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ABSTRACT

Submarine groundwater discharge (SGD) assessnmamisicted both in the laboratory
and at a field site in the northeastern Gulf of Mexusing a continuous-heat type
automated seepage meter (seepmeter) have showheld®vice has the potential of
providing long-term, high-resolution measuremeritS@GD. The improvements on the
device using a simple inexpensive laboratory sehape shown that: (1) connecting an
extension cable to the seepmeter has a neglidilelet ®n its measuring capability and,
(2) influence of very low temperature 8 °C) on seepmeter measurements can be
accounted for by conducting calibrations at sudhpieratures prior to field deployments
and, (3) salinity had no significant effect on gexformance of the seepmeter.
Calibration results from fresh water and sea wstewed close agreement at a 95%

confidence level significance between the datafsets the two media (R= 0.98).

The observed artifacts on seepmeter measuremeasiaed with Bernoulli-induced
flow, the vertically directed flow arising due tater movement across topographic
features can significantly be reduced by buryings(domerging) the seepmeter to nearly
the same level as the sediment topography. Whalestildy revealed that in general wind
speeds > 6 m/s were associated with enhanced S@Bunegnents in seepmeters with
buried and unburied benthic chambers, the influeveee greater in the unburied meters,
and more pronounced for SGD rates < 2 cm/day. Coatipaly, the seepmeter SGD
measurements provided data that are comparablanaatly-operated seepage meters,

the radon geochemical tracer approach, and anr@eagnetic (EM) seepage meter.

Study of the Sarasota Bay (SB) system revealed &@®ction rates ranging from 0.7 to
24.0 cm/day, except for rare isolated hot spot meciwes where higher rates were
observed. In general, SGD estimates were relativglyer in the middle and south
regions (5.9 — 24.0 cm/day) compared to the nagion (0.7 — 5.9 cm/day). Although

no obvious seawater nutrient concentration trensi ne@aealed, the average N/P ratio was
higher in the north compared to the middle andlsoegions of the SB system. The

importance of SGD was evident in that about 40%hefregional nutrient fluxes were

Xiv



observed in the north while ~ 60% occurred in thedbe and south regions combined.
The latter two regions also had the highest overatient flux per water volume ratio,
compared to the north region, thus making themniiatdéy more vulnerable to eutrophic
conditions. On average, we estimate about 27%taf dissolved N in the SB system was
derived via SGD.

XV



CHAPTER 1

INTRODUCTION TO THE DISSERTATION

Submarine Groundwater Discharge and its Significane

Exchange between submarine groundwater dischafgP)(8nd overlying surface
waters is recognized as being important due tonpi@lempacts resulting from
anthropogenic land uses. The most general defmdfagroundwater is water in the
saturated zone of geologic material (Visser 19&®telf 1988). Water in the pores of
submerged sediments or rock is, therefore, “growateit since the geological material
below the seafloor will be saturated. In view & foregoing considerations, the latest
generalized definition of SGD that has been modifiem an earlier version (Burnett et
al. 2003) is thus,

...the flow of water through continental margins fridme seabed to the coastal ocean,
with scale lengths of meters to kilometers, regzssllof fluid composition or driving
force (Moore 2010).

Groundwater discharge originates inland and cawidsit contaminants or nutrients,
dissolved or colloidal, that have the potentialpact the chemical budget of surface
water ecosystems. This impact, both chemical apdipal may be heightened in smaller
bodies of water such as embayments or lagoonsodibeit limited volume and restricted
fluid exchange with the open ocean. In additiothzse freshwater inputs, groundwater

discharge occurs as saltwater re-circulation indumetides and other driving forces.

SGD can vary widely over time and space. Shorbplenater waves stir or agitate pore
water without, necessarily, producing any net fldWwis has been referred to as ‘wave
pumping” or “wave stirring” (Harrison et al. 1983fthe density of the ocean water
increases above that of pore water for any regsme, water can float out of the

sediment by gravitational convection in an exchanile denser seawater, without net



discharge. The process has been referred to agiffty (Thorstenson and Mackenzie
1974) or “salt fingering” (Gorsink and Baker 1998)§5D has also been referred to as
“flushing.” This generally involves a continuouplaement of pore water involving a
discharge driven by the hydraulic gradients onsloorpressure gradients in the coastal
ocean. Gradients may be due to wave set-up ahtire éLi et al. 1999), tidal pumping at
the shore (Nielsen 1990; Santos et al. 2009),fterdnces in tidal elevations across

narrow reefs or barrier islands (Reich et al. 2002)

Groundwater in any aquifer typically flows from aseof high hydraulic head defined as
the elevation to which water rises in a well toaaref low hydraulic head under the force
of gravity. Although groundwater flows downhill,aften follows a tortuous path through
small pores in the aquifer material, typically siowits flow to a crawl. Unlike surface
waters that move at noticeably rapid rates, groatediumay only move a few centimeters
in a day. Ultimately, it flows into the coastal acethrough seeps and springs, thus

completing the continuous water cycle between laodan, and atmosphere.

In general the driving forces for groundwater fland its eventual seepage in the coastal
zone include hydraulic gradients, buoyant forcestanlogical forces (McKenna and
Martin 2004). SGD occurrence is a result of a hyticaconnection and a positive
pressure gradient between shallow or deep coapidkes and the sea and occurs as
diffuse seepage along the shoreline, offshore geepaspring discharge. Near-shore
diffuse seepage is typical for shallow, unconstédacoarse-grained aquifers (Portnoy et
al. 1998; Valiela et al. 1990) or in the sand, day limestone mixtures of shallow
aquifers in Florida (Cable et al. 1997). The magphet of this type of seepage generally
decreases with increasing water depth and disfameethe coast (Cable et al. 1997;
Giblin and Gaines 1990 and Taniguchi et al. 2002pically coastal aquifers are
classified depending on their hydrology, eitheslaallow - local flow systems, or deep -
intermediate or regional flow systems (Toth 1968ng term data (Australian Bureau of
Metereology 2001) reveal that shallow aquiferscir@acterized by high rates of
recharge (0 — 0.35 m/yr) and high rates of grounemfow (1 — 100 m/yr). Rates of

recharge and water levels respond rapidly to inldiai precipitation events (Santos et al.



2009). Deep aquifers on the other hand, are msshdennected with the surface and
generally associated with lower rates of recha@g@l-1 cm/yr) with concomitant low

flow velocities (0.1-1 m/yr) in general (Lovely atithapelle 1995).

Although SGD is a potentially important source afrrents and other dissolved
components to the coastal ocean, it has so farinech@oorly quantified (Burnett et al.
2001; Johannes 1980; Moore 1999). An accuratehhgitp the magnitude and controls
of these components, especially the nutrient fl{régsogen, N and phosphorus, P)
associated with SGD is necessary if we are to lgleaderstand the functioning of the
coastal ocean and how it responds to anthropogewiaatural perturbations. Apart from
the amounts of N and P entering the coastal odeangh SGD, it is also important to
evaluate the potential effect of SGD on the rafibl@nd P in coastal waters, because
this ratio determines which nutrient is limitingypbplankton growth (Howarth 1988).
For instance, in rivers the flux ratio of dissoliedrganic nitrogen (DIN) and dissolved
inorganic phosphorus (DIP) has been found to biawiar within a range of at least two
orders of magnitude (Caraco 1995; Meybeck 1993).

SGD Quantification

In general, three principle approaches are usedtimate the SGD magnitude. These
include: (1) direct measurement using manual asraated seepage meters, (2) a suite of
isotopic techniques that use geochemical tracecsrpute the rate or amount of SGD

present in the water column above the sea bed3rd/drogeologic modeling.

Of the above available approaches however, SGhradisionally often been measured
using the first type of method (both manual anaenatted), by employing the open cut-

off end of a 55-gallon steel drum that is pushéd the bottom sediment (Israelsen and
Reeve 1944; Lee 1977). The groundwater head ddfeecent upland area induces the
groundwater to seep into the drum funnel, andHerdase of the manual seepage meter, a
plastic bag attached to a tube in the top of thendcatches the seepage. After a period of

time, the bag is removed from the tube and the tatiwe discharge is measured. This



conventional bag method has been applied in vahgdsogeologic settings, including
lakes, reservoirs, rivers, estuaries and coastsulisequent studies have revealed
several limitations inherent of this method (Tamiguand Fukuo 1993; Cable et al. 1997,
Burnett et al. 2003; Mwashote et al. 2010).

In an attempt to alleviate complications encourdtevéh the conventional bag method of
measuring SGD, a host of different automated sex=paers have recently been
developed (Taniguchi and Iwakawa 2001; TanigucHifmkuo 1993; Krupa et al. 1998;
Paulsen et al. 2001; Sholkovitz et al. 2003; Rosey& Morin 2004). There are also
other approaches for SGD estimation that are baseptochemical tracers (Rn and Ra)
that have been found to provide internally consistesults and modeling (Moore 1996,
1999, 2010; Burnett et al. 2002; Burnett and Dwaig003).

Research Objectives

The thrust of this research work hinged around @antification with a view to
assessing as well as improving the continuous typatautomated seepage meter
(seepmeter) SGD measuring method to enable it becoone reliable and achieve wider

application in SGD study. The main objectives were

(1) design and construct an in-house calibrati@tesy for the seepmeter with a view to

improving its SGD measurement capability in a pcatisense;

(2) assess the effects and reduction of artifactaded by environmental factors
(variations in seawater level, wind speeds and wlinection) on seepmeter SGD

measurements ;

(3) assess the relative significance of SGD tan#ershore coastal environment via a

case study using Sarasota Bay, Florida



(4) assess on comparative terms, the reliabilityegippmeter SGD measurements relative
to those obtained independently using manual seepeeters, geochemical tracers, an

electromagnetic seepage meter and sub-seaflovivegimmeasurements.

Dissertation Format

In Chapter 2, the first objective of this research was addrés$his chapter describes a
detailed study conducted in the laboratory andsttidy site in the northeastern Gulf of
Mexico next to the Florida State University Coastiadl Marine Laboratory (FSUCML).
The study which was just published in the Jourfi&@siuarine, Coastal and Shelf
Science (Mwashote et al. 2010), reports importiadlirigs on the functioning and
improvements carried out on the seepmeter. Thdysdaescribes a simple calibration
method for the seepmeter and results using thieratid devices in SGD measurements
in the field. In particular, results of SGD measueats are described for seepmeters in
which a 76.2 m (250 ft) electrical extension calaesconnected. The results of effects of
salinity and low temperature on seepmeter SGD mmeasnts are also discussed.
Finally, the seepmeter SGD estimations are compaitbdhose made using the radon

geochemical tracer technique, manual seepage metelsn EM seepage meter.

Chapter 3 presents the results of a study conducted to siisesnfluence of
environmentally induced (Bernoulli-related flow}itacts in SGD seepmeter
measurements (SGE), and the practical ways of reducing these atsféx enable
benthic chamber based seepage meters to remalie toals in SGD measurements. This
detailed study addresses the second researchigbjeltte study analyzes the
relationship between SGRpestimations and environmentally induced sea |@icl)
and wind speed variations. The effects of burysub(Merging) seepmeter benthic
chambers into the sediment and use of blank chambeavaluate artifacts in SGla,
estimations were also assessed. Additionally, coatipe long-term SGRepobtained by
direct seepmeter measurements with those obtaingtie’?’Rn geochemical tracer
approach (SGRy), are described in this chapter.



Chapter 4 describes the detailed results of the of SGD nreasents in Sarasota Bay
and its significance to the overall water and muribudgets of the bay system. This
study covered the third research objective. In¢hapter, detailed findings of the
comparative assessment of three independent ap@®acthe SGD measurements are
reported. These independent approaches includeddhaal seepage meters,
geochemical traceré(Rn, CH;) and a relatively new technology for sub-seafloor
resistivity measurements, which was used to loaatecharacterize subsurface salinities

within the bay system.



CHAPTER 2

CALIBRATION AND USE OF CONTINUOUS HEAT-TYPE AUTOMAED
SEEPAGE METERS FOR SUBMARINE GROUNDWATER DISCHARGE
MEASUREMENTS

Publication Status:

B. M. Mwashote; W. C. Burnett; J. Chanton; |I. Rntea; N. Dimova; P. W. Swarzenski.
2010. Calibration and use of continuous heat-tyieraated seepage meters for
submarine groundwater discharge measuremestsarine Coastal and Shelf Science,
87:1-10.

Abstract

Submarine groundwater discharge (SGD) assessmengsoeanducted both in the
laboratory and at a field site in the northeas@uif of Mexico, using a continuous-heat
type automated seepage meter (seepmeter). Theoningt of the seepmeter is based on
measurements of a temperature gradient in the Wwatereen downstream and upstream
positions in its flow pipe. The device has the pt#d of providing long-term, high-
resolution measurements of SGD. Using a simplepgessive laboratory set up, we have
shown that connecting an extension cable to themnseter has a negligible effect on its
measuring capability. Similarly, the observed iefiae of very low temperature 8 °C)

on seepmeter measurements can be accounted fontyating calibrations at such
temperatures prior to field deployments. Compaoamanual volumetric measurements,
calibration experiments showed that at higher wikber rates (> 28 cm/day or
cm’/cnt.day) an analog flow meter overestimated flow réies 7%. This was
apparently due to flow resistance, turbulence anch&tion of air bubbles in the
seepmeter water flow tubes. Salinity had no sigaiit effect on the performance of the
seepmeter. Calibration results from fresh waterseadwater showed close agreement at

a 95% confidence level significance between tha dats from the two media{R



0.98). Comparatively, the seepmeter SGD measurampeovided data that are
comparable to manually-operated seepage metersadba geochemical tracer

approach, and an electromagnetic (EM) seepage .meter

Introduction

One of the most challenging areas for investigasimgmarine groundwater discharge
(SGD) is properly quantifying its diffuse and eplezai nature. Much research has
therefore focused on this aspect, with an ovenalla developing reproducible and
reliable groundwater discharge rates. Numerousesumbntinue to be conducted to
estimate the magnitude of SGD in various typesaktal environments, using varied
technigues and methods. For instance, Tanigudi €002) presented a review of
studies that have attempted to estimate the mafgatiSGD or have indicated that SGD
is significant. Some of the methods available ia thspect include: seepage meters,
piezometers, geochemical or geophysical tracersrarteling (Lee 1977; Robinson et
al. 1998; Burnett and Dulaiova 2003; Sholkovitake?003).

Conventionally, SGD has often been measured usingraially-operated seepage meter.
This is usually an open, cut-off end of a 55-galiteel drum (of base cross section area
2550 cm) that is pushed into the bottom sediment (Israets®l Reeve 1944; Lee 1977).
The groundwater head of the adjacent upland arsaroe tidal processes can then
induce groundwater to seep into the drum (i.e.néling). A plastic bag attached to a
tube above the drum can collect the displaced wAfesr a set period of time, the bag is
periodically removed from the tube and the cumuéadischarge can be measured. This
conventional bag method has been applied in vahgdsogeologic settings, including
lakes, reservoirs, rivers, estuaries, and coastakgLee 1977; Shaw and Prepas 1989;
Shinn et al. 2002).

Subsequent studies however, have shown that thtsochenay have some limitations
(Taniguchi and Fukuo 1993; Cable et al. 1997; Skinal. 2002). First, it is cumulative

and therefore it cannot provide information ontégm@poral evolution of seepage during



the collection period (typically 30 minutes to saléours). Second, it cannot accurately
measure reverse flow or resolve small fluctuatiorseepage, such as those induced by
tides. Third, measurement artifacts can readilgeaiiom frictional resistance along the

internal boundary of the meter, attachment tuberasdrvoir bags.

The short-term influx of water after the plastigbdave been attached to the seepage
meter has also been reported as a common drawalsaokiated with manual seepage
meters (Shaw and Prepas 1989, 1990a,b; Shinn20GR). In their detailed study of this
particular problem, Shaw and Prepas (1989) havestioat the problem is not caused
by fluctuations in seepage rates due to hydroldgicecess but rather, it is directly
associated with mechanical properties of the mldstgs themselves. Their study further
showed that the short-term influx problem can bevated by pre-filling the plastic bag
with one liter of water before attaching it to thanual seepage meter. In addition to all
the confounding factors mentioned above in usiegctbnventional bag method, it is also

very labor intensive (Taniguchi and lwakawa 2004in8 et al. 2002; Cable et al. 2004).

In an attempt to address some of these difficylaesumber of different types of seepage
meters have been developed. These include, hesd jdters (Taniguchi and Fukuo
1993; Krupa et al.1998), the continuous automatsd-type seepage meter as used here
(Taniguchi and Iwakawa 2001), ultrasonic groundwsaéezpage meters (Paulsen et al.
2001), dye-dilution meterSholkovitz et al. 2003gnd the autonomous electromagnetic
(EM) seepage meter (Rosenberry and Morin 2004; Zmaki et al. 2004). These
automated approaches are able to detect low lev@sw rates, in addition to providing
higher sampling frequency and resolving artifassoaiated with the plastic bags, but not
other artifacts. Despite the potential errors agigction limits inherent in the manual
devices field evaluations of the “Lee-type” manomgters showed that consistent results
can be obtained if one takes these potential pnablato account (Cable et al. 2004;

Taniguchi and lwakawa 2001).

The continuous heat-type automated seepage mege(E), referred to here simply as

seepmeter, is based on the "Granier" method comymused in sap flow meters that are



intended to measure water flux in trees (Grani@&51J3aniguchi and Iwakawa 2001).
The method is based on the effect of water flovoeigy on a temperature gradient
established along a flow tube. The temperaturedifice between two points in the tube
is at a maximum under no-flow conditions and pregneely decreases with increasing
water flow velocity. As originally designed, theepeneter has the potential of providing

long-term and high-resolution SGD measurements.

10



v gea level

— converter & data logger

converter &
data logger flow direction
<a |
sea floor ‘]
[ heater & thermistor
* + * * thermistor
groundwater seepage

Fig 2.1: Continuous heat-type automated seepager ifieniguchi and Iwakawa 2001),
referred to in this paper simply as “seepmeter.”

Due to lengthy field work necessary for SGD measer@s, there has been the need to
modify the seepmeter to improve the dataloggerstitass, and make the whole set up
easier and more user friendly. Normally when sueltens are used for field
measurements, it is necessary to employ the seruvica boat, anchored next to the site
where measurements are to be conducted. The addboaé serves to accommodate the
associated accessories for the seepmeter, nainelgiatalogger and batteries. With
frequent use of seepmeters for our SGD work howevethave increasingly found this
practice not only expensive and cumbersome, batjafgpardizes the safety of the
seepmeter accessories that are anchored in theitdatling the laptop computer used

for the required frequent downloading of data. &mmple, the equipment has often
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been drenched with seawater during stormy seary veeather conditions. Even when
working during non stormy, calm and dry weathee, typical saturated humidity
conditions are usually not conducive to long sterafjany electronic equipment during
extended deployment periods that are of interestast field seepmeter measurements.
Therefore we explored the possibility of modifyithgg seepmeter by attaching a suitable
length of electrical cable that would enable thealbgger, batteries and other accessories
to be controlled from the seashore during deployminthe sea. This is a potentially
feasible solution since most seepmeter SGD measutsrare conducted at nearshore
areas where SGD is known to be most prevalent. dinegement offers a robust set up
with considerable advantages, especially for l@rgitdeployments. It is a viable less

expensive alternative to using a boat or waterpegoipment casements in the sea.

The purpose of this study was to devise a simgibraéion method for the seepmeter
and test the calibrated devices in SGD measurenrettie field. Specifically, we

planned to: (1) set up and test an inexpensiveregion approach for the seepmeters (2)
assess the effect on seepmeter measurementsoafucing a 76.2 m (250 ft) electrical
extension cable to the seepmeter to facilitatpatstioning and handling in the field. (3)
assess the effect of salinity and low temperatarseepmeter measurements and (4)
compare field seepmeter SGD measurements with thade using the radon

geochemical tracer technique, manual seepage matelsan EM seepage meter.

Materials and Methods

Study Area

Field measurements were carried out at a studyosigdéed in the northeastern coastal
Gulf of Mexico, an area known for the presenceesgmge and submarine springs (Cable
et al. 1997; Burnett 1999). The area (N 29° 55’ W/84’) lies within the Woodville

Karst Plain, which extends from about 80 km inlamthe coastal zone where the Florida
State University Coastal and Marine Laboratory (EML) is located at Turkey Point,
Franklin County, Florida. The horizontal hydrauienductivity of the unconfined aquifer

(within the depth of 0 — 6 m) in the study areasimated from slug tests to range from

12



1.2 x 10°t0 2.9 x 1C cm/s (Li et al. 2009). A more detailed descriptidrihe study area
is given elsewhere (Bugna et al. 1996; Santos €08ai8, 2009).

Bench Calibration

A series of bench calibration experiments were ootetl with a total of five seepmeters
(M1, M3, M4, M5, M6). In these experiments, conliedland constant water flow rates
were provided to the seepmeter from a constant ressatvoir (Fig. 2.2). An analog
flowmeter (Key Instruments, FR4000 Series) was nexiim series to monitor and
control the flow rate. The outflow water througle teepmeter was periodically collected
into a measuring cylinder to quantitatively deterenthe actual flow rates. The laboratory
set up consisted of the horizontally submergedree&gr being tested, in a continuously
overflowing tank of water fed from a constant heaskervoir. The continuously
overflowing water tank precluded any local tempamaiartifacts from developing around

the submerged seepmeter.
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Fig. 2.2: Diagrammatic representation of a typsmgpmeter calibration set up. CCS
stands for Constant Current Supply, an importarrect regulating unit (device) which
is part of the seepmeter sensor — datalogger tiycui

The seepmeter functions by measuring the temperdttierence between two points by
means of thermistor probes (seepmeter sensornéypoint in the flow tube there is a
small heating element that creates a temperatadiamt between the two probes. The
temperature difference between the heating poihtla& downstream probe is recorded
as a voltage change and used to calculate thefrasepage flow (Taniguchi and
Iwakawa 2001). Theoretically, if the water werdltav infinitely fast, the two probes
would be at exactly the same temperature. The érequand sampling durations are all

14



programmed into a data logger (Data Hog 2, Skyeungents Limited, UK). During
calibration, the datalogger captures and storesuanements of various flow rates in

voltage units.

Flow rates determined volumetrically are more t#éacompared to relying on the flow
meter readings which are often subject to factoch s internal flow resistance and
bubble formation that take place within the seepmiédw tube (Taniguchi and Iwakawa
2001). The volume collected divided by the timealfection gives the accurate
discharge rate, while the seepmeter provided araomis record of voltages via the

datalogger.

In order to investigate the effect of attachingga27/m extension cable to a seepmeter on
the seepmeter measurements, calibrations wereitbramd without the extension cable
connected. Calibration tests were conducted ialberatory at several selected constant
flow rates, ranging from 0 to ~7000 cm/h (equivalenfield seepage rates of 0 to ~ 85
cm/day), for an uninterrupted period of time offtialone hour (Fig. 2.2). Sampling

intervals were set at every two minutes and loggesty ten minutes to the datalogger.

Further laboratory investigations were also conelitd test whether salinity and low
temperatures can affect SGD seepmeter measurenietformer test was done by
running simultaneous calibrations using seawatdrfa@ashwater, while the latter
experiment was performed by running calibrationisath low (1 — 3 °C; cold room) and
ambient (25 — 27 °C; room) temperatures, respdygtieasurements using the
seepmeter in the field are based on the commomlg technique (Fig. 2.1) of placing an
open ended benthic chamber into the seabed toresp@D (Taniguchi and Iwakawa
2001).

The laboratory computation of flow rate, in cmédine by dividing the volume (én
of water that flows through the seepmeter and catéin the measuring cylinder, by the
seepmeter tube cross-section ares’)cthen dividing this result by the time takenh} (

for the volume of water collected (i. e., ¥om?.h). Field SGD seepage rates (cm/day)
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can subsequently be computed from the above re#dtip after taking into account the
area ratio of the seepmeter chamber (255%) trthe flow tube (1.327 cfh since all the
seepage water (SGD) that comes through the seepiule¢ein the field is collected over

the entire area that is covered by the seepmetghicechamber at the deployment site.

Field Measurements

In the field, the seepmeters were deployed on taptoff sections of 55-gallon drums as
used for Lee-type seepage meters (Lee 1977). EEsgmneeter deployment for SGD
measurements at the study site were conductedpaiteraboratory calibrations were
conducted with an extension cable attached. Intiadidicomparison experiments were
also conducted to compare seepmeter SGD rate neeasnts with those obtained
through the manual or Lee-type seepage meterdhEenanual meters, seepage bags
were pre-filled with 1 L ambient seawater beforpldging them on the drum chambers
which had been left for at least the initial ~ dffdeployment (preferably overnight), to
achieve equilibration at the deployed site (Shad/Rrepas 1990). Net measured water
volumes, collected in the bag after every ~ 1 hr tlve seepage chamber on a known area
(2550 cn), yielded the seepage rate (cm/day). Other compaiBGD measurements
were conducted at the same study site via the rgdoohemical tracer model (Santos et
al. 2009) and the EM seepage meter. Detailed gtgoriand use of these two respective
techniques are found elsewhere (Burnett and Duda®®03; Rosenberry and Morin
2004; Swarzenski et al. 2004).

Results and Discussion

Calibration

Experiments on sensor response with changing fiaesrindicated a sharp and rapid
response with respect to the time interval usegl. (EB). The time interval used for data
logging was 10 minutes, with a 2 minute samplingeti The datalogger takes readings
five times within a period of 10 minutes, averatiesm and stores the averaged reading.
Practical resolutions for the datalogger voltageiwaence of the flow rates were

achievable up to at least a single digit minutel€in other words, it is possible to
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distinguish flow rates within a short interval qf to within less than ten minutes). The
observed relatively high seepage resolution capaislan excellent feature that makes
the seepmeter especially suited for SGD measurani€aniguchi and Iwakawa 2001).
The uncertainties in the datalogger voltage eqaiveg for the flow rates used during the
calibration averaged about 0.3%.
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Fig. 2.3: Sensor response at different flow réesh held constant for ~30 mins)
for seepmeter M3 (seepmeter tube flow rate raBge:-50 mL/min or ~2.0 to 28
cm/day). The error bars represent standard dexmmbn the voltage scale.

At constant flow conditions, calibration experimentvealed that for higher flow rates
the analog flow meter readings were consistentijpdr than the flow rates quantitatively
determined by cumulative collection of water disgea through the seepmeter flow
tubes into a measuring cylinder (Fig. 2.2). Experits revealed that the analog flow
meter overestimated the flow rates by about 7%1#&t higher flows, especially flow
rates > 2300 cm/h (equivalent to field rates 028>m/day), compared to the volumetric

manual flow measurements. According to the laboyatbservations, it was clear that
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beyond the upper calibration limit in our experimén28 cm/day), the disparity between
concurrent flow rate measurements obtained thrdlglanalog the flow meter and those
estimated through the manual approach progressivelgased. The physical implication
of this is that at higher flowrates (> 28cm/dayg tieneral laminar flows are lost making

the flow rate measurements unreliable. As a relsatter calibrations are more probable

when the flowrates are determined directly by mipweallecting the outflow water at

the end of the seepmeter flow pipe over known fimervals.

Thus, based on the disparity between the two labirélow rate observations, on
average the most consistent and practical seep®@&@rmeasurement range using either
of the laboratory flow rate approaches would benfabout 2 to 28 cm/day, within an
experimental maximum allowable 10% error limit. Toteserved effect (apparent
disparity between the two flowrate measurementagugres) could be attributable to
various factors, ranging from accuracy level ofédhalog flow meter to flow resistance
related factors within the seepmeter flow tubesag@hnd Prepas 1989, 1990a; Taniguchi
and lwakawa 2001; Hornberger et al. 1998).

The best-fit relationship between output voltage ttuthe temperature gradient between
upstream and downstream positions of the seepmetesors and the flow rate of water
through the flow tube is shown in Fig. 2.3. Thisyisically what is obtained from the
bench calibration work in the laboratory beforeldgments are made for field

measurements. In the calibration equation:

x = exp{((401.38 + 2.59) - y)/(18.84 + 0.50)}

Where, y is the output voltagg\() and x is the flow velocity (cm/h) through theww

tube.
The laboratory experiments show that the use @xéension cable on the seepmeter by

76.2 m (250 ft) had a negligible effect on theaisliity of the device, as long as prior

appropriate calibrations were made on the seepmtethe extension cable connected.
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The net effect of an extension cable uniformlyadirced a near constant overall positive
offset on the sensor output voltage with respethécsuitable flow rate calibration range
used. The offset voltage was approximately'YIfor seepmeter M3. This offset is an
inherent property of each individual seepmeterthedactual value varies slightly
between individual seepmeters and likely betwe&erént cable lengths. Seepmeter
calibrations thus need to be device-and cable esgécific. Since this near constant
positive voltage shift is uniformly observed at gvow rate, the new calibration
equation that results after the cable connectidiicgntly compensates for the apparent
voltage offset and the overall seepmeter measursndenived from the modified set up

are essentially unaffected.

Overall, the presence of the extension cable i®tbee advantageous to the seepmeter.
While it serves to increase its physical operatanmge, it also enables easy handling and
control of the associated seepmeter accessoreslétalogger, battery and laptop
computer) from the seashore. With the extensiofecattached, it is possible for SGD
measurements at nearshore coastal environmenésdonducted in a cheaper, safer and
more convenient manner, without having to empl@&yuke of a boat or expensive
waterproof enclosures to shelter the seepmetessaies such as was the practice
previously. It is also especially desirable for docting long term time series SGD

seepmeter measurements.

Salinity and Temperature Effects on Seepmeter Measurements

The experimental results on the effect of salioitySGD measurements are shown in
Fig. 2.4A. A close agreement (within the 95% coaffide interval) is evident between

measurements done in the two media within theeafdlow rates consideredhis was
statistically (Stratigraphics Plus Version 5.1, 2D8upported by a t-test (p = 0.125

0.05), performed on data set pairs (n = 5) onwerhedia under similar conditions.
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Fig. 2.4: (A) Comparison between freshwater (F\gadinity ~ 0, and seawater
(SW) of ambient salinity ~ 35, seepmeter calilaragi The figure shows that the
two plots are in agreement within 95% confidemterval (shown as red dotted
outline, which was plotted for the FW plot). Tkisows that there is no significant
difference between SGD seepmeter measurementsitak& and SW within

the same ambient environmental conditions. (B) gamson between seepmeter
calibrations conducted at low (cold room) tempa@(LT: 1.1 - 3.3 °C) and at
ambient (room) temperature (RT: 25 - 27 °C). Th&Zonfidence interval for

the RT plot is shown as red a dotted outline.
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The SGD experimental results conducted at low teatpees (1 — 3 °C), and at room
temperature (25 - 27 °C) are shown on Fig 2.4B.dpparent that low temperatures
introduced a voltage offset on the seepmeter senmdimge output, similar to the one
observed with the extension cable. Again, thisatffs most likely as a result of changing
electrical resistance of the electrical conductdrthe seepmeter, especially between the
sensor and the datalogger. However, since thisirgfarm physical characteristic
inherent in most electrical conductors under sumiditions the apparent observed effect
could similarly be easily accounted for by carrymg calibrations at the desired low
temperature.

The electrical resistance, R, is an extrinsic prigpaf a device which is represented by
the equation, R pl/A, where A is the cross-section area htfte length. The resistivity,

p, of materials is simply the inverse of conductivd, that is,p = 1/c. The linear
relationship between resistivity and temperatures Dften represented by the empirical
relationshipp = po + aT, wherep, is the resistivity at a reference temperaturegligu
ambient or room temperature) amdés the temperature coefficient, a material specifi
constant (CRC 1985). Therefore, it is reasonabtiethuce that the physical influence of
the apparent linear effects on seepmeter measutgithe® to the extension cable and low
temperatures can sufficiently be taken care ofgpr@priate prior calibrations before

conducting the field deployments.

Generally, as long as there are no extreme dri@stiperature changes (such as those
considered here, i.e. <5 °C) during the periofietd seepmeter measurements, any
possible effect related to temperature variationthe measurements can be assumed to
be negligible. Under normal circumstances, theayetemperature variations during the
deployment period is usually not more than a fegrees. For instance, a change of ~ 20
°C for our case, resulted to an approximate changalibration of about 11%.
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Field Measurements

Long-term continuous deployments showed that seegsare capable of providing
internally consistent SGD rate measurements ovextnded time period (at least for 1
week continuously) without recourse to recharghegliattery power source (Table 2.1).
However, due to the seepmeter’s detector beingcpéatly sensitive to the functioning

of the “constant current supply” (CCS) unit withis power module (Fig. 2.2), itis
important to ensure that no voltage supply fludgarabccurs on the seepmeter during its
entire deployment period to obtain consistent atidlsle SGD measurements. Since the
normal functioning of the seepmeter sensor andatgiar were designed to operate with
a 12 V-DC power supply, it is recommended thatpgbweer source (12V battery) be
regularly replenished on at least a weekly basigttended deployment periods. With
regular replenishment of the power source howendr® using an extension cable, it is
possible to attain continuous uninterrupted seepn®GD measurements that can last

for weeks or months (Taniguchi and lwakawa 2001).

Some long-term field time-series field seepmeté¢a dae displayed in Fig. 2.5 and 2.6. It
is evident that the SGD and water level (tide)trefeships are complex, as also observed
from long-term SGD tracer measurements (Santols 20@9). There are times during the
long deployment periods (Fig. 2.5) when the higl8D coincided with the highest
water level peaks, such as on April 4, 8, 13, 1d Hn There are also periods when the
highest SGD peaks coincided with the highest fglirater level rate (for example on
April 11 and 14). In numerous other instances dytine same deployment period, SGD
variations seemed to remain largely unaffected dwenormal periodic water level

(tidal) variations (April 9 and 10). These compiariations between SGD and water
level at this site suggest that it is probable dther factors besides the water level

variations play a role in modulating SGD over time.

There is a coincidental major maximum SGD and wiatezl peaks that occurred on
April 15 (at ~ 03:30) as shown in Fig. 2.5. Thissvedso a time of heavy downpour
(hourly precipitation of > 4 mm) and wind speedsenat their maximum (> 10 m/s).

Thus in addition to water level variations, the SG&Diation trends can also be
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significantly influenced by a combination of enviroental factors such as precipitation
and wind speeds that are likely to enhance cuxuelotities.
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Fig. 2.5: Long term time series variations with evdevel of: (A) SGD, (B) Wind Speed
and (C) Precipitation, during the period, 03 — 1#iA2007.

At the maximum SGD peak (~ 35 cm/day), the windesigevere generally about double

the average speeds experienced during the enpieyaheent period. Similar SGD
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variation trends have also been observed in prestudies. For example, at Flamengo
Bay, Brazil, decoupling of SGD and tide were obedron the same day in which rain
occurred (Taniguchi et al. 2008). While it was tbuthat rainfall played a role in these
observations, the hydrogeologic setting at thad fsgte (fractured crystalline rocks) may
have facilitated rapid flushing of meteoric waterSGD.

The SGD distribution depicted in Fig. 2.6, displayslightly different trend compared to
that depicted in Fig 2.5. While during the formieere was a heavy downpour and the
accompanying wind speeds were elevated, this wathaease with the latter seepmeter
deployment. The SGD peaks tended to line up vetiwith the diurnal wind peaks
during the first few days of this record. Theselyaconsistent trends in SGD and tide
variations are in agreement with numerous prevendar studies including for instance
that of Burnett et al. (2007), who attributed thserved SGD variations to sea level
changes altering the hydraulic gradients and pdahping that tend to induce
recirculation of porewater fluids at the Upper GafifThailand.
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Comparison With Other SGD Methods

There is compelling evidence that the average Sédpraeter measurements are in close
agreement in magnitude with those obtained frorfieidiht approaches. The evidence
include the concurrent independent SGD measuremsentiucted during this study
period (Figs. 2.7 and 2.8, Table 2.1), radon-deri8&D rates obtained concurrently with
our seepmeter deployments (Santos et al. 2009)xhaxsé done previously at this and
other sites (Table 2.2). The estimated mean SGiegah the study area, for the three
months shown in Table 2.1, were 8.5 + 6.4 cm/dathbyseepmeters, while the radon
model provided an estimate of 10.2 + 8.4 cm/daghduld be noted that these standard
deviations are not uncertainty limits but rathen@asure of the actual variability of

seepage during the measurement period.
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Fig. 2.7: Effect of the length of deployment dioatperiods, on seepmeter
(gs) and Lee- type (manual) meterJdSGD relative estimates, expressed
as a ratio (dgm). This is an example of a dawn to dusk deployni@ctuding
the initial ~ 4 h waiting period for stabilizatia the seepage chambers
following the deploymentspPiamonds and squares represent two manual
meters, M1 and M3 respectively. These were deplogad to the seepmeter
benthic chambers.
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The comparison shown in Fig. 2.8 does reveal a ¢g@mogoral trend agreement between
SGD estimates obtained through the applicationvofindependent approaches, the
seepmeter and EM seepage meter, deployed just mét@rs apart during the same
period. The average SGD rates in Fig 2.8 were #B.2 and 4.2 + 3.9, cm/day, for the
heat-type seepmeter and EM seepage meter respecumntitatively, the average
computed SGD rates for the covered study sitehaawo different approaches during
the deployment period (July 24 — 26, 2006) wersimilar order of magnitude when one
integrates the flow over time. They were: (11.10.64) x 1¢? and (4.31 + 0.02) x 10
m*/m?.day for the seepmeter and EM respectively. Whilads in the two approaches
agree very well, the absolute values for the seggmastimates were on average higher
than those of the EM seepage meter during mangvadte This may have been due to a
combination of various factors, such as the faat the EM is capable of reverse flow
measurements unlike the case with the seepmetditidwhlly, these differences are
attributed to the fact that the two techniques seliely on direct seepage measurements
emanating from specific sites where the respetiarehic chambers are placed within
the seafloor. Similar variations have also beenroonly observed in other studies
(Taniguchi et al. 2003a). The other potential festhat may result to these individual
differences are likely related to the sediment cositpon, compactness as well as the
presence of various benthic biota at the deployrsiées. This problem is characteristic
to all benthic chamber based approaches, thus gakiochemical tracer techniques
better suited for regional, larger-scale SGD edgiona (Burnett and Dulaiova 2003).
However, the application of the former approacstiis useful where actual benthic SGD
rates are desired. These different approachesraeanas of providing better SGD
estimations when applied in a complimentary manihés.interesting to note how
conductivity measurements continued to decreadetimie within the benthic chamber
during SGD measurements in the case of EM seepatgr deployment (Fig. 2.8, Tables
2.1 and 2.2). The capability of EM seepage meteletect both positive and negative
SGD fluxes was also evident during this deploynpamiod.

27



40 4 A | + Seep-SGD  ——Water Level | | 240
+ 220
B 1 200
5 1 180
=1
gl + 160
g + 140
]
+ 120
—+ 100
40 4 B 240
+ EM-SGD ——Water Level
L 220
— F 200 _
£ L 180 T
o
= g
% 160 3
5 E
140
F 120
100
C
525 ¢+ Spec. Conductivity —— Water Level | { 249
T 52.0 - + 220
=
2 515 - + 200
£ i 1
= 51.0 180
B
= 50.5 1 + 160
c
< 50.0 4 T 140
[+]
=
§ 49.5 4 + 120
“ 190 : . . : . . : 100
7/24/06 7/24/06 7/25/06 7/25/06 7/25/06 71/25/06 71/26/06 7/26/06
15:00 21:00 3:00 9:00 15:00 21:00 3:00 9:00

Day Time
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In order to assess how different deployment dungtieriods in the field affect the overall
averaged SGD estimations, we compared the ragstohated SGD using seepmeter, q
and rates measured using manual (Lee-type) méisrsvere deployed nearby, ¢Fig.

2.8, Table 2.1). This comparison confirms resulfta similar study previously conducted
by Taniguchi et al. (2003a) in the same environmiémng evident that short deployment
duration periods for SGD estimation by seepage ra@tay result in significant
underestimations or overestimations. Our measuresmewealed variations between

29% and 171% of the averaged SGD rates within iaghef about 10 hours. Most
underestimations or overestimations are more likelyccur at the lower time duration
periods.. SGD variations also tend to increasdutiker the measurement site is from the
shore, and variations from 30% to 230% have begorted previously (Taniguchi et al.
2003a). Since our observations are in agreemehttiitse that had been made in this
previous study, it is unlikely that they are a ftioe of the cable length since the previous
study had not employed the extension cable. Weudgiecthat the most probable reason
for the observed variation is the fact that theegeghSGD distribution tends to tapper off
the further offshore compared to nearshore (Tamigetcal. 2008).
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Table 2.1: Comparison between mean seepmeter S@®aad those derived via the radon model for sslanonths,
FSUCML research site.

Year 2006 2006 2006 2007 2007
Month May July December March April
Date (01-04) (24-26) (14-18) (06-13) (03-17)

Meansfor *seepmeter SGD

Mean (cm/day) 3.3+3.1 11.2+94 10.9+6.7 9.2+29 8.8+3.8
n 165 233 188 1019 2009
Maximum distance from shore (m) 65 138 62 62 62

Means for radon model SGD
Mean (cm/day) 7.2+56 109+8.6 124 +11.1
n 72 78 340 - -

The results ofseepmeter SGD rates in the table were averagedtherfive different seepmeters that were deployehgl
the study.
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Table 2.2: Comparison of SGD rates between thdystmd other studies.

Study Site Seepmeter  Manual meter  **Radon Model EM
(cm.day?) (cm.day) (cm.day™) (cm.day™)
Turkey Point, FL
(FSUCML) 13 11.5-18 12.2-18 -
- previous study
“Banana River Lagoon, FL - 3.6-6.9 3.5 -
“Town Cove, Cape Pod, MS - 24-72 - -
®Cockburn Sound, N. Australia 13.7 - 16.3 - - -
Turkey Point, FL
(FSUCML) 3.3-113 7-14 7.2-12.4 -6.2 -21.7
- present study (8.5 + 6.4) (10 2) (10.2 + 8.4) (4.2 +3.9)

PBurnett et al. (2002fCable et al. (2004fGiblin and Gaines (1990jTaniguchi et al. (2003b)
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Elsewhere, using manual seepage meters (Lee 1€#f)age rates ranging from 1 to 12
cm/day have been reported in the Indian River Lagsystem (Cable et al. 2006). While
using both automated and manual seepage meteigu€hnet al. (2003a), measured
SGD rates that ranged from 13.7 to 16.3 cm&tayockburn Sound, Western Australia.
All of these values attest to the usefulness dd¢tapproaches in studying SGD in
various nearshore coastal environments. Basedeoreiults of these measurements,
when viewed in relation to the other SGD measut@ttpniques, our data confirm the

applicability of seepmeters in SGD studies.

Conclusions

The continuous heat-type automated seepage met@raede reliable, long-term SGD
rate measurements. The seepmeter measurementdqoraldta that agreed both in trend
and magnitude with other independent SGD technjqoeliding the manual seepage

meter, radon as a geochemical tracer, and an @eatmetic seepmeter.

Laboratory experiments have shown that connecting2a m extension cable to the
continuous heat-type automated seepage meter ghgilole effects on its SGD
measuring capability, as long as calibrations aademwith the extension cable
connected. Similarly, the apparent effect of lomperature (at least a net difference of >
20 °C below the typical ambient temperature) orsseautput voltage (as recorded in the
datalogger) can also be effectively accounted yordnducting calibrations at the
anticipated temperatures. These observed calibraffects are attributed to the linear
changes in electrical resistance in the seepmeiesios connectors as a result of the

extension cable and extreme temperature changgeatavely.
Salinity was found to have no significant effecttba continuous heat-type automated

seepage meter measurements as the calibratiotsrésuah fresh water and sea water

agreed to within the 95% confidence level.
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CHAPTER 3

ASSESSMENT AND REDUCTION OF ENVIRONMENTALLY INDUCED
ARTIFACTS IN SUBMARINE GROUNDWATER DISCHARGE SEEPAGMETER
MEASUREMENTS

Publication Status:

Mwashote et al. 2010. Assessment and eradicatiennafonmentally induced artifacts
in submarine groundwater discharge seepage metsurements. Manuscript prepared

for submission toEstuarine, Coastal and Shelf Science.
Abstract

Submarine groundwater discharge (SGD) measurerobtasied from conventional
benthic chamber based seepage meters, placechmearposed to waves and currents
have been found to be subject to varying degreestifdicts. These artifacts are mainly
associated with Bernoulli-induced flow, the vertigairected flow arising due to water
movement across topographic features. In an atteorgatdress this limitation, we
conducted experiments at a site in the northea&athof Mexico (next to Florida State
University Coastal and Marine Laboratory, FSUCMEk)ng automated heat-type
seepage meters (seepmeters). The study reveatesiGbaseepmeter measurements
were influenced by variations in wind speeds (lkalreflection of current flow). Our
results indicate that it is possible to signifiégmeduce these artifacts by burying (or
submerging) the seepmeter to nearly the same davitle sediment topography. When
such an arrangement is not practical, a viableradtave is to deploy in parallel, an
identical seepmeter “blank” insulated from the uhdeg sediment by a non-porous
material such as a child’s plastic play-pool. Me&asents obtained in both ways
compared well with those obtained from fhi#&Rn geochemical tracer approach. An
inverse correlation was observed between seaVavidtions and SGD measurements by

both seepmeters and tHéRn geotracer approach. Artifacts in SGD seepmeter
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measurements coincided with sharp changes (transjtin wind directions. While the
study revealed that in general wind speeds > 6aarfe associated with enhanced SGD
measurements in seepmeters with buried and unbloeieithic chambers, the influence

was greater in the unburied meters, and more prarezlifor SGD rates < 2 cm/day.

Introduction

The most common submarine groundwater discharg®)&@&asuring approaches
include: seepage meters, piezometers, geochemigabphysical tracers and modeling.
Among these methods, seepage meters and geochémmdeal methods are the most
widely used (Burnett et al. 2003; Taniguchi e8l03a). The bulk of seepage meters
used in SGD measurements originate from the Lee-$gepage meter, which is made
from the top or bottom section of a 55-gallon stireim (Lee 1977). It has recently been
demonstrated that automated continuous SGD mamgoniethods could provide
reasonably high resolution SGD measurements (Tahignd Iwakawa 2001; Mwashote
et al. 2010). Among the array of contemporary a@tieah systems is the continuous heat-
type automated seepage meter (seepmeter), whicevatoped by Taniguchi and
Fukuo (1993), and the RAD7 based RAD-AQUA (Durridge Inc.) for radon-in-water

measurements (Burnett et al. 2001).

Seepage meters have been used to quantify SGD amndeiety of conditions in many
nearshore coastal environments and lakes overetlus ylLee 1977; Bokuniewicz 1992;
Cable et al. 1997). However, these devices hawvedatsvn concerns with regard to the
Bernoulli-type flow induced around the seepmet8isum 1992; 1993). Such flow was
suggested to be an important source of artifacésstudy conducted in the Florida Keys
(Shinn et al. 2002). However, several studies sitewed strong evidence of a link
between tidal and aquifer head variations and ggepeeasurements, suggesting that the
seepmeter response is not only due to artifactar{fin et al. 2003; Corbett and Cable
2003).Variables that may influence the observeel tA&SGD include hydraulic gradients,
sediment permeability, height above the sea flopple length and amplitude,

wavelength and water wave period. It has been dstradad that water penetration into
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sediments results from pressure gradients thatig@eeer sediment bedforms (Huettel
and Gust 1992; Huettel et al. 1996). In their stodyducted in a sandy ripple bed,
Huettel et al. (1996) showed that differential ptes can result to vertical pore water
velocities as high as 2.5 cm/h (60 cm/day) in sediihmounds of 2.5 cm height when
bottom water current velocities approach 10 cnm's inore recent study at a site on the
east coast of Florida, Cable et al. (2006) obseBeraioulli-induced flow, but this was
considered a minor component of the overall flosorded in the seepage measurements.
The present study was designed and conducted an twéssess the influence of
environmentally-induced (Bernoulli-related flow}igacts in SGD seepmeter
measurements (SGE), and to subsequently test practical ways of rieduand to
possibly ultimately eliminate such artifacts sat theepmeters could remain viable tools

in SGD measurements.

The purpose of the present study was to addredsltbeing:

1. Investigate the effects of burying (submergingpseeter benthic chambers into
the sediment and use of “blanks” to evaluate atfén SGLReepeStimations.

2. Assess possible relationships between SgBstimations and wind speed as well
as wind direction (we hypothesize that landward @pybsitely directed winds
would have different impacts on Skyestimations).

3. Compare long-term SGR,0btained by direct seepmeter measurements with
estimations obtained via ti&Rn geochemical tracer approach (S@D

4. Assess any relationship between Sgpestimations and sea level (tidal)

variations.
Materials and Methods
Study Area
Field measurements were carried out at a studylacaged in the northeastern coastal

Gulf of Mexico, an area known for the presenceesfmage and submarine springs
(Rutkowski et al. 1999; Burnett et al. 2002). Thesa(Fig. 3.1) lies within the Woodville
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Karst Plain, which extends from about 80 km inléamthe coastal zone where the Florida
State University Coastal and Marine Laboratory (EML) is located at Turkey Point,
Florida. A more detailed description of the studyeais given elsewhere (Bugna et al.

1996; Santos et al. 2008, 2009; Li et al. 2009).
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Fig. 3.1: Map showing the study area at FSUCML. Sitelocation (N 29°55', W
84°31") is indicated in the map by an open triaagshape (index map source:
http://www.mapquest.com/beta/maps).
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Field Measurements

In order to assess the effects of various environaflg-induced artifacts on SGD
measurements, long-term seepmeter measurementsaevethected for periods of up to
two weeks. The automated heat-type seepage mseapnieters) used in this study
utilized benthic chambers of cross section are® 25% modified from the design of Lee
(1977). The seepmeters (Fig. 3.2) were allowedjtolierate for at least 24 h before
measurements started. A datalogger (Data Hog & Bisgruments Limited, UK) that
was programmed to allow automatic readings to bentat 2 minute intervals, averaged
and stored at 10 minutes intervals, was used étd iata collection (Mwashote et al.
2010). Wind speed and direction were measuredagiah FSUCML weather station
while the seawater level was measured with anadtrie water-level meter.
Additionally, weather data were obtained online (wwunderground.com) from a

weather station located at Alligator Point, ~10 fkam the study site.
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During any particular field deployment, up to fiseepmeters were deployed at the study
site, facilitated by aid of a 76.2 m (250 ft) loslkgctrical extension cable (for data and
power transmission) for each seepmeter, perperadituithe shore. The furthest distance
of deployment of the seepmeters from the shorei8a2an (on boat aided occasions
only), while the shortest was 15 m. During typidaployments, the datalogger, battery
and all associated accessories were located amdtegdrom the shore. To assess the
effect of artifacts related to Bernoulli — indudémlv on SGQeepmeasurements,
seepmeters were deployed at the study site, wighnbthe benthic chambers completely
submerged or nearly at the same level as the satio@graphy, and the other only
partially submerged, with ~ 5 - 20 cm exposed. IRdrseepmeters that acted as “blank”
controls were similarly deployed inside non-pormeterials (child’s plastic play-pool)

at the same site. The “blank” control was deploygglacing a benthic chamber inside a
plastic play pool filled with sand and buried iretheabed to the same extent as the
submerged chambers. The average separation betiesblank and submerged
seepmeter chambers was ~ 0.5 — 1 m. Regular mmgtof groundwater level was also
maintained at a nearby water well (P1) which wd96 m inland from the shoreline.
Additionally during the same periotf’Rn, which is a good geochemical tracer for SGD
(SGDag), was also monitored at the same study site byi@nmg two RAD7’s (Durridge
Co. Inc.) according to the procedure describedumBtt and Dulaiova (2003) for short
term data. For long term SGRdata, we used that which was obtained at the s@me
during the same period via the lab (FSUCML) longrtset up (Santos et al. 2009).

Results and Discussion

Time-series field experiments were conducted tessthe relationships between SGD
measurements and three main physical environmfadtalrs: sea level (tidal variations),
wind speed, wind direction and groundwater leved okarby water well (P1). The
results of these field deployments are shown asdrieed in Figs. 3.3 — 3.11 and Tables
3.1 and 3.2 in the following sections.
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Relationship Between SGDse, Measurements and Sea level, Wind Speed and Direction

For field deployments of 08 — 12 July’07, in whitle seepmeter benthic chamber was
buried in the sediment, variations in Sgdpwere strongly inversely correlated with sea -
level (Fig 3.3A). During this deployment periodettidal variations were spring-diurnal.
There was practically no seepage observed in thealdenthic chamber that was

simultaneously deployed at the same site durirgydbployment.
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blank chamber was deployed inside a child’s asay pool).
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The correlation coefficient between SGfand sea level was -0.63(R0.4; p < 0.01).
This is a strong inverse relationship. ThesRatistic suggests that the correlation between
SGDseepand sea level explains up to ~ 40% of the vaiigtmbserved. There was also a
direct correlation between S@&,and wind speed as shown in Fig. 3.3B. The coroelat
coefficient between these variables was 0.574B.32; p < 0.01). This relationship
indicates that up to 32% of the SGEvariations could be explained by this correlation.
The average wind speed was 4.2 £ 2.3 m/s (nh = 1192)

Fig. 3.3C shows a weak inverse correlation betv@@bse.cpand the wind direction. The
predominant wind direction was mainly due southtes and the correlation coefficient
between the variables was -0.16 @R0.03; p < 0.01). This indicates that only ugB%

of the SGReepvariability could be explained by this relationshit is to be noted that
wind directions (Fig. 3.3C) are indicated in terofigingle,© (where,© = 180 — actual
angle, in degrees), instead of the actual degs#®s this being an angular scale, would
have likely resulted to an ambiguity in interpregatespecially for angles > 180 © (for

instance, 0 ° = 360 °, both of which represent\idirection).

For the field deployment of 06 — 11 August’07 (RgdA), variations were significantly
negatively correlated between SGEand sea level. The correlation coefficient wad -0.
(R? = 0.16; p<0.01). The Rtatistic indicated that up to 16% of the varitiei in
SGDseepcould be explained by the correlation. In thiserxpent, the benthic chambers
were also completely buried in the sediment aral trdriations displayed a mixed

diurnal pattern.
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A positive correlation between S@,and wind speed was evident as seen in Fig. 3.4B.
The correlation coefficient between the variables w0.58 (R= 0.33; p < 0.01) and up

to 33% of the SGRepvariability is explainable through this relationshrhe average

wind speed during the deployment was 3.2 + 2.0(m/s 1558). There was a weak
inverse relationship between SGEand wind direction, which predominantly south
westerly (Fig. 3.4C). The correlation coefficierasw-0.25 (R= 0.06; p < 0.01). This
means that it would be possible to explain up todd%ie SGLReepcan be explained by

this correlation.

Fig.3.5A shows results of a typical deployment vehiiaie benthic chambers were
unburied (normal mode of deployment) in the sediménis was conducted during the
period 29 — 31 May’07. In this deployment, variasovere significantly positively
correlated between SGRyand the sea level. The correlation coefficient &:a8 (R =
0.56; p < 0.01). The Hstatistic indicates that up 56% of variabilitiesSGQeepcould be
explained by this correlation. The tidal variatiamsre nearly neap tide with a semi-

diurnal pattern.
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There was also a significant positive correlatietween SGRepand wind speed (Fig.
3.5B). The correlation coefficient was 0.75 @R0.57; p < 0.01). The Ftatistic
indicates that this relationship alone could actdomnup to 57% of the variability in
SGDyeep. The average wind speed was 4.5 + 2.7 m/s (n =Mgignificant negative
correlation between SGRpand wind direction (Fig 3.5C) was also observdte T
correlation coefficient was -0.62 ¥R 0.38; p <0.01) and the predominant wind
directions were alternating between easterly anthswesterly. The Rstatistic indicates
that up to 38% of SGlae,variability can be explained by this correlation.

For the period, 29 — 31 May’07 (Fig. 3.6), the l@ghwind speeds were observed mainly
in the evenings, between 18:00 and 0:00 hours§isom about 18:00 and peaking
around 21:00 hours before tapering off thereatiéowest wind speeds). The lowest
wind speeds coincided with the time when the wimdation was from the southerly to
easterly direction (Fig. 3.5C). A similar obsereatiwas also depicted during the
deployment period, 05 — 11 August’07 (Figs. 3.4)riBg both deployments, lowest wind
speeds were < 1.8 m/s, and directed from south@rasterly direction (i.esea breeze
winds toward the land). In these deployments, tghadst wind speeds (> 6 m/s)
occurred when the wind direction transitioned freither southerly (Fig. 3.4), or easterly
(Fig. 3.6), to south westerly direction (i.l@nd breeze- winds toward the sea). It would
thus appear from these observations tHahd breezeends to favor the highest SGE)
rates while the converse is true duringea breezéFigs. 3.4, 3.5 and 3.6). In other
words, there seems to exist an SgEronsistent (land-sea breeze) correlation that is

closely related to the sinusoidal tidal variati@ure.
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Fig. 3.6: Relationship between Sea Level and Wpekd for the period: 29 — 31 May'07.

Relationship Between SGD, g Measurements and Sea Level, Wind Speed and Direction
There was also a significant negative correlatietwieen SGRy (**’Rn derived SGD)

and sea level at the 90% confidence level or hi¢fhier3.7A). This was based on
concurrent measurements done during the period39May’07. The correlation
coefficient was -0.38 (R= 0.14; p < 0.01). The%tatistic indicates that this relationship
could explain up to about 14% of the variabiliiesSGD.q During this period, the tidal
variations were nearly neap tide with a semi dilipadtern.
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In contrast, there was no significant correlatietween SGRyand wind speed at 90%
confidence level or higher (Fig. 3.7B). The cortiela coefficient was -0.08 (R= 0.01; p
> 0.1). The average wind speed was 4.5 + 2.7 n#s9h). Similarly, there was no
significant correlation between S@Rand wind direction at 90% confidence level or
higher (Fig. 3.7C). The correlation coefficient wa$6 (R = 0.03; p > 0.1) and the

average predominant wind direction was mainly seaiterly.

Effect of Burying (Submerging) the Seepmeter Benthic Chamber in Sediment and
Application of Blanks on SGD«¢, Estimations

While it is evident from the summarized resultsi{fea3.1) that there exists varying
correlations between SGf,measurements and the different environmental fa.¢sea
level, wind speed and direction), the strongestti@hship appears to exist between
SGDseepand both sea level and wind speed variations, dotvhich induce currents that

could be responsible for some of the artifacts nkesk(Bernoulli effect).
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Table 3.1: Summary of correlation analysis betw&&D measurements and environmental variables.

Figure Type of Dependent Independent Correlation R? Average Wind n p-Value Type of
deployment Variable Variable Coefficient Speed and Direction Correlation
3A Buried Chamber SGDyeep Water Level -0.63 0.4 <0.01 Significant
3B Buried Chamber SGDseep Wind Speed 0.57 0.32 4.2 +2.3m/s; SW 192 <0.01 Significant
__.3C___Buried Chamber SGDsep __WindDirection 016 003 <001 Significant
4A Buried Chamber SGDseep Water Level -04 0.16 <0.01 Significant
4B Buried Chamber SGDseep Wind Speed 0.58 0.33 3.2+2m/s; SW 1558 <0.01 Significant
__AC___Buried Chamber SGDsep __WindDirection 025 006 <001 Significant
5A Unburied Chamber SGDseep Water Level 0.75 0.56 <0.01 Significant
5B Unburied Chamber SGDseep Wind Speed 0.76 057 4.5+2.7m/s;E, SW 91 <0.01 Significant
__.5C__ Unburied Chamber __ SGDy,, __WindDirection 062 038 <001 ___Significant _
.6 NotApplicable __WindSpeed __Water Level 031 01  45:27m/sESW__ 91 <001 __Significant
7A Not Applicable SGD,.q Water Level -0.38 0.14 <0.01 Significant
7B Not Applicable SGD,.q Wind Speed -0.08 0.01 45+2.7m/s;E, SW 91 >0.10 Not significant
7C Not Applicable SGD, g Wind Direction 0.16 0.03 >0.10 Not significant
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Our field experiments revealed contrasting relaiops in variations between SGE)

and sea level. For the case of normal deploymentsufied benthic chambers), the
correlation was found to be positive (direct), whtlwas negative (inverse) for the
buried chambers. Since the latter measurementedende in closer agreement with the
independent concurrent S@Pmeasurements (Table 1), this approach likely plesi
more consistent measurements with less impact fhenBernoulli — induced flows
arising due to topographic roughness. S6Gfneasurements tend to be more consistent
when the benthic chambers are fully submerged coedpga when they are partially
submerged, as in the case of normal deployment€TigbThus the action of completely
burying benthic chambers in the sediment during S¢gMeasurements appears to
reduce environmentally induced artifacts in the S@8ults. As show in Table 2, such
deployments also result in SGlymeasurements that are in better agreement witletho
obtained by the independe&itRn approach (SGR).

However, it is still debatable whether the sigrdfit correlation found between SGD
measurements and wind speed and direction wasymsel result of Bernoulli — induced
artifacts associated with topographic roughnegeeteabed or perhaps this could mean
that the latter (wind) actually inherently enhan8€&D somehow? Although more work
is suggested to decisively resolve the exact madaiof contribution attributed to each
of these two impacts, the summary of results inl§ akshowing significant correlation in
most of the experiments, suggest that there watylk varying level of SGD
enhancement derived purely from wind speeds. Higld speeds (> 4 m/s) tended to
have a higher impact. The fact that the unburiedibe chambers tended to correspond
to higher positive correlations with S@lhand wind speed measurements compared to
corresponding measurements derived from buried beensuggests a likely greater
impact induced from Bernoulli — flow related artifs. on unburied compared to buried

deployments.
From analysis of the SGWwW/SGDseepratio (this criteria is preferred for analysis dese

the resultant ratio tends to provide a better tégwi on the relative impacts deriving

from the Bernoulli - flow related artifacts on SGEymeasurements) as an approximate
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criteria for assessment of environmental impactSGD measurements (Figs. 3.8 and
3.9), it seems clear that there was increasedeinfie on SGRe.,measurements during

the period of highest sea-level change (risingebtaing of the tide).
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A similar observation was also seen on the §GEBGDseepratio during the peak of

wind speeds. For instance as depicted in Fig.v#&én winds transitioned from southerly
to westerly direction (average speed > 6 m/s)htgeest SGl.¢pvalues were realized
which were also apparently accompanied by the Bigbeepage artifacts. Unfortunately,
low tides also occurred almost exactly at the same. In general however, the impact
of wind speed on SGf,was more pronounced for those measurements wheoh w2
m/s. It is to be noted that even when these at$ifae observed, the maximum

SGDyiand SGDseepratio is still < 0.14 (Fig. 3.8), but less occamitly it approached 0.6

(Fig. 3.9). The majority of times however, thiseaivas approximately zero (Fig. 3.8).

In general, our observations were closely corrdlatigh the functioning of the Ekman
transport concept (Neumann and Pierson 1966), nihallow coastal environments
such as the case with our study site. In very sivalVater (i.e. H < 0.2g), the Ekman
flow (where wind and current directions are normalithogonal to each other) is
essentially controlled by wind stress and bottactibn. Under these circumstances, the
Coriolis force becomes insignificant and the curadigns with the wind direction nearly
completely. The shallower the water, the more dbe€kman transport - which
becomes the transport of the total water columreutttese conditions - pointing in the
direction of the wind. In our case this phenomewas most apparent during tlaad
breezesituations (winds directed seaward, south wegtesllgen SGR.epand associated
artifacts (Figs. 3.4 and 3.9) were at their highest

With these observations alone however, it is diffitco distinguish between the

individual impacts of wind speed, wind directiordahose due to the sea level variations,
since as depicted in Figs. 3.3 and 3.4, their secwes seemed concurrent. This is also
confounded by the fact that analysis between seawatel and wind speed variations
(Table 3.1), revealed a significant positive (thowgeak) relationship between them,

with a correlation coefficient of 0.31 {R 0.09; p < 0.01). In addition, the average
predominant wind direction during much of the dgptent period remained fairly

constant from the south westerly direction (TablB.3urther work is therefore
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suggested with regard to resolving the individagbacts of wind direction and wind

speed in relation to the overall Bernoulli — inddig@pacts on SGRep,measurements.

Comparison Between SGD g, and SGD;aq Estimates

In addition to the general agreement in trend glheas an overall strong positive long
term correlation between SGidand SGRyq during the measurements conducted in the
period May’'06 - February’07 (Fig. 3.10). The coatadn coefficient for the averaged
monthly measurements for this period was 0.91R.83; p<0.01). These results
revealed a good agreement between the 3&ihd SGLyg especially for seepmeter
measurements in which the benthic seepage chambesssubmerged (buried) in
sediment (Table 3.2) as opposed to the unburigaduially submerged, or normal
deployment (Taniguchi 2001). Although the S&fgand SGIx4 obtained from

averaging long-term measurements during the p&fiag06 through February’07 are
not significantly different, the absolute shorne$GDeepvalues tended to be on the
higher side (by ~ 9 % ) compared to those of gBigs. 3.5, 3.7 and 3.10, Table 3.2).
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Table 3.2: Comparison of SGD measurements obtdinetburied and unburied benthic seepmeter chanavets
relative difference between S@iyand SGlxg

SGDjeep SGD,aq Percent difference
Date Type of deployment n
(cm/day) (cm/day) {(SGDseep - SGDrad)/SGD;aa}*100 ve ploy
May 29-31, 2007 214 +11.3 14.7 +£10.3 46.1 unburied (normal) 47
July 10-12, 2007 10.7+3.2 8.7+8.5 22.8 buried 71
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It is to be pointed out that the SGD estimationtimied via the radon (SGiJ approach
are integrated over a larger area compared to®@i&gyresults, which are more
localized to the site covered by the benthic seeghgmber (Mwashote et al. 2010). The
trend of our results were to a great extent inuith recent SGD assessments in the
Yellow River, China, that were conducted using Bmapproaches, where it was found
that absolute SGD measurements usingfien approach were in some cases, ~ 70%

lower than those determined by automated seepagga{Peterson et al. 2008).

It was also observed in this and in an earlierysindhe area, that rain events can
positively impact SGD measurements (Santos e089R though it was found that ~ 95
% of the SGD was contributed by recycled sea w@&antos et al. 2008). During this
study observations of groundwater level time-semegasurements taken on a well, P1,
which was located inland (~100 m) from the shoeehhthe study site, showed positive
correlation with variations in SGD (Fig. 3.10). Welvel variations in general are often

associated with the status of recharge of surfam@lifers within the surrounding area.

The relationship between SGD and P1 well-levelatanns representing these long term
measurements (May'06 — February’07) is evident.(Bi@j1). The correlations depicted

here could approximately be expressed as lineadnenstical empirical relationships:

Plgw) = 4.5 (SGleep + 257
(for SGDeep Where Py = groundwater level for P1, cm?R 0.7)
Plgwy = 0.3 (SGRy + 308
(for SGDa4 Where Pl = groundwater level for P1, cm?R 0.01)
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Although the correlation appeared to be strongePfig) — SGReepcompared to that of
PLgwm) — SGDag these relationships nonetheless serve to augmeldng — term
agreement (Fig. 3.10) observed between the two &gihation approaches (SGR

and SGDRyy). In general the relationship between SGD measemésrand P1 - well
groundwater level was more evident for long ternasueements compared to short term
measurements. Furthermore, the relative sizeseodtttor bars on the gy — axis and

the SGReep— axis reveal that although there exists someetairon between variations in
groundwater level and SGD, the proportionately igresize of error bars seen on the
SGDseep— axis compared to the Gy — axis, is a clear reflection of the fact that the
overall SGD measured is also significantly influethdy other factors besides the
terrestrial groundwater discharge. This is an olzem that has also been implied in
previous studies in the same area that showeddtatculated seawater contributes ~ 95
% of the observed SGD (Santos et al. 2008).

An approximate quantitative estimation of the oller@erage SGD per shoreline length
{i.e. (cm*cn?.day).cm = crifcm.day or 1d m*/m.day} at the study site using these two
different approaches for the period May’'6 - Febyitaf were:

SGDueep 105, 000 + 91,000 ctiem.day (= 10.5 + 9.1 Hm.day)
SGD.¢ 77,000 + 49,000 cifem.day (= 7.7 + 4.9 ffm.day)

This general agreement in these SGD quantitatitrmasons also underscores the fact
that the two techniques could either be used inadgrly or in a complimentary
manner. Complimentary use of these techniques ftes proven more beneficial
especially where spatial scales are important denations (Burnett et al. 2003). The
width of the seepage face was assumed to be ~ ZBumett et al. 2003, Taniguchi et

al. 2003a), for the conversions shown above.
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Conclusions

While important environmental factors, includingdevel, wind speed, hydraulic
gradient, wave set up, swells and rainfall, areartamt considerations in SGD
measurements, it is likely that some of these enwrental factors may impact different
SGD measuring techniques to varying extents. lynasgiously been observed that some
of these conditions can combine to induce presg@@ients that generally lead to
Bernoulli-type flow artifacts on the prevailing tmgraphic features found at the seabed
such as sediment mounds or in our case, seepnegtédridochambers (Huettel et al. 1996;
Shinn et al. 2002; Cable et al. 2006). From thiel fiesults obtained in this study, there is
compelling evidence that variations in sea levehdixspeed and direction can play a role
in influencing the magnitude of SGLJ, In circumventing these potential adverse effects
on SGReepmeasurements, our results (Figs. 3.3, 3.4) hanwdstrated that, submerging
(or burying) the seepage meter benthic chambetseteame topographic level as the
sediment, effectively reduces the effects of theBelli-induced flow that appears to be
enhanced by the sea level variations (tide acaox)wind velocity with respect to
benthic chambers that were unburied (unsubmergetipi sediment. Alternatively,
parallel similar seepage meters could similarlyleployed inside non-porous materials
(such as a child’s plastic play-pool) to act asfids,” and then subsequently accounted
for in corrected SGRe,measurements, to provide similar results. As shiowirable 3.1,
SGDweepmeasurements that were conducted in this manoeresha closer agreement
compared with those obtained by an independent 8@&&suring technique at the same
study site (SGRgor **Rn geochemical tracer approach), than those whete s
considerations were not taken into account as legtdsy their corresponding correlation
analysis. Moreover, this fact is further reinfordsdTable 2 results that reveal that the
difference between SGRpand SGLy measurements are much greater (~twice) for

deployments with unburied than with buried bendgepage chambers.
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CHAPTER 4

SUBMARINE GROUNDWATER DISCHARGE IN THE SARASOTA BABYSTEM:
ITS ASSESSMENT AND IMPLICATIONS FOR THE NEARSHOREJASTAL
ENVIRONMENT

Publication Status:

Mwashote et al. 2010. Submarine Groundwater Digghar the Sarasota Bay System: Its
Assessment and Implications for the Nearshore @bEstvironment. Manuscript

prepared for submission t@ontinental Shelf Research.
Abstract

A study was conducted from July 2002 through JU@62n order to assess the
significance of submarine groundwater dischargeld56 Sarasota Bay (SB), Florida.
The assessment approaches used in this study étchadnual seepage meters,
geochemical tracers (raddi’Rn and methane, GHand sub-seafloor resistivity

measurements.

The estimated SGD advection rates in the SB systera found to range from 0.7 to
24.0 cm/day, except for some isolated hot spotwenaes where higher rates were
observed. In general, SGD estimates were relativglyer (5.9 — 24.0 cm/day) in the
middle and south regions of the bay compared tothth region (0.7 — 5.9 cm/day).
Average dissolved inorganic nutrient concentratmwiikin the SB water column ranged:
0.1 — 11uM (NO; + NO3), 0.1 — 9.1uM (NH,) and 0.2 — 1.4M (PQy). The average N/P
ratio was higher in the north compared to the n@iddid south regions of the bay. About
40 % of the regional nutrient fluxes occurred ia tiorth and the while ~ 60% were in
the middle and south regions combined. The latterregions also had the highest
overall nutrient flux per water volume ratio, thmaking them potentially more

vulnerable to nutrient loading. On average, wawste that about 27 % of the total N in
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the SB system was derived via SGD. The prevalehskallow embayed areas in the SB
system and the presence of numerous septic tarke surrounding settlements
enhanced the potential effects of nutrient - riepages.

Statistical comparison of the quantitative appresalevealed a good agreement between
SGD estimates from manual seepage meters anddedsed from thé*Rn model (p =
0.67;0.= 0.05; n = 18). Clilwasfound to be useful for qualitative SGD assessmésits.
and?*Rn were correlated{rF 0.31;0 = 0.05; n = 54). Resistivity profiling was shown t
be a viable tool for rapid, large scale surveys yield useful information on subsurface
salinities.

Introduction

Background

Sarasota Bay is a barrier island enclosed lagomatéd on the southwest coast of Florida
(United States), surrounded by the city of Sarasoter the last five decades, due to
increased anthropogenic pressure, Sarasota Baxpasenced a slow but steady
decline of its ecosystem’s general health. It heds problems of water and sediment
quality; increased nitrogen and poor clarity; loseagrasses, wetlands and coastal
habitats; overuse; and adverse effects on marota.bihe Sarasota city population has
grown, with more residential, commercial and indastlevelopment, creating pollution
(Sarasota Bay Estuary Program, SBEP 2006).

The bay and beaches are the center of a multiemitliollar tourism industry, the main
industry in Sarasota. Due to population growthgsass and mangrove habitats have
been altered to provide for waterfront developmAsta consequence of this
development, there has been increased loss of enaainitat and pollution. For instance,
there are miles of shoreline replaced by seawatisistense residential and commercial
development, including numerous fill projects amedgdjing. Many areas of the bay were
dredged to create navigable waterways and new lsgeg This has resulted in increased

storm water, wastewater, sediment and chemicahoainants being discharged into the
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bay. The large numbers of septic tanks in the baga resulted in elevated N loading,
especially in Roberts Bay, Phillipi Creek, Blackbiay and Little Sarasota Bay. Septic
tanks alone remain a major environmental healtheisgd significant source of N. Storm
water runoff is estimated to contribute 56% of dawith 60% coming from residential
areas (FGS 1985; USGS 2007).

Over 1400 different native species of plants arichals and about 500,000 people are
resident in Sarasota Bay area (SBEP 2006). Sirkc&350’s nitrogen loading into the
bay has risen three fold and is still increasinthwidditional development (USGS 2007).
The increase in algal growth increasingly blockgtlto submerged seagrasses, and
biological and chemical activity caused oxygen d#@ph in the water. Sarasota Bay was
named in 1987 by the US Congress as of “natiogaifstance,” and was designated as
part of a National Estuary Program in 1989. Thipée stimulate research concerning
storm water, waste water and septic systems. Ttes&a Bay Program developed a
comprehensive plan (Comprehensive Conservation fganant Plan, CCMP) in the
early 1990’s as an attempt to address these prableanly efforts for rehabilitation of
the Sarasota Bay environment were focused onniggatastewater and storm water,
which are the major nitrogen sources. The base fpaundwater flow into tributaries)
was then estimated to contribute 8% of the nitragethe bay (SBEP 2006). However,
the results reported here will show that this isiaderestimate given that SGD was
shown to contribute about 12 % of N. Our estimatesbased on the regional nutrient
concentrations in groundwater, associated with 3@Ddeterminations made via

independent approaches that were described istimly.

Several previous studies have documented the iampoetof SGD in the supply of
nutrients and other dissolved components to maagtabenvironments (Valiela et al.
1990; Capone and Bautista 1985; Capone and SI@@&€; Dberdorfer et al. 1990).
However, actual mechanisms driving the dischargebeaquite varied (Bokuniewicz and
Pavlik 1990). For instance, Lapoint et al. (1998)rfd significant inputs of nitrogen and
dissolved organic phosphorous discharged to camalsurface waters in the Florida

Keys, which may have been an important factorrdrating phytoplankton blooms in

67



the area. It was also suspected that nitrogengricindwater may have been responsible
for nourishing algal mats in Bermuda (Lapoint ari@@hnell 1989) as well as bays and
reefs in Jamaica (D’Elia et al. 1981). SGD isipatarly important in these cases
because shallow groundwaters are enriched in mitrggecies, often due to
contamination from septic tanks (Corbett et al. )9Perhaps of even greater
significance and historical importance is that grdwater contaminated by bacterial
pathogens from sewage and septic systems was mjgofor 63% of all water borne
illness in the US during the 1970’s (Porter 19&33ewhere, Paul et al. (1995) directly
traced sewage effluent from a septic tank intoam@rfwater in less than 12 hours in Key
Largo Florida, while Dillon et al. (2000) also dosented impacts on surface waters from

sewage disposal.

While the potential for contaminated groundwatehdawe an impact on surface waters is
greatest in coastal areas and restricted bodiesiglr, the impact of groundwater into a
coastal system is dependent on several variabheseTinclude the amount and type of
nutrient enrichment in the groundwater, circulatibdal flushing, porosity and
permeability of the underlying strata, hydrauli@atiend the corresponding groundwater
flow. Due to variability in many of these paramstehe exact location of discharge into
coastal regions may be difficult to determine biyanonitoring the standard water
guality constituents, such as nutrient concentnatar turbidity, or by the exclusive use

of any one particular method.

Significance and Objectives of Study

As efforts to reduce surface water pollution camtimand are successful, possible SGD
pathways of contamination will also need to be usid®d. The main purpose of this
study was therefore to assess SGD in the SarasgtayBtem and determine if it plays a
significant role in the water and nutrient budggtshe bay system with respect to other
sources. In this work, three independent approaskes employed including manual
seepage meters, natural tracéf&n, CH,) and a relatively new technology: sub-
seafloor resistivity measurements. Together, thppeoaches were used in order to

locate in order to locate, characterize and qua®@D rates within the bay system.
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Study Area: Description of the Sarasota Bay System

The Sarasota Bay system (SB system) extends fremdtth, Anna Maria Sound, to the
south, Venice Inlet. The bay lies between barskmds called keys that separate the
body of water from the Gulf of Mexico. Longboat Kéydo Key, Siesta Key, and Casey
Key are the major keys that delineate the maindyatem and its smaller portions.
Sarasota Bay has a watershed of 417 &iwhich 65% is uplands and 35% is wetlands.
The SB system is about 26 km long and 6.1 km wideeawidest point and has a surface
area of about 97 kl{SBEP 2006; USGS 2007). The two major portionsSamasota

Bay and Little Sarasota Bay, but there are manylsn@aeeks, embayments and bayous.
Freshwater enters the bay system through smallidadaus and creeks, whose input
includes storm water runoff and SGD. Major tribigarto the bay system are Whitaker
Bayou, Hudson Bayou and Phillipi Creek. The higlwesicentration of septic tanks
(approximately 35,000) is found within Phillipi Gle catchment area (Lipp et al. 2001).
Whitaker Bayou receives advanced treated wastew#teent from the city of Sarasota
municipal treatment plant (Dillon and Chanton 2008&)merous other bayous and canals
are also found within the bay system. For refergticestudy site (Fig. 4.1) was divided
into three general bay regions: North, Middle andt§.
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Fig. 4.1: Study area showing sampling sites fooragrab (bottle) samples, continuous
radon monitor (CRM) transects and seepmeter SGunements within the Sarasota
Bay system. For purposes of the study, the arealivatked into three regions: North
Region (NR, water volume 80%), Middle Region (MR, water volumel2%) and
South Region (SR, water volurme3%). This is also the region referred to SaraBata
(SB). The assumed 200 m SGD regime area withilsBeystem is ~ 7.8 kn~ 8% of
the total SB area). The North Bay region lies ditudes> 27.3444° N. Middle Bay
(MB) is found within latitudes 27.3047 — 27.3444%Mhile the South Bay region lies
within latitudes 27.1250 - 27.3047° N.

70



The South Bay region comprises Roberts Bay (RB)Lattleé Sarasota Bay (LSB). The
bay regions are generally all shallow, particuldnly South Bay, less than 2 m, except for
within the Intracoastal Waterway (Table 4.1). ThatN Bay is somewhat deeper, up to 4
m in some areas. Passes are open at the North idaéeNBay (NB and MB). The South
Bay has only one pass (within RB). Phillipi Creslkaitidal creek within the South Bay
(within RB). The land adjacent to Phillipi Creekdha high septic tank population at one
time (mostly currently replaced) that was blamegart, for the degradation experienced
within RB. The mean annual rainfall of the areabsut 140 cm, primarily from mid-
June to mid-October (Fig. 4.2). Only about 30-35%tabutes to surface water runoff,
5% is recharged into the groundwater and 65-70ststhrough evapotranspiration
(USGS 2007). Most of the rain water enters thedyayem as storm water runoff via
creeks and bayous. Inlets provide for water exchaod@sulf of Mexico at Anna Maria
Sound, Longboat Pass, New Pass, Big Pass and MeteteThe land around the bays is
mostly flat and poorly drained, with swamps, masséied ponds throughout the area.
The water table is near the land surface in m@&stsanearby, and some areas are
characterized by artesian flow (mainly in the Naghion). Extensive natural drainage
systems have been channelized. The surficial @ggénerally flows west and south.
Below the sandy/shelly area is sandy limestone witArbonate mud matrix, with

varying amounts of clay, phosphatic sediments, ddés and limestone (FGS 1985).
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Table 4.1: Estimates of physical characteristicthefSarasota Bay system (SBEP 2006; FGS operefitat 10
Geology of Sarasota Co. 1985).

Region within SB  Total passes Average length Average width Average depth Area Estimated

System present (km) (km) (m) (km?) residence*
time (days)
North 2 19 5 2.5 75.1 5-12
Middle 2 4 3 2.5 111 5-12
South 1 6 2 1.5 10.5 3-7

* = Estimates were made using a modified simplel gotism model approach described in Dyer (197¥§grmand
Taylor (1973).
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Fig. 4.2: Monthly rainfall variation around the 8sota Bay region, July '02 — January’05 (Note flates with arrows
indicate sampling perioddrainfall data source: Southwest Florida Water Magagnt District 2005
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The predominant sediment type around New Collega @wxithin NR) is of
undifferentiated quaternary fossiliferrous compositvhile at the RB site (found within
SR) it is mainly of the Arcadia Formation. Sedinseat the NC site consist of clay, silt,
sand, phosphate and carbonate in varying admix¢eregtsich 1986) and the lithologies of
the Arcadia Formation may consist of clayey, sasiltyphosphatic carbonates,
phosphatic sands, variably sandy/silt, phosphédigscand clean sand (Scott et al. 1988;
Brewster-Wingard 1997). A regionally persistentydbed within the Arcadia Formation

occurs in the southern region (Barr et al. 1996).

Materials and Methods

General Approach

Previous research in the SB system identified avépstential groundwater
contamination in the southern bay (FGS 1985; SBEFSR Samples for radon and
methane were collected from these areas in addiiother areas within the system.
Radon samples were analyzed within 4 days (abauhali-life) while methane samples
were held in ice or refrigerated and analyzed withiveeks. Manual seepage meters
were also deployed within the SB system in ordetitectly determine seepage rates, and
resistivity surveys were conducted to assess avitas the SB system with freshwater

in the shallow subsurface.

Radon Measurements

The method for measurif@’Rn in grab samples of seawater was first develbyed
Broecker (1965) and modified by Key et al. (197%) Mathieu et al. (1988). More
recently a continuous radon monitor (CRM) approael developed (Burnett et al.
2001; Dulaiova et al. 2005). Both bottle sampling ¢he CRM approach were used in
this study.

2Rn - Bottle Technique

Radon samples were collected at several samplieg geriodically in (helium)

evacuated 6-liter high density polyethylene bottlessarious occasions ( a minimum of
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bimonthly interval) from July 2002 through to JW2@06. There were 125 individual
samples and approximately 20% of these were dupicdd’Rn samples were collected
about 0.3 m above the bottom using a peristaltmgpand Tygon tubing fitted into
helium filled 6-liter bottles. The tubing was flieghtwice with ambient water before

filling the bottles about 2/3 full and clamping offfe intake and vent hoses.

During laboratory analysis, an extraction-trandifex was used to strip radon gas from
the samples by passing helium through the watepksnat a rate of 200 mL per minute
for 90 minutes. The gas stream flowed through @ndrtube filled with drierite and
ascarite to remove J@ and CQ, respectivelyand radon was condensed on a liquid
nitrogen cold trap, while helium was vented inte #imosphere. The appropriate valves
were closed and the trapped radon was heated lan¢kdlto flow into an evacuated
alpha scintillation cell together with helium tdray the pressure up to one atmosphere.

The cell was placed in a photomultiplier alpha slt&tion counter after at least 3 hours

ingrowth time to counztzan and its two alpha-emitting daughté?éPo and“Po. The
water samples were then stored for at least 20 fdayadon ingrowth and then the
process was repeated twice to meaétfrea. At the conclusion of the analysis, the
volume of the water in the containers was accuratelasured and then safely disposed.
In order to provide sufficient resolution to measamall change£10% of the measured
concentration was used as the data quality obgétivradon measurements. Standard
equations for estimating precision based on cogrtiatistics were used and standards

were run on a regular basis.

For a radioactive species such as radon, the qa@wei estimation is made by measuring
the number of counts (n) obtained in a detector e (t). If the time is small
compared to the half-life of the source, then it ba shown that the probability
distribution of the counts obtained in repeatedaégounting times is given by a Poisson
distribution. Furthermore, when n is large30), the Poisson distribution is well
approximated by a normal (Gaussian) distributioon@worth 1998). When one
measurement is performed, the best estimate dafubenumber of counts is n and the

estimated standard deviation, s, for a single nreasent is s =/n. In addition to the
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“counting errors” described aboV&’Rn calibration uncertainties should also be
considered as well as the uncertainty of the detdxzckground count rate. The
efficiency of the detectors was determined by thelysis of NIST-traceab&Ra

solution standards which have known amount$%®n (*°Ra is the radioactive parent of
?22Rn). Multiple runs of NIST standards were usedvalate the standard deviation by

the common expression:

n
s¥Y (x—xY
R T 4.0)

This was combined with the stated NIST uncertatritthe standard to set an overall
calibration uncertainty. The background uncertamég obtained by counting the alpha
scintillation cells filled with helium. Such backgmd measurements were made on each
cell before use for actual samples. Finally, athn sources of uncertainty were

combined using standard formulations for propaggagimors (Longworth 1998).

Sediment Equilibration Experiments
Sediment samples were collected at 27 sites tmatiradon in pore waters. A grab
sampler (Petite Ponar) was used to collect sedis@nples which were placed into
polythene sampling bags. The site number, datdianedwere recorded on the sample
bag until analyzed. These samples were used fdirtemt equilibration” experiments to
assess porewatér’Rn values and in deriving diffusivé’Rn flux estimations (Martens
and Klump 1980; Cable et al. 1996). Sediment supbzsof approximately 70 g were
weighed and placed in a 250-mL Erlenmeyer flask\wR20 mL of radium free DI water.
A stopper with two clamped tubes was placed iminek and the stopper was sealed with
marine sealant. The flasks were placed on a shakkrin a water bath for at least 30
days. Radon was then measured using the extrgotomedure described above.

Degassing time was set at 60 minutes.
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22223n and?®®Ra Calculations

Total ?*Rn activities in water samples were calculatedhgyfollowing equation:

=Ry 1 x A2 4
Az; 3E)D) " ety 1eAtn (4.0

Where:
A, \ = activity of totaf?’Rn (dpm/L),
R = the net sample count rate per minute fcpm
E = the total efficiency of the system (irdihg stripping, trapping, transferring,
and cell counting efficiencies expressed as aitmagt The factor of three
accounts for the two alpha-emitting daughters dsagé®Rn,
L = sample volume (liters),

A = the radioactive decay constant ¥fRn (1.235 x 16* /min),
. = time from the beginning of sample degassingeintming of counting (min),

= counting time (min).

This procedure provided the total amount®Rn activity at the time of analysis. In
order to calculate "excess" radon, a correctiontiespplied for the amount of radon in
the sample which is supported BYRa. After an appropriate ingrowth period, the dttiv
of ?Rn is measured again in a similar manner. In thi®dwo de-emanations are
necessary (the first of which can be the radonyaigland the time between them will
define the ingrowth of*Rn from the parerft®Ra. Repeated analyses’@Ra samples
were performed to assure consistent results. Tlealation of the radium activity is
similar to that used fo¥*?Rn except that a correction was added for the raugnowth

period as shown in the following equation:

- R X 1 X Atq
Azze 3(E)L) ~ (1-eMi)(eMz) ~ 1-eMs

Where:
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A26 = activity of *?°Ra (dpm/L),

&t = radon ingrowth time (the time from the end d thitial degassing of the
sample to the start of sample de-emanation, min),

© = time from end of sample flushing to time cougtis initiated (min),

3 = counting time (min).

All other variables in thé*®Ra equation are the same as those discussed fimittae
222Rn calculation. After both totdf’Rn at the time of sample analysis &f%Ra are
determined, any "exces&°Rn present in the sampERne = *Rn, - °*Ra) may be

corrected back to the time of sample collectiorubg of a standard decay equatiop=A
Aoet where tin this case represents the time inténvaetween sample collection and

analysis, i. e:
2RN0 = PRN M e, (4.iv)

Continuous’®Rn - Mode (CRM) Surveys
Data were also collected using a continuous radomitor (CRM) for two survey
transects during May 2004 and August 2004 and imwe-series at a fixed sites: New
College — Caples (NC) and Roberts Bay (RB), 08&tfidry 2003 (Fig. 4.1). For the
case of CRM assessments, the CRM system (Rad i radoitor from Durridge Inc.)
analyze$?Rn from a constant stream of water passing thr@mngir-water exchanger
that distributes radon from a running flow of wateia closed air loop. The air stream is
fed to a commercial radon-in-air monitor which detimes the concentration &Rn by
collection and measurement of the alpha-emittinggtiters>*“Po and*®Po. Since the
distribution of radon at equilibrium between theand water phases is governed by a
well-known temperature dependence, the radon coratem in the water is easily

calculated.

SGD Estimates froff’Rn
When the CRM was used in a time series mode, giéyndra concentration results (and

thus inventory) were analyzed over short time pividor instance each hour or two.
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With integration times this short, loss of radond@gay and inputs via diffusion can
usually be ignored. The flux of radon out of theevaolumn by atmospheric evasion
was calculated using well-known relationships afomemanation to wind speed,
temperature, and concentration gradients (Maclreyed. 1995). Adjustments to
inventories as a consequence of tidal variationg wasily performed with
measurements or estimates of the tidal stage awth r@oncentrations of incoming and
outgoing waters. Radon inventories were generalfynalized to mean tidal height so
this effect was discounted.

In order to calculate SGD rates, the measured radooentrations were converted to
fluxes of excess (unsupportédiRn into the system (assumed to be dominated by
groundwater) and corrected for various losses abél. 1996; Burnett and Dulaiova
2003). Fluxes were estimated by examining the caménventories’Rn
concentration x depth). The model thus addres&gsogrection for supporteéd?Rn; (2)
atmospheric loss of radon at the air-sea interf@)edilution and loss of radon from the
system via tidal and other mixing processes; ahegdmates the input of radon via
SGD.

In order to convert to water fluxes,(cm/day), the estimated tofafRn fluxes
(dpm/cnf.day), Fos, is divided by the concentration of excéERn (ex**Rny,
dpm/cnd) in the fluids entering the system according ®¢huation (Burnett and
Dulaiova 2003):

o (cm/day) = Fotal / €X“PRNpw woeveeiie i i e (4.v)
Fig. 4.3 depicts a basic mass balance “box” typdehahich describes the various
inputs and losses. The model is similar to thaszlun previous radon studies (e. g.,

Corbett et al. 1999) in that it describes variousrse and sink terms for radon in the

system.
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Fig. 4.3: Conceptual box model f&fRn model (Burnett and Dulaiova 2003).

Estimation of%Rn from Diffusion
Diffusive fluxes (Ritr) from porewater profiles were estimated accordintyvo
approaches. With Fick’s First Law adapted from Ber(1980):

Fait = = ODLACIAZ), v, (4.vi)

and also from the depth independent estimation hioddartens (1980):

Faitt = D 2(CegmCo) wovrvrrreeeeiieieeeee e, (4.vii)

Where,
¢ = sediment porosity
Ds = effective wet sediment diffusion coefficient
dC/dZ = gradient of*’Rn concentration at the sediment-water interface
A = decay constant f6fRn
Ceq= “?°Rn in wet sediment at equilibrium with radium i thediment

(measured via sediment elration)
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Co = **Rn in the overlying water at sediment-water inteefanultiplied by the
sediment porosity to obtain a value cpomding to thé?’Rn

concentration in wet sediment
For the estimation of Dwe used the approximation from Peng et al. (1974)
=109 Do = (980/T) 4 1.59. .. cen it e e e e (4.viii)

Where,
D, = molecular diffusion of radon through water

T = temperature (in Kelvin, K)

Sediment tortuosity is then corrected for in oreobtain the effective diffusion
coefficient, R = D, (Ullman and Aller 1982).

Methane Measurements

Methane samples were collected in dissolved oxygéttes and stored on ice until
analysis. The tubing from the peristaltic pump wk€ed into the bottom of the bottle
and the water was allowed to gently overflow fop@aximately 3 bottle volumes before

sealing.

Methane samples were then analyzed in the labgrhtothe headspace equilibration
technique (McAuliffe 1971; Chanton et al. 1989)nfptes were transferred from the DO
bottle to a 60 mL disposable syringe equipped wiflaway stopcock. The syringe was
rinsed with nitrogen three times before use, aotkdtdisassembled between usages.
Water is pulled into the syringe through small dien Tygon tubing which fits snugly
over the end of the stopcock. Entry of air into $lggnge was avoided. After 25 mL of

the sample has been transferred to the syringegaal volume of i was pulled into the

syringe as a headspace. The stopcock was closeti@sgringe containing the sample
and the headspace were shaken vigorously for 2tesnlihe headspace was injected

into the FID GC through a manual gas sampling val¥es injection occurred across a 2
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inch precolumn packed with drierite. Peak heigh$ waantified on a Hewlett Packard
integrator. Sample concentration was checked apamking standards tied to standards

obtained from Scott Specialty Gas of Plumsteadvidi.

Headspace concentrations in ppmv (parts per mibypmolume, = pL/L) were
determined by reference to known standards. HeaddpH, concentrations are

converted to dissolved concentrations in pM as shioglow.

(UL/LY (RULAtMY/(MOl K)) * T (K))  wovvevreee e eee s, (4.ix)

where R is the gas constant from the ideal gas(Bw,= nRT), and T is temperature in
Kelvin, K.

Seepage Meter Measurements

Groundwater seepage rates into surface water batkesften made using manual
seepage meters. Manual seepage meters are opaehetraaebers placed over the bay
floor with a vent tube to which a plastic samplg mattached to collect groundwater

seeping from the bay floor (Fig. 4.4).

82



T N N N N A AT AT AL WL L PV AN
Water surface

4-] plastic bag

Two-way valve with
0.9 cm inner diameter

. End section of
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Seepage

Fig. 4.4: Lee-type, manual seepmeter (Lee 1977igliahi et al. 2003a). When water
seeps into the chamber it displaces water thatreedl into a plastic bag attached to a
tube in the top of the drum. The change in voluwer @ measured time interval provides

the seepage rate.

This device was first developed by Israelsen aneVR€1944) to measure water loss

from irrigation canals. Later, Lee (1977) desigaeskepage meter consisting of one end

of a 55-gallon (208 L) steel drum, fitted with argde port and plastic collection bag. In

this study we deployed several manual seepage sradtéiree sites between May and

July 2004. Deployment sites were selected becduesevtere in areas of suspected

seepage and could be accessed from shore (Fig. 4.5)
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(A) (B)

Fig. 4.5: Field manual seepage meter and “bottféRa) sampling (grab sampling using
a peristaltic pump), within the Sarasota Bay sysienng: (A) Low tide and (B) High
tide.
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During the manual seepage meter deployments ifieloke plastic bags were pre-filled
with 1 L ambient seawater before deploying thenthendrum chambers which had been
left for an initial ~ 4h to achieve equilibrationthe deployed site. This serves as a
precautionary measure aimed at addressing measuraniéacts that can readily arise
from frictional resistance and head loss alongriternal boundary of meter, attachment
tube, reservoir bags as well as short-term infiuwater after the plastic bags have been
attached to the seepage meter (Shaw and Prepas1B®8,b; Shinn et al. 2002). The
SGD flow rate, in cm/day, was computed by dividihg change in volume (chnof

water collected in the seepage bag by the crosmeearea (crf) of the benthic chamber
and dividing the result of this by the time takaoyrs converted into days), for the
volume of water to collect. Thus, net measured matkimes (in crf), collected in the
bag after every ~ 1 h on a known area (2556) cyielded the seepage rate fben?.day

= cm/day).

Resistivity Survey

Resistivity surveying is an electrical method obgleysical prospecting which depends
on variations in the conductivity, or resistivitf,rock layers. The apparent resistivity of
the ground is determined by measuring the poteditff#rence across two electrodes
while introducing current into the ground througlotother electrodes (TIQ 2006).
Streaming and fixed cable marine resistivity oHgrotential as a reconnaissance

surveying method for detecting subsurface zondéeshwater (Swarzenski et al. 2007).

Resistivity data for regional comparisons with nadiata were collected in May 2003

and February 2004 using the AGI SuperSting of AdednGeosciences, Inc. The system
continually records and stores data using a mbhliroel resistivity receiver as well as
collection of position coordinates from a GPS reeeiThe 100-m streaming resistivity
cables used contain a current electrode pair amelpotential electrodes set up to be used
in a custom AGI 100 m dipole-dipole array with ariGpacing (Greenwood et al. 2006)

. The streamers were towed across the water'sceustaa speed of ~3-5 knots.
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To obtain correct global positioning, a WAAS di#atial GPS was available throughout
the survey area from a NMEA 0183 2.0 stream oliherance 480M GPS/sonar. The
transducer was set to 200 kHz and had a deptlsolutégon of + 5 cm. The entire set of
small-scale surveys was conducted over a periagfoximately 9 hours. To detect the
variations in terrain conductivity produced by aions in pore water salinity, a Geonics
EM-31 instrument floating at the water surface weasel with minimal metal parts was
used. Since this instrument could not be caliloratecept in very resistive settings with
uniform ground saturation conditions, a floatindilBmberger resistivity array was
constructed for this purpose. To determine an aeenategrated value for the shallow
(uppermost 1-2 meters) seafloor conductivity from-B1 apparent conductivity
readings, a Schlumberger resistivity sounding ras done at a calibration site in
shallow (<1 m water depth) water. The data wera theerted for a two layer model.
The terrain conductivity inferred from inversiontbe EM-31 was then adjusted to match
the value derived from the resistivity soundinge®djustment, or correction factor, was
subsequently applied in EM-31 readings. A repelbredion was then conducted at the

end of the survey.

Elsewhere, similar streaming and fixed cable mamsestivity studies have been used in
recent years, with varying degrees of successlaatify zones of submarine groundwater
discharge. Such studies include those of Manheiah ¢2004), Stieglitz (2005); Povinec
et al. (2006), Swarzenski et al. (2007) and Tarhgatal. (2007).

Nutrient Measurements

Nutrient samples of bay water and groundwater \iiteeed through glass fiber filters
(0.70 um) and kept af@ in the field, before transporting to the laborgtat the Florida
Department of Environmental Protection (FDEP) foalgsis within the shortest possible
time. For storage that required waiting periodsdoeltwo days, they were stored in a
deep freezer (at temperatures <°0). In the laboratory, samples were analyzed for
dissolved inorganic nutrients (nitrate + nitritbogphate, and ammonium) within a
period of less than two weeks. Sodium phenolateadded as a preservative to

ammonium samples before refrigeration. Analysegewenducted using a Latchat auto-
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analyzer according to manufacturer’s guidelinesstaddard methods described in
Parsons et al. (1984) and Grasshoff et al. (1998asurements of DOC were made
using a Shimadzu TOC-V series total carbon analgzeording to the method of Benner
and Strom (1993).

SB System Flushing (Residence) Time Estimations

The approximate flushing (residence) times of tiffier@nt regions in the SB water
system were estimated by using a modified simgi prism model (Dyer 1973; Dyer
and Taylor 1973). In the model, the residence timeas estimated by taking into
consideration the flooding and ebbing cycles dubiath the neap and spring tides in the
SB region. The model represents the bay regionbas avith low tide (or flood tide)
volume V and intertidal (or average) volume P. €hmpirical equation for calculating

residence timel,, measured in days, is:

I PI(P -V e e (4.x)
where T is tidal cycle period in days. The simpdialtprism model assumes that the bay
water is well mixed. Estimates were made for betinisdiurnal and diurnal tidal range
scenarios, as the SB system experiences both.dResidimes estimated in this manner

are the minimum estimates possible.
Results

Radon Determinations

Grab Samples
During every sampling session within the SB systEém. 4.1), grab samples were
collected in as many regions as possible in a rtorffouth direction. The radon
measurements were all made during the intervalQRily July’'04. The distributions of
the?*Rn concentrations within the three regions of tBesgstem through this period are
shown in Fig. 4.6. These measurements revealtibafRn levels relatively were very
high for surface waters (> 20 dpm/L) and were galhehighest in the south region.
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There was no significant difference between conationh levels that were observed in
the north the middle areas (t-test: t = -0.15;(@88; n = 145). It is also interesting to
observe that concurrent Glfheasurements also depicted a similar variatiordtes

shown in the average SBRn concentrations (Figs. 4.6 and 4.7; Table 4.2).

Continuous?Rn Mode (CRM) Surveys
The two CRM surveys that were conducted on 27-2¢'08and 18-19 August'04
revealed a trend consistent with the grab samplései distribution of>Rn within the
SB system. Although these CRM surveys were condudtédifferent times, their trend
remained markedly consistent along the north —-hsdinéction within the SB system, as
revealed in the scatter plots (Fig. 4.8). The twda® surveys each confirmed the average
variation trend that was observed throughout tleglpéwo-year grab sampling period
(Fig. 4.6, Table 4.2). There was however, moretscéir the?”’Rn concentrations that
were observed during May’'03 compared to the resulfsugust’04. It is also to be noted
that the former measurements were conducted darpegiod of relatively less rainfall
than the latter (Fig. 4.2).

Methane (CH,)

The temporal and spatial variations in $ncentrations were observed to closely
follow that of>?Rn. For instance, a linear relationship between &ti>*’Rn
concentrations in all the regions of the SB redi@yatem was observed for all

concurrent samples assessed within the SB systigmA(F).
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Fig. 4.6: Summary of?’Rn and CH concentration distributions in the Sarasota
Bay system during the period July’02 to July’ 04ck plotted point is derived

from averaging five different points, representiivg different time periods (or
samples); n = 5.
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Fig. 4.7: Relationship betweéffRn and CH concentrations in the Sarasota Bay
system, July’02, November’02 and March’03.
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Table 4.2: Average seawaféfRn and CH concentrations in the Sarasota Bay system dunegeériod
July’02 to July’04 for bottle samples; 18-19 Aug08 for CRM survey.

Region within SB  Average CH, (nM) Average?*Rn concentration (dpm/L)
System n=19 n=214
Bottle Survey

North 56.9 15.7 20.2

(41.5) (14.1) 2.1)

Middle 34.6 12.4 24.7

6.3) (11.3) (2.5)

South 50.6 25.6 42.3

(12.7) (16.0) (4.2)

Figures shown in parentheses indicate standaxdadiens ().
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Continuous?’Rn Mode (CRM) Fixed Station Estimates
The time-series continuous radon measurementsaeaducted at two fixed stations
within the SB system: (1) New College, NC (withiretNorth Bay); and (2) Roberts Bay,
RB (within the Middle Bay). These measurements wereducted during the same
period of time (Fig. 4.9). The variations at NC &8 showed similar trends throughout
the measurement period with high concentrationtersame range as the southern
region of the bay shown earlier (Figs. 4.6, 4.8)e Tnternal consistency of these results
is somewhat remarkable since these two sites veparated by approximately 14 km.
The relative mean 6f°Rn concentration at RB (39.4 + 7.3 dpm/L) was esaknthe
same as that at NC (38.9 + 7.2 dpm/L). The closadtisimilarities between these two
regional sites may suggest a commMoRn source for the two regions.
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Fig. 4.9: Variations over time of seawat&Rn concentrations (dpm/L) and
water level at two fixed stations: (A) Roberts BRB - Middle Bay (Mean
concentration = 39.4 + 7.3 dpm/L) and (B) at theviN&ollege, NC — North Bay
(Mean concentration = 38.9 + 7.2 dpm/L), within B&rasota Bay system during
a time series monitoring, 8-12 January 2003.
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22Rn End Member Estimates and Diffusive Fluxes
In an attempt to establish the most reasonableremdber for groundwatéf’Rn
concentrations, a number of sediment equilibraggmeriments were conducted on
nearshore sediments that were collected from withenSB system. The choice of
locations for collection of sediment samples wegenty two fold - easy access and the
fact that the areas were within the vicinity of st@é sites that were suspected to have
considerable seepage, mainly due to karstic, hightgnsmissive carbonate zone within
the area (Fretwell and Stewart 1981; USGS 20073dtition to pore watefRn,
estimated diffusive fluxes can be compared withdéxeved SGD advective fluxes
determined from th&’Rn model and seepage meter measurements. Theserexgs
produced estimated pore water values ranging frodntd 800 dpm/L, with a mean value
of 390 £ 180 dpm/L (Table 4.3; n = 27).
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Table 4.3: Results of sediment equilibration experits from the Sarasora Bay system, May03 — Madch’0

Wet sediment Estimated Diffusive Region
Latitude  Longitude _ ?2Rn Conen (C,)  Pore water “’Rn 222Rn Flux (=F ain). Diffusive “?Rn Flux within SB

(°N) (°W) Site Name dpm/L Concen (C ¢q) dpmi/L dpm/m °/d (SGD equivalent, cm/d) system
27.409 82.575 Bowlees Creek (Whtfld Est) 72 193 168 0.043

27.386 82.567 New College 224 419 269 0.07 North
27.384 82.585 Mid Sar Bay 67 197 179 0.046

_ 27383 __ 82565 _NewCollege __ ____________ 184 _________ 18 ___________ A : X

27.358 82.557 Whitaker Bayou (Ind Bch) 230 643 571 0.148
27.357 82.605 Longboat Key 52 183 180 0.047
27.355 82.547 Whit Bayou 185 330 199 0.052

27.353 82.553 Whit Mouth 141 475 460 0.119 Middle
27.329 82.542 Anchorage 184 269 118 0.03
27.325 82.531 Hudson Bayou 275 635 498 0.129

_ 27311 __ 82,546 __ Siesta Key Brdge (Bascule)_ _ _ __ _ s .. 465 _ _ _ ________ 400 _ __________03103 __ __ __________

27.3 82.548 Roberts Bay 132 169 52 0.013
27.293 82.547 Bascule Bridge (south) 165 379 295 0.076
27.289 82.556 Siesta Key Canal 98 251 210 0.054
27.285 82.545 Roberts Bay 156 384 315 0.081
27.277 82.55 Philippi Creek (across) 129 248 164 0.042
27.276 82.529 PC small bridge 242 290 66 0.017
27.276 82.525 Phil Cr 285 803 715 0.185

27.263 82.542 Stickney Bridge (north) 168 252 116 0.03 South
27.253 82.532 Stickney Bridge 230 685 627 0.162
27.249 82.518 Canal 156 430 377 0.097
27.239 82.518 Marina 285 762 659 0.17
27.239 82.51 Hidd Harb (Mouth) 191 415 309 0.08
27.236 82.516 Little SB 173 358 255 0.066
27.228 82.516 Siesta Key 219 358 191 0.049
27.228 82.505 Vamo 169 316 203 0.052
27.213 82.505 Bird Keys, Vamo 110 342 319 0.082
MEANS 173 386 295 0.076
STDEV 63 180 188 0.049
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In addition to the near-surface sediment equilibraéxperiments, regional estimations
for groundwatef?’Rn end member concentrations and diffusive fluxegevalso
estimated via pore water sampling. These samples eatlected with a piezometer and
the results displayed &8Rn concentration versus depth profiles (Fig. 4.T@gse

profiles generally show concentrations near thésarclose to those estimated from the

sediment equilibration experiments (mean ~ 390Gd@n/L).
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Fig. 4.10: Deptf*Rn concentration profiles (based on piezometer fiag)drom the
Sarasota Bay System: (A) North Bay region (NC site) (B) Mid Bay region (RB site).
Values shown by arrows are mean bottom w&f&n concentrations. The shaded band
indicate the margin for the equivalent equilibriconcentration zone (390 £ 180 dpm/L).
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Resistivity Surveys

In general, the results acquired through streamesptivity survey mapping of the SB
system (Figs. 4.11 - 4.14), revealed a numberedsawith resistivity values that suggest
more freshwater located near the surface in ththsmicompared to the north. Although
the measured resistivity correlations were subitklass obvious, tH&?Rn concentration
observations also indicated higher SGD in the spottion of the SB system (Figs. 4.6
and 4.8). When using the streaming resistivity sytechnique, terrain and sediment

composition can be a crucial factor while interprg@the results (Manheim et al. 2004).
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Fig. 4.11: Map showing location of resistivity sayg and dates of acquisition. Inverted
resistivity values within the water column (one erdielow water surface).
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Fig. 4.12a: Location of resistivity Lines A and Blue dots show path of seismic
profile acquisition (May’03).
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Fig. 4.12b: Locations of resistivity lines F, Gdad run at location of seismic line within
the Sarasota Bay system (May’'03).
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Seepage Meter Measurements

Direct SGD measurements obtained through manupbgeemeters are shown together
with the correspondintfRn-SGD advection determinations (Table 4.4). Altjfothe
absolute SGD values between the two approacheasotlicbincide, they were not widely
different from each other. Of the three sites adeisd, the highest seepage meter SGD
rates were found at Caples (middle region) whikeltwest were observed at Island Park,
which is also found within the middle region. Therth region (NC) showed medium
SGD rates. Since seepage meter determinationsraotiyldependent on the local
seepages at the site, reliable results can onbptaned through several repeat
measurements of an area.
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Table 4.4: Quantitative estimations of SGD andiratrfluxes within the different regions of the &sota Bay system.

Estimated SGD Rates

SGD Nutrient Fluxes in the

(cm/day = x 102 m/day) SB system
Region in the SB Total Surface Estimated Total Combined
System Area Volume Bottle Survey Seepmeters Average SGD (mmol/m Z_day)
(x 10° m?) (x 10° m®) (*?Rn) (®**Rn) (Manual) (x 10 m/day)
NO,+NO4 PO, NH, N/P
n=214 n=214 n=18
North Bay 75.1 150.2 5.8 5.6 16.7 5.7 7.9 0.4 0.4 21
(0.8) (0.7) (8.5) (0.8)
Middle Bay 11.1 22.2 4.5 7.8 3.3 6.2 5.4 25 2.3 3
(0.6) (2.0) (2.3) (0.8)
South Bay 10.5 15.8 6.5 10.8 - 8.7 0.1 0.6 2.0 4
(0.9) (1.4) (1.2)

Figures shown in parentheses indicate standardadiewvis () and n is the number of representative SGD ratasmements in each

region used in the estimations.
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Nutrient Concentrations

Nutrient measurements of bay waters were conductéanuary and March’04, in order
to get a general sense of concentration levelamikie SB system. The results are shown
in Tables 4.5 and 4.6.
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Table 4.5: Seawater nutrient concentration levethé Sarasota Bay system. Sampling
conducted on 04 January and 04 March’04 for alSBesystem regions (North, Middle
and South).

Region DOC (mg/L)  NO+NOsz (UM) PO4 (MM) NH4 (M) N/P
2.17 1.46 0.23 0.56 9
North Bay 9.97 11.2 0.72 0.10 16
(n=4) 4.81 4.06 0.44 6.11 23
4.43 0.35 0.18 0.29 4
Mean 5.35 4.26 0.39 1.77 15
(Stdev) 3.30 4.86 0.25 2.91
12.4 0.75 0.90 1.59 3
Middle Bay 5.76 0.17 0.29 0.95 4
(n=4) 5.81 0.33 0.81 9.14 12
457 1.36 1.08 7.99 9
Mean 7.13 0.65 0.77 4.92 7
(Stdev) 3.54 0.53 0.34 4.25
6.43 0.13 0.27 0.67 3
6.81 0.19 0.37 0.94 3
6.79 0.21 0.34 0.94 4
2.93 0.24 0.39 1.06 2
South 2.92 0.27 0.37 3.87 11
(n =10) 2.23 0.34 0.41 1.63 5
13 0.71 1.22 0.00 0
8.70 2.01 1.05 5.63 7
7.63 1.96 1.15 9.06 10
12.5 1.25 1.35 0.00 0
Mean 6.99 0.73 0.69 2.34 5
(Stdev) 3.74 0.74 0.44 2.97
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Table 4.6: Average groundwater nutrient conceranatin wells found within

the vicinity of the SB system.

Region NO,+ NO3; Total Dissolved P NH4 N/P
(MM) (HM) (MM)
138 + 215 6.9+090.1 7.8+6.2
North 21
(n=3) (n=9) (n=9)
44.2 + 85 28.3+41 28.4 +27.1
Middle 3
(n=4) (n=5) (n=7)
1.2+0.7 7.1+85 23.4+12.1
South 4
(n=6) (n=17) (n=30)

Groundwater raw nutrient data source: Watershed Mwimg Section of the
Florida Department of Environmental Protection, FBE
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Discussion

SGD, Water Volumes and Residence Times

The magnitude of SGD in the SB system was evidem the independent
measurements that were carried out (Tables 4.41a)dThe average regional SGD
estimates were obtained by averaging the individaaimated regional SGD rates (in
m/day, cm/day = 1®m/day) derived from the tw&3°Rn model approaches (bottle and
CRM). The residence times of the waters of the ®i8esn, estimated via a modified tidal
wedge approach (Dyer 1973) ranged from 3 to 11.d&yshown in Table 4.1, the north
and middle regions of the SB system had similadegge times which were slightly
higher than for the south region of the bay. Exéshiesidence times may result in
enhanced primary productivity of the system if alexd nutrient levels develop. This
might have been the case in areas within the smdimiddle regions of the SB system,
partly due to the existence of numerous septic gskems in the surrounding area.
Indeed previous studies within the SB bay systewealed considerable transport of
contaminated waters into the bay with effluent frelmallow septic systems (Lipp and
Griffin 2004). More recently, Peeler et al. (20@86pwed a correlation of elevated nitrate
and caffeine levels being linked to population eesiind their associated waste water

treatment plants.
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Table 4.7: SGD - advection and diffusive flux ettions using different approximation approachehiwithe Sarasota Bay system.

Equilibration 222Rn D, Ds 222RN flux (=J) Bay SGD estimates
SB System Temperature Porosity sediment Depth  depth profile (m*day)  (m%day) Diffusion Area (a‘b‘*: Fqu/exzzerbW;
Region (°C) %22Rn conen (m)  (x 10° dpmiL) (dpm/m?/day)  (x10*m® *=manual seepmeters)
( x 10% dpm/L) (cm/day)
North 31.2 0.684 3.86 0 1.89 1.54E-05 1.06E-05 273 75.1 0.071%
(NC site) 0.2 6.03 15 0.004"
16.7°
6.8
Middle 19.9 0 1.25 1.16E-05 7.93E-06 314 55 0.081%
(RB site) 0.5 3.95 3 0.001°

3 = D AYH(CerCo), diffusive flux
bJ = p*DdC/dz, diffusive flux

¥ Radon model advection (SGD) estimates, overaliamesfor SB system (~ 2 - 3 orders of magnitudédrighan diffusive SGD flux)
*Manual seepmeter measurements, average for thé®G £ - 3 orders of magnitude higher than diffasSGD flux)
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The north region showed lower nutrient concentratiperhaps because of a relatively
larger seawater volume compared to the other regiarrelation to the other regions of
the SB system (Table 4.6), the north region acsoiantabout 80% of the total volume of
seawater present, while the middle and south regioty account for about 12% and 8%

respectively.

?22Rn Model and Seepage Meter SGD Estimates

The bulk of SGD estimations in the SB system wareed out using the “grab

sampling” (bottle) method (Fig. 4.5). The measunetsieovered included various
periods between July’02 and August'04. The overstimated groundwater advection
(SGD) in the three main regions within the SB systduring the study period ranged
from 0.7 to 24 cm/day. In the north region of th system the range was from 0.7 to 5.9
cm/day, while in the middle and south portionshaf bay the range was from 5.9 to 24

cm/day.

On average, SGD estimates in the SB system that mvade by th&?Rn bottle
technique were relatively lower compared to thoselenusing seepage meters and the
continuous mod&?2Rn techniques (Table 4.6). This was not unexpdutedever
because in the former method (based on grab sagyplive radon mixing losses in the
estimations are neglected since these are inseouarsamples, while this aspect is
accounted for in the case of CRM estimates madermn-steady state mass balance
approach. The average salinity within the SB sysddanng the investigation period was
26.0 + 4.2 ppt.

The relatively unusually higff’Rn concentration levels (> 20 dpm/L) measured thinou
the entire SB system (Fig. 4.6) could imply onéhef three possibilities, either; the SB
waters have high SGD prevalence, or the presencenafrals associated witf°Rn (i.e.
2°Rn) in the underlying rocks, or the SGD into thg bantain very high concentrations
of 2Rn per volume discharged. However, looking at othéependent evidence such as

the high CH4 concentrations whose variation trdndaty follows that of?’Rn (Fig.
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4.6), and the generally low salinities within th& §/stem (Fig. 4.8), it is more probable
that the higHf?’Rn are associated with the prevalence SGD ratherttre other two
possible factors. This is further augmented bynla@ual seepage meter SGD values
which averaged about 10 + 5.4 cm/day (Table 4.ANf® and MR combined, where the
seepage meters were deployed.

The two CRM surveys that were conducted in May'08 August’04 revealed a
relatively consistent trend in the distributiontioé radon concentration estimates, within
the entire SB system (Fig. 4.8). It was evidentrfithe observed trends that relatively
high SGD rates were likely present in the soutlhoregnd the lowest levels in the middle
region of the bay (Fig. 4.8). While the observeahtt of SGD estimates is likely
attributable to the local hydraulic gradients, &ma great extent on the surrounding
regional catchment areas, it is also importanbtwsler the prevailing sediment
properties and structure within the different regioHydrological conductivity of
sediments and the topography of an area are ittiagtars that could directly determine
the net SGD rates (Hornberger et al. 1998).

The trends in groundwater advection estimates pedd using the CRM survey and
those that were done by the bottle method at tifereint sampled sites within the SB

system were largely in agreement in magnitude.
The continuous SGD measurements at two fixed siatiothin the SB system, at NC

and RB sites were synchronized and conducted witi@rsame period of time (Fig.
4.15).
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Fig. 4.15: Variations over time of estimated adiettate (cm/day) with water level at
fixed sites: (A) at the New College, NC — North Bdjean advection = 43 + 20 cm/day)
and (B) at Roberts Bay, RB - Middle Bay (mean atleac= 46 + 21 cm/day), within the
Sarasota Bay system during a time series monito8+i January 2003. Groundwater end
member used was 390 + 180 dpm/L.
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These two time-series sites were “hot spots” idieatin the survey, so their SGD
estimates were relatively high as expected. Ireggfithe fact that these two sites were
about 14 km apart their radon concentrations anD 8&limates were very similar (Figs.
4.16 and 4.17). A statistical analysis revealedigaificance difference between the
measurements (p = 0.62= 0.05; n = 78), and the relative estimated SGama RB

(46 £ 21 cm/day) was essentially the same as af48G 20 cm/day). The representative
pore water end-member radon concentration usdteiCRM advection model
estimations was 390 + 180 dpm/L. This was the ayeevalue derived from several
sediment equilibration experiments that were cotetlion nearshore sediment cores
collected throughout the SB system (Table 4.3)htuld be noted that the “+” associated
with these estimated fluxes refer to real standardations (&) and are not uncertainty

values.
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Fig. 4.16: A scatter plot of synchroniz&dRn-SGD (cm/day) estimates (CRM) at
the two time series sites, NC (North) and RB (Mé&dlithin the Sarasota Bay
system, 8-12 January 2003.
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Fig. 4.17: Average advectiof?fRn model) within different regions of the Sarasbsy
system, July’02, November'02 and March’03.
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The similarities between these two fixed CRM regiaites (Fig. 4.15) may indicate a
common SGD supply source for the two regions, peslaaregional aquifer that
discharges in both regions. In both plots, the gdrenusoidal SGD variation pattern at
the two sites closely related to the way the twdave varied. In each case, the highest
SGD peak occurred a few hours after the lowestwidier level was reached. A similar
phase difference has also been observed elsevwrastance, in their correlation
analyses between SGD and sea level in Osaka Bagn Jaaniguchi and lwakawa
(2004) found that SGD changes were delayed by #stafter sea level changes.

There were differences in SGD estimates via CRMsa@hage meters within the same
bay regions (average difference of ~ 33%). It stidnd noted that the SGD
measurements at NC and RB sites were made at clistaiose to the shoreline within
areas that were generally known to have substamtiaharine seepage (these substantial
diffuse SGD were evident through measurements takeg manual seepage meters
within the area). It is therefore likely that tredatively higher overall CRM SGD
estimations in the two time series sites compavdtié observed seepage meter values
were probably due to the karstic, high-transmissatire of the carbonate zone
predominant in areas around where NC and RB samgpiias were located (Fretwell and
Stewart 1981; USGS 2007).

The SGD values derived from estimated diffusivedisiobtained from equilibration
experiments on sediment cores of the SB system meggiegible compared to SGD
advection estimations (Tables 4.3, 4.7). The eg#df?’Rn diffusive fluxes were at
least two orders of magnitude lower compared toutated fluxes estimates derived
from the®’Rn model within the same sites (Table 4.7). Ihteliesting to observe a
marked difference if?°Rn concentrations in piezometer samples from NCRBaites
(Fig. 4.10). While the surfadé®Rn concentrations from both areas were similargthe
was a sharp difference observed in terms of thegittdconcentration profiles. The NC
sediment?’Rn concentrations profile increased gradually @mlained fairly constant
beyond the 2 m depth level at a value of ~ 390 dpmhich is essentially the same as

the pore water end - member based on the sedimaitibeation experiments. Unlike the
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NC profile however, the RB sité’Rn pore water concentration profile revealed an
irregular variation with depth (Fig. 4.10). Whileetaveragé?’Rn concentrations above
2.5 m depth level were < 250 dpm/L, a prominenkpeas found at around 3 m of about
7000 dpm/L. This peak is likely indicative of theepence of a uranium enriched
phosphatic sediment or freshwater lens at thishdgipte thé°“Rn concentration levels
tapered off to lower concentrations at deeper \stlowing that the elevated levels were
mainly localized at the 2.5 — 3.5 m depth range= [blw salinity range (1.7 — 4.8 ppt)
observed within this depth and the higher valueshatiower sediment depths (11.7 —

23.9 ppt) confirm the presence of a freshwater.lens

In contrast td??Rn, CH, is rarely used as a quantitative SGD tracer. Hanehe
potential usefulness of GHs a groundwater tracer is quite evident in tealte shown

in Fig. 4.7. A direct graphical correlation anafysf the CH and®?’Rn data revealed a
fairly strong relationship fr= 0.31;a = 0.05; n = 54) between the two data sets. Irespit
of CH, not being a conservative SGD tracer, its markedigtive potential in SGD
estimations is owed to the fact that the relatimecentrations of ClHassociated with
advecting groundwater compared to those in amisiesvater (Cldw/CHasy) is typically
higher by some orders of magnitude. In the prestraly, this ratio was ~ 16 (i.e. one
order of magnitude higher). In a previous studyg®aiet al. (1996), measured both,CH
and?*Rn concentrations of up to three orders of mageitedncentrations of up to
about 3300 and 2100 times higher respectivelyyaumgdwater from an offshore spring

compared to the respective ambient seawater caatents.

Seepage meters on the other hand are site spaetfidependent on the specific local
sediment environment where the benthic chambezptogted. Reliability of the seepage
meter SGD estimations is normally based upon a&sgmtative number of deployments
made within a given location. Although some induatl SGD estimations obtained by
direct manual seepage meter measurements at siesevghin the SB system appeared
to differ from those derived from tH&Rn approach (Fig. 4.16), when pooled, the overall
data agreed more closely and no statistical difileeevas found among them (t-test: p =

0.12;a = 0.05; n = 18). In their review, Burnett et &006) found good agreement in
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patterns and overlapping calculated advection @tdadependent estimations by
seepage meters and the radon model, during acamgarison SGD study which was

conducted at the same location (West Neck Bay k&hsland, New York).

Relationship Between ?’Rn and CH,

The significant elevation of radon and methanerougdwater compared to the
surrounding ambient water makes them particulasBful tracers of groundwater to the
nearshore coastal waters. Nonetheless, it is impbtd note that methane is also
produced and consumed in a number of microbiallgliated reactions and thus its direct
application in SGD assessments require a moreutanedlysis (Bugna et al. 1996). In
spite of this fact however, there is evidence thathane has been successfully utilized as
a tracer of hydrothermal vent activity in the watelumn nearby an Oregon marginal
ridge (Kulm 1988). Although Ckiis non-conservative, it may still be a useful érac
because of the relatively large concentration tiffiee that exists between seawater and
groundwater, which in some cases has been foubd tp to three orders of magnitude
(Bugna et al. 1996). A number of methane studieb s that of Burke et al. (1983),
have provided further supporting evidence to tfiectthat microbial activity associated
with suspended particles is likely to be respomsibt excess CH This is further
augmented by the fact that freshwater (SGD) is rfanrerable to CH production than

the seawater environment (Angelis 1993). Genersllifate reduction (HS - production)
precedes methanogenesis (methane production) leesalfiste-reducing bacteria
outcompetes methanogens for substrates (Capon€iame 1988). Given that
methanogenesis is more important in freshwater ithann seawater, the abundant
presence of Clda nearshore coastal environment will most likedyitdicative of
freshwater (SGD) advection. While Ghhay be a good SGD indicator, its non
conservative nature precludes it from being usesl @santitative assessment tool for
SGD. In this respect?®Rn is better suited for such use since it is batinart gas and

like CH, also available at relatively high concentratiamglioundwater environments
compared to surface water. Nevertheless, iISkn important qualitative tool for SGD

assessments.
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Resistivity Survey

Streaming resistivity surveys offers potential as@nnaissance surveying method for
detecting zones of fresher groundwater (Figs. 441112). Calibration points at < 1.5m
depth in Sarasota Bay showed a reasonable coorela¢itween pore water resistivity and
terrain resistivityas compared to measurements conducted at otheeisdégrrain, or land
relief or topography, is the third or vertical dinséon of land surfacel errain resistivityis

therefore the vertical resistivity value of theiséigity measurements).

While calibration points at < 1.5 m depth in the 8Btem showed a consistent
correlation between pore water resistivity anddierresistivity, on the local (hundreds of
meters) scale, lateral variations in resistivitlesived from inversions of resistivity data
were not found to be reproducible. Nearly coinctderes collected 30 minutes apart in
time showed different local signatures. This apptl@cal lateral variability in the
resistivity profiles is inferred to be a resultioversion of noisy streaming resistivity
data. Streaming resistivity data in shallow wagar be very noisy and suffers from
inversion artifacts associated with errors in seafdepths, electrodes getting pulled out

of the water, and 3D effects, among others.

On the regional (kilometers to tens of kilometasle the relationship between marine
resistivity and tracer-based SGD estimates didyenerally follow the expected pattern
of higher resistivities associated with higher S@BD (Fig. 4.11). There appeared to be
only subtle differences between resistivity stroetun the northern and southern regions
of the bay. These small differences show an invelegionship regionally between
advection rates and resistivity values in the nartt south portions of the bay. The north
region of the SB system was dominated by lower flates ranging between 0.71 and 5.9
cm/day and higher resistivity values between 3d 2;hh0Q-m. The south region

displays generally higher flow rates ranging frofa & 24.0 cm/day with lower

resistivity values between 0.31 and 4n. This inverse relationship is the opposite of
what would normally be expected if fresh SGD wéeedominant cause of resistivity
variability throughout the area. Seafloor resisiéd instead may be influenced by

stratigraphy, particularly the presence of a ctgjel at ~10-15 m depth in the south
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region. In the south region, the general trenthftbe seafloor downward is of
decreasing resistivity at the depths associateld thé clay layer, and increasing
resistivity below clay depths. In the north regiamere limestone is close to the bay
floor, resistivity values are slightly higher, atie decrease in resistivity around ten

meters depth is less pronounced.

To determine whether consistent relationships ddstveen pore water conductivities
and terrain conductivities as measured with stragresistivity exist near SB system,
pore water samples were collected along with sarfeater resistivity surveys at 3 sites.
When water 1D-resistivity inversions were perforna¢@ach of these sites and resistivity
over the depth interval sampled compared with p@ter resistivity, a relatively
consistent formation factor was found. This sugg#stt surface-based resistivity

measurements could be used as an indicator obghptire water resistivity.

A number of plausible explanations for the obsetegeer resistivity found at 15 m (Fig.
4.13) compared to resistivities at 10 or 5 m depéehpossible. One explanation is that the
area is no longer just a discharge area but alsotarge area and because of this two
way head gradient, saline surface waters may eedty greater depths through conduits
found in the limestone and move into the underlyggifers. The other possible
explanation is that over pumping from the undedyfitoridan aquifer for irrigation and
other purposes had altered the extent and thiclofabe freshwater lens and thereby
reduced the amount of readily available freshwdtés.also worth noting that there were
some temporal differences between the 2003 and 3(gtivity surveys although both
data sets were collected during the dry seasonefideer - May). The May survey
occurred at the very end of the dry season, sdexdavels would be at their lowest and
the region would have gone for the longest penmids little to no rainfall, which would
produce less available freshwater and thus ledalter resistivity values. In comparison,
the February survey was conducted earlier in tas@ewhen aquifer levels were higher
than those found in May, since the former was daw@bonth than the latter. The
additional freshwater input during this time periody be another explanation for the

higher overall resistivities found in the northicgduring the 2004 survey.
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Nutrient Fluxesin the SB System

There were no trends in the variation of seawatéients that were measured in January
and March’04 within the different regions of the S§tem (Table 4.4), partially due to
limited nutrient data that was available. HowewexGept for NQ + NO;, there were
generally somewhat higher nutrient levels obsemwilin the middle and south regions
(albeit not being statistically different), as cangd to the north region. Since the
nutrient data were only from occasional grab sag)ptes difficult to expect these data to
reveal a representative nutrient distribution treaxdhe entire SB system. It is possible
that the apparent higher nutrient levels observighimthe middle and south regions is
due to factors related to the general ocean watarlation, rather than to their actual
source. Factors such as residence time, mean deptiber of passes and sediment
characteristics, could all be contributing to thgional nutrient distribution. It is also
expected that groundwater seepage into the SBrsystkiences the nutrient
concentrations since the groundwater nutrient cainggons tend to be high (Table 4.5).
Such an effect might be especially important iraarhat have longer residence times
where the expected occurrence of rapid tidal ditugffect to the open Gulf of Mexico
(GOM) is impeded. This is more likely to happenhiitthe middle and south regions
rather than in the north as there is a much largkeme of water involved (~ 80% of SB
system water is found within the north region ajoB®cause of the apparent complex
interactions of these factors, non-linear relatops are likely to result between SGD
nutrient supplies and the subsequent concentraiamsobservations are consistent with
an earlier work within the SB system by Tomaskale¢1996), who noted that the water
guality parameters did not clearly reflect differes in watershed nutrient inputs. The
relative elevation of nutrient levels within the &jions where relatively substantial
SGD was observed (such as in the south regioir),agreement with earlier studies that
have associated SGD with dissolved nutrient suplyin coastal environments (USGS
2007; Valiela et al. 1990; Capone and Slater 1990).

Groundwater nutrient concentrations for each ottinee regions (Table 4.5) were

assumed to approximate the SGD or pore water ctnatiem levels in each region.
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Groundwater nutrient concentrations in wells fagaar surrounding SB system were
obtained from the Florida Department of EnvironmaéRrotection (FDEP) database
(Appendices A.1, A.2, and A.3). Nutrient fluxes &ach region were estimated by
multiplying the regional estimated SGD rates with tespective average groundwater
nutrient concentrations in that region (i. e., Hu$GD rate x nutrient concentratisn

m/day x mmol/m = mmol/nf.day).

On the basis of the regional groundwater nutristitreates (Table 4.5), except for N®
NO;, the estimated SGD nutrient fluxes depict elevatddes for the north and south
regions in all the measured nutrients (Table 4@ative to the middle region. Assuming
a constant width of the seepage face per shoré¢hevithin each region of the SB
system, then about 40% of the dissolved inorgagonal nutrient fluxes occur in the
north while ~ 60% occur in the middle and southiaeg combined (though normally
higher seepage is expected at the nearshore asaSE&D distribution was assumed

within each region in making these estimates).

From these estimates it seems clear that the eartidel (WASP4) generated estimate of
~10 % for nitrogenous nutrients being attributedrmundwater may be an underestimate
(USGS 2007). As revealed in the present study, 8GDsignificant source of nutrients

in SB system, and assuming that the SGD seepageaegvers the 200 m coastal zone
from the shoreline seaward, then about 27% of tétial associated with SGD in the
entire SB system (with base flow included as phB®D). The estimate is based on the
median end member groundwater (N) concentratiomevaithin the region. This value is
comparable to atmospheric and rainfall inputs whielne also estimated at about 27% of
total N in the region. 46% of the total N was attited to surface runoff. In this
estimation it was assumed that the general SGDageeaggime lies within 200 m from
the shoreline, as has been found in previous "edsewhere within the region (Burnett
et al. 2006). Using the map scale provided for3Besystem, the overall area attributed
to SGD worked out to approximately 8% of the tataa of the SB system. In addition,
the middle and south regions have the highest dveraient flux per volume ratio

compared to the north region, thus making them raoseeptible to nutrient loading
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effects. Regional SGD nutrient fluxes may depenahugpe relative sizes of the
catchment basins. Of the three regions in the SBegy, the south region has the largest
catchment basin area compared the other two re@ifogs4.1; USGS 2007).

The regional SGD (groundwater flux) N/P ratio wasir2the north, 3 in the middle and 4
in the south regions respectively (Table 4.6). xder the north region, it was evident
that all the others had N/P ratios that were lkeasa the theoretical Redfield ratio of 16
(Redfield et al. 1963). The relatively elevateddisvof DOC (Table 4.4) within the
middle and south regions is consistent with higd@D in these areas since DOC has
often been strongly associated with groundwatet i@nnherent terrestrial nutrient loads
as well as low pH levels (Goldharber et al. 197amt8s et al. 2008). In general, there are
several possible explanations for the low N/P satibserved in both the seawater and
groundwater of the SB system. Among the probal@deaes for the observed low N/P
ratio include the fact that, in our estimationsamty considered the dissolved inorganic
nitrogen (DIN) fraction, while assuming that théet labile nitrogen fractions such as
the dissolved organic nitrogen (DON) were negligilDther reasons that could be
attributed to this observation may include the bareof PQ, in groundwater. For
instance, while reactive phosphorus in groundwiatarostly present as inorganic
dissolved PQ it is generally rapidly removed through sorpttorferoxides or co-
precipitated with Al and Ca in mineral phases tiglois flow path (hence raising the
N/P ratio), though this removal becomes signifigamefficient in anoxic environments
(Zanini et al. 1998). A case in point is a studintermilk Bay, Massachusstes, where
the N/P ratio was observed to rapidly increase fignat the outlet of a septic system to
40 one meter downstream (Slomp and Van Cappelled)2The converse of this may be
explained by taking into consideration the relaaweount of P present or supplied, with

respect to that of N within a region.

A previous study of Sarasota Bay by Dillon and Gbar{2005; 2008) had shown that
storm water P@Qcan be a significant source to the underlying gdwater aquifers. They
showed that P©concentrations which ranged from 3.5 to 13.8 pimalkre

significantly higher than concentrations in raingrabWhile low N/P ratios are rather
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unusual for oxic groundwaters where dissolved B@ormally expected to be negligible
and the coastal groundwater N/P ratios are typitagher than 16, this is not totally
surprising especially if the sorption capacity nfaguifer is overwhelmed due to
excessive terrestrial P inputs (Slomp and Van Cép2004). Indeed, values as low as
3 have also been reported in the North Inlet, SQattolina, where P-fluxes were found
to average on the higher level, ~ 900 umaiday (Krest et al. 2000). In a similar study,
Suzumura et al. (2000) reported high levels ofah&sd PQ in groundwater in Tokyo
Bay, Japan, where values in excess of 101 uM wegsuared.

The average nutrient fluxes obtained in this staahged from 2.1 to 8.3 mmolfrday

for DIN (combined NH and NQ + NO), and 0.4 to 2.5 mmol/fday for total dissolved

P (Table 4.6). These values were on average htgharthose reported recently in a more
pristine site in the northeastern Gulf of Mexicau(®s et al. 2008). The generally high
nutrient fluxes observed are partially to be attidal to the reported high density of septic
tank systems commonly used in the increasingly |aded coastal settlements found in
the surrounding area of the SB system (SBEP 208& % 2007). Overall, our nutrient
flux values were comparable to other studies dordifferent coastal environments
(Table 4.8).
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Table 4.8: Comparison of nutrient flux rates an& Kitios between this study and other studies.

Total DIN
Study Site Dissolved P (= NH4 + NO+ NO3) N/P Source
(mmol/m?.day) (mmol/m?.day)
Tampa, Florida 0.1 0.9 7 Swarzenski et al. 2007
Turkey Point, Florida (FSUCML) 0.4+0.3 82+1.2 6 - 813 Santos et al. 2008
Florida Bay, Florida <0.03 04-15 - Corbetakt1999
Wagquoit Bay, Massachusetts - 0.55 - Charette 08Il
Nauset Marsh Estuary, Massachusetts - 24 -72 >16 Portnoy et al. 1998
Pettaquamscutt Estuary, Rhode Island 0.03 0.41 14 elly Knd Moron 2002
Kaloko, Hawaii - 116 - Paytan et al. 2006
North inlet, South Carolina 0.9 2.4 3 Krest e28l00
Sarasota Bay, Florida (SB system) 04-25 2.3-8 3-21 Present Study
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The close agreement of the observed SGD trendg bsih seepage meters &AtRn

has been reported in earlier studies. Burnett é2808), for example, found a similar
SGD pattern with seepage meters as welf4n concentrations in Flamengo Bay,
Ubatuba, Brazil. Some other studies in varioussteae environments have also found
similar observations (i.e. Sholkovitz et al. 20B8ynett et al. 2006). It is thus suggested
that these independent SGD estimation techniquapleonent rather than substitute for
each other. Therefore a better understanding of B area is more probable when

more than one of these approaches are appliedomalementary manner.
Conclusions

In our assessment$?Rn was shown to be an effective tracer for subreagioundwater
discharge. SGD flow rates calculated from the rdalmamodel are consistent in
magnitude with those obtained using manual seepegers. Due to its relatively high
concentration in freshwater compared to seawatethane (Ch) is potentially useful for
gualitative SGD determinations. There is some megivariability in SGD rates within
the different regions of the Sarasota Bay syste&D &ates were shown to be relatively
higher in the middle and south regions compardgti¢aorth region of the system.
Although much of it is likely re-circulated SGD gtlmumerous possibly leaky septic tank
systems found within the middle and south relayiveghly populated coastal
settlements, play an important role in the obse®&@&® dissolved inputs to the Sarasota
Bay system. This was revealed through the regiseahlater nutrient concentration
levels, nutrient fluxes and N/P ratios. Howevee, ¢fenerally large variations in water
column nutrient data may be attributed to the nedtit limited data that was available in

this study.

The estimated advection rates in the Sarasota ¥gm were found to range from 0.7 to
24.0 cm/day, except for isolated hot spot occusmvehere higher rates were observed.
In general SGD estimates were relatively highehenmiddle and south regions (5.9 —
24.0 cm/day) compared to the north region (0.79-ch/day). Although nutrient
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concentrations did not reveal any obvious trene abverage nutrient flux N/P ratio was

higher in the north compared to the middle andlsoegions.

The importance of SGD in the Sarasota Bay systesiewvalent in that, about 40% of the
dissolved inorganic nutrient fluxes via SGD wereasweed in the north while the
remaining ~ 60% occurred in the middle and sougiiores combined. Overall therefore,
about 27% of the total dissolved N is associated ®GD in the entire SB system. In
addition, the middle and south regions had thedsghbverall regional nutrient flux per
water volume ratio, compared to the north, thusingathem potentially vulnerable for

the occurrence of eutrophic conditions.
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CONCLUSION

The continuous heat-type automated seepage mei@raede reliable, long-term SGD
rate measurements that agree both in trend andimmdgrwith other independent SGD
techniques, including the manual seepage metevnrasl a geochemical tracer, and an

electromagnetic seepage meter.

Our studies showed that connecting a 76.2 m exdertsible to the seepmeter has
negligible effects on its SGD measuring capabibiylong as calibrations are made with
the extension cable connected. Similarly, the ageeffect of low temperature can also

be effectively accounted for by conducting calilmas at the anticipated temperatures.

Salinity was found to have no significant effecttba continuous heat-type automated
seepage meter measurements as the calibratiotsrésuah fresh water and sea water

agreed to within the 95% confidence level.

The Bernoulli-type flow artifacts on SGD - seepmeteasurements can be significantly
reduced by submerging (or burying) the seepagembeinthic chambers to the same

topographic level as the sediment.

The study revealed that the percentage differerteden SGRepand SGRyg
measurements are much greater (~twice) for deplotsneith unburied compared to

those with buried benthic seepage chambers.

Results of the Sarasota Bay case study reveal@hedgariability in SGD rates within
the different regions of the bay system. SGD ratex® shown to be relatively higher in
the middle and south regions compared to the medion of the system. This resulted to

varying regional sea water nutrient concentratevels, nutrient fluxes and N/P ratios.
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About 40% of the dissolved inorganic nutrient flaxeéa SGD were measured in the
north while the remaining ~ 60% occurred in theaiedand south regions of the
Sarasota Bay system, combined.

Overall, about 27% of total N is associated withC5G the entire Sarasota Bay system.
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APPENDIX A

Table A.1: Groundwater NOr NO; concentrations (UM) in wells in vicinity of SB sgm.

NO, + NG; NO, + NG; NO, + NO;
Region Latitude Longitude Station Concentration Concentration Well Depth Average
Concentration
(°N) (°E) Name (mg/L) (HM) (m) (HM)
North 27.4551 81.4710 SW3-UA-2069 5.4 385 17.7
27.3748 81.4949 SW3-CA-2032 0.39 27.8 52.1 138 + 215
27.3511 81.3605 SW3-UA-2038 0.01 0.6 14.3 (n=3)
27.3235 81.4716  SW3-CA-2039 0.04 3.1 62
Middle  27.2918 82.3641 SW3-UA-2078 2.4 171 7.9
27.2744  82.3812  SW3-UA-2066 0.01 0.4 7.0 44.2 +84.8
27.2715 81.5458 SW3-CA-2052 0.03 1.9 107 (n=4)
South  27.2123 81.4803 SW3-UA-2032 0.01 0.8 13.4 1.2+0.7
27.1759 81.4929 SW3-CA-2059 0.01 0.6 402 (n=4)
27.1002 82.2029 SW3-UA-2058 0.03 2.1 18.9
26.5645 81.4828 SW3-UA-2052 0.02 1.3 25.9

Groundwater raw nutrient data source: Watershed Mwing Section of the Florida Department of Envirnental

Protection, FDEP.
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Table A.2: Groundwater P{@oncentrations (LM) in wells in vicinity of SB sgst.

PO, PO, PO, Average
Region Latitude Longitude Station Concentration Concentration Well Concentration
(°N) (°E) Name (mg/L) (M) Depth (m) (M)

27.5918 81.4306 SW3-UA-2049 0.01 0.3 18.6

27.5511 81.3538 SW3-CA-2012 0.01 0.3 100.6

27.5511 81.3538 SW3-UA-2045 0.74 23.9 18.3

27.5413 81.3721 SW3-CA-2068 0.49 15.8 193.2 6.9+9.1
North 27.4552 81.4710 SW3-CA-2044 0.02 0.6 230.7

27.4551  81.4710  SW3-UA-2069 0.01 0.4 17.7 (n=9)

27.3852 82.0315 SW3-CA-2008 0.01 0.3 347.5

27.3748 81.4949 SW3-CA-2032 0.14 4.5 52.1

27.3511 81.3605 SW3-UA-2038 0.48 15.5 14.3

27.2950 81.3052 SW3-UA-2031 3.1 100 6.1

27.2928 81.4741 SW3-UA-2072 0.61 19.7 3.0
Middle  27.2918 82.3641 SW3-UA-2078 0.1 3.2 7.9 28 +41

27.2744 82.3812 SW3-UA-2066 0.51 16.5 7.0 (n=5)

27.2545 81.3523 SW3-CA-2067 0.06 1.9 354

27.2123 82.2435 SW3-UA-2051 0.01 0.2 7.6

27.2123 81.4803 SW3-UA-2032 0.11 3.6 13.4

27.1544 82.2616 SW3-UA-2042 0.02 0.5 55
South 27.1233 81.3922 SW3-UA-2024 0.75 24.2 16.8

27.1139 82.2845 SW3-UA-2014 0.26 8.4 9.8

27.1135 82.0748 SW3-CA-2005 0.01 0.2 257.6

27.1117 81.4625 SW3-UA-2008 0.26 8.4 8.2
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Table A.2 — continued

PO, PO, PO, Average
Region Latitude Longitude Station Concentration Concentration Well Concentration
(°N) (°E) Name (mg/L) (M) Depth (m) (M)

27.1022 82.1516 SW3-UA-2023 0.1 3.2 10.7

27.1002 82.2029 SW3-UA-2058 0.1 3.2 18.9

27.0500 81.5716 SW3-CA-2003 0.003 0.1 57.6

27.0435 82.0856 SW3-UA-2043 0.16 5.2 8.4

27.0419 81.3659 SW3-CA-2030 0.01 0.2 127.1 71+85
South  27-0419 81.3659 SW3-UA-2100 0.65 21.0 7.3 n :'17')

27.0152 82.0001 SW3-UA-2004 0.59 19.1 9.1

26.5645 81.4828 SW3-UA-2052 0.62 20.0 25.9

26.5645 81.4828 SW3-CA-2019 0.004 0.1 183.5

26.5645 81.4828 SW3-CA-2075 0.1 3.1 71.0

Groundwater raw nutrient data source: Watershed Mwing Section of the Florida Department of Envirnental
Protection, FDEP.
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Table A.3: Groundwater Nftoncentrations (LM) in wells in vicinity of SB sgm.

NH4 NH, NH, Average
Region Latitude Longitude Station Concentration Concentration Well Concentration
(°N) (°E) Name (mg/L) (M) Depth (m) (M)
28.0417 81.5720 SW3-UA-2089 0.27 19.3 10.7
27.5511 81.3538 SW3-CA-2012 0.17 12.1 101
27.5511 81.3538 SW3-UA-2045 0.02 1.6 18.3 7.816.2
27.5505 81.5241 SW3-UA-2065 0.01 0.8 16.1
North ~ 27.5413  81.3721  SW3-CA-2068 0.15 10.7 193 (n=9)
27.4552 81.4710 SW3-CA-2044 0.15 10.7 231
27.3852 82.0315 SW3-CA-2008 0.13 9.3 348
27.3748 81.4949 SW3-CA-2032 0.05 3.6 52.1
__________________ 27.3511 813605 SW3-UA2038 003 21 143
27.3235 81.4716 SW3-CA-2039 0.02 11 62.2
27.2950 81.3052 SW3-UA-2031 11 78.5 6.1
27.2928 81.4741 SW3-UA-2072 0.38 27.1 3.0 28.4+27.1
Middle  27.2918 82.3641 SW3-UA-2078 0.58 41.4 7.9 (n=7)
27.2715 81.5458 SW3-CA-2052 0.5 35.7 108
27.2545 81.3523 SW3-CA-2067 0.02 1.6 35.4
__________________ 27.2511 823457  SW3-CA2018 019 136 104
27.2405 82.1616  SW3-CA-2049 0.26 18.6 146
27.2250 82.1751  SW3-CA-2002 0.43 30.7 32.6
27.2123 82.2435  SW3-UA-2051 0.91 65.0 7.6
South  27.2123 81.4803 SW3-UA-2032 0.08 5.4 13.4
27.1759 81.4929 SW3-CA-2059 0.24 17.1 402
27.1707  82.0227  SW3-CA-2043 0.04 2.9 296
27.1616  82.2403 SW3-CA-2057 0.28 20.0 136
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Table A.3 - continued

NH4 NH4 NH,4 Average
Region Latitude Longitude Station Concentration Concentration Well Concentration
(°N) (°E) Name (mg/L) (UM) Depth (m) (M)

27.1544  82.2616  SW3-UA-2042 0.25 17.8 55

27.1233 81.3922  SW3-UA-2024 0.08 5.6 16.8

27.1139 82.2845 SW3-UA-2014 0.46 32.8 9.8

27.1135 82.0748  SW3-CA-2005 0.28 20.0 258

27.1028 81.5835 SW3-CA-2063 0.32 22.8 204

27.1022 82.1516  SW3-UA-2023 0.45 32.1 10.7 23.4+12.1
South  27.1002 82.2029  SW3-CA-2077 0.24 17.1 128

27.0921 82.2342  SW3-CA-2025 0.14 10.0 36.6 (n=30)

27.0558 82.2410 SW3-CA-2042 0.29 20.7 335

27.0500 81.5716 SW3-CA-2003 0.39 27.8 57.6

27.0435 82.0856  SW3-UA-2043 0.5 35.7 8.4

27.0435 82.0856 SW3-CA-2066 0.35 25.0 50.3

27.0419 81.3659 SW3-CA-2030 0.38 27.1 127

27.0419 81.3659 SW3-UA-2100 0.43 30.7 7.3

27.0340 81.5302 SW3-CA-2035 0.32 22.8 140

27.0228 81.4433  SW3-CA-2058 0.36 25.7 419

27.0152 82.0001 SW3-UA-2004 0.14 10.0 9.1

27.0146  82.0413 SW3-CA-2010 0.44 314 107

26.5645 81.4828 SW3-UA-2052 0.47 33.5 25.9

26.5645 81.4828 SW3-CA-2019 0.41 29.3 184

26.5645 81.4828  SW3-CA-2075 0.47 33.5 71.0

26.5639 82.1305 SW3-CA-2054 0.25 17.8 189

26.5630 81.5816 SW3-CA-2051 0.16 11.4 79.2

Groundwater raw *nutrient data source: Watershednitaring Section of the Florida Department of Emnmental Protection, FDEP.
Special note* - In the appendices A1-A3 aboveappmarent disparity in the number, n, of replicailesome of regional data is due to the
fact that the quality control criteria used exchatisome of the data from being used in the esbmstit is also observed that there is a
wide nutrient concentration ranae in some of tledlsy Data collected from Jan’06 to Jun’i
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APPENDIX B

DEVELOPMENT OF THE CONTINUITY DEVICE, VoST, AND IT&PPLICATION
IN THE QUANTIFICATION OF SUBMARINE GROUNDWATER DISEBARGE

Publication status:

Further research is still continuing for developinefidevice.

Abstract

The challenge posed by the need to accurately dpanbmarine groundwater discharge
(SGD), has led to the currently continuing effdoysscientists for search of suitable tools
or approaches that could be reliably used forghipose. We report for the first time, an
inexpensive but efficient novel device which idl sthder research for further
development. The operation of this device, VoShased on the law of conservation of
mass and the application of continuity principtaudes the basic conservative water
properties: volume, salinity and temperature, fr@here it also derives its acronym.
Preliminary SGD assessments between VoST (Figs.B32) and other SGD approaches
such as, seepmeters and geotra¢éfRif model), have been found to be in agreement.

Derivation of Steady State Volume-Salinity-Temperaitre (VoST) — SGD Model

Equation

Principle and Assumptions
The steady state Volume-Salinity-Temperature (VoS$BGD model equation is derived

on the following scientific basis:

1. The laws of continuity (Hornberger et al. 1998onservation of mass (or
volume in this case), and energy (heat) apply senlcenthic chamber is
considered to be a (semi) closed system:
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(e., Q=@ = @&=Q =gA = constant, angiC,V1T1 + p2Cy(V-V 1) T2 =
p3C3VT3)

2. SGD flux at the sediment-water interface is assutadsk constant (at least
during the period of assessment or measuremeint) droinfinite reservoir
(aquifer),

3. The lateral gain or loss of heat of the experimesttamber is negligible,

4. All the SGD flux from the bottom of the benthic ahlder is compensated for by
loss through the outlet at the top of the chaméned,

5. Water inside the benthic chamber is well mixed #redoverall heat and salinity
fluctuation within the benthic chamber is solelyvdn by the SGD flux, i.e., the
heat and salinity of the incoming water (groundwgaitedifferent from the
overlying water.

* Note: This model holds true for any other consevegproperty other than temperature
(such as salinity).

Derivation

- - - __ ’ﬁ Vour= Vi ____
= — - Seawater
= Ts, V - _
h=2-5cm - — _

To —

Y A A A4

T, Sediment

Vin = Vi, (SGD)

From the experimental benthic chamber (diameteseam) illustrated above:
Vin = Vout = V]_ ........................................................................ (B.')
In this set up, if the laws of continuity and camwsgion of heat energy (and salinity) are

fulfilled and the benthic chamber is consideretéa semi-closed constant flow system,
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receiving a constant SGD flux through the undedysediment, emanating from an

infinite reservoir (or aquifer), then we shall have

p]_C]_V]_Tl + p2C2(V-V 1)T2 = p3C3VT3 ......................................................... (BII)
If we assumei = p~ p3 andCy = C, = C3 then (B.i) becomes:
VT, + (V - V1)T2 = TRV e e e (BIII)

BUL Vi = QAL oot eee e (B.iv)
Substituting (B.iii) in (B.ii):

=>  (QADT.+ (V-QAYT, = TV

=>  (QAYTL+VTo— ()T, = BV

=  QAY(T: -Tp)) = (T -TyV

T-T \Y
= Q= r i 7 r 7 (cri¥day, time in days) ............... (B.v)

SO

or q=r I'TZW r 1 W V| (em/day).......co.oeiieeiieeee, (B.vi)
| J

Since = slope, of the pemature vs time plot (for the linear section),

equation (B.vi) can also be written as:

q = slope * VIA*1/( T - Ty) (cm/day)......cccceeeevinnnnnn. (B.vii)
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Glossary

A = cross section area of the benthic chambef)(cm

C:1 = heat capacity of the discharging groundwas& D), (J/°C)

C, = initial heat capacity of water inside the beattihamber (J/°C)

C; = final heat capacity of water inside the benttiiamber (J/°C)

h = height of the benthic chamber above the sediitegal (cm)

Q: = volume flux of the discharging groundwater thgbuhe sediment (cttday)

Q. = volume flux of the discharging groundwater thgbuhe benthic chamber (Gday)
g = specific water discharge of groundwater throtlghsediment (cm/day)

p1 = density of the influxing groundwater (g/&m

p» = density of the initial water inside the bentbimmber (g/c)

ps = density of the final water inside the benthiamtber (g/cr)

T1 = initial temperature of the influxing groundwatdrthe bottom of the benthic
chamber (°C)

T, = initial temperature of water inside the bentttiamber (°C)

T3 = final temperature of water inside the benthiaraber (°C)

V = volume of water inside the benthic chamber{cm

V; = volume of the influxing groundwater into the b@n chamber during an interval of
time, At (this volume quantity is the same foy, ¥nd V)

SGD = Submarine Groundwater Discharge.
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Recommendations for Further Developmental Researcbn VoST

Preliminary experiments have shown that VoST igahle SGD device that can

potentially provide an inexpensive efficient anchgie method for estimation of SGD.

For best results to be realized when using the Vle8§dntinuity SGD device,
preliminary experiments have shown that the follayvconditions are to be observed as
closely as possible: Use of high quality sensaaswhll provide high resolution
temperature (or salinity) measurements, dependingloch conservative property of
SGD is used for the model.

When temperature is used as the conservative SGizpy for the model, the benthic
chamber used need to be of the highest possihi&ainge (non-heat conducting) material

to ensure negligible gain or loss of heat with eg$po the surrounding.

For optimum results with the model, the maximumlaggd benthic chamber height
above the water-sediment interface shoulet Bem, and its cross section area and outlet
at the top need to be of optimum size (not toodparghis effectively minimizes any
potential interference that might arise within tdtamber from possible external

turbulence due to the usually low SGD rates.

When temperature is used as the conservative SGizqy for the model, only the
linear section (of the temperature vs. time pletpi be used. The minimum time interval
(At) chosen should be such as to allow for the seepager (groundwater) to have
completely traveled the distance between the twis@s. Further work is still underway

on the VoST — continuity device to improve its alecapability.
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Fig. B.1: Field temperature measurements using Vi&/Ice: Temperature sensors
installed inside benthic chamber without bottonriear
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Fig. B.2: Field temperature measurements using Vi&/ice: Temperature sensors
installed inside benthic chamber with bottom barrie
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In the estimation of SGD rate using VoST at FSUC$flldy site, according to the
“derivation” diagram above: the temperature measbsesensor S3527 =,TT, and for
sensor S3528 =3T

(Calculated average SGD rate from the plot =19763xcm/day. This compares well with
average values obtained by independent approathies same site (Table 2.2)).
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