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ABSTRACT

Dynamic balances between fresh groundwater, sgtimendwater, and surface water control the
physics and chemistry of subterranean estuariegestigations were performed in a
subterranean estuary on physical processes caimtiglto fresh groundwater and saline water
mixing, vertical and lateral positioning of thisximg zone, and how this mixing affects spatial
and temporal distributions 6%, #*Ra, and?Rn. The subterranean estuary is located in an
unconfined aquifer beneath Indian River Lagoonriglg USA, where | could examine redox
responses to altered flow regimes. Continuousrgivater and surface water level
measurements suggest a strong hydrologic conndotibyeen this lagoon and the groundwater-
aquifer system. Periodic forces (e.g. tides, fibpaissages) represent a minor contribution to
water level variations; however, forcing by tropicgclones creates large variations in mixing
within the seepage outflow. Hurricane Wilma andpical Storm Tammy caused hydraulic
gradients to reverse, causing lagoon water to rgethtae aquifer and shifting the seepage face
and subterranean estuary landward about sevenaneétdditionally, seasonal distributions of
dissolved®®Rn,?*Ra, and®**#*U in pore and surface waters revealed sensitigitgmporal

and spatial mixing and geological heterogeneitsocEsses affecting the distribution of these
elements include U redox cycling, heterogeneoudymiion of**Rn from sediments, arfdRa
release during Mn-hydroxide reduction and/or swfexchange. Uranium cycling within the
subterranean estuary resulted in a flux of apprasehy 54umol U m? y* to the lagoon. A one-
dimensionaf?’Rn transport model was used to quantify fresh aadnma sources to submarine
groundwater discharge (SGD) through incorporatibheterogeneous production, diffusive,
advective, and nonlocal transport mechanisms, amct®ICarlo simulations. Model-based
volumetric estimates of fresh and marine SGD coreptsyield ranges of 1.01 to 1.85 and 1.69

to 3.43 mid™ m™ of shoreline, respectively, suggesting fresh S@Btributes approximately
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one-third of total discharge measured within thisterranean estuary. The 30% fresh
component in discharge and the uranium sourcedstablagoon demonstrates SGDs role in
global ocean freshwater and elemental inputs. 3Jtidy highlights the significance of
distinguishing fresh and marine groundwater souaceisthe hydrogeological and chemical

complexity of these dynamic subterranean mixingeson
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CHAPTER 1.
INTRODUCTION

This introductory chapter provides a brief backgmon the relevance of submarine
groundwater discharge research to larger coastabss(e.g. eutrophication and water resources),
provide conventional definitions for submarine grdwater discharge (SGD) and the
subterranean estuary, describes some of the cwwanhdrums with respect to source and
measurement of submarine groundwater dischargeprawetes an outline for the remainder of
the dissertation.
Submarine Groundwater Discharge and the Subterranean Estuary

Nutrient and containment transport to coastal syst@vetlands, estuaries, and the shelf)
occurs via rivers, runoff, groundwater, and prdaeipon, and these inputs are a constant threat to
maintaining coastal ecological health and diversltyparticular, the benthos is identified as one
of the critical zones where material flux as botteenal loading (e.g. rivers and groundwater
discharge) and internal cycling (e.g. sedimentspsasion, shallow pore water exchange) of
buried organic matter occurs (Simmons 1992, Mo8&91 Slomp and Van Cappellen 2004,
Collis 2006). While benthic fluxes are ubiquitowetural processes occurring on the seafloor,
they may have deleterious effects on the biogeo®tgnof the coastal system (Simmons 1992,
Church 1996; Paerl 1997); the effect ultimatelyetegs on the source and composition of the
pore fluid as well as the geochemical frameworkhefbenthic sediments. Over the last decade
submarine groundwater discharge has been recogaszad important vector of benthic flux to
coastal systems. Quantifying this vector is im@otiot only for the ecology of the coastal
system but also for understanding groundwater regsun coastal systems.

Coastal groundwater resources have become incghastnessed by the continuous
development of coastal regions for human occupati@hrecreation. Water resource managers
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have long struggled with balancing groundwater deanaith supply in coastal regions to
prevent aquifer salinization. In general, grountbraquifer systems connect recharge,
storativity, transmissivity, and discharge; consadly understanding one or more of these
hydrogeologic traits helps better predict respomseksturbances, such as drought, sea level
rise, and salt water intrusion (Bredehoeft 20@¢nthic fluid fluxes to coastal systems may
contain both marine and fresh water componentawhath the fresh component is significant as
a groundwater sink from terrestrial aquifers and asurce to surface waters. The relative
fractions of marine and fresh components are atitm water resource and water quality
managers considering approximately 23% of the vimpdpulation now lives within 100 km of
the coast, thus stressing regional freshwater ressu Population and resource pressures will
likely be exacerbated considering the alarming iptexshs for climate change consequences to
the hydrologic cycle (IPCC 2007). Thus, identifyiareas where fresh groundwater discharge to
coastal regions occurs and quantifying this disgbavould provide coastal managers with
valuable information concerning groundwater avalitgtand potential locations for nearshore
benthic constituent loading. In this dissertatioexamine the magnitude of fresh groundwater
entering a back-barrier lagoon located on a maranbonate platform and consider the response
of this subterranean discharge zone to physicalifeations and redox and cation exchange
conditions.

This discussion highlights the implications for swdyine groundwater discharge (SGD).
Burnett et al. (2003) defines submarine groundwditartharge as “any and all flow of water on
continental margins from the seabed to the coastdn, regardless of fluid composition or
driving force.” SGD can be subdivided based omdftomposition and origin as: 1) meteoric
fresh submarine groundwater, 2) recirculated orimeasubmarine groundwater, and 3) connate
water; each water type exerts a distinct influemrtéhe biogeochemical processes occurring
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within the sediment and across the sediment-waterface (Burnett et al. 2003). Meteoric
groundwater and recirculated seawater are the taio processes contributing to most SGD
measurements. To date, most SGD research hastbongjuantifying the total SGD flux,
evaluating the primary physical processes, andaeduhe biogeochemical impact to the
coastal water bodies (e.g., Church 1996; Moore 1986nger 1996; Li et al. 1999; Moore
1999; Burnett et al. 2001; Taniguchi et al. 200arriett et al. 2003).

Meteoric-derived or fresh SGD is driven by the fagdic gradient within an aquifer with
the terminus of the flow paths occurring alongshereline and some distance offshore (Figure
1.1). The offshore extent of seepage has beenrstmdecrease exponentially from the
shoreline (Mcbride and Pfannkuch 1975, Bokuniewti@®5), with the greatest volume of
freshwater occurring within the outflow gap or segp face (Bokuniewicz 1995). The
magnitude of fresh submarine groundwater dischargependent on the aquifer hydraulic
conductivity and the hydraulic gradient (Freeze @herry 1979; Bokuniewicz 1995; Fetter
2001; Burnett et al. 2006), thus varying over défg hydrogeologic settings. Consequently,
meteoric groundwater acts as an allochthonous saifrfreshwater and dissolved constituents to
coastal systems and creates a dynamic mixing zori@dgeochemical transformations at the
coastline.

Submarine groundwater derived from the circulabbseawater into and out of the
seafloor is generated at a variety of scales;wioenhost commonly identified scales of
(re)circulation are shallow surface water-pore watehange and deep, convective mixing. The
most common processes responsible for the shalldiace water-pore water exchange include
tidal and wave pumping (Riedl et al. 1972; Preciat Huettel 2003; Robinson et al. 2007),
density- and/or thermally-driven convection (Rassams1998; Wilson 2005), and bioirrigation
(Hammond and Fuller 1979; Martens et al. 1980; Boreet al. 1984; Martin and Banta 1992;
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Figure 1.1. Schematic croseetion through a coastal barrier island settirgyvig the
processes that influence the discharge of porerwateoverlying water bodies, namely t
lagoon(modified from Cable et al. 200¢.
Cable et al. 2004; Martin et al. 2004; Martt al. 2006; Martin et al. 2007) (Figure 1.1).
contrast, densityand/or thermall-driven convection are the primary mechanisms respte
for deep (re)circulation of seawater into and duthe seafloor and deeper extents of coz
aquifers (Coopet959; Glover 1959; Senger and Fogg 1990b; SengkFagg 1990a; Smit
2004; Wilson 2005). This (re)circulated seawatayme enriched in oxygen relative
meteoric groundwater, and subsequently, their acteon affects redox conditions and eleme
cycling (e.g., metals, nutrients, and contaminawi#f)in shallow sediments (Simmons 19
Moore 1999).

Connate water provides a r-local source to the coastal water budget similanébeoric
groundwater. The water chemistry reflects thegeigiionmental conditions under which t
aquifer was deposited and subsequent alteratitimecdquifer and pore fluid through time. T

water can be more saline and denser than modewatsraand have a completely differ



geochemistry than recently recharged inland aqwdder; thus connate water may provide
allochthonous chemical constituents to the modeastal system if an exchange pathway exists.
The influence of connate water is often limiteciteas where hydrothermal processes occur or
where the surface water body is hydrologically ected to very old geologic materials through
a breach or truncation in a confining unit.

Biogeochemical transformations associated with S@binfluenced by the composition of these
end-member water sources and the interaction batthese different sources. This interaction
is manifested as a subsurface mixing zone defigdddore (1999) as the subterranean estuary,
due to its similarities to surface water estuafiesble 1.1). Specifically, the subterranean
estuary is a mixing zone between fresh groundvaatdrsaline waters (i.e. deeper saline
groundwater or marine surface water). Contrasteeroxidation-reduction potential (redox),

pH, and ionic strength between fresh and salinene@chbers exert a significant influence on
the biogeochemistry of dissolved constituents warted through this zone as well as the aquifer
matrix. Depending upon the local geology, aqui@mposition, and human consumption
pressures, subterranean estuaries may contrilgtiéicantly to local-, regional-, and global-
scale elemental budgets, and subsequently, affecplication of certain geochemical tracers
used to quantify SGD.

Measuring Submarine Groundwater Discharge

To date, geochemical tracers (e.g., Ra-isotdf&n, °H, CI), seepage meters, and water
budgets are the most commonly employed techniquraguiantifying SGD (e.g. Cable et al.
1996a; Moore 1996; Burnett 1999; Burnett et al.2@urnett et al. 2002; Burnett et al. 2003,
Taniguchi and Iwakawa 2004). One of the largesblems with current SGD research is the
corroboration among the different measurement igcies; several researchers suggest that
these discrepancies reside in the component of B€xiyy measured (Martin et al. 2002;
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Table 1.1 Comparison of surface and subterrandaaress, modified from Moore (1999).

Characteristic Surface estuaries Subterranean estuaries
Interaction Mixing zone of continental Mixing zone of meteoric
rivers and sea water groundwater and sea water

Physical Forcing
Mechanisms

Residence Time

Residual Flow

Particle and lonic
Strength
Interactions

Atmospheric
Influence

Biology

Human Influence

Tidal forces and river discharge,Aquifer hydraulic head and
estuarine circulation coastal tidal forces, seawater re-
circulation through sediments,

Relatively short residence time Longer residence time due to

(order of hours to months) slower flow rates(order of weeks
to years)
Residual flow to sea Residual flow may occur as either

salt water intrusion or
groundwater discharge

High particulate loads lead to  Large surface area contact with

strong particle—water solids leads to strong particle—
interactions. Major ions water interactions. Major ions
dominated by sea salts. Sea levetflect pore water exchange and
exerts a major control. diagenesis. Sea level exerts a

major control.

In contact with atmosphere, highNo direct contact with

oxygen, oxidized Fe and Mn-  atmosphere, responds to

sediments. barometric pressure, hypoxic to
anoxic conditions, high pCQOFe
and Mn may be reduced

Low diversity, high abundance Burrowing organisms and

biological systems bacteria are primary life
Human impact is often Human impact is likely
significant significant




Shinn et al. 2002; Burnett et al. 2003; Oberdo2f@®3; Taniguchi et al. 2003; Cable et al. 2004,
Martin et al. 2004; Cable et al. 2006b). The SiienCommittee on Oceanic Research (SCOR)
Working Group 112 conducted several intercompargadies between 2000 and 2005, through
a jointly funded UNESCO/IAEA project, to understatidcrepancies among measurement
techniques; these studies were conducted in sewgdabgeologic settings including karst
(Florida), glacial till sand (New York), volcanisland (Mauritius), and mixed, fractured igneous
and alluvium (Brazil) aquifer systems. The preni@ethese intercomparisons was to address
measurement differences (i.e., improve accuracycanwboration) to allow better estimates of
material flux while simultaneously testing whetleeastal typology could be used to estimate
discharge in similar geologic environments.

Direct Measurement

Seepage meters and measured total heads and lydradients are the only direct
methods of measuring SGD. Some studies have ésadgbout the utility of seepage meters
(e.g. Shinn et al. 2002; Spinelli et al. 2002; @Grland Cable 2003; Murdoch and Kelly 2003;
Cable et al. 2006a). Numerous lake studies aevarfarine studies have documented the
sensitivity of seepage meter measurements to bagkdrfluxes (e.g. Shaw and Prepas 1989;
Cable et al. 1997). Shinn et al. (2002) foundrtitest egregious effect on seepage meters to be
the pressure differential between the sides anadtdipe seepage device, which they called
“Bernoulli’'s Revenge”. Shinn et al. (2002) notéistphenomenon after conducting a study
using several seepage meter designs where allgeapeters recorded positive (vertically
upward) fluxes even when a negative hydraulic gnatdexisted between surface water and
groundwater. While their experiments were all agtdd well beyond any subterranean
freshwater discharge zone, the study does posuree limitations of seepage meters and has a
basis in observations of flow over ripple bedsbdwatory studies (e.g., Huettel et al. 1996;
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Precht and Huettel 2003) and field observatiorng (Ried| et al. 1972) have noted pressure
gradients sufficient enough to cause shallow (®h) surface water/pore water exchange due to
the passage of waves over irregular sea bottoms (gples and sediment mounds). However,
Cable et al. (2006a) demonstrated seepage metensaxe likely responding to numerous
environmental conditions, including wind and wavireh currents, bioirrigation, and fresh
groundwater discharge. Seepage meters have beemott widely used direct measurement
technique in the marine science community, and ssiooies have provided strong evidence that
a fresh water component is present in the seepalgene (e.g. Bokuniewicz 1992; Burnett et al.
2006; Martin et al. 2007). However given the utaeaties of seepage meters and the lack of
any specific cause for the anomalous responsdsvir the hydraulic gradient (Darcy) method
may be the most reliable technique for directly sueg terrestrial (fresh) SGD. Below, |
present studies where both seepage meters andweglsused to estimate SGD.

Although the hydraulic gradient method is not tralgirect measurement of SGD, it

provides a means of computing SGD (using Darcy\s f@ specific dischargg = —Ki)

through a direct measurement of fluid potentiakati measurements and hydraulic gradignt (
techniques are commonly implemented in hydrogeolsgidies to investigate the movement of
groundwater (Freeze and Cherry 1979; Heath 198niiaiNet al. 1988; Fetter 2001; Li and Jiao
2001a). Hydraulic conductivityK() spans twelve orders of magnitude and is deperatehbth

the nature of the porous mediukyifitrinsic permeability) as well as fluid propesi(i.e.,

dynamic viscosity and fluid density). Various taijues (slug tests, tidal dampening methods,
rising/falling and constant head permeameters gaaith size based estimates) are used to
estimate hydraulic conductivity of porous mediubespite the more complex set of background

measurements required for a Darcy flow estimats,téthnique is more representative of fresh



groundwater discharge and makes it possible torebsbke size and shape of the subterranean
estuary if conductivity measurements are collestediltaneously.

The relationship between SGD flux and water fluttres due to wave/tidal oscillation is
ultimately tied to pressure (head) differences leetwthe surface water and groundwater;
upward flux from the sediment occurs when the gdowater head is greater than surface water
levels. Surface and gravity waves invoke presguadients between the water column and pore
water/groundwater, subsequently enhancing porerneathange (Nielsen 1990; Rasmussen
1998; Uchiyama et al. 2000; Wang and Tsay 2001; &meh Hwang 2002; Li and Jiao 2002b; Li
et al. 2004; Mango et al. 2004). Various stuthi@ge looked at the influence of these pressure
contrasts to inshore groundwater fluctuations (€grr and Van Der Kamp 1969; Nielsen 1990;
Li and Jiao 20014, Li and Jiao 2001b; Li and Ji@02b; Li and Jiao 2002a; Li et al. 2002; Jhan
et al. 2003; Li and Jiao 2003; Li et al. 2004; s@®wing section on groundwater models for
more details) as well as the impact to SGD (Corbiedtl. 1999; Corbett et al. 2000; Uchiyama et
al. 2000; Chanton et al. 2003; Taniguchi and Iwak@804). Pressure gradients have typically
been evaluated using well transects, while fluxesdatermined by seepage meters; however, it
is possible to perform both using nested wells.

Working in the Florida Keys carbonate island ch&@hanton et al. (2003) documented a
direct relationship between Atlantic tide on thetesaade of the islands and seepage to Florida
Bay, Florida, on the west side of the islands. ylémployed three different techniques,
automated seepage meters, wells, and continuoas radasurements, to estimate SGD fluxes.
In their study, water level in Florida Bay remairfadly static over a 12-hour period while
groundwater responded to Atlantic tidal oscillaip8GD fluxes to Florida Bay in response to
this oscillation ranged from 10 cni dluring high tide to 2 cmtduring low tide (see Figure 3
of Chanton et al. 2003). In a similar study (alsing seepage meters to evaluate total SGD),
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Taniguchi and Iwakawa (2004) noted a inverse m@hstiip between tidal fluctuations in Osaka
Bay, Japan and SGD; time lag between surface Wlattuations and maximum SGD was 4
hours. By coupling flux data with head measuremehey found approximately 4 to 29% of
the total SGD was fresh groundwater.

Numerical Groundwater Flow Models

Water budgets and numerical flow models have praxseful in determining the
contribution of fresh SGD on both local and regisaales (Langevin 2001; Destouni and Prieto
2003; Langevin 2003; Oberdorfer 2003; Smith andd\203; Smith and Zawadzki 2003). In
addition to measuring meteoric-derived SGD, nuna¢ntodels are now being used to address
freshwater-saltwater mixing processes and the agparof SGD into fresh and marine
components. Scale and validation have become #yer mgsues for corroborating these models
and water budgets. With a majority of literatueparting total SGD (not resolved by water
origin), validating model estimates of fresh SGbtber techniques has proven difficult. Cross-
sectional flow models and water budgets have beemist useful in addressing complex
processes (e.g., density-driven convection andsenivater-groundwater interactions) that occur
in coastal settings (Rasmussen 1998; Uchiyama 20@0; Spinelli et al. 2002; Smith and
Zawadzki 2003; Smith 2004). At the regional-sctiege-dimensional models and water
budgets generally neglect such processes reduwamgreliability (Smith and Nield 2003).
Experiments conducted by the SCOR WG-112 compdoedrhodel SGD estimates to other
measurement techniques. To date, no field methpdaas to replicate numerical flow models
or vice versa. Oberdorfer (2003) suggested seapager studies measuring only freshwater
discharge may be the only comparable scenario.

Currently, a limited number of three-dimensiomagional scale models have been
constructed to evaluate SGD (e.g., Langevin 20@hgevin 2003; Smith and Nield 2003).
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Smith and Nield (2003) modeled the fresh groundinditcharge into Cockburn Sound,
Australia, using MODFLOW-2000. Their model incorated various assumptions that limited
the reliability of the discharge flux estimates:olitflow gap represented as a set of shore-
parallel drain cells, 2) neglected density congésttween freshwater and salt water, 3) no
surface water-groundwater interactions. The regmtadion of the outflow gap as a set of drain
cells forces all groundwater flow paths out at ffoint; suggesting all fresh groundwater is
discharged along this narrow zone. Cross-sectimaalels have shown that this drain-cell
approach is not a reasonable assumption and oveatss$ fresh goundwater fluxes (Smith
2004). Shallow groundwater flow paths generalgcHarge near the shoreline, while deeper
flow paths mix at depth with the intruding salinater.

Langevin (2003) produced the most thorough modeltduate SGD in the Biscayne
Aquifer, near Miami, Florida, and used the variatdmsity USGS SEAWAT-2000 code (refer
to Guo and Langevin 2002 for details on the prograBy using a variable-density code such as
SEAWAT, Langevin (2003) was able to simulate dgndriven convection within the aquifer.
Langevin (2003) also simulated the entire Biscayag as an open water body allowing for
surface water-groundwater interaction and widectdisge zones. Fresh groundwater discharge
estimates were made by evaluating total vertical faind solute concentration from the
uppermost cells and computing the freshwater domtiion based on a linear two end-member
mixing model. Estimates of the SGD into Biscayra Bveraged 3.7 x 1@n*/day, which is
approximately 10% of the surface water input anlg 88 of annual rainfall total for the
Biscayne Bay area (Langevin 2003).

Radioisotopic Tracers

Radionuclides of the U-Th decay series (Figure ha®)e proven to be valuable
geochemical tracers due to their natural occurr@meguifer matrices, chemical behavior, and
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predictive radiochemical behavior. Specific apgiiens of these radionuclides inde
evaluating sedimentation ratés‘Th, ?%b) and dating geologic event&* (23t 232Th),

223,224, 226, 238 5 222Rn), and determining wateock interaction

assessing boundary layer flux
(>**234). Of the 39 or so radionuclides associawith the three decay series, ¢ 2* 4, the
Ra-quartet > 2%+ 2% 283a), anc®®?Rn are used in evaluating submarireundwater discharc

and surface wategroundwater interaction

Element Uranium-238 series Th-232 series U-235 series
Uranium | U-238 U-234 U-235
45409 245500 70908y
Protactinium| Pa-234] Pa-231
1.2 min 32800y

Ackinium - 228 Ac-227
6.1h 21.8y
— Ra-226 Ra-228 Ra-224 Ra-223
1600y 535y B7d 11.4d
Franciurm ¢ |

|
Radon Rrr2zz |
]
|

Astatine

particle reactivity

a-deca B-decay I decay series symbal of the __mass
#2:’2 ’ £ | of shortived skmert oy MR T ow
M -4 +i-0 ¥ nuclides 32500y — [ irtemedate
halr-life = high

Figure 1.2. Flow chart of the Uh decay series showingl radionuclides, the parent a
daughter relationships and the mode of d (modified from internet image located
http://www.es.mq.edu.au/GEMOC/Participants/Resdaidbsseto/decay_chains.).
Uranium— Uraniumoccurs predominantly in natural sysis as either U(IV) or U(VI). Th
oxidized state forms soluble complexes with carlbesmgphosphates, sulfates, and chlor
(Gascoyne 1992), while the reduced state formsivelg insoluble oxides and hydroxide
Groundwater uranium concentrations highly variable due to contrasting chemical behawic

the two valence statelsut also deper on themineral source and complexation with anic

ligands (Osmond and Cowart 1976). Windom and Nieski (2003) used U to assess mix
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and redox conditions along the freshwater-saltwiaterface beneath a barrier spit in southern
Brazil. U enrichment was observed between 2 amdo@low land surface due to phosphate
mineral dissolution, while U depletion was obserbetbw 6 m commensurate with iron and
sulfate reduction (Windom and Niencheski 2003).rddd et al. (2005) used activity ratios
betweerf>*U and®**U to evaluate deep groundwater inputs into the URbene River.
Dissimilar?**U/?%%U activity ratios between river water and drainagea sediments and rocks
and similar activity ratios between river water gmdundwater from various surrounding
aquifers suggested groundwater inputs rather theathering supplied most of the U to the
Upper Rhine River. This distinction among U sosraowed them to construct mixing
diagrams to determine volumetric inputs of grounw&om the different aquifers to each of
the Rhine tributaries.

Radium- Like U, Ra is found in a variety of geologic mxdls. R&" is an alkaline earth metal
and behaves chemically similar to barium; it isesleed in the crystal lattices of minerals as well
as adsorbed onto clays and surface coatings. staydi®n has been observed by Webster et al.
(1995) to be directly correlated with salinity (eignic strength) of the solution. The Ra-quartet
(223 224,226, 28%3) has been widely used to assess groundwatdriitpicoastal water bodies
(e.g., Webster et al. 1994; Rama and Moore 199&)rtM8000; Charette et al. 2003; Krest and
Harvey 2003; Moore 2003). TR&" %% 2% 2883 sources occur from alpha decay of the strongly
particle reactive, sediment-derivéd’ ?%® 23% 2fh parents that precede them in the decay series.
The contrasting chemical behavior between Ra angeRerally leads to excess levels of Ra in
pore waters. The half-life of each Ra isotopéegaificantly different (?*Ra-5.75 yrs***Ra-

1620 yrs?*"Ra-3.66 days, anfd°Ra-11.4 days) making them a useful set of radiddeslto

assess water mass mixing and chemical fluxes atiety of timescales.
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Rama and Moore (1996) observed fluxe§?@Raand***Ra into a tidal creek at North
Inlet near Georgetown, SC, that could not be erpliby the sediment supportédrh and
232Th activities, respectively, from the nearby mar3ihey concluded that groundwater inputs
enriched in desorbed Ra were combining with thitriafing marsh water and discharging into
the nearby tidal creek. A similar finding was alveel at Great Sippewissett Marsh, West
Falmouth, MA, by Charette et al. (2003). In thisdy they were able to use excé¥Ra
activities to determine the required flux’6fRa due to groundwater inputs to sustain the agtivit
observed in the marsh; water flux estimates ramgégdeen 2700 and 5000° mi* .
Radon- Radon-222 is found wherever its progenftdRa is present. Radon is a inert gas which
behaves conservatively in all chemical reactiomsheé sediments and water column. The
exception to the conservative behavior results fitsrdecay and production. Radon gas is found
in the atmosphere, trapped in mineral grains. ssalved in solution (gas solubility constant of
radon in water, K = 16%*M or in radioactivity units K = 15**dpm L%). Radon accumulates
in groundwater due to production from and recoilgesses associated with its paréfiRa,
which may result in excess quantitieBRn with respect to locally supportédRa. The inert
behavior and higher mobility as a gas result ireglislibrium betweed?Rn and***Ra and
enable the usage 8¥Rn as a groundwater tracer.
Both excess and deficit disequilibrium?fRn (with respect t6*°Ra activity) are observed in
natural environments. ExceS8Rn is more common in coastal environments where
groundwater enrichment occurs, while defféfRn is observed offshore and in marine
environments. Burnett et al. (1996) characterthedbenefits of“Rn as a groundwater tracer as
1) 2 to 4 orders of magnitude higher concentratiogroundwater than surface water, 2)
conservative behavior, 3) inputs and outputs caeshienated relatively precisely by known
production and decay terms, 4) easily measured @&vienv concentrations. Specific examples
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where exces¥Rn has been successfully used as groundwater iratede northeast Gulf of
Mexico (Cable et al. 1996b), Par Pond near the is@laRiver, Georgia (Corbett et al. 1997),
Florida Bay, Florida (Corbett et al. 1999), andatiliba Coast, Brazil (Oliveira et al. 2003; Cable
and Martin 2008). In contrast, defiéftRn has been used to evaluate pore water exchange
processes (i.e., bioirrigation) at the sedimentewatterface in San Francisco Bay (Hammond
and Fuller 1979), Hudson River estuary (Hammoral.et977), Buzzard Bay, MA (Martin and
Sayles 1987; Martin and Banta 1992) and White Oakrestuary, NC (Gruebel and Martens
1984).

Dissertation Outline

My dissertation examines the role fresh groundwarer recirculated marine groundwater/pore
water contribute to total submarine groundwatecltasge. The specific location for the study
took place in the Indian River Lagoon, Florida, USlAalso examine how the interaction of
these distinct water sources within the submarmermggdwater system influence the spatial and
temporal distribution of** 2, *Ra, and®®Rn. In Chapter Two, | provide a general
description of the submarine aquifer matrix andghgsical flow regime of the submarine
groundwater system. Comparison between surfaceryeatel and groundwater head in time-
and frequency-domain are used to show the strodgplogic connection between the lagoon
and the submarine groundwater system. In Chaptexel | examine how the physical flow
regime and salinity framework of the subterranestoay respond to episodic high intensity
events (i.e. tropical cyclones). Continuous grausiér head and salinity measurements made
along a piezometer transect prior to and durin2@@5 Atlantic hurricane season show a
significant perturbation in the salinity framewarkthe subterranean estuary commensurate with
the passage of Tropical Storm Tammy and Hurricailen®/ The processes associated with this
perturbation are discussed in detail. In Chapter H examine the spatial and temporal
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variability of 24?3, #Ra, and®®Rn within the submarine groundwater system. Thesrof
redox-driven and surface exchange processes @ap#itrl distribution of these radionuclides
are examined. The effects of episodic eventséasrtbed in Chapter Three) on these
radionuclides are shown to impact their temporstritiution. In Chapter Five, | u$&Rn to
guantify spatial and temporal fluxes of both frgsbundwater and recirculated seawater. A one-
dimensional transport model, which includes adwectdiffusion, non-local exchange, and
production/decay, is employed to quantify how gibwater advection and shallow sediment
irrigation contribute to observed pore wat&Rn distributions. Monte Carlo simulations are
applied in the model to enhance statistical sigarice of predicted SGD rates. The model
allows exploration of the role of non-local excharig pore watef?’Rn distribution and
separation of submarine groundwater discharge caergs. In the final concluding chapter, |
summarize the findings of each study and show apbns of these findings to water
management scenarios and global constituent bufigett)).
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CHAPTER 2.

FAIR WEATHER INTERACTIONS BETWEEN SURFACE WATER AND
GROUNDWATER IN A COASTAL SUBMARINE AQUIFER

Introduction

Surface water-groundwater interactions are drlwerertical gradients between
piezometric groundwater head and the surface vatels. In one dimension, when piezometric
head rises above surface water levels, transpuoerigcally upward and discharge occurs,
whereas when this hydraulic gradient is reversedase water is recharged to the aquifer.
These gradients can reverse frequently in coagsédmms by tides and wind waves (e.g.
Robinson et al. 2007; Smith et al. 2008), therawersing the exchange of groundwater and
surface water and influencing the mixing of disg¢iiag fresh water and saline surface water. In
two and three dimensions, lateral or longitudireddh gradients also contribute to coastal surface
water-groundwater interactions by controlling tleeibontal extent of the discharge zone (e.g.
Glover 1959; Martin et al. 2007). Groundwater Hesging to coastal surface water bodies
carries an allochthonous signal (e.g., chemicasttuents such as nutrients or pollutants), which
may have adverse consequences for ecological agddxhemical processes of the receiving
waters. Conversely, recharge of surface watershtdlow sediments can increase pore water
oxygen levels and affect metal, organic carbon,rarident chemistry and distributions.
Controls on the distribution, transport, and timafgurface water-groundwater interactions
must be understood to characterize the bio-geodatnansformations and fluxes in these
dynamic systems.

Many studies have focused on surface water-groatehinteractions in a variety of
coastal geological settings with the purpose ofresting the magnitude of the groundwater

component in local and regional water and nutriperiigets (e.g. Simmons 1992; Bokuniewicz
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1995; Cable et al. 1996; Church 1996; Huettel et398; Li et al. 1999; Bokuniewicz et al.
2003; Burnett et al. 2003; Windom and Niencheski2able et al. 2004; Burnett et al. 2006).
These studies collectively demonstrate that eséisnat groundwater discharge are generally site
specific and limited by the application of diffeteaneasurement techniques in that particular
environment. For example, Moore (1996) used auradRa) mass balance to suggest that the
volume of water discharging from coastal aquiféomn@ the South Carolina continental shelf is
as high as 40% of local riverine discharge. Howeleeal head gradients and volume of
recharge do not substantiate such large fluxesrfyel996). The discrepancy in estimated
magnitude derives from the inclusion of highly @hte pore water-surface water exchange in
the total SGD estimate made by the tracer. Both@&xge and discharge produce a benthic flux
from the sediments to the water column, and contipasi of these water sources may be
chemically indistinguishable due to long residetices and mixing between fresh groundwater
and infiltrated salt water within the sediment pspaces. Inclusion of the outflow fraction of
this marine SGD exchange in the total SGD term beliogeochemically significant but
volumetrically it is not a new addition. Fluxes@lary depending on the techniques used to
measure them, resulting in total SGD observatidm@ssingle site that often vary between a
factor of five and an order of magnituide (e.g. it 1999; Burnett et al. 2002; Shinn et al.
2002; Burnett et al. 2003; Burnett et al. 2006).

In addition to measurement discrepancies, thepre&ation of what constitutes SGD has
been a barrier for communication among scientists study this phenomena (e.g., Burnett
1999; Burnett et al. 2001; Burnett et al. 2002;i§aahi et al. 2002; Burnett et al. 2003; Cable et
al. 2004; Martin et al. 2004; Martin et al. 200Burnett et al. (2003) formally defines SGD as
“... any and all water that passes across the sadimater interface, despite its origin or
composition....” Two most prominent sources of S&P generally considered: 1) aquifer
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water and 2) recirculated seawater. This definitiaifies the concept of SGD, but it reinforces
the importance of separating fresh groundwatehdigpe from the recirculated seawater
component (Taniguchi et al. 2002; Cable et al. &2200artin et al. 2007). Quantification of
these two water sources is critical for environraempact assessment and water resources
management in coastal systems.

Traditional groundwater studies use piezometradhgradients to predict and evaluate
groundwater flow in aquifers, but this approachas often employed among scientists studying
SGD because long term studies may be required,tororg wells are difficult to install, and
typically only local estimates are obtained. Wa@umn tracers offer the advantage of more
regional SGD estimates, but the disadvantagesdedlue inability to distinguish fresh and
marine water sources in SGD. One of the few stiaigere fluid potential was measured
simultaneously with seepage meter measurement&bfWas conducted in Florida Bay, FL, to
the west of the Florida Keys, where little to riatiexchange occurs with the Atlantic Ocean
(Chanton et al. 2003). In a similar study, Hareggl. (2004) noted interior wetlands of the
Florida Everglades acted as both discharge andrgelsites, varying cyclically in response to
local precipitation and the operation of water-cohstructures. Discharge from the wetlands
occurred during generally dry conditions, while Whetlands functioned as recharge sites during
wetter periods (Harvey et al. 2004). These stupa@st out the general utility of standard
hydrogeologic techniques in understanding submayioandwater discharge in coastal systems
with generally low-gradients.

This chapter provides general information conaegithe physical flow regime of the
subterranean estuary observed in the Surficiafeqdischarging to the Indian River Lagoon,
Florida, USA (see Appendix A for general descriptad Indian River Lagoon and the local
hydrogeology). Two distinct periods of water lem@asurements are considered which |
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interpret as representative of long-term respongaieweather conditions. In this text, “fair-
weather conditions” refers to time periods whemraor storm event (tropical or extra-tropical
cyclones) influenced the field site; the effectshefse storms are discussed in Chapter 3.
Temporal variability of surface water and groundavd¢vels are considered to verify this
interpretation. Aquifer attributes are examinethbgualitatively using standard sediment
characterization technigques and quantitativelygifiaquency-domain analysis of water level
data to investigate attenuation of periodic surfaeaeer perturbations as they are propagated into
the submarine groundwater/aquifer system.

Methods

Water Level Measurements

Surface water level and groundwater head were une@sn piezometers installed along
a transect in Indian River Lagoon, FL, at four komas: 1) about 10 m onshore (EGNW-0S), (2)
at the shoreline (EGNW-0), (3) 15 m offshore (EGNWJ); and (4) 30 m offshore (EGNW-30;
Figure 2.1). Measurements were conducted to aiseshysical conditions of the coastal
seepage face/subterranean estuary under inhetttiyweather” conditions. All offshore
piezometers were installed manually using a ferast-griver and consisted of 3.8 cm (1.5 in)
outer diameter schedule 40 or 80 PVC tubing couwd#d 15 to 20 cm long, 0.254 mm slotted
PVC screening. The onshore piezometer, of the samm&truction type as the offshore
piezometers, was installed inside of 10.2 cm (4liajneter PVC casing emplaced using a
manual auger. Piezometers were surveyed to a confloxal) datum (average lagoon water
level) on 10-Feb-05; all head measurements arearefed to this datum. At 0, 15, and 30 m
offshore, two nested piezometers, separated Iatdnal0.3 m, were installed at sediment depths
of 1.5 m (EGNW-0s, 15s, and -30s) and 2.5 m (EGN{Vi®d, and -30d) below the local
datum. The onshore piezometer (EGNW-0OS) was iestéd a depth of 2.25 m below datum.
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Figure 2.1. (A) Map of east-central Florida shogvthe location of the field site within the
Indian River Lagoon, (B) relative to Eau Gallie Bivand USGS gaging station 02449007, (C)
and the piezometer transect; labels above the mpietass (i.e., OS, 0, 5, 15, and 30) denote their
position relative to the shoreline in meters. Btahd 30 m offshore, two piezometers are
installed at each location; the shallow piezoméeis screened at 1.5 m and the deep
piezometer (d) is screened at 2.5 m.

All piezometers were installed with top of casiig)C) approximately 1 m (range of 0.98 to
1.02 m) above the local datum and with a vent (1wide, 1 cm long) approximately 2 cm
below the TOC.

Two separate monitoring studies were conducted22iov-04 to 20-Jul-05 and 2) 06-
Oct-06 to 27-Dec-06; hereafter referred to as STALRAT2, respectively. During ST1, ultra-
sonic water level recorderkfinites USA, Ing.were used to monitor water levels in a stilling
well (EGNSW-35) 35 m offshore and in three offshpiezometers (EGNW-0s, EGNW-15d,
and EGNW-30d). Sampling frequendy (vas 12 cycles per day (cpd) (sampling periadoT

2 h) for all wellsexcept EGN-15d and EGN-30d whiedre not monitored during 2006. Fresh
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water equivalent head was computed using synogiliitity measurements made during Nov-04,
Feb-05, May-05, and Jul-05; relative standard dmneof salinity measurements were less than
5% between these time periods.

During the shorter duration measurement periodl&, &bsolute pressure (water and
atmospheric), temperature, and conductivity werdinaously recorded{= 72 cpd; T= 20
min) in EGNW-QOS, -0s, -15s, and -30s and a stillredl (EGNSW-20) using Solinst LTC
loggers Golinst Canada, In.. Sensors were in contact with the upper 4 tm&®tscreening.
Absolute water pressure was corrected for baromptassure to obtain groundwater pressure
head; a constant aquifer barometric efficiencys#9vas used in the correction. Salinity and
water density were computed from water pressumeductivity, and temperature using
SEAWATER 3.0 (Morgan and Jankowski 2004). Preskegd was corrected for density
variations and normalized to freshwater (0 sal)nit4ll water levels are presented as freshwater
equivalent head.

Analysis of Water Level Data

Times-series data were reduced using standaistist@tand frequency analysis
techniques (Bendat and Piersol 1971). Trends aahmwere removed from the raw time series
using a raised-cosine (Hanning) window techniqui wicut-off frequency of 0.01 cpd. One-
sided auto-%) and cross-spectreb() density functions were computed using the fastrieo

transform technique outlined by Bendat and PigiE®T1), which represented discretely is

-1 2
2 2 i2mn
Sl = = XGOP = | xe™ @21
s s =)
and
) 5 [/ N-1
Sy (fi) = T |X*(fi)Y (i)l = T (Z xke_izmn/N> ( Yke_izmn/N> (2.2)
$ $1\k=0 k=0
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whereTs is the temporal length of the data serdgf)or Y (f) are the Fourier transform mft)

andy(t) time-series data sets, respectivélys the number of sampleszzan/Nis frequencyi is

the imaginary number/(-1), and* denotes the complex conjugate. The approximatiurisde
spectral smoothing using a raised-cosine window %@% overlap to increase the reliability of
the data. The exact degrees of freedom varieddeetwata sets (between 20 and 30) due to the

variability in length of the records. Mean squacetierence

1Sy (FO|°
Sxx (fk)Syy (fk)

V2 o (fi) = (2.3)

were computed to evaluate input-output relatiorshigtween surface water and groundwater.

Aquifer Characterization

Sediment cores were collected from the shore-notraasect at 0, 10, 17.5, 20and 30 m
offshore to characterize the aquifer. Whole sedinceres were analyzed for bulk density with a
multi-sensor core loggeGeotek, LTDMSCL-S), split, and then photographed using the co
logger imaging systenGeotek, LTDMSCL-CIS). The core logger measures the attisonuaf
gamma rays from &'Cs source as a proxy for gamma bulk density (GumhBest ). Gamma
bulk density is assumed to be equivalent to wekt behsity (e.g. Gerland and Villinger).
Fractional porosity was computed from gamma/wek bleinsity measurements by assuming a
constant sediment grain density (2.65 g¢rmand pore water density (1.000 to 1.013 g°cm
depending on coring location). After core surfasese prepared, cores were photographed
using GEOSCAN Il line scan imaging system on thétirsensor core logger. Fluorescent light
is reflected off the sediment surface and detegsuly red, green, and blue detectors. Mosaic
photographs were constructed using Geotek MSCIl(Gebtek, LT software and red-green-
blue (RGB) color intensities were extracted from itmages. Cores were examined
macroscopically (10 cm scale) and 10x hand lemsdwide descriptive qualitative core logs.
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Sediment sections (approximately 5 cm long) wekesampled from the vibracores with mid-
point depths of 7, 15, 25, 35, 55, 75, 95, 115, 14%, 205, and 230 cm below the seafloor
(cmbsf). Grain size was measured on 50 g of diynsent using standard sieving techniques at
0.5¢intervals (Folk 1974). An additional 20 g of drgdiment was wet sieved through @ @63
pnm) sieve with 25% sodium metaphosphates(gPs) solution to determine percent sand and
mud.

Hydraulic conductivity K) of the aquifer was assessed using a field bailrdiest, a
vertical constant-head permeameter in the laborasmord grain-size. Bail-down tests were
performed using a pressure transducer placed &b of each piezometer and a peristaltic
pump to extract water from the piezometer; totaptlicement was determined by water levels
measured prior to and following 20 min of pumpinmgiatil the well was pumped dry. Recovery
data were analyzed using both the Hvorslev (Hversgb1) and KGS (Hyder et al. 1994) slug
test solutions to determine estimates for hydraxdreductivity. Vertical hydraulic conductivity
was measured on the mid-section (~100 cmbsf) of @échcore using a Trautwein constant-
head permeametefrautwein-GeoTAL Measurements were conducted at four constatshe
(20, 30, 40, and 50 cm). Grain size data wereaed @ollowing the suggestions of Dullien
(1979) and Panda and Lake (1994) to determinefanti®®e mean grain size diametBgg (cm);
this effective diameter accounts for the effectsarfance and skewness in grain size(Appendix
B). Hydraulic conductivity (cm$ was computed using a modified Carmen-Kozeny (CK)

equation from Panda and Lake (1994)

_(Pg\( Des’9®
= (7) (721(1 R (p)2> (2.4)

wherepis the density of water (g i) g is acceleration due to gravity (cff) sy is viscosity (g

cm* sh), ¢ is porosity, and ris sediment tortousity.
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Results

Aquifer Matrix

Macroscopic examination of the sediments and gizivie measurements of color
intensity, porosity, texture, and hydraulic conditt provide the basis for the aquifer matrix
characterization (Figure 2.2). The sediments ctdfrom the field site can be qualitatively
divided into three lithologic units (bottom to top()LU-1) orange, thinly to thickly laminated,
fine to medium quartz sand; (LU-2) gray to grayiah; massively bedded, moderately sorted
fine quartz sand with an occasional burrow or raat] (LU-3) grayish-tan to black, normal
graded, fine to coarse quartz sand with some &laginents, mud, and organic matter.
Although the lithologic contact between LU-1 and-RUs gradational, the color contrast
between the two units makes the contact easilyethdae. The base of LU-3 consists of coarse-
grained quartz sand with some shell fragments miodua sharp lithologic contact between LU-
2 and LU-3.

The major distinction between LU-1 and LU-2 is #seale laminar bedding or
laminations observed in LU-1. Although a detaiheheralogic study was not conducted on
these sediments, the laminations are composed filyro&ferric-bearing heavy minerals (e.g.
magnetite or maghematite) as indicated by theiaetion to a weak magnet. The mean and
effective grain sizes for all samples collectearfrihis unit are 112+45 pm and 22050 pm,
respectively, indicating a very fine to medium sailud content in LU-1 is generally low (less
than 1%); the mud-size fraction collected duringigsize analysis was ferric-rich and strongly
resembled the surface coatings on the sand. Bpodghe unit is between 0.37 and 0.42 with a
slight increase in the offshore direction. Sink@i@zometers are screened in the L1 unit, slug-

tests provide an effective hydraulic conductivifytiee LU-1 sediment-type only. The average
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Figure 2.2. Core photographs, color intensityppdy, grain size, percent mud, and hydraulic catigily plotted as a
function of depth below the seafloor (cmbsf) obeaifirom the four vibracores: (A — F) EGN-0, (G -H$N-10, (M —
R) EGN-20, and (S — X) EGN-30. The missing sectimeach core is associated with the vertical hylitaonductivity
analysis.
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hydraulic conductivity from bail-tests is 18° cm $*, which is comparable to the average
hydraulic conductivity (K = 1&%*cm s derived from grain size data and CK-equation ({@ab
2.1).

LU-2 has physical properties similar to LU-1. Psitg, mean and effective grain size,
and the grain-size based hydraulic conductivitysamglar between LU-2 and LU-1; however,
the absence of heavy mineral lamina in LU-2 distisges it from LU-1. The color of LU-2
sediments varies significantly among the four co@sngish-yellow (high, closely spaced RGB
intensities) at the shoreline; yellowish-orangetange (high, closely spaced RG intensities and
low B intensity) at 10 m offshore; and yellowishagrto gray (low, closely spaced RGB
intensities) at 20 and 30 m offshore. Percent muwdso generally higher in LU-2 relative to
LU-1 sediments; mud fractions exceeding 1% arerolesien all cores. Similar to LU-1, the
mud size particles have an orange coloration aokgiy reflect disaggregation of surface
coatings during sieving. Vertical hydraulic contiuty (K,) measurements are primarily from
the LU-2 sediment type or the gradational contativeen LU-1 and LU-2 sediments; the

0% cm $', more than two orders of magnitude less than Céetaydraulic

average Kis 1
conductivity (Table 2.1). Hartl (2006) noted a ganlow (vertical) permeability, transition zone
from cores collected 300 to 500 m offshore from study site. The offshore hydraulic
conductivity was approximately & cm s* while the depth-averaged hydraulic conductivity
was on the order of 70’ cm s'.

LU-3 is the most lithologically distinct of the & units; macroscopically, it is normal-
graded from slightly-shelly, medium quartz sanchvimtaice amounts of mud at the base to a fine

to medium grain quartz sand with variable amouhtawd and organic matter at the top. The

cmbsf at the shoreline to approximately 55 cmb&i0atn offshore. The mean and effective
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Table 2.1. Summary of hydraulic conductivityabed from the various measurement
techniques.

LU-1 LU-2 LU-3
Hydraulic Conductivity, K (cm s
Slug Test 0.011
Vertical Permeameter 0.00023
modified Car men-K ozeny 0.059 0.049 0.14
Hartl (2006) 0.0050

sharp contact between LU-2 and LU-3 dips offshowe [aJ-3 thickness increases from 30 grain
sizes for this unit are 133+50 and 280+150 pum. lgthie mean grain size for LU-3 is
indistinguishable from the mean grain size from Lldnd LU-2 sediments, the variability in the
effective grain size (relative standard deviati60.65) shows the dissimilarity of this unit
relative to LU-1 and -2 sediments. This dissinifijais also apparent by the slightly higher
porosity observed in LU-3 relative to LU-1 and LU-Both of these factors (i.e. high®g; and
porosity) contribute to the higher CK-derived hydiaconductivity in LU-3 relative LU-1 and -
2 (Table 2.1).

Salinity Distribution

Temporally-discrete salinity measurements frompiezometers made during ST1
(Table 2.2) and the continuous salinity record wieta during ST2 (Table 2.3) concur with the
salinity framework found by other researchers (Mgt al, 2007). Fresh groundwater (salinity
less than 0.5) extends to approximately 10 m offshow brackish water (salinity between 0.5
to 6) extends from approximately 10 m to 20 m adfeh) and brackish water (salinity of 6 to near
lagoon water salinity, ~20) occurs beyond 20 m affeh This portion of the coastal aquifer is
the offshore freshwater seepage face, which intexaith more saline groundwater and surface

water and is often referred to as the subterranstuary (Moore 1999) or the dispersive mixing
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zone (Cooper Jr. et al. 1964). More detail onstingcture of the EGN subterranean estuary is
provided in subsequent chapters.

Physical Flow Regime

Groundwater and surface water time-series dat8Tdrand ST2 are presented in Figure
2.3. During both sampling trips, groundwater fuations correlate well with surface water
fluctuations. The (cross) correlation coefficiefrtg) between the various piezometric head
measurements and surface water levels during hades are between 0.940 and 0.999,
assuming no time lag effects (Tables 2.2 — 2.3pu@dwater-surface water fluctuations occur
on a number of time-scales, and the longer durati@il' 1 provides insight to time-variant water
level fluctuations. For example during ST1, relathigh groundwater and surface water levels
(> 10 cm above the long-term average) occur otithe-scale of a month as observed from 15-
Jan-05 to 15-Feb-05 and from 01-Jun-05 to 01-JuF&p 2.3A). Variability occurs during ST1
and ST2 at intervals of less than a month as itelichy daily to weekly increases and decreases
(spikes) in water level. Such short-term fluctoasi include, but are not limited to, 26-Dec-04,
08-May-05, 04-Nov-06, 06-Dec-06, and 14-Dec-06 (Feg2.3).

Vertical and horizontal hydraulic gradients carel&acted from the various water level
measurements and these gradients provide informahout the physical flow regime of the
system as suggested by Darcy’s Law @1.e.-Ki whereq is specific discharge or Darcy flux
[L/T], Kis hydraulic conductivity [L/T], andis the hydraulic gradient [L/L]). Vertical gradits
(iy) are the difference between surface water andngheater water levelgify) normalized by
the difference in depth between the two samplingtpdd2), such that negative gradients
indicate vertical upward flow and vice versa. 3amy, horizontal gradientsy) are the

difference between head in the piezometehs) (normalized by the horizontal distance between
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Table 2.2. Statistical summary of salinity, wdesfrel data, hydraulic gradients, and discharg&#Nov-04 to 20-Jul-05.

22-Nov-04 to 20-Jul-05

EGNW-OS EGNW-0s EGNW-15d EGNW-30d EGNW-SW

Salinity
Mean N/A
20 N/A

Water level or Piezometric Head
(cmrelativeto field datum)

Mean N/A
20 N/A
M ax N/A
Min N/A
Correlation Coefficient N/A

(wrt Surface Water)

Vertical hydraulic gradient, i,
(relativeto surface water)

Mean N/A

20 N/A
Vertical specific discharge, g, (cmd™)

M ean N/A

20 N/A

Horizontal hydraulic gradient, iy,
(relative to EGNW-0s)

Mean N/A

20 N/A
Horizontal specific discharge, g, (cm d™)

Mean N/A

20 N/A

0.1
0.01

20
16
44
-11

0.956

-0.070

0.026

30
11

N/A
N/A

N/A
N/A

15
0.1

14
23
-16

0.963

0.0037

0.014

-1.1
6.0

0.0096
0.0041

9.1
3.9

21.0
15

20
32

0.999

0.015

0.0036

-6.5
15

0.0043
0.0016

-4.1
15

18.0
2.0

16
35
-16

1.000

N/A

N/A

N/A
N/A

N/A
N/A

N/A
N/A
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Table 2.3. Statistical summary of salinity, wdesrel data, hydraulic gradients, and discharg®@&0ct-06 to 27-Dec-06.

06-Oct-06 to 27-Dec-06 EGNW-OS EGN-0s EGN-15s EGNW-30s EGNW-SW
Salinity
M ean 0.2 0.1 1.0 20.2 14.4
20 0.0 0.01 0.1 2.2 5.9
Water level or Piezometric Head (cm)
M ean 69 40 31 41 34
20 13 15 15 15 14
M ax 86 59 51 61 55
Min 52 22 14 24 18
Correlation Coefficient (wrt Surface Water) 0.940 0.958 0.967 0.968 1.000

Vertical hydraulic gradient, i,
(relativeto surface water)

Mean N/A -0.027 0.021 -0.036 N/A

20 N/A 0.023 0.025 0.023 N/A
Vertical specific discharge, g, (cm d™)

M ean N/A 12 -9.2 16 N/A

20 N/A 9.9 10.9 10 N/A

Horizontal hydraulic gradient, iy,
(relative to EGNW-0s)

Mean 0.029 N/A 0.0055 -0.00033 N/A

20 0.0044 N/A 0.0022 0.0012 N/A
Horizontal specific discharge, g, (cm d™)

Mean -27 N/A -5.3 0.32 N/A

20 4.2 N/A 2.1 11 N/A
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Figure 2.3. (A) Raw water level data obtained nign$T1 (22-Nov-04 to 15-Jul-05). Note that thdae water data has been offset
by 5 cm to prevent significant overlap with EGNWdl&nd EGNW-30d. (B) Raw water level data obtaitdedng ST2 (06-Oct-06

to 27-Dec-06). Note that the groundwater headEfeNW-0s has been offset by 10 cm to prevent sicanifi overlap with EGNW-
30s.
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the two sampling pointslg). In this study, all horizontal gradients areerehced to the
shoreline well (Table 2.2) such that positive geatls indicate seaward flow and vice versa. In
the following paragraphs, the hydraulic gradiemésdescribed to evaluate the physical flow
regime; vertical and horizontal discharge are estiinh using the depth-average(10%23cm s*;
reported by Hartl 2006) and the aver&gdrom the bail-down tests (@9, respectively
(Tables 2.2 — 2.3).

The strong correlation between piezometric heaat{d)surface water suggests a
comparison between long-term average hydraulicignésl should be sufficient in characterizing
the system (Table 2.2; Figure 2.3A). During STk, &verage vertical hydraulic gradients
between the groundwater and surface water at Gnd=0 m offshore are -0.070£0.026 (2 =
2878), 0.0037+0.014 @ n = 1894), and 0.013+0.00360(h = 984), respectively. These
gradients suggest discharge is occurring at theehe at a rate of 30+11 cni‘*d2). In
contrast, recharge is occurring 15 and 30 m offsladrates of 1.6+6.0 and 5.5+1.5 cih(20),
respectively. As indicated by the variations ia thtes, EGNW-15d experiences both recharge
and discharge. Horizontal hydraulic gradientsHG&NW-15 and EGNW-30 with respect to
EGNW-0 for ST1 are 0.0096+0.00410(zh = 1894) and 0.0043+0.00160(2h = 984),
respectively. These horizontal gradients suggesward flow on the order of 4 to 9 ci;d
however, care should be taken in interpretingdleiseralization because the piezometers are
screened at different depths.

The long-term average vertical hydraulic gradietitined from the ST2 data set share
similarities and differences with those from STA Tables 2.2 and 2.3). During ST2, the
average vertical hydraulic gradients between toemplwater and surface water at 0, 15 and 30

m offshore are -0.027+0.023, 0.021+0.025, and 0323 (2, n = 5898 for all), respectively.
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As with ST1, the, at the shoreline during ST2 indicates dischargeidver, the rate (12+9.9 cm
d™: 20, n = 5898) is approximately one-third of that abse during ST1 (Table 2.2). During
ST2, the averageg at 15 m offshore suggests recharge; however &sSWifL, the site appears to
be a point of both recharge and discharge (TaBle 2n contrast to ST1, the vertical hydraulic
gradient at 30 m offshore during ST2 suggests tsttharge and recharge are probable at rates
ranging from -26 to 5.5 cmi'd Horizontal hydraulic gradients from EGNW-0OS, EGNL5s,

and EGNW-30s relative to EGN-0s are 0.029+0.00420%5+0.0022, and -0.00033+0.0012
(20, n = 5898 for all), respectively, which equat®trcy velocities of -27+4.2, -5.3£2.1, and
0.32+1.1 cm d, respectively. These rates show that the hori#@moundwater flow does occur
seaward of the shoreline, however, given the ctp®zometer configuration it cannot be
determined whether the horizontal or vertical congy of flow is more dominant.

Periodic Surface Water-Groundwater Interactions

Correlation between surface water and groundwatgad s high suggesting a significant
causal relationship between the two data setscoByparing the data sets in the frequency
domain, a better understanding of how periodicdsrimposed by surface water fluctuations are
propagated through the saturated aquifer. Autctsp&ere computed from individual water
level records to identify consistent periodic f&a@mong the data sets and cross-spectra and
mean-squared coherency were computed to quangitajivstify these general observations.

Power spectra for ST1 and ST2 for each of the wated data sets are shown in Figures
2.4 and 2.5, respectively. In general, most ofpbwer occurs at the lower end of the frequency
spectrum (less than 3 cpd). The higher resoligampling (Nyquist frequency of 36 cpd)
conducted during ST2 does not show any signifipamter inputs at the higher end of the

frequency spectrum. The most prominent, resolvpbleer signals for both monitoring periods
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and all the data sets are at frequencies of 1.00A#®33 cpd (J= 1 and 0.52 d; Figures 2.4 —
2.5); these frequencies are consistent with thakd.M2 tidal constituents. Additional
resolvable power peaks during ST1 occur betweeuéecies of 0.048 and 0.1680 cpg €T
20.8 and 6.0 cpd; Figure 2.4); whereas during #1€pnly additional resolvable power peak
occurs at a frequency of 0.36 cpg 2.8 d; Figure 2.5). The lack of significantrasbmical
forces acting on these time-scales suggests tmaisaheric forcing is the primary mechanism.

Cross-spectra between surface water and the sagimundwater data sets collected
during ST1 and ST2 are presented in Figures 2.@afhdespectively. Following the suggestion
of Shih et al. (1999), the significance of the srgpectra are evaluated by the mean-squared
coherency relative to the 95% confidence of the-reno coherency (NZC) for a given
frequency. As foreshadowed by the auto-spectsayraficant power relationship exists between
surface water and groundwater at the frequenciegiomed above. This analysis confirms that
periodic forces affecting the surface water ar@agated into the aquifer; the question remains
how much attenuation of these signals is inducetheyaquifer matrix.

The propagation of energy/power signal can besasskusing the gain/attenuation factor,
H(f),

Sxx(f)

HDI? = %73
yy

(2.5)

whereS,y andS,, are the one-sided, power spectra for an inputgugace water) and an output
(i.e. groundwater) signal, respectively. Instefithe entire power spectra, | concentrate on
those frequencies with significant cross-spectofiécent relationships as indicated above; a
summary of attenuation factors are presented iteTald. These data show the aquifer is very

efficient in transmitting perturbations in the sao® water into the groundwater. In addition, it
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Figure 2.4. Power auto-spectra density functiammputed for (A) surface water, (B) EGNW-
0s, (C) EGNW-15d, and (D) EGNW-30d for time-sedesa collected during ST1 (22-Nov-04
to 15-Jul-05).
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ST2 (06-Oct-06 to 27-Dec-06).
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Figure 2.6. Power cross-spectra density functommsputed using surface water as an input and
(A) EGNW-0s, (B) EGNW-15d, and (C) EGNW-30d as autfor time-series data collected
during ST1 (22-Nov-04 to 15-Jul-05). Mean squarelerence that is greater than the 95% non-
zero coherence (NZC) is plotted as scatter poinisdicate frequencies were coherent
relationship existed between input and output.
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Figure 2.7. Power cross-spectra density functommsputed using surface water as an input and
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data collected during ST2 (06-Oct-06 to 27-Dec-Qdean squared coherence that is greater
than the 95% non-zero coherence (NZC) is plottestatier points to indicate frequencies were
coherent relationship existed between input andudut
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Table 2.4. Attenuation factor of discrete frequead¢hat demonstrated high coherency.

Attenuation Factor(f) for different piezometers
Sampling Trip frequency 0 15 30 SW
ST1 0.048 0.846 1.000
1 0.449 0.381 0.689 1.000
1.933 0.758 0.807 0.818 1.000
ST2 0.36 0.749 0.777 0.868 1.000
1 0.509 0.711 0.826 1.000
1.933 0.363 0.773 0.835 1.000

appears the lower frequency signals experienckedst attenuation, which could play a
significant role if the system is perturbed by rpeTiodic events (e.g. hurricanes).
Discussion

The open hydrologic connection between the lagoahthe submarine aquifer is
apparent from the strong correlation between sarfeater level and piezometric head(s).
Even with this open connection, the vertical andZumtal hydraulic gradients and subsequently
the physical flow regime remain fairly constantilgh time. Based on the piezometer
configuration of this study, the physical flow reg does not appear to be dominated by either
vertical or horizontal flow. At 15 m offshore, thatio between horizontal and vertical flow rates
derived from horizontal hydraulic gradients betw&&NW-0 and -15 and the vertical hydraulic
gradient between EGNW-15 and surface water, reispgtis approximately 1:1 during both
ST1 and ST2. However, a subsequent study condbetagen Jul-05 and Mar-06 (see Table
3.1 of Chapter 3) using nested piezometers sugtiestsitio between horizontal flow rate
(estimated by the horizontal hydraulic gradienitgstn EGNW-0d and -15d) and vertical flow
rates (estimated from vertical hydraulic gradidrgsveen EGNW-15d and -15s) is 1:5, which
implies vertical flow is dominant. The discreparmtween these two observations is not clear

and may be related to a number of factors, inclyde similarity in lagoon water level and head
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at 15 m offshore during ST1 and ST2, changes ioteeall water balance in the fresh
groundwater system (i.e. recharge, withdrawal)rduthe various sampling trips, and/or the
treatment of data (i.e. usage of long-term averagescomparison of horizontal and vertical
flows for EGNW-15) to examine the physical flow ire@. However, a vertically-dominated
physical flow regime is more consistent with thedty of groundwater hydraulics at a seepage
or exit face (Cooper 1959; Glover 1959; Harr 198@ar 1972).

In general, the dominance of vertical flow in sulima seepage faces stems from the fact
that surface water body (i.e. the lagoon or set) @ a prescribed head boundary. All such
prescribed head boundary conditions (e.g. watde-@ibides and surface water bodies) are in
fact an equipotential line (i.e. lines of equal dhefr the groundwater flow system (Harr 1962).
As these boundaries are approached (e.g. in tleeota®o-dimensional flow), hydraulic
gradients and flow become pre-dominantly unidicewi (Harr 1962). In the case where the
prescribed head boundary is a surface water bbodydquipotential line is essentially horizontal
and the groundwater flow is pre-dominantly verticAlso important to coastal aquifers, as
examined in this study, are density gradients. t@sts in groundwater salinity create density
gradients between seaward flowing fresh groundwaatdrlandward flowing saline groundwater.
The less dense fresh groundwater overlies the dealee groundwater creating a curvilinear
interface between the two water masses, which bes@rogressively more vertical as you
approach the top of the aquifer (i.e. Ghyben-Hengbelation). Despite whether the interface
between the two fluids is sharp (i.e. immiscibladk) or transitional (i.e. miscible fluids), there
is limited transport of fluid across the interfar®d the flow paths tend to parallel the interface
(Cooper 1959; Glover 1959). The Indian River Lagaots as a prescribed head boundary for
the submarine aquifer and salinity gradients obetween fresh groundwater and saline and

groundwater, thus | argue that the vertically-dcateal flow regime observed between Jul-05
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Mar-06 is more consistent with the theory of coastapage faces. However, it should be noted
that a 1:1 ratio implied by measurements from STd. &T2 still reflects the importance of
vertical flow in this system and that flow will b@me increasingly more vertical as the sediment-
water interface is approached (Cooper 1959; Gla9&0; Harr 1962; Nielsen 1990; Horn 2002;
Mango et al. 2004).

Vertical discharge estimates derived from diredichmeasurements are somewhat
consistent with observations made by Martin ef2107) using seepage meters and chloride
concentration in the discharging fluid. For exagplartin et al. (2007) reported rates of fresh
groundwater discharge at the shoreline that w&#2%2 cm d, which fall within the range
derived from head measurements. However, the geapater and chloride data showed that
fresh groundwater discharge occurred out to 20fshofe. Based on water level measurements,
the null point of fresh groundwater discharge meguo closer to the shoreline as indicated by
the variable recharge/discharge scenario obsetvEsl @ offshore, especially during ST1.
Seepage meter estimates of fresh groundwater dgeha 15 m offshore were on the order of
2.6 cm &' (Martin et al. 2007), which falls within the largenge derived from head
measurements. This discharge rate (2.6 cm d-1tiMetral., 2007) suggests a head difference
of 0.9 or 1.5 cm between the surface water andrgheater head, in either the shallow (1.5 m)
or deep (2.5 m) piezometer, respectively, whidbel®w the resolution of the probes used to
measure head. Thus, the variability of the real/digcharge rates at 15 m offshore could
potentially be resolved by measuring water levelgaaous depths within the aquifer
simultaneously or with instruments that have altggm greater than £1 cm. The discrepancy
between the flow rates from Martin et al. (20079 amthis study using head measurements
demonstrates importance of using multiple techrsdué also the difficulties in their

intercomparison.
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Raw time-series water level data do not sugggstlaminant periodic forces acting on
the system; however, transforming the data intdriguency domain reveals both astronomic-
and wind-tides are perturbing the system at comigishtervals. The main astronomical forces
acting on this system include the diurnal K1 amdisgiurnal M2 tidal constituents; however,
the amplitudes of these constituents are lesstt@an. The influence of wind-tides is assumed
from the additional resolvable peaks in the autectija observed specifically at frequencies of
0.168 and 0.36. These frequencies correspondynigti periodicity of frontal passages that
occur on the order of 3 to 6 days. However, thpldandes of these periodic wind-tides are
generally less than 2 cm. Combined effects ofe¢he® periodic forces cannot explain the ~14
cm (2o) variability observed in all water level data, Aese non-periodic or episodic forces also
are influencing water levels in the Indian Riveghan and submarine groundwater system.
Such events are apparent in the raw data (e.cgaid-®4; Figure 2.3) where surface water and
groundwater levels increase almost 50 cm in a gdesi@ 2 d.

Summary

The position of the subterranean estuary and fgestindwater seepage face observed in
Indian River Lagoon appears to be relatively stalbieng “fair weather conditions”. While
periodic frontal systems appear in both groundwaiter surface water data sets, limited
attenuation is observed due to the effects of thfer matrix. The rapid response of
groundwater to these periodic forces suggests an bpdrologic connection between the lagoon
and the groundwater-aquifer system. Even withapien connection, the physical flow regime
appears to remain fairly constant with time. Darelocities suggest the focus of fresh
groundwater discharge is confined from the shoedimapproximately 15 m offshore. Vertical
hydraulic gradients and Darcy velocities suggesttical flow is a major component of the

physical flow regime as is expected for a freshwseepage face. While vertical flow is
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significant during fair weather conditions, it cdulot be definitively shown that vertical flow
dominates over horizontal flow.
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CHAPTER 3.

EPISODIC HIGH INTENSITY MIXING EVENTSIN A SUBTERRANEAN ESTUARY:
EFFECTS OF TROPICAL CYCLONES!

Introduction

Fluid discharge from submarine aquifers and assatieghemical loading to overlying
surface water bodies have been the focus of a dezdiof research over the last decade. The
discharging fluid, collectively referred to as sudrime groundwater discharge (SGD), is
composed of terrestrially recharged groundwaterrangculated seawater. Within the aquifer,
these two chemically contrasting fluids mix to fowhat is often referred to as the “subterranean
estuary” (Moore 1999). A number of recent studliage investigated the role of the
subterranean estuary on the biogeochemical cyolimgetals, industrial or commercial
groundwater contaminants, and macro- and micraenif (e.g., Simmons 1992; Krest et al.
2000; Cable et al. 2002), thus providing the phglsamd chemical framework for these dynamic
systems and their effects on chemical transporstMtudies are limited in temporal monitoring
and many use synoptic data sets. Such measuremegmbds result in an incomplete
understanding of how subterranean systems respopetturbations (e.g., seasonal recharge,
human consumption, storms, etc.).

Only a few studies have documented how SGD varitsalianges in forcing
mechanisms. Michael et al. (2005) noted a disseasonal pattern in SGD reflecting recharge
of the surficial aquifer and changes in the positidthe subterranean estuary in Waquoit Bay,
MA. Extensive harmful algal blooms (HABs) in 20@Bng the west-central Florida coast were

blamed on the active 2004 Atlantic hurricane seastiich dropped substantial rainfall on the

! Reprinted from Limnology and Oceanografddy 666-674. Copyright (2008) by the American Socimt
Limnology and Oceanography, Inc. Note: Minor changere made to the presented chapter to conform to
dissertation formatting requirements.
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Tampa Bay region (Hu et al. 2006). These resessdhgothesized HABs were fed by large
SGD-derived nitrogen fluxes driven to the coastaan by this precipitation and subsequent
recharge. Along the North Carolina continental §ibore and Wilson (2005) noted 1 to 2°C
temperature oscillations 4 m below seafloor follogvthe passage of Hurricanes Dennis and
Floyd in 1999. These temperature anomalies wénbwated to enhanced pore water exchange
between the permeable seafloor sediments and danaluring the passage of large storm waves
associated with these hurricanes. In this stutwdstigate perturbations to the subterranean
estuary associated with the passage of tropicdbigs and quantify how a subterranean estuary
responds spatially and temporally to these episednts.

Study Site

This study was conducted in Indian River LagoorL{|R micro-tidal, back-barrier
lagoon located in east-central Florida (Figure 3.1Astronomical tides decrease away from
inlets, where amplitudes are ~10 to 15 cm, but woadsgenerate large water levels across the
entire lagoon. Tidal amplitudes in this portiortloé lagoon area are less than 2 cm, and non-
tidal sea level variations are less than 30 cm {54993).

The hydrostratigraphy of the field site is ass@datith the Surficial aquifer because the
Floridan aquifer is confined by the less conductiiaavthorne Group. The Surficial aquifer
consists of interbedded and unconsolidated Plioteklocene coquinas, sands, and clayey-
silts. The hydraulically conductive regions of dwguifer, i.e. the sand and coquina portions,
have hydraulic conductivities between 10 and 12¥'riToth 1988); hydraulic conductivities of
silty and clayey units are estimated to be 0.00.tom d* (Pandit and El-Khazen 1990). The
shallow (< 2.5 m), nearshore sediments that comgh@sapper portion of the Surficial aquifer

have average horizontal and vertical hydraulic cotidities of 8.3 and 0.20 mi'd respectively.
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Figure 3.1. (A) Map of east-central Florida shogvthe location of the field site within the
Indian River Lagoon, (B) relative to Eau Gallie Bivand USGS gaging station 02449007, (C)
and the piezometer transect; labels above the mpietass (i.e., OS, 0, 5, 15, and 30) denote their
position relative to the shoreline in meters. Btahd 30 m offshore, two piezometers are
installed at each location; the shallow piezoméeis screened at 1.5 m and the deep
piezometer (d) is screened at 2.5 m.

Previous studies have shown that SGD may be anrtargacomponent of the overall
hydrologic budget of Indian River Lagoon (Cablalket 2004; Martin et al., 2004; 2006);
however, the significance is unclear because gEkla&ariations in discharge estimates and in
sources of SGD (Martin et al., 2007). | considereithe concept of “fair-weather” versus
“storm” conditions in the examination of SGD and gubterranean estuary. | define “fair-
weather” as those conditions either averaged avextended period of time (months to years)
or based on data of limited temporal resolution.

Pandit and El-Khazen (1990) used a finite elememtrgdwater flow model to estimate

specific discharge of terrestrially-sourced grouatiw that averaged 0.23 cit dlong the length

of the lagoon. Martin et al. (2004; 2006) measunee-series of pore water temperature and Cl
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concentrations in the north-central lagoon and nteaffshore SGD rates as high as 150 &m d
however, the fluid was determined to be recircaldégoon water with no terrestrially-sourced
groundwater. Nevertheless, both terrestrial grawatdr and recirculated lagoon water are
important to the formation and maintenance of suaitean estuaries. Along a pore water
transect, 10 m north of the piezometer transea usthis study, Martin et al. (2007) used CI
concentrations to map the subterranean estuagriveather conditions. A conceptual
representation of the subterranean estuary duaingveather conditions was derived from
Martin et al.’s (2007) study (Figure 3.2A). Basedseepage meters, Cbncentrations, and
Glover’s analytical hydrostatic model, they detered freshwater inputs were restricted to about
22 m offshore. Within this 22 m wide zone, fresiitev inputs were judged to decrease linearly
with a net flux between 0.02 to 0.9 ai* m™ of shoreline. Approximately 250 m offshore, &ttl

to no terrestrial groundwater input was also judigedccur and recirculated lagoon water and/or
saline groundwater are the dominant sources of @@&dbtin et al. 2007). These variations in
fair-weather SGD rates can largely be attributethéomeasurement technique and its ability to
guantify the source of the fluid (i.e., terrestnaksus marine SGD; e.g., Cable et al. 2004).
2005 Atlantic Hurricane Season

The 2005 Atlantic hurricane season was one of thgt mctive on record; a total of 27 named
(and one unnamed) storms formed in the AtlanticaDceOf these storms, Hurricane Katrina (25
Aug), Tropical Storm Tammy (04-05 Oct) and Hurrieailma (24 Oct) passed directly over
the Florida Peninsula; Hurricane Rita (20-21 Sey) ldurricane Ophelia (08-09 Sep) also
passed close to east-central Florida. Of thesediorms, Tropical Storm Tammy and Hurricane
Wilma had the most influence on east-central Fiadd specifically the Indian River Lagoon.

Tropical Storm Tammy moved north in the Atlanticean paralleling the Florida coast
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Figure 3.2. Conceptual model of the subterranstuaey showing the processes that contribute
to its position during (A) fair-weather and (B) stoconditions. During fair-weather conditions,
the subterranean estuary is located between 13@ndoffshore. During storm conditions,
storm surge and waves cause the rapid infiltratfcseawater into the upper portion of the
aquifer, the dispersive mixing zone migrates larmdivand secondary mixing zone extends to
depths of 2.5 m. Flow lines are shown as soligdiwith arrow heads, mixing lines are shown
with dashed lines, and heads in the piezometeativelto the local datuam are shown as
underlined, inverted solid triangles next to thepective piezometer.
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and slowly passed over the field site with an agerand maximum wind velocity of 10 and 18
m s?, respectively, on 04 and 05 October. During tinie, the open ocean side of the barrier
island system experienced a 25 to 50 cm storm g&tgevart 2006) while the average and
maximum increase in Eau Gallie River stage wasdrl&hcm, respectively. Barometric setup in
the lagoon and ocean would be of similar magnitwdele fetch limitation of the lagoon would
prevent wind and wave setup comparable to the ogéguare 3.1). In contrast, Hurricane
Wilma moved west out of the Gulf of Mexico, acrdiss Florida peninsula, and into the Atlantic
Ocean. The eye wall passed approximately 180 kithsaf the field site (near Jupiter, FL) as a
category two storm with maximum winds of 48.8 T sfficial observations from Melbourne
National Weather Service Station 5 km southeait@turrent field site documented primarily
westerly winds with an average wind velocity ofr@%" and gusts of 33.4 m'¢Pasch et al.
2006). No official reports of storm surge duringrlicane Wilma exist for the ocean or lagoon
proximal to my site; Eau Gallie River stage reacaedaximum of 55 cm and averaged 20 cm.
Methods

Absolute pressure (water plus atmospheric) and ¢éeatgre were continuously recorded
in seven shallow piezometers from 20-Jul-05 to 1a86 along a shore-normal transect
extending from 10 m onshore to 30 m offshore inldg@on (Figure 3.1C). These measurements
were collected along this east-west transect ah bhishore (EGNW-0S), at the shoreline
(EGNW-0), 15 m offshore (EGNW-15), and 30 m offsh(EGNW-30; Figure 3.1C). All
offshore piezometers were installed manually usifignce-post driver and consisted of 3.8 cm
(1.5 in) outer diameter schedule 40 or 80 PVC tglmioupled with 15 to 20 cm long, 2.54 mm
slotted PVC screening. The onshore piezometéheofame construction type as the offshore
piezometers, was installed inside of 10.2 cm (4liajneter PVC casing emplaced using a

manual auger. Sensors were in contact with thenbpo 6 cm of screening. Piezometers were
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surveyed to a common (local) datum (average lagaaier level) on 10-Feb-05; all head
measurements are referenced to this datum. Ahd3@ m offshore, two piezometers,
separated laterally by 0.3 m, were installed taluepf 1.5 m (EGNW-15s and -30s) and 2.5 m
(EGNW-15d and -30d) below the local datum. Thegmeeter at the shoreline (EGNW-0d) and
onshore (EGN-OS) were installed to a depth of 2225 m, respectively, below the local
datum. All piezometers were installed with the adphe casing (TOC) approximately 1 m
(range of 0.98 to 1.02 m) above the local datumwaitid a vent (1 mm wide, 1 cm long)
approximately 2 cm below the TOC. The four offghprezometers (EGNW-15s, EGNW-15d,
EGNW-30s, and EGNW-30d) were also equipped witrdoaetivity probes. All measurements
were recorded at 20-minute intervals for the doratf the eight-month experiment. Absolute
water pressure was corrected for barometric predsunbtain groundwater pressure head; a
constant aquifer barometric efficiency of 95 % waed in the correction. Stage data from Eau
Gallie River (USGS Sta. 02449007), located lesa thkm north of the transect and 2.5 km
upstream, was used as the best surrogate for lagatan level. For reference, Eau Gallie River
stage averaged 101.8 cm above NGVD29 datum on @%e | assume the difference between
the Eau Gallie River stage and the NGVD29 daturthandate can be used to extrapolate
changes in lagoon water level. Given the shotadie between these sites, the likely error on
this assumption is about 10%. Salinity and waggrsity were computed from water pressure,
conductivity, and temperature using SEAWATER 3.®(lyan 1994). Pressure head was
corrected for density variations and normalizetteshwater (0 salinity) using the following

equation:

P
hfeq = <_S> hy (3.1
Pr
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wherehq is the freshwater equivalent pressure hgadndo are the density of measured and
fresh water, respectively, ahgdis measured pressure head.

The salinity records obtained from the offshorezpraeters are the main data sources of
episodic turnover or flushing of the subterranestnay. Although salinity could be affected by
contamination of the piezometers by overtoppingifgiorm surge or waves, several physical
observations suggest lagoon water did not contamiha piezometers. Each peizometer was
sealed with water-tight PVC caps, and thus contatiuin would have to occur either as water
leakage along the skin of the piezometer (i.e.atieg skin effect) or through the vent located 2
cm below the top of the piezometer. A significauatve height of 20 cm was computed for
Tropical Storm Tammy using the CERC (1984) shaleater wave prediction model and input
values of 3000 m, 1 m, and 10 th $or fetch, water depth, and average wind velgcity
respectively. The increase in lagoon water leisel due to storm surge (10 cm) and waves (20
cm) would be insufficient to overtop the piezometBuring Hurricane Wilma, Eau Gallie River
stage increased to a maximum of 55 cm but shovetag correlation with precipitation,
suggesting runoff and storm surge augmented therwatels. Thus, lagoon water level likely
increased less than 55 cm during this storm. Uaingverage wind velocity of 25 nf,sand
fetch and water depth from above, the predictedifsignt wave height is 40 cm, indicating
lagoon water also would not have flowed into thezpmeter during Hurricane Wilma.

Results

Spatial and Temporal Variations in Head

Total head in the piezometers measured from Jub-0Bar-06 reflects Florida’s sub-tropical wet
and dry seasonal climate (Figure 3.3A). All pieebens exhibit elevated head from 24-Aug-05
to 25-Nov-05, coinciding with the end of the weasen and the fall hurricane season. Average

density-corrected, total hydraulic heads during geriod for EGNW-15s, -15d, -30s, and -30d
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Figure 3.3. (A) Long-term time-series of freshwaquivalent head in piezometers recorded from2®3 to 14-Mar-06. The
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63



were 20.2+12.6, 28.4+12.7, 20.7£12.7, and 26.5t&Bh8respectively; heads in EGNW-OS and
EGNW-0d averaged 65.4+9.9 and 39.7+£9.9 cm, respygt{Table 3.1). Eau Gallie River stage

averaged 107.4 cm during the same period.

Table 3.1. Average water levels (cm) observethéngiezometers and the Eau Gallie River.
Maximum water levels during tropical cyclones aingeg in parentheses.

. . Tropical storm Hurricane
Sampling location Dry seasonNet season Tammy Wilma

Eau Gallie River 100.7 107.4 108.6 (112) 121156(9)
Indian River Lagoon

Water Level* -1.1 5.6 6.8 (10.2) 19.6 (55.1)
EGN-OS 32.2 65.4 79.3 (85.3) 83.4 (97.1)
EGN-0d - 39.7 52.5 (60.2) 55.9 (75.8)
EGN-15s -11.4 20.2 48.3 (53.2) 52.7 (72.0)
EGN-15d -7.8 28.4 48.2 (56.2) 47.6 (74.2)
EGN-30s -13.4 20.7 50.1 (54.9) 54.6 (73.0)
EGN-30d -9.2 26.5 45.1 (55.9) 49.1 (68.1)

*Lagoon water level is estimated as the differelneveen reported Eau River Stage and river stage
on 10-Feb-05 (101.8 cm).

Tropical cyclones during this period delivered 17 af precipitation to the region. The
maximum head measurement in each piezometer cemuidh the passage of Hurricane Wilma
on 24-0Oct-05, followed by a long recession perininating in late December. Total head
observed from 10-Dec-05 to 14-Mar-06 was relatiwagstant. The onshore piezometric head
averaged 32.2+7.6 cm above the local datum whilBl&&L5s, -15d, -30s, and -30d averaged
11.446.7, 7.84£7.5, 13.4+7.2, and 9.2+7.2 cm belogvlocal datum, respectively. Eau Gallie
River stage averaged 100.7 cm above the NGVD29daithis period of low head coincides

with the onset of the dry season in the regioral fotecipitation during this period was 7 cm.
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Based on long-term head averages, hydraulic gredigrect the flow of groundwater seaward
and vertically upward along the piezometer trandedng both wet and dry seasons.

Analysis of hourly resolved head measurementsarptezometers show groundwater responded
quickly to external forces such as the passageoatdl systems and/or tropical cyclones as
indicated by precipitation and changes in rivegstaTotal head and river stage peaked on at
least eight separate occasions during this pekapli(e 3.3A). Two of the most notable changes
in total head occurred during the passage of Teb@torm Tammy (04-05 Oct-05) and
Hurricane Wilma (24-Oct-05). During Tropical Stofirammy, hydraulic heads in the onshore
and shoreline piezometers increased 15 cm abowsdhgseason average (Figure 3.3B), thus
maintaining the offshore directed hydraulic gratdlieetween these two piezometer. Heads
observed in EGNW-15s, -15d, -30s, and -30d averdge®i2.9, 48.2+2.8, 50.1+2.8, and
45.1+2.9 cm, respectively, suggesting a reversshaillow to deep head gradients when
compared to the long-term averages. SimilarlyiduHurricane Wilma, heads in the onshore
and shoreline piezometers increased on averagm2hd a maximum of 25 cm above the wet
season average . The uniform head increase ssgbasthe offshore-directed hydraulic
gradient was maintained. During Hurricane Wilmaadis in the offshore piezometers
demonstrated a similar reversal pattern as obsetwedg Tropical Storm Tammy; the heads in
EGNW-15s, -15d, -30s, and -30d averaged 52.7+3.5+2.4, 54.6+3.6, and 49.1+2.5 cm,
respectively. Reversals in the offshore head gradiindicate water percolated into the aquifer
and flowed landward during both Tropical Storm Tayrand Hurricane Wilma.

Spatial and Temporal Variations in Pore Water $slin

During the period of storm-related head changesy(@aigust to late November 2005),

only two significant changes in salinity were obsel at or below the deep piezometer (2.5 m
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below the local datum); they occurred during thespge of Tropical Storm Tammy and
Hurricane Wilma (Figure 3.4). As Tropical Stormmiiay passed over the field site, the salinity
in the shallow piezometer 30 m offshore decreageglto 7, while the shallow and deep
piezometers at 15 m offshore increased in sallmyty and 2.5, respectively (Figure 3.4B). The
subsequent pore water salinity recession backeestmrm values was interrupted by the passage
of Hurricane Wilma. Hurricane Wilma caused a samperturbation in salinity, but more intense
and deeper, in which all piezometer salinities @vged to about 10 to 12 over a period of
approximately six hours (Figure 3.4C). Breakthtoofthe salinity perturbation was observed
first in the shallow piezometers; three to six lsolater the salinity perturbation reached the
deeper piezometer at 15 m offshore. This resglgyssts that the effective transport rate
(advective and dispersive) of dissolved salts findd, was on the order of 4 to 8 nitd

Discussion

Seasonal Submarine Groundwater Discharge and Bldpyclones

The long-term effect that tropical cyclones havdlmmagnitude of groundwater
discharge can be examined with head measuremedis ab¢ghe onshore piezometer and using
Glover’'s analytical solution to the seawater inimagproblem (Glover 1959; Cheng and Ouazar
1999). Glover’s solution to the seawater intrugpooblem is solved assuming steady-state flow;
the passage of tropical cyclones are highly tramsrenature, therefore, | choose to present only
seasonal variations in groundwater discharge aswlids the role tropical cyclones have on this
seasonal pattern. Using Glover’s assumptiongotiaé freshwater discharge from the outflow
face (seepage face) is approximated by

AhfzK,pf

T 2(ps — pp)x G2
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whereQ is total discharge per unit length of shoreliné ¢hm™), At is the difference (m)
between the head in the piezometer and the lagaber\hevelx is the horizontal distance of the
piezometer from the shoreling’ is the effective hydraulic conductivity (1.3 rif)dandg (997
kg m®) andgs (1014 kg nit) are the density of the fresh and saline grounemerid-members,
respectively. By using the head difference betwe@MNW-OS and the lagoon, | have assumed
that the head measurement from the piezometefiéstige of the water-table elevation at this
point and thus vertical gradients at 10 m onshogevanor. This creates a vertical plane where
total fresh groundwater discharge can be estimat&mhservation of volume requires the
discharge across this vertical plane to be equidlgalischarge exiting the seepage face.

During the wet season, the fair-weather onshord hearaged 65.4 cm above the local
datum and the lagoon water level (estimated froengk in Eau Gallie River stage; Table 3.1)
increased 5.6 cm, resulting in a total freshwaistttarge of 1.3 fd™ m™ of shoreline. This
estimate is relatively consistent with seepage nestémates (0.9 fro™* m™) made during the
month of September 2005 (Martin et al. 2007). gshe average dry season head of 32.2 cm
and estimated lagoon water level change of -1.1Table 3.1), computed total freshwater
discharge is approximately 0.4 mi* m™ of shoreline. These discharge estimates suggast th
fresh groundwater discharge from the Surficial gejuraries by a factor 3.25 between the two
seasons. These discharge variations are prin@miirolled by precipitation and subsequently
onshore recharge of the surficial aquifer. Basethe precipitation records (Figure 3.3),
approximately 30% of the total (wet) seasonal gigation occurred during the passage of
Tropical Storm Tammy and Hurricane Wilma.

During the tropical cyclones, higher heads wereepled in the onshore piezometer.

Estimated values df during Tropical Storm Tammy and Hurricane Wilmar&v@2.5 and 63.8
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cm, respectively (Table 3.1), which based on thev& model, suggests that discharge increased
during the storms. However, this seems unlikelegithe offshore head reversals and the
salinity perturbations. | interpret these higheatts in the onshore piezometer as representing
the water-table response to higher lagoon wateldgianalogous to tidal effects), the infiltration
of lagoon water into the aquifer, and the displaeenof the subterranean estuary landward.
Following the storms, the pressure gradients woelak and there would be a temporary
increase in discharge of fresh groundwater anttratied lagoon water from the seepage face.
Such effects have been observed in water-tabldeagut diurnal- and seasonal-scale (Mango et
al. 2004; Michael et al. 2005) and thus are likelpccur at scales that are more episodic. Both
the increase in precipitation during the tropicatlones and the hypothesized water-table
rebound would enhance groundwater discharge fotiguhe passage of tropical cyclones.

Mechanisms Driving Salinity Perturbations

The observed salinity perturbations are in resptmseveral complex, and potentially
interactive physical processes including: (1) pumg@f lagoon water into the sediments by
waves and storm surge; and (2) landward flow ahealroundwater due to barometric- and
wind-setup in the lagoon and/or the ocean (Figu28B Given the complexity of the system, |
attempt only to provide reasonable, qualitativeeassients of processes that could have
contributed to these salinity perturbations.

Locally, infiltration of seawater into the fresh t®aportion of the subterranean estuary
can occur from wave- and tidal-induced pressurdigras in the nearshore and wave run-up or
storm surging onto a sloping beach. As waves passhallow water, the wave orbitals interact
with the seafloor, become oblong, and create presgadients between the surface and pore

waters. Oscillating pressure gradients associaittdwaves have been shown experimentally to
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enhance pore water and solute exchange by advé¢8inen 1992; Precht and Huettel 2003) and
diffusive/dispersive mechanisms (Webster 2003; Wézlend Taylor, 1992). The effective
flushing depths for such processes depend on searbgphology (e.qg., ripples), sediment
permeability, and wave characteristics (i.e., atage, frequency, and length). The role of
advection, due solely to pressure gradients betwheepore and surface waters, can be
considered assuming a maximum water level of O(Rem significant wave height plus storm
surge) and average hydraulic head observed inthlows offshore piezometers (~ 0.5 m). The
maximum Darcy (advective) flux into the aquifer idbe 0.4 m &, which is 1 to 1.3 orders of
magnitude less than the effective transport raggessted by the lag of salinity between the
shallow and deep piezometer. As suggested abloweffective rate includes both advective and
dispersive transport of dissolved salts; the es@rbased on head gradients reflects only
advective flux and ignores dispersion. It is rexdie to suggest that dispersion of the dissolved
salts, along with the imposed advective flow, citmited to the salinity perturbations observed
during the storms; however, it is unlikely thatstis the sole process.

Wave run-up and tidal or storm surging are otheallonechanisms capable of delivering
saline water into the freshwater portion of theiguNielsen 1990; Hegge and Masselink 1991,
Robinson et al. 2006). The effects of wave rurcampnot be quantified with these data;
however, the effects of tidal surging can be caergid qualitatively. In a numerical experiment,
Robinson et al. (2007) showed that tidal ranges tof 2 m imposed on a beach face forced
surface water into the aquifer and recirculatédti 15 m below the sediment-water interface.
This increase in sea level created a secondaryngizone that occurred landward of the
traditional dispersive mixing zone (Robinson e28l07). Unfortunately, Robinson et al. (2007)

do not provide the time-scale for establishing ¢h&scondary mixing zones. Data do not reflect
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the development of a secondary mixing zone duhegropical cyclones. It is hypothesized that
a secondary mixing zone, extending to a depthtless 1 m, was established prior to the
observed salinity perturbations as smaller frosyatems and tropical cyclones passed near the
region. It was during Tropical Storm Tammy and ttane Wilma (where lagoon water level
rose between 0.2 and 0.5 m plus wave-setup) tlsasécondary mixing zone expanded across
the screening of the piezometers (e.g. Figure But)the distribution of the piezometers does
not provide sufficient data to refute or suppors thypothesis.

Increases in lagoon water level create landwareetid pressure gradients between the
aquifer and the lagoon, which drives saline groustéwlandward (Cooper Jr. et al. 1964;
Nielsen 1990; Urish and Mckenna 2004). During italbcyclones, sea level increases offshore
as a result of barometric, wind, and wave setdupwater-table responds with an onshore head
increase (as observed in EGNW-OS; Figure 3.3B)sHand McKenna (2004) provide a
conceptual model describing this phenomenon. Bhggest that during flooding tides and at
high tides, groundwater flow is directed onshord smrface water infiltrates the aquifer. This
seawater intrusion shifts the saltwater-freshwiattirface and dispersive mixing zone landward
during the elevated tide (Figure 3.3B). Higher le@@l also increases the rate of recirculation of
seawater in the main dispersive mixing zone (Magtgal. 2004; Prieto and Destouni 2005;
Robinson et al. 2006). Field data, showing bottiziontal and vertical head reversals, suggest
that the landward migration of, and the enhancedngialong, the subterranean estuary played
an important role in the salinity perturbationsetved during the 2005 hurricane season.
Increases in ocean sea level should invoke the gameral response as increases in the lagoon
water level and should also be important for egisaaxing of the subterranean estuary. In

contrast with localized changes in lagoon wateelevocean sea level rise imposes a sustained
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hydraulic gradient averaged over a much larger. afsaobserved along the mainland shoreline
of Indian River Lagoon, its effects to the subteea@n estuary would be less significant than the
local increase in lagoon water level. As a resdveral mechanisms appear to influence
episodic turnover of the subterranean estuary ebdeturing the tropical cyclones without any
one process dominating.

Response Time of Subterranean Estuary to Storncisffe

The salinity perturbations permit us to assessdbponse time of subterranean estuaries
as they return to pre-storm conditions. Basedhersalinity response in the piezometers
following Hurricane Wilma, the patterns are coresmly different at 15 and 30 m offshore. The
piezometers 15 m offshore demonstrate an expoheetacase in salinity with respect to time,
similar to the response of a river following a pa@aktage height. The recession curve suggests
advective and dispersive inputs of lower salinigtev slowly replace the water proximal to the
piezometer screen. The salinity in the deep (9.amd shallow (1.5 m) piezometer 15 m
offshore returns to pre-storm conditions on a tsoale of 80 and 130 days, respectively. The
longer replacement time of the shallower groundwagiects the vertical upward flow of lower
salinity groundwater. Also, the difference betwéeese replacement times (50 days) suggests
that groundwater inputs are on the order of 2 &psiilar to rates reported by Martin et al.
(2007). In contrast, the salinity in the piezomelecated 30 m offshore shows a linear response
to the perturbation with a 210 day projected recpveln this area, fresh terrestrially derived
groundwater reaches approximately 22 m offshoretfiMat al. 2007). These results suggest a
slow, more diffusive process controls changes limisabeyond the seaward edge of the seepage
face. Thus, the re-establishment of the “fair-Wedt subterranean estuary strongly depends on

the post-storm distribution of contaminated watasses (i.e. infiltrated lagoon water or
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landward migrated saline groundwater), the infllkresh groundwater into this region of the
aquifer (i.e. recharge dynamics), and the breakdoithe secondary mixing zone, if present.
Conclusions

Subterranean estuaries are noted as highly geocakymeactive zones within aquifers
(Moore 1999), representing sources of alkaline leestach as R4 and B&* (Moore 1996; Shaw
et al. 1998) while acting as a sink for dissolvéd, B&¢*, Mn**, (Charette and Sholkovitz 2006)
and NQ (Addy et al. 2005). Chemical transformations, egntation exchange and redox
reactions, within the subterranean estuary areedriby contrasting geochemistry between the
surface water, fresh groundwater, and saline gnovatet. To date, published data of the
biogeochemical framework of subterranean estuariggate from a single or temporally
restricted data sets, limiting the general undaditey of the dynamic nature of these systems.
The episodic turnover of the subterranean estuasgroed here would entail the infiltration of
oxygen -rich seawater to depths much greater thangifair-weather conditions, greatly
affecting the redox framework. An adjustment te tedox framework of the subterranean
estuary could also affect the geochemistry of terlging lagoon. With deeper penetration of
oxygen into the sediments, metals and other comstis could be released by the dissolution of
metal sulfides and/or by the oxidation of organatt@r (metals absorbed to the organic matter).
Likewise, the intrusion of saline water in zonesyiously occupied by freshwater would tend to
liberate those constituents or ions favorable i@mhange with Na or Ca; therefore providing a
source of these constituents to the overlying lagobhus, it is important to evaluate the context
of the (bio)geochemical framework of these reactwiesurface estuaries at a variety of temporal

scales.
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Shallow mixing (tens to hundreds of centimetersy Bubterranean estuary is strongly
influenced by episodic, high intensity events sasltropical storm systems. Other studies have
documented coastal aquifer systems response & t@&es, and seasonal forces; the data
indicate these systems respond with time scal83t@# months to episodic perturbations such
as hurricanes. The response time is dependettiediotv regime and source water entering the
affected areas. In areas with advective freshwaperts (e.g. from piezometers 15 m offshore),
the response time is much shorter than areas vdiféusive saltwater mixing controls the
response (sampled at piezometers 30 m offshorgthéfrmore, these time scale estimates are
from different magnitude storms, Tropical Storm Taynand Hurricane Wilma, in October
2005. Larger hurricanes may have greater efféetisendure for longer periods of time. The
replacement of pre-storm pore fluids, either byasmed discharge along the seepage face or by
increases in inland head, during these events gpelatly influence the biogeochemical setting
of the subterranean estuary as well as the overlyater body by shifting redox conditions in
the wider dispersive mixing zone, greater shomtdischarge potential of groundwater derived
dissolved constituents, or changes in pore flusilence time within the seepage face and along
the mixing zone-seepage face front.
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CHAPTER 4.

GEOCHEMICAL BEHAVIOR AND DISTRIBUTION OF 2428y, 2°Ra. AND *?Rn IN A
SUBTERRANEAN ESTUARY

Introduction

Radionuclides originating from uraniuftY 22U) and thorium {32Th) decay series have
been used in a wide variety of environmental stidiEhe predictable decay rates of these
radionuclides make them valuable in understandigstent processes (e.g. weathering,
transport, and deposition) that occur on time-scafédours to millions of years. For example,
the conservative and relatively short-lived rad@2-#?°Rn; t,» = 3.825 d) has been used
effectively to study diagenesis in low permeabititgrginal marine environments (Hammond
and Fuller 1979; Martens et al. 1980; Martin andtBal992) and transport across environmental
boundary layers (i.e. air-sea and sediment-watefi)liy marine environments (Broecker 1965;
Broecker and Peng 1971; Peng et al. 198&ilarly, the wide range in half-lives (11.4 d6 3,
1600 y, and 5.7 y) of radium isotopé&’(*** 2> 2Ra, respectively) have been used to
investigate oceanic and estuarine mixing (e.g. &eal. 1985; Crotwell and Moore 2003) as well
as benthic exchange (e.g. Key et al. 1985). A rerrobthe U and Th isotopes have been used
in conjunction with one another to investigate waitek interactions/weathering (e.g. Cochran
et al. 1986; Tricca et al. 2001), surface watemrgdwater interactions/mixing (e.g. Osmond and
Cowart 1976), and geochronometers for rocks ofdeiage.

More recently, U-Th series radionuclides, especffRn and the Ra-quartet, have been
applied as tracers for a transport vector commuefgrred to as submarine groundwater
discharge (SGD; e.g. Cable et al. 1996; Moore 19%&dom and Niencheski 2003). This
source has two distinct fluid end-members: 1) tri@-derived, fresh groundwater and 2)

seawater recirculated through sediments as madreevpater and/or groundwater (e.g.
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Taniguchi et al. 2002; Burnett et al. 2003); digtiishing these sources is important in
evaluating material fluxes to the coastal ocearsuBsurface mixing zone, or “subterranean
estuary” of Moore (1999), forms between the frestugdwater and saline groundwater and/or
surface water. Subterranean estuaries occur aoafital aquifers that are either hydrologically
connected to a saline surface water bodies or emer encroachment of saline groundwater.
Material fluxes to coastal waters are likely todsdanced by salinity gradients at the intersection
of the coastal aquifer and surface water body suggyested by Moore (1999), these
subterranean estuaries can have a significant ingpeite transformation and flux of
geochemical constituents originating in both theslirand saline waters, including the
radionuclides commonly used to trace the watereffux

Although SGD has long been recognized as a patlievaytrients and contaminants to
coastal water bodies (Valiela et al. 1978; Johad8&¢; Valiela et al. 1990), only recently have
studies examined how dissolved constituents ansfivtamed in the subterranean estuary prior to
discharging (e.g. Charette and Sholkovitz 2002td esal. 2002; Snyder et al. 2004). The most
comprehensive study of the biogeochemistry andx¢olxidation-reduction) framework of a
subterranean estuary and the surrounding aquifeidweas presented for Waquoit Bay,
Massachusetts, USA (Charette et al. 2005; ChaaatteSholkovitz 2006). Diagenetic alteration
of amorphous and crystalline iron- and manganegérjbxides as well as other chemical
constituents (e.g. U, Th, Ba, and P) bound to tigesis of the subterranean estuary were
investigated as well as dissolved pore water cuastts (e.g. Fe, Mn, Ba, Sr, and U). Probably
the most intriguing observation of their studieswade at the confluence of fresh and saline
groundwater where the organic-carbon poor sedin(@r45 to 0.075 %) were coated with Fe-
and Mn-(hydr)oxide. Stratification of these (hyakides (Mn overlying Fe) indicated redox-
controlled diagenesis, and implied redox contrgaificantly influenced the distribution of
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dissolved and particulate constituents such a®JB8&y, Th, and P (Charette et al. 2005; Charette
and Sholkovitz 2006).

Following Charette and Sholkovitz (2006), the tefgroundwater” and “pore water” are
used interchangeably throughout this study. Howetie reference to a subterranean estuary in
this study is slightly different than the more itamhal view of a salinity transition zone between
fresh groundwater and saline groundwater/surfaderngigloore 1999). In this study, the
“subterranean estuary” incorporates a portion efftsh groundwater system (i.e. seepage
face), the traditional mixing zone, and the sainreundwater system (beyond the mixing zone).
As will be shown, the usage of the term “subteraamnestuary” in this context reflects on the fact
that the physical and geochemical processes onguatithe salinity transition zone originate
beyond the actual mixing zone.
The geochemical framework of this hydrologic bouydaetween the fresh aquifer and marine
sediments is examined for the Indian River Lagdtorida, both temporally and spatially, using
the following: (1) pore water salinity, Eh, and pld) texture, grain size, and composition of
sediments; and (3) cation exchange capacity anctilelé Fe- and Mn-(hydr)oxides) sediment
characteristics. Within this background geochemyigte spatial and temporal distribution and
behavior of?Rn,?**Ra, U and*'U/**U activity ratio (UAR) in this subsurface mixing
environment is discussed to elucidate the compleggsses controlling their distribution. The
complexity of this aquifer system may greatly igfice the application of these radionuclides as
tracers of water flow, especially SGD.
Background
Study Site

This study was conducted along the mainland shrerra@f the Indian River Lagoon (IRL)

near the town of Melbourne in east-central Floridae lagoon is part of a larger well-mixed,
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micro-tidal back-barrier lagoonal system of the sarame (Smith 1993); the lagoonal system is
comprised of Mosquito Lagoon, Banana River Lag@md Indian River Lagoon, from north to
south. The Indian River Lagoon proper extends@pprately 250 km along the east Florida
coastline from Titusville to West Palm Beach (Fgdrl). Lagoonal width averages
approximately 3 km (maximum of 10 km) and depthrages 1.5 m (maximum 5 m). Three
inlets connect Indian River Lagoon to the Atlarlicean and all are located greater than 50 km
south of my study site. Maximum astronomical lagtidal range (spring-tide) at Sebastian

Inlet is between 7 and 11 cm (Clark 2004); tidahganing reduces the range to less than 0.5 cm
at this field site.

In the area proximal to the field site, the Sudi@quifer consists of undifferentiated,
Pliocene to Holocene interbedded coquina, sartdasidl clay (Appendix A). However, a
persistent Pleistocene coquina, known as Anaskasiaation, is observed within some sections
of the surficial aquifer. Average aquifer thickeeés 30 m and average saturated thickness is 25
m. The aquifer is heterogeneous and anisotroppgried values of hydraulic conductivity range
from 1.2 to 2 x 10 m se¢ for the sandy portions to 0.5 to 1 X1 se¢ for the shell-rich
Anastasia Formation (Toth 1988). Local potentiamédtighs occur along paleo-ridges forming
groundwater divides within the surficial aquiféfhus, meteoric waters recharging the surficial
aquifer east of these paleo-ridges discharge thratdto the Indian River Lagoon. The upper
3-4 m of the submarine portion of the surficial égpuis characterized by moderately sorted,
medium quartz sand (averagg d 2.5¢) with variable amounts of silt and clay and a mean
porosity of 0.37+0.03 (Hartl 2006). Hydraulic canativities determined from bail-down tests at
this field site range from 10to 10%" cm s' within the upper 2.5 m below the seafloor (bsf)

(Chapter 2; Hartl 2006). The sediments are aitianal sequence from a lacustrine or fluvial-
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influenced, brackish-water environment to the modeck-barrier lagoon; this flooding has

been estimated to have occurred over the last 1Blastl 2006).
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Figure 4.1. Map showing the field site locatiorttwiespect to Indian River Lagoon (IRL), FL,
and surrounding counties (A). Inset in (A) shotws lbcation of the study site relative to the
southeastern United States. A local view of thaige of IRL where the study was conducted
(B) is shown relative to Eau Gallie River (EGRPlane-view of shore-normal transect of multi-
samplers used to collect pore waters is providd@)n

Submarine Groundwater Discharge to Indian Riveroosg

A number of studies have been conducted in IndiaarR.agoon to quantify
terrestrially-derived, fresh groundwater dischaagd recirculated marine groundwater discharge
using numerical groundwater flow models (Pandit Bk hazen 1990), seepage meters and
benthic flux chambers (Belanger and Walker 199MI€at al. 2004; Martin et al. 2006; Martin
et al. 2007), geochemical tracers (Cable et al42Martin et al. 2004; Martin et al. 2006; Martin
et al. 2007; Smith et al. in press), and tempeeafMartin et al. 2006). Estimates of recirculated
marine groundwater discharge (reported as speatigharge) are highly variable among the

various studies and the techniques employed. ¥ample, Martin et al. (2006) reports
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recirculated marine groundwater discharge ratesioéd from seepage meters (7.1 cif), gore
water chloride concentrations (> 20 cif)dand a pore water temperature model (150 ¢rfat

a site 500 m offshore in the IRL. Martin et al0{Z) reports a similar range (13 to 116 ch d
for a nearby site using excess pore w&t#tn. Studies distinguishing fresh and marine
groundwater discharge in IRL agree that fresh watauts decrease linearly offshore, fresh
water seepage occurs over a narrow zone proxinthetehoreline (less than 20 to 30 m
offshore), and a subterranean estuary is preseatifivet al. 2007; Smith et al. in press). Smith
et al. (in press) show that their estimates ofl fotsh groundwater seepage (1.01 to 1.8@ith
m* of shoreline) obtained from a pore water transpartiel of**Rn were consistent with fluxes
obtained from seepage meters (0dthm™* of shoreline; Martin et al. 2007) and from
numerical groundwater flow models (0.43 to 2.60dhm™* of shoreline; Pandit and El-Khazen
1990).

The volumetric input of fresh groundwater, periodnd episodic surface water
perturbations, and hydrodynamic dispersivity asslited as controlling the position and width
of the subterranean estuary (Robinson et al. 286iith et al. 2008). As with other studies of
submarine groundwater discharge and subterranéaaries, Martin et al. (2007) suggest the
subterranean estuary beneath IRL could have dis@mi impact on the transport and
transformation of dissolved constituents to IRLwewer, their application of conservative
tracers prevented them from making quantitativecke@ions concerning the exact nature of such
impacts. Smith et al. (in press) recognized thatiteterogeneous distribution of sedinféfin
production throughout the subterranean estuaryeénfte$?’Rn transport and hence accurate
quantitative modeling. Processes controlling tis&ribution of>*®U series radionuclides include
the sediment-mineral composition, sediment phygoaperties, groundwater flow dynamics
and the distribution of the parent radionuclide.
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Methods

Pore water samples and sediment cores were calléci® a shore-normal transect
along the mainland coast of Florida that extengs@pmately 30 m into Indian River Lagoon.
For pore water sampling, eight multi-level piezoenst(e.g. Martin et al., 2003) were installed
along the transect; the multi-samplers are betvie®h m and 2.30 m long and allow discrete
sampling at eight port depths (approximately 18@@m apart) through 200 pm mesh screening.
Pore waters were collected five times in attempmajoture wet and dry seasonal variability: 20-
23 Nov-04, 9-12 May-05, 15-18 Sep-05, 6-8 May-0&] §-6 Oct-06. Five sediment vibracores
(O.D. 7.62 cm, thin-walled aluminum irrigation p)peere also collected along the transect
during the May-06 sampling trip. Pore water samplere pumped slowly (less than 1 L iin
into an open overflow cup using a peristaltic pui@popump, Geotech Environmental
Equipment, Inc.) and silicone tubing. Oxidatiochetion potential (Ag/AgCl electrode), pH
(Ag/AgCI electrode), conductivity, and temperatuwere monitored continuously using a YSI-
556 multiprobe sensor (YSI, Inc.). Once theserpatars stabilized, the values were recorded
and pore waters were sampled. The oxidation-remtupbtential (ORP) measured in the field
was used to compute Eh by adding a constant 20@ontive ORP value as suggested by
manufacturer (YSI, Inc.). The resulting Eh valumsge between -115 and 250 mV for all
sampling trips, where the higher Eh values (moiie waters) were obtained from the surface
waters. Natural surface waters generally havetaafEapproximately 400 mV; the discrepancy
between this assumed value and that measured ssi¢jggisthe probe was not accurately
calibrated and the absolute value of Eh is queshten However, surface water Eh measured at
various points within the lagoon and during thdedtént sampling trips had a mean amde2ror

of 192+34 mV (n=36; one-way ANOVA p > 0.05). Thsisggests that the instrument error was
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fairly consistent among the various sampling tapd the resulting patterns of Eh for each
sampling trip are comparable.

Water samples from each port depth were sub-sanilétfRn (all trips), dissolved
?2°Ra (May-05, Sep-05, May-06, and Oct-06 trips ordyid total dissolved U concentration and
isotopes £+ 2*1). Radon-222 was collected using standard fietdgeol for analysis by liquid
scintillation counting (Clesceri et al. 1989; Snwthal. in press); measurements were performed
at Louisiana State University (LSU) on a PackandCarb 3100 TR liquid scintillation analyzer
with alpha-beta discrimination with a background8d5 counts per minute (cpm) and
correction factor of 2.69 to 3.23. All measurensemere made within the mean-lifeBfRn ¢/,
= 5.5 days). Dissolvet®Ra was extracted from approximately one liter alepwater collected
in plastic bottles using a cryogenic radon extaactechnique (Mathieu et al. 1988; Cable et al.
1996; Smith et al. in press). Approximately 60-oflpore water was passed through a 0.45 pm
filter (Geotech, Inc. Dispos-a-filter) into 60-méag¢id-washed Nalgene bottle and acidified to a
pH less than 2 with distilled, concentrated H\Kid. In the laboratory, approximately 20 g of
pore water were spiked wiffi’'U, and the spiked water was pre-concentrated uSicttyom
U/TEVA chromatographic exchange resin (Horwitzle2802), and analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) at tloelamistry Division of the National High
Magnetics Field Laboratory at Florida State UniitgrdSU-MAGLAB). A dilution of a
certified NIST standard (SRM-4321C) was processitld @ach batch of samples to assess the
accuracy and precision of pre-concentration anahiwog procedures; the average percent
difference (n=24) between measured and dilutedfieertU concentration ant®U/?*®U activity
ratio were 6.4+3.0% and 1.1+0.8%, respectively.

Whole sediment cores were analyzed for bulk dengayosity, color intensity, and
gualitative lithology as described in Chapter 2digent sections (approximately 5 cm long)
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were sub-sampled from the vibracores with mid-pdefths of 7, 15, 25, 35, 55, 75, 95, 115,
145, 175, 205, and 230 cm bsf, which corresportiggore water sampling depths. Sediments
were partitioned out for various analyses includingin size, cation exchange capacity, major
extractable cations (NaK*, C&*, Mg?"), iron and manganese (oxyhydr)oxide content, and
sediment boun&Ra. Grain size was measured on 50 g of dry sedioging standard sieving
techniques at 0.§ intervals (Folk 1974). An additional 20 g of drgdiment was wet sieved
through a 4p (63 um) sieve with 25% sodium metaphosphate@\s#s) solution to determine
percent sand and mud.

Cation exchange capacity and total extractabl®catdf sediments were performed at
the Coastal Wetlands Soil Characterization Lab,abepent of Agronomy and Environmental
Management, LSU. Cation exchange capacity wasrdeted on 50 g sediment aliquots using a
standard displacement after washing procedure MitfOAc buffered to a pH of 7.0 (Peech et
al. 1947); NHOACc extract was analyzed by either an inductiwelypled plasma optical
emission spectrometry (ICP-OES) or atomic absonpdjgectroscopy (AAS) for total extractable
cations.

Iron and manganese (oxyhydr)oxide concentrationre Wetermined using two
intermediate steps, “amorphous Fe oxyhydroxide” ‘angstalline Fe oxide”, of the sequential
leaching procedure proposed by Hall et al. (Ha#le1996). Following the nomenclature
proposed by Charette and Sholkovitz (Charette dnik8vitz 2002), we refer to the two
extractions as “L3” (amorphous) and “L4” (crysta#l). The total oxide concentrations are equal
to the sum of the L3 and L4 extractions. Sediménisg) were saturated with 20 mL of L3
solution (0.25 M hydroxylamine hydrochloride in 8.1 HCI) in acid-cleaned centrifuge tube,
heated at 60°C in a water bath for 2 hours, cewgedl, and supernatant collected in a separate,
acid-cleaned centrifuge tube. Sediments were whbistiee with 5 mL of 18 MR deionized (DI)
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water, centrifuged, and supernatant was added spliBion. Sediments were then exposed to
10 mL of L3 solution and heated for 30 min, wastveide with 5 mL of DI water, and all
supernatant collected for a total volume of 50 ®édiment residue (~1 g) were then saturated
with 30 mL of L4 solution (1 M hydroxylamine hydidaoride in 25% acetic acid, GBOOH) in
acid-cleaned centrifuge tube, heated at 90°C iatanbath for 3 hours, centrifuged, and
supernatant collected in a separate, acid-cleameiiftige tube. Sediments were washed twice
with 10 mL of CHCOOH, centrifuged, and supernatant was added &olution for a total
volume of 50 mL. A second, full L4 leach was pemied but the residence time in bath was
only 1.5 hours. The L3 and both L4 solutions waiheted by a factor of 5 with 18 M DI water
and analyzed by ICP-OES at the Wetlands Biogeodtgninstitute Analytical Laboratory,
Department of Oceanography and Coastal Sciencés, LS

Sediment?®Ra was measured using two different methods, bataibation (slurry),
alpha scintillation to determirfé’Rn production, and gamma-ray spectroscopy to détertotal
sediment®®Ra. For the batch-incubation measurements (reféoras’?’Ra.r), each sediment
sample (approximately 50 g dry sediment) was plac&®0 mL Erlenmeyer flasks with
approximately 300 ml of pore water (from conseaisampling depths) of known dissolved
22°Ra activity and sealed to prevent exchange withatlrosphere. After a 30-day in-growth
period for dissolved®Rn to equilibrate with the solid pha¥8Ra, the batch experiment flasks
were analyzed directly f6f?Rn activities via the cryogenic extraction and dmmprocedures
as described abové*Ra.; (dpm g') was determined by subtracting the total pore wafRa
activity from the total activity in the slurry amtividing the difference by the mass of the dry

sediment. Radon emanation rateg,(HBpm pr'l) can be computed as

1-9)p
ERTL = (Tg 226Raeff (41)
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wherep, is grain density (assumed 2.65 gjrandg is porosity. ?°Ra ¢*°Ra,;) was measured
on approximately 2 g of dry sediment using a cdaxiall-type), high-purity germanium,
(WeGe) gamma ray spectrometer (Canberra, Inc).?*fRa activity was determined indirectly
from daughter isotopes*Pb (295.3 and 351.7 keV) afidBi (609.3 keV).

Results

Geochemical Framework of the Subterranean Estuary

Salinity, Eh, and pH were measured during all samggtips and provide the basic geochemical
framework of the subterranean estuary (Figure 4Q; Appendix C). The salinity framework
of this subterranean estuary has been describdetail by Smith et al. (in press) and Martin et
al. (2007). They noted the presence of two distiming zones: 1) vertical mixing of fresh
groundwater and saline surface water that extemdpproximately 35 cm below seafloor (cm
bsf) and 2) lateral mixing of fresh and saline grawater that occurs below 35 cm bsf and
between 17.5 and 30 m offshore (Smith et al. isgr®artin et al. 2007). In addition to these
general observations, the salinity distributioniesltittle between Nov-04 and Sep-05 (Figure
4.2 A-C) while a notable change occurs betweerste05 and May-06 sampling trips (Figure
4.2C, D). The lateral mixing zone appears to haigrated landward during this nine- month
period as higher pore water salinities were obskatel 7.5 and 20 m offshore during the May-
06 sampling trip than during the Sep-05 samplig tAlthough the data set is more limited, the
Oct-06 salinity distribution is similar to the M&.

Oxidation-reduction (redox) potentials, or Eh, meed in pore waters from the
subterranean estuary show a more spatially anddezityp dynamic pattern than salinity.
Because of uncertainties in the absolute Eh valdesus on the general pattern in Eh. In
general, the subterranean estuary appeared to kdesmoxidizing between Nov-04 and
May-05 and more oxidizing through time for the remdar of the study (Figure 4.2F — J).
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Figure 4.2. Cross-sectional views of the subteaarestuary/submarine aquifer complex showing éhéocired, spatial and temporal
distribution of (A — E) salinity, (F — J) Eh, (K@) pH, (P — U) dissolved U concentration, (U =*¥4U/>%%U activity ratio (UAR), (Z —
BB) dissolved“®Ra, (CC)**’Rn emanation rates F, and (DD — HH) total dissolved®Rn. Each column of data reflects a different
sampling trip; they are from left to right: Nov-OMay-05, Sep-05, May-06, and Oct-06. We woulé li& point out that the contour
scales for (P — U) dissolved U concentration and 8B) dissolved?®Ra vary among the various sampling trips.
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The spatial distribution of Eh for Nov-04 is bestdribed as a hyperbolic-paraboloid with
minima at the shoreline and 30 m offshore, and @mmam occurring at mid-depths 10 to 15 m
offshore. In contrast, Eh for May-05 and Sep-Oéréases with both depth below the sediment-
water interface and with increasing distance offshdredox potentials measured during May-
06 also show a deep (> 35 cmbsf) offshore decrgdamend similar to that observed during May-
05 and Sep-05, however, the potentials are gegdmglher during May-06 than either of the
previous two sampling trips. Although analysigled Oct-06 data set is limited due to the
sampling locations, the trend in redox potentialE@N-0, 20, and 30 m offshore did not appear
to change significantly from the previous May-Oénials.

Similar to Eh, the spatial and temporal distribn@f pH within the subterranean estuary
are more dynamic than salinity. In general, tH&tawanean estuary appears to become more
alkaline with time with the mean pH increasing fr@m (Nov-04) to 8.0 (Oct-06) while the
surface water pH (8.37£0.15; n=32) remains congtantugh space and over time. No
significant difference occurs between the Nov-0d Efay-05 pH distributions. Both sampling
times are characterized by steep vertical pH graslieetween the surface water and pore water
collected from 25 cmbsf. Lateral pH gradientsratatively weak to non-existent during both
sampling trips; the mean pH of all pore water s&asgbllected below 25 cmbsf and between 5
and 22.5 m offshore is 7.3£0.2 (n=69). Slightlyrenacidic pH values (6.9+0.1; n=22) were
observed at EGN-0 and at the base of EGN-30. Fhéigtribution during Sep-05 is more
complex. In general, the pore waters are mordiatkéhan the previous sampling trips, with an
average pH of 7.7+0.3 (n=67). The pore watersEH were more alkaline than during the
previous May-05, while samples at the base of E@GNeBnained relatively acidic. Pore waters
at EGN-5 were slightly more acidic (less than Th&)n the laterally adjacent pore waters

(approximately 7.8). Also, a much stronger latptdigradient is observed between 10 and 30 m
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offshore, with a decrease in pH of approximate8/t0.1.0. In May-06, the lateral gradient is
still present but less pronounced with a pH chasfd®5 across the entire width of the transect.
Samples from the base of EGN-30 remain more athdic any other pore water locations; the
most alkaline pore waters are observed at theddS&N-0 and -10. In Oct-06, all pore waters
sampled had a pH similar to the overlying lagootenaven the samples at the base of EGN-
30. The most alkaline pore waters were again @bsgedit the base of EGN-O.

Aquifer Matrix

Macroscopic examination (1 cm resolution) of théisents and quantitative measurements of
color intensity, porosity, texture (mean grain sanel percent mud), cation exchange capacity
(CEC), major exchangeable cations, and total réxdiei€ie and Mn provide the basis for the
sediment characterization presented in this se¢kaure 4.3). Sediments collected from the
field site can be qualitatively divided into thigbologic units (bottom to top): (LU-1) orange,
thinly to thickly laminated (less than 1 cm), fieemedium quartz sand; (LU-2) gray to grayish-
tan, massively bedded, moderately sorted fine gand with an occasional burrow or root; and
(LU-3) grayish-tan to black, normal graded, finect@mrse quartz sand with some shell
fragments, mud, and organic matter. Although iflogic contact between LU-1 and LU-2 is
gradational, the apparent color contrast betweertvto units makes the contact easily
discernible. The base of LU-3 consists of coarseigd quartz sand with some shell fragments,
which produces a sharp lithologic contact betwegr2land LU-3.

The major distinction between LU-1 and LU-2 is #seale laminar bedding or
laminations observed in LU-1. Although a detaiheheralogic study was not conducted on
these sediments, the lamina are composed prin@riBrric-bearing, heavy minerals

(e.g.magnetite or maghematite) as indicated by #igaction to a weak magnet. The effective
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Figure 4.3. Vertical profiles showing the variqasysical and chemical properties of the sedimemsacterized in this study,
including (A, H, P, V) core photographs; (B, I, ®) color intensity; (C, J, Q, X) porosity; (D, K, R) effective grain size/percent
mud/percent organic matter; (E, L, S, Z) cationhexme capacity (CEC) and sedim&fRa; (F, M, T, AA) exchangeable NaC&",
K*, Mg*": and (G, N, U, BB) total reducible Fe and Mn (Hgotides. Data are oriented such that each rovesemits a different
coring location; that is (A — G) are for EGN-0, {HN) are for EGN-10, (P — U) are for EGN-20, and{1B) are for EGN-30.
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mean grain size for samples collected from this tamge between 180 and 250 pum, which is a
fine to medium sand. Mud content in LU-1 is getigdass than 1% and is ferric-rich, strongly
resembling the surface coatings on the sand. Rypidghe unit is fairly homogeneous, ranging
between 0.37 and 0.4. In addition to these phidistinctions, LU-1 has chemical properties
that distinguish it from LU-2 and LU-3. LU-1 hasaager CEC (2 to 5.5 meqg/100g of sediment)
and has higher concentrations of exchangeabléa®a Md* than the other two units.

Similarly, the total reducible Fe and Mn are gehigigreater in this unit.

LU-2 has physical properties similar to LU-1. Psitp, mean grain size and percent mud
are similar between LU-2 and LU-1; however, theealgg of heavy mineral lamina in LU-2
distinguishes it from LU-1. The color of LU-2 setints varies significantly among the four
cores: orangish-yellow (high, closely spaced R@Bnsities) at the shoreline; yellowish-orange
to orange (high, closely spaced RG intensitieslawdB intensity) at 10 m offshore; and
yellowish-gray to gray (low, closely spaced RGReimgities) at 20 and 30 m offshore. The CEC
of the unit ranges between 1 and 3 meq/100g ofrssdtiwith C&" being the dominant
exchangeable cation near the shoreline andtiNadominant cation farther offshore; the contrast
in the major exchangeable cation probably refl&@temences in salinity and composition of
major elements of the pore fluid. Total reduciBéeand Mn also varies spatially as suggested by
the variability in LU-2 color. At 0, 20 and 30 nffshore, reducible Fe and Mn were less than
1000 ppm and 2 ppm, respectively; however, Fe and@dhcentrations averaged 1500 ppm and
5 ppm, respectively, at 10 m offshore.

LU-3 is the most lithologically distinct of the & units; it is normal-graded from
slightly-shelly, medium quartz sand with trace amtswf mud at the base to a fine to medium
grain quartz sand with variable amounts of mud@génic matter at the top. The sharp contact

between LU-2 and LU-3 dips offshore and LU-3 thieks increases from 30 cmbsf at the
95



shoreline to approximately 55 cmbsf at 30 m offghdBlightly higher porosities and mud
content are observed in LU-3 relative to LU-1 atdt2. CEC is generally lower than the other
units, however, higher CEC (greater than 1 meq/I@&gdiment) do occur in areas with high
mud and/or organic matter. The highest conceptratof reducible Fe and Mn in LU-3 are
observed at 25 to 30 cmbsf and tend to increaaa wifshore direction. Given the coloration of
the LU-3 sediments, | am uncertain whether therfeeMn obtained from these sediments were
actually present as (hydr)oxides. Hall et al. @9®ted that as much as 10% of the iron bound
to organics and monosulfides can be released dthengxtraction of amorphous and crystalline
oxyhydroxides. Thus, some of the Fe and Mn presethie LU-3 sediments may have
originated from iron sulfides and organics.

23423y Surface and Pore Water Distributions

While the magnitude of U concentrations &ritl/**®U activity ratio (UAR) vary with
time, the spatial distribution of total U and UARtwn the subterranean estuary appears to
remain consistent through time (Figure 4.2P — T42d) — Y; Appendix C) with the exception
of EGN-0 (see below). Pore water U concentratiangie between 0.05 to 10.01 rijand
average 1.54+3.34 ng'd+20; n=205); pore water UAR range between 0.966 ad84land
average 1.062+0.081 (#2n=205). Two zones of apparent U release arereddeluring all
sampling trips: 1) high U concentrations (2 — §jig) with UAR slightly higher than the
average (1.082) in shallow pore waters (7 — 15 ¢hdodlected from 0 to 20 m offshore and 2)
high U concentrations (2 — 9 nif)gwith average UAR (1.061) in deeper porewatersaisb 95
cmbsf) collected from 17.5 and 20 m offshore. Ppbee water U concentrations are generally
below 1 ng & outside of these enrichment zones. While UAR diovary significantly between
these release zones, the pore water UAR do exdehitral vertical and lateral gradients within

the subterranean estuary (Figure 4.2U —Y). UAdRaase offshore from approximately 1.02 at
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EGN-0 to approximately 1.09 at EGN-30 during athgéing trips. Similar UAR gradients are
observed in the vertical direction; however, thegmtude of these gradients depends on the
lower UAR which tends to increase in the offshareation.

In comparison, the average U concentration fofriggh groundwater (onshore well), saline
groundwater (base of EGN-30), and surface waterq+2%ffshore) end-members are
0.08+0.01, 0.11+0.06, and 1.84+0.52 i gespectively (+&; n=4 for all) and the average

UAR for end-members are 1.018+0.032, 1.061+0.06d,1a121+0.018 (+@; n=4 for all),
respectively (Table 4.1). Total U concentrationsus salinity reveals most pore water samples
fall above the conservative mixing line establishethg the fresh groundwater and surface
water end-members (Figure 4.4A); this mixing lisendistinguishable from the oceanic U-
salinity conservative mixing line proposed by Cle¢al. (Chen et al. 1986). This observation is
consistent with the release of U to the pore wataggested by the spatial distribution of U.
However, a group of pore water samples consistéaltlypelow this line, which suggests a
potential removal of U beyond the lateral mixingn@dEGN-22.5 and EGN-30; Figure 4.4A).

Table 4.1. Summary of fresh groundwater, salimeigdwater, and surface end-members and
associated constituents used in the developmenbahg curves.

Constituent Fresh Saline Surface Water
Groundwater Groundwater
Salinity 0.18+0.2 20.4+£1.0 20.8£3.6
U (ng g% 0.08+0.01 0.11+0.06 1.84+0.52
U0 (UAR) 1.018+0.032 1.061+0.031 1.121+0.018
?Ra (dpm Y 6.16+0.73 13.91+2.81 4.28+1.00
*2Rn (dpm L1
Onshore Well 2790590 - -
Average Pore Water 64103530 960+510 1304130
Extrapolated Rn-Sal 4960400 - -
Extrapolated Rn-Ra 1560+30 - -
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Surface water U concentrations are less varialale the pore water samples with a range
between 1.39 and 2.38 ng.gAll but the May-05 surface water U concentrasigiot above the
U-salinity conservative mixing line between thesfiggroundwater and surface water. The
surface water U concentrations form a linear retethip with salinity = 0.57; Figure 4.4B).
Using this regression line, the effective freshupdwater U concentration is 0.54 rid g
throughout the duration of the study, which is appnately six times greater than the measured
fresh groundwater end-member and a third lesstti@average pore water uranium
concentration.

As stated above, EGN-0 has the most temporal vbtyads all the sampling sites and for

this reason, | describe the vertical distributiétyaand UAR at this site independent of the
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Figure 4.4. (A) Plot showing the relationship beénr dissolved U concentration and salinity for
groundwater/pore water samples and surface wateplea collected during the Nov-04, May-
05, Sep-05, May-06, and Oct-06 sampling trips.oAlBown is the U-salinity conservative
mixing line (U-Sal CML,; thick gray line) deriveddm the fresh groundwater and surface water
end-members presented in Table 4.1; the line has &etrapolated out to full marine salinity.
(B) A plot of surface water U and salinity data sivg the long-term, general enrichment of U
relative to that predicted by the CML. The y-imgpt (y-int) shows the effective zero salinity
concentration of U in fresh groundwater.
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Figure 4.5. Vertical profiles of (A) dissolved W@rwentration versus depth and &U/2%U

activity ratio for EGN-0 (shoreline site) obtaingdring all five sampling trips.

transect-scale described above (Figure 4.5). Aifisggnt change in the U concentration and
UAR occurs over the period between May-05 and &06@ing trips. During Nov-04 and May-
05, dissolved U decreases exponentially from sarveater high of 2.23 and 1.71 ng/g,
respectively, converging on average asymptoticesbf 0.28+0.06 and 0.12+0.06 ng/g ;(H26

for both), respectively, at 25 cmbsf. UAR profithgring these sampling trips are defined by
shallow water maxima (1.15 to 1.25) located betw&gand 55 cmbsf. During Sep-05, the
dissolved U profile is more complex; concentratitatreases from the surface water (1.71 ng/g)
to a minimum at 7 cmbsf (0.48 ng/g), increasesnmaimum at 35 cmbsf (0.99 ng/g), decreases
and remains low from 55 to 95 cmbsf (0.53+0.05 ng&B), and increases yet again at 115
cmbsf (1.60 ng/g). The UAR profile still shows &rdepth peak at 55 cmbsf, however, the
magnitude of the peak is reduced to 1.09. Theilligion of U during May-06 and Oct-06

follow the same general trend; U increases fronstitéace water to a maximum at 7 cmbsf,

decreases to a minimum at 25 cmbsf, and increagkemains constant to the base of the
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profile. The increase in dissolved uranium in aegre waters appears to have diluted the
UAR making the lower portion of the UAR profile (bes 35 cmbsf) near vertical.

225Ra Pore Water, Surface Water, and Sediment Disimits

Similar to U, the spatial distribution of dissolV&Ra is characterized by an offshore,
mid-depth release zone during the May-05, May-0@, @ct-06 sampling trips (Figure 4.2Z —
BB; Appendix C). Thé*®Ra activities range between 4.48 and 80 dphahd average 15.6
dpm L. In May-05, the highe$t°Ra activity (45.11 dpm 1) is observed 60 cmbsf at EGN-
22.5, while in May-06, this epicenter of dissol#8®Ra (81.41 dpm L) is located at 55 cmbsf at
EGN-17.5. Also, high*®Ra activities are observed at shallow depths @5tombsf) at EGN-0
during all three sampling trips. Outside of theseichment zone$?Ra activities occur within
a narrow range of 4 to 8 dpni'L

The?*Ra-salinity relationship is more ambiguous thanlhsalinity relationship due to
the lack of well-defined*Ra-salinity end-members (Table 4.1; Figure 4.6Ayerage®*°Ra for
the fresh groundwater, saline groundwater, andasarivater end-members are 6.16+0.73,
13.91+2.81, and 4.28+1.00, respectively. Assunsimgservative mixing between fresh and
saline groundwater end-membérSRa is enriched relative to the mixing line withivetmid-
salinity range of 5 — 15 and slightly depleted beya salinity of 15 (below mixing line). The
behavior of?®Ra within the subterranean estuary becomes momreppvhen the data are
separated relative to the two mixing zones delagbal salinity (Figure 4.6B). Within the
vertical mixing zone (0 to 35 cmbsffRa is released consistently with respect to tirree at
salinity between 2 and 7.5, while an additiona¢ask is observed during May-06 only and
within the salinity range of 15 to 17.5. The imézt depleted zone observed when all data are

considered is actually an artifact of chosen endhbers. In comparison, samples collected
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Figure 4.6. (A) Plot showing the relationship beén dissolved®®Ra and salinity for
groundwater/pore water samples and surface watgplea collected during the May-05, May-
06, and Oct-06 sampling trips. Also shown is®fRa-salinity conservative mixing line
(Predicted CML,; gray line) derived from the frestdaaline groundwater end-members
presented in Table 4.1. (B) Plot showing the retehip between dissolvééRa and salinity
for groundwater/pore water samples within the Eterixing zone (LMZ; > 35 cmbsf) and the
vertical mixing zone (VMZ; < 35 cmbsf).
from within the lateral mixing zone (i.e. below 8mbsf) demonstrate a consistent release of
?2°Ra across the entire mid-salinity range (5 — 18isf system.

Radium may occur in a number of solid phase folmag;h equilibration experiments and
gamma-ray detection measurements do not distinguiging these various sources. Batch
measurements provide an estimaté’n emanation rates §§ Figure 4.2CC; Appendix D)
from sediment?Ra located near the liquid-solid phase bound&iR&.). The averag&®Rau
is 0.3520.37 dpm Ged (Ern = 18501950 dpm k%) and the range is from 0.05 to 1.95 dpm g
Lsed (Ern = 260 to 10300 dpmtyy). **Ras is most abundant in LU-1 sediments from EGN-0
and -10 and tend to decrease both vertically upuwatdl-2 and LU-3 sediments from these

cores as well as laterally offshore in LU-1 seditsdretween EGN-20 and -30. This general

observation is further illustrated by the positbeerelation betweeff®Raeff and both total

101



reducible Fe and Mn (hydr)oxides (Figure 4.7) dmriegative correlation betwe&Ra.and
exchangeable cations (Figure 4.8).

The (WeGe) gamma-ray measurements reflect {fah present in the sediments
(***Ra.r; Figure 4.3). The averag®Rag is 1.20+1.03 (&) dpm/g and the range fiRag is
between 0.35 and 7.44 dpm/gsé&fRa.: shows a more uniform vertical distribution than
22°Ras with the exception of the sample from 146 cmbd@N-20 (7.44 dpm/gsed; Figure
4.3). No apparent relationship exists betw&8Ratot and any other sediment property such as
total reducible Fe or Mn (hydr)oxide (Figure 4.#8)exchangeable cations (Figure 4.8B).
Removing the maximurff°Ra, activity reduces the medffRa to 1.05+0.43 (&), which is a
45% reduction in the relative standard deviation.

The ratio®*®Ra***Raq, here referred to the emanation efficiency duiésteeflection of
radon emanation to pore waters, ranges betweed 63% and averages 28+21%)1this
average is consistent with estimates obtained feach experiments (Amin and Rama 1986)
and model experiments (Semkow 1990; Semkow anckRa®@90). As wittf*°Ra., emanation
efficiencies exceeding 50% (n=9) are restrictedWel sediments from EGN-0 and -10, while
LU-1 sediments from EGN-20 and -30 have emanatificiencies between 20 and 30%. The
lower emanation efficiencies (below 15%; n=14) waloserved primarily in LU-3 sediments
from all four coring locations. The exception histlatter statement is observed at 146 cmbsf at
EGN-20 (LU-3 sediment type) where the higHé®Ra; results in the lowest emanation
efficiency (6%).

222Rn Surface and Pore Water Distributions

The spatial distributions 6f%Rn in this subterranean estuary (Figure 4.2P-U:efplx
C) shares strong similarities with the salinitytdimitions (Figure 4.2A-E); both exhibit a well-

defined lateral gradient between fresh and salinargiwater and a well-defined vertical
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Figure 4.7. Scatter plot showing the relationdfépveen sedimerit’Ra (total and effective)
and total reducible (A) Fe and (B) Mn (hydr)oxides.
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Figure 4.8. Scatter plot showing the relationdrépveen (A) effective sedimefffRa ¢*Raux)
and (B) total sedimerit®Ra ¢?*Ra,) to normalized exchangeable N&&*, K*, and Mdg*
concentrations. Cation concentrations are normdlin the maximum concentration defined in
the legend.
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gradient between fresher groundwater and the sifater. However, thé?Rn distribution is

an inversion of the salinity distribution. HigHRn activities (6410+3530 dpni't. +20, n =41)

are observed in the fresher groundwater (saliesg than 0.5) located at depth within the aquifer
and proximal to the shoreline. In comparison,aterage?’Rn from groundwater collected

from the onshore well is 2760+590 dpni (20, n=4; Table 4.1). A plot of pore watéfRn

versus salinity reveals a strong linear relatiopgti= 0.75) between a salinity of 2 and 15
suggesting conservative mixing across the subtearaestuary (Figure 4.9). Based on this
linear fit, the?”Rn activity of the incoming fresh groundwater woblkl4960+400 dpmt

(+20), approximately 20% less than the average meastfred activity in fresh pore waters and
180% greater than groundwatéRn from the onshore well (Table 4.1). Radon éigiy

decrease offshore and vertically upward; the a\e&t&8n activity for the saline groundwater
end-member and the surface water are 960+510 &0wll38 dpm L', respectively, which

brackets most of the higher salinity pore wateks (reater than 15; Table 4.1). Six samples are
not bracketed by this range and have activitieatgrehan 2000 dpmL Five of these six
samples correspond to a mid-depth (150 cmbsf) mamiim*’Rn at EGN-30; the maximum
222Rn activity is two to three times greater than eefjg pore water samples collected from 50
and 190 cmbsf at the same site. The other highityaf>Rn sample was collected from the

base of EGN-22.5 (160 cmbsf) during the May-06 damgrip.

The similarity between pore watéfRn and®?Rn emanation rates &f suggest that
sediment production plays a key role in the distitn of dissolved®®Rn (Figure 4.10). In
general, the averag&Rn pore water activity (2965 dpm*.n=249) is slightly higher than the
average R, (2005 dpm [*; n=30). Assuming production is the only sourceaafon (i.e. y-
intercept of 0), linear regression & 0.40) between & and?*Rn pore water activity collected

during May-06 suggests the average activity r&fitRfi/Ern) 21% greater than equilibrium
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(Figure 4.10A). In comparison, a regression withassumptions concerning source gives an
effective activity ratio of 0.80 with a backgrou@dintercept)**Rn activity of 1530 dpm £

(Figure 4.10A). A similar comparison can be maufesil pore watef?’Rn data assuming
steady-state g with time (Figure 4.10B); the average activityjwaissuming production-only
source is 1.24 and the activity ratio and additisadon source are 0.81 and 1590 dpf L
respectively. The backgrouAtfRn activity estimated from this analysis is compédo the

fresh groundwater end-member measured tr@onshore well, implying production or
emanation from sedimeft®Ra is a major source 6¥Rn in this subterranean estuary/submarine

aquifer complex.
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Figure 4.9. The relationship between salinity totdl dissolved?’Rn observed in the
groundwater/pore water and surface water sampi&s shown are the averag®®Rn measured
in water samples with a salinity less than 0.5 tirate collected from the subterranean estuary,
the average groundwat&fRn end-member from EGNW-0OS, and from the surfadema?
conservative mixing line (CML) extrapolated fronesie latter two end-members is shown as a
short-dash line. Inset shows the quantitativeslinelationship betwee’Rn and salinity
between the salinity range of 2 and 15 relativheoCML expected between fresh groundwater
in EGNW-OS and surface water.
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Figure 4.10. The relationship betweééfRn emanation rates ¢f and total dissolvet’Rn
assuming (A) non-steady-state production and (@)dt-state production. Within each plot,
two different assumptions are also shown concersingces of?’Rn to the system:; the first,

shown in gray, is production-only (y-intercept =ab)d the second, shown in black, is assuming
an additional source (i.e. groundwater, y-intercgiermined).

Discussion

Non-conservative Behavior of Uranium

The subterranean estuary appears to act as aureesu U to the Indian River Lagoon.
Stream and creek inputs of U were not quantified gvidence from the pore waters strongly
support a subterranean source. The spatial disoibof dissolved pore water U and the non-
conservative source relationship observed in thie pater U-salinity data suggest the fresh

water seepage face and associated subterraneanyésquifer complex are a U source to the
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nearshore region (0 to 30 m offshore) of IndiandRivagoon. The spatial distribution of
dissolved U in the subterranean estuary suggest¢témporally) stationary release zones that
may act as sources for U (Figure 4.2P — T). Aleha(0 to 35 cmbsf) U maxima is observed at
5, 10, 15, 17.5 and 20 m offshore and a deep Ummanxi is observed at 20 m offshore.

Unlike the other radionuclides examined in thigigfwuranium has two commonly
occurring oxidation states in natural water§’ &hd U*, where the standard electrode reaction
and associated potential for this reaction are:

U** 4+ 2H,0 — UO,%* + 4H* + 2e7; E; = 270 mV. (4.2)
In oxic waters with a pH of 6 to 8, U occurs asadvalent ion found predominantly as the
divalent uranyl cation (Ug") forming soluble complexes primarily with carbamanions
(UO,(COs5)s*) but also to a lesser extent phosphate {HBO,),*) and hydroxides anions
(UO,OH") (Mckelvey et al. 1955; Langmuir 1978). In rechggienvironments, U occurs
primarily as the uranous ion t) and is relatively immobile due to the formatidrbmgenic,
amorphous, and crystalline uranium dioxides {JJ&> well as insoluble hydroxides (U(QMH)
(Gascoyne 1992). Measured Eh and dissolved U otrad®n appear to exhibit a positive
relationship (Figure 4.11). Thus, the redox betwasf uranium is one of the fundamental
controls on cycling in the subterranean estuartheffactors controlling U cycling include
sorption to iron (hydr)oxides and organic mattewadl as changes in solubility due to changes
in pH, alkalinity, and anionic complexes.

The shallow U maxima (0 to 35 cmbsf) occur withie vertical mixing zone between
fresh groundwater and saline surface water. Therbleased from LU-3 sediments, which have
higher organic matter content (greater than 1% QM eight; Figure 4-3K and R) and lower
sediment iron and manganese content (Figure 4-3@, Bnd BB) than either LU-1 or -2. The

averag€>U/?® activity ratio (UAR) of released U (1.082) is®3 % less than that of
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Figure 4.11. Linear relationship between Eh asgalved U concentration obtained during
Nov-04, May-05, Sep-05, May-06, and Oct-06 samplis.

average surface water (1.121). To account fordihigion of the UAR, the sediment U source
must have a lower UAR than the lagoon water. Turiher suggests that the U released from
the sediments is not derived from the reductiolagbon water U rather a source whef®) and
238 is close to equilibrium. These observations ssggoth redox and non-redox mechanisms
may be influencing U release. Similar shallow peeter U maxima have been observed in
other coastal marine environments (e.g. Cochrah 4986; Mckee et al. 1987; Barnes and
Cochran 1993); however, most of these studies ws@nducted in fine-grained muddy
sediments. Cochran et al. (1986) suggested thatddse from muddy sediments from Buzzard
Bay, MA, USA, originated from the diffusion of oxgyg into the sediments and subsequent
oxidation of organic matter and possibly uranouserals. A similar argument can be made for
the Indian River Lagoon. The steep salinity gratdabserved from 0 to 20 m offshore suggests

significant exchange occurs between fresh grounelveatd saline surface water to depths as
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great as 35 cmbsf. Smith et al. (in press; see@apter 5) estimated exchange rates at this site
(0 — 30 m offshore) that were on the order of 8.623 cm &. Such high exchange rates would
favor the transport of dissolved oxygen and sulfatgreater depths than diffusion alone,
especially given an opposing vertical advectivavffoom the fresh groundwater. Thus, the
direct oxidation of uranous minerals by oxygen andesorption of U during the oxidation of
organic matter by aerobic or sulfate-reducing béctmay account for the shallow U release
zone. McKee et al. (1987) and Barnes and Cochlra@3) suggested that the reduction of iron
(hydr)oxides in Amazon and Long Island Sound sediseontrolled U release to pore waters.
Although the origin of “reducible iron” in my LU-8ediments is not clear, if appreciable iron is
present as (hydr)oxides then a similar procesdcactount for the shallow release of U to pore
waters of the Indian River Lagoon subterraneanaggtuFinally, one could argue that the U
release is mediated by an increase in anionic digam complexes as seawater is recirculated
across the sediment-water interface. Gascoyne2j1f8ted that work from Lemire (1988)
indicated that in mildly reducing environments, themation of uranium chloride and sulfate
complexes increased U solubility several ordemma@nitude, subsequently enhancing its
mobility. In the subterranean estuary, the ped@iposure of sediments to both fresh and saline
waters likely complicates U cycling. Given the qaexity of the subterranean estuary all of
these explanations are plausible and in fact tiheléhse may be driven by any one or more of
these processes. The relative depletion of U bétevshallow release zone across most of the
subterranean estuary (except for EGN-20 and EGldv@ys this zone as the primary source of
U to the lagoon.

The deeper (55 to 95 cmbsf) release of U at 20fghofe shares similar complexity to
that of the shallow maxima. While shallow reciatidn of oxygenated lagoon water by waves

and biota are unlikely at depths exceeding 55 cniagfe-scale convective-type recirculation
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has been suggested as an important transport patbmdissolved constituents in some
subterranean estuaries (e.g. Smith 2004; Michaal 2005). However, the flow paths
associated with these convection cells are gegaralch longer and penetrate to greater depths
into the aquifer than those observed at the sedimater interface. These longer flow paths
would favor more reducing conditions (Roy et al02)) a setting in which U is not readily
released. However, such reducing conditions haea lobserved at this site, Roy (in prep) noted
the presence of apparent redox cycling of Mn, Rd,&restricted to 55 to 95 cmbsf at20 m
offshore (Figure 4.12) consistent with the releaisd observed. In this zone, ferric (hydr)oxides
surface coatings were reduced in the presencessblded sulfide, accounting for the color
interface between L1 and L2 sediments. Roy’s (@ppobservation implies U reduction may be
controlling pore water distributions. However, g8anreleases of U in reducing conditions and
in the presence of ferric (hydr)oxides have beeseoked in both field studies (Mckee et al.
1987; Barnes and Cochran 1993; Swarzenski and BasR807) and laboratory experiments
(Barnes and Cochran 1993; Sani et al. 2005; GiNdgel et al. 2006). Proposed mechanisms
of U release follow one of two pathways: 1) desiorpof U°* during the reduction/dissolution

of ferric hydroxides sediment coatings (Mckee efl@8B7; Barnes and Cochran 1993); or 2)
abiotic/biotic (re)oxidation of U by ferric hydrakes (Barnes and Cochran 1993; Sani et al.
2005). While these two pathways cannot be diffeaged here, it should be noted that recent
controlled experiments have shown the desorptidmvwesy is not required for the mobilization

of U and in some cases is not favorable (Sani. &04l4; Sani et al. 2005; Ginder-Vogel et al.
2006). For example, Sani et al. (2005) found usdéfate-reducing conditions containing
reduced uranium and initially free of ferric hydides, that uranium release occurred upon the
addition of ferric hydroxide and the subsequentipitation of iron sulfides inhibited the

reduction of U. This offshore, deeper release zmngd ultimately provide a source of U to the
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overlying water column; however, the subsequenorahof U directly above this release zone

prevents it from being the dominant source.
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Figure 4.12. Vertical distribution of dissolved §;, F&*, SO, and Mif* obtained from EGN-

20 during the Sep-05 sampling trip. Sulfide, irsalfate and manganese data are from Roy (in
prep); speciation studies were not conducted amaxidation state is assumed in this figure.

While the majority of U data supports a net sowtd to the lagoon from the
subterranean estuary/submarine aquifer complexntpked removal of U seaward of the lateral
mixing zone (22.5 and 30 m offshore) cannot beedigrded in the cycling of U in these systems
(Figure 4.4A). The following characteristics wefgserved in these samples: 1) all UAR are
bracketed by the lagoon water and secular equilbi(lUAR = 1.00), 2) all pore water U
concentrations are less than the surface watereotrations, and 3) less than 50% of pore water
U can be explained by ideal mixing between surfaater and saline groundwater end-members
(Figure 4.13). Assuming recharged lagoon watéressource of this saline groundwater, the

first observation (diluted UAR with respect to lagowater) disagrees with the redox front
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model proposed by Osmond and Cowart (1976) wherengiwater samples beyond a redox
front (reduced conditions) are generally charazggriby low U concentrations and high UAR.
While a decrease in U concentration is observedt tddR tend towards secular equilibrium

which can only be explained by either mixing wittower UAR solution, decay 6f*U, or
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Figure 4.13. Plot of inverse U concentration (14dyi***U/*® activity ratio (UAR) for pore
water/groundwater samples suggesting the subtemagstuary was removing U relative to the
surface water. Also shown, as indicated by lalefgjure, are lines showing conservative
mixing between surface water and saline groundwdtesh line); conservative removal of
surface water U with no affect on UAR (solid honzal line with UAR = 1.13); the equilibrium
ratio betweer?**U and®*®U (solid horizontal line with UAR = 1.00); the exgted removal
behavior for samples collected beyond a redox ffiomtin more reducing conditions; solid
arrow).

samples deviate from the ideal mixing curve, sinmpbeing does not appear to be a reasonable
mechanism. Also, the recirculation of lagoon watgerates on much shorter time-scales than

the half-life?**U. Thus, the most probable mechanism for theiditluof UAR observed in most
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of the pore waters is the dissolution or leachihgquifer matrix with a lower UAR. This
implies that these samples may not reflect aceweaval of U within the subterranean estuary
but rather the slow weathering of the aquifer mabg more reduced, recirculated lagoon water.
Not to discount the apparent observation that kkiag removed relative to the surface water,
but the subterranean estuary (as defined by mix@étgeen fresh and saline waters in a coastal
aquifer) does not appear to be the site of removhls, removal occurs seaward of the mixing
zone where surface water is recharged to the aquitéhile the subterranean estuary may be
easily defined by a lateral transition in salinttye hydrodynamic processes of these subsurface
mixing zones extend far beyond this well-definetgiface, and the geochemical processes
occurring at this interface reflect a combinatidmositu cycling and external (residual) supply.

Cycling of U in the subterranean estuary/submaaupgfer at Indian River Lagoon is
controlled by complex physical and (bio)geochemazaiditions, with a resulting overall net
source of U delivered to the lagoon. Assuming\arage fresh groundwater discharge of 23.5
m y* (Martin et al. 2007; Smith et al. in press) andamarage U concentration of 0.54 ri§j g
(2.35uM), the net flux of U from fresh groundwater to fagoon would be 5amol m?y™. In
comparison, Charette and Sholkovitz (2006) notedstibterranean estuary beneath Waquoit
Bay, MA, USA, removed U on the order of 1Mol m?y™*. Although both systems are
classified as subterranean estuaries, notablaeliifes between these two subterranean estuaries
exist. They include salinity structure and itdeefion on SGD sources, organic matter content
(especially in shallow sediments), iron hydroxiderge versus sink for dissolved iron, and local
geology; | feel all of these may play a role in Wier these mixing environments act as sources
or sinks with respect to U.

At Waquoit Bay (see Figure 3 of Charette and Shotkp2006), the freshwater seepage

face occurs landward of the shoreline, which sugdageral mixing occurs landward of the
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shoreline, shallow exchange (30 — 40 cm) betweerstinface water and the fresh portion of the
subterranean estuary is limited, and recirculagaavater is the main component of SGD. In
comparison, a fresh groundwater seepage facessmréo approximately 20 m offshore at
Indian River Lagoon causing the lateral mixing zémeccur between 20 and 30 m offshore and
allowing for significant, shallow exchange betwékea lagoon and the freshwater portion of the
subterranean estuary out to 20 m offshore. Asestgd earlier, the exposure of sediments to
significantly different ionic strength waters magntribute to U cycling. Also, the dark
coloration of and organic matter content (gredtantl %) in the shallow sediments (0 to 35
cmbsf) between 5 and 20 m offshore at Indian Rigoon suggest organic matter is
accumulating. Subsequent oxidation of the orgaratter by aerobic or sulfate-reducing
bacteria may release U to the pore waters. Suctlittons were not reported at Waquoit Bay.
Roy et al. (2008) noted that iron (hydr)oxides seht coatings act as a source of dissolved iron
in the Indian River Lagoon subterranean estuaiye fElease of low activity ratio U at depths
between 55 and 95 cmbsf at 20 m offshore suppertslitservation.

In comparison, Charette et al. (2005) and ChaestteSholkovitz (2006) suggested that
iron (hydr)oxides were a sink for dissolved irondaubsequently U, originating from fresh and
saline groundwater. The differences in conclusiegsrding U source or sink in the
subterranean estuary between Charette and Shak@@06) study and this study may also lie in
the local geology of the two sites. Waquoit Bag glacial moraine dominated by poorly sorted,
siliclastic sediments associated with glacial tpems The Surficial aquifer beneath Indian River
Lagoon is also predominantly siliclastic sedimehtsyever, adjacent inshore regions of the
Surficial aquifer are comprised of the Anastasiankadion, an interbedded coquina and quartz
sand deposit of Pleistocene age. The slow digealof these inshore, carbonate-rich sediments

during recharge and seaward flow of fresh groundwatuld supply uranium to the
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subterranean estuary and the lagoon. Howevelpth& concentrations at the base of most
pore water profiles and the implied reducing chiamafor these waters suggest that any U
supplied via groundwater has been removed pricgdohing the seepage face and subterranean
estuary. Thus at local to regional scales, thation of the seepage face, fluid sources within the
mixing zone and their control on redox conditicasg local geology control whether the
subterranean estuary acts as source or sink otletooastal ocean.

The question remains to whether SGD and the inferaof the different components of
SGD within the subterranean estuary have a sigmfionpact on the global uranium budget.
Dunk et al. (2002) estimated that SGD may deligemach as 9.3 x £@nol U y* to the global
ocean, which is approximately 22% of the theirlttpee-anthropogenic” uranium input.
Charette and Sholkovitz (2006) suggested this walsgbly an overestimate based on their
observation that SGD and the subterranean estaaoydd U removal not supply. Extrapolating
the Waquoit Bay U-removal (-5 nM) via SGD to a glbbcale, Charette and Sholkovitz (2006)
suggested these environments may pose a sink ardeeof 20 x 1®mol U y*. In
comparison, extrapolating the U-source (0.54 h@g2.35 nM) observed Indian River Lagoon
to the global scale implies a net input of 9.5 81®! U yr'. The local and global comparisons
between these two studies further reflect the cerifyl of these dynamic coastal subsurface
mixing zones and how different hydrogeologic sgdimay influence the coastal and global
ocean uranium.

Controls orf**Ra Distribution

The observations of sediment-bound and dissdl&h suggest a non-conservative behavior
within the subterranean estuary/submarine aquiferptex. Radium (R&) can remain in
solution under natural environmental condition# can be sorbed to sediment surfaces, co-

precipitated with metal-(hydr)oxide surface-coasingr bound in the mineral lattice (Semkow
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1990; Tricca et al. 2001). In surface estuariessalved radium exhibits a non-conservative
behavior with respect to salinity between abouad@ 15, resulting in a release of radium from
suspended and bottom sediments (Li and Chan 193@geEr and Moore 1980; Elsinger and
Moore 1983; Elsinger and Moore 1984; Webster e1294). The general consensus from these
studies is radium desorbs or is displaced frommnsendt surfaces by more favorable or abundant
cations (e.g. N3 found in the higher ionic strength (saline) wateGonneea et al. (in press)
suggests subterranean estuaries release radiuns@laihto aqueous phase by three different
pathways: 1) weathering/dissolution of Ra-contagmninerals; 2) reduction of metal-
(hydr)oxides for which Ra has partitioned, and/psiface exchange from negatively charged
particles. All of these reaction-types favor raditelease and are likely in the subterranean
estuary/submarine aquifer complex observed asttes

Surface exchange reactions are difficult to asiselield studies because the complexity
of environmental conditions can easily mask sueletiens. Such complications arise from
variations in the size, valence state, and bondivagacter of competitive cations;
physiochemical characteristics of the sorbing niatée.g. different types of clays, metal-
(hydr)oxide coatings, etc); and solution or flultemistry (e.g. pH, Eh, ionic strength)
(Krauskopf 1979). With such complications acknalged, two observations in the presented
data set support surface exchange of radium ashanism of its release to the pore waters.
First, a landward shift in the mafffRa release zone between May-05 and May-06 coincides
with a landward shift in the main lateral (salinitgixing zone. Second, the observed negative
relationship between effective sediméfiRa ¢*Ra:1) and exchangeable cations suggests these
cations have effectively decreased the amountriesi5®®Ra. Considering a direct analogy to
the surface estuary, thi&Ra release could be associated with the exposigedihents

typically restricted to the freshwater portion loilstsystem to higher ionic strength saline
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groundwater. The sediments would in turn have argbable sites dominated by seawater
cations rather than radium. Exposure to higheicisaline groundwater is likely in the shallow
sediments but | cannot determine which processoftaikchange or redox) drives Ra release
below about 35 cmbsf.

While radium is strictly a divalent cation, its sefive partitioning to redox sensitive
metal (hydr)oxides (Krishnaswami et al. 1972; Moanel Reid 1973) causes an apparent redox
cycling behavior in systems with strong Eh gradi€@onneea et al. in press). The positive
linear correlations of*®Ra. with total reducible Fe and Mn (hydr)oxides reftethe selective
partitioning of Ra to these redox-sensitive metgb()oxides. While the diagenetic processes
controlling the formation of these (hydr)oxidedbe&yond the scope of this study, their presence
has a strong influence on the distribution of Rthmnsediments. The subsequent reduction of
these (hydr)oxides would release Ra to the porengatertical zonation of total reducible Fe
and Mn (hydr)oxides was not observed, complicatvhich of these two is favoring the radium
retention. Dissolved barium (Ba) exhibited a stréinear relationship with dissolved Mn yet
lacked significant correlation with dissolved Fe{Rn prep). Radium has a similar ionic charge
(2) to ionic radius (r) ratio (z/r = 1.42) to thaftbarium (z/r = 1.48) resulting in similar
geochemical behavior. In comparison, other alkadiarth metals have a z/r greater than 2
except for strontium, which is 1.76. Radium mitefa.g. RaS® Ksp = 10'°*% however are
less soluble than similar barium minerals (e.g. Ba%sp = 10°%"); therefore, radium tends to
co-precipitate with barium minerals instead of forgnits own mineral. Thus, it is not surprising
that dissolved®®Ra exhibits a similar relationship with dissolved lsls observed with Ba (from
Roy in prep) (Figure 4.13). Therefore, it is reayxling of Mn not Fe that contributes to the
non-conservative behavior of radium. The varigpidbserved in the dissolvétfRa-Mn data

may be attributed to surface exchange reactionzidesl above. As suggested by Gonneea et
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al. (in press), the presented data sets show alegnmperaction between surface exchange and

redox reactions control the behavior of radiumhi@ subterranean estuary; such reactions greatly

affect the application of Ra-isotopes as submagroendwater tracers.
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Figure 4.14. Plot showing qualitatively the redaship between dissolvé&fRa and dissolved
(A) Fe and (B) Mn. Figure legend is the samebfmth (A) and (B).

222Rn Sources and Applicability as a Tracer

The applicability of*Rn as a tracer of benthic exchange and submarinedwater
discharge stems from its conservative behaviorgametral enrichment in the pore/groundwater
relative to overlying surface water. TfféRn-salinity relationship suggestéRn is behaving
conservatively across the mid-salinity range (&5)}-df the Indian River Lagoon subterranean
estuary; however, the mixing line established ia falinity range is not consistent with that
expected from simple fresh and saline end-membeinmi Burnett et al. (2007) recently
reviewed some of the uncertaintiesfRn as a quantitative tracer for submarine grounevat
discharge; they determined the largest uncertaiotyrred in the estimation of an end-member

activity used to convert radon flux to advectivexl This discrepancy is observed in tF&n
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data set where variance amdhtRn activity measured in fresh groundwater fromdahshore
well, measured in fresh groundwater obtained froendffshore portion of the transect, and
predicted from the conservative mixing line varidalmost an order of magnitude, which
would result in a similar uncertainty in advectiate. The relationship between dissol¢&&n
and Eknsuggests that the spatial distributiorfBRn results from in situ production in
heterogeneously distributed sedim&iRas (Ern) and further, that fresh groundwater accounts
for only a small fraction of tot&f“Rn (~20%). It is common to for emanation to be joma
control on?*Rn distribution especially in slow-flowing groundiasystems (Cable et al. 1996;
Corbett et al. 2000), the more important considenat the linkage between factors influencing
the distribution of sedimeAt®Ra and the resulting impact¥oRn as a tracer. Release of
radium is common in the subterranean estuary armyding between dissolved and solid phases
will affect the distribution of*Rn.

Temporal Changes in the Subterranean Estuary

Subterranean and surface water salt wedge estishiaes similar structures when salinity
is used to outline the systems, and they appeaigrate laterally based on hydraulic gradients
driven either by aquifers or rivers. However, ldoghemically the subterranean estuary is more
complex and dynamic due to the range in time-sdaleffow, geological framework, microbial
processes, and longer residence times for pore watesport. Interactions between redox and
surface exchange processes affect, both directiyratirectly, the spatial distribution of U, Ra,
and Rn, and subsequently, the application of thedienuclides as submarine groundwater
tracers. While controls on spatial distributions @nportant for understanding radionuclide
cycling, contrasts in salinity, Eh, U, and Ra bedaw@005 (May and Sep) and 2006 (May and
Oct) also suggest a temporally dynamic subterrapstirary. The mixing zone dynamics

respond as the 1) lateral mixing zone migratesvamnd; 2) subterranean estuary becomes more
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oxidizing; 3)?*Ra release zone migrates landward; 4) total potenthand Ra between 17.5
and 22.5 m offshore increase 89 and 76%, respéctaved 5) total depth-integrated U at the
shoreline site increased 550%. Lateral migratiwh@idation of the mixing zone are likely
driving the U and Ra geochemical behavior we olesbstween May-05 and May-06. The
landward shift in the mixing zone results in Ra &hcklease offshore due to changes in ionic
strength and/or redox potential, while the moreling conditions observed in May-06 relative
to May-05 appear to favor U transport at the shoegdite. Insignificant changes in the spatial
distribution 0f*?Rn between 2005 and 2006 are not surprising sire&“Rn distribution is
controlled primarily by sediment production. Totigsolved®®®Ra in these three sites during
May-06 is only about 5% of the averagfRas (sediment production rate). It is instructiveédner
to understand the underlying mechanism(s) drivimegdynamic responses of the subterranean
estuary and the control these processes have dinamms of tracers for quantifying
groundwater discharge or simply quantifying thevedatal flux to coastal waters.

The position of the subterranean estuary represieatsydraulic balance between
seaward-flowing fresh groundwater, landward-flowsaine groundwater, and dispersive
mixing at the interface of these two water mas3dse width of these subterranean estuaries are
ultimately determined by heterogeneity in the agpuftlispersivity) as well as high frequency
(waves and tides; Robinson et al. 2007), low fregydseasonal recharge patterns; Michael et
al. 2005), and episodic (storms; Anderson et @52@mith et al. 2008) variations in fresh
groundwater inflow and sea-level. The Indian Rivagoon is a fetch-limited, event-driven
system where non-tidal sea-level fluctuations, plimarily to meteorological forcing, are on the
order of a 10 to 30 cm. In comparison, astronohtidas at this site are less than 1 cm. No

significant meteorological events (i.e. frontalteyss) were observed during or a week prior to
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the various sampling trips, which indicates suchngs had little influence on the geochemical
framework of the subterranean estuary.

Low frequency seasonal recharge is the primaryefdroving freshwater toward the
shoreline and affects the temporal variabilityhe tateral position of the freshwater-saltwater
interface. According to the steady-state, shaphiwater-saltwater interface model of Glover
(Glover 1959), the width of the seepage face ipgrtonal to total fresh groundwater discharge;
therefore, a decrease in recharge and subsequigsttharge would cause the subterranean
estuary to migrate landward and vice versa. AeaBes® in discharge would account for changes
in the salinity distribution, but it would ultimdyefavor a more reducing environment created by
the longer flow paths to discharge at the seepage fHowever a more reducing environment is
inconsistent with either Eh or U observations atghoreline station. Seasonal estimates of total
fresh groundwater discharge increase by 20% betMesr05 and May-06 (Smith et al, in
press). This increase favors a seaward migrafitimecsubterranean estuary based on Glover’s
model, unless the system experienced some otheofyperturbation between the 2005 and
2006 sampling trips.

Intense episodic events (e.g. hurricanes) couldwatdor the transient mixing zone
implied by Eh, salinity, and observations in thahdl Ra geochemical behavior. Smith et al.
(2008) documented a significant salinity perturtatat this site following two tropical cyclones
in Oct-05 where fresh groundwater as head gradeets reversed by higher lagoon water
levels during hurricane events. The slow rebourti®system back to pre-storm conditions (80
to greater than 160 d) was hypothesized to havedpsffects on the redox and geochemical
framework of the subterranean estuary/submaringeaquomplex. The observed temporal and
spatial variability in salinity, Eh, U, and Ra betn 2005 and 2006 appear support this

speculation. However, the question remains hosvgbrturbation directly contributes to these
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geochemical observations? Transient effects op#murbation with respect to salinity are
assumed to remain in the system after 200 dayshwhislightly longer than predicted by Smith
et al. (2008). Accepting this assumption, the manelward position of the lateral mixing zone
in May-06 relative to May-05 is the residual effe€the Oct-05 hurricane perturbation, and
subsequently, a redox and salinity framework conduto U and Ra release offshore is present.
As for the Eh and shoreline-U observations, twosgimkties exist: 1) during the storm-event, the
infiltration of lagoon water during storm surge ntegve introduced dissolved constituents to the
fresh water portion of the aquifer, thus produangsidual effect on the redox chemistry (e.g.
Anderson et al. 2005); or 2) an increase in digghduring May-06 following the hurricane
events resulted in shorter, more oxic flow patlsgloirging from the shoreline (Smith et al. in
press; see chapter 5). It is not possible tordjsish between these two possible explanations,
and in fact, it is plausible that both mechanisnisienced the U flux. The temporal behavior of
these dissolved constituents clearly reflects tmagiex and dynamic nature of the subterranean
estuary.
Summary

The spatial and temporal complexity of dissolved¥)/>%, ***Ra, and?®Rn is a
reflection of the geochemical processes occurriitigizva subterranean estuary. In general, the
freshwater seepage face and subterranean estuafgfampmplex at Indian River Lagoon, FL,
USA, is a net source for all of these radionucliiethe surface lagoon. Surface water and
groundwater/pore water U data suggest three patestturces of U to Indian River Lagoon:

1) release during shallow, recirculation of lagoonevatto the aquifer;

2) desorption during the reduction of ferric (hydrydes and/or oxidation by ferric

(hydr)oxides;
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3) release and transport due to temporal changeg irettox framework of fresh
groundwater portion of the system.

The shallow release zone is the most prominentsairU to the lagoon. The other two release
zones occur below a reducing zone, thus restri¢tiag contribution to the net flux from this
system. While the data support a net source, liegyaf U in the lagoon is observed. Based on
231U/738Y activity ratios (UARS), removal of U appears tor seaward of the mixing zone as
lagoon water is recharged to the saline portiothefaquifer. Contrasts in the behavior of U
between this back-barrier lagoon study and the Wiaday study (Charette and Sholkovitz
2006) demonstrates the presence of a fresh grouadseepage face, whether iron (hydr)oxides
are sources or sinks for dissolved iron, and ggoiofiuences whether the subterranean estuary
environment is a net source or sink of U to thestalaocean. This complex U cycling implies
the general understanding of the global oceaniadlgbt with respect to subterranean mixing
zones is incomplete.

The behavior of?®Ra in this subterranean estuary is controlled byraplex interaction
among surface exchange with seawater cations, regdixg of Mn, and pre-existing sediment
?Ra. As observed in this study, intrusion of salerinto a previously freshwater environment
and shifts in the redox framework of Mn can rele@skum to pore waters. The presence of Ra
bound to the sediments is also crucial in its dhigtron in the pore waters. The lack of
significant®’*Ra input from fresh groundwater suggests sediff8Ra, primarily surface-bound,
is the result of processes unrelated to the preseiihe seepage face or subterranean estuary.
These observations beg the question “is Ra a teltedcer for SGD in systems where a fresh
groundwater seepage face and subterranean estagrgeaent?” | conclude no based on the
presented data set. Not to discount the numetadges where SGD rates obtain from Ra-

isotope budgets agree well with other measureneehhiques, it is that the complexity of this
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environment limits Ra applicability as a tracen.fact, environments where the main source of
SGD is from recirculated seawater, the general@wasive behavior of radium in high ionic
solutions is favorable as a tracer. Also, meagutie dominant sister isotopes of Ra, which was
not conducted in this study, may help elucidateesofthe processes contributing to its cycling
in the subsurface.

Radon-222 has the most conservative behavior snstifiterranean estuary; and thus
would be the most reliable for the quantitative S@Basurements. As suggested by Burnett et
al. (Burnett et al. 2007), the uncertainty’¥fRn as a quantitative tracer for SGD stems for the
variability in the activity used to convert raddaxes to fluid fluxes. In this site, estimates of
fresh groundwater”?Rn activities ranged over an order of magnitudeyéer, this variability
was not associated with different water sourcegdatheer with production. Based on tH&Rn
pore water activities and emanation rates, less 208 of the observeéd’Rn is supplied by
fresh groundwater inputs, while about 80% is enethfitom sedimerf®®Ra. This suggests that
the parent isotopes behavior (€%Ra) in the subterranean estuary can greatly infle¢he
applicability of the daughter isotopes (€4GRn) as a quantitative tracer.

The utility of these radionuclides in quantitatasigbmarine groundwater studies depends
on:

1) redox framework of the subterranean estuary,

2) impact of surface exchange reactions occurringiwitine subterranean estuary, and

3) the influence of 1) and 2) have on the parent peddoehavior and distribution in the

subterranean estuary/submarine aquifer complex.
Thus, future work applying these radionuclides @angjtative tracers of SGD should
acknowledge whether a subterranean estuary ismebxo the site and if so, how the

geochemical processes occurring within it may implae estimated fluxes.
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CHAPTER 5.
EVALUATING THE SOURCE AND SEASONALITY OF SUBMARINE
GROUNDWATER DISCHARGE USING A RADON-222 PORE WATER
TRANSPORT MODEL

Introduction

Groundwater aquifer systems connect recharge tstityatransmissivity, and discharge;
consequently understanding one or more of thesebgadlogic traits helps us better predict
responses to perturbations (Bredehoeft 2007).ekample, groundwater discharge to marine
coastal regions, typically referred to as submagmeindwater discharge (SGD), can contain
both marine and fresh water components, of whielfrdssh component is significant as a sink
from terrestrial aquifers and source to surfaceevgat The relative fractions of these two
components are critical considering approximat&8%ef the world’s population now lives
within 100 km of the coast, stressing regionaltivester resources. This problem will likely be
exacerbated considering the alarming predictionslimate change consequences to the
hydrologic cycle (IPCC 2007). The marine compor@@r®GD includes deep recirculating
seawater and shallow pore water exchange acrosetiment-water interface (Burnett et al.
2003; Mulligan and Charette 2006; Martin et al. Z0OOEach component has a different
geochemistry (i.e., pH, Eh, and ionic strengthj] emere these waters mix prior to discharging,
they form reactive zones known as the “subterramstuary” (Moore 1999). These dynamic
interfaces affect the transport and transformatiogissolved constituents and impose
source/sink limitations on the use of geochemialdrs to estimate groundwater discharge to
coastal waters (Moore 1999; Gonneea et al. 2008i0ua et al. 2008).

Comparing SGD from coastal aquifers with dispachi@acteristics requires using a
method that is independent of climate and geoldgi@aability. Methods used include

geochemical tracers (primarily radon and radiuntojges), water budgets, numerical models,
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and direct measurements (e.g., seepage metergkaepit for the water budget approach, no
universal method has been found. The water buajgwbach has primarily been used to
identify fresh submarine groundwater, although mdggoore water composition also has been
used to separate the components (Martin et al.)20#hen multiple methods are applied at the
same site, estimated discharge rates may vary bydan of magnitude or more, likely because
each method measures different processes (e.qquicdmiet al. 2002; Cable et al. 2004 and
references therein). This problem has been stig)istigmatically at several coasts over the past
five years (Burnett et al. 2006; Mulligan and Clier@006; Martin et al. 2007). In these studies,
SGD rates estimated from a radéffiRn) water column mass balance model were similar to
those measured with seepage meters and both metppdar to measure total SGD (fresh +
marine sources). These studies also showed, hoywthae SGD rates from radium (Ra) tracers
were an order of magnitude lower than estimates ff@Rn mass balance and seepage meters at
Wagquoit Bay, MA, (Mulligan and Charette 2006), lmgre one to two orders of magnitude
greater thaR®Rn mass balance and seepage meter estimates ailDeata, Sicily (Burnett et

al. 2006). In contrast, radium (R4J°Rn, and seepage meter-derived SGD estimates/all fel
within a narrow range at Cockburn Sound, Austraraj Shelter Island, NY, USA, (Burnett et

al. 2006). These discrepancies, and the ubiquiteasf radioisotope tracers, point out the need
to better understand hot¥"Rn and Ra reflect SGD rates.

Radon-222 g, = 3.825 d) has been used effectively in studiediadenesis in low
permeability marginal marine environments (Hammand Fuller 1979; Martens et al. 1980;
Martin and Banta 1992), for air-sea and sedimeriemexchange in fully marine environments
(Broecker 1965; Broecker and Peng 1971; Peng &0@B), and recently to evaluate advective
fluxes in higher permeability coastal systems (€adtlal. 1996; Corbett et al. 1997; Corbett et
al. 1999). Radon is an excellent tracer, becauseaturally enriched in pore water relative to
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surface water, conservative (subject only to weak der Waal bonds), easily measured at low
activities, and production and decay can be medsunexisely (Burnett et al. 1996). One
problem with using®Rn as a tracer is that its parefitRa, is an alkaline earth metal and is
heterogeneously distributed in sediments, occumittigin minerals, on mineral surfaces (e.g.
metal oxide coatings), and in solution. It alsbdees non-conservatively in systems with strong
salinity gradients (Li and Chan 1979; Webster e1885; Hancock et al. 2000 ) and has been
found to readily desorb when sediments are exptwsbrhckish waters (Webster et al. 1995).
Non-conservative Ra behavior also results frorstitsng affinity for redox sensitive manganese
(hydr)oxides (Moore and Reid 1973), causing reléaseemoval) of Ra in reducing (or
oxidizing) environments. Both salinity and redoradjents are common at the seepage face of
coastal aquifers (Moore 1999; Charette and Shalk@006) resulting in the heterogeneous
distribution 0f**Ra, and consequentf’Rn, complicating their use as tracers of SGD.

The most commoff?Rn approach for evaluating SGD is a water columasilance,
which assumes the surface w&féRn inventory is equivalent to advection?6fRn from
underlying sediments, after correcting for produttidecay, atmospheric evasion, lateral or
vertical water column transport, and diffusion fremrface sediments. The mass balance
requires an end-member groundw&féRn activity, typically acquired from onshore wedks
from pore waters near the sediment-water interfeacepnvert the radon flux to a fluid flux
(Cable et al. 1996; Corbett et al. 1997; Burne#tleR003). SGD estimates using onshore
groundwater wells imply all SGD is derived from e@tic groundwater, although
intercomparison studies sugg&€Rn models often include the marine component. dJsin
onshore groundwater end-members also assumes mopsiduction of*Rn along a flow path;
however, a number of studies have shown that sHfacnd?®Ra and subsequentl§’Rn
emanation vary spatially within coastal submarigeit@rs (Dulaiova et al. 2008; Gonneea et al.
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2008; Chapter 4 of this document). Depending eretid-member chosen, fluxes calculated
from this approach can span several orders of madgas a result of heterogeneous distribution
of *®Ra across the steep redox and salinity gradierttsea§eepage face (Burnett and Dulaiova
2003; Dulaiova et al. 2008).

This paper examines temporal and spatial distdnstof pore waté”’Rn within the
subterranean estuary of Indian River Lagoon, Fi(ldSA), to assess complexities withRn
as a SGD tracer and to quantify fresh and marinedive fluxes from the sediments. Indian
River Lagoon is a coastal water body where previeasarch provides a framework for the
distribution and magnitudes of marine and terras8GD (Cable et al. 2004; Martin et al. 2004,
Martin et al. 2006; Matrtin et al. 2007; Smith et2008). A one-dimensional transport model,
which includes advection, diffusion, non-local eanbe, and production/decay, is employed to
quantify how groundwater advection and shallow sexiit irrigation contribute to observed pore
water?*Rn distributions. Monte Carlo simulations are #wpin the model to enhance
statistical significance of predicted SGD ratesie model allows exploration of the role of non-
local exchange in pore wat&Rn distribution and separation of submarine growatéw
discharge components.
Materialsand Methods
Study Site

The Indian River Lagoon is a back-barrier, micaatilagoon with an average length,
width, and depth of 250 km, 3 km and 1.5 m, respelst (Smith 1993).In the field site, the
lagoon is underlain by the heterogeneous and aasotsurficial aquifer, a 30 m thick unit of
undifferentiated, Pliocene to Holocene, interbeddagluina, sand, silt, and clay. The upper 3-4
m of the submarine portion of the surficial aquiecharacterized by moderately sorted, fine
guartz sand (averageod 2.5¢) with variable amounts of silt and clay, a mearopity of
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0.37+0.03, and hydraulic conductivities betweeri 48d 10>’ m s*. The sediments are a
transitional sequence from a lacustrine or fluwdlienced, brackish-water environment to the

modern back-barrier lagoon (Hartl 2006).
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Figure 5.1. Map showing the field site locatiorttwiespect to Indian River Lagoon (IRL), FL,
and surrounding counties (A). Inset in (A) shots lbcation of the study site relative to the
southeastern United States. A local view of theige of IRL where the study was conducted
(B) is shown relative to Eau Gallie River (EGRPlane-view of shore-normal transect of multi-
samplers used to collect pore waters is providd@€)n
Methods

Pore water samples were collected from a shore-@dransect along the mainland coast
of Florida between Eau Gallie River and Crane C(&g&fure 5.1; Appendix C). The transect
extends approximately 30 m offshore into IndiandRivagoon and is comprised of eight multi-
level piezometers (“multi-samplers”; Martin et 2003). The multi-samplers are between 1.15
m and 2.30 m long and allow discrete samplinggtttgport depths (approximately 10 to 40 cm
apart) through 200 um screening. Pore waters aahected from each screened interval slowly

(less than 1 L mify) using a peristaltic pump into an open overfloy.ciDissolved oxygen, pH,
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conductivity, and temperature were monitored carttusly using a YSI-556 multiprobe sensor
until parameter values stabilized; values werenaab and pore waters sampled. Pore waters
were collected six times: 20-23 Nov-04, 10-13 Féb®12 May-05, and 15-18 Sep-05, 6-8
May-06, and 5-6 Oct-06. Sample nomenclature fadltwe convention, EGN-XX-MMYY, to
differentiate among spatial (XX) and temporal (MMYpore water profiles; XX refers to the
distance offshore in meters and MMYY refers tortienth and year samples were collected.

Fluid from each port depth was sub-sampled fai t6fRn (all trips) and dissolved®Ra
(May-05, Sep-05, May-06, and Oct-06 trips onlyYyiplicate 10-mL samples of pore water were
extracted using a gas-tight glass syringe frombthteom of the overflow cup and slowly injected
into 20-mL glass scintillation vials pre-filled witLO mL of high efficiency mineral oil. Samples
were sealed, shipped back to Louisiana State Usityet SU) within the mean-life d?Rn (/;,
= 5.5 days), and counted on a Packard Tri-Carb JE00quid scintillation analyzer with alpha-
beta discrimination with a background of 2.8 to &5 and calibration factor of 2.69 to 3.23
cpm dpnt* (Clesceri et al. 1989).

Approximately one liter of pore water was collectegblastic bottles for determination of
dissolved®Ra (t,, = 1620 y). At LSU the water was transferred iitetight bottles designed
for use in the cryogenic radon extraction techni(Mathieu et al. 1988; Cable et al. 1996).
Each sample was de-gassed for at least fifty madibe bottle was re-sealed, and the sample
was set aside to allow a five day ingrowth periadffRn with?**Ra. Samples were degassed
using a cryogenic extraction line, and after thisaction stef?Rn was transferred to alpha
scintillation (Lucas) cells. After a three-hougmwth period when short lived daughters,
polonium-218 $*%P0), polonium-214%“Po), and bismuth-214(Bi) were allowed to
equilibrate with?*Rn, the Lucas cells were counted using photomigtiplibes (Ludlum
Instruments, Inc) to a counting error of < 3% (axmmately four to six hours).

136



Sediment supporteéd’Rn was determined from five vibracores (0, 10, 12 and 30 m
offshore) collected in May-06. Sediment secticapfoximately 4 cm long) were sub-sampled
with mid-point depths of 7, 15, 25, 35, 55, 75, 955, 145, 175, 205, and 230 cmbsf, which
correspond to the pore water sampling depths. ngadiequilibration batch experiments were
performed to quantify radon production rates athi@pthe sediments. Each sediment sample
(approximately 50 g) was placed in 500 mL Erlenméhgesks with approximately 300 ml of
pore water of known dissolvéRa activity from depths consistent with sedimemtsie and
sealed. Pore waters rather than Ra-free seawaterwsed to ensure that laboratory batch
conditions were similar to environmental conditignamely ionic strength). DissolvétfRn
was assumed to equilibrate with sediment-bctifRia (primarily surface-bound radium) after a
30-day ingrowth period, and the water was analyaeé?’Rn activities via the extraction and
counting procedures described above. The téfah activity in the water, minus its dissolved
?2Ra activity, represents the production value’féRn in the sediments. The activity per mass
of sediment was converted to an equivalent actpatyvolume of pore water using measured
porosity and grain density.

Results

A well defined subterranean estuary extends ftoenstoreline to approximately 20 to 30
m offshore, as demonstrated by strong lateral @ntical salinity gradients (Figure 5.2A). Pore
water salinities range from 0.15 to 23.14 and digpl slight temporal variation, while lagoon
water salinities, controlled largely by precipitatiand evaporation, are brackish (range = 14.01
to 23.47, mean () = 17.17+£2.66). The steepest horizontal graddentirs between 20 and 30
m offshore. Fresh water (salinity < 0.5) occurscBbbelow the seafloor (bsf) at 0 and 5 m
offshore during all sampling trips and at the salmpth 10 m offshore during the Nov-04, Feb-
05, Sep-05, and May-06 sampling trips. Saliniiegond this point (10 or 15 m) outto 22.5 m
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offshore range from 0.7 to 9, reflecting dispersiv&ing of fresh and saline groundwater. Steep
freshening-downward salinity gradients are obsemegxbre waters collected from the upper 55
cmbsf at all sampling locations except for EGN-22n8 -30. At 30 m offshore, salinities range
from 17 to 23, freshening upward, suggesting lichtransport across the seaward end of the
subterranean estuary at 20 to 30 m offshore. Téegaty distributions suggest that two distinct
pycnoclines occur within the subterranean estuilgdban River Lagoon. The first is

associated with vertical mixing of surface wated gnoundwater in the upper 55 cmbsf and the
second with horizontal mixing of fresh groundwadad deeper saline groundwater between 20
and 30 m offshore.

Total pore watef?’Rn activities are inverse of pore water salinitig(ffe 5.2A — B).

From the shoreline to 20 m offshore, &fRn profiles exhibit a concave-downward shape, but
beyond 20 m, the profiles display maxima at deptlosind 150 cmbsf (Figure 5.2B). The
highest activities, approximately 8,500 to 10,0pénd_ ", occur in pore waters at 0 and 5 m and
decrease offshore to approximately 2,500 dphat.30 m. Radon-222 activities display steep
vertical gradients within the upper 35 to 55 cneath sampling location, but below this depth,
little change occurs in activity with depth. Iretbpper 55 cm, vertical gradients average 160
dpm L* cm* at the shoreline and 5 m, but decrease steadéii@® from 10 to beyond 15 m.
Overall, salinity and radon gradients vary littletlween sampling trips, with activities from
successive sampling trips occurring within errooné another.

Within the subterranean estuary, three possihlecss of*Rn exist: excess radon
delivered with groundwater, in situ production fraiissolved®®Ra, and emanation from
sediment®Ra. Sediment?®Ra may be sorbed to sediment surfaces, co-preeigitaith metal-
(hydr)oxide surface-coatings, or bound in the mah&attice (Semkow 1990; Tricca et al. 2001).
These sources are not distinguished in our sedigggnlibration batch studies; however, the
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Figure 5.2. Pore water profiles of (A) salinit®) total *>’Rn, and (C) supportéd?Rn (i.e.
dissolved and sediment bouffdRa) from the six sampling trips (Nov-04, Feb-05,yM¥5, Sep-
05, May-06, and Oct-06) plotted vertically agaidepth and horizontally across the length of the
transect (Fig. 5.1C). Note that the units for t6tZ&Rn and sediment bourféfRa are 1&dpm L*
while dissolved®Ra is in dpm L.

short recolil distance of radon (20 to 40 nm) sutgge®st radon emanation is associated with
radium sorbed onto or co-precipitated with surfesatings. Dissolvetf®Ra profiles are
characterized by mid-depth maxima, which decreffisbare at depths of between 15 and 75
cmbsf (Figure 5.2C). DissolvédRa activities range between 0.56 and 81.54 dpwith a

mean of 10.84+23.36 dpni'l(+10). The activity ratio (AR) between pore wat&Rn and the

dissolved®®Ra are on the order of hundreds to thousands, ingpthat dissolved*Ra has little

influence on the distribution of pore waféfRn.
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The vertical distributions of sediment-boufftRa are roughly sigmoidal or concave-
downward in shape with maximum activities observetiveen 95 and 150 cmbsf (Figure 5.2C).
Similar to the spatial distribution 6f°Rn, the activity of sediment-bouritfRa decreases
offshore. The maximum activity at the shorelinafgroximately 11,000 dpmi*(145 cmbsf)
while at 30 m offshore, the maximum activity is@2ipm L* (95 cmbsf). Activity ratios (ARS)
betweerf>Rn and sediment-bourfé’Ra range between 0.068 and 14.23 for individuaipsiaig
depths with a mean () of 2.02+2.22, suggesting that at a single ptifRn is generally out of
equilibrium with the adjacent sediment-boufitRa. However, ARs vary vertically with three
well defined zones. At depths greater than 55 ¢#i8s are near equilibrium and average
1.21+0.46 (xb, n=60). While these ARs suggests approximate@% disequilibrium between
??Rn and sedimerff®Ra, maxima of the sediment-boutf@Ra occur 20 to 40 cm below the
maxima of thé??Rn activity indicating upward migration of produc®d. Activity ratios of the
pore watef?’Rn and sediment-bourf®Ra maxima range between 0.54 and 2.89 with a mean
(x10) of 1.34+0.60. EGN-30 (outside the freshwatenpdof the subterranean estuary) has the
largest ARs betweeffRn and sediment bourf@Ra maxima, with a mean (&)L of 2.67+0.18.
Excluding EGN-30 from the analysis reduces the eangAR to 0.54 to 1.90 (mean (dJLof
1.12+0.25). These AR suggest most pore WAfBn at the base of the profiles can be explained
by in situ sedimentary production within close proity of the sampled port. The second zone
occurs between 15 and 55 cmbsf. Activity ratiosrage 3.99+2.78 (1, n=60) suggesting
*?Rn is in excess of sediment bouriRa. The final zone occurs from the sediment-water
interface to approximately 15 cmbsf. In this zoARBs approach equilibrium (mean @lof
1.20£0.80, n=21). This zonation of radon and sedinbound radium (i.e. AR) suggests
heterogeneous production contributes significatatihe distribution of pore water radon and

such production must be accounted for in ordectutely use radon as a tracer.
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22Rn Transport Model and Model Parameters

Conceptual Model

In Chapter 2, | acknowledged that horizontal fimay be significant in this seepage face
and subterranean estuary (i.e. 1:1 to 1:5 horit¢mtzertical flow ratio for observations made at
150 and 250 cmbsf). However, horizontal flow wobé&tome increasingly negligible as the
sediment-water interface is approached. Giverctingent scale of the model (i.e. less than 115
cmbsf) and these observations concerning flow satiovertical one-dimensional model appears
justifiable. Thus, assuming flow vectors alongstahseepage faces are vertically upward
(Cooper Jr. et al. 1964) and lateral diffusive $@ort is negligible due to the stronger vertical
gradients of Rn and Ra in the subterranean esttfdRy transport along the groundwater —
seawater zone can be conceptualized as a one-danahgroblem in the vertical direction

(Figure 5.3).
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Figure 5.3. Schematic diagram of the conceptualehdescribing the various processes that
occur at and below the sediment water interface.
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Based on the activity ratios and radon distribytibe model consists of three zones: (1)
a lower zone wher&’Rn is near equilibrium with sediment-bouff@Ra suggesting*Rn
transport is balanced by production (AR = 1.21+0r#850); (2) a middle zone whef€Rn is in
great excess of sediment-boufitRa from transport out of the lower zone into theldie zone
(AR =3.99£2.78, n=60); and (3) an upper zone wilaemear-vertical concentration gradient and
AR approaching equilibrium (suggests that transpotesses are effectively exchanging upper
layer pore waters with the overlyirfi§°Rn-depleted water column. This conceptual model
highlights the complexity of the subterranean estaad difficulties in determining submarine
groundwater and recirculating seawater fluxes éowhter column. In the case®fRn, the
processes governing its activity along the vertilcal path vary between three primary choices:

Table 5.1. List of constant and fitted parametirsiy range and units, for the one-dimensional
transport model (*indicates an observed value).

Description Rangefor First Monte Units
Carlo Simulation
Constants Radon concentratiog * atoms crit
Time, t d
Depth,z * cm
Sediment diffusion coefficienDs * cn’ d*
Radon concentration of flushing * atoms crit
water,Cyy
Supported radon concentratidh, * atoms crit
Radon decay coefficiend, 0.181 d?
Porosity,¢ 0.37+0.04 -
Fitted Seepage velocity 0-100 cm d*
Parameters Depth-dependant mass transfer o dt
irrigation coefficient,a(z)
Irrigation intensity at = 0, ap 10° - 10’ d?t
Irrigation depth-attenuation; 0-5 cm*t
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shallow pore water exchange with the water columsitu production and transport from depth,
and terrestrial groundwater flow. Thus a modelohthgaptures only a few of the processes may
over-simplify the system and fail to identify eititbe fluid source or magnitude of flow. We
start here by applying a standard one-dimensioaasport equation with first-order kinetic
reactions and non-local source/sink terms to evaltiés conceptual model &Rn

a"goC_ﬁ(D ac
ot az\"*%

) : ;Z(wpo - D P(C - C) + AP - AC (5.1)
whereg is porosity (unitless)C is the pore water concentration?dRn (atoms cni), t is time
(d), zis depth (positive downward) (cnDs is bulk sedimentary diffusion coefficient (émi?), v
is seepage velocity (cm*) a(2) is a depth-dependant (non-local) mass transfefficent (d*),
Cswis the concentration 6f°Rn (atoms cii) in the flushing water of the upper zoréds the
decay constant fd°Rn (0.181 &), andP is the concentratioff’Rn emanated from the
sediments (determined by sediment equilibratioregrgents) and dissolvéd’Ra (atoms cr;
Table 5.1).

The molecular diffusion constant f&fRn (in water) was estimated from a temperature-
dependant equation (Janhne et al. 1987) and ced éat sediment properties by dividing by the
tortousity factor obtained from Archie’s Law (Boedu 1997). The average sediment diffusion
coefficient for all sampling trips and sites wa518+0.086 cm d. The effects of hydrodynamic
dispersion were not considered in this model utiteassumption that diffusion dominates
below a Peclet number of about 1 (i.e. R&dso/Ds, Where @y is mean grain size; Bear 1972,
Boudreau 1996). Given the averdggand a mean grain size of 1{if, advection rates would
have to exceed 44 cntdor dispersion to become significant. Based @vimus estimates of
advection rates obtained from seepage meters byrivaral. (2007) during Sept-05 (less than

23 cm d), we did not expect advection rates to exceedithem d limit. In fact, only one
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model simulation resulted in advection rates ctoshis limit (Table 5.2). The primary
advective flow is vertical discharge of fresh grdwater, which is assumed to be constant over
the model domain. Measured porosity from the sedintores averaged (¢20.37+0.05 in the
upper 150 cm; thus it was assumed in the modebpibraisity was constant over the model
domain.

Irrigation is a spatially-averaged mixing of pavater with a flushing water (i.e. C(z = 0)
= Cyw = G) caused by biological (bio-irrigation) or physi¢alg., waves and tides) processes
(Aller 1977; Boudreau 1984; Meile and Van CappeR€03). In this study, irrigation is
parameterized as a non-local mass transfer (Boudr@d4)a(z), and is represented by an
exponential depth-dependant irrigation term
a(z) = ayje®? (5.2)
whereay is the intensity of irrigation at the sediment erdnterface (@) anda: is a depth
attenuation coefficient (c). As shown in the conceptual model (Figure Sr8gation, either
physical or biological, represents the primary naism for whictf?’Rn is exchanged from the
pore waters to surface waters and the near vegredients observed near the sediment-water
interface. Thus, we consider irrigation a reastmateasure of the magnitude of recirculated or
marine SGD on the spatial scale of our study. Qthestigators have identified much deeper
(>3-10 m depth) recirculation processes, but thesieculation processes are often associated
with locations farther offshore or different hydemjogic regimes (Wilson 2005; Charette and
Sholkovitz 2006).

Unlike conservative tracers (e.g.,GInd Bf), ?*"Rn is subject to radioactive production
and decay, but these sources and sinks are pitgdietad quantifiable. Previous work has
shown?*Rn deficits relative to supported radon in the u&feto 40 cm of fine-grained marine

sediments (Hammond and Fuller 1979; Martin and&ayP87) are caused by diffusion or
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Table 5.2. Summary of the input and output paramsdbr the 33 model runs used in the study.

Sampling Seepage Velocity, v Irrig. Intensity, o Irrig. Attenuation a, Irrig. Rate Zgg Optimal x?
Nomenclature Optimal Error Optimal Error Optimal Error Virr
(cmd? (dh (cm?) (cmd? (cm) ()
EGN-0-0205 -28.8 11.5 93.6 46.1 0.218 0.078 95.7 .010 5
EGN-0-050¢ -16.€ 2.€ 73.1 31.¢ 0.297 0.10: 59.C 7.C 56
EGN-0-090¢ -22.C 7.1 7.8 3.1 0.161 0.03: 13.2 14.C 18¢
EGN-0-050¢ -42.2 12.¢ 45t 14.7 0.147 0.01: 85.7 15.C 14
EGN-0-100¢ -19.7 3.6 53.C 26.C 0.267 0.12¢ 49.C 8.C 37
EGN-5-050¢ -33.¢ 14.¢ 24.t 9.t 0.122 0.041 57.1 18.C 12
EGN-5-090¢ -29.¢ 16.1 3.7 1.€ 0.08: 0.02¢ 13.2 28.C 1
EGN-10-020¢ -5.4 1.¢ 1.C 0.€ 0.08( 0.04¢ 3.6 28.C 4
EGN-10-050¢ -4.C 0.t 3.6 1.6 0.20¢ 0.03¢ 4. 11.C 23
EGN-10-090¢ -3.C 0.7 15.c 7.2 0.47¢ 0.18: 6.5 4.C 20
EGN-10-050¢ -4.2 0.7 24.2 9.7 0.44¢ 0.65¢ 11.4 5.C 41
EGN-15-110¢ -13.1 3.2 15.¢ 4.€ 0.12: 0.02( 36.4 18.C 88
EGN-15-020¢ -11.2 4.C 5.¢ 2.C 0.07¢ 0.01¢ 23.C 30.C 6
EGN-15-050¢ -15.C 6.C 20.2 8.€ 0.14« 0.03: 39.4 16.C 29
EGN-15-090¢ -15.€ 3.6 22.¢ 5.8 0.132 0.02: 48.¢ 17.C 102
EGN-17.5-020¢ -10.1 3.7 63.£ 29.2 0.161 0.02¢ 20.1 14.C 9
EGN-17.5-050¢ -6.C 1.t 2.2 0.7 0.08: 0.01¢ 7.€ 28.C 80
EGN-17.5-090¢ -6.5 0.t 6.C 2.7 0.14: 0.02¢ 13.4 16.C 15
EGN-17.5-050¢ -1.5 0.4 10.€ 5.3 0.21( 0.04: 13.2 10.C 56
EGN-20-110¢ -6.S 1.6 24.¢ 10.t 0.12( 0.03( 58.¢ 19.C 78¢
EGN-20-020¢ -6.4 1.€ 6.4 2.C 0.121 0.01¢ 15.C 18.C 16
EGN-20-050¢ -3.¢ 0.€ 1.¢ 0.8 0.14: 0.02¢ 3.€ 16.C 81
EGN-20-090¢ -12.€ 4.3 15.¢ 5.1 0.14: 0.02( 31.1 16.C 142
EGN-20-100¢ -12.Z 3.2 85.1 36.¢ 0.18¢ 0.03( 123.( 12.C 29
EGN-22.5-020¢ -3.2 1.6 2.2 1.2 0.03¢ 0.01: 19.C 60.C 0
EGN-22.5-050¢ -0.€ 0.4 6.4 3.t 0.04¢ 0.017 40.F 47.C 0
EGN-22.5-090¢ -3.€ 1.2 4.8 1.7 0.04( 0.00¢ 36.¢ 55.C 0
EGN-22.5-050¢ -2.1 1.1 2.7 1.4 0.03¢ 0.01¢ 22.F 59.C 0
EGN-30-110¢ -7.1 1.1 1.€ 0.7 0.03¢ 0.00¢ 14.2 62.C 8
EGN-30-020¢ -6.4 2.8 0.2 0.1 0.00¢ 0.00¢ 6.C 99.C 17
EGN-30-050¢ -8.7 2.8 0.¢ 0.2 0.021 0.01¢ 117 81.C 5
EGN-30-090¢ -8.C 1.6 0.2 0.1 0.00¢ 0.01¢( 5.€ 99.C 13C
EGN-30-050¢ -9.C 1.€ 0.€ 0.2 0.007 0.00¢ 14.5 98.(C 92
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mixing of pore water containing elevat&dRn activities into surface water depletedifiRn
(Hammond and Fuller 1979). In contrast, our measents (Figure 5.2) indicate excess radon
at these depths, which we attribute to verticafiward advective transport &¥Rn from a lower
zone of in situ production (Figure 5.3). Contrastthese two types of radon profiles indicate
differences in the distribution of sediment-bodffiRa and in dominant transport processes in
these environments rather than differences in tieenical behavior o*Rn. These differences
in mean depth-dependent radon production mustdbedad to accurately model pore water
distributions and would represent a key improvenostet the more widely employétfRn

water column mass balance model (Cable et al. 108fhett et al. 2000), which neglects
heterogeneou€®Ra distributions.

Numerical Solution to the Model

Pore watef?“Rn variability was minor between sampling tripsjgfallowing a numerical
solution to the 1-D transport model (Eqn. 1) faasty-state conditions (Figure 5.2B). A second
order, weighted finite difference scheme was usesbive the steady-state version (Fiadeiro and
Veronis 1977). This model can handle a numbeoahbary conditions; we chose to use two
Dirichlet boundary conditionsC(z= 0) =Cy andC(z=L) = C_ whereL is the base of the model
domain andC_ is the concentration (atoms Gjrat depth_ (other parameters were described
above).

The multivariate Nelder-Mead simplex minimizatidgaithm (Lagarias et al. 1998) was
used to calibrate the model to obser&&n activities using seepage velocity &nd non-local
exchange §, and ) as fitting parameters. The following modifig8ifunction was used to test

the goodness-of-fit between model and data

n 2 n 2
2o <Ci,meas = Cicaic(v, o, al)) Lt <Ci,lim = Cicac(v, ay, 0(1)> (5.3)
=1 =1

Ui,meas Ui,meas

i
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whereCpeas Ceaic andCiiy are the measured, modeled, and the diffusion-cmigentration
profiles,t is a weighting parameter equal to zero when tharpaters do not violate limits
imposed or is set to 100 when the parameters tigdiade of the limits (Table 5.1). The limits for
V, ap, anda, were 0 to -10@m day', 10° to 10° day”, and O to 5 ci, respectively. The
Nelder-Mead algorithm is sensitive to estimatethefinitial fitting parameters and may
converge on local minima rather than the desiredalminimum. To overcome this sensitivity,
an initial Monte Carlo (MC) simulation was perfordwhere the initial parameters were
normally-distributed (mean of 0 and standard demebdf 1) pseudorandom perturbations of the
mid-point of each fitting parameter limit (ixe= -50, a, = 10*, anday = 2.5). For each initial-
parameter MC simulation, an average of 71.5% a¥iddal runs converged on the same
minimumy?and optimal fitting parameters; the remaining 28&%valuations (i.e., local
minima) resulted irx? 100 to 200% higher than the accepted global mimmu

After optimal fitting parameters were obtained, arie Carlo simulation was conducted
to place 90% confidence intervals on the paramejiges the variance in the measufé®Rn
activity. The data were corrupted using the saorenally-distributed, pseudorandom number-
generating algorithm and twice the standard deoriatif*“’Rn measurements. Each Monte
Carlo simulation consisted of 100 individual modeis calibrated with the Nelder-Mead
algorithm. The upper and lower 5% of results weraoved to obtain an overall 90%
confidence in the estimated parameters. Thesedsmde intervals provide estimates of
uncertainty given the natural variability 3fRn in pore waters.

Model Performance

A total of 39%*Rn pore water profiles were analyzed using this ehtmlobtain seepage
velocity, irrigation intensity, and irrigation atteation; 33 analyses provided unique and reliable

results. The remaining six either converged onuaique solutions (i.e. inconsistent merit
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functionx? and/or fitting paramaters) or resulted in unnatfiting parameters (i.e., negative
irrigation intensities or positive seepage velesfiduring the first Monte Carlo simulation. It is
uncertain why the six model simulations failed: speculate it had to do with numerous logal
minima in the parameter space. No results areteghdor these six model analyses.

The ¥* fitting criterion used in the model ranges betw2e0 x 10° (EGN-22.5-0905 and EGN-
22.5-0506) to 783 (EGN-20-1104) with a mean anddsted deviation of 63+132 (Table 5.2).
Twelve of the 33 calibrated model runs are showtketmonstrate typical model performance
(Figure 5.4). These included the maximum (783himim (1.3 x 10), approximate mean (63),
and approximate median (28results. If these extreme cases (maxima and m)ramea
removed from thg” data, then the mean and standard deviation dfdl are reduced to 4649,
suggesting extreme cases cause much of the vagabimodel performance.

Steady-state Assumption

To validate the steady-state assumption, foustest-state model simulations were
conducted and compared with the steady-state se$tijure 5.5). The following profiles were
used in the comparison: EGN-0-0905, EGN-10-05@NEL5-0905, and EGN-20-1006. For
these simulations, the model was run in a detestinmode (i.e. no Monte Carlo routines)
using the optimal parameters estimated duringebpeactive steady-state simulation. For the
transient-state model, two boundary conditionsamchitial condition (i.e. one set of initial pore
water concentrations) are required for the numesiclution. The same boundary conditions
used for the steady-state model were used foramsient model. The concentrations measured
during the sampling trip that preceded the activebdeled profile were selected as the initial
condition (e.g. concentrations from EGN-0-0505 wesed as initial conditions for EGN-0-

0905) and the model was run for the length of t{djebetween the two sampling trips.
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Figure 5.4. Measured and optimal (plus 90% configentervals) model predictétfRn pore
water activities (A — L) for a variety of merit fation values including the (H) maximum, (A, J —
L) minima, (B, G) mean, and (C — F, I) median.

Visual comparisons between the steady-state andiérat-state model results for the four

selected profiles show no significant differenceyife 5.5). The average absolute and relative

20 for all four simulations are 16 dpni‘land 0.59%, respectively, suggesting that stasikyic

the two models are virtually indistinguishable.yBbally, the strong similarity between

transient- and steady-state models reflects tige ldifference between time-scale of the

concentration fluctuation, governed by the times&petween sampling trips (82 to 233 d), and

the dominate process (i.e. average advection toale $or the model domain is 19.2 d). This

suggests that the steady-state assumption isgiaka the temporal sampling resolution

associated with this study.
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Figure 5.5. A comparison of model results obtadifrem the steady-state and transient-state
simulation for four different pore water profileEGN-0-0905 (A), EGN-10-0505 (B), EGN-15-
0905 (C), and EGN-20-1006 (D). The first colummgodphs shows a qualitative comparison
among the measured pore water concentrations,ysttaig model results (solid black line), and
transient-state model results (dash gray line)e §décond and third columns show tloee2ror

and relative @ error, respectively, between the steady-statarangient-state models.
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Discussion

Advection Rates

Estimates of submarine groundwater discharge difreen the water column mass
balance approach can vary by one to two ordersaginitude at a single site primarily due to
uncertainty in the groundwater radon activity nettbeconvert mass flux to fluid flux, derived
either from ground water or pore water activitideither of these sources has produced
consistently satisfactory SGD fluxes. By includimgr Ra activities in the 1-D transport model
presented here, estimated advection rates vargdsythan an order of magnitude and the
observed variability can be placed in the contéxtatential hydrogeologic controls. Seepage
velocities decrease with distance offshore (Tal?e Figure 5.6), which is consistent with
expectations for seepage outflow where verticatilgradients decrease offshore (Glover 1959;
McBride and Pfannkuch 1975). At individual samglsites, the relative standard deviation of
seepage velocities is less than 50%, consideratdyiar than the one to two orders of magnitude
variability observed in water column mass balartadiss (Burnett and Dulaiova 2006; Dulaiova
et al. 2006; Mulligan and Charette 2006).

Four sampling trips provided sufficient model riésto evaluate spatial patterns of the
seepage velocities (Figure 5.6). We use bothiiaed exponential regression models to
describe variation in seepage velocities offshistilts are presented only when the regression
coefficient (f) exceeded 0.50. A linear model was previouslyliagpo pore water Cl
concentrations and seepage meter data from tkighgdrtin et al. 2007)

v(x) = v, — mx (5.4)
wherev(x) is the seepage velocity at distaxa#fshore (m)mis the rate of change of the
seepage velocity moving offshore (i o), andvy is the seepage velocity at the shoreline

(m d%). The traditional mode of spatial discharge ipanential where McBride and Pfannkuch
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Figure 5.6. Seepage velocities (and 90% confiderieeval shown as whiskers) obtained from
the?*Rn transport model plotted against distance offslior the (A) Feb-05, (B) May-05, (C)
Sep-05, and (D) May-06 sampling trips. Linear ardonential models are shown as dashed
lines. Equations and regression coefficierfisgre shown for each model whexg) is the
seepage velocity atdistance offshore.

(1975) showed seepage velocities in lakes confdtman exponential function

v(x) = vye P* (5.5)
wheregis an attenuation coefficient (ndefining the rate at which seepage velocitiese=ed
offshore. One drawback of the exponential mod#iéssuggestion that fresh groundwater
seepage extends infinitesimally offshore, which tayossible in an aquifer — lake connection
where both water sources are fresh, but not pessildoastal aquifers where denser saline

groundwater limits the width of the seepage fagkthough this physical restriction exists,

empirical exponential models can provide reasonappgoximations to lateral changes in
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seepage velocities and integrated groundwater slénoen the seepage face (Lee 1977;
Bokuniewicz 1980; Bokuniewicz 1995). One poss#étplanation to why fresh groundwater
discharge decreases linearly offshore in this saystgher than exponential may be due to
enhanced vertical fresh groundwater advection #ssacwith mixed convection close to the
mixing zone. While pore water salinity suggestsumdwater discharging out to 20 m is pre-
dominantly fresh, mixed convection (i.e. free aactéd convection) due to density gradients and
variations in hydraulic gradients may enhance wgartilischarge of fresh groundwater (Smith
2004). We test both linear and exponential regpasdo describe lateral seepage patterns
derived from this pore water transport model.

Table 5.3. Comparison of linear and exponentigiegsion analysis of spatial distribution of
seepage velocities obtained from the four diffesamhpling trips.

Sampling
Period Linear Regression Exponential Regression

m Vo r? Q B Vo r?

(cmd'm (cmd (m*dtm? (cmd (m*d'm?

Y Y shoreline) (i) Y shoreline)
Feb-05 221 ar1 9 1.59 0% ses O 1.89
May-05 0.929 23.7 064 1.16
Sep-05 0.988 24.8 Oé5 1.19
May-06 1.53 33.9 OE')G 1.45 0'116 41.7 0é8 1.01

Only the linear regression model provided conststesults (f > ~0.5) for all four
sampling trips. Exponential modélvalues were less than 0.5 for May-05 and Sep-®5 bu
provided statistically more significant fits thdretlinear model during Feb-05 and May-06
(Table 5.3, Figure 5.6). Based on the linear matiel terminus of freshwater outflow occurs
between 20 and 25 m offshore, a location consistéhtthe measured salinity distribution
(Figure 5.2A) and Martin et al. (2007). The di#faces in the fits between the models appeared
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to be related to variations in velocity calculatgdEGN-5. These seepage velocities were greater
than anywhere else along the transect in May-05Sapd05, but lower than at EGN-0 during
Feb-05 (Table 5.3; Figure 5.6B — C). Despite thes&tions, an estimate of total volumetric
fresh groundwater discharge per unit length of slie, Q (nf d* m™* of shoreline), can be
estimated by integrating the regression modg), from the shoreline (0 m) to the terminus of

the seepage facg), as defined by the linear model,
Xt

? [ veodx (5.6)

~ 100
0

Q

whereg is average porosity (0.37) across the entire ¢éretndx is the width over which the
function is integrated in meters, and 100 is toveotrates from centimeters to meters.
Estimates from equation 6 suggest a 31% decreasedre Feb- and May-05, relatively no
change between May- and Sep-05, and a 20% incbe#tseen Sep-05 and May-06 (Table 5.3).
This integrated flux represents the total freshugdwater available for discharge to the offshore.
Temporal variations in total fresh groundwater dégge are ultimately controlled by
changes in certain hydrogeologic characteristigs,(eecharge, storativity, and extraction).
Local recharge via precipitation provides the nsorce of fresh groundwater to the surficial
aquifer. A qualitative comparison between totakfr groundwater discharge from the seepage
face and cumulative monthly precipitation from M®AA station at Melbourne, FL, reveals
discharge is out-of-phase with precipitation. Bled discharge occurs in Feb-05 and May-06
while elevated precipitation occurs Jun-04 to Sé@0d Aug-05 to Oct-05 (Figure 5.7A). Too
few discharge estimates are available to perfostatistical cross-correlation analysis with
precipitation, but a qualitative comparison betwsampling trip discharge and precipitation

reveals a first-order estimate of five to seven thaime-lag (Figure 5.7B).
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between temporal trend in discharge and precipiathe imposed time lag suggests discharge
follows precipitation by 5 to 7 months.
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Similar semi-annual lag effects have been obsepvedously for SGD from coastal
surficial aquifers, because the lag incorporatek bwe time needed for slow transport through
unsaturated material and rapid response of therwadite and the seepage face to mounded
water (Michael et al. 2005; Hu et al. 2006). Miehet al. (2005) showed both fresh and saline
groundwater discharge lagged peak recharge penodi&quoit Bay, MA, by one to five
months. Hu et al. (2006) postulated harmful aldabms (HAB) in 2005 along the west coast of
Florida may have resulted from excess rechargesabsequent nitrogen enrichments in SGD
from a particularly active hurricane season inftieof 2004, with a lag time between
precipitation and HABs of four to six months. [Rifénces in time lags between our site and
other areas likely result from different flow padémgths, aquifer transmissivity, and recharge
volume.

Comparison betweef?®Rn Model Based Advection Rates and Other Techniques

Submarine groundwater discharge to the IndianRiagoon has been quantified using
seepage meters (Belanger and Walker 1990; Marah 2004; Martin et al. 2006; Martin et al.
2007), temperature (Martin et al. 2006), BMartin et al. 2004; Martin et al. 2006; Martinadt
2007), Rn mass balance (Cable et al. 2004; Martah 006 ; Martin et al. 2007), and
hydrologic mass balance or numerical models (PamditEl-Khazen 1990), and hydraulic
gradients (Chapter 2). Technique intercomparismaften difficult because each method tends
to measure different components of submarine gnwatet discharge (recirculated seawater or
fresh groundwater; e.g., Taniguchi et al. 2002;I€abal. 2004). Other than the Darcy derived
fluxes estimated in Chapter 2, only two other sgadiave explicitly measured fresh groundwater
discharge to Indian River Lagoon (Pandit and El-#&m1990; Martin et al. 2007).

Pandit and El-Khazen (1990) used a cross-sectfontd element model to quantify an

annual average fresh groundwater discharge frormtieland and barrier island surficial
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aquifer to Indian River Lagoon, FL, near St. Lultiket (approximately 100 km south of our
field site). They used two general conceptual nedé) a homogeneous, anisotropic aquifer
and 2) a three layer aquifer comprised of an uppad layer (10 m thick), a middle clay layer (3
m thick), and a sand and shell layer (37 m thick)e models predicted discharge ranging from
0.43 to 2.60 rhd™ m™ of shoreline (mean of 1.51%d™* m™ of shoreline; Pandit and El-Khazen
1990); approximately 95% of this discharge origatairom the mainland. These estimates
included fluxes from both the mainland and barstand portion of the Surficial Aquifer;
however, the barrier island portion of the aqudentributed only about 5% of the flow. The
lower estimates were obtained from the homogeneousotropic aquifer while higher estimates
were obtained from the three layer model. Estimbgsed on the distribution GfRn of 1.01 to
1.89 nt d* m™ of shoreline are in good agreement with thoseidesi/by the hydrogeologic
model.

Martin et al. (2007) estimated fresh groundwatscliarge using seepage meters and Cl
concentrations. The seepage meter study, whicfeicleid with our Sep-0%°Rn measurements,
demonstrated a linear trend offshore with a to&sh groundwater discharge of 0.9 art m™* of
shoreline or approximately 20% less than our esémaing thé*Rn model for Sep-05. These
seepage meter data were converted from specifibalige to seepage velocities by dividing by
porosity to directly compare advection rates fraapage meters to those of th&n model
(Figure 5.8). Because seepage meters are insialted upper 7 cm of sediments, the shallow
sediment porosity of 0.45 is used for this conwersather than depth-averaged (upper 1 m of
sediment) porosity (0.37) used in tiRn model. Variability in flow at EGN-5 and lack déta
from May-06 limits its use in statistical companseith seepage meters. Neglecting EGN-5, a
compelling relationship is observed & 0.78, slope = 1.017) between the average seepage

velocities from the seepage meters andfien model (Figure 5.8). A slope of approximately 1
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indicates fresh groundwater seepage velocities ff@ff’Rn model and seepage meters are

statistically indistinguishable.
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Figure 5.8. Comparison of fresh, groundwater sgepalocities obtained from seepage meters
(SM; Martin et al. 2007) and té°Rn transport model for the Sep-05 sampling trip¥-B5 and
-17 refer to the seepage meter measurements makieamd 17-Sep-05, respectively. Linear
regression between two seepage velocity data lsetesshat the radon model is about 50%
higher than the seepage meters. However, if @mhpbrally consistent measurements are used
(i.e. seepage meter and radon data obtained @athe date, 16 or 17-Sep-05) then the
regression is suggests that the radon model isairdyt 7% higher.

In Chapter 2, | presented specific discharge ed@amderived from hydraulic gradients
between groundwater and surface water along a ipietaw transect. Based on these
measurements, discharge from the seabed was dgnestticted to the shoreline piezometer;
however, the piezometer at 15 m offshore expergbogh recharge and discharge. | argued

that small head differences between groundwat®b an offshore and surface water prevented

accurate measurements of the magnitude and dineatidischarge at this site. For this reason, |
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compare only the seepage velocities/advection fatake shoreline site. This comparison can
be made for the Feb-05, May-05, and Oct-06 samjptipg due to consistent observations from
both the radon model and head measurements. VEnage (+®) Darcy-based seepage
velocities for Feb-05, May-05, and Oct-06 are 6815, 77.5+10.8, and 55.7+13.8 cih,d
respectively. The average (with 90 % confidenterirals) radon-based seepage velocities for
Feb-05, May-05, and Oct-06 are 28.8+11.5, 16.64h6,19.7+3.8 cmY respectively. Thus,
the Darcy-based advection rates are 2.5 to 5 tingt®er than those obtained from the radon
model. This may seem to be a large discrepancehemDarcy-based estimates are highly
sensitive to the vertical hydraulic conductivity,JKised in the computation. In Chapter 2, the
hydraulic conductivity used for the computation &> cm se€ (Hartl, 2006). By reducing
the hydraulic conductivity by only a half an oraeagnitude (k = 10%® cm sed), the Darcy-
based advection rates for Feb-05, May-05, and ®¢tfuce to 20.8+3.7, 24.8+3.5, and
17.8+4.4 cm @, respectively, which are within error of the modBlelative to the large
variability of hydraulic conductivity observed imtural materials (12 orders of magnitude), a
half an order magnitude change is considered ribtgign most traditional hydrogeologic
studies. Thus, fresh groundwater advection ratdd@al discharge estimates derived from the
radon model are comparable to different measureteehniques; further encouraging radon and
radon pore water models to quantitatively tracmegth submarine groundwater discharge.
Irrigation

Irrigation is a non-local exchange of a dissolvedstituent between surface and pore
waters which occurs as a bi-directional transferplied fluid exchange is conservative,
resulting in a piston-like exchange across thersedt-water interface. Irrigation rates are

estimated by integrating the mass transfer coefiicir(z), over the entire model domain (L) and
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reporting the transfer velocity (e.qg. irrigationavi, (cm d*) (Meile et al. 2001; Haese et al.

2006)

L
Vipy = foa(z)dz (5.7)

Transfer velocities enable us to describe irrigationcisely to compare them with groundwater
seepage velocities. This comparison must be macdutly, however, since these rates are
driven by different processes.

Irrigation velocities vary significantly with spae@ad time; the complete range of values
is from 3.60 to 123 cmt(mean +& = 35.5+32.0 cm ¢ Figure 5.9). Although seepage and
irrigation velocities fall within a similar rangthe mean irrigation velocity is approximately
three times greater than the mean seepage ve{@gi§ cm ). These irrigation rates are
similar, but slightly lower than previously estiradtbased on variations in"Cbncentrations
and diurnal temperature variations several hundreters offshore of our transect (Cable et al.
2004; Martin et al. 2004vartin et al.2006). Greater than 90% of the total exchangersogithin
the upper 15 to 20 cm (Table 5.2), which is coesistvith observations that the upper 15 cm of
radon profiles are well mixed. The exception tg tieneralization is observed at the distal edge
of the fresh seepage face (22.5 - 30 m offshore@r&v90% of exchange occurs over depths of
47 to 99 cmbsf. The nearshore mixing depth isiogmtly shallower than the 60 to 70 cm
mixing depths found offshore (Cable et al. 2004ytMeet al. 2004; Martin et al. 2006). Greater
transfer depths may also reflect deeper biologictiVity or a lateral dispersive mixing of fresh
groundwater and deeper saline groundwater notnephesented in a uni-directional model.

Transfer velocities acquired from individual stascdhave a high degree of temporal and
spatial variability. For example, shoreline irtiga rates (EGN-0) vary by almost an order of

magnitude from 13.6 to 95.6 crit avhile rates from EGN-15 differ by about a factétwo (23
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Figure 5.9. Irrigation velocities obtained frone 83°Rn transport model plotted against distance
offshore for the (A) Feb-05, (B) May-05, (C) Sep-@&d (D) May-06 sampling trips and the (E)
temporal average of all sampling trips. Irrigatieocities were computed by integrating the
mass transfer coefficienty(z), over the entire model domain.
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and 48.9 cmd; Table 5.2). Irrigation velocities show no definspatial pattern (i.e. linear or
exponential); offshore peaks are common 15 to avdfshore but vary through time so that a
pattern is not obvious (Figure 5.9). This lackan§ clear trend in irrigation makes it difficult to
identify specific biological or physical processesponsible for exchange. Higher rates close to
the shoreline (0 and 5 m offshore) and at deptstlgan 10 cm below the seafloor suggest a
physical irrigation by dispersion, convective mixiror wave pumping over sediment ripples.
The steep salinity gradients at these locatiorgufiei 5.2A) could enhance density-driven
convective mixing. In shallow water, the seafl@often covered with small ripples with
approximately 5 to 8 cm wavelengths and 2 to 3 omplaéudes which can interact with waves to
drive mixing to depths generally less than 5 cnhinithe sediment (Precht and Huettel 2003).
Both convection and ripple bed effects are limitetheir spatial extent to less than 15 cmbsf,
and thus a mechanism is required to drive deepangiand cause our observed concentration
gradients

Increases in irrigation rates 15 to 17.5 m offshame speculated to be biologically
mediated. The only notable difference betweendhes and the rest of the transect is a dense
seagrass bed. Seagrasses generally have roahsystéending less than 5 cm below the
sediment-water interface and should not directiytgbute to the irrigation, but these marine
seagrasses tend to concentrate epi- and infauealesp(Everett 1994; Corona et al. 2000).
Fauna would need to irrigate the sediments intgrteghaintain a habitable, internal osmotic
pressure since the seagrass bed is within theishagkoundwater plume (Figure 5.2A). Beyond
this zone (20 to 22.5 m offshore), salinities devated closer to the sediment-water interface
and thus fauna could irrigate less intensely tataa internal osmotic pressure (Stanzel and

Finelli 2004).
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Irrigation may explain the distribution of numesodissolved pore water constituents in
estuarine environments with little to no groundwdlew (e.g., Hammond and Fuller 1979;
Martin and Sayles 1987; Martin and Banta 1992).ild/iet al. (2001) revisited a few of these
studies, applied a non-local mass transfer paraipat®n for irrigation similar to our model,
and reported irrigation velocities for various eonments. Their re-calculated transfer
velocities varied significantly among various sitgth the highest rates, 79.8+78.0 cih d
obtained from an intertidal region of Sapelo Isla@d, (Koretsky et al. 2003) and the lowest
rates (0.38 cmY) obtained from Buzzards Bay, MA (~15 m water depdartin and Banta
1992). Hammond et al. (1979) examined radon ie paters from San Francisco Bay and
estimated transfer velocities on the order of 1@ d* were required to explain th&Rn
deficit relative to®®Ra 20 to 30 cmbsf. These models did not allowdmestrial groundwater
advection, but their irrigation rates are similamagnitude to ours in Indian River Lagoon.

Calculated irrigation rates reflect shallow realation of seawater into and out of the
sediments; integrating the irrigation rates usigg.& over the entire seepage face provides a
first order estimate of volumetric marine or reaiated submarine groundwater discharge to this
portion of the lagoon (i.e. &q Table 5.4). Since the spatial distribution df ttrigation rates
were not well-represented by a simple analyticaression like that observed for fresh
groundwater seepage velocities, eqn. 6 must bedalsing a numerical integration. Using this
approach, the total flux recirculated seawater and out of the sediments ranged between 1.69
and 3.43 Mmd™* m* of shoreline for the same four consistent sampiiipg (Table 5.4). Total
SGD is the sum of the fresh groundwater dischangetlae marine or recirculated discharge
(Table 5.4). It appears recirculated or marine S@btributes 50 to 70% of the total SGD while

fresh groundwater constitutes the remaining 3084.5 As with the fresh discharge estimates,
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Table 5.4. Comparison between fresh, recirculatadhe, and total SGD as derived from the
222Rn transport model.

Sampling Fresh SGD Recirculated or Total SGD
Period Marine SGD
Linear Exponential Linear Exponential
Regression Regression Regression Regression
Qfsqd Qfsqd Qrsqd qud qud
(m*d*m? (m*d*m? (md*m? (md*m? (m*d*m?
shoreline) shoreline) shoreline) shoreline) shoreline)
Feb-05 1.59 1.89 3.43 5.02 5.32
May-05 1.16 - 2.73 3.89 -
Sep-05 1.19 - 1.69 2.88 -
May-06 1.45 1.01 2.52 3.97 3.53
Sep-05
Seepage
Meters* 0.91 1.55 2.46

the?*Rn-model estimates of total SGD and marine SGDeagell with the seepage meter
measurements (Martin et al. 2007). The integradtad SGD and marine SGD from the seepage
face as measured by the seepage meters is ordireod2.46 and 1.55 Tw* m of shoreline,
respectively. These two independent and compleigiglated estimates provide similar
estimates for the same processes at the same sgrigalation, and consequently suggest
locations where fresh and marine submarine groutedwidgscharge contribute to total SGD,
22Rn may be used effectively to quantify each source.
Conclusions

Spatial distributions of pore wat&Rn activities and salinity outline a subterranean
estuary at the mainland shoreline of Indian Rivagdon, FL. Distributions 6f°Rn within the
subterranean estuary are controlled by fresh gnwatet inputs and local production from
sediment-bounéRa. Using a one-dimensional transport model, vamntify spatial variations
in average seepage velocities ranging from 24 ¢ratdhe shoreline to 2.5 cnidt the seepage

face edge. This model has advantages over traditisater column mass balance models to
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estimate SGD because it incorporates of local priboiu variability from solid phas&®Ra, it
reflects fresh groundwater discharge rather the 8GD, and recirculated seawater is
described as irrigation or non-local exchange, wisanore appropriate in this shallow
microtidal lagoon. As a result, seepage estimatesess variable than those obtained from
water column mass balance models.

Lags between coastal discharge and inland pretigntavents suggest mean residence
times of fresh groundwater in the aquifer are B tnonths. Thus, effects of subtropical wet
season precipitation are not reflected in offslgymaindwater flow for half a year. Modifications
in offshore discharge rate may occur between imgéiegharge and offshore discharge due to
droughts or groundwater withdrawal along the floattp

Seepage velocities obtained from ff@&n model suggest fresh groundwater inputs
decrease linearly to exponentially offshore, wétinus of fresh inputs occurring between 20
and 25 m. Estimated fresh groundwater plume votuane about 1.01 to 1.8%mi* m™ of
shoreline. These values agree with fresh grourehftatixes obtained from both seepage meters
and numerical models. Inclusion of irrigation alkbseparation of terrestrial (fresh) and marine
components of submarine groundwater dischargesitflephysical and biological processes
causing irrigation of sediments include density-aeent convection, dispersion, wave
pumping, and bio-irrigation. A single process dikely to dominate at any site with their
combined effect driving shallow recirculation oftan water through sediments.
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CHAPTER 6.
SUMMARY AND CONCLUSIONS

Studies conducted over the last decade on subengroundwater discharge have largely
focused on the quantification of this input ternctastal water budgets without regard for the
source of the benthic fluid. My investigation haken the step to resolve how fresh
groundwater and recirculated seawater mix prialischarging (submarine groundwater
discharge) within the zone known as the subterraestuary and how this mixing interface
varies through time and space. Specifically, Ineixeed how fresh groundwater and recirculated
seawater contributed to submarine groundwater drgehto the Indian River Lagoon, Florida,
USA, and how the interaction of these distinct watairces within the subterranean estuary
altered the spatial and temporal distributio’®6f**U, °Ra, and®Rn. Submarine
groundwater discharge is recognized as any amndadlr discharged from the continental margin
seafloor to the coastal ocean (Burnett et al. 2008 discharging water may be derived from
fresh meteoric groundwater, recirculated seawatemate water or some combination of these
three (Burnett et al. 2003). While SGD has beengeized for some time as being comprised of
numerous water sources, not until recently havéissubegan to identify and quantify both
components of SGD (e.g. Mulligan and Charette 2004tin et al. 2007).

Rapid response of groundwater head during surfater disturbances suggests a strong
hydrologic connection between Indian River Lagond the submarine groundwater-aquifer
system. Similarities in variance in measured s@rfand ground water levels and strong linear
relationship in the time-domain confirm this strdnglrologic connection. Even with this
connection, the hydraulic gradients between growateémand surface water, and subsequently,
the physical flow regime remain fairly constanwiingh time. These gradients indicate fresh
groundwater consistently discharges at the shaelhereas shifts between recharge of lagoon
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water to the aquifer and discharge of brackish wfaben the aquifer occur at 15 and 30 m
offshore. Auto- and cross-spectra for groundwhéad and surface water level suggest low
frequency periodic forces observed in the surfaatempropagate into the aquifer with limited
attenuation.

Additionally, the strong hydrologic connection\ween Indian River Lagoon and the
submarine groundwater-aquifer system was showave ha significant impact on the salinity
framework of the subterranean estuary during higénsity episodic events. During the 2005
Atlantic hurricane season, Tropical Storm Tammy Haodicane Wilma passed over east central
Florida and the Indian River Lagoon study site.e§éevents reversed the vertical and horizontal
hydraulic gradients, recharged lagoon water ingoatuifer, and shifted the seepage face and
subterranean estuary landward. The groundwatémy®ok 80 (15 m offshore) to greater than
160 days (30 m offshore) to return to pre-stormditbons, suggesting these episodic events
could have long-lasting effects on the (bio)geodicahiramework of the subterranean estuary.

As a result, mixing of fresh groundwater, salineupdwater, and surface water within
the subterranean estuary creates a complex ananitygaochemical environment. The spatial
and temporal distribution of dissolvél' %Y, ?Ra, and*Rn was shown to be highly
dependent on the chemical and geological condidiise subterranean estuary. The dominant
processes affecting the distribution of these madlitides included active redox cycling of U,
desorption or release t#°Ra (due to redox cycling of Mn and surface exchadngseawater
cations), and emanation GfRn from heterogeneously distributed sedinféfa. The redox
cycling U within the subterranean estuary resuitea net flux of U to the system where the
primary source of U originated from a shallow reke@one. In comparison, a study conducted at
Wagquoit Bay, MA, suggested that these subsurfagengizones act as net U sink (e.g. Windom

and Niencheski 2003; Charette and Sholkovitz 20@3)ntrasts in the salinity structure of these
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subterranean estuaries (Brazil, Massachusettdd&)aeveal the presence or absence of an
offshore seepage (i.e. fresh groundwater dischange the location of this fresh-salt boundary
within the sediments that ultimately controls wlegtthe subterranean estuary will act as source
or sink of U to the coastal ocean.

Shared similarities between dissolvé®Ra and U suggests the distribution of dissolved
?2Ra was partially controlled by redox cycling. Wirong linear relationship between dissolved
?2°Ra and Mn as well as sediméffRa and Mn/Fe hydroxides linked apparent redox hieh&w
the redox cycling of Mn. However, negative relaships between exchangeable cations and
sediment?Ra suggest exchange processes also influencestnidation of dissolved*’Ra.
Since Ra can partition onto and be incorporateal Mr-hydroxides, it was not possible to
identify which of these two processes dominateise Jorption of?*Ra to the metal-hydroxides
had an apparent affect on the distributioi’@®n in the subterranean estuary. WH&n
appeared to be a good qualitative indicator offfg@®undwater inputs to the system (i.e. strong
correlation with salinity), the discrepancy betwélea fresh groundwatéf’Rn end-members
measured from the onshore well, measured withirséepage face, and extrapolated from the
22Rn-salinity relationship suggests fresh groundwiatiéow is not the only source 6f°Rn.
The linear relationship between dissol7&#Rn and R&,suggests the spatial distribution?6Rn
results from in situ production in heterogeneous$yributed sedimerft®Ra. (Err), and further,
fresh groundwater accounts for only a small fractbtotal®*’Rn (~20%). Identifying these
sources is critical in applyifg“Rn as a tracer of fluid flux and most critical Electing the
radon source activity to apply in flux calculations

The temporally dynamic nature of the subterraresanary was observed by contrasts in
salinity, Eh, U, and Ra between 2005 (May and $ep)2006 (May and Oct) sampling trips.
Between May/Sep-2005 and May-2006, the lateralmgizione migrated landward, the
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subterranean estuary became more oxidizing*“tRe release zone migrated landward, the total
pore water U and Ra at 17.5, 20, and 22.5 m ofeshmmreased 89 and 76%, respectively, and
the total depth-integrated U at the shorelineisiteeased 550%. The most probable explanation
for this temporal variability is the residual effed storm events that occurred seven months
prior to the May-2006 sampling trip.

As suggested above, the applicatioA?dRn as a quantitative tracer of groundwater is
highly dependent on the ability to resolve all sasrwhether from external supply or in situ
production. These sources were resolved in thidysby measuring total dissolvédRn within
the seepage face/subterranean estuary and framwing groundwater’?’Rn emanation from
the sediment?®Ra, and dissolvetf®Ra in porewaters, groundwaters, and surface waférs.
strong linear correlation between total dissol¢&&n and sedimerft®Ra (E) resulted in the
following vertical relationship: 1) a lower zondere pore waté*’Rn and sedimerft®Ra are
in equilibrium and concentration gradients areieatt2) a middle zone whefé?Rn is in excess
of sediment?®Ra and concentration gradients are concave-downwaari3) an upper zone
where??’Rn concentration gradients are nearly vertid@lese’?’Rn data were simulated in a
one-dimensional numerical model including advectaiffusion, and non-local exchange to
estimate magnitudes of submarine groundwater digeh@mponents (fresh or marine).
Simulation of both advection and irrigation allothe separation of submarine groundwater
discharge into fresh groundwater and (re)circulédgdon water.

The magnitude of fresh groundwater discharge was/sho decrease linearly to
exponentially offshore, with the terminus of thedi inputs occurring between 20 and 25 m
offshore. Total discharge estimates obtained fileermodel suggest fresh groundwater
discharge to the lagoon is on the order of 1.01.89 n? d* m™ of shoreline, which is consistent
with previous estimates from seepage meters, headunmements, and groundwater flow

174



models. Lags between coastal discharge and imeeuipitation events suggest mean residence
times of fresh groundwater in the aquifer are 3 tnonths. Non-local exchange in the model
was applied as a proxy for irrigation and alloweddstrial (fresh) and marine components of
submarine groundwater discharge to be distinguisingdquantified. Processes thought to cause
ventilation or irrigation of sediments include déypslependent convection, dispersion, wave
pumping, and bio-irrigation. While no single presgresents itself as the clear control of
shallow porewater exchange, it is important to abtarize the magnitude of this flow in relation
to the fresh component. Additionally, in most cages likely the combined effect of several
processes driving shallow recirculation of lagoaatev through sediments. A crude comparison
between fresh and marine seepage velocities sjpedtapproximately two-thirds of SGD is
derived from recirculated seawater while only omiegtis derived from fresh groundwater.

This distinction between fresh groundwater andrcatated seawater as components of
SGD is important to better understand the rolerotigdwater discharge to coastal water budgets
and water resource management. Assuming disciaudpquitous over the entire length of the
lagoon (~250 km) then the average available watgplgdrom the entire Surficial aquifer
adjacent to the lagoon would be 65 to 125 milliaiians per day (mgpd). It is still unclear what
role groundwater discharge has in coastal ecosyseatth. In cases where coastal aquifers may
become polluted, groundwater discharge could haletetious effects (Simmons 1992; Miller
and Ullman 2004; Hu et al. 2006; Kroeger et al.@0MHowever, it has also been reported by
scientists over the past 40 years the groundwaeharge to coastal waters simply creates a
biological zonation near the shoreline as organigrasorted by salt tolerance (Kohout and
Kolipinski 1967; Ullman et al. 2003; Miller and Wilan 2004). What is clear is that scientists

and managers alike need to understand the magrofutle fresh “new” groundwater versus
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“recycled” seawater if they are to interpret biogaemistry and ecology well and make sound
judgments about available resources.

How SGD and the subterranean estuary contributectd- to global-scale elemental
budgets (e.g. U, Ra) is still being studied. Ryasistudies (e.g. Windom and Niencheski 2003;
Charette and Sholkovitz 2006) identified SGD anskswranean estuaries as sinks for U.
Charette and Sholkovitz (2006) suggested at theafjlecale that the interaction between
recirculated submarine groundwater discharge am@ubterranean estuary would cause a net
global sink on the order of 20 x Aol U y*. Using the same global estimate of SGD as
Charette and Sholkovitz (2006) used (~4006;KBurnett et al. 2003) and a groundwater end
member concentration of 0.54 ng (2.35uM), | calculate a global source of U scaled up from
the Florida subterranean estuary would be ~9.5°xid U yr’; this estimate is close to 9.7 x
10° mol U yr* used by Dunk et al. (2002). The large differerinesstimates of flux and the
source/sink determination for U seem to occur beeani the differences in width of the seepage
face at each location and the overall geologicdtimaf the subterranean estuary. This
observation reiterates the complexity of the hye@miggic setting and dynamic nature of the
physical flow regime inevitably determines whettierse coastal, submarine groundwater
systems ultimately act as a net source or sinkg¢mtean.
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APPENDIX A.
EAST-CENTRAL FLORIDA HYDROGEOLOGY
Hydr ogeol ogy
Three hydrostratigraphic units are common in eastral Florida; they include the
Floridan, Intermediate, and Surficial aquifer sys¢gFigure A.1; Toth 1988; Toth 1993;
Mcgurk and Presley 2002). The Intermediate aqsiystem acts as both an aquifer as well as a
confining unit for the Floridan aquifer (Miller 188Scott 1988; Tibbals 1990; Miller 1997).
These units are equivalent to the regional-scatiedsgratigraphic units described by Miller

(1986), Tibbals (1990), and Miller (1997).

Legend

E Sand
E Clay

Figure A.1. A schematic shore-normal cross-sedtioough east-central Florida showing the
three dominant hydrostratigraphic units (Surficiatermediate, and Floridan) (modified from
Toth 1998).

Floridan Aquifer

The Floridan aquifer is comprised of Eocene anel Retleocene age, calcareous rocks
belonging to the following Stratigraphic Units (tmh to top): upper Cedar Key Formation
(CKF), Oldsmar Formation (OF), Avon Park Format{@#F), and Ocala Limestone (OL). The

Floridan aquifer system is divided into two subtsnihe Lower (upper CKF, OF, and lower
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APF) and Upper Floridan (upper APF and OL). Thmsdgunits are separated by a less
permeable zone within the APF (Miller 1986; Tibba®#90; Scott 1992; Miller 1997). As s
common in karst settings, transmissivity of the Blpploridan is highly variable in east-central
Florida (110 to 49000 fid™"; Szell 1993; Mcgurk and Presley 2002). The tofhefUpper
Floridan aquifer (Ocala Limestone) dips to the Bpabntrolling the thickness of the overlying
units. Recharge to the Upper Floridan occursivied directions: (1) downward flow from the
Surficial aquifer where the Intermediate unit igtfin the north); (2) direct recharge by
precipitation where Surficial and Intermediate srte thin to absent (in the west and north);
and (3) upward flow from the Lower Floridan aquifsfiller 1986; Toth 1988; Toth 1993;
Miller 1997; Mcgurk and Presley 2002). Regionaliflin the Upper Floridan has been severely
impacted by groundwater withdrawals. Recent moslatsv a switch from a general eastward
flow before 1936 (Toth 1988) to a more northeastionm in 1995 (Mcgurk and Presley 2002).

Intermediate Aquifer/Confining Unit

The Intermediate unit is characterized by intertleedcay, sandy clay, and sand of the
Miocene/Pliocene age Hawthorn Group. Althoughuhié acts as an aquitard between the
Upper Floridan and Surficial aquifers, the lithalbbeterogeneity produces localized zones of
relatively high transmissivity<1900 nf d). Hydrologic interaction between the Upper
Floridan and Surficial aquifers is controlled b tthickness of this Intermediate unit. The unit
thickness varies significantly within the IndiarvBi Lagoon (IRL) region (Bermes 1958; Miller
1986; Scott 1988; Toth 1988; Miller 1997). Isopacaps show this unit is thin to nearly absent
in Volusia, Seminole, and northern Brevard Courdied thickens southward down to 45 to 60
m (Boniol et al. 1993; Mcgurk and Presley 2002gcRarge to and flow within the Intermediate

aquifer is highly localized and dependant on thedsiof the more transmissible zones.
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Surficial Aquifer

The Surficial aquifer system consists of one roglifer (Shallow Rock) and five
overlying, shallow, interconnected clastic aquifefgrrace, Inter-Ridge, Osceola Plain, Atlantic
Coastal Ridge, and Ten-Mile Ridge (Figure A.2) (TH988). The Shallow Rock aquifer is
comprised of hard, limestone rock equivalent in tagide Pliocene Tamiami Limestone (Toth
1988; Szell 1993). Limited information exists twe Shallow Rock aquifer, but Toth (1988)
suggested it is present in most of Brevard Couhigkening eastward in the southern part of the
county. Transmissivity values for the Shallow Ragifer at Malabar, Florida, range between
185 and 200 fmd* (Szell 1993).

Of the five clastic Surficial aquifers (Figure A.®nly three are relevant to this study
(Terrace, Atlantic Coastal Ridge, and Ten-Mile Ridgin general, the aquifers are comprised of
undifferentiated, Holocene interbedded coquinadssitt, and clay. However, a persistent
Pleistocene coquina, known as Anastasia Formatarserved within the Atlantic Coastal
Ridge aquifer. Table A.1 summarizes aquifer trassivity, storativity, and hydraulic
conductivity for Volusia, Brevard, and Indian Riv@ounty. Terrace aquifer forms the western
(Pamlico Terrace) and eastern banks (barrier isthiath) of Indian River Lagoon through most
of central Brevard County. The Atlantic Coastadldg& aquifer forms the west bank for the
remainder of IRL (Figure A.2). The thickness o fherrace aquifer ranges between about 9
and12 m (Szell 1993) and the water table is loc2ted3 m below land surface (Toth 1988). In
contrast, where land elevations reach 10 to 20 onebea level, the ridge aquifers are 18 to 27
m thick with water table elevations between 6.7 48 m above MSL. Recharge to the
Surficial aquifer is controlled by infiltration oheteoric water, upward flow from the Shallow
Rock aquifer, and occasionally upward flow from Wgper Floridan (generally restricted to the

northern portion of IRL). In general, the regiofialv pattern on the mainland is eastward
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Figure A.2. Map of east-central Florida showingahdistribution of the five clastic
aquifers that comprise the Surficial aquifer (madiffrom Toth, 1988).
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Table A.1. Summary of the transmissivity, storagefficient, and hydraulic
conductivity for the clastic sub-aquifers of thefgual aquifer system in Volusia, Brevard, and
Indian River Counties (modified from Toth, 1988).

Area Aquifer Type Transmissivity Storage Hydraulic Citation*
(T) Coefficient ~ Conductivity
(K)

(m°d?  Non-dimensional (md™?)

N.E. Volusia Coastal Ridge

shell deposits ~ 3-1044 1.6x10-4.0x10°  10-15 1
water table  6-45 1.9x10" 2
North Coastal Ridge
Brevard shell deposits ~ 30-358 2.5x10 3
water table  69-343 1.3x108 4
South Coastal Ridge
Brevard shell deposits  113-256 1.6x10-2.0x10? 5
Coastal Terrace
water table 218 17 6
Indian Coastal Ridge
River shell deposits 880 1.4x10 41 7
water table  172-216 1.9x19 15-18 8
Inter-Ridge
Anastasia Aq. 1185 1.0x1d 127 9
VeroBeach Coastal Ridge
Area shell deposits  294-702 2.3x10-1.5x10"  12-30 10

discharging into IRL and access canals (Toth 1988y 1993; Mcgurk and Presley 2002),
however, local flow patterns may be different. Egample, in central Brevard County (near the
proposed field site), the Atlantic Coastal Ridgéaigher inland resulting in a local groundwater
divide. Thus, a portion of the groundwater flowshe east discharging into IRL and a portion

flows to the west and discharges into Lake Wasbimgind the surrounding wetlands.
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APPENDIX B.
GRAIN SIZE DATA AND HYDRAULIC CONDUCTIVITY
Derivation of the M odified Car men-K ozeny Equation for Hydraulic Conductivity
In this appendix, | describe the modified versiéthe Carmen-Kozeny (CK) equation
used to compute the hydraulic conductivity of sezhis in Chapter 2 (i.e. Eqn. 2.4). This
modification of the CK equation uses the particke slistribution (psd) to account for non-
uniform psd as previously described in detail bylien (1979) and Panda and Lake (1994). The
derivation and equations were obtained from Pandd.ake (1994). The traditional CK

equation is

3

<= (D) Fa o) @

wherepis the density of water (g ¢f g is acceleration due to gravity (cif) s is viscosity (g
cm* sh), a, is the specific internal surface area of the medjuen ratio of exposed surface area
to solid volume)g is porosity, and 7is sediment tortousity. In the modified versioegented

in Chapter 2, an effective particle diamef@g is used to approximat ™. This approximation
is valid for homogeneously packed, unconsolidagstinsent with a number frequency

distribution of psd given as

f f(Dy)dD, =1 (B.2)
0
such thag, for this assembly is

ay = 6— (B.3)
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whereE, andE; are the second and third uncentered moments,atésglg, of the psd. They are

defined here as

E, = second moment = f DZf(D,)dD, (B.4)
0

E3 = 0 = third moment = f D3f(D,)dD, (B.5)
0
The comparable centered moments are defined as

0% = variance = f (D, — D,)*f(D,)dD, (A.6)
0

1 (® —
y = skewness = ?’[ (D, — D,)*f(D,)dD, (B.7)
0
Recasting=, andE; in terms of the centered moments, we have
E,=0%+D2 (B.8)
E; =yo® + 3D,0? +D_§ (B.9)
In equations B.6 through B.9, the teD_p is the mean particle size or first moment
E, = first moment = D, (mean) = f D,f(D,)dD, (B.10)
0
Thus, the formal modified Carmen-Kozeny equatioit appears in Chapter 2 is
pg\( Ders’@®

Kmex = (—) — 2.4

mCK 1 <72T(1 _ (p)2> ( )

or expanded with equations B.8 and B.9 is

2
—2 3 2
pg)( D, @’ ) (YCDP + 3CDP + 1) (B.11)

K = (—
e 72e(1-9)? (1+¢z)
p

u
WhereCDp is the coefficient of variation of the ps#l/D,.. Based on the equivalence of Eqn. 2.4
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and B.11, the effective diameter used in 2.4 is

2
E (ycgp +3C3 + 1)

(1 + c,§p)2

which shows that the effective diameter is theorafithe skewness to variance in the psd and
subsequently the hydraulic conductivity computedgighis equation also accounts for non-
uniformity in the sediments. Panda and Lake (198di)d that this modified CK model
compared favorable well{= 0.78) with measured hydraulic conductivity wiseliments had
hydraulic conductivity greater than 9.8 x16ém s*. Below this hydraulic conductivity, the
relationship was much weakef & 0.4). My hydraulic conductivity measurements gnain-
size based estimates exceed this lower limit (TBl¢. Table B.1 lists the data used to
compute the modified CK hydraulic conductivity. sAlpresented is hydraulic conductivity

computed using a empirically-modified Carmen-Kozeguation presented by Hartl (2006),

_ (Pg Dy ¢
Khara = ( u ) <180(1+200fm—(p)2> (B.12)

where 200, is two hundred times the mud fraction (<}@8) and all other parameters have been
described previously.
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Table B.1. Grain size data and computed hydrawolicluctivity

Vibracore

Depth Mid-Depth  Porosity Gravel Sand Mud El E2 E3 R Kmck KHart
(cm) (cm) (%) (%) (%) (mm) (mtp__ (mnt) (mm) (cm/s) (cm/s)
EGN-0 0-2 1 0.42 0.04 99.78 0.18 0.115 0.022 0.006 0.278 0.114 0.043
12-14 13 0.37 0.00 99.92 0.08 0.140 0.028 0.008 69.2 0.059 0.037
22-24 23 0.38 0.00 99.42 0.58 0.091 0.010 0.001 310.1 0.016 0.002
30-32 31 0.34 0.00 99.94 0.06 0.139 0.026 0.006 38.2 0.032 0.023
40-42 41 0.33 0.00 99.96 0.04 0.156 0.033 0.009 79.2 0.038 0.031
60-62 61 0.35 0.00 99.34 0.66 0.085 0.014 0.003 210.2 0.033 0.004
85-87 86 0.36 0.00 98.42 1.58 0.064 0.008 0.001 88.1 0.026 0.001
110-112 111 0.38 0.00 98.97 1.03 0.102 0.017 0.004 0.211 0.040 0.007
130-132 131 0.37 0.00 98.88 1.12 0.075 0.010 0.002 0.182 0.027 0.001
150-152 151 0.33 0.00 99.02 0.98 0.075 0.010 0.002 0.198 0.021 0.001
157-159 158 0.34 0.06 99.15 0.79 0.078 0.012 0.003 0.225 0.031 0.003
167-169 168 0.35 0.00 99.64 0.36 0.107 0.018 0.004 0.210 0.030 0.007
174-177 176 0.36 0.00 99.78 0.22 0.123 0.020 0.004 0.191 0.028 0.010
190-192 191 0.35 0.00 99.80 0.20 0.125 0.020 40.00 0.192 0.025 0.010
EGN-10 0-2 1 0.45 0.20 99.74 0.06 0.131 0.025 0.007 0.273 0.151213 0.101627
17-19 18 0.41 0.00 98.78 1.22 0.073 0.008 0.001 67.1 0.037054 0.00141
22-24 23 0.38 0.00 99.57 0.43 0.095 0.012 0.002 640.1 0.025798 0.004501
30-32 31 0.34 0.04 99.82 0.14 0.118 0.018 0.004 010.2 0.025724 0.012608
45-47 46 0.36 0.21 97.76 2.03 0.051 0.006 0.001 2.2 0.038904 0.000724
60-62 61 0.36 0.00 98.84 1.16 0.065 0.009 0.002 240.2 0.038502 0.001802
70-72 71 0.37 0.00 98.50 1.50 0.062 0.008 0.002 040.2 0.035542 0.001075
90-92 91 0.37 0.00 99.30 0.70 0.091 0.013 0.002 79.1 0.026265 0.002535
116-118 117 0.35 0.00 98.57 1.43 0.062 0.008 0.002 0.211 0.030385 0.001037
146-148 147 0.35 0.02 98.78 1.20 0.061 0.009 0.002 0.242 0.039796 0.00181
156-158 157 0.35 0.00 97.91 2.09 0.054 0.006 0.001 0.202 0.02777 0.000504
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Table B.1 (cont'd)

Vibracore Depth Mid-Depth  Porosity Gravel Sand Mud El E2 E3 R Kmck KHart
(cm) (cm) (%) (%) (%) (mm) (mtp__ (mnt) (mm) (cm/s) (cm/s)
EGN-10 176-178 177 0.35 0.02 99.43 0.55 0.085 .01 0.004 0.250 0.042734 0.005856
196-198 197 0.35 0.00 99.68 0.32 0.110 0.017 0.003 0.188 0.024206 0.006159
226-228 227 0.35 0.00 99.66 0.34 0.109 0.015 0.002 0.161 0.017672 0.004246
EGN-20 17-19 18 0.43 0.20 99.69 0.12 0.116 0.021 009D. 0.266 0.116242 0.058258
22-24 23 0.39 0.64 98.75 0.60 0.083 0.011 0.002 1.2 0.04811 0.005396
32-34 33 0.38 0.12 99.56 0.32 0.100 0.017 0.004 49.2 0.059403 0.014418
43-45 44 0.36 0.02 99.76 0.22 0.112 0.017 0.004 060.2 0.032795 0.011462
50-52 51 0.37 0.64 99.24 0.12 0.129 0.025 0.007 73.2 0.063265 0.033215
58-60 59 0.37 0.00 99.08 0.92 0.069 0.011 0.003 43.2 0.050487 0.003311
80-82 81 0.34 0.00 99.66 0.34 0.106 0.021 0.005 5.2 0.038829 0.009507
87-89 88 0.36 0.00 99.14 0.86 0.073 0.012 0.003 33.2 0.04017 0.002954
100-102 101 0.40 0.00 99.16 0.84 0.083 0.012 0.002 0.183 0.039726 0.002748
130-132 131 0.37 0.00 99.66 0.34 0.113 0.018 0.003 0.185 0.0278  0.006508
150-152 151 0.37 0.00 99.62 0.38 0.103 0.017 0.004 0.214 0.038346 0.007846
175-177 176 0.39 0.00 99.92 0.08 0.157 0.032 0.008 0.236 0.059459 0.037263
180-182 181 0.37 0.00 99.78 0.22 0.123 0.019 0.003 0.169 0.023527 0.008264
188-190 189 0.34 0.00 99.64 0.36 0.110 0.017 0.003 0.181 0.018892 0.004351
200-202 201 0.36 0.00 99.74 0.26 0.114 0.023 0.006 0.265 0.053712 0.016441
210-212 211 0.40 0.00 98.65 1.35 0.057 0.007 0.002 0.256 0.078144 0.002586
217-218 216 0.38 0.00 99.80 0.20 0.129 0.022 40.00 0.194 0.036076 0.013371
EGN-30 0-2 1 0.35 0.00 99.28 0.72 0.082 0.009 0.001 0.154 0.01621 0.001554
22-24 23 0.35 0.00 98.16 1.84 0.063 0.007 0.001 660.1 0.018733 0.000423
33-35 34 0.35 0.02 99.60 0.38 0.100 0.016 0.003 08.2 0.029523 0.006276
59-61 60 0.35 1.21 98.53 0.25 0.106 0.021 0.006 97.2 0.060223 0.018964

Table B.1 (cont'd)
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Vibracore

Depth Mid-Depth  Porosity Gravel Sand Mud El E2 E3 R Kmck KHart
(cm) (cm) (%) (%) (%) (mm) (mtp__ (mnt) (mm) (cm/s) (cm/s)
EGN-30 69-71 70 0.35 0.00 99.51 0.49 0.096 0.016 00D. 0.217 0.032051 0.005061
90-92 91 0.35 0.00 99.05 0.95 0.081 0.011 0.002 760.1 0.021143 0.001372
122-124 123 0.39 0.00 98.29 1.71 0.063 0.008 0.001 0.178 0.034122 0.000783
135-137 136 0.39 0.00 98.48 1.52 0.070 0.008 0.001 0.156 0.026031 0.000726
155-157 156 0.42 0.00 99.16 0.84 0.083 0.012 0.002 0.186 0.05125 0.003374
180-182 181 0.45 0.00 99.14 0.86 0.077 0.011 0.002 0.213 0.091672 0.005414
210-212 211 0.45 0.00 99.47 0.53 0.096 0.015 0.003 0.197 0.078291 0.009056
225-227 226 0.43 0.02 99.56 0.42 0.103 0.016 3.00 0.198 0.06425 0.010537
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PORE WATER DATA
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Nov-2004

MS Depth 22Rn 20 Ra 20 u 2028y 20 Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGN-0 0 182.86 15.81 2.228 1.120 0.003 24.71 17.81 111.7 8.11
EGN-0 7 1647.25 60.61 1.617 1.127 0.007 24.71 11.9 86.9 7.1
EGN-0 15 4393.59 160.14 0.778 1.020 0.010 25.48 2.36 69.1 6.74
EGN-0 25 4753.78 298.77 0.324 1.079 0.014 25.64 0.87 2.1 6.83
EGN-0 35 5021.91 268.51 0.309 1.234 0.022 25.95 0.52 -56.9 6.8
EGN-0 55 5770.20 140.56 0.238 1.091 0.014 26.32 0.21 52.8 6.84
EGN-0 75 6716.59 195.63 0.278 1.015 0.006 26.59 0.18 26.9 6.9
EGN-0 95 7239.97 79.72 0.263 1.017 0.012 26.86 0.19 96.3 6.92
EGN-0 115 5909.56 34.30 0.328 1.036 0.011 26.72 1.07 174.1 7.08
EGN-10 0 213.30 30.84 1.910 1.123 0.006 26.26 17.43 182.7 8.26
EGN-10 7 781.11 144.76 2.175 1.118 0.005 26.37 16.16 120.9 8.05
EGN-10 15 1298.10 78.43 0.990 1.091 0.006 25.61 9.73 125.7 7.53
EGN-10 25 3927.80 50.31 0.643 1.063 0.009 25.06 1.8 144.2 7.32
EGN-10 35 4816.68 52.41 0.468 1.084 0.011 25.11 0.97 180.1 7.36
EGN-10 55 3887.53 127.72 0.583 1.078 0.010 25.65 0.64 1854 7.4
EGN-10 75 3565.83 59.65 0.626 1.067 0.009 26 0.58 199.9 7.42
EGN-10 95 3327.20 59.67 0.561 1.074 0.013 26.13 0.55 207.1 7.44
EGN-10 115 3853.38 135.06 0.824 1.039 0.008 26.26 0.54 2145 7.49
EGN-15 0 141.72 29.98 1.967 1.114 0.010 26.45 17.75 207.2 8.17
EGN-15 7 230.08 28.61 4.354 1.201 0.015 26.13 17.71 156.0 7.88
EGN-15 15 839.18 55.18 4.049 1.120 0.018 25.59 14.81 98.8 7.37
EGN-15 25 2351.06 112.99 1.253 1.087 0.009 20.86 5.45 78.9 7.07
EGN-15 35 4534.38 200.93 1.212 1.022 0.012 24.66 1.34 116.9 7.12
EGN-15 55 3907.75 219.43 1.751 1.047 0.006 25.85 1.25 1045 7.23
EGN-15 75 5426.34 133.74 1.107 1.039 0.006 25.05 1.51 1941 7.2
EGN-15 95 3928.14 75.61 0.929 1.055 0.008 24.97 1.32 1749 7.23
EGN-15 115 3444.85 161.62 0.906 1.062 0.011 25.22 1.47 168.5 7.25
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Nov-2004

MS Depth 22Rn 20 Ra 20 u 2028y 20 Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGN-20 0 51.89 9.37 1.970 1.142 0.008 26.78 17.28 171.0 8.48
EGN-20 7 448.64 83.40 2.296 1.113 0.009 26.29 16.12 171.7 8.16
EGN-20 15 621.25 27.30 2.350 1.103 0.008 26.39 16.02 116.3 7.86
EGN-20 25 254477 110.20 2.761 1.091 0.007 25.39 6.74 107.0 7.38
EGN-20 35 3408.18 109.25 1.913 1.041 0.012 24.23 2.99 86.1 7.25
EGN-20 55 5093.53 156.87 2.280 1.104 0.004 27.04 1.97 122.0 7.29
EGN-20 75 6972.29 569.99 2.256 1.033 0.006 25.65 2.19 109.1 7.28
EGN-20 95 5910.46 193.55 2.822 1.075 0.003 26.2 3.28 123.8 7.26
EGN-20 115 4642.13 189.70 0.786 1.104 0.022 25.19 0.94 1125 7.33
EGN-30 0 113.45 18.31 1.891 1.115 0.005 25.66 17.54 158.8 8.34
EGN-30 10 119.06 12.02 1.293 1.101 0.003 23.77 17.51 -50.8 7.38
EGN-30 30 346.29 31.56 0.403 1.096 0.006 24 20.55 -49.0 7.27
EGN-30 50 553.52 22.07 0.488 1.080 0.003 23.87 23.14 -18.0 7.25
EGN-30 150 2856.16 117.93 0.428 1.076 0.011 25.16 21.62 87.6 6.91
EGN-30 190 1029.18 46.98 0.102 1.156 0.008 25.73 20.49 99.1 6.93
EGN-30 230 843.96 82.41 0.104 1.104 0.012 26.02 20.78 7.02
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Feb-2005

MS Depth 22Rn 20 Ra 20 u 2y 20 Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGN-0 0 128.77 7.20 21.29 17.96 246.3 8.32

EGN-0 7 901.29 190.22 21.49 12.79 229.7 7.18

EGN-0 15 3387.29 441.63 21.98 6.02 231.2 6.65

EGN-0 25 3514.75 419.75 22.24 0.76 78.4 6.65

EGN-0 35 4634.42 259.89 22.97 0.2 157 6.72

EGN-0 55 4637.47 430.53 23.97 0.15 158.1 6.58

EGN-0 75 5825.68 1001.91 24.68 0.27 142.4 6.79

EGN-0 95 4717.32 1108.34 25.17 0.29 1515 6.79

EGN-0 115 5048.48 670.81 25.17 0.23 87 6.88

EGN-5 0 195.28 59.38 19.3 17.6

EGN-5 7 623.35 121.53 19 16.1

EGN-5 15 2748.79 742.61 19.1 9.2

EGN-5 25 3399.71 375.02 19.5 7.8

EGN-5 35 6132.79 923.22 20.2 0.9

EGN-5 55 6319.18 1447.27 21.4 4

EGN-5 75 1712.11 121.32 20.6 3

EGN-5 95 7529.83 2081.31 22.4 0.3

EGN-5 115 6804.07 355.74 23.1 0.3

EGN-10 0 232.51 22.28 20.71 18.22 187.8 8.31

EGN-10 7 858.24 30.12 20.9 13.98 10.3 7.66

EGN-10 15 1548.11 157.77 21.03 9.48 -13.1  7.37

EGN-10 25 3477.04 416.06 21.23 1.8 125 7.44

EGN-10 35 3481.69 257.81 21.44 0.71 20.1 7.49

EGN-10 55 3262.76 242.33 22.35 0.48 13.3 7.39

EGN-10 75 2864.06 202.02 23.14 0.48 34 7.41

EGN-10 95 1862.06 871.86 23.63 0.48 80 7.42

EGN-10 115 2908.42 275.24 24 0.49 83.8 7.49
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Feb-2005

MS Depth 22Rn 20 2Ra 20 u By 20  Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGN-15 0 196.51 25.68 17.85 16.62 191.8 8.21
EGN-15 7 230.55 78.09 16.65 16.51 162.8 8.11
EGN-15 15 646.76 58.89 16.88 14.29 76.8 7.80
EGN-15 25 1977.25 168.15 16.76 5.44 46.3 7.26
EGN-15 35 2994.48 118.46 18.08 1.44 53.3 7.29
EGN-15 55 3218.35 338.38 18.37 2.23 106 7.25
EGN-15 75 4222.42 104.44 18.31 1.48 247  7.11
EGN-15 95 3492.41 342.44 19.19 0.85 -84 7.14
EGN-15 115 3159.02 321.10 17.72 0.94 -27.1  7.16
EGN-17.5 0 321.80 0.00 18.8 16.78 204.4 8.35
EGN-17.5 7 301.88 7.22 19.17 16.68 140 8.25
EGN-17.5 15 432.47 31.45 18.48 16.46 180.1 8.29
EGN-17.5 25 1845.04 249.95 18.53 8.25 130 7.53
EGN-17.5 35 3301.75 285.20 18.11 3.61 118 7.35
EGN-17.5 55 5220.65 316.25 19.02 1.83 105 7.32
EGN-17.5 75 5952.47 420.77 19.4 1.52 108 7.34
EGN-17.5 95 6621.62 169.97 20.67 0.84 123 7.30
EGN-17.5 115 6896.74 344.31 20.54 0.83 125 7.34
EGN-20 0 61.79 51.42 18.38 16.72 167 8.30
EGN-20 7 180.70 56.89 19.01 16.44 60.7 8.00
EGN-20 15 648.65 63.65 18.45 12.66 36.2 7.71
EGN-20 25 2043.31 88.02 18.88 8.23 214 7.38
EGN-20 35 2265.08 227.97 19.07 5.02 217 7.31
EGN-20 55 3708.34 233.23 19.3 4.92 3.9 7.28
EGN-20 75 2462.51 54.20 19.54 3.02 -33.9 7.30
EGN-20 95 4603.43 146.07 20.12 2.7 -48.8 7.28
EGN-20 115 4358.64 126.85 20.57 0.93 1.2 7.34
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Feb-2005

MS Depth “2Rn 20 “°Ra 20 U Uy 20 Temperature Salinity Eh  pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGN-22.5 0 61.50 41.15 16.4 18.3

EGN-22.5 20 163.06 74.53 15.9 16.9

EGN-22.5 60 1099.13 23.37 18 10.8

EGN-22.5 100 1903.67 127.94 17.7 4.1

EGN-22.5 140 1277.48 131.42 18.6 4.5

EGN-22.5 180 1363.71 174.55 18.9 5.8

EGN-30 0 215.26 33.75 16.45 16.94 121 8.3
EGN-30 10 339.46 129.61 16.79 16.62 -72 7.44
EGN-30 30 501.02 79.53 17.48 17.71 -92 7.36
EGN-30 50 437.01 19.39 18.46 19.24 -93 7.29
EGN-30 150 2884.88 232.37 19.29 19.97 -44.9 6.99
EGN-30 190 1391.40 34.72 20.17 18.57 43 6.96
EGN-30 230 878.15 47.88 20.5 18.79 -16  7.03
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M ay-2005

MS Depth “2Rn 20 °Ra 20 U By 20 Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGNW-0S 225 2407.72 120.48 0.091 0.990 0.029 25.45 0.18 166.50 6.31
EGN-0 0 159.65 56.40 0.56 0.10 1.710 1.102 0.012 31.82 14.08 173.10 8.60
EGN-0 7 736.19 42.13 3.32 0.32 1.251 1.084 0.004 30.82 12.97 15490 7.81
EGN-0 15 3436.04 129.19 23.47 0.29 0.700 1.075 0.005 29.30 3.71 103.90 6.57
EGN-0 25 448461 258.93 6.57 0.27 0.156 1.057 0.013 27.68 0.68 61.20 6.58
EGN-0 35 4680.15 128.05 3.13 0.35 0.117 1.108 0.015 27.97 0.16 71.00 6.63
EGN-0 55 5624.18 114.31 3.08 0.29 0.069 1.154 0.023 27.32 0.26 59.00 6.73
EGN-0 75 7497.56 146.08 3.29 0.03 0.119 1.023 0.017 22.56 0.15 10.00 6.71
EGN-0 95 6776.55 78.36 3.96 0.08 0.159 1.013 0.021 22.27 0.19 40.30 6.79
EGN-0 115 5944.76  195.96 4.22 0.23 0.255 1.007 0.020 22.65 0.20 240 6.77
EGN-5 0 242.85 80.37 31.20 14.76 185.00 8.61
EGN-5 7 704.37 66.14 5.19 0.11 29.29 13.28 -12.00 7.76
EGN-5 15 3195.13 147.29 10.92 0.39 27.91 7.23 -16.00 7.57
EGN-5 25 5469.40 186.68 7.82 0.45 27.08 2.14 -26.50 7.39
EGN-5 35 6845.56 327.09 6.35 0.39 27.44 0.60 10.00 7.48
EGN-5 55 8683.77 301.88 5.78 0.05 27.25 0.27 -4.00 7.39
EGN-5 75 8926.21 470.93 4.02 0.20 27.63 0.30 25.00 7.49
EGN-5 95 9259.82 219.26 4.10 0.12 27.22 0.29 -21.00 7.44
EGN-5 115 6751.16 124.59 3.70 0.09 27.69 0.26 18.00 7.50
EGN-10 0 270.28 25.07 1.692 1.125 0.005 31.09 14.01 166.00 8.60
EGN-10 7 946.52 101.50 541 0.07 4.217 1.116 0.005 29.71 11.26 -20.00 7.53
EGN-10 15 1990.56 83.11 7.50 0.24 4.737 1.110 0.004 29.16 7.96 -31.00 7.28
EGN-10 25 3897.14 94.66 8.57 0.29 0.395 1.073 0.006 27.71 1.39 -18.00 7.28
EGN-10 35 4567.77 291.04 5.17 0.14 0.995 0.989 0.004 27.74 0.72 19.00 7.36
EGN-10 55 3793.74 22.51 5.12 0.08 0.370 1.039 0.007 27.18 0.60 -20.00 7.17
EGN-10 75 3555.19 104.65 7.64 0.12 0471 1.060 0.006 27.19 0.57 4,00 7.29
EGN-10 95 2876.54 37.42 7.24 0.18 0.441 1.030 0.005 27.63 0.59 -7.00 7.29
EGN-10 115 3369.39 335.54 7.76 0.17 0.529 1.033 0.007 26.90 0.57 54.00 7.38
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M ay-2005

MS Depth “2Rn 20 °Ra 20 U e VeV 20 Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGN-15 0 146.87 2.94 3.99 0.35 1.751 1.103 0.004 29.12 15.58 163.60 8.58
EGN-15 7 274.89 48.75 6.89 0.29 5.488 1.076 0.003 29.17 15.83 13.00 8.05
EGN-15 15 722.30 137.77 6.76 0.36 3.163 1.054 0.005 28.29 13.64 -6.50 7.76
EGN-15 25 2110.78 81.30 21.37 0.06 1.824 1.053 0.005 27.66 7.15 15.10 7.29
EGN-15 35 2886.65 96.74 29.35 0.11 0.668 1.020 0.006 27.34 4.95 -22.80 7.16
EGN-15 55 271457 152.38 31.86 0.25 1.366 1.037 0.007 27.44 4.03 -54.10 7.10
EGN-15 75 3724.88 210.60 10.26 0.29 1.004 1.031 0.006 27.09 2.78 -70.80 7.15
EGN-15 95 3349.29 148.51 10.08 0.08 0.656 1.034 0.010 27.39 1.34 -90.00 7.15
EGN-15 115 3547.12 230.27 8.55 0.08 0.834 1.055 0.011 26.97 1.37 -30.50 7.15
EGN-17.5 0 271.80 43.84 4.31 0.11 1.769 1.109 0.002 32.68 15.01 145.10 8.50
EGN-17.5 7 530.64 50.09 6.92 0.10 2.566 1.091 0.003 31.33 13.99 12.00 7.77
EGN-17.5 15 581.54 73.55 7.01 0.15 4.378 1.087 0.002 30.56 14.49 -37.00 7.57
EGN-17.5 25 1896.74 76.37 13.35 0.38 1.869 1.032 0.003 28.11 7.19 -46.00 7.15
EGN-17.5 35 2067.60 62.12 1.247 1.023 0.005 26.75 3.13 -65.00 7.13
EGN-17.5 55 4601.54 128.80 10.09 0.30 1.610 1.016 0.004 27.18 1.67 -38.90 7.20
EGN-17.5 75 5241.58 158.89 7.75 0.43 1.423 1.023 0.005 26.78 1.02 -54.60 7.22
EGN-17.5 95 6980.14 220.92 8.78 0.28 1.276 1.018 0.004 26.60 0.91 -10.00 7.20
EGN-17.5 115 6381.10 117.83 8.04 0.07 1.169 1.064 0.006 26.06 0.92 16.00 7.22
EGN-20 0 74.92 15.11 3.58 0.10 1.389 1.117 0.004 30.37 16.72 167.00 8.79
EGN-20 7 166.75 19.43 4.34 0.24 4777 1.096 0.003 29.48 16.16 35.00 8.06
EGN-20 15 413.93 50.60 4.95 0.17 1.869 1.118 0.003 28.90 15.92 -28.00 7.90
EGN-20 25 1431.56 42.97 11.05 0.22 0.793 1.065 0.006 2.70 10.75 -50.00 7.31
EGN-20 35 2138.34 95.77 11.65 0.13 0.510 1.028 0.008 26.58 6.69 -50.00 7.21
EGN-20 55 3147.94 194.07 10.28 0.33 1.274 1.056 0.006 27.76 4.87 -94.80 7.24
EGN-20 75 4467.86 72.82 9.41 0.30 1.448 1.060 0.006 27.02 3.42 -82.00 7.25
EGN-20 95 3866.91 203.88 10.78 0.28 1.117 1.057 0.007 26.40 4.57 -134.00 7.20
EGN-20 115 4388.76  252.04 1.43 0.14 0.604 1.048 0.009 25.74 1.00 -29.20 7.30
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M ay-2005

MS Depth “2Rn 20 °Ra 20 U e VeV 20 Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGN-22.5 0 200.62 29.64 28.33 0.11 1.358 1.136 0.007 29.04 15.95 174.40 8.23
EGN-22.5 20 228.89 41.79 4.83 0.39 1.102 1.131 0.006 26.94 16.10 -81.00 7.42
EGN-22.5 60 888.74 55.18 45.11 0.31 0.549 1.048 0.007 26.98 10.77 -9.40 7.06
EGN-22.5 100 3489.51 47.81 19.24 0.03 0.679 1.028 0.005 26.08 5.31 8.00 7.03
EGN-22.5 140 2079.66 34.70 29.95 0.10 0.110 1.058 0.009 26.08 6.92 25.20 7.00
EGN-22.5 180 2402.71 155.62 27.75 0.24 25.18 9.23 8.00 7.04
EGN-30 0 17.15 7.43 2.94 0.10 1.405 1.164 0.004 28.57 16.86 209.80 8.55
EGN-30 10 99.70 4.59 3.66 0.32 1.877 1.157 0.005 26.26 16.97 -60.00 7.53
EGN-30 30 329.81 44.50 8.38 0.30 0.190 1.072 0.011 26.16 18.13 -115.00 7.29
EGN-30 50 375.99 82.23 13.76 0.13 0.131 1.084 0.012 25.99 19.56 -83.00 7.29
EGN-30 150 2455.03 75.58 11.10 0.28 0.273 1.068 0.005 25.39 22.28 68.00 6.91
EGN-30 190 962.57 72.88 10.71 0.15 0.078 1.066 0.016 25.13 20.64 59.00 6.96
EGN-30 230 676.90 23.65 13.59 0.03 0.046 1.048 0.011 24.79 20.97 66.50 7.01
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Sep-2005

M ultisampler Depth 22Rn 20 Ra 20 U Y28y 20 Temperature  Salinity Eh  pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)
EGN-0 0 146.00 12.67 1.83 0.08 1.715 1.109 0.004 31.9 1214. 222.4 7.93
EGN-0 7 2610.31 84.65 14.16 0.72 0.478 1.099 0.007 30.05 7.88 56.1 7.22
EGN-0 15 4505.55 83.73 9.63 0.44 0.640 1.078 0.005 29.3 48 2 1004 7.67
EGN-0 25 5446.14 224.99 3.70 0.15 0.908 1.055 0.004 28.61 0.35 1189 7.67
EGN-0 35 6259.33 52.24 3.81 0.18 0.987 1.043 0.005 28.45 0.2 103 7.92
EGN-0 55 6420.90 159.23 8.43 0.20 0.482 1.069 0.005 28.22 0.18 64 7.57
EGN-0 75 8007.03 252.78 3.00 0.22 0.519 1.027 0.004 27.96 0.24 113.3 8.17
EGN-0 95 7563.67 237.40 5.72 0.02 0.591 1.030 0.008 28.1 0.29 87.4 8.01
EGN-0 115 6318.66 137.02 4.19 0.12 1.548 0.997 0.002 527.9 0.22 73.5 8.19
EGN-5 0 177.20 52.08 28.83 14.25 186 8.24
EGN-5 7 3148.90 80.95 28.81 7.57 -13.7 7.3
EGN-5 15 5381.85 980.08 28.82 2.09 45 7.38
EGN-5 25 6533.38 165.03 28.8 0.39 15 7.45
EGN-5 35 7172.43 536.28 28.65 0.31 -4 7.41
EGN-5 55 8645.65 525.30 28.8 0.25 25.2 7.42
EGN-5 75 9326.15 811.53 28.17 0.25 96 7.49
EGN-5 95 9937.25 281.72 28.36 0.28 -32 7.2
EGN-5 115 7346.70 144.47 27.88 0.25 106 7.52
EGN-10 0 45.82 4.21 1.83 0.08 1.792 1.121 0.003 30.6 15 1 238.16
EGN-10 7 1125.96 66.92 2.303 1.107 0.002 30.12 12.13 3119
EGN-10 15 2171.92 176.57 13.45 0.10 1.681 1.106 0.004 229.4 7.61 30 7.83
EGN-10 25 4246.38 257.17 0.250 1.103 0.012 29.7 1.01 707389
EGN-10 35 4680.04 268.46 4.29 0.23 0.230 1.063 0.012 29.07 0.56 58.4 7.9
EGN-10 55 4689.68 221.11 0.288 1.061 0.023 28.81 0.43 22.87 7
EGN-10 75 3614.85 101.93 5.45 0.07 0.423 1.046 0.010 28.59 0.44 53 8.02
EGN-10 95 3359.99 127.88 0.460 1.011 0.015 28.74 0.45 66.5.9
EGN-10 115 3414.40 454.08 0.516 1.012 0.007 28.34 0.4990.4 7.94
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Sep-2005

M ultisampler Depth 22Rn 20 Ra 20 U Y28y 20 Temperature  Salinity Eh  pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)
EGN-15 0 78.81 10.17 4.63 0.43 1.640 1.120 0.005 325 314.3239.9 8.42
EGN-15 7 165.14 26.08 5.21 0.02 4.230 1.082 0.003 31.62 3214 86,5 8.21
EGN-15 15 780.35 37.48 8.82 0.44 2.313 1.089 0.034 31.06 1.971 384 8.14
EGN-15 25 2518.85 82.40 11.85 0.18 1.063 1.076 0.008 29.42 471 38 7.96
EGN-15 35 3580.57 154.20 8.94 0.14 0.678 1.038 0.006 29.37 1.5 48.9 8.06
EGN-15 55 3213.60 86.34 8.64 0.22 0.622 1.048 0.006 29.23 1.44 411  7.77
EGN-15 75 4015.05 131.75 6.61 0.32 0.440 1.051 0.007 29.41 3.02 52.7 7.91
EGN-15 95 3282.37 463.24 5.89 0.38 0.589 1.057 0.005 28.97 0.87 41 7.82
EGN-15 115 3555.51 165.51 6.42 0.19 0.705 1.053 0.010 429.0 0.86 51 8.03
EGN-17.5 0 50.39 25.67 1.798 1.120 0.005 32.31 14.74 182 8.3
EGN-17.5 7 301.89 67.51 3.532 1.116 0.005 32.1 14.64 71 8.18
EGN-17.5 15 930.04 99.45 3.193 1.092 0.005 31.88 14.13 10 02 8.
EGN-17.5 25 2268.62 128.91 0.697 1.079 0.010 30.48 7.54 09 7.
EGN-17.5 35 3125.44 60.74 1.131 1.024 0.004 29.61 2.15 -3 78 7.
EGN-17.5 55 4419.30 170.92 1.222 1.021 0.003 29.52 0.98 5 89 7.
EGN-17.5 75 6444.43 297.70 1.678 1.096 0.003 29.36 0.88 -2B.78
EGN-17.5 95 7709.86 89.89 0.961 1.026 0.006 29.11 0.96 157751
EGN-17.5 115 6548.68 193.92 0.899 1.011 0.006 28.93 0.82 24 7.61
EGN-20 0 85.92 30.08 1.764 1.138 0.005 29.88 14.51 157 4 8.3
EGN-20 7 310.32 7.80 3.193 1.110 0.004 29.38 13.81 9 7.66
EGN-20 15 489.61 73.50 1.617 1.106 0.006 29.25 12.05 -40.4 7
EGN-20 25 1618.66 280.49 1.032 1.089 0.010 29.3 6.43 -597617
EGN-20 35 3002.75 222.91 0.910 1.038 0.007 29.31 2.02 6-257.23
EGN-20 55 2354.37 388.21 1.317 1.034 0.005 29.63 1.34 9 39 7.
EGN-20 75 493.86 77.30 3.198 1.037 0.003 29.04 1.99 -10025 7
EGN-20 95 5455.04 399.55 1.211 1.048 0.007 29.03 1.16 5517
EGN-20 115 4680.53 474.08 0.498 1.033 0.005 28.57 0.78 8 7.28
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Sep-2005
M ultisampler Depth 22Rn 20 Ra 20 U Y28y 20 Temperature  Salinity Eh  pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

EGN-22.5 0 68.35 12.99 1.742 1.120 0.005 30.47 15.48 85.825 8.
EGN-22.5 20 116.89 16.41 2.260 1.115 0.005 29.74 14.9 -208.1
EGN-22.5 60 847.53 45.29 1.034 1.056 0.005 28.89 10.31 -700%44
EGN-22.5 100 3767.18 142.49 0.643 1.033 0.010 28.9 6.36 3-13A.42
EGN-22.5 140 2684.80 144.71 0.253 1.051 0.011 28.71 5.08 1851
EGN-22.5 180 2502.11 133.17 0.191 1.082 0.016 28.75 59 25 7.75
EGN-30 0 65.44 7.50 3.75 0.08 1.822 1.116 0.006 31.12 415.7170.1 8.4
EGN-30 10 131.27 38.04 10.04 0.03 0.587 1.121 0.008 29.66 15.7 -90.4 7.35
EGN-30 30 357.95 2.73 10.11 1.39 0.190 1.107 0.003 29.01 3.851 -104  7.22
EGN-30 50 499.37 26.79 13.17 0.14 0.109 1.129 0.016 28.86 15.28 -118 7.23
EGN-30 150 2530.18 45,59 13.72 0.50 0.291 1.064 0.011 629.2 20.72 325.2 6.83
EGN-30 190 995.60 117.37 15.35 0.18 0.058 1.017 0.032 129.1 19.69 72.3 6.85
EGN-30 230 777.97 83.47 18.45 0.78 0.097 1.111 0.013 29.09 19.79 855 6.76
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M ay-2006

MS Depth #22Rn 20 Ra 20 U B2y 20 Temperature  Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)
EGNW-0OS 225 2176.23 170.29 0.072 1.053 0.028 0.26
EGN-0 0 281.25 2.83 6.09 0.00 2.229 1.101 0.006 31.63 7621. 229.1 8.61
EGN-0 7 691.96 19.89 7.22 0.09 4.126 1.100 0.002 31.32 9421 1323 841
EGN-0 15 2775.81 72.14 58.81 0.28 3.565 1.032 0.001 29.59 15.22 17095 7.76
EGN-0 25 5255.69 53.54 37.55 1.04 2.407 1.028 0.007 28.86 2.17 184.75 7.82
EGN-0 35 6130.52 164.48 6.81 0.01 2.625 1.019 0.005 28.56 0.4 18555 7.99
EGN-0 55 6156.44 246.40 5.09 0.17 2.980 1.010 0.005 28.43 0.31 168.35 7.94
EGN-0 75 7568.97 158.41 3.06 0.01 3.497 1.005 0.002 27.55 0.31 179 7.58
EGN-0 95 7520.73 172.01 5.53 0.19 3.979 1.007 0.003 27.54 0.41 149.4 8.06
EGN-0 115 6057.17 286.01 9.83 0.01 3.941 1.002 0.003 927.4 1.01 144,75 8.22
EGN-10 0 260.68 20.79 5.24 0.14 2.123 1.118 0.004 32.9 1722. 228.7 8.48
EGN-10 7 1251.84 28.91 16.58 0.47 1.258 1.078 0.006 30.98 17.84 101.7 7.86
EGN-10 15 2684.18 260.61 11.60 0.38 0.370 1.108 0.011 129.9 9.42 109.1  7.90
EGN-10 25 4377.46 163.67 6.33 0.33 0.252 1.099 0.013 28.71 1.72 1442 7.99
EGN-10 35 4872.45 117.23 0.185 1.099 0.014 28.56 0.74 61577.98
EGN-10 55 4641.18 65.21 3.49 0.12 0.493 1.017 0.010 27.86 0.37 1416 8.00
EGN-10 75 3655.58 187.29 4.27 0.01 0.406 1.047 0.010 27.37 0.4 126.4 8.09
EGN-10 95 3339.50 64.60 4.84 0.03 0.406 1.018 0.011 27.11 0.38 1725 8.18
EGN-10 115 3600.09 205.18 2.77 0.13 0.439 1.049 0.008 727.2 0.47 168.1 8.23
EGN-17.5 0 91.43 9.27 4.88 0.11 2.254 1.121 0.003 33.72 2.9 233 8.57
EGN-17.5 7 204.57 12.84 6.03 0.27 5.775 1.077 0.002 32.96 922 111.2 8.08
EGN-17.5 15 470.60 6.25 24.09 0.78 6.916 1.059 0.004 32.33 9.121 89.2 7.83
EGN-17.5 25 874.41 84.12 50.00 3.34 8.916 1.029 0.001 30.14 17.85 58.8 7.63
EGN-17.5 35 1385.07 50.40 81.41 7.47 8.994 1.008 0.003 29.35 16.17 65.6 7.64
EGN-17.5 55 2051.47 75.94 81.45 3.35 3.022 1.019 0.005 28.41 9.7 69.2 7.63
EGN-17.5 75 5890.84 108.03 38.23 1.03 2.250 1.004 0.004 428.5 4.61 79 7.77
EGN-17.5 95 7499.77 280.73 6.37 0.11 1.337 1.013 0.006 27.13 0.77 103 7.84
EGN-17.5 115 6382.26 200.28 7.49 0.62 1.066 0.995 0.007 927.5 0.76 113.3 7.91
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M ay-2006

MS Depth 22Rn 20 Ra 20 U 0728y 20 Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)
EGN-20 0 112.26 30.76 5.77 0.77 2.174 1.134 0.007 34.09 .36%0 225.7 8.48
EGN-20 7 195.09 9.08 3.106 1.105 0.004 32.35 19.955 58.3.04 8
EGN-20 15 458.99 18.48 9.96 0.06 2.094 1.090 0.003 31.55 9.461 18.3 7.85
EGN-20 25 1526.01 50.84 15.13 0.30 1.482 1.058 0.008 28.82 10.605 24.4 7.69
EGN-20 35 2380.23 160.10 17.17 0.34 1.910 1.038 0.007 127.8 6.5 54.2 7.46
EGN-20 55 2032.79 187.44 20.23 0.44 2.737 1.029 0.005 928.6 6.28 83.9 7.35
EGN-20 75 1404.78 231.30 17.25 0.39 2.999 1.057 0.005 328.4 11.685 67 7.45
EGN-20 95 5423.11 180.35 10.60 2.99 2.176 1.025 0.003 927.3 1.445 163.6 8.00
EGN-20 115 4336.89 142.77 3.67 0.07 0.565 1.043 0.011 826.0 0.755 96.69 7.90
EGN-22.5 0 101.65 24.33 3.55 0.004 2.377 1.112 0.004 32.08 3.622 221.0 8.24
EGN-22.5 20 172.61 27.83 6.95 0.43 1.616 1.112 0.004 25.83 2.431 22.2 7.42
EGN-22.5 60 973.17 45.16 22.83 0.29 0.895 1.052 0.006 27.33 8.99 -34.9 7.57
EGN-22.5 100 3739.70 239.67 0.322 1.028 0.016 27.13 5.54 2 34.7.42
EGN-22.5 140 2353.78 236.51 8.00 0.27 0.145 1.110 0.020 21.0 5.31 7.9 7.68
EGN-22.5 180 2245.84 89.99 0.137 1.082 0.017 31.18 19.85 -1 7.88
EGN-30 0 89.79 10.54 2.267 1.113 0.006 32.65 23.47 215.8529
EGN-30 10 116.71 6.29 6.03 0.16 0.738 1.113 0.008 29.92 .7520 -17.55 7.55
EGN-30 30 308.21 9.03 9.09 0.04 0.301 1.046 0.009 27.64 2616 -31.85 7.91
EGN-30 50 350.42 3.34 17.48 1.43 0.298 1.092 0.020 27.59 0.762 -9.85 7.77
EGN-30 150 2680.67 111.22 13.79 0.34 0.305 1.076 0.014 7326. 19.48 1045 7.47
EGN-30 190 1043.65 66.17 10.64 0.15 0.078 1.124 0.027 225.6 19.74 129.15 7.38
EGN-30 230 668.04 23.98 11.50 0.32 0.253 1.007 0.037 25.77 22.71 97 7.67
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M ay-2006

MS Depth 22Rn 20 Ra 20 U 2028y 20 Temperature Salinity Eh  pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)
CIRL-39 0 61.49 34.60 2.440 1.109 0.004 26.79 24.74 175.2
CIRL-39 10 10.77 2.78 3.087 1.130 0.005 26.47 24.86 24.2
CIRL-39 20 90.18 4.30 1.139 1.106 0.008 26.16 21.58 -29.5
CIRL-39 30 55.91 31.50 0.762 1.124 0.009 15.84 20.64 -33.4
CIRL-39 40 136.76 5.05 0.698 1.116 0.005 25.81 20.08 -44.4
CIRL-39 60 175.39 33.68 0.510 1.106 0.009 25.77 18.1 -52.9
CIRL-39 90 271.53 44.00 0.955 1.143 0.009 25.84 20.75 -74.8
CIRL-39 140 225.05 10.26 1.818 1.123 0.005 24.81 20.91 -54
CIRL-39 180 502.21 31.33 1.706 1.093 0.008 24.8 20.99 29.5-
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Oct-2006

222R n

MS Depth 20 “Ra 20 U e VsV 20 Temperature Salinity  Eh  pH
(cmbsf) (dpm/L) (dpm/L) (ng/g)
EGNW-0OS 225  2366.57 185.89 0.081 1.012 0.009 0.18
EGN-0 0 120.39 19.47 6.56 0.46 1.732 1.097 0.006 27.44 6215 235.8 8.09
EGN-0 7 1019.32 79.97 1414 1.02 10.033 1.042 0.007 27.4 1435 1685 7.84
EGN-0 15  3946.59 206.15 37.10 0.08 5.144 1.042 0.005 272 7.22 2015 7.97
EGN-0 25 4766.66 150.84 14.08 0.03 3.158 1.029 0.004 271 058 2106 7.72
EGN-0 35 5478.91 109.88 6.28 0.02 3.521 1.015 0.005 26.86 0.56 228.1 8.37
EGN-0 55  5983.65 123.26 3.26 0.02 4.074 1.018 0.003 26.86 0.32 2125 8.29
EGN-0 75  7567.32 114.78 5.22 0.50 4.829 0.966 0.002 27.1 0.29 204.7 8.24
EGN-0 95 7355.37 192.50 7.20 0.11 5.050 1.007 0.003 27.27 05 1714 7.72
EGN-0 115 6097.93 50.29 4,70 0.03 4.893 1.006 0.003 27.14 0.26 176 8.67
EGN-20 0 22.22 2.59 256 0.03 1.489 1.121 0.004 28.2 17.264.4 8.32
EGN-20 7 138.07 21.25 5.44 0.02 3.003 1.111 0.002 27.97 5616 55.3 8.07
EGN-20 15 274.77 49.24 6.45 0.03 2.298 1.099 0.006 27.46 5.571 29.7 8.11
EGN-20 25 1958.23 84.67 10.55 0.04 1.333 1.088 0.009 27.16 7.37 511 7.7
EGN-20 35 2957.01 94.98 17.38 0.02 0.997 1.039 0.006 27.17 5.65 53.4 8.13
EGN-20 55  3873.42 167.08 21.88 1.36 1.403 1.047 0.003 727.3 6.8 338 76
EGN-20 75 4375.45 181.90 2552 0.01 2.000 1.064 0.004 527.8 5.95 35.6 7.64
EGN-20 95 7.94 0.08 2.589 1.047 0.003 27.76 1.45 113.32 7.8
EGN-20 115 4897.51 94.53 4.37 0.03 0.502 1.026 0.006 28.14 0.98 825 8.25
EGN-30 0 16.62 1.35 5.05 0.02 1.464 1.126 0.002 27.6 17281.8 8.35
EGN-30 10 86.83 3.49 5.49 0.04 1.955 1.123 0.002 26.48 5517.-46.9 7.71
EGN-30 30 451.32 44.42 1250 1.09 0.270 1.085 0.009 27.09 21.19 -405 7.77
EGN-30 50 620.80 90.14 17.18 0.42 0.293 1.092 0.010 274 1372 -52.3 7.73
EGN-30 150 2792.31 108.94 13.78 0.60 0.212 1.075 0.011 9827. 19.63 94.2 7.62
EGN-30 190 1053.24 88.16 16.03 0.84 0.167 0.999 0.010 228.1 19.58 128 7.69
EGN-30 230 920.13 41.55 15.04 1.05 0.143 0.976 0.043 27.97 19.66 68.5 7.76
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Oct-2006

MS Depth 22Rn 20 Ra 20 U 0728y 20 Temperature Salinity Eh pH
(cmbsf) (dpm/L) (dpm/L) (ng/g) (°C)

CIRL-39 -30 32.12 9.76 487 0.21 1.619 1.112 0.005 26.98 .8619 141.7 8.39
CIRL-39 10 32.69 1.20 497 0.02 1.485 1.114 0.006 26.84 830. -67.4 7.81
CIRL-39 20 62.36 7.46 3.56 0.01 1.194 1.137 0.009 26.68 ox1. -75 7.87
CIRL-39 30 76.15 15.65 462 0.03 1.318 1.108 0.011 26.99 4521 -83.5 7.85
CIRL-39 40 80.94 22.15 489 0.05 1.328 1.136 0.006 26.95 5621 -75.9 7.64
CIRL-39 60 195.20 3.00 422 0.08 0.872 1.124 0.005 27.16 1621 -85 7.36
CIRL-39 90 182.71 14.53 11.06 0.00 0.775 1.138 0.008 26.83 21.08 -82.8 7.47
CIRL-39 140 220.33 17.36 9.24 0.02 1.540 1.132 0.005 27.24 21.34 -58.9 7.16
CIRL-39 180 469.43 40.64 8.22 041 0.728 1.101 0.005 27.2 2252 -81.7 6.83
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APPENDIX D.

SEDIMENT “’RaDATA
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Core Depth Total ®Ra  Error Effective®®Ra  Error “2Rn Emanation Rate Error

(cmbsf) (dpm/q) (dpm/qg) (dpm/L)

EGN-0 6 0.35 0.25 0.07 0.004 357 22
EGN-0 16 0.88 0.24 0.13 0.01 717 27
EGN-0 26 1.26 0.05 0.21 0.005 1311 29
EGN-0 36 0.48 0.09 0.07 0.004 422 26
EGN-0 56 0.99 0.11 0.30 0.01 1579 47
EGN-0 76 1.58 0.13 0.82 0.01 4720 79
EGN-0 106 1.56 0.19 1.04 0.01 5550 67
EGN-0 146 2.08 0.13 1.94 0.02 12229 97
EGN-0 161 1.58 0.29 1.10 0.01 6558 30
EGN-0 176 0.65 0.20 0.18 0.01 1093 37
EGN-0 206 1.63 0.32 0.32 0.01 1719 34
EGN-10 6 0.67 0.09 0.08 0.005 666 38
EGN-10 16 1.63 0.07 0.11 0.005 566 24
EGN-10 26 0.81 0.23 0.07 0.004 397 20
EGN-10 36 0.95 0.14 0.11 0.01 688 39
EGN-10 56 1.00 0.27 0.78 0.01 4802 69
EGN-10 76 1.38 0.18 0.55 0.01 3689 75
EGN-10 106 1.07 0.00 0.40 0.005 3391 38
EGN-10 116 0.60 0.22 0.29 0.01 2182 67
EGN-10 146 1.60 0.45 1.06 0.01 7354 40
EGN-10 176 1.36 0.04 0.75 0.005 4409 27
EGN-10 206 0.70 0.18 0.20 0.01 1157 44
EGN-17.5 6 0.09 0.004 479 21

EGN-17.5 16 0.21 0.01 1143 34

EGN-17.5 26 0.25 0.01 1267 36

EGN-17.5 36 0.28 0.01 2253 97

EGN-17.5 56 0.23 0.01 2236 72

EGN-17.5 76 0.68 0.01 5306 107

EGN-17.5 815 0.66 0.01 4734 94
EGN-17.5 96 0.49 0.01 2839 59

EGN-17.5 116 0.77 0.01 3729 59
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Core Depth Total ®Ra  Error Effective®®Ra  Error “2Rn Emanation Rate Error

(cmbsf) (dpm/q) (dpm/qg) (dpm/L)
EGN-20 6 0.82 0.01 0.05 0.004 287 24
EGN-20 16 0.82 0.17 0.13 0.004 796 25
EGN-20 21 0.66 0.17 0.11 0.004 549 20
EGN-20 36 0.41 0.28 0.08 0.01 522 52
EGN-20 56 1.00 0.40 0.22 0.01 1755 46
EGN-20 76 1.36 0.17 0.44 0.01 3763 71
EGN-20 96 151 0.31 0.38 0.01 2203 32
EGN-20 116 1.03 0.07 0.38 0.01 2789 65
EGN-20 146 7.44 0.21 0.44 0.002 3683 20
EGN-20 176 2.23 0.03 0.36 0.002 2780 17
EGN-20 206 0.70 0.18 0.23 0.002 1735 19
EGN-30 6 0.92 0.04 0.07 0.004 337 21
EGN-30 21 1.19 0.22 0.12 0.01 557 29
EGN-30 26 0.68 0.07 0.07 0.004 256 17
EGN-30 36 0.72 0.03 0.05 0.01 249 33
EGN-30 56 1.08 0.10 0.07 0.005 348 23
EGN-30 76 1.29 0.23 0.33 0.01 1598 35
EGN-30 96 1.48 0.03 0.46 0.01 2211 25
EGN-30 121 0.67 0.29 0.40 0.01 2160 52
EGN-30 146 0.76 0.25 0.25 0.004 1227 19
EGN-30 176 0.65 0.04 0.15 0.004 638 17
EGN-30 206 1.10 0.07 0.21 0.01 784 20
EGN-30 231 1.11 0.05 0.24 0.01 1154 37
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