the Mobileensaw River
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System is th@rimarycontrol on the water circulation and residence time in Mobile Bay.
However, the flushing rates asdlinity variations within the bay are also affected by the
interplay of several natural and anthropogenic factors including: prevailing westerly winds
during fall/winter and easterlyindsduring spring/summer, the diurnal tidal cycle (average
range is ® m), groundwater inputs, and the presence of a ship channe3.(Fridredged
frequently to maintain a depth of 15 m (Byrnes et2i13; Webb and Mar2016; Du et aJ.
2018).

To facilitate thisstudy,| formally divided the Mobile Bay coastline into three sections
based on their shallow geologitake upsimilarity in nearshore hydraulic gradients, and
surface water tracer dataeasured during this studyereinafter will refer to them as the (1)
westen shore,(2) southeastern shorend (3)northeastern shoréFig. 3.1). At each of these
sectiond had a study site (i.e. T®, TS'SE, and TSNE) wherel conducted parallel research

for comparison purposes.
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Figure 3.1Research area location amgiirogeological map showing the potentiometric surface

of the MiocenePliocene Aquifer (data from the Geological Survey of Alabama), groundwater

flow direction, monitoring wells for groundwater elevation, and sampled wells. The map

includes the estuary atmetry isolines in 4m intervals (NOAA). The research area is divided

in three sections: western shore, northeastern shore, and southeastern shore. At each section, the
study sites where ERT lines, sediment core sampling, piezometers installatbtoP®z5),

radon time series, radium assessments, and seepage meter deployments were conducted are
represented with a star. The locations of Fowl River (FR), Dog River (DR), Mobile River (MR),
Spanish River (SR), Tensaw River (TR), Apalachee River (AR), Bgkeiver (BR), Fish

River (FiR), and Magnolia River (MgR) are also indicated on the map.
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3.3.2 Stratigraphy and hydrogeology

The coastal geology of the eastern and western shores of Mobile Bay consists of a
Miocene to Holocene sequence of sand stratgbeteled by clay layers (Gillet et,&000).
This configurationcomprises the shallow lithology (up to 300 m) and the hydrogeological
settings of the Mobile Bay shoreline. Previous studies suggest that groundwater discharge to
Mobile Bay most likely occurthrough twaorincipalaquifer units comprised of highly
heterogeneous deposits: the Watercourse and the MiBtecene Aquifers (Walter and Kigd
1979; Gillet et al.2000). The Watercourse Aquifer (referred as Al in the literature) is the upper
uncorfined unit comprised of Pleistocene to Holocene alluvial and coastal deposits with a
maximum thickness of 20 m that is present in the southern sector of both the western and eastern
shores of Mobile Bay. In the western shore, the Miod&liecene Aquifers dividedinto two
sandy aquifer units: the sexwonfined Middle Sand and the confined Lower Sand units. The
Middle Sand unit is comprised of Pliocene deposits and has a maximum thickness of 50 m. The
Lower Sand unit with a thickness up to 100 m, is cosegriof Miocene deposits. This unit is
hydraulically disconnected from the Middle Sand and Mobile Bay at the shallow strata at about
50 m (Gillet et al.2000).Along the eastern shore, similar stratigraphy is found in the Miecene
Pliocene Aquifer, where 80-m thick semiconfined Pliocene sandy aquifer is in contact with
Mobile Bay along the northeastern and southeastern shores (described in the literature as unit
A2). The A2 unit is underlain by a confined Miocene aquifer (unit A3) with a maximum
thicknessof 300 m (Reedl971; Chandler et al1985).The semiconfined Middle Sand (in the
western shore) and the A2 (in the eastern shore) units, both of Pliocene age, are most likely

connected laterally, being part of the same stratigraphic formation. Symiteglconfined
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Miocene Lower Sand and the A3 units are also laterally connected underneath Mobile Bay
(Gillet et al, 2000; Ellis 2013).

The regional water table indicates a positive hydraulic gradient towards Mobile Bay
along the entire extension of tteastline (except along Bon Secour Bayjlicatingthat SGD
can be ubiquitous (Geological Survey of Alaba2@18) (Fig.3.1).
3.4 Methods
3.4.1 Surface water endembers characterization

To characterize the Mobile Bay waters endmber] conducted bat surveys at a
constant speed of£2 km h' along the shoreline and across Mobile Bay collecting continuous
measurements faotal ?Rn concentrations as well as discre@mples for radium isotopes
(**Ra,?*Ra,and®Ra) and st d°®h e dH). Brepeateg these s(ireys five times,
three times during the wet season (March of 2015, March 2016, and July 2017) and twice during
the dry season (July of 2015 and March 20DTying all sampling campaigns, conductivity and
temperature were maa®d continuously at 1 min intervals usinganductivitytemperature
depth sensor (CTD, Soliffdtwith accuracies of + 20 uS ¢hand + 0.1°An conjunction with
GPS positioningl{owranceHDS 5)with an accuracy of £ 1 n®alinity values were calculated
from CTD readings using the conversion method 2520B (ARI989) with an error of = 0.1.
Radon222 concentrations in surface waters were measured in 10 min intervals using a RAD7
(Durridge Co., Inc.portable radosin-air monitor with a RAD AQUA accessoryoim a depth of
0.3 m.A detailed description of the survey procedure and RAD7 operatiobecgrund
elsewhere (Dulaiova et aR005; Dimova et al2009). To be able to compare all radon surveys
and identify areas with temporally constant peak€’®n concentrationsall radon values in

surface waters were normalized to the mean @lumg each survey. Thus, data presented here
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is reported also &“Rn anomalies, defined as positive or negative deviations froméhe

The surface watéf“Rn endmembers at each study site (i.e.-W§ TS-SE, and TSNE) were

determined by collecting timgeries measurements in B3@in intervals (0.5 an@ days) using a

RAD AQUA set up, wi t-h0%. (kRig8Bd)dBumettiand Dulagog0G3L ) o f
Concentations of radium isotopes braysurface watewereevaluated by collecting 120

L samples from a depth of 0.5 m. Samplesemeasuredisinga PVC column filled with 20 g

(dry weight) of MnQ-coatedfibers (Mnfibers)and filtered with 5 g of clean fibet a flow rate

of approximately 1 L miri to ensurequantitativeradium absorption (Moord 976; 2008). Short

lived radium isotopest’Ra and®®*Ra) were measured using a RaDeCC (Radium Delayed

Coincidence Counter) system according to Moore and ArnoRb(1$un and Torgersen (1998),

and GarciaSolsona et al. (2008]he RaDeCC system was calibrated usrgernal (UCSC and

FSU) andnternal Thorium232 and Actiniuri227 standardfRadium-226 concentrations and

uncertainties were measured using the RaDb&s2d method described in Geibert et al. (2013).
Wat er st ab'foe aifild) inSinface my watkr wefiftered with sterile

045em cel | ul os andaleaded a #0elL Vials bnd waresanalyzed at the UC Davis

Stable Isotopes Facilitysing a laser spectromet&véter Isotope Analyzer V2, Los Gatos

Research,Iny. wi th accur a®i d$ 2 foa Narespectavelydisotipic

ratios were calculated using the Vienna Stand
To characterize thever surface water eachembey samples were collected during all

sampling campaigns from the Mobilensaw River Delta froriMobile, Tensaw, Apalachee, and

Blakeley Rivers at their point of discharge to the Gdye seawater eachember was

characterizedsing samples collected in Dauphin Island representative of the Gulf of Mexico

waters entering the bay through Main Pass. Radium isotopes and stable isotopes in river and
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seawater enthembersvere measurefbllowing the same procedures and methodologideras
Mobile Bay surface water€onductivity, salinity, and temperature were measured using a
Pro2030 (YS! Inc.) handheld meter with accuracies bt cni*, + 0.1, and + 0.3°C.
3.4.2 Groundwater eagthember characterization

To characterize the groundwatrdmember at each study siEXW, TSSE, and TS
NE),t emperature, salini® ya AHjyanll mdioisstapesPRné*Ra,sot ope
?Ra, and®Ra)were measureih preexistinginland wells andransects oshoreperpendicular
piezometers installed at the shore during this study. The-plopendicular transects consisted
of five piezometers (RP1 to Pz5) installed at different depthath a 3Gcm screened section in
the bottom(Fig. 3.1). In all three stuglsites, piezometers Flzwere located 20 m inland from
the midtidal line, Pz2 and PZ3 were placed 10 m away from the shoreline; piezomete#ss Pz
were installedat the hightide mark, and piezometer Bavere placedt the lowtide mark.From
land to ofshore, the piezometers were screened at 4 r1YPz5 m (P2), 1 m (Pz3), 1 m (Pz
4, at the high tide mark), and 1 m {Bzat the low tide mark) depths to include sidsurface
mixing zone, i.e. the saltwaténresh groundwater interphag&dditionally, during July of 2017, a
2 m multtlevel piezometer (SIPz4.5) was installeat study site TSSE.Using this setup, was
able to recover pore water from six ports of the muftipint sampler, at 0.3 m depth intervals.
Groundwater was also collectedrn five deeper wells (screen depth between 10 and 12 m)
which were installed farthe@nland both in the western shore {Well-1, W-Well-2, W-Well -3)
and the eastern shore @¥#ell-1 and SEWell-2) of Mobile Bay (Fig3.1). In all cases, the
radon groundwater entiembemwas measuredith the RAD HO system (Durridge, Inc.) using
250 mL duplicates, typically with uncertainties 0f20%. Radium isotopes and stable isotopes

in groundwatewere measurefbllowing the same procire and methodologies as described for
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surface water enthembers but using 20 L for radium sampt&snilarly to the river end
membergroundwater conductivity, salinity, and temperature were also measured using the
Pro230 (YSI Inc.) handheld meter.
3.43 Shallow aquifer characterization

Five boat surveys employing stream@BP measurements were conducted using an
AGI SuperStingR8 Marine (AGI Inc.) resistivity meter connected to a 33 m floating streamer
(11 electrodes with 3 m spacinghich was towedrom a boatContinuousmeasurementsere
collectedin a dipoledipole configuration, which allowed a total penetration depth (water column
and depth below the sedimemater interface) of 7 nTo inspect the hydrogeological properties
of the SGDsaturateghallow sediments, electrical resistivity datam the same depth{(bm)
during all surveysvereextracted and combined to create an integratextimensionamap.
Land-based shorperpendicular ERT measurements were conducted at each study sitg (TS
TS-SE, and TSNE) using a 168 m cable (56 electrodes with 8pacing) in aipole-dipole
configuration which resulted ira sediment penetratiatepthupto 35 m. To monitor changes in
the size of the SGPplumearea due to tidal forcing performed timdapsed ERT measurements
at each site during falling tid®ata from both CRP and ERWere processeand interpreted
using Earthimager 2D software (AGI Inc.). The root mean square error (RMS) Zratn2
(sum of the squared weighted data errors) were aseldta quality criteria for all measurements
(Advanced Geosciences In2014).The detailed dta processing procedures can be found in
Cross et al. (2013) and Dimova et al. (2012).

During the installation of the deepest piezometers at each studiyesjfgi¢zometers Rz
1), I recovered individual sediment cores using a Geoprobe coring system (Model 5410,

Geoprobe Systems Inc.). These three cores (from the three study sites) were brought to the lab
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and sectioned in 5 cm intervals for density, porosityg, grain size analysis following the
procedure described in Lambe (1951). Grain size was determined using decreasing pore size
(2.36 to 0.038 mm) stacked sieves (Fisher Scientific USA standard). Sediments were classified
based on the Wentworth scale (Weotth ,1922). The hydraulic conductivity of each sediment
type was estimatefdr the same sediment sampégplying the Hazen approximatiosing the
10th percentile finer grain size (in mm)tae sediment as describedHazen(1893). Organic
matter contet of each sample was obtained following the ASTM 2874nethodology via mass
differential after combustion at 550°C (American Association for Testing and Mat&é88a[3).
3.4.4 SGD assessments and Mobile Bay water budget

To evaluate total SGD (both F®Gand RSGD), sitspecific?Rn mass balances
(Appendix llEgs. 3.1, 3.2, and 3.8)ere constructeduring wet(March of 2015 and 2016, and
July 2017)and dry seasor(Suly of 2015, June of 2016, and March 20I3@scriptions of the
radon mas$alance modeling approach daafoundelsewhere (Cable et al. 1996; Burnett and
Dulaiova 2003; Burnett et al. 200®)uring June of 2016 total SGD was also evaluated using
Leetype seepage meters (Lee 1977) that were gleglat all three study site8gpendix Il Eq.
3.4).

To assess the recirculated brackish SGD (RSGD) a-#dm@member mixing model was
used based off’Ra and?®®Ra activities (e.g. Hwang et a22005; Gu et a].2012) measured in
the three enagnembers,.e. (1) MobileTensaw River System, (2) seawater, and (3) RSGD,
entering Mobile BayAppendix IIEgs.3.5, 3.6, 3.7, 3.8, and 3.9 (Null et al, 2012; Moore

2003; Young et al2008).In addition to the radium approadhalso utilized tweendmember

C«

mixing models Appendix I1Eqs.3.10 and3.11) based onthewater stablé s o t 5® ea AH
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to evaluate the FSGD and RSGD components of the total SGD at of each study site following an
approach desitred by Taniguchi et al. (2005).

Finally, the water bdget of Mobile Bay was calculated using a theeetmember
mixing model Appendix I1Egs.3.12,3.13, and3.14) based on theater stablé s ot o'fDe s ( U
a n d’H) {Doctor et al.2006).Site-specific water budgets were also constructed for each
location TS'W, TSES, and TSNE) using Egs. 3.12, 3.13, and 3.(&ppendix II). In this case,
Mobile Bay watersi*®Oyg andifHyg values were obtainezkclusively from averaged surface
water samples collected near shore (R1, R2, and R3).
3.5Results
3.5.1Waterendmembers
3.5.1.1Surface water enthembers

During the thregyear study??’Rn concentrations in Mobile Bay waters (Mobile Bay
endmember) were measured from boat surveys and continuouseines. During all surveys,
radon was always highest at botk tiortheastern and southeastern shores (study sHEETS
and TSSE) with positive anomalies of 0i8.0 x 1§dpm m®and 0.1i 5.0 x 1§ dpm ni®
respectively (Fig3.2a). Another persistent positive anomaly of 045 x 1¢ dpm m®was
detected on theorth end of the western shore. However i@n concentrations in the rest of
the western shor&on Secour Bay, and nyoly waters were always significantly lower
compared to the whole bay, resulting in negative anomaliesBf 0.0 x 16 dpm nm® (Fig.
3.2a). During al?Rn timeseries measurements tieenporalaverage surface water end
members werd.7+ 1.3x 10°dpm ni® (n=353), 6.2 + 1.0x 10°dpm m* (n=754), and 8.3+ 2.2

x 10°dpm m? (n=1191) at study sitesTS-W, TS-SE, and TS\E respetively.
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Figure 3.2(a) Distribution map of?Rn anomaly surveys on Mobile Bay surface water. The
highest???Rn positive anomalies were found along the northeastern shot®.¢081¢ dpm m

% and the southeastern shore {6.a x 1Gdpm m°). A small positive anomaly (041.5 x 16
dpm m®) was also detected in the northern sector of the western shore. Along the western shore,
Bon Secour Bay, and MiBay the?”Rn concentrations were always lower showing negative
anomalies4.17 0.0 x 16dpmm™). (b) Continuous resistivity profiling (CRP) surveys
conducted in Mobile Bay showing electrical resistivity at a depth@h5The highest resistivity
values (1230 Ohmm) were found along the northeastern and southeastern shores. Near the
Mobile-Tersaw River Delta riverine freshwater inputs also result in higher resistivity. Both
panels (a and b) show the locations whierigileesoccur in Mobile Baybased on Loesch (1960)
and May (1971) anchodified fromthe figure created by Fehler (2008)

Salinityin the bay ranged between 0.1 and 19.6 during dry seasons and 0.1 to 6.0 during
wet seasons with averages of 4.2 + 3.2 and 1.7 = 1.8 respectypglgr(dix 11Fig. 1a). Water
stable isotopeditHys andi*®Oye) in bay waters were betweeh 1 N 3-&A2Ka r0d 8 &
(n=30) during dry seasons as®l0 N 4&. &anN 0. 548 (n=41) during

concentrations in Mobile Bay waters were on average 200 + 20 dp(fffRa), 170 + 10 dpm

m3 (**Ra), 7 + 1 dpm M (***Ra) (n=32) during dry seasons. Duringt seasons the average
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concentrations were 150 + 20 dpnt (f*°Ra), 90 + 5 dpm M (***Ra), 4 + 1 dpm M (**Ra)
(n=29) Appendix lITable landFigs. 2aand2b). Radium concentrations in coastal bay waters
from the shorgerpendicular transects HR3 & each study site were usedthsbay surface
water enemember in the mixingnodel Ravs) (Appendix IIEgs. 5, 6, 7, and &ppendix II
Table ). The residence time)(in Mobile Bay calculated using E8.9 (Appendix Il) showed
similar spatiaddistributions during both the dry and wet seasons, with averagesbB8/A0lays
and 5.1 + 2.5 daysndmaximum values of 8.1 and 13.9 days in the southeastern shore and Bon
Secour Bay (Figs3.3a and3.3b).

Salinity in the MobileTensaw River Systemvaters was always below 0.4 (i.e. fresh)
during all sampling campaigns. The average water stable isotopes in the river s§istemm (
andi®Ogjve) during wet seasonswere 8 N 3-&. & nN 0. 2 &1 5 nf 82%0 aanndd
N 0.5& ( n=1 3asongl(fig34).fTge aderage rasliem concentratioRsKye) Were
150 + 10 dpm i (**Ra), 50 + 3 dpm M (***Ra), and D+ 0.2 dpm ¥ (***Ra) (n=7)
respectively Appendix I Table ).

The average salinity i n -memienfGhorie 6fDaapghin Me x i ¢ o
Island was 25.8 + 1.0 and the water stable isotdpek,{andiO,.) values were 0.2 and 0.0
(n=3), both in the range of marine environments (Fi). Radium eneénembers in the Gulf
seawaterRa,,) were on average 40 + 5 dpm’iff*Ra), 20 + 3 dpm M (***Ra), and 1 + 0.2
(**Ra) (n=4) during dry seasons and 50 + 7 dpm(ffRa), 40 + 6 dpm M (***Ra), and 2 + 0.5

(***Ra) (n=4) during rainy seasomsppendix Il Table J.

102



88°8'0"W 88°00"W 87°520'W 88°8'0'W 88°0'0"W 87°52'0°W
A A < L f n

Mobile-Tensaw River Delta Apparent age Mobile-Tensaw River Delta Apparent age
a sk (days) SR (days)
MR U Dry season MR L Wet season
z
Mobile X AR O 1.0-20 g Mobile AR O 1.0-20 5
1 1S L
-4 F
5 Y . 2 Ji N
© 4.0-60 12 -
26 2 @ 60-80 ) 24 @ 60-80
< 1.8 @ 80-149 8 103 O @ 80-103
6.8 O Daphi Daphne
° 1.7
33 53 8 o @ SRl Y
DR -
o O e 20 :8 O 28 7.3
(<]
8 13 © o
26 1 56
® . o] 6 © .
Fairhop g 47 7.8 Fairhop 8
g o (<] 3
8 3
FiR FiR
5.3 4.9
FRg 7.1 FR@ 6.9
5.75, Weeks Bay © Weeks Bay
11‘? Mobile Bay 7‘9 124 MgR € Mobile Bay MgR
7 13.3 [0} 18
149 O S
° o
9.6 8.2 .
" £ - 5 @ g
1 & 1 &
w®f 8 ¥ @’ 103 | @
S s
7.8
? 35 8.4 o
Study area Study area
0 25 § 10 0 25 5 10
— — KT — — KM

Figure 33. Apparent water ages of Mobile Bay waters during the dry (a) and wet (b) seasons
based orf*Ra and R¥*activity ratios. The highest water residence times were found on the
southeastern shore and Bon Secour Bay, while the lowest values were found Kkxnildie
Tensaw Delta and in the Mid Bay area. During dry season when river discharge was lowest, the
overall residence time of the bay was higher (7.0 + 3.5 days) compared to the wet seasons (5.1 +
2.5 days)
3.5.12 Groundwater endnembers

On the westershoreatstudy site TSN, the?*Rn groundwater erthember Rnscp)
measured ithe piezometer transect installed on the beackR¥\ to W-Pz3) was between 210
+ 20 x 16dpm m® and 440 + 30 x pm m?* with an average of 320 + 40 xidpm m®
(n=3). Radium concentrations in-R&5 were 6610 + 330 dpm A{***Ra), 1130 + 100 dpm th
(**Ra), and 30 + 2 dpm M(***Ra) (n=1); these values are representative of the shallow RSGD
and were used as groundwater-emeimbers in the radium mixing modéRascp). The average

salinity of groundwater at study site -N8 ranged from 2.1 to 5.7 during wet and dry seasons

respectively fAppendix Il Table) . Average wat’dr a @ wlieswerei sot opes
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9a axhdla (n=6) duri-h@ga dB8rydiaedsonsagawdt season:

3.4). Values and description of samples used in the mixing naggdiledto calculate the total
SGD to Mobile Bay fPHsco i 0scp), RSGD (PHrseol Orsed, and FSGDWHrsco
®Orsep) endmembers can be found Appendix I

On the southeastern shore of Mobile Bay, at study sit8H;3he’*Rn groundwater
endmember Rnsgp) was 50 + 10 x Idpm m® (n=6). Radium concentrationBécp) were on
average 520 + 30 dpm #i{**Ra), 410 + 30 dpm mM(***Ra), and 10 4 dpm m® (**Ra)
respectively (n=2). The average salinity in groundwater at thR8H Site ranged from 2.3 t0 5.8
during wet and dry seasons respectivlgendix Il Table ) . A v 8r agi@ vallies
(PHseoU®Oscp) ranged betweerl 1 & &@n bdéring dry seasons antl 7 & &@n 8 a
during wet seasons (Fig.4).

On the northeastern shore of Mobile Bay, at study sit&lESthe?”’Rn groundwater
endmember Rnsgp) was 60 + 20 x Idpm m? (n=8). Radium concentrationBécp) were 540
+ 50 dpm ¥ (**Ra), 480 + 40 dpm t(***Ra), and 12 + 1 dpm H(***Ra) respectively (n=3).
The average salinity ranged from 1.0 to 2.8 during wet and dry seasons respe&gipelydix I

Table) . Av #Hr ag@ valiies (fHscrU0scp) ranged betweerd 7 @nd-3 . 6 &

duringdryseasonsand 0 a &nda during wet seasons (Fig.
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Figure 341 sot opi ¢ c’ld mp @) bfivates samples collected in Mobile Bay
(Mobile Bay), MobileTensaw River System (River), seawater from the Gulf of Mexico
(Seawater), fresh groundwater (Fresh GW), and brackish groundwater (Brackish GW). Surface
water samples (Mobile Bay and rivers) collected during the wet season (wet) are represented in
dark grey and samples collected during the dry season (dry) are shbght grey. Fresh
groundwater samplegldrk blug were collected from inland wells Well-1 and WWell-2 on
the western shore, wells SEell-1, SEWell-2 and SEWell-3 on the east shore, and
piezometers R1 and P2 at all three study sites. Brackistogndwater sampledight blue
were collected from piezometers-Bzo Pz3 at all three study sites. The Local Water Line
(LWL) represents the linear trend based on all water samples collected in the study area and the
Global Meteoric Water Line (GMW.L) ibased on Craig, (1961)

3.5.2Shallow aquifer properties
3.5.2.1Continuous resistivity profiling (CRP)

Continuous resistivity profiling (CRP) boat surveys revealed resistivity values for SGD
saturated shallow bay sediments/¢h depth) between 12 Okhm and 30 Ohrrm along the
southeastern and northeastern shores, with maximum values of 89t@hch40 Ohram near
study areas T8IE and TSSE respectively. Similar resistivity values were measured near the

river delta, with maximum values up to 30 Oimm Along the western shore resistivity values

were significantly lower, betweeéhand6 Ohmm, with a maximum of 10 Ohsm near study
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site TSW (Fig. 3.2b). CRP transects conducted in the interior of Mobile Bay revealed resistivity
values consistently lower tobgetweencl Ohmym and3 Ohmm (Fig. 3.2b).
3.5.2.2Electrical resistivity tomography (ERT)

To determine the size of the SGD plume area and characterize the shallow aqu#er, land
based electrical resistivity tomography (ERT) was conducted at all threesgeslyin all cases,
the cable was placed perpendicular to the shore (i.e. parallel to thedmeneter transect) with
about twethirds of the cable submerged under water. To eliminate lithological interferences in
the interpretation of the seepage atgaensions, in all study sitésan timelapsed ERT
measurements (total of three measurements per site) at a fixed location during falling tide. On the
western shore (study site W8) | identified three distinctive sediment strata (B&a). From
top o bottom these are: (A) a shallow layer with average resistivity 10-@Hound to be
present throughout the 2D line; (B) a medium layer with resistivity value$ 8fQhmm
present from P4 into the bay, and (C) a bottom layer that extends verticatlye full
penetration depth with resistivity values between 8 @miand 35 Oham. During falling tide,
resistivity values of this bottom layer changed significgrattyindication that it was saturated
with either fresher (groundwater) or brackish (seawaiore water depending the tide stage.

The size of this anomaly was largest during the lowest tidal stage. In thisfcasd that the
fresherSGD plume extended about 80 m into the Bayg.(3.5a and\ppendix Il Fig. 3a).

The ERT measurements conducted in the southeastern and northeastern shore (study sites
TS-SE and TSEN) indicated similar offshore stratigraphy with a sequence of horizontal
sediment layers following the same patté&hstudy site TSSE, (A) a shallow sechent layer is
present on the surface up to ~60 m from the shore with an electrical resistivity of about-L0 Ohm

m. Underlying this shallow layer (B)identified a sediment deposit with resistivity values of 1
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3 Ohmm. Up to the total depth of penetratibfound a thick sediment layer {B) with

resistivity values that varied from 10 Okhmto 100 Ohmm. During timelapsed ERT

measurements, this deeper layeidCexperienced a significant increase in resistivity and size,
indicating the presence of a gralwater plume that extended up to 7@ffshoreduring the

lowest tide stageFH{g. 3.5b andAppendix IIFig. 3b. At study site TSNE | found a similar

stratigraphy ast study site TSSE. However, at thiand side of thgroundwateiseawater

mixing zonel identified a high resistivity layer (E) 6f100 Ohmm, which was not present in

study site TSSE. These high resistivity values were associated with coarse beach sand that
extend about 20 m into the bagnere it was in contact witkediment layers A, BZ and D,

following the same sequence as in-3B. During falling tide| observed that the size of the

SGD plume (observed in the coarse sand layer E and layer D) expanded in size and it was largest
during the lowest stage of the tide cycle, reachingrh@dfshore Fig. 3.5¢c andAppendix Il Fig.

30). | used the plume dimensions measured during the lowest tide stage at the three study sites to

calculate the SGD seepage face.
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Figure 35. Shoreperpendicular electrical resistivity tomography (ERT) image geologic
interpretation at study site & on the western shore (a), study siteSE on the southeastern

shore (b), and study site 7 on the northeastern shore (c). The location and depth of
piezometers (Rz to Pz5) are also shown on each pai@h the western shotaedentified a 2.5

m thick silt layer at TSV and a groundwater plume extent of 80 m (a); at study si8H & 1.5

m thick organic fine sand layer with up to 36% organic matter was found above the medium sand
MiocenePliocene Aquifemwith a groundwater plume extent of 70 m (b); whereas at study site
TS-NE | found that an artificially added coarse sand deposit was present at the beach area as well
as the fine sand organic layer and the underlying Mic€dioeene Aquifer with a groundater

plume extent of 100 m (c). Dashed lines at each ERT image depict the interphase between
sediment layersThe maximum water column thickness is also indicated for each study site in

the right side of each panel.

3.5.2.3Shallow coastal sediments chateristics

To constrain the geologic interpretation from the ERT measurements at each study site,
collected a total of three sediment cores (one per study site) at the intertidal zone and performed

sediment analyses (Appendix Il Figs. 3a, 3b, and 3c). Grain size analyses, density, porosity,
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organic matter content, and hydraulic conductivity of alireedt layers can be found in Table

3.1.
. . Organic .
Core ID Layer Pred_om|_nant Gra|.n Porosity matter Hydrath
grain size density conductivity
content
(g cni®) (%) (md?)
Medium sand (70%) 1.44 0.32 2 10.5
TSW B Coarse silt (68%) 2.39 0.50 12 4.1
Fine sand (58%) 1.68 0.42 5 7.9
A Medium sand (75%) 1.54 0.27 3 115
B Fine sand (80%) 1.30 0.46 36 8.2
TS-SE _
C Medium sand (65%) 1.28 0.38 7 16.9
D Medium sand (78%) 1.19 0.23 2 22.1
TSNE E Coarse sand (75%) 2.24 0.36 1 58.4

Table 3.1Sediment properties of the three cores extracted at each study si¢ (TSSE, and

TS-NE) including grain size, density, porosity, organic matter content, and hydraulic

conductivity of all sediment layers identified. At study siteWShe silt layer (B restricted

groundwater flow from layer C in whidhobserved a SGD plume extending 80 m in the ERT

images; at study site TSE| observed that SGD occurred from layer D through the organic layer

(B) extending 70 m; whereas at study siteNE SGD occurré preferentially through the coarse

sand (A) and through the organic layer (B) with a SGD plume extending 100 m in layer D
The sediment core from study site-Wswas 4 m long, allowing us to capture the

vertical lithological structures of the beach sl¢pppendix IIFig. 39. Consistently with the

ERT images, sediment analyses revealedag@ structure with: layer (A) up to 0.8 m

comprised of medium to coarse sand with a hydraulic conductivity of 105 tayer (B)

between 0.8 m and 315 was idetified as grey coarse silt to very fine sand deposit with 11% of

organic matter and a hydraulic conductivity of 4.1 Tnahd layer (C) at depth between 3.5 m

and 4 m was mostly olivgrey medium to fine sand with a hydraulic conductivity of 7.9 m d
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(Fig. 3.5a). Based on the stratigraphic data reported in Gillet et al. (2000), layer C most likely
corresponds with the Middle Sand formation within the Mioeehecene Aquifer.

The sediment core collected at study siteSESwas 3 m long anldwasable to dentify
four distinct layersAppendix Il Fig. 3H. From top to bottom these are: (A) a-Swvhite
quarzitic medium to coarse sand with a hydraulic conductivity of 11.53,rtB) a 1.5m organic
black fine sand containing root fragments and a total awgaatter content of 36% with a
hydraulic conductivity of 8.2 m (C) a transitional 0-81 grey medium to fine sand with 7%
organic matter and a hydraulic conductivity of 16.9"mahd layer (D) identified as a clear grey
medium sand from 2.3m to 3nepkh with a hydraulic conductivity of 22.1 rit ¢Fig. 3.5b).
Based on the hydrogeological studies developed in Chandler et al. (1985) and Ellis (2013), layer
D probably corresponds to Aquifer A2 in the Miocd?lecene Aquifer. Based on the ERT
measuremds and sediment cores collected 100 m off the shore-&H B July 2018, thishis
sequence of sediment layéssalso present in the northeastern shore. However, the sediment core
collected on the shore of site -NE was 3.5 m long and showed no vertical structépmpéndix
Il Fig. 39; the entire core consisted of coarse sand (E), typical for anthropogenaadippled
beach areas. The hydraulic conductivity of this layer was the highest of all sediment layers
identified during this study with 58.4 m*dFig. 3.5¢).
3.5.3Quantification ofSGD
3.5.3.1SGDvariability

To evaluate the driving forces that cont&@D and its temporal variability in Mobile
Bay, during March 1%3-18" of 2016,! conducted a-lay long hourly continuous SGD rates
measurements at all three study sites. During thesestmes deploymentswasable to

capture the response of thetsys to two torrential rain events between Marcti aad March
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18". During March 11th (rain event 1) the area received ~100 mm of rain and in M&rdig17

a second rain event of 80 mm (rain event 2) took place. Groundwater elevation data from well
GSA-B3 obtained from the Geological Survey of Alabama well GEA
(http://www?2.gsa.state.al.us/gsa/water/realtime_monitoring)land USGSNB
(https://groundwaterwatch.usgs.gpshowed that each rain event was followed by a gradual
increase in the MiocerRliocene Aquifer elevation (Fi§.6).

On the western shore, the tidal stage and SGD rates showed reverse corrétafiatb]R
during the entire timseries, with the maximum SGD always occurring during low tide (Fig.
3.6a, Appendix IIFigs. 4b and 4 SGD was negatively correlated with groundwater elevation
(unit A2 or Middle Sands) of the Miocef®@iocene Aquifer (R=0.21) (Fig. 3.6a, Appendix ||
Fig. 49. On the northeastern shore, tidal stage and SGD rates were negatively correlated only
during the first day of measurement$%R.77) (Fig.3.6b, Appendix Il Fig. 53. After the second
day of measurementsfound that S® rates were positively correlated with the groundwater
elevation (B=0.68) (Fig.3.6b, Appendix Il Fig. 5. On the southeastern shore the tidal stage
was also negatively correlated with SGD throughout the measurement perodB@} (Fig.
3.6¢, AppendixIl Fig. 6b with the maximum correlation found after the second day of
measurements (R0.69) (Fig. 3.9 and 3.1B). A positive correlation between SGD and the
groundwater elevation was found during thédy timeseries (R=0.17) where SGD

experienced general decline as the groundwater elevation decrease® @egAppendix Il

Fig. 69.
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Figure 36. Temporal variation of SGD rates (crif)dwvith respect to tide stage (m) in Mobile
Bay, precipitation (mm), and groundwater elevation (cm) oMlezenePliocene Aquifer
during March 18-18" at study site TSV on the western shore (a), -NE on the northeastern
shore (b), and T<SE on the southeastern shore (c). Two rain events occurred prior (M&kch 11
12" and after (March 1%18") the timeseries measurements, which were followed by a peak in
the groundwater elevation after less than 2 days. Maximum SGD rates were reached after 3
days in all study sites
3.5.3.2Total SGD assessments

Using the?”Rn mass balandecalculated that the gomdwater specific discharge ) on
the western shore (study site-W during dry seasons was on average 5 + 1 ¢ignd2), while
during dry seasons the specific discharge averaged 6 + 2 ¢n=2) (Table3.2). Using seepage

meter deployments at thigesiduring the dry seasdriound an average specific discharge of 4 +

1 cm d* (n=24). To obtain groundwater fluxeS8GD) applying Eq. B (Appendix I, a seepage
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area f) of 3.8 x 16 m?* was calculated by multiplying the SGD plume extent of 80 m based on
shoreperpendicular ERT measurements during low tklg.(3.5a) and a coastline length of 47.6
x 10° m, determined by radon anomalies during boat surveys3Rig). Combining resultsdm
the?”Rn mass balance and seepage meter measurdneafuslated a total SGD flux to the
western shore of Mobile Bay of 1.8 + 0.6 ¥ @’ d™ (n=2) during the dry seasons, and 2.4 + 0.7
x 10° m*d™ (n=2) during and the wet seasons (Tahk Fig.3.7). All terms of the’”Rn mass
balance during each sampling campaign are shown in Bable

On the southeastern shore of Mobile Bay at study sit€HEShe average groundwater
specific dischargex() was 17 + 5 cmd(n=3)during dry seasons and 2¥%«m d* (n=3)
during wet seasons. The average specific discharge determined from the two seepage meter
deployments during a dry season was 9 + 3 ¢rfing24). Using shor@erpendicular ERT
measurements and radon surveys at the SE study site, a seepa@pafrl.5 x 16 m?was
calculated using the groundwater plume extent of 70 m (F5Q) @nd a coastline length of 21.5
x 10° m. Combined total SGD from tHf8%Rn mass balance and seepage meters-&Efinged
between 2.3 + 1.0 x ¥@n*d™* (n=3) durhg three dry seasons and 3.8 + 1.3 Xrtbd™ (n=3)

during three wet seasons (TaBl2, Fig.3.7).
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Location Season  Sampling Faim Fuvix Foitr Cra Rnsep A ¥ SGD
campaign 2 1 3 (x 10 (x 10° " (x 10
(x 1Cdpm m?d™) (dpm m®) dpm 1) ) (cm db) medY)
July-15 3x1 10+3 0.3%0.02 620+60 230%30 3.8 6+2 22+06
Dry Junel6 6+2 11+4 05+0.04 450+50 230+30 3.8 4+1 13+04
Junel6 Seepage meters measurements 3.8 61 2003
TSW Average 1.8%+0.6
Wet March15 8+3 43+12 05%£0.03 130+10 230%30 3.8 6+2 24+07
e
March-16 175 62 0.4+0.04 250+x20 23030 3.8 6+2 24+07
Average 2.4+0.7
July-15 6+3 21+8 0.6+0.07 240+20 50z%10 15 20+6 3.0+x0.9
March-17 01+ 19+7 04+005 190+10 5010 15 20+6 3.0+x1.0
Junel6 3+1 9+3 0.5+0.06 40+3 50 + 10 15 13+4 20+1.0
Junel6 Seepage meters measurements 15 9+3 1.4+0.7
TSSE Average 2.3%x1.0
March15 8+3 57+14 0.3+0.03 905 50 + 10 15 28+9 42+13
Wet March16 32 +12 3+1 04+004 230+x10 50%10 15 22+7 3311
July-17 2+04 3510 05%+0.07 290+20 5010 15 25+8 3.8+£0.3
Average 3.8+1.3
Junel6 2+0.08 17+6 04003 170x20 60+20 2.3 14+5 32+1.1
Dry Junel6 Seepage meters measurements 2.3 17+4 3.9+0.9
Marchl7 05+0.1 28+9 04+0.05 190+x10 6020 2.3 207 4617
TSNE Average 3.9+%1.7
Wet March-16 14+4 8+2 0.3+£0.03 190+20 6020 2.3 24+9 57+20
e
July-17 9+2 56+19 0.5+0.07 80+6 60 + 20 2.3 25+9 58+21
Average 5.7%2.1
) Dry 4.7-11.3
Mobile
Total
Bay
Wet 7.816.0

Table 3.2Radon mass balance to assess the total SGD at each study-aie TBSE, and TS
NE) duringalls amp |l i ng

campai gns.

Seepage

velocity

(-

obtained from seepage meters deployments during June 2016 are also shown for each study site.

The average groundwater fluxes (SGD) during the dry and wet seasons is shown for each site.
Additionally, the total SGD in Mobile Bay from all study sites is presented as a range including

uncertainties during each sampling campaign
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At study site TSNE on the northeastern shore of Mobile Bay, the average specific
discharget) was 16 # cm d* (n=2)during dry seasons and 24 + 9 cth(d=2) during wet
seasons. Average specific discharge was 17 + 4tfn=R4) using seepage meter
measurements during a dry season. The groundwater plume extent (from ERT shore
perpendicular measurement$)100 m (Fig. 3c) and a coastline length of 2.3 x*18 (from
22Rn anomalies surveys) were used to calculate a seepagdjapé@.6 x 10 m®. Average
SGD derived from th&”Rn mass balance and seepage meters during two dry and wet seasons
was 3.9+ 1.7 x 10 m*d? (n=2) and 5.7 + 2.1 x fan*d* (n=2) respectively (Tabld.2, Fig.

3.7).

Combining the groundwater fluxes measured at all three study site&/(TS-SE, and
TSNE), | found that the total SGx¢mbinedFSGD and RSGD) to Mobile Bay using #%&Rn
and seepage meter methods ranged between 8.0 + 3°3rR dBduring dry seasons and 11.9 +

4.1 x 16 m*d™* during wet seasons (Tat8e, Fig.3.7).
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Figure 37. The upper bar plot shows the total SGDViabile Bay (n? d*) showing groundwater
discharge measured at all three study sitesWI'S S-NE and TSSE) during the dry (light grey)
and wet (dark grey) seasons. The lower panel shows a comparison between the fresh SGD
(FSGD) and recirculated SGD (RSG&mponents of the total SGD during dry and wet
seasons
3.5.3.3FSGD and RSGIindividual assessments

Using theradium isotopes mixing mod@\ppendix IIEqgs.3.5, 3.6, and3.7), | calculated
that the average brackish recirculated SGD (RSGD) owdiséern shore study site (i.e.-V9
ranged between 0.7 + 0.2 x°18°d™* (n=2) during dry seasomsd 1.6 + 0.4 x Tom*d* (n=2)
during wet seasons (TalBe3). On the southeastern shore at study sitSESRSGD was 1.1 +
0.3 x 16 m*d™ (n=3) duringdry seasons and 1.7 + 0.4 ¥ 1 d™* (n=3) during wet seasons,

whereas on the northeastern shore at study sifl§H,3RSGD was 1.5 + 0.3 x i*d™* (n=2)

116



during dry and 3.2 + 0.6 x 1en®d™ (n=2) during wet seasons (Tal#8). All terms used in the
radium mixing model are shown in Tal3eé.

To calculate FSGD and RSGD independently of the radioisotope approaalses,
applied two siteand seasospecific endme mber mi x i n g**Omadidmendis i n g
Il Egs.3.9 ard 3.10). Using this approadhifound that on the western shore (W§ RSGD
represented 56% of the total SGD during dry seasons and 30% during wet §€abl@s4). In
comparison, based on the radium method RSGD represented 38% and 66% during the dry and
wet seasonglTable3.3). On the southeastern shore (8&), RSGD accounted for 43% (dry) to
31% (wet) and 48% (dry) to 45% (wet) using the radium apprd@chhe northeastern shore
(TS'NE), RSGD ranged from 30% (dry) to 27% (wet), whereas the radium method yielded
contributions of 38% (dry) to 56% (wefjable3.3 and Table 4).

Based on these proportions and considering the total SGD obtained fréfRthand
seepage meter methods, FSGD in the western shore at study-Sievas betwee.8 + 0.3 x
10°> m*d™* during dry season and 1.7 + 0.5 ¥ & d™* during the wet seasons. In the
southeastern shoet study site TSSE,FSGD ranged between 1.2 + 0.4A® m*d* and 2.6 +
0.9 x 16 m*d™; whereas at the northeastern shore studyTSHtE, FSGD was 2.7 + 1.1 x 10
m2dtto 4.2 + 1.6 x 1dm>d™ (Table3 .4, Fig.3.7). Combining the FSGD in all sections the total
FSGD to Mobile Bay ranged between .80 m*d™ during the dry season and 11.5 X & o

! during the rainy season, considering all uncertainties (Tad)e
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Location Season ~Sampling  zegg - 2Rg Rarsco *Rékscp Raw  *Raww *Raus *Ravs t \ frsep RSGD

campaign
(dpm m?®) (d) x16m®) (%) (x 1Cmid?)
July-15 20+ 2 10+ 2 6610 + 500 1130+100 90+5 20+3 620+30 200+10 6+0.3 7.6 8 1.0+0.2
e Junel6 200 + 20 702 6610 + 500 1130+100 20*2 10+1 50+4 1007 4+02 7.6 3 05+0.1
TSW Average  0.7+0.2
Wet March-15 100+ 7 40+3 6610+500 1130+100 40+3 40zx4 90+5 70+3 6+0.4 7.6 17 21+04
March-16 100+ 7 40+3 6610 + 500 1130+100 40+3 40+ 4 250 + 20 90+8 7+05 7.6 10 1.1+0.2
Average 16+04
July-15 20+2 10+2 350 + 20 340 + 20 90+5 20+3 24020 10010 7x0.6 3.0 23 1.0+0.2
Dry March17 180+10 80+7  350+20 34020 202 10x1 230+10 220%20 g4qp 3.0 35 1.3:0.3
Junel6 200+20 70+2 350+ 20 340+ 20 202 101 50+4 605 6+04 3.0 18 0.9+0.2
TSSE Average 1.1+0.3
March-15 100+ 7 40+3 700 + 40 470 £ 30 40+3 40+4 90+5 90+5 4+03 3.0 18 14+0.3
Wet March-16 100+ 7 40+3 700 + 40 470 £ 30 40£3 40+4 230+10 22020 g4qQ7 3.0 57 19+04
July-17 180+ 10 807 700 =40 470 =30 70+5 50+ 3 170+ 10 80+7 5+04 3.0 29 1.7+04
Average 1.7+04
Junel6 200+20 70+2 540 + 40 480 + 30 202 10+1 170+10 140+10 7x0.6 4.7 24 16+0.3
ory March-17 180+ 10 807 540 =40 480 + 30 20+2 101 60+4 70+5 8+0.6 4.7 30 1.4+0.3
TSNE Average 15+0.3
Wet March-16 100+ 7 40+ 3 600 * 40 430 £ 30 40+3 40+4 190+20 130+10 10+0.9 4.7 68 32+0.6
July-17 180+10 807 600 + 40 430 £ 30 705 50+3 806 130+10 403 4.7 25 3.3+0.6

Average 3.2+0.6

Dry 2541
Mobile

Bay Total

Wet 5.1-8.9

Table 3.3Summary of values for all parameters used in the radium mixing models to assess the recirculated SGD (RSGD) at each
study site (TSN, TS SE, and TSNE) during the dry and wet seasons. The fraction of RSgdadjf with respect to theotal inputs

(RSGD, river, and the seawater from the Gulf of Mexico) obtained when solving the models is shown along with the respective
RSGD. The total RSGD in Mobile Bay is presented as a range including uncertainties during each sampling.campaign
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Locaton Season  U®Orsep  UMOrsep  UOscp fesop  frsop PHesep  PHrsep  PHsep fesop  frsop A\f/erage A\f/erage FSGD RSGD
FSGD RSGD
(4 VsSMOw) %) (4 VsMow) (%) %) (x 10 m*dY)

Dry -4.2 -0.5 2.1 45 55 -20 0 -9 43 57 44 + 6 56 +7 0.8+0.3 1.0x0.3
TSW

Wet -4.2 -1.5 -3.4 71 29 -20 -7 -16 70 30 70+ 8 30+ 3 1.7+£05 0.7+£0.2

Dry -4.0 -0.2 -2.5 60 40 -20 0 -11 54 46 57+ 10 43+ 8 1.2+04 1.0+0.3
TS SE

Wet -4.2 -2.8 -3.8 70 30 -20 -10 -17 68 32 69+ 5 31+2 2609 12+04

Dry -4.0 -2.2 -3.6 74 26 -20 -10 -17 67 33 70+ 8 30+ 4 27+11 1204
TSNE

Wet -4.2 -3.9 -4.1 66 34 -20 -18 -20 80 20 73+ 3 27+ 1 42+16 15%x05

Dry 2.86.5 2.2-4.2

Mobile |
Bay Total

Wet 5.511.5 2.345

Table 3.4End-member values used in the sited seasos p e ¢ G i acAHdixing models utilized to calculate the proportional
fraction of fresh SGD (FSGD) and recirculated SGD (RSGD) from the total SGD at all three study si¢sT(FSE, and TSNE)

during the dry and wet seasons. The fraction of both FSGD and R$&:Baffid kscp) are also shown for each mixing model and

their average (Averagedspand kscp) for each study site during the dry and wet seasons. The FSGD and RSGD values shewn in t
table were obtained by multiplying the Averagesband Averagedsspcomponents by the average total SGD (SGD) presented in
Table 3.2, measured during each season at each of the three study sites. The total FSGD and RSGD in Mobile Bay aasgresented
range including variations during each sampling campaign
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3.6 Discussion
3.6.1Hydrodynamics in Mobile Bay

| found that the residence time in Mobile Bay varied seasonallywasgrimarily
controlled by the Mobilel'ensaw River Systewtischarge The average water apparent age in
Mobile Bay during the wet season was 5.1 days when the river flux was on average 2250 x 10
m®d?, whereas during dry seasons it was 7.0 days when the river discharge was on average 260
x 10° m*d™. These valas are comparable to other rivd@minated estuaries with similar river
fluxes and basin morphologies.g.,Dulaiova et al.2006). For instance, Dulaiova and Burnett
(2008) determined that the residence time in the Apalachicola Bay (Florida), a sstubaryen
the Northern Gulf of Mexico, was governed by the magnitude of the Apalachicola River
discharge. During high flow conditions (878 ¥ 18°d™) Dulaiova and Burnett (2008) using a
similar approach estimateoh averageesidence time of 6.9 daysropared to 13.0 days during
low discharge (292 x £on*d™).

Based on the spatial distribution of the water apparent ages determined by this study
found that during high flow conditions, the water circulation of the river plume in Mobile Bay
occurscourterclockwise. Younger ages (1204 days) were found at the mouth of the river (as to
be expected) and along the western shore of the bay.@days). In contrast, older ages were
detected near Main Pass (&40 days), along the eastern shore of MoBdg (3.87.8 days),
and Bon Secour Bay (#B).3 days) (Fig. 3b). These longer residence times measured along
the southeastern area of the bay are the resu
(Noble et al.1996; Park et gl2007; Dzwonkowsket al, 2011).I suggest that Dauphin Island
andtheFort MorganPeninsulad e f | ect part of the estuaryo6s out

forced towards the east by the prevailing easterly winds that were present during all sampling
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campaignskttps://tidesandcurrents.noaa.goMyis spatial distribution is in excellent agreement
with estimations reported in Webb and Marr (2016) using a numerical modeling approach to
determine the bay circulation. The model yielded lower residence time valGetags) for the
western shore and MiBlay area and higher residence times (8 and 14 days) on the southeastern
shore and Bon Secour Bdyurthermore, salinity distributions in Mobile Bay duritigs three

year study during high flow conditions confirmedsthirculation pattern as welhppendix Il

Fig. 1b. Low salinities (0.12.0) attributed to th&eshwateplume of the MobileTensaw River
System were observed to extend from the river delta towards Main Pass along the Mid Bay area
(Appendix Il Fig. 1b). Consistently with the water ages, the highest salinity values within the

Bay were measured in Bon Secour Bay-@8.®), also indicating that the watendsto remain
stagnant in this areahere evaporation leads to higher salinity vali#ggpendix Il Fig. 1b.

However,| also observed that during the dry season (i.e. low flow conditions), the
described circulation pattern was not that apparent. The water residence time increased equally
along the eastern (214.9) and western (251.9 dayskhoreswith a gradual increase across
the bay from the river delta to the south (Figga3. | observed relatively long residence times in
the Mid Bay area (2-8.0 days), indicating that the river plume moved preferentially near the
shores (Fig. 3a). The salinitydistribution measured during the dry season also supports this
pattern, with relatively higher values in the Mid Bay area-(®®) and gradual increase along
the eastern (1-02.0) and western shores (L8.0) Appendix IIFig. 189. These findings bade
on radiotracer field data were also confirmed by Du et al. (2018), who also found that during the
wet season the river plume flows preferentially along the western shore and Mid Bay area of
Mobile Bay, whereas Bon Secour Bay and the southeastern simai@ ienaffected by the

flushing effect of the river discharge. During the dry season Du et al. (2018) also observed that
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the flow direction diverts towards the western and eastern shores from the river delta towards
Main Pass. Furthermore, using a modehpgroach Du et al. (2018) found significantly higher
residence times in Bon Secour Bay and the southeastern section during both wet and dry seasons
(12-48 days), also indicating the water tendency to remain stagnant in this area.

Based on thedeay watercirculation patterns and using the water residence times
estimatedn this studyl also calculated the average water flushing rate (KirdMobile Bay,
Alabama. Flushing rate is an extremely important ecological parameter for estuarine ecosystems.
Most oftenthe flushing rateare applied to study the transport dynamics of dissolved
contaminants and suspended particles in the bay. Syadigifior Mobile Bay, understanding the
transport time scales of terrestrial material in the estuary and their export to the Gulf of Mexico
is essential to further study the impact on the estuarine and marine ecosystems on the Gulf
system (Moore and Kres2004; Peterson et al., 2008). As in other similar studies (e.g. Moore
2000;Dulaiova et al.2009, | define this term as the time that the river water inputs take to flow
across the 4&8m transect from the river delta to Main Pass, considering the eratalation
described above.

Based on the apparent water ages and following the methodology described by Moore
(2000),! estimated that the flushing rate in Mobile Bay ranged from 3.3 kdudng the dry
season (when the river flux was 260 ® i d™) to 4.7 km d during the wet season (when the
river flux was 2450 x 10m®d™?). For comparisorthrough a modeling approach Du et al. (2018)
estimated that the flushing times in Mobile Bay are 32.9 and 10.2 days during low{$26 m
and high river fbw (2,199 mis?). These flushing times over tdé-km transect of Mobile Bay
correspond to flushing rates of keh d* to 4.5km d*, in close agreement withy estimations.

Similar flushing rates have been measured in other large estuaries worldwide. For instance,
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Dulaiova et al. (2006) estimated that the flushing rate in the Chao Phraya Estuary (Thailand) was
2.9 km d*with a river discharge of 44 10° m*d™, in the Todo®s Santos Bay (Brazil) Hatje et
al. (2017) measured a flushing rate of 5 Kinadth a river discharge of 104 10° m*d™,
whereas Xu et al. (2013) found a flushing rate of 8.4 Kmuting a river discharge of 1646
10> m*d™ in the Yellow River Esiary. The flushing ratevariatiors measured in Mobile Bay
(3.3-4.7 km d") during contrasting river discharge is thus, comparable to other large estuaries
under different climatic conditions, showing a dependence on river flow conditions.
3.6.2SGD dynarts and driving forces

| found that the magnitude and dynamics of SGD in Mobile Bay (Alabama) was
controlled mainly by two driving forces including (i) terrestrial hydraulic gradients in the coastal
aquifer and (ii) tidal pumping (Mooy2010; Santostal., 2012). Omalarge timescale, the
dominant mechanism controlling SGD was the terrestrially driven variations in the hydraulic
gradient of Miocendliocene Aquifer across the watershefhund that at this scale tidal
forcing did not affect SGD dynans significantly (Fig3.6). The terrestrial hydraulic gradient
was also responsible for tB@gnificant seasonal variations of SGD ratbservedhroughout the
Mobile Bay coastal aquifer system (F&j7). During the wet seasohpbserved that high
predpitation ratesncreasedhe MiocenePliocene Aquifer groundwater table creathigher
hydraulic gradients near the coastlines of Mobile Bay, and resulting in enhanced SGD a few days
later (Fig.3.8). | found that SGD wasn average 35% higher during tivet season (11.9 x 10
m®d™) throughout the Mobile Bay coastal zone compared to the dry season (8.6:3d1p
(Table3.2, Fig.3.8). However, found that the magnitude of these lontgm terrestrially

driven seasonal variations of SG&realso sitespecific. For instance, the highest (up to 40%)
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SGD difference between seasons was measured on the southeastern shore compared to the 32%

difference on the northeasteshoreand 25% on the westeshore(Table3.2).
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Figure 38. Threeyear tme-series of precipitation (mm), Mob#Eensaw River System

discharge (md™), salinity in Mobile Bay, groundwater elevation at the MiocBfiecene

Aquifer (m), and average SGD rates (cf) dn the northeastern and southeastern shores (main
areas of SGID Typically, higher rainfall during the wet season (March) coincided with
maximum riverine discharge, groundwater elevation, SGD rates, and lowest salinity in Mobile
Bay. During 2017 rainfall was lower during March than in Jduly, attributed to the oacrence

of tropical storm Cindy in Mobile Bay. As a resulgbserved the opposite trends: higher river
discharge, groundwater elevation, and SGD rates during July compared to March

Onashorttime-scale(i.e. hours to days), SGD at eachtbé studysitesin Mobile Bay
(TSW, TSNE, TSSE)was modulatethy a combination of marine (tidal pumping) and
terrestrial(hydraulic gradient) forces, with marine forcing prevailing during base flow

conditions. An illustration of this sigpecific behavior wasvedent throughout the continuous
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five-day record conducted at each of the study sitesNT$S-SE, and TSNE) during one of

the rainy seas@(Fig. 3.6). A heavyrain event (average 100 mm) two dg@y®r tothe

deployment resulted in a gradual increasthe MiocenePliocene Aquifer level throughout the

research area. The maximum groundwater elevation after the storm event coincided with the

beginning ofthedeploymentsAs the local water table wagsaduallydecreasing during the first

two days ofthedeployment] observed a significant decrease in the SGD rates of approximately

45% at the three sitéBig. 3.6a,3.6b, and3.6¢). | found that on average, it took abou8 2lays

for the water table to gradually return to base flow conditidhss five-day record that included

the high water table and base flow conditions provided us with the rare opportunity to examine

the hydraulic response at each of the study ditesng this continuous recoidlistinguished

two periods during this continusuecord which corresponded to high and low SGD fluxed and

refer hereafter as fAhigh SGD p&riodd and fAbas
| found that on the western shore of Mobile Bay at study si#&/T(&ig. 3.1) SGDwas

mainly controlledby tidal pumpig (Santoset al, 2012) both during the high and base/low flow

conditions(Fig. 3.6a). An evidencdor this discharge mechanissistrongly supportelly a good

correlation (B=0.75,Appendix Il Figs. 4a and 4between the tide stage, which was used as a

proxy for tidal pumping, and SGD rates at this location. Higib3&es were always observed

during low tide whereas lower dischangas foundduring high tide (Fig3.6a). However, on

average, higher discharge rates (9 cthwlere detected during the hi§iGD period i(e. high

water table) and lower SGD (5 crif)dvas found at the tail of the groundwater elevation

decrease (i. e. towards base flow conditions). Nevertheless, the total discharge at this study site

was always much lower compared to the ot study sites on the east sh{ffeg. 3.7). Tidal

pumping was also confirmed at the western shore of Mobile Bay by théajised ERT
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measurements conducted during one of the dry seasons (July 2015) of thidkhadygh the
tidal prism at this site is the smallest, during the sipgrpendicular ERT deployment at-V$, |
observed an overall 18% increase in the size of the SGD plume during fallinggjkngix 11
Fig. 39. Finally, | also found that these charagstics also promoted the highest seawater
recirculation (RSGD) of the three sites in Mobile Bay andth&mumcontrast between wet
and dry seasons (30%6%) (Fig.3.7).

On the northeastern shore at study siteNES the terrestrialhdriven hydraulic gadient
was the primary SGD driver during this continuous record. The correlatareén the
hydraulic head and@D was significant (R=0.68,Appendix Il Fig. 50 throughou# days of
deploymentHowever, tidal pumping was also an evident driving mechafos SGD during
base flow conditions (Fg3.6b andAppendix IIFig. 53. This was confirmed by the time
lapsed ERT measurements conducted during the dry seggoendix 11 Fig. 39. Using these
ERT imagesl| found that the SGD plume increased about 5i6%e transition from high to low
tide (Fig. 33c). However] suggest that terrestrial forcing dominates the SGD dynamics over
tidal pumping in the TSE study site. This terrestrial control of SGD was also confirmed by the
mostly fresh composition ofGD (between 7¥3%) during both the dry and wet seasons (Fig.
3.7).

During this continuous recortifound that SGD on the southeastern shore at study site
TS-SE was controlled mostly by tidal pumping and affected by the hydraulic gradients to a lower
extent. The negative correlation observed between SGD rates and the tide $t8g83)R
measured throughout the tirseries supports this findindpendix IIFig. 63. Again, a much
better correlation was found during the base flow SGD period Witermd acorrelation of

R?=0.69, indicating that marine forces indeed dominate the system in the southeastern shore
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(Appendix Il Fig. 6. However, the SGD rates gradually decreased, following the groundwater
elevation peak (/0.17), alschighlighiting the loweimportance of the terrestrailigriven
hydraulic gradient on the SGD rai@gppendix Il Fig. 69. The timelapsed ERT images
confirmed that tidal pumping is the main factor controlling the SGD ratasgdoase flow
conditions with &8GD plume size changd 44% in the transition from high to low tide stage
(Appendix Il Fig. 3D. The synergic control of SGD by marine and terrestrial forces was also
supported by the seasonal variation of FSGD from dry seasons (57%) to wet seasons (69%)
measured in this ar€kig. 3.7).
3.6.3Spatial distribution of SGD

| found that SGD occurs preferentially along the eastern shore of Mobile Bay throughout
the year, i.e. regardless of the season. This was strongly supppthedresults from two
independent tracer approaches including radon anomalies in surface waters and electrical
resistivity distributions (Fig3.2). CRP surveys revealed the highest bulk (lithology and
saturating pore water) resistivity values-8®0 Ohmm) along this side of Mobile Bay
suggesting the presence of coarser sediments (sand) saturated with fresh groundwai&)(Fig.
High resistivity values were also measured in the northern part of the bay near the river delta (30
Ohmm) which were assockd with the fresh water input from the Mobifensaw River
System. In contrast, the lower resistivity measured along the western shore and Bon Secour Bay
(2.8 to 10 Ohnm), indicatedlimited SGD inputs compared to the southeastern and northeastern
shores Eig. 3.2b). All ?Rn surveys showed positive concentration anomalies along the eastern
shore of Mobile Bay confirming the CRP indications for the presence of enhanced SGD inputs.
A %?Rn positive anomaly fi h o t was pspecially pronounced (G.5.0 x10°dpm m®) on

the northeastern shore between the towns of Daphne and Fairhope, which is in the immediate
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vicinity of study site TSNE (Fig.3.2b). Negativé?Rn anomalies-¢.11 0.0 x 1Gdpm ni®),
interpreted as an indication of limited dischargesesfeund in Bon Secour Bay and the western
shore (Fig3.2a). A positive anomaly (0i41.5 x 16dpm ni®) located in the northern sector of
the western shore was persistently detected during all surveys conducted during this study.
found thathis**Rnfi h o t caineides With the location of the main ship channel in Mobile
Bay which is dredged to a depth of 15 m (Bd.). Whilel still do not have enough evidente,
speculate that such anthropogenic feature may have perforated the shallow NrilomesTee
Aquifer, artificially inducingSGD into the water column. Similar effects are known to exist at
other locations by other studies. For example, Dimova et al. (2013) found that constructed
pilings and/or artificial canals in some lakes of Florida harexided new pathways for
enhanced groundwater discharge to surface waters.

The described spatial pattern of preferential groundwater discharge to Mobile Bay
unveiled by thé?Rn anomalies was also confirmed by the traterived sitespecific SGD
assessments using multiple isotope approa@fien, ?*"Ra,and**Ra) and seepage meters at all
three study sites. Throughout the year, during both wet and dry seasons, the deialatates
on the eastern shore were at least 3 times highe2418n d") than on the western shore&5
cm db) (Fig. 3.7, Tables3.2 and3.3). Although the seepage arég 6f the western shore (3.8 x
10° m?) was the largest of the three shores, timeigdwater fluxes obtained from the radon
model and seepage meters deployments were about 40% low2rd ka8 m*d™) compared
to the discharge found in the southeastern shore3(8.8 13 m*d™) and 50% lower compared
to the northeastern shore9&.7 x 16 m*d™). Based orhis threeyear studyt found thatmost

of the SGD in Mobile Bay occurs on the northeastern shore, accounting for almost 50% of the
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total SGD to the bay, whereas the southeastern and northeastern shores combined represented
~80% of the total (Table3.2 and3.3).

| suggest that these results can be explained by the interplay of two main hydrogeological
factors: (i) hydraulic gradiemariations in the coastal aquifer, mostly result of the regional
topographic gradients, and (ii) inherited estuarine lithologic heterogeneities in the coastal
shallow sediments that generate preferential groundwater flow paths only in certain areas.

The tgographic gradients in the northeastern and southeastern shores are significantly
greater than in the western shore, where the land surface is nearly flat for 10 km inland away
from the shore (Danielson et,&013).In contrast, on the northeastern shibietopography
gradient near the shore is the largest in Mobile Bays topography disposition determines a
higher hydraulic gradient of the Watercourse and Miod@&iiecene Aquifers in Mobile Bay
(Fig. 3.1). The Geological Survey of Alabama (2018) okdted that along the western shore, the
hydraulic gradient is 0.07%, along the southeastern shore is about 0.14%, while the maximum
gradient in Mobile Bay is found in the northeastern shore with about 0.25%3 (EjigThe
higher hydraulic gradient of trmastal aquifer is also the primary control for the higher
terrestriallydriven fresh SGD (FSGD) (Burnett et,&003; Santos et aR008) observed in the
eastern shore (573%) compared to the western shore1886) (Fig.3.7). A hydraulic gradient
3.5and 2 times higher in the southeastern and northeastern shores compared to the western
shore, can partially explain the higher SGD rates in these two sections. Hoveenggest that
the spatial distribution of SGD is additionally controlled to a gretare by inherited estuarine
lithologic heterogeneities present in Mobile Bay (Burnett e2@D6; Holliday et a].2007). The
ERT imaging and sediment cores collected and characterized during this study at the three study

sites (TSW, TS-SE, and TSNE) allowed us to identify the presence of preferential SGD flow
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paths at thgroundwateiseawater mixing zonea the Mobile Bay coastal aquifer (R@.7 and
3.8).

On the western shore, identified in this study to experience very low SGD, sediment core
characterizations revealed a fine sand layer (C) at a depth of approximately 3.5 m with a
hydraulic conductivityK) of 7.9 m d' that permitted the groundwater plume to extend up to 80
m. However, above this layerdentified the presence of a 20 thidk silt layer (B) k=4.1 md
1) which serves as an aquitard, restricting groundwater flow to MobilelBays(a,Appendix I
Fig. 39. An independent study conducted recently near study si&/ B0 supportsny
findings. As part of a local contaminardnsport exploration Beebe and Lowery (2018) also
found limited SGD in the western shore with average seepage rates of 4comared to the
average 5 cmfound in this study. On the southeastern stdoend that a highly permeable
(k=22.1 m &) sand layer (DJFig. 5b,Appendix Il Figs. 30, which most likely corresponds to
the MiocenePliocene Aquifer, allowed the groundwater plume to extend up to 70 m offshore.
The deep sediment core thakecovered in this area revealed at a depth of Gah wrganic fine
sand layer (B)K = 8.2 m d") that facilitated SGD from the Mioceriiocene Aquifer Fig.
3.5b), supporting the relatively higher SGD rakdsund in this site (Tabl8.2). | suggest that
the highest SGD in Mobile Bay, found on th@theastern shore,as aresult of the preferential
groundwater flow through the coarse sand layer (up to 20 m deep) that was clearly identified by
boththe ERT images and the sediment core characterization. This top layer has the highest
hydraulic condutivity (k= 58.4 m &) compared to all other sites. Howevieipund that this
coarse sand layer was created artificially to buildniln@erous beach areas of this section of the
bay. This allowed the greatest groundwater plume extension (up to 100harejfsnd the

highest SGD fluxes in Mobile Bayhe ERT images shoedthat within the first 20 m from the
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shore, SGD occurs directly from the coarse sand into Mobile Bay while groundwater seepage in
the remaining 80 m takes place through the organic &énd kyer (B) (Fig3.5c).

| conclude that the combination of a high hydraulic gradient (0.25%) in the coastal
aquifer with the presence of highly permeable sedimént58.4 m d) in the northeastern
shore facilitated the observed enhanced SGD ingutise northeastershore of Mobile Bay
(3.95.7 x 1§ m*d™?). On the southeastern shore, the presence of the MigtiEene Aquifer
in contact with an organic fine sand with moderate hydraulic conductivity(2 m d") resulted
in the second higheSIGD fluxes during this study. The absence of coarse beach sand and a
lower hydraulic gradient (0.14%gsulted ira slightly lower discharge (23.8 x 1§ m*d™) in
comparison to the northeastern shore-8®x 13 m*d™). In contrast, a low hydrauligradient
(0.07%) and the presence of a silt layer of very low hydraulic conductivitg(l m &) in the
western shore determined the lowest SGD inputsd#& 16 m*d™) and highest RSGD (30
56%) component of the research area.

The abovealescribedithologic heterogeneities in the shallow sediments of Mobile Bay
contribute significantly to the large variations in the spatial distribution of SGD. The presence of
stratigraphic sequences of sediment layers with varying grain size, hydductivity, and
organic matter are common in estuaries worldwide (e.g. Sch\8f3; Charette2007; Chin et
al., 2010). Estuaries are highly dynamic systems where the sediment transport and deposition
dynamics are affected by changing river dischgpgegdominant winds, tides, and anthropogenic
activities (Ridgway and Shimmiel@002; Wilson et a).2008; Rodriguez et alk010; Wang and
Andutta 2013). Additionally, most estuaries are the product of the Holocene sea level rise and
subsequent river vays inundation (Dyen973; Ridgway and Shimmiel@002. These

common characteristidggpically lead to analogous lithologic heterogeneity in most estuaries,
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influencing the presence and magnitude of SGD (e.g. Hwang 2040; Null et al.2012; Hatje
et al, 2017).
3.6.4Mobile Bay water budget

Based orthisthreeyear investigationl, found that FSGD only represented a maximum of
5% of the total fresh water inputs to the bay during the dry season. During the wet season FSGD
was 5.5 x 10m®d™* to 115 x 10 m*d™ and the river flow was between 2300 and 2600 %10
d™*. Comparinghese two components, SGD only represented &% of the total fresh water
inputs to the baydowever, during the dry season when the river discharge was between 130 and
390 x 1 m*d™* and FSGD ranged between 2.8 X ifd™ and 6.5 x 10m*d*, FSGD
represented 0-3.0% of the fresh water inputs to the bay (T&be Fig.3.7). These estimas of
FSGD contribution to the fresh water budget of Mobile Begin close agreement with
estimations reported in other rivdominated estuaries worldwide. For instance, Schwartz (2003)
found that SGD in the Delaware Estuary accounted on average fof t6%l fresh water
discharge. Kim et al. (2010) and Dulaiova et al. (2006) estimated that FSGD represented 3.4%
and 4% compared to riverine discharge in the Yeongsan River Estuary (Korea) and the Gulf of
Thailand respectively.

To confirm these findingsn addition to the radioisotope approath]so used water
stable isotopedit?0 a AHJ to évaluate the relative contribution of each of the water sources
to Mobile Bay including river and groundwater inputs as well as seawater entrance from Main
Pass (Fig3.1). Based on the stable isotope mixing mdé@pendix IIEgs. 3.12, 3.13, and
3.14), | found that river inputs dominated the system during the wet season with up to 89% of the
total inputs to the bay, whereas seawater entrance in Mobile Bay via Main Pass was 10%. During

these periods FSGD represented only 1% of the water budget Bl@bl€herefore] suggest
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that the importance of FSGD is higher during the dry season when river flow decreases
significantly. Although the river input is still the dominant source of water to Mobile Bay (61%),
the contribution of FSGD is relatively high@ccounting for up to 5% of the water budget. This
agrees well with the volumetric comparison between the assessed FSGD and river flow (0.7
5.0%) based otheradioisotope approach. The lower river discharge during the dry season
results in a lower flushg rate (from 4.7 kmdduring the wet season to 3.3 kM)dallowing

larger amount of seawater (34%) to enter in the bay via Main Pass 8l@blEurthermore, the
salinity values were significantly higher near Main Pass during the dry sefggoengk Il Figs.

1a andlb), which also supposgthis finding.

Althoughthesefindings indicate that FSGD is not significant to the water budget of the
Mobile Bay as a whold,found that on a regional scale, SGD appears to be quite important. For
instance) found that FSGD is most important in the northeastern shore where it represented
between 26% and 37% of all water inputs when compared to rivét1®() and seawater inputs
(3-14%) (Table3.5). Proportionally, FSGD was slightly lower in the southeasterreskdrere it
represented 30% of the total water inputs during the dry season and 12% during the wet season.
River water dominated the system in this areaG8%), while seawater inputs did not affect this
shore significantly (1220%) due to the specific wex circulation pattern in Mobile Bay (Table
3.5). With 7175%, seawater was proportionally the largest component in the water budget of the
western shore of Mobile Bayfound that the fresh water plume from the MolJilensaw River
System extending tihe south Appendix IIFigs. 1a and Dbdid not affect significantly the area
of the southwestern shoreline (nearW$ where river inputs represented-13% of the total
budget. The contribution of FSGD to the budget of the western shore was the loMebilef

Bay, representing 208% of the total water inputs (Tal8&).
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. “18 “18 “18 <18 w2 - - -
Location Season U Ogier U Opsgp U Oow U Oug U Hriver UZHFSGD uZHovv UZHMB friver fow fsep

(a VSMOW) (%)
. Dry -3.5 -3.6 0.0 -2.3 -18 -19 0 -12 61+7 34+4 5+05
Mobile
Ba
y Wet -3.4 -4.2 0.0 -3.1 -18 -20 0 -16 89+6 10+0.7 1+0.1
Dry -3.0 -3.6 0.0 -1.0 -15 -20 0 -5 11+3 71+21 18%5
TSW
Wet -4.4 -4.2 0.0 -4.0 -23 -20 0 -22 15+1 75+7 10+ 1
Dry -4.0 -3.9 0.0 2.4 -18 -19 0 -11 59+13 11+2 307
TS-SE
Wet -4.4 -4.2 0.0 -3.5 -23 -20 0 -18 68 +7 202 12+1
Dry -3.0 -3.9 0.0 -2.9 -15 -19 0 -14 50+7 14+2 37+5
TSNE
Wet -4.4 -4.2 0.0 -4.2 -23 -20 0 -22 71+7 3+0.03 26+2

Table 3.5Site andseases peci f i ¢ v al u%4rH thred ehdnembat miking modal & calculate the fractions of
riverine, FSGD, and seawater inputgdf frsga and fw) in mobile bay during the dry and wet seasons. The table includes results for
water inputs in the whole bay aatleach study site individually (&, TS-SE, and TSNE).
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3.6.5 Ecological importance of SGD

During this studyl found thattheareas of enhance8GD coincide very well witrthe
locations most frequently impacted dybileesaspublished by Loesch (1960) and May (1973)
These events have been linked to water column stratification and water anoxia near the bottom
sediments, where dersal fish and crustaceans are mostly affechebileestypically occur
during easterly winds, which create a coastal upwelling effect moving the surface water away
from the east shore of the bay and forcing hypoxic bottom waters to move towards the shore
(May, 1973; Turner et 8l1987). Thus] hypothesize thatubileeeventsmust becontrolled by
enhanced SGD inputs of anoxic and nutrient rich groundwater. Further evidence that strongly
support this hypothesis was found in the analyzed lithological composition of the shallow coastal
sediments through which SGD occurs. In the sediroarms that collected at each of the two
sites with highest SGD (FNE and TSSE) and most frequent locationsJoibiless, | identified
an organic fine sand layer (up to 36% organic matter content) that is only present along the
southeastern and northéas shores, extending 100 m offshore (at least). ERT images
confirmed that indeed at both study sites SGD occurs through the organic sedimgRidayer
3.5). I suggest that the decomposition of the organic material creates anoxic conditions in
flowing pore water which ultimately discharge into nearshore waters.

Furthermore, Liefer et al. (2009) and Mcintyre et al. (2011) associated blooms of harmful
diatoms in the southern area of Mobile Bay with nutrient inputs via SGD. Although HABs have
never been gdied in the eastern shore of the bagpeculate that the ubiquitous presence of an
organic sand layer combined with enhanced SGD could represent an important source of
nutrients to the coastal ecosystem also triggering or supporting HAB events inttheastern

and northeastern shores, where river inputs are limited3Hig.
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3.7 Conclusions

In this studyl demonstrated that hydrogeological heterogeneities in the shallow
sediments controlled the occurrence and magnitude of SGD in Mobile Bay, @ tiyee
dominatedsystem, which is the fourth largest estuary in the USéund that only the combined
application of radiotracer techniques, shallow geophysics surseggage meters deployments
stable isotopes analyses, and sediment cores colladiiteved us to evaluate the importance of
SGD in areas impacted by HABs alhubilees

Based ommy results, FSGD only represented 0.2% of the total fresh water inputs in
Mobile Bay during the wet season and a maximum of 5.0% during the dry season. Hbwever,
found thatSGD occurred preferentially along the eastern shore of Mobile Bay, accounting for up
to 80% of the total SGD in the bay and coincidmith the most frequent areas Jubileeevents.
During the dry season, whdabileesoccur,|l also observed that the importance of FS@43
highestin the eastern shof80-36% of all water inputs)l'he reatively higher SGD contribution
in the dry season, the anoxic nature of SGD, and the observed enhanced fluxes in this area might
be controlling thelubileeeventsl hypothesize that the material decomposition in the organic
sand layer identified alongéleastern shore creates anoxic conditions in SGD, possibly
enhancing the oxygen depletion that trigghrkilees Additionally, | speculate that the presence
of this organic layer combined with the enhanced SGD rates could also represent an important
soure of nutrients to the coastal ecosystem, possibly triggering or supporting HAB events in the
eastern shore.

The combination of a high hydraulic gradient in the coastal aquifer with the presence of
highly permeable coarse sand deposits in the northea$iera facilitated the maximum SGD

inputs and FSGD portion (73%) measured in the bay. The absence of coarse beach sand and a
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lower hydraulic gradient generated a slightly lower discharge in the southeastern shore compared
to the northeastern shore. In cast;, a low hydraulic gradient and the presence of a silt layer

with very low permeability in the western shore determined the lowest SGD and FSGD portion
(44%) in Mobile Bay.

Examining the timeseries measurements conducted on all three shores of Malyile B
observed that SGD was mainly controlled by madneen tidal pumping during base flow
conditions. During high flow conditions, SGD was also driven by tidal pumping on the western
shore and to a lower extent on the southeastern shore. Homevkenortheastern shore SGD
was primarily controlled by the terrestrialtiyiven hydraulic gradient of the coastal aquifer.

Using the water apparent algestimated that the average water residence time of Mobile
Bay was 5.1 days during the wet season (higér flow conditions) and 7.0 days during the dry
season, which derived in flushing rates of 3.3 khadd 4.7 km @ respectively. These flushing
rates can be further applied in future studies to investigate the transport dynamics of dissolved
contaminarg and suspended particles in the bay and later mixing with seawater in the Gulf of
Mexico.

The lithologic heterogeneities observed in the shallow sediments of Mobile Bay
including varying grain size, hydraulic conductivity, and organic matter contenbv@am@an in
other estuaries. Most estuaries have a common formation history and similar lithologic and SGD
settings can be expected in other large estuaries worldwide.
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3.10Appendixli
Total SGDassessments
Radon model
SGD-derived®’Rn fluxes Esgp dpmm?h™) were be determined using the following
expression (Eq. 1):

& & & # & 1)
whereFamis the atmospheric evasion fluxes’&Rn through the water/air interphagjy are
mixing losses due to tidal variations and horizontal fluGzsijs the production of*Rn from
22°Ra decay within the water columandFpj is the?*Rn diffusion flux from seabed sediments.
Specific gpundwater discharger( cm d*) was calculated (Eq. 2) by dividing S@Gi2rived
222Rn fluxes by the representative (site and seagetific) groundwate?”’Rn concentration

endmember Rnsgp dpmm™) (Burnett and Dulaiova, 2003):
 —— 2)

To calculate groundwater fluxeSGD m*d™), specific dischargesr) were multipliedby the
total areaA, n?) through which SGD occurs (Eq. 3):
3" %5 ! ®3)

The seepage areA)(was calculated by multiplying the shoreline length affected by SGD based
on?*Rn and CRP boat surveys, and the offshore extend of the groundwater plume observed with
ERT during low tide.
Seepage meters

The seepage meters were built using a bottomless 120 L drum with an opening on their
tops where a plastic bag was attached using axtsyovalve (Lee, 1977). The seepage meters

were submerged and inserted in the coastal sediments near gieOR¥ leaving the valve

148



side slightly higher allowing any gas to escape before plastic bag attachment. The water volume
entering the plastic bag and time elapsed were then recorded during 12 heluosiaintervals.
Site-specific groundwater disctges SGD cm d*') were calculated using Eq. 4 modified from

Lee (1977):

8

3'$

4)
whereV is the volume of water entering the plastic bag (mi9;the time elapsed (s), and 33.88
is aunit conversion factor specific to the 0.25flow area to obtain seepage velocity in cih d
To calculate groundwater discharge® @) | used the same seepage areas as in the radon
approach.

FSGD and RSGD assessments

Radium model

A Y £ p (5)
0 @A yis 0 @A A O0A £ o0&A A (6)
6 @A /E 6 @A A 6eA £ 6&@&A A (7)

wherefriver trsen @andfow represent the proportional fractions of river, RSGD, and open seawater
entering Mobile Bay. Whil®&arive, Rarsen Raow andRayg are radium concentrations (dpmm
measured in the MobH&ensaw River System, groundwater, seawater, and MobileRzgy.

was obtained from averaged concentrations sanipleldoreperpendicular transects (R1, R2,

and R3) or samples collected near the sampling stabgianday,, are the decay constants of
*2Ra (0.19 &) and***Ra (1.18x 10° d*) andt is the bay wateapparent age/residence time (d)
determined using Eq. 9.

Using the fraction of RSGi{se) at each location, SGD fd™) was calculated using Eq. 7:
23" $— (8)
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The volumeY) of baywaters affected by SGD was calculated multiplying the area of seepage
(A) (obtained fronf?’Rn, CRP, and ERT surveys) by the average water column depth.
Bathymetry data were recorded with the depth sonar integrated in thenl§&MS unit used for

the CRP

The apparent age, days) of Mobile Bay waters was determined using the activity ratio (AR) of
?2Ra and®Ra in Bay waters compared to the Mobilensaw River System AR applying

equation 9 (Moore, 2000):

o
o
€

>
o
o-
c

O 11

— (9)

o
o-
€

o
o-
c

where(**Raf**Ra), is the initial averaged AR measuredviobile-Tensaw River System
(***Raf*Rapsis the AR at any point in Mobile Bay waters, wheragsandas,s are the decay
constants of*Ra (0.19 #) and***Ra (0.06 &). The average water residence tirfjeapplied in
Eq. 8 at each location was calculated from the ssan®les utilized to obtaiRayg.
Stable isotopes model
£ E p (10)

1/ £ £ A (11)
wherefesgpand frseprepresent the fresh and recirculated fractions of S op-PHEsGD
andit®Orgp-tPHRscpare the isotopic values of FSGD measured in wells (/8 and RSGD
obtainedrom piezometers P3, Pz4, and Pz at each location. The total SGD emémber
was obtained from the average values of piezometelst®Pz5.
Water budget of Mobile Bay

£ £ £ p (12)
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1/ A 1/ A 1/ /e 1/ (13)
1% £ Y £ 1Y £ Y (14)
wherefriver frsep @andfow represent the respective fractions of riverine, FSGD, and seawater
inputs. i O0griver PHRriver, U °Orsep-UPHEseD, UM 00w-FHow, andit®Oys-tPHyis are the average
%0  a AHdvalues measured in the Mobilensaw River System, groundwater (WEIB),
seawatge and Mobile Bay.
Site-specific water budgets were also constructed for each locatieW(TI-ES, and
TS-NE). In this case, Mobile Bay watei¥’Oyg andiPHys values were obtaineskclusively

from averaged surface water samples collected near shorBZRdnd R3).
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Tabl

e 1

Temperatur e,

during all sampling campaigns

e’H eOH%PRin, R4, RadfRd, ard residence time (t) sneabured in Mapile
Bay, Mobile Tensaw River System, groundwater wells and piezometers, and seawater fanif hfeMexico (in Dauphin Island)

_ _ Temperature  Conductivity  Salinity Stable isotopes 22Rn 2Ra 22Ra 2Ra t
Date Sample ID Longitude Latitude “0) (uS e o Dsz; ow | Vﬂslslao " x 16 dpm 1) (dpm 1) @

'\ggrlcsh s1 -87.84328  30.37614 226 10830 6.2 9.2 2.4 N/A 250 + 10 17010 8%05 50.3
s2 -87.87306  30.38349 226 14240 8.2 -14.6 -3.0 N/A 90+5 90+5 3+02 4+02
s3 -87.91313  30.43098 21.4 9080 5.1 -18.8 3.7 N/A 70+4 70+4 5+03 7+04
sS4 -87.93006  30.49403 21.6 4830 2.6 -20.7 -4.0 N/A 90+4 120+ 9 8+04 8+05
S5 -87.90449  30.55144 223 2830 15 -21.4 41 N/A 40+3 40:+4 3+02 7+04
S6 -88.08128  30.55829 20.4 4290 2.3 -15.1 -3.8 N/A 60+ 3 70+5 3+01 3+02
S7 -88.09216  30.51984 21.7 3690 1.9 21.7 -3.9 N/A 70+4 60+5 2+01 3%02
S8 -88.10060  30.49407 21.7 4560 2.4 -19.2 3.7 N/A 90+5 70+3 3+01 5+03

S9 -88.10475  30.44645 221 4950 2.6 -20.1 -4.0 N/A - - - -
S10 -88.10332  30.44149 227 5250 2.8 -20.2 -4.0 N/A 130+ 9 50+4 3+02 5+03

si1 -88.10099  30.42176 223 6050 3.2 -19.0 -3.9 N/A - - - -

S12 -88.10169  30.40087 220 7750 41 -19.7 37 N/A - - - -
S13 -88.10223  30.39501 21.8 7830 44 -18.7 3.7 N/A 370 +20 80+5 4+02 6+04

TSSER3  -87.87887  30.39188 220 11660 6.6 -14.9 32 N/A - - - -

TSW-R3  -88.10527  30.40376 213 7130 3.9 -15.8 3.4 N/A - - - -

MR -88.01071  30.68467 18.8 150 0.1 4.8 11 N/A - - - -

TR -88.00559  30.68133 19.1 250 0.2 4.8 0.9 N/A - - - -

SEWell-l  -87.79257  30.40586 19.0 40 0.1 -18.7 4.2 100 + 40 - - - -

SEWell-2  -87.88392  30.43140 18.6 50 0.1 -195 38 60 * 20 - - - -
July 2015 S14 -88.10082  30.38729 30.1 29280 16.2 -4.0 1.0 N/A 580 + 40 90 6 4:02 7+04
S15 -88.10063  30.41235 317 25600 13.6 5.1 -1.0 N/A 520 + 40 200+£10 7+04 6+04
S16 -88.10221  30.43576 313 21890 11.5 5.8 -0.9 N/A 420 + 30 180 £ 8 603 6+0.3
S17 -88.10332  30.44149 321 11570 5.7 -10.2 23 N/A 370 +30 110+ 9 4+02 5+03
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March
2016

S18
S19
S-20
S21
S22
S23
MR
TR
AR
SEWell-1

SEWell-2

S24
S25
S-26
S27
S-28
S-29
S-30
TS-SER3
TS-SER3
TS-W-R3
MR
TR
AR
SEWell-1
SE-Well-2
W-Well-1

W-Well-2

-88.08348

-87.85488

-87.87132

-87.89934

-87.91749

-87.93801

-88.01071

-88.00559

-87.95435

-87.79257

-87.88392

-88.10502

-88.10226

-88.09991

-88.10152

-87.87852

-87.91357

-87.91951

-87.87887

-87.91136

-88.10527

-88.01071

-88.00559

-87.95435

-87.79257

-87.88392

-88.12211

-88.12330

30.52646

30.37703

30.38527

30.40281

30.43925

30.48410

30.68467

30.68133

30.67318

30.40586

30.43140

30.38330

30.42125

30.46609

30.49469

30.38507

30.42801

30.46050

30.39188

30.52604

30.40376

30.68467

30.68133

30.67318

30.40586

30.43140

30.46031

30.47109

313

28.8

29.0

29.5

30.2

315

29.1

28.8

29.5

23.6

22.3

22.2

22.4

225

23.0

21.8

221

22.2

23.2

21.0

25.2

16.5

17.0

15.3

218

211

21.2

21.6

20220

15520

13510

14410

12670

12150

950

750

680

40

70

5350

5200

4680

2900

3060

2580

2440

4020

360

5040

230

110

140

90

60

130

140

10.6

8.3

6.2

0.4

0.2

0.2

0.1

0.1

2.9

2.8

25

15

1.6

13

1.2

21

0.2

2.7

0.1

0.1

0.1

0.1

0.1

0.1

0.1

-11.4
-10.0

-10.8

-11.2
-13.9
-20.2
-18.7
-19.7

-20.5

-19.4
-18.4
-18.5
-21.0
-18.0
-18.4
-18.6
-17.5

-20.6

-21.1
-17.6
-20.9
-20.2
-21.4
-20.5

-18.3
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
90 + 20

60 £ 10

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
60 + 20
24+10
110 + 20

90+ 10

204 + 20

70+10

100 + 10

130 + 10

120+ 10

190 + 20

130+ 10

110+ 20

100 + 20

170 = 10

100 + 10

120 + 20

220+ 20

130+ 10

90+8



W-Well-3

April NE-Pz1
2016
NE-Pz2
NE-Pz3
NE-Pz4

NE-Pz5

June 2016 gppaia

SEPz1b
SEPz2a
SEPz2b
SE-Pz3a
SE-Pz3b
SEPz4
SE-Pz5
TS-SER1
TS-SER2
TS-SER3
W-Pz1
W-Pz2
W-Pz3
W-Pz4
W-Pz5
TSW-R1
TSW-R2
TSW-R3
MR

TR

-88.10803

-87.90843

-87.90854

-87.90855

-87.90860

87.90863

-87.87815

-87.87815

-87.87819

-87.87819

-87.87818

-87.87818

-87.87823

-87.87827

-87.87841

-87.87858

-87.87887

-88.10646

-88.10632

-88.10632

-88.10629

-88.10625

-88.10606

-88.10573

-88.10527

-88.01071

-88.00559

30.48300

30.53010

30.53015

30.53013

30.53016

30.53017

30.39243

30.39243

30.39237

30.39237

30.39236

30.39236

30.39231

30.39228

30.39241

30.39221

30.39188

30.40353

30.40352

30.40352

30.40351

30.40350

30.40380

30.40377

30.40375

30.68467

30.68133

211

20.6

21.7

24.2

22.4

22.9

25.7

29.0

23.7

24.7

24.7

24.8

25.6

23.2

29.6

27.5

27.9

24.8

24.2

23.9

22.3

22.0

27.0

28.3

29.1

23.7

23.5

70

580

190

510
4270

5820

990
1490
1930
2360
7630
8060
9540
9970
10250
10140
10120
1540
1680
1910
6380
10690
20010
19890
20290
160

180

0.1

0.3

0.2

0.3

2.3

3.2

0.1

0.3

0.4

0.8

4.2

4.8

53

5.6

5.8

5.7

5.7

0.7

0.8

1.0

3.8

6.1

12.0

0.1

0.1

-21.9

-18.2
-19.8

-20.4

-13.1
-14.1
-12.3
-13.6
-13.0
-12.8
-13.4
-12.9
-10.5
-19.0
-11.6
-19.4
-20.4

-14.4

-15.5

-18

154

110 + 20

80 + 20

70+ 20
60 + 20
50+ 10

40 £ 10

N/A
N/A
N/A
210 £ 20
440 + 30
310 £ 20
70+ 10
140 + 40
N/A
N/A
N/A
N/A

N/A

350 + 20

6610 = 500

340+ 20

1130 + 100

170 + 10



December
2016

AR
SEWell-1
SEWell-2
NE-Pz1a
NE-Pz1b
NE-Pz2
NE-Pz3a
NE-Pz3b
NE-Pz4
NE-Pz5
TSNE-R1
TSNE-R3
TR

AR

SEPzla
SE-Pz1b
SEPz2a
SEPz2b
SE-Pz3a
SEPz3b
SE-Pz4a
SE-Pz4b
SEPz5a
SE-Pz5b
TS-E-Sea
SEWell-2
W-Pz1a

W-Pz1b

-87.95435

-87.79257

-87.88392

-87.90843
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Figure 1.Spatial distribution of salinity measured in Mobile Bay showing combined values from all surveys conducted during the dry
season (a) and wet season (b). During the dry season salinity was on average higher (4.2) than during wet periodeest). The
salinity values were always measured near the Mel#lesaw River System, whereas the highest values were measured on the
western shore and Bon Secour Bay.
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Figure. 22*Ra (a),**"Ra (b), and®Ra (c) concentrations measured in Mobile Bay during all sampling campaigns. The spatial
distribution 0f**Ra and®®*Ra showed a strong correlation with salinity where higher salinity values derived in higher radium
concentrations due to desorption fronsgended particles. RadiuB26 concentrations were highest on the western shore and Bon
Secour Bay, whered$'Ra peaked on the western and southeastern shores. In céfifRastoncentrations were highest on the
northern area of the bay and Bon Secouwy.Ba
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Figure 3. Shorgerpendicular timéapse ERT performed during falling tide and sediment cores collected\At disthe western
shore (a), TSSE on the southeastern shore (b), andNESon the northeastern shore (c). The tide stage and timelo&&ar
measurement during the time series is shown for each location with numbers (1, 2, and 3) in the left panel, correspahding wit
numbers on the ERT images. The sediment cores were retrieved from the installed piezonatezeh location andea

highlighted with a dashed square in ERT line 2 of each site.
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Figure. 4. Scatter plots showing the negative correlation between SGndtede stage on the western shore (study st&/JS
during the high SGD period (a) and base flow SGD period (b) of-ttee/3ime series measurements conducted during March of
2016. Panel (c) shows the positive correlation between SGD rates and theéwgrtaurelevation during the wholeday time series
measurements.
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Figure. 5. Scatter plots showing the negative correlation between SGD rates and tide stage on the northeastern si®Estudy s
NE) during the first dapf time-series measurements (a) and the positive correlation between SGD rates and groundwater elevation
during the remaining 4 days of the tiseries (b) of the-Blay time series measurements conducted during March of 2016.
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Figure 6. Scatter plots showing the negative correlation between SGD rates and tide stage on the southeastern shefESStEYly Si
during the whole time series measurements (a) and aftef“ttay2of measurements (b) of thel&y time series meagments

conducted during March of 2016. Panel (c) shows the positive correlation between SGD rates and the groundwater ellegation duri
the whole 5day time series measurements.
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CHAPTER 4:
ARE GROUNDWATERDERIVED NUTRIENT INPUTS IMPORTANT FOR THE JUBILEE
EVENTS IN MOBILE BAY, ALABAMA?
4.1 Abstract
In this study | evaluated the importance of submarine groundwater discharge (SGD) for
the nutrient (N@, NH,", DON and PGQ") budget of Mobile Bay and its potential impacts on the
estuarine ecosystem from 2015 to 20lsed a combination of approachesludingdissolved
oxygen measurementihological characterization, radioisotopé&®b and*’Cs) dating, stable
isotopes  ( Ni'tN«'80t ea nid S &°@-iN)eamd dissblved organic matter (DOM)
composition analyses to identify the main sources of nutrients in Mobild Baynd that
Mobile Bay receives nearly a quarter of the nutrient budgeanaxicSGD during tle dry
season, with 56% and 15% of the total f;leind DON inputsvhich were deliveretb the east
shorewhere largescale fish kills locally knowmasJubileesoccur. | provided four lines of
evidence to demonstrate that a widespread peat layer, identified on the east shore of the bay, is
the main source of SGBerived nitrogen. Based on this investigation, the peat lagseburied
relativelyrecently(duringthe 60s) and is mostly comprised of the root system and plant remains
of a previously existing marsh aréalemonstrate that the naturatigcurring abundant organic
matter mineralization within the peat laysresponsible for the exceptionally high Nkand
DON fluxes déveredby SGD on the east shore of Mobile Bay. This finding is in contradiction
with previous studies suggesting that SGD delivered the féfilizers contamination from the

coastal aquifer to Mobile Bayhrough this investigatiohfound noevidenceof significant
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anthropogenic pollution from fertilizers and sewagestethat could potentially impact Mobile
Bay. Incontrast | found that thanitrogen inputs are of natural origin, produced in the sediments
andasNH4" and DON.Furthermore, | hypothesize that the anoxic groundwater and &itd
DON inputs delivered by SGD could be supportingileeevents and harmful algal blooms
(HAB) events observed in Mobile Bay.
4.2 Introduction

Submarine groundwater discharge (SGD) is gooirtant source of natural and
anthropogenic dissolved constituents such as nutrients, trace metals, and contaminants in coastal
waters (Johannes, 1980; Moore, 1999; Null et al., 2012; Rodellas et al., 2014). The significance
of SGD for the water budget alver-dominated systems has been traditionally overlooked
because in most cases SGD represents only a small volumetric fraction compared to river
discharge (Kohout, 1966; Burnett et al., 2006). However, nutrient concentrations in groundwater
are typicallyorders of magnitude higher than those of surface water, resultmgriantfluxes
comparable to fluvial inputs (Charette et al., 2003; Santos et al., 2008). Ultimately, excess of
SGD-derived nutrient inputs often cause eutrophication (Hwang et al., 2005), hypoxia (McCoy et
al., 2011), seagrass beds degradation (Valiela et 80)18nd harmful algal blooms (HABSs)
(Garceés et al., 2011; Smith and Swarzenski, 2012).

Dissolved nutrients (e.g.-NMind R) delivered by SGRzonsist ofboth inorganic and
organic forns (Santos et al., 2008; Garesolsona et al., 2010; Su et al., 2014)coastal
sediments, the two forms undergo unique (yet intertwined) pathways of geochemical
transformations resulting in bioavailable forms that can cause the proliferation ofcspecifi
primary producers (i.dalooms). Understanding thenutrient transfamatiorsis critical in

evaluatingtheir ecological effectsSeitzinger et al., 200ZadatNoori et al., 2016).
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Estuaries are among the most diverse, prodeiend economically important
ecosystems, yet particularly sensitive to the above mentioned ecological disturbances (Seitzinger
et al., 2002; Makings et al., 2014). The ecological implications of the excess efl&&Bd
nutrients on estuarine systems hbeen widely investigateid the last two decades..Burnett
and Dulaiova 200@urnett et al., 2007; Null et al., 2022y et al. 2013 In most scenarios, the
causes of nutrient enrichment in previous studies were identified as result of anthropogenic
activities. However, little attention has been paid to the natural variability in the composition of
the shallow aquifers, velte SGD occurs in these are@sastal sediments at this depth are
typically composed of multiple sediment layers of varying caositjpm, organic matter content,
and permeability. These hydrogeological conditions combined with daily sea level oscillations
due to tidal pumping, set for fast nutrient biogeochemical transformations at the groundwater
surface water wedge (Krantz et 2004; Michael et al., 201&hapter 3. Because the majority
of SGD occurs through the shallow sediments in this near shore zone, the groundwater
composition discharging there (and hence of the receiving surface waters)datatewby both
the local hydodynamics and unique lithological set uptloé regional coastal aquifé8antos et
al., 2009; Sadaoori et al., 2016CerdaDomenech et al., 2017

Mobile Bay, located in the Alabama Gulf Coast, is the fourth largest estuary in the USA
(Fig. 4.1). Typically, during the summer (or dry season) Mobile Bay experiences massive fish
and crustaceans §ubl ELeesch,d360). Tlye edonomiwimpaat of thé
Jubileess extensive, affecting recreational and commercial fisheries in MobileFBay.
example, in 1967 May (1973) estimated that only due tdub#&eeevents that occurred between
1967 and 1971, 23,000 kg of fish, 18,000 kg of blue crabs, and 2,653,000 oysters died,

accounting for a total value of $595,500 at that time. Recent studieate thaharmful algal
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blooms (HABSs) also occur systematically in Mobile Bay during the summer (Liefer et al., 2009;
Mcintyre et al., 2011; Su et al., 201%hese studies indicate thhtbileesand HABs only occur
in specific locations of Mobile Bay, often in areas with no direct surface water inputs, and that
these events are caused by hypoxia and excess nutrient inputs (Loesch, 1960; May, 1973, Liefer
et al., 2009). Although understanding lé teffects and direct causes of the fish kill is well
established, there is still large uncertainty onpgteeessefriggering and supporting these two
phenomena.

In this study, constructed the nutrient (NQNH,", DON and P@") budget of Mobile
Bayto identify the main forms and sources of nutrients to the fourth largest estuary of the USA.
To evaluate the contribution of different water sources and their relative importance for the
nutrient budget and ecological impact on these coastal aigasifically examined several
locations impacted byubileesand HABs. To elucidate the sources of S@Bd riverderived
nutrientsluseds t abl e i sot™nP@sarf di $ Gt meamitdissilved
organic matter (DOM) composition analyses.
4.3 Sudy area

Mobile Bay is a riverdominated micrdidal estuary with an area of 1.3 x°1%, an
average depth of 3.5 m, and a total volume of approximately 4.8 m*.0he bay is connected
with the Gulf of Mexico through Main Pass between Dauphin Isladdfze Fort Morgan
Peninsula and has a narrow (120 m) and deep (15 m) ship channel extending from the City of

Mobile to Main PassGreene et al., 200Du et al., 2018) (Fig. 4.1)
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Figure 4.1 Study area location, showing land uses (from Ellis eR@l.]l), potentiometric

surface of the MiocenBliocene Aquifer (Geological Survey of Alabama, 2018), groundwater
flow direction, monitoring wells for groundwater elevation, and sampled wells. The study area is
divided in three sections: western shore, reagitern shore, and southeastern shore. At each
section, the study sites where sediment core collection, intertidal piezometers installafion (Pz
to Pz5), SGD assessments, and S@&ived nutrient fluxes evaluations were conducted, are
represented with star. Inland wells at both western and eastern shores are represented with an
open circle. FR, DR, MR, SR, TR, AR, BR, FiR, and MgR represent the location of Fowl River,
Dog River, Mobile River, Spanish River, Tensaw River, Apalachee River, Blakeley Risfer,

River, and Magnolia River
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As in all estuaries along the Alabama Gulf Coast, the tides in Mobile Bay are diurnal
with an average tidal range of 0.4 m (Hummel, 1996; Greene et al., 2007; Du et al.Th@18).
averageannual temperature in Mobile Bag/21°C, with monthly maximum of 27°C during the
summer (Junéugust) and minimum of 14°C during the winter (Decerdbelbruary). Two
maximum rainfall periods exist in the area, one during the spring (Febvlaach) and a second
during late summer (Julfugust), whereas the minimum is usually in June and October, with an
annual mean of 1670 mm*yWard et al., 2005). Mobile Bay receives 95% of its surface water
from the MobileTensaw River System, the second largest systemin the Gulf of Mexico
afterthe MississippiAtchafalaya River System (Dinnel et al., 1990). The Mob#asaw River
System has a daily average discharge of 1500 mi6™ and its flow is controlled mostly by
precipitation throughout the year. Thus, the maximum discharge alsts @lteing March, while
the minimum flow typically takes place during the summer months {&#ptember) when
evapotranspiration is highest (Schroeder et al., 1990; Stumpf et al., 1993; Ward et al., 2005).

The drainage area of the Mobilensaw River Syem is approximately 115,000 km
(Dinnel et al., 1990). The riveand SGDBderived nutrient inputs to Mobile Bay and their source
largely depends on the land use and lithology within the Miobdasaw River System
watershed. About 75% of the basin is ceeeby forests and wetlands, whereas 18% is
comprised of agricultural land and 2% of urban areas (Ward et al., 2005). The east and west
shores of Mobile Bay are located in Baldwin and Mobile counties respectively. On the east shore
agricultural activities dminate the land use occupying about 55% of the total area, whereas
urban areas represent 5%, and scattered cattle farms 4%. The remaining 36% of this area is

naturally preserved as forests (26%) and wetlands (10%). In contrast, on the western shore
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naturd areas of wetlands and forest dominate the land use with 39% and 22% respectively, while
the urbanized area of Mobile City occupy 20% and agriculture 19% (Ellis et al., 2011).

Two main aquifer units comprise the coastal hydrogeology of Mobile Bay: the (1)
Watercourse Aquifer and the (2) MioceRBocene Aquifer (Walter and Kidd, 1979; Gillet et al.,
2000;Chapter 3. Both units are hydraulically connected to Mobile Bay and are separated by a
thin interbedded clay layer. The Watercourse Aquifer is a shallos2@18) unconfined unit
comprised of Pleistocene to Holocene sand deposits, present only in the southeectoost
the western shore and Bon Secour Bay (#ib).. The MiocenePliocene Aquifer is an
unconfined to seratonfined formation comprised of sand deposits with a maximum thickness of
50-60 m Reed, 1971; Chandler et al., 198&&5llet et al., 2000). Th&liocenePliocene Aquifer
water table elevation as presented by the Geological Survey of Alabama (2018) indicates that
SGD should occur uniformly along the whole shoreline of Mobile Bay @&1g. Howeverjn
Chapter 3 found that SGD takes place prefatially along the east shore of the bay from the
MiocenePliocene Aquifer (Fig4.1). These preferential pathways were attributed to the
lithological heterogeneity of the Miocefiocene Aquifer coastal sediments where SGD takes
place. Earlier during thistudyl found that a continuous silt formation, present uniformly along
the western shore of Mobile of very low permeability, restricts SGD in this areal (&ag.
Conversely] also found that a peat layer underlain by the Miodelnecene Aquifer istte main

conduit for SGD on the east shore of Mobile (F§&b and4.2c) (Chapter 3.
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Figure 4.2 Schematic geologic cross sections showing the lithologic characteristics of the
shallow coastal sediments at study siteWW®n the western shore (a)5-B5E on the

southeastern shore (b), and-N& on the northeastern shore (c) as presented in Chapter 3. The
locations of all intertidal piezometers (B2o Pz5) and sediment cores (highlighted in dashed
rectangles) are also shown on each panel. The disbadpresents the SGD plume extent on
the western shore at W (80 m), on the southeastern shore aiSES(70 m), and the
northeastern shore at E (100 m)

4.4 Methods
4.4.1Sample collection
To construct the nutrient budget of Mobile Bagpllected water samples from all input

endmembers, including groundwater, surface water from the rivers entering the bay, and surface

water from Mobile Bay. All water samples were collected following the same protocol.
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Surface water samples from MobilapBwere collected during boat surveys conducted
along the shoreline and across Mobile Bay during three wet seasons (March of 2015, March
2016, and July 2017) and two dry seasons (July of 2015 and March Rdting all surveys
GPS positioning of the samipg locations was recorded 30-sec interval§LowranceHDS 5)
with an accuracy of + 1 nThe surface water was collected with a submersible pump from a
depth 0f0.3 m.Samples for nutrients (NQ NH,*, DON, and P@"), NOs stable isotopedit®N
a n d°0)pdissolved organic carbon (DOC), and dissolved organic matter (DOM) were filtered
in the fieldwith sterile 0.4 m c el | ul o s and eolieeted anta@d cleand0mle r s
polypropylenevials. Samples were kept in ice until arrival to the laboratory for a maximum of 6
hours and frozen until analysis.

River water samplesere collected during all sampling campaigns from the main rivers
of the MobileTensaw River Delta, i.&Jobile, Tensaw, Apalehee, and Blakeley Rivers at their
point of discharge to the bay (Fig1).

Groundwater samples were collected from inland wells and -glevpendicular transects
of piezometers installed at the shore during this study 4&2%. The shorgerpendicular
transects consisted of five piezometers{Ra Pz5) installed at different depths as illustrated in
Fig. 4.2. Additionally, pore water samples were also collected 8SES&om a 2m multi-level
piezometer (SEz4.5). A detailed explanation on the pieneters installation can be found in
Chapter 3Additionally, groundwater was collected from five deeper wells (up to 10 m) farther
inland in the western shore (Well-1, W-Well-2, W-Well -3) and the east shore (§¥ell-1
and SEWell-2) of Mobile Bay (Fig4.1).

Sediment cores were recovered using a Geoprobe coring system (Model 5410, Geoprobe

Systems Inc.) from the deepest piezometerl(Pat each study site (cores-V§ TSSE, TS
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NE-I) (Figs.4.2a,4.2b, and4.2c). During July of 2018 a sediment corasicollected underwater
using a vibracoring system with a btitittripod at study site T8IE (TSNE-II, Fig. 4.2c) to
complete the lithologic data getesented in Chapter 3.

4.4.2 Analytical methods

Dissolved oxygen (DO) in surfageaterand groundwater was measuresing a Pro2030
(YSI Inc.) handheld instrument with a Galvanic sensor and a 1.25 mil polyethylene membrane
with an accuracy of #.2 mg L*. Before sampling, the DO sensor was calibrated following the
Y SI calibration procedure.

Nutrient (NG as NQ + NO,, NH,", DON, and PQ*) analyses were performed at
Dauphin Island Sea Lab (DISL) using a Skalar'Saegmented flow autoanalyzer with
autamatic inline sample digestion (Skalar Analytical B.V.). The instrument analytical error was
+ 5% for all nutrients measurements.

Nitrate stNand® iereanalyped at thaiUC Davis Stable Isotope
Facility following the bacteria denitrifiteon method (Sigman et al., 2001). Analyses were
conducted using a Thermo Finnigan GasBémreCon trace gas concentration system (Thermo
Scientific Inc.) interfaced to a Thermo Scientific Delta V isotoiéo mass spectrometer
(Thermo Scientific Inc.)Analytical precision foi®™Na n 0 tare 0.4 & and O.
respectively V a |l ’@ sa oM weiie calculated relative to the Vienna Standard Mean

Ocean Water (VSMOW) and the atmospheric nitrogen (AIR) standards respectively.

Dissolved organic carbon (IC) concentrations in water were analyzed using a
Shimadzu TOE€V total organic carboanalyzer (Shimadzu Scitfic Instruments Inc.)

following the method described i et al. (2015)with an accuracy of £ 2%.
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To identify the dissolved organic matter (DOM) origing(eHernes et al., 200%hang et
al., 2018), DOM moleculaabsorbanceneasurements were performed as describéd it al.
(2015) Samples were analyzed using af path lengtlguartzcuvette on a single beam UV
1800 Shimadzu UWisible spectrophotometdShimadzu Scientific Instruments Inc.) under the
scanning wavelength from 190 to 670 nm at an interval of 1 nm. DOM fluorescence properties
were evaluated using the excitatiemission matrix (EEM) coupled with parallel factor analysis
(PARAFAC) (Yamashita et al. 2008A threecomponent EEMPARAFAC model (CLC3) was
validaied by splithalf analysis and random initialization. The relative abundance of each of these
three fluorescent components (Ci, 1 to 3) was calculated as:

P& &#HE& pnim& B & P T (4.1)

whereF; represents the fluorescence intensity of each component and TF is the total
fluorescence intensity.

The organic matter of the peat layer (B) in coreSES(Fig.4.2b) was analyzed at the
Alabama Stable Isotope Laboratory (ASIL) for stdbls o t d°g e a m°) imeight percent
carbon (Gweight percent), weight percent nitrogen\{idight percent), and carbon to nitrogen
atomic ratios (C/N). Th¥ arhtdavels analyred tsingcarEAs t a b |
CKIRMS system consistingf an Elemental Combustion System (ECS 4010) coupled to a Gas
SourcelRMS operating in a continuous flow mode and interfaced with a Finnigan MAT Conflo
| 11 . V &C weeesalcoldted telative to the international Pee Dee Belemnite (PDB)
standard (Cr@j, 1957 wi t h an accur aiyaluesfwer®cal2utated reldiver e a s
to the atmospheric nitrogen (AIR) standard (Marid®83 wi t h an aceweighhcy of
percent, Gveight percent, and C/N ratios were measured with the ECS 4010 using a thermal

conductivity detector.
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A detailedcharacterization of all sediment cores including density, porosity, grain size,

hydraulic conductivity, and organic matter content can be foutthapter 3

45 Results
45.1 Sediment cores

Sediment cores recovered from deqaip to 4 m at the intertilaone of each study site
revealed the presence of an orgamit fine-grained sediment layehéreafter referred to as
pea) with moderate to high permeability on the east shore of Mobile Bay éF&jand4.3)
(Perminova and Hatfiel®005 Chapter 3. On the western shore this peat layer was absent in
sediment core T8V, which showed a different lithological structure and composition. Core TS
W wascomprised of a 0.8 m coarse beach sand (A) with only 2% organic matter, underlain by a
2.5-m thick silt layer (B) with 11% of organic matter, and a®%ine sand layer (C) with 5%
organic matter (Figgt.2a and4.3). Both sediment cores TSE and TSNE-II have on top a
coarse beach sand layer (A) of 0.5 m thickness, and 0.2 m thickness anch8¥ imafter
content.Underlying the beach sanddentified a 1.8m organierich black fine sand (B) with an
organic matter content of 36%, which was in contact with the MieBdéineene Aquifer (layers
C and D) with an organic matter content 6% (Figs.4.2b,4.2c, and4.3). However, sediment
core TSNE-I collected at the beach face showed no vertical structure, consisting uniquely of

coarse sand (E), artificially added to develop beach areaskd(@&dChapter 3.
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Figure 4.3Sediment cores collected at study siteVWn the western shore, I8 on the
southeastern shore, and-N& (TSNE-I and TSNE-II) in the northeastern shore from locations
indicated in Fig. 4.2. The presence, depth, and thickness of the peat layer (B) in the eastern shore
is shown in cores T-SE and TSNE-I.

The peat layer (B) analyzed from sediment coreSESshowed &-weight percenthat
ranged between 0.43% at a depth ofl80 cm and 6.15% at 65 cm, with an average of 3.36 £
2.15%. TheN-weight percent was highest at 45cm with 0.12% and lowest at 70tond 88%,
with an average of 0.260.0®% (Table4.1). The average C/N ratio was 12@.4, ranging
between 16.8 at 55 cm and 24.4 at458mo.t ''C ta i wier e KC g-MMeF:t (U
N =344 )atadepthof56 0 cm and WEr-8028iq W s @14 | ai 8090
cm (Fig.44). T h é%C Values were on averaggs.7+ 0.3 , ranging from29.4+ 0.1 at 85

cmand23.3+0.3 at 55 c¢ m. ®Nlhtes layer was 2302, with a minimum

valueof0.4+02 at 80 cm and8z@lamaxi dMOM4&baf (Fabl e
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Figure 4.4. Vert i ca'fC mritdbfithe erganid matset paebehtéinthe s ot o p
peat layer (B) analyzed from sedimentcoreS&. Bt b ™N were KCygMest (U
23AaAPNU344) at ofb06dee parh and WEr-80-218cv N sl )0 a't

80-90 cm.

present D em (%) (& PDI (%) (& Al
45 2.88 27.7+02  0.12 2.0+0.1 24.4
50 5.28 23.7+01 031 3.8+0.1 17.1
55 4.97 -233+03  0.30 3.7+0.2 16.8
60 4.99 234+01  0.29 26+0.1 17.1
65 6.15 244+01  0.29 1.3+0.1 21.0
TS-SE and 70 5.98 -24.6+0.1 0.33 1.5+0.1 18.2
TSNE-I ® 75 4.41 24.4+0.2 0.24 1.4 +0.1 18.0
80 3.29 249+01  0.17 0.4+0.2 19.6
85 1.03 -29.4+0.1 - - -
90 0.50 -28.7+0.4 - - -
95 0.43 -25.0+0.1 - - -
100 0.43 -28.3+0.1 - - -
Average 3.36 -25.7+0.3 0.26 21+0.2 19.0

Table 4.1 Characterization of the organic matter present in the peat layer (B) analyzed from
sediment core T-SE, showindgC-weight percentN-weight percent, C/N ratio, stable isotopes
gC a M U
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4.5.2Groundwater composition
4.5.2.1 Dissolved oxygen

Dissolvedoxygen (DO) in groundwater on the western shore was on average 1.4 £ 0.3
mg L* (n = 10) in all inland wells (Wn\ell-1, W-Well-2, and WWell-3) and intertidal
piezometers (WPz1 to W-Pz5) during the dry season and 2.3 + 0.5 rifgluring the wet
seasonr( = 7). In the inland wells DO was between 1.3 and 2.3 thfnl= 3) during dry and
wet seasons respectively, whereas in the intertidal piezometers DO v2a4 ing L'* (n = 14)
(Fig.4.5). On the southeastern shore, DO was significantly higher in gn@aiedcollected from
the inland wells SBVell-1 and SEWell-2, with an average of 5.6 + 0.7 mg hnd values
between 4.8 mg't(n = 3) during the dry season and 6.2 mig(h = 3) during the wet season. In
contrast, DO in the intertidal piezomet¢BE-Pz-1 to SEPz5) was on average 0.8 + 0.7 mg L
(n = 27), ranging from 0.6 mgi(n = 14) to 0.9 mg & (n = 14) during the dry and wet seasons
respectively (Fig4.5). In the northeastern shore DO in groundwater was highest in piezometers
NE-Pz4 and NEPz5, located in the tidal mark, with an average concentration of 3.9 £ 1.0 mg
L™ (n = 7). The overall average concentration in all piezometersRNEto NEPz5) was 2.2 +
1.0 mg L* (n = 19) (Fig4.5).
4.5.2.2Nitrate (NOs + NOy)

On the westershore, NG was on average 96 + 23 mmofrtn = 3) in the inland wells
(W-Well-1, W-Well-2, and WWell-3), which is significantly higher than the averagesNO
concentration measured in the shallow piezometer® Al to W-Pz5) during the wet season
(2.4+ 0.9 mmol n (n = 10)) and during the dry season (6.7 + 2.1 mmbd(m= 4)) (Fig.4.5).
Similarly, on the southeastern shore ;\@as higher in the inland wells (SEell-1 and SE

Well-2) with an average concentration of 110 + 34 mmdl(m= 6) duringboth the dry and wet
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seasons, whereas in the intertidal piezometerdA&Eto SEPz5) the average NO
concentrationvas between 8.0 + 3.4 mmolhin = 18) and 20 + 8 mmol th(n = 14) during the
dry and wet seasons. On the northeastern shorg,iiN@tertidal piezometers (NPz1to NE
Pz5) was on average 13 + 5 mmoPifn = 12) during the dry season and 30 + 10 mmid(m=
7) during the wet season (Fi§5).

4.5.2.3Ammonium (NH")

On the western shore at study siteWShe average Nii concerration was similar both
groundwater from the inland wells (2.7 + 0.7 mmét)rand from the intertidal piezometers (4.0
+ 2.0 mmol n?). The overall average Nficoncentration was 2.0 + 1.1 mmoP*rtn = 10)
during the wet season and 4.5 + 2.0 mmdl(m= 7) during the dry season. On the southeastern
shore, NH" was on average between 1.1 + 0.4 mmdl(m= 6) during the wet season and 7.5 +
2.2 (n = 6) during the dry season in the inland wells. In the intertidal piezometgrsvhision
average betwen 75 + 20 mmol M (n = 14) during the wet season and 140 + 50 mmd({m+
17) during the dry season. On the northeastern shore intertidal piezometgrajadién average
6.0 + 2.5 mmol i (n = 7) during the wet season and 8.0 + 3.1 mmd(me 12)during the dry
season (Figd.5).

4.5.2.4Dissolved organic nitrogen (DON)

The DON concentration in groundwater on the western shore during this study was on
average 10 = 4 mmol f(n = 3) in the inland wells and ranged between 20 mmb{m= 3)
and 28+ 10 mmol n® (n = 14) in the intertidal piezometers during the wet and dry seasons
respectively. DONnh groundwater in the inland wells on the southeastern shore was on average
50 + 30 mmol 7 (n = 3) and 110 + 60 mmol T(n = 3), while it ranged frorB8 + 20 mmol ri?

(n = 13) to 130 + 30 mmol th(n = 17) in the intertidal piezometers during the wet and dry
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seasons. On the northeastern shdoeind that DON in groundwater in the intertidal piezometers
was between 16 + 6 mmolfand 32 + 10 mmol M(n = 19) on average (Fig.5).
4.5.2.5 Phosphoroy®0,®)

In general, PG in groundwater was low throughout the research area and during all
sampling events. On the western shore the averagled®@centration was similar in the inland
wells (0.1 + 0.02 mmol i) and in the intertidal piezometers (0.2 + 0.04 mmd) mith an
overall average concentration of 0.1 + 0.03 mmdland 0.2 + 0.05 mmol thduring the dry (n
= 10) and wet (n = 7) seasorOn the southeastern shore @ groundwater during this study
was on average 0.1 + 0.01 mmofifm = 6) in the inland wells during both the dry and wet
seasons, whereas in the intertidal piezometers it was 0.5 + 0.2 nihol=rl7) during the dry
season and 0.9 + 0.4 mmoPrtn = 14) during the wet season. The averagg ROncentration
in groundwater from the intertidal piezometers installed on the northeastern shore of Mobile Bay
was between 0.2 + 0.1 mmoln = 7) and 0.5 + 0.2 mmoli(n = 12) during the wet and dry
seasons respectively (Fig5).
4.5.2.6 N/P ratis (NO; + NH," / PQ®)

The N/Pratios were significantly higher in the inland wells compared to the intertidal
piezometers on all study sites (Higb). In the inland wells located on the western and
southeastern shores N/P was on average 870 = 220 (n = 3) and 1200 + 490 (n = 6) respectively.
In the intertidal piezometers of the western, southeastern, and northeastern shores the average
N/P ratios wer@9 = 23 (n = 14), 250 + 120 (n = 31), and 66 = 29 (n = 19) &F%).
4.5.2.7Stable isotopes of NO( BN a A®@) u

On t he we $°N elues werensimilaein ifiland wells and intertidal piezometers

with an overall average of 8 i3(n = 7) and & 2a (n = 7) during the dry and wet seasons
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On the sout heas t'®Nraveragelindhe ialantd Wels wassbetwean 3+ (h &
3) and 28 + 1& (n = 3) during the wet and dry seasomkgereasn the intertidal piezometers
U*°N was nearlydentical during the dry (10 +34) and wet (11 +2 ) seasons. On the
northeastern ¥Niothedntertidalepiezometers avas @n alierage @ H8 = 19)
during both seasons (Fig5 ) . $0hvauediwere generally lower in the inland wefishe
western shore with an average of 9at 81 = 3) compared to the intertidal piezometers where
%0 ranged from 19 +% (n =4) to 27 + 18 (n = 7). In the inland wells of the southeastern
shor e t h% waw6etr a(y=e3) diring the wet seasand 9 + 2 (n = 3) during the
dry season. ln the intertid#0anpwasliZadn@ter s of
14) during the wet season and 23at & = 14) during the dry season. On the northeastern shore
t he a V% inthgietertilabiezometers was on average between 18 8 = 7) during
the wet season and 13 & 5n = 12) during the dry season (Fb5).
4.5.2.8Dissolved organic carbon (DOC) and dissolved orgamtter (DOM) characterization

The average DOC concentration in thieertidal piezometers of the western shore was
1.9 £ 0.8 mg [* (n = 4). On the southeastern shore the average groundwater DOC concentration
in the intertidal piezometers was 10 + 5 mifj(h = 14), whereas in the northeastern shore was
1.4 +0.8 mg [ (n = 5) @ppendix lll Table 1). Three molecular components{C3) were
identified in DOM analyses conducted in all groundwater samplescaationremission
maximum ranges of 25856 nm (C1), 314886 nm (C2), and 28820 nm (C3) Appendix Il
Table ). Camponents 1 and 2 correspond to hutike degradation products of allochthonous
and autochthonous organic compounds. Component 3, in contrast, represents-tikgrotein
(tyrosine) DOM composition. On the western shore, C3 was the major DOM component with a

average of 89 + 1%, while the remaining 11 + 1% corresponded with component 1. On the
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southeastern shore, C3 was also the major DOM component with an average of 89 £ 2% in
piezometers SIPz1-5, being component 1 an average of 9 £ 1%. However, in the-lexel
piezometer SEPz4.5 installed in the peat layen the southeastern shpf&2 was the major
component with an average of 43 + 4%, while C1 and C3 represented 29 + 10% and 28 + 12%
respectively. On the northeastern shore, C3 was the major DONMboemipwith an average of

89 + 1% and 10 * 1% corresponded with component 1.
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