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Abstract of the Dissertation 
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by 
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Doctor of Philosophy 
 

in 
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Stony Brook University 
 

2007 
 
 

Submarine groundwater discharge (SGD) and its associated impact on 
coastal ecosystems was investigated at the sediment-water interface using diverse 
methods.  This intercomparison of methods was the objective of a major project 
carried out in 5 diverse hydrogeological settings (Cockburn Sound, Australia; 
Donnalucata, Sicily; Shelter Island, USA; Ubatuba Bay, Brazil; and Flic-en-Flac Bay, 
Mauritius).  Small-scale sedimentary processes were deemed very important in the 
control of local hydrogeological characteristics.  Seepage meters were used to 
directly measure the flow of water across the sediment-sea interface.  Coincident 
measurements of bulk ground conductivity (BGC) were made alongside seepage 
meters at four of these locations.  An inverse relationship between BGC and SGD 
allowed for the extrapolation of point measurements of SGD to larger areas using 
BGC data.  SGD estimates made using this method compared favorably with those 
obtained using other techniques.  

Using seepage meters to measure flow rates, along with a manual drive point 
piezometer to measure pore water profiles, the coupling between pore water 
composition and advection due to SGD was investigated.  The process of dispersion 
was found to determine both the shape and depth of salinity, nutrient, and radium 
profiles in the sediment.  Dispersion may be controlled by biological or physical 
processes including the rate of advection itself, all of which change over time.  
Dispersion coefficients ranging from 0.02 m2d-1 to 2.8 m2d-1 were estimated from 
direct measurements.   

This data also allowed for the investigation of anthropogenic impacts on the 
signature of SGD in coastal lagoons.  At Shelter Island, the pilings of a pier altered 
the flow of groundwater into the sea by piercing a confining layer and allowing for a 
large influx of fresh groundwater from below.  In the Venice Lagoon, the difference in 
water elevation between the lagoon and the sea has been investigated as a possible 
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driver of SGD beneath the barrier lands, which separate the two bodies of water.  A 
strong correlation was found between water level difference and SGD.  This 
suggested that the hydraulic gradient caused by this difference drives a flow beneath 
the barrier island.  The flow is enhanced by the presence of artificial conduits 
created when former inlets were in-filled.  If the inlets are closed by storm surge 
barriers, as proposed, a groundwater exchange beneath the barriers could 
potentially be as large as 1.0 x 106 m3 d-1.   
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CHAPTER I: The study of submarine groundwater discharge in urban 
and pristine lagoons 

 
 

A. Introduction 

Groundwater encompasses more than 90% of the available freshwater on earth 

(Hiscock 2005).  This water, stored from hours to many centuries, will eventually return 

to the sea.  Some of the groundwater may intersect stream channels while other 

groundwater discharges directly into the sea.  Until recently the process of groundwater 

discharging directly into the sea, referred to as submarine groundwater discharge (SGD), 

was ignored as an important process in both the hydrological and chemical cycles of 

local, regional, and global systems (Burnett et al. 2006).  This is no longer the case.  

Studies of SGD have now been completed in many coastal systems around the world.  At 

the time of the first review of the subject in 2002 (Taniguchi et al. 2002), 45 study sites 

were compiled, and in the years since several new locations have been investigated 

(Burnett et al. 2006).  SGD, while providing only a small percentage of the average daily 

fluvial flux on the global scale, has been shown to be an important component of the 

hydrological budget in local and regional systems (Burnett et al. 2001).  However, when 

the recirculation of seawater is considered, SGD is also likely to play a major role in the 

global biogeochemical cycles as well (i.e. Taniguchi et al. 2002).  In this thesis, SGD 

includes the discharge of fresh water, the recirculation of salt water or both (Taniguchi et 

al. 2002, 2006, Martin et al. 2006).  Even though SGD probably accounts for less than 

10% of the total freshwater flux into the world’s ocean, the associated flow of saltwater 

can increase the total discharge by an order of magnitude in many locations (Moore 

1996, Li et al. 1999).  Although recirculated seawater is not a component of the 
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hydrological budget, it is SGD, and may be important for the flux of contaminants to 

coastal oceans (Moore 1999, Taniguchi et al 2006).  Often, in these cases, total SGD can 

be on par with the total fluvial input, or may, in fact, be much greater (Charette et al. 

2005).   

Anytime water enters into and discharges from the sediment beneath the sea, 

processes take place which change the chemical signature of this water.  Groundwater is 

often elevated in the concentration of certain constituents, such as nitrates and, formerly, 

phosphates from fertilizers. Therefore when SGD occurs, whether it be fresh SGD or 

saline SGD, it presents a pathway for chemicals to enter into the coastal system.  Moore 

(1999) likened the transition zone between interstitial fresh and salty groundwater to an 

estuary and, hence, called the zone the “subterranean estuary”.  Analogous to a surface 

estuary, when fresh water mixes with salt water chemical processes including 

desorption, adsorption, chemical reactions (e.g. redox induced solubility), and mixing 

take place (Charette et al. 2005).  These processes are collectively termed as dispersion 

and can be dependent on the advection of water itself as will be discussed in Chapter IV 

of this thesis.   

Unfortunately the ability to accurately measure both SGD and associated 

constituents has eluded us.  One of the major inhibitors, when it comes to reducing 

uncertainty, is that the flow itself is very variable on both spatial and temporal scales and 

depends on many factors including permeability, pressure gradients, and preferential 

conduits (e.g. Bokuniewicz et al. 2004, 2007, Paulsen et al. 2004).  In light of this 

complexity, the basis of SGD must be unraveled for numerous case studies 

encompassing a wide variety of situations.  One approach to resolving the issue of 
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understanding SGD processes and flux is to look at the phenomenon on the small scale 

(~1 m).  SGD is variable on very small scales, perhaps due to sediment characteristics.  

Site-specific investigations of SGD patterns and small scale sedimentary process in 

Venice (Chapters IV and V) and Long Island (Chapters II, III, and IV) are a major part 

of this thesis.  Site-specific studies from Australia, Mauritius and Brazil are also 

included as part of this body of work.  If we can begin to determine these characteristics 

and the processes that are occurring within the sediment, perhaps we can increase the 

accuracy with which we estimate the quantity and impact of SGD on coastal systems.   

 

 

B. Outline of this thesis 

Herein I investigate SGD on the scale of meters, including within the sediment, 

and attempt to make some statements about SGD on a larger scale using this knowledge.  

In addition, I look at data from a very diverse group of study sites to attempt to see how 

site-dependent characteristics on a small scale affect SGD flow in different lagoons. Site 

specific SGD at Cockburn Sound, Australia, Shelter Island, NY, Ubatuba Bay, Brazil 

and Flic-en-Flac Bay, Mauritius are discussed in Chapters II and III.  Herein, the utility 

of employing bulk ground conductivity on the sub-meter scale in order to extrapolate 

point measurements of SGD to wider systems is examined.  In the fourth chapter, I 

examine sites in Venice and Long Island to quantify the dispersion process and how the 

rate of advection of SGD, itself, affects pore water chemistry.  In Chapters III and V, the 

impact of small and large scale anthropogenic modifications on SGD processes is 

investigated using case studies in Long Island and Venice. 
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C. Comparison of methods utilized to measure SGD 

The ability to measure SGD has only come about with technological advances in 

the last few decades, which is one of the reasons for the lack of attention to SGD, 

historically, in the study of coastal systems (Kohout 1966).  In recent years, however, the 

study of SGD has achieved the status of a distinct discipline; there is a “critical mass” of 

scientists around the world perusing common questions with a widely accepted arsenal 

of methods.  Methods to measure SGD include point measurements using vented benthic 

chambers, integrated estimates using chemical tracers, and theoretical estimates using 

hydrological models based on piezometric measurements (Burnett et al. 2006).  At this 

point I will not go into an in-depth explanation of the different techniques as they will be 

discussed in detail in the following chapters.  Each of these technologies is still in the 

process of being developed and evaluated.  As SGD is variable on both spatial and 

temporal scales, we can use integrated measurements to obtain an average discharge rate 

of a large area while point measurements help to define the variability in coastal systems 

(Bokuniewicz et al. 2004).  Geochemical tracers often fill this role but, as will be 

discussed in Chapters II and III, geophysical parameters can be used as well. 

With the emergence of different SGD measurement technologies, it became clear 

that there was a need for an intercomparison of these methods.  Under the framework of 

a joint UNESCO-International Atomic Energy Agency (IAEA)-Intergovernmental 

Oceanographic Commission-(IOC) venture, five sites (Cockburn Sound, Australia; 

Donnalucata, Italy; Shelter Island, USA; Ubatuba, Brazil; and Flic-en-Flac, Mauritius) in 

different hydrogeological settings were chosen as locations for a large project to 
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compare different methods (Burnett et al. 2001, 2006).  The project was comprised of a 

group of scientists from six U.S. and 5 international institutes, including the Australia 

Institute of Marine Sciences; Florida State University, U.S.A.; Istitut de Pesquicas 

Energeticas e Nuclearas, Brazil; James Cook University, Australia; the Marine 

Environmental Laboratory, International Atomic Energy Agency, Monaco; The 

Research Institute for Humanity and Nature, Japan; San Jose State University, U.S.A.; 

Shirsov Institute of Oceanology, Russia, South Florida Water Management District, 

U.S.A.; Stony Brook University, U.S.A.; The University of South Carolina, U.S.A., and 

Woods Hole Oceanographic Institution, U.S.A.  In addition, many scientists and students 

from local institutions participated at each of the study sites.  The project was completed 

in 2005 and produced a plethora of information, some of which is highlighted by Burnett 

et al. (2006).  The objective of this project was to compare how the different techniques 

performed in various hydrogeological settings, and to be able to determine which 

technique or combination of techniques should be used when studying SGD flux into 

certain systems.  I personally participated in the field work at two of these study sites 

(Shelter Island and Mauritius) and was engaged in the data analysis and interpretation 

for all sites. 

The first study site was Cockburn Sound, Australia.  Measurements were taken 

there from November 25 - December 6, 2000 (Linderfelt and Turner 2001, Smith and 

Nield 2003, Taniguchi et al. 2003, Loveless 2006 as cited in Burnett et al. 2006).  

Cockburn Sound was chosen as it had been extensively studied to determine the 

environmental impact of waste discharges into the Perth Sound (Burnett et al. 2006).  It 

was representative of a coastal plain with unconsolidated sediments underlain by 
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unconfined aquifers.  Previous work attempting to model the flow of groundwater within 

the area had been accomplished (Nield 1999, as cited in Smith and Nield 2003).  Both 

manual and automated seepage meters were used to collect point measurements of SGD.  

In addition, the measurement of both radium and radon were employed as natural tracers 

to get integrated SGD estimates.  Measurements of bulk ground conductivity to a depth 

of 1 m in the sediment were made in order to obtain a 3-dimensional map of the 

subsurface distribution of salt water.  In Cockburn Sound, as expected from a coastal 

plain setting, discharge was limited to a small area, about 60 m from the shoreline.  

Discharge estimates produced from different techniques compared fairly well with one 

another.  I have incorporated a new, independent assessment of these data in Chapter II 

of this thesis. 

The second major study site was Donnalucata, Italy.  Measurements were carried 

out in Donnalucata during two field campaigns (June 2001 and March 2002) and results 

were published in a special issue of Continental Shelf Research (Burnett and Dulaiova 

2006, Kontar and Ozorovich 2006, Moore 2006, Povinec et al. 2006, Schiavo et al. 2006, 

Taniguchi et al. 2006).  This site was chosen as representative of karstic aquifers.  The 

sediment is underlain by several meters of carbonate sands as well as carbonate aquifers.  

The specific study area is known to be the location of many submarine springs from 

which a large amount of freshwater is entering the coastal sea (Burnett et al. 2006).  At 

this site, stable isotopes of oxygen and hydrogen were used to determine the origin of the 

discharging water.  SGD fluxes were measured using both manual seepage meters for 

point measurements and radium and radon for integrated tracers.  Unfortunately, during 

both sampling periods, the presence of high winds and waves precluded the possibility of 
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using either seepage meters or radon measurements in the open sea and therefore the 

comparison between the methods was poor.  Though it is important to give mention to 

this site, in order to understand the whole scheme of the project, it will not be discussed 

in the proceeding chapters of this dissertation.  Instead, my research in Venice, which 

was not one of the intercomparison sites, will be discussed in Chapters IV and V. 

The third major study site was located in Shelter Island, NY, U.S.A. 

Measurements were made during the week of May 17-25, 2002 (Paulsen et al. 2004).  

Long Island is a comprised of a series of glacial moraines including a terminal moraine 

from the last glacial maximum (Pouyat et al. 2002).  Here, on the eastern end of Long 

Island, the unconsolidated, upper glacial aquifer extends about 30 m below the sediment-

sea interface (Paulsen et al. 2001).  The site was chosen as representative of a glacial till 

setting, and a previous study of discharge from Shelter Island implicated SGD as a cause 

of harmful algal blooms (Paulsen et al. 2004, Laroche et al. 1997).  At this site, both 

manual and automated seepage meters were utilized in order to make point 

measurements of SGD flowing into the bay.  In addition, radium and radon were once 

again utilized to integrate SGD over a large area.  As in Australia, a 3D map of bulk 

ground conductivity in the sediment was produced for the study site, in order to gain a 

better understanding of the subsurface fresh/salt water distribution.  A comparison of the 

fluxes estimated by the integrated and point measurements showed similar discharge 

patterns (i.e. controlled by tidal elevation) but different overall flux calculations.  The 

distribution of SGD at this site has been determined to be dominated by the drilling of 

pier pilings into the sediment which will be further discussed in Chapter III.  My 
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participation in the investigation at this site was the basis of my master’s thesis and 

additional interpretation of these results is included in Chapters II and III. 

The fourth study site was Flamengo Bay, Ubatuba Brazil.  Measurements were 

made at Ubatuba from November 16-22, 2003 (Oliveira et al. 2003, Bokuniewicz et al 

2004, Burnett et al. 2007, Stieglitz et al. 2007b).  Ubatuba was chosen as representative 

of a fractured crystalline rock aquifer, as the local hydrology had been previously studied 

(Mahiques 1995 as cited in Oliveira et al. 2003) and the oceanographic institute of the 

University of Sao Paolo was located nearby.  The backdrop of the site consisted of a 

mountain range with an average precipitation rate of 1800 mm yr-1 (Oliveira et al. 2003).  

Once again, both automated and manual seepage meters were used for point 

measurements, with radium and radon used as tracers for integrated discharge 

measurements.  Conductivity maps of the sediment were created using a manual method 

as well as by deploying an electrode array to automatically measure conductivity in 

transects.  Discharge seemed to be dominated by the location of the fractures which 

explains the high variability among the different types of SGD measurement techniques.  

I did not participate in the field work at this site, but a new interpretation of some of the 

data collected here is incorporated in the analysis in Chapter II.   

The final site, Flic-en-Flac Bay, Mauritius was investigated from March 18-26 

2005 (Oberdorfer 2005, Bokuniewicz et al. 2007).  Mauritius was chosen as 

representative of a volcanic island setting with high average precipitation rates (~2000 

mm yr-1).  In addition, there were some well known submarine freshwater springs which 

could be seen “boiling” on the surface.  In Mauritius, a suite of 12 manual seepage 

meters as well as a few automated seepage meters were used to obtain point 
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measurements of discharge into Flic-en-Flac Bay.  Measurements of radon were used to 

calculate the integrated flux of SGD into the lagoon.  Radium measurements were 

limited and mostly done offshore, outside of the lagoon, but, a systematic survey of 

ground conductivity was performed from which several detailed sediment conductivity 

distribution maps were created.  I participated in this field work and will discuss the use 

of geophysical results in the interpretation of direct measurements of SGD in Chapter II.  

Discharge at the site was dominated by the presence of the large spring and could be 

clearly seen in both the seepage meter data and the conductivity measurements. 

Though comparisons were made between all methods at each site the most 

promising comparison may have been between measurements made of flow rates using 

seepage meters (SGD) and bulk ground conductivity (BGC).  This comparison was 

completed in four of the five sites (with the exception of Sicily).  I partook in two of 

these experiments: Shelter Island U.S.A. (2002) and Mauritius (2005).  Data from the 

Mauritius site, were published by Bokuniewicz et al. (2007) data from Shelter Island 

were published by Stieglitz et al. (2007a) and only the data directly concerned with 

relation to electrical conductivity will be discussed here in Chapters II and III. 

 

 

D. Mixing in the sediment- the process of dispersion 

 Differences in the relationship between SGD and BGC among the different site is 

likely due to sediment characteristics and the various processes of dispersion.  

Dispersion is an important phenomenon, which occurs in both surface and subterranean 
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estuaries.  In Chapter IV I will investigate dispersion, and the various mechanisms of 

dispersion to understand how the process affects the profiles of salinity in the sediment.   

 Utilizing simultaneous measurements of salinity in the sediment and SGD in 

benthic chambers I will quantify dispersion in my study sites.  Different methods will be 

used for this quantification and they will be tested against one another as well as values 

found in the literature.  An understanding of dispersion may help to quantify the 

relationship between BGC and SGD discussed in Chapter II. 

 

 

E. Anthropogenic perturbation of SGD signature 

The main impetus for the study of SGD has always been the attempt to 

understand the process in order to better advise coastal zone managers as to how to 

minimize the negative effects of SGD (Johannes 1980).  Ecosystem changes, such as 

eutrophication, often can not be explained by fluvial inputs of nutrients alone (Paerl 

1997).  Anthropogenic perturbations of both the chemical signature of groundwater as 

well as its prevalent flow paths must be fundamentally changing the import of SGD in 

coastal systems (e.g. Nakayama et al. 2007).  Even before the industrial revolution, 

humans had already left an indelible footprint on the environment.  In the case of 

Venice, for example, Venetians diverted the course of two major rivers in the 1300’s 

away from the lagoon; they drilled hundreds of millions of tree trunks into the sediment 

in order to stabilize the islands; they dredged channels for navigational purpose; etc.  As 

I will discuss in Chapters II and V, each of these modifications likely impacted the flow 

of groundwater in the area.  
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In the 20th century humans began to change the chemical signature of many 

groundwaters.  Fertilizers and pesticides used in agricultural practices, often infiltrated 

into the aquifers thereby contaminating them and in many cases making them unsafe to 

use (Valiela et al. 1992).  Elevated concentrations of metals have been found in 

groundwater down gradient from industrial plants (Critto et al. 2003).  Unlined landfills 

have become a major point source of pollution (Gobler and Boniello 2003).  

Technological advances in medicine and pharmaceuticals have led to pollution as 

medicinal waste products often find their way into the groundwater. (Swartz et al. 2006)  

It is possible, for instance, that increasing levels of estrogen in discharging groundwater 

may be causing transgender modifications in fish and other animals (Parrot and Wood 

2002, Atkinson et al. 2003).  MTBE and other byproducts of the petroleum industry are 

known to be seeping into the Upper Glacial Aquifer on Long Island, NY from gas station 

leaks and oil spills (Wilson and Kohaltkar 2002).  Caffeine levels have risen sharply in 

surface aquifers to the point where some investigators believe they may be a good tracer 

of septic-system plumes in groundwater flow (Swartz et al. 2006).  

One of the objectives of this thesis is to shed light on the possible impacts that 

anthropogenic modifications have on SGD flow paths and expected discharge rates.  

Chapter III will discuss, in detail, the impact of driving pilings into a confining layer to 

produce local areas of high discharge.  Meanwhile, Chapter V will make some 

predictions as to the possible impacts to SGD caused by the largest public works project 

in the history of Venice (The “MOSE” Project).   
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F. The Venice Lagoon 

 As the teaching assistant in the National Science Foundation’s Research 

Education for Undergraduates (REU) program, I was able visit the Venice Lagoon, Italy 

in order to collect the first measurements of SGD using manual seepage meters.  Here, I 

collaborated with the University of Venice as well as the National Research Council of 

Italy’s marine research institute.  Previously, the institutes had completed a large project 

to determine, accurately, the input of water and associated contaminants into the Venice 

Lagoon from the drainage basin (Zuliani et al. 2005).  At the completion of the project it 

was determined that there was at least a 15% deficit between the input of precipitation 

surplus (i.e. minus evapotranspiration) and the amount of water discharging into the 

lagoon from the rivers.  It was hypothesized that this deficit could be accounted for 

through the discharge of groundwater, however, at the time, SGD was considered 

unlikely due to the lack of a known hydraulic gradient towards the lagoon in the upper 

unconfined aquifer (Zonta et al. 2005).  To test this hypothesis measurements were made 

in several locations to determine if there was a flow of water into the lagoon.  The 

preliminary results were surprising.  Not only was there a flow of water into the lagoon, 

but this flow was of a large volume.  With the support of a Fulbright grant, I was able to 

return to Venice in order to continue the study of SGD into the Venice Lagoon on a 

much larger scale.  The objectives of the investigation in Venice were to reconcile the 

budget deficit and determine the flux of SGD and, possibly, associated nutrients into the 

Venice Lagoon, as well as to describe the difference in SGD flow in different parts of 

the lagoon.  A series of over 300 measurements were performed using manual seepage 

meters in two different locations in the lagoon.  One of these locations was adjacent to 



 13

the Porto Marghera Industrial Zone (the third largest industrial zone in Italy) while the 

other was in the relatively pristine northern lagoon.  With these measurements, I 

demonstrated that SGD is an important source of water into the Venice Lagoon.  The 

average flow rate among the study sites was 20 cm d-1 which if extrapolated over the 

entire lagoon floor would equal a flow of about 900 m3 s-1, or 25 times greater than the 

river discharge.  However, it seems that the majority of this discharge is re-circulated sea 

water (Rapaglia 2005) and the sites chosen probably overestimate the total discharge into 

the lagoon.  If the budget deficit previously estimated by the National Research Council 

of Italy (Zonta et al. 2005) is any indication, the discharge of freshwater into the Venice 

Lagoon is probably on the order of 15% of the total freshwater discharge into the lagoon.  

Measurements of nitrate, nitrite, ammonium and phosphate suggest that SGD can be an 

important source of nutrients in the area, as concentrations of these nutrients are highly 

elevated in groundwater compared to the ambient lagoon water.  Eutrophication can be a 

problem during summer months in the Venice Lagoon, and, therefore, this previously 

undocumented source of nutrients could be a major factor contributing to eutrophication.  

Another interesting result of this study was, to determine how the drivers of SGD vary in 

the two main study sites in the lagoon.  In the industrial zone, low rates of SGD seem to 

be controlled by the hydraulic gradient of the unconfined aquifer’s water table, and 

respond very quickly to precipitation events.  Meanwhile, in the northern lagoon, much 

higher flow rates composed of mostly saline water are found.  Here, I have hypothesized 

that the flow is driven by an (artesian) vertical hydraulic gradient, and is induced by the 

dredging of channels which may have pierced confining layers in the sediment.  During 

the period between 2004 and the present, I have participated in a study in concert with 
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the Universitat Autonoma de Barcelona.  This investigation has found, so far, elevated 

radium concentrations which support the idea that flow rates are high in certain areas of 

the lagoon (Garcia-Solsona et al. 2007).   

Most of the SGD in the lagoon seemed to be driven by a hydraulic gradient from 

a multi-tiered aquifer system to depths of 1000 m.  Natural and anthropogenic 

modification of the morphology of the lagoon led to specialized conduits of high 

discharge.  However, it was likely in the case of the lagoon, that a large proportion of the 

SGD was of a marine origin.  As much as 90% of the water discharging had similar 

salinities to either the ambient lagoon or Adriatic Sea water.  Still, total nitrogen 

concentrations were elevated in the discharging water.  Much of this data were presented 

in my master’s thesis and will not be discussed here.  It is important to note that this 

research has led to current research projects to expand the understanding of SGD in the 

Venice Lagoon. 

Beginning in June of 2006 point measurements of SGD using vented benthic 

chambers were combined with a full lagoon survey of radium performed every three 

months in order to look at seasonal patterns of discharge into the Venice Lagoon.  This 

work is scheduled to be completed in June of 2008.  As of June 2007, a year of data have 

been collected and is currently in the process of analysis.  

 

 

G. Brief introduction to the chapters of this thesis 

 This thesis is written as a collection of 4 articles, one of which has already been 

published, two others have been submitted, and the fourth shall be submitted by late 
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September.  Each chapter, therefore, is a self-contained article in which the problem is 

described and the site characteristics are discussed.  Hence, there may be some overlap 

of information between chapters.  The chapters are organized thematically rather than 

chronologically.  As described earlier, the research over the past five years has been a 

collaboration among many other investigators.  The results embodied in this thesis 

represent my contribution to the effort in terms of both direct measurements of SGD and 

of the integration and interpretation of results, especially the geophysical measurement 

of electrical conductivity made by Dr. Thomas Stieglitz. 

Chapter II of this thesis is dedicated to the comparison of two diverse methods 

utilized in the study of SGD.  The first method involves the use of vented benthic 

chambers, commonly known as “seepage meters”, to measure SGD through a specified 

area of sediment.  These devices have been used for over 30 years (Lee, 1977) and are 

commonly employed in the study of SGD worldwide (Bokuniewicz 1980, Cable et al. 

1997, 2006, Paulsen et al. 2004, Burnett et al. 2006).  I personally have made many 

hundreds of measurements using these devices (Appendix A.) 

As the flow of groundwater is very variable on small spatial scales, the utility of 

seepage meters is limited only to the area of sediment they cover.  Therefore, it is very 

important to extrapolate measurements made with seepage meters to a larger scale in 

order to better understand the flow of water into the investigated system.  This is done by 

the measurement of bulk ground conductivity (BGC) as an indicator of salinity in the 

interstitial water.  Areas where the BGC are low can be sites of freshwater discharge.  

Though this BGC alone cannot quantify rates of SGD it can be a good gauge as to 

locations where it is occurring.  As it is relatively easy and quick to utilize this method, 
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if a correlation can be found between SGD and BGC, we can therefore use the BGC to 

extrapolate measurements of SGD over a much larger area.  In Chapter II, data are 

presented from four diverse locations to suggest that this extrapolation is possible in sites 

dominated by freshwater discharge.  The BGC data used here had been collected by Dr. 

Stieglitz.  I participated in its collection at Shelter Island and Mauritius.  All BGC data 

are used here with permission of Dr. Stieglitz. 

Chapter III has been accepted for the June 2007 issue of Estuaries and Coasts 

(Stieglitz et al. 2007a).  It is a specific look at one of the sites outlined in Chapter II.  

Here we explain, using both seepage meter and BGC measurements, the effect of the 

drilling of pier pilings through a semi-confining layer of an aquifer.  The data discusses 

the impact of human modification on the SGD signature of a coastal system.  Artificial 

conduits created by the pilings may be sites of very high discharge and may have 

completely changed the SGD signature of the lagoon.  I contributed the collection of 

data from the use of manual seepage meters and participated in the collection of BGC 

and the direct measurements made by the South Florida Water Management District.  I 

served as corresponding author for this article. 

The fourth chapter investigates the effect of SGD itself on the profile of salinity 

in the sediment in an attempt to better understand the import of SGD in the transport of 

pollutants into a system.  This is traditionally modeled as an advection-diffusion process.  

The “diffusion”, however is actually a parameterization of, potentially, multiple 

processes of vertical dispersion.  The notion that SGD may be an important pathway for 

chemical constituents has been voiced in the past, but to understand the import of this 

flow we must understand how the flow itself changes the concentrations found in the 
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sediment.  In addition many estimates have been made considering both stable flow rates 

and consistent sources.  Herein I investigate and quantify the process of dispersion and 

its effect on salinity in the sediment in three diverse sites.  The methods utilized in this 

study include seepage meters in order to measure the in situ flow rate and a retract-a-tip 

piezometer to measure the pore water profiles of salinity, nutrients, and radium isotopes.   

The final chapter brings the study back to the Venice lagoon where I investigate a 

possibly important transport of salt water through the barrier lands to the east of the 

lagoon.  Currently, the city of Venice is constructing massive barriers to separate the 

lagoon from the sea in the event of high water, in order to protect this world heritage site 

from damaging floods.  This project, known as MOSE, involves the modification of the 

inlets and, for that reason, it is extremely controversial.  A large amount of money (>20 

million euros) has already been spent to determine the impact of these projects on the 

ecosystem of the lagoon. However, until this dissertation, no researcher has considered 

how the gates will impact the exchange of water beneath the barrier islands caused by 

the increased gradient between the sea and the lagoon when the gates are in use.  The 

study of SGD along these barrier lands can help to clarify the process of exchange.  

Combined with a wealth of information concerning the character of the tides, the 

methods utilized in this study include seepage meters in order to measure the in situ flow 

rate and a retract-a-tip piezometer to measure the pore water profiles of salinity. 
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CHAPTER II .Improved understanding of spatial patterns of 
submarine groundwater discharge from bulk ground electrical 
conductivity measurements* 
 
1. Introduction 

A. Methods to investigate submarine groundwater discharge 
 

Submarine groundwater discharge (SGD) is considered of vital importance to the 

water balance and the ecology of many parts of the world’s coastal zone (e.g. Johannes 

1980, Slomp and Van Capellen 2004, Crusius et al. 2005, Kaleris 2005, Mulligan and 

Charette 2006, Moore 2006, Schiavo et al. 2006). Though the study of SGD has been 

actively pursued for decades (e.g. Kohout 1966), the impact of the findings has, and 

continues to be, limited by uncertainty in both accurately quantifying flow rates as well 

as separating the terrestrial and marine components of SGD (Burnett et al. 2001, 

Taniguchi et al. 2002, Burnett and Dulaiova 2006).  There remains much debate as to the 

magnitude of this discharge and to whether and where the total flux of SGD (all water 

which discharges across the sediment sea-interface) or only fresh SGD affects the coastal 

zone (Taniguchi and Iwakawa 2004, Crusius et al. 2005).   

To date, a number of fundamentally different techniques have been used to 

measure these volume fluxes across the sediment-water interface, via (1) the use of 

tracers for integrated measurements over large areas, (2) direct point measurements 

using benthic chambers, and (3) mathematical models based on traditional 

hydrogeologic parameters.  The use of tracers has become increasingly popular in the 

last decade (Moore, 1996, 2006, Krest et al. 2000, Kelly and Moran 2002, Burnett and 

Dulaoiva 2003, Charette et al. 2003, Hwang et al. 2005, Beck et al. 2007). Frequently 

applied tracers are the quartet of radium isotopes (223,224,226,228) and 222Rn, the 
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concentrations of which are elevated in groundwater over surface water. Using these 

tracers allows for determination of the integrated discharge of SGD into a water body 

(Charette et al. 2003, Burnett and Dulaiova 2006).  Quantitative measurements of fluxes 

from tracer studies can be confounded by the problem of accurately defining end 

members in the mixing model. Still, radionuclide tracer studies have successfully been 

applied in small bays in e.g. Massachusetts and South Korea (Charette et al 2003, 

Hwang et al. 2005). An important limitation of such tracer studies is their inability to 

separate fresh groundwater and discharge of recirculated seawater, i.e. water of a marine 

origin which displays an isotopic signature similar to terrestrially-derived groundwater.  

Seepage meters are the primary tool for the direct measurement of the movement 

of fluids across the seafloor (Lee 1977, Bokuniewicz 1980, Taniguchi and Fukuo 1993, 

Bokuniewicz et al. 2003, Paulsen et al. 2004, Taniguchi et al. 2005, Taniguchi 2006). 

Although these chambers display artifacts which may over- or underestimate SGD flow 

rates (Shaw and Prepas 1989, Libelo and Macintyre 1994, Cable et al. 1997, Shinn et al. 

2002), they remain a commonly utilized apparatus because of their simplicity. 

SGD has been shown to be highly variable on both spatial scales and time scales 

(Bokuniewicz et al. 2003, Paulsen et al. 2004, Rapaglia 2005, Burnett et al. 2006, 

Stieglitz et al. 2007a.). Where flow patterns are inhomogeneous, chamber measurements 

can only be considered representative of the small part of the sea floor which they cover, 

and their utility for estimation of total flux into, e.g. an embayment, may be 

compromised. Therefore, flow estimates obtained with different methods (e.g. tracers 

and seepage meters) may not compare well at such sites or regions (e.g. Shelter Island, 

NY: Burnett et al. 2006) 
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Some of the, to date, incompletely addressed problems in the accurate 

quantification of SGD fluxes, including separating the salt and freshwater components of 

SGD, reconciling the differences between point measurements and integrated 

measurements, and characterizing the variability in discharge between and within 

locations. A combination of different measuring techniques, both integrated and direct, 

may complement one another to better constrain SGD measurements. To address this 

issue, a series of intercomparison experiments were carried out by an international 

working group partially funded by SCOR (Scientific Committee on Oceanic Research), 

LOICZ (Land-Ocean Interactions in the Coastal Zone), IOC (Intergovernmental 

Oceanographic Commission) and the IAEA (International Atomic Energy Agency) 

(Burnett et al. 2001). Here we summarize investigations of the application of (electrical) 

ground conductivity measurements aimed at improving the quantification of SGD, 

carried out within the framework of the intercomparison experiments. We discuss the 

use of combining indirect and direct SGD measurements (made using conductivity and 

seepage meter measurements) in the context of improving the accuracy of SGD flux 

estimates, and elucidating the origin of terrestrial or marine groundwaters.  

 

 

B. Application of geoelectric (conductivity/resistivity) techniques in SGD studies 
 

Whilst SGD has been successfully located, mapped and/or quantified with 

various water column tracers including salinity (e.g. Milham and Howes, 1994), 

relatively few studies have used pore water salinity or conductivity as a means of 

determining the location and rate of SGD.  Where terrestrially-derived fresh or brackish 
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groundwater is of interest, salinity and conductivity can be used as a tracer. Although 

salinity is conservative, the bulk ground conductivity (BGC) of sediment is a function of 

porosity and salinity of the interstitial water. As porosity increases, the amount of 

(conducting) interstitial water increases, raising BGC.  In addition, an increase in the 

salinity of the interstitial water will raise BGC. In practice, variations of porewater 

salinity are significantly greater than variations of porosity (or porewater fraction), and it 

is this relationship that can be used in studies of fresh SGD. An advantage in the use of 

BGC is found in the remote applicability of these measurements. Whereas salinity in the 

pore water has to be measured directly, BGC can be measured without laborious sample 

collection (Zohdy and Jackson 1969).  However, conductivity measurements are limited 

by the difficulty of separating pore water conductivity from sediment influences on bulk 

conductivity (Manheim et al. 2004a).  Note that the term ‘conductivity’ is used 

throughout this paper. Other authors sometimes use the inverse of conductivity, or 

‘resistivity’.  

In previous work, a number of different sensor designs have been employed. 

Kermabon et al. (1969) created a probe for measuring electrical resistivity, in order to 

determine the porosity and density of the sediments.  The probe was large, 13 m long 

and had a mass of 700 kg in water.  They related the resistivity of the brine to the 

resistivity of the saturated sands and a formation factor, in order to constrain the 

differences in sediment resistivity not accounted for by porosity alone. The formation 

resistivity factor is a function of the type and character of the sediment matrix, and varies 

with porosity.  The sampling took place in deep sea sediments off the coast of Sicily, 

where the porosities ranged from 0.7 to 0.9.  Hesslein (1976) created an instrument 
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which can measure pore water conductivity as well as take samples at close intervals 

(<10cm).  Though he does not mention its utility in locating SGD, it is the model for 

later pore water samplers.   

Lee (1985) used a temperature-sensitive transducer system to identify anomalies in 

bottom/sediment conductivity.  This instrument included a conductivity probe attached 

to a rig which allowed the drag to remain in contact with the sediment-sea interface 

when towed behind a boat.  Using the sediment drag, he was able to locate possible areas 

of discharge with both higher ground conductivity measurements (from 0.1 mS cm-1 to 

0.4 mS cm-1) and higher sediment temperature; however the time it took for the 

transducers to reach equilibrium severely limited the utility of the drag over large areas.  

He found that deep pore water in lake beds had a noticeably higher conductivity than 

that of ambient waters due both to higher temperature in the pore water as well as 

containing more dissolved salts.  Vanek and Lee (1991) used a combination of the 

aforementioned conductivity probe, a pore water sampler, and bulk ground conductivity 

measurements to map zones likely to have fresh ground water discharge in Sweden.  At 

this site, the bottom sediments were generally sandy.  To measure pore water 

conductivity they dragged a continuously recording probe similar to the one used by Lee 

(1985), while they utilized a suction sampler to sample the pore water to determine the 

accuracy in the probe. They measured conductivity in a 300 x 350 m grid.  By measuring 

conductivity during two different seasons in ambient sea water (28.2 mS cm-1/39.8 mS 

cm-1), wells (0.6 mS cm-1/0.6 mS cm-1), and pore water (21.05 mS cm-1/24.7mS cm-1) 

they deduced that pore water is comprised of a 70:30 or 60:40 sea water-fresh water mix 

dependent upon season, as the conductivity of the pore water changed with temperature.  
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They also used a well-flushed seepage meter and compared its water with that of wells, 

piezometers, and ambient sea water, showing that when well-flushed it consisted of 

greater than 90% sea water, which is slightly higher than what they measured in the pore 

water. 

Seplow (1991) discussed the impact of SGD on pore water salinities with a focus 

on Great South Bay, NY.  She used both laboratory and field experiments to test her 

hypothesis that the growth of density driven salt fingers will be reduced in the face of 

upward advection due to SGD.  At a flow rate of 45 cm d-1, salt fingers were still able to 

penetrate into the sediment, although the penetration rate was greatly reduced (~0.13 cm 

d-1).  The laboratory analysis used dye to trace the development of salt fingers in 

homogenous sediment while water was being pumped upward at different flow rates.  In 

the field, a small, hand driven, conductivity probe, developed by Lee, was used to search 

for variation in BGC on the scale of centimeters. Some evidence for salt-fingering 

structures was found.  The importance of Vanek and Lee’s and Seplow’s work was to 

use small scale conductivity measurements (both with the sediment drag as well as with 

a small conductivity cell attached to a rod which could measure conductivity every 2 cm 

to a depth of 14 cm) to look at in-homogeneities that may have been indicative of 

centimeter scale advective flows of pore water.  The phenomenon, referred to as salt 

fingering, is one of the processes implicated in the penetration of salt downward into the 

sediment in the face of upward advection (Wooding 1969 as cited in Seplow 1991).   

Further work using bulk ground conductivity patterns as a proxy for fresh pore 

water has been attempted in several sites in which the use of a conductivity probe was 

employed in locating sites of SGD.  This method includes the use of a Wenner array of 
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electrodes through which induced voltage is amplified, and both current and voltage are 

measured with conventional multimeters (Stieglitz 2005, Stieglitz et al. 2000, 2007a,b).  

In Australia, using this method, sediment was measured in which BGC was 

significantly reduced near “wonky holes” (Stieglitz and Ridd 2002, Stieglitz 2005) 

Scouring, possibly created by the high rates of advection of fresh groundwater, led to the 

existence of these features. In these studies BGC seemed site-dependent with a sharp 

interface between high and low BGC at the sediment surface on one beach, while at 

another beach there was a non-uniform BGC distribution.  Near the “wonky holes” at a 

depth of about 20 m, BGC seemed to be lowest near the bottom of the scour (Stieglitz 

2005).  In the next chapter, we discuss the possibility that pier pilings may have 

punctured a confining layer allowing for an anomalously high advection of fresh 

groundwater (Stieglitz et al. 2007a).  BGC measurements detected this influx of 

groundwater as BGC was lower in a five meter zone around the pilings.  At this site, 

BGC was inversely correlated with flow rates taken with seepage meters.  It seems the 

importance of this data is to show that these measurements can be a good first 

approximation as to the location of upward advection of SGD.  However, low BGC in 

the sediment may not necessarily require the existence of SGD and the technique should 

be used in conjunction with seepage meters, which will be described below.   

Cores have also been used in Belfast Bay, Maine (Ussler et al 2003) in the hopes of 

finding a low chloride signature (which is also a proxy for salinity in the sediment) 

indicative of fluid discharge which could lead to the scouring of pockmarks.  However 

of the 42 cores taken, no clear signal of low chlorinity could be found suggesting that the 

pockmarks were not caused by SGD, or a least the discharge of fresh groundwater. 
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Greenwood et al. (2004) state that the use of surface electromagnetic and resistivity 

measurements could be utilized to map shallow porewater salinity as resistivity 

(similarly to conductivity) is based on both the porosity of the alluvium as well as the 

ionic content of the porewater (Breusse 1963).  An advantage to the use of resistivity is 

found in the remote applicability of these measurements.  Whereas salinity in the 

porewater has to be measured directly, resistivity can be measured without direct contact 

with the water column (Zohdy and Jackson 1969).  Problems with resistivity 

measurements are discussed in Manheim et al. (2004a,b) and include the difficult 

process of establishing electrode contact and of making multiple measurements, the 

complexity of inversion modeling, and the difficulty of separating pore water 

conductivity from sediment influences on bulk resistivity. 

Detailed analyses of the possibility of mapping SGD by using streaming resistivity 

surveys were reported by Manheim et al. (2004a,b), in which streamer cables were 

towed behind a boat in transects across coastal bays of the Delmarva Peninsula.  The 

resistivity data were collected with a Zonge GDP-32 multifunction resistivity/induced 

polarization receiver.  The data were then processed using Surfer software into three 

profile plots which calibrate the calculated resistivity to the observed resistivity.  The 

investigators report high quality results when trying to locate areas of fresh groundwater 

discharge along transects of 8 to 30 km in length.  Low conductivity (inverse of 

resistivity) zones from tens of meters to several kilometers in length were discriminated 

from high conductivity regions elsewhere. The results were ground-truthed with in-situ 

conductivity measurements taken with a manual Orion 140 conductimeter, and were 

found to correspond to a porewater salinity of 0.5 at the ambient temperature.   
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In the coastal lagoons along the Delmarva Peninsula, studied by Mannheim et al. 

2004a,b several, 10 km long survey lines of resistivity were taken which allowed for the 

observation of two types of SGD.  The first indicated an area of fresh water in the 

sediment at a depth of up to 3 m between 10 and 500 m offshore.  The second was 

thicker and located further offshore. Both layers have a resistivity of greater than 10 

ohm-m.  Nowroozi et al. (1999) used a similar system to detect saltwater intrusion in 

Chesapeake Bay.  Kruse et al. (1998) utilized this same technique to trace seawater 

intrusion along the gulf coast of Florida.  It seems that the utility of these surveys is to 

quickly (at speeds up to 5 kts) test for the presence of fresh water in the sediment by 

measuring resistivities over large areas, although the existence of a low resistivity area 

does not prove the upward advection of freshwater and cannot provide estimates of 

discharge rates. 

Breier et al. (2005) compared radium and resistivity measurements along a 17 km 

transect near Corpus Christi, Texas.  Their survey was done after a rainstorm when 

surface salinity in the bay ranged from 2 to 7.  Resistivity measurements (which they 

converted to conductivity measurements) showed an area of low sediment conductivity 

(<8 mS cm-1) in the center of the bay.  They also show a good correlation between water 

column radium and resistivity measurements, however radium desorbs from particles at 

a salinity of about 5, therefore this data should viewed with caution. 

Greenwood et al. (2006) tested the feasibility of using electromagnetic (EM) 

methods in addition to resistivity surveys to map pore water salinity in shallow waters.  

This method proved useful at water depths of less than 1.5 m.  They were able to clearly 

reproduce images of the high salinity pore water found around the roots of mangroves. 
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This method succeeded in detecting anomalies in brackish to hypersaline waters, but 

only if the difference in conductivity between the anomaly and the surrounding area was 

greater than 1 mS cm-1.  They suggest that this tool may not be useful in determining 

diffuse SGD as the change in conductivity may not be great, however in certain areas 

known to have high SGD the EM system was able to locate the low conductivity 

anomaly.  A known or calculated formation factor was used to correlate area 

conductivity to pore water conductivity, but the authors point out that the formation 

factor is site dependent.  Earlier, Hoefel and Evans (2001) also discussed the possibility 

of using EM data as a means of detecting SGD.  They demonstrated that the method is 

feasible but that BGC depends not only on the pore water conductivity but on the 

porosity of the sediment matrix.  The system utilized in this study consists of an EM 

transmitter and three receivers towed behind the transmitter.  The change in the strength 

of the magnetic field are sensitive to changes in seafloor properties. The system, 

however, has a resolution of 10 m which is likely to miss the small scale variability in 

SGD noted in several studies mentioned earlier. 

 

 

2. Methods 

A. Conductivity survey and seepage meter deployments 
 

Conductivity was recorded in-situ using a high resolution conductivity probe, 

consisting of four ring electrodes (2 cm diameter) configured in a Wenner array with an 

equal electrode vertical spacing of 1 cm.  The ratio of current to induced voltage is 

proportional to ground conductivity.  Vertical conductivity profiles were recorded by 
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inserting the probe into the ground, taking a reading at a particular depth, and then 

successively pushing the probe further into the ground. At each site a series of transects 

were surveyed in which measurements were taken several meters apart, with higher 

spatial resolution in areas with significant conductivity gradients.  Measurements were 

taken at depth intervals of 10 cm to a maximum depth of 1 m to 1.5 m below the 

sediment interface. At each depth, the probe was left in place until readings stabilized. 

Transect data were interpolated by kriging using SURFER 6.0, taking spatial anisotropy 

in data points into account.  The greatest source of error in these measurements is in the 

record of depth in the sediment. 

When low BGC (<3 mS cm-1) is found in saturated sediment, the assumption is 

made that there is a significant presence of fresh interstitial water.  If BGC is higher than 

this value, there must be some conducting salts in the sediment.  Bulk ground 

conductivity is converted to interstitial water conductivity by multiplying by the 

formation factor (F*) (Ullman and Aller 1982, Maerki et al. 2004) which according to 

Kermabon (1969) is equal to the porosity (Ф) times an exponent related to tortuosity (m);  

F* = Ф 
– m      (1) 

Concurrently with the conductivity measurements, manual seepage meters, first 

described by Lee (1977), were used to directly measure flow.  Water which entered the 

chamber displaced the water within the chamber into a plastic bag attached to an outlet 

spigot.  Measuring volume and time, a flow rate can be determined.  Bags are usually 

pre-filled with 500 ml of ambient water (except when samples were collected for water 

quality measurements) to reduce artifacts (Shaw and Prepas 1989, Shaw et al. 1990, 

Libelo and MacIntyre 1994) and to allow for the measurement of flow rates into the 
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sediment (saltwater intrusion).  Chambers were arranged in shore-perpendicular and, if 

possible, shore-parallel transects in an attempt to observe spatial discharge patterns. 

Where possible, the chambers were left in place for 24 hours prior to the first 

measurement. Samples were collected approximately every thirty minutes for periods 

between six and twelve hours.  Near a submarine spring in Mauritius and at some 

locations in Ubatuba, Brazil samples were collected every ten minutes as flow rates were 

very high and the bag filled quickly.  At Shelter Island and Brazil, in addition, a 

comparison was made with three types of automated seepage meters (Burnett et al. 2006, 

Stieglitz et al. 2007a).  A discussion of error associated with seepage meters is found in 

Appendix B, here we have determined that the error is ±12%. 

 

B. Study sites: 

Five study sites were utilized by the SCOR-LOICZ working group 112 for the 

intercomparison of SGD measuring techniques.  They were chosen for their diverse 

hydrogeological conditions, which are considered representative of many other coastal 

systems (Burnett et al. 2006). At four of these sites, coincident measurements of ground 

conductivity and SGD flow rates through seepage meters were made. The sites are 

briefly introduced here; more detailed information is found in Burnett et al (2006). 

 

Cockburn Sound, Australia: 

Cockburn Sound is a large (150 km2), sheltered, marine embayment on the 

western coast of Australia (Figure 1a, Table 1).  Much of Cockburn Sound is adjacent to 

a low-lying, drained sandy coastal plain (Burnett et al. 2006).  The tidal range in 
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Cockburn Sound is 0.3 – 1.0 m (Taniguchi et al. 2003). The study site overlies an 

unconfined, coastal plain aquifer with high permeability which is recharged by seasonal 

rainfall of 0.85 m annual average of which 15-28% infiltrates the aquifer (Smith and 

Nield 2003).  This aquifer is underlain by a layer of low permeability sediments as well 

as the confining Osborne formation (Smith and Nield 2003).  The region is underlain by 

~12000 m of marine and continental sediments, which are covered by a thin layer of 

Quaternary age deposits that act as a largely unconfined aquifer.  Groundwater in the 

area generally flows in a westerly direction towards Cockburn Sound.  There are 

virtually no surface streams as the soil is extremely permeable. Hydraulic conductivity in 

the area is large (20-1000 m3 d-1) but the hydraulic gradient is relatively low, ranging 

from 0.001 to 0.003 (Smith and Nield 2003).  It has been hypothesized that over 70% of 

the nitrogen input into the bay is through groundwater discharge as much of the 

groundwater in the adjacent plain is characterized by a high nitrogen load (Kendrick et 

al. 2002).   

 

 

Shelter Island, NY: 

Shelter Island was chosen as representative of a glacial outwash plain setting 

located in Peconic Bay at the eastern end of Long Island (Figure 1b, Table 1).  It is 

underlain by a highly permeable (conductivity ~100 m d-1), homogenous but 

anisotrophic, unconsolidated aquifer representative of many coastlines located at the 

edge of the last glacial maximum.  Shelter Island is a small (29.8 km2) island whose 

glacial deposits lead to moderate relief (~60 m, Soren 1978). Here a marine influence 
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leads to a local annual precipitation of 1.17 m, about half of which recharges the aquifer 

system.  Surface runoff is ephemeral and insignificant (Paulsen 1996).  Freshwater in the 

upper glacial aquifer discharges directly into the surrounding coastal water, lowering the 

salinity in the open coastal waters around the island (Soren 1978, LaRoche 1997, 

Schubert 1999).  Below the unconfined aquifer lie the Magothy and Lloyd Sand Member 

aquifers both of which contain groundwater with brackish salinities 2-10: (Soren 1978, 

Paulsen et al. 2001). 

At the study area, West Neck Bay (Figure 1b), a narrow fringing marsh separates 

the bay from the coast. The tide is semi-diurnal and varies from 0.7 to 1.1 m. The 

sediment in the bay is variable, with fine to medium-grained sand located near the pier 

and pockets of silt found away from the pier. The bay is sheltered from the open sea, and 

therefore non-nautical wave action is minimal.  Seepage of fresh groundwater above the 

water line can be observed in the intertidal zone in the form of rivulets of fresh water.  

Previous observations of seepage rates with a continuous seepage meter deployed close 

to a pier at the study site indicated seepage flow rates of up to 160 cm d-1, displaying a 

strong correlation with tidal water level (O’Rourke 2000). Such flow rates are 

considered high for an unconfined aquifer system; at nearby sites on the same coastal-

plain aquifer, SGD had been measured at rates much lower than 50 cm d-1 (Bokuniewicz 

1980).   

 

 

Ubatuba, Brazil: 
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Flamengo Bay near Ubatuba, Brazil (Figure 1c) was chosen as representative of a 

fractured rock aquifer which is likely to display highly variable SGD.  Fractured rock 

would create preferential conduits through which groundwater would flow. Granitic and 

magmatic mountains, over 1000 m in elevation, spill down into the bay forming the 

basement for groundwater flow.  Groundwater flow occurs in fractures of these pre-

Cambrian rocks.  These rocks are overlain by moderately permeable fine grained sands 

(4-5Ф).  Hydraulic conductivities range from 2.5 to 50 m d-1 depending on location 

above the fractured rocks.  The tidal range in Flamengo Bay ranges from 0.6-1.2 m.  

Here freshwater discharge is sufficient to reduce the salinity of local waters as seen at 

Shelter Island (Oberdorfer et al. 2007).  Precipitation in the area is one of the highest in 

Brazil, averaging about 1.8 m yr-1 (Oliveira et al. 2003).  Relevant site characteristics are 

located in table 1. 

 

 

Flic-en-Flac Bay, Mauritius: 

Mauritius was chosen as a site representative of volcanic island settings in which 

steep elevations are likely to create substantial onshore hydraulic gradients. The island of 

Mauritius covers 1865 km2, and reaches elevations of up to 600 m. The average annual 

precipitation varies from 1.13 m on the east coast, to 0.90 m on the west coast, to 4.0 m 

on the central plateau (Burnett et al. 2006).  The coastal zone largely comprises lagoons 

created by the formation of either barrier reefs or fringing reefs. Lagoons are estimated 

to cover an area of 243 km2.  In some places along the western and eastern coasts, 

groundwater discharges are clearly visible. The coast has experienced algae blooms 
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(occasionally red tides), confirming the impact of contaminants in the lagoons and their 

deleterious influence on the health of the coral reefs in the lagoons (Bokuniewicz et al. 

2007).  Much of the coast is underlain with fractured volcanic basalts leading to conduits 

for discharge (J. Oberdorfer 2005, personal communication).   

Flic-en-Flac Bay is on the eastern coast of the island of Mauritius (Figure 1d, Table 

1).  The embayment is partially enclosed by a fringing coral reef and is blanketed 

offshore with a layer (~1 m) of medium-large grained, coral sand (0-2Ф). Much of the 

lagoon is covered with patchy coral.  The tidal range in the bay is less than 0.5 m.  A 

well-known submarine spring is found in the area.  Freshwater discharge from this 

submarine spring, and possibly others, is sufficient to reduce the salinity of coastal 

waters from oceanic salinities of 35 to salinities of 33 in the lagoon. 

 

 

3. Results 

The results presented here represent data on the SGD and BGC collected 

simultaneously at the different study sites. In the following analysis time-averaged 

values of these measurements will be used; although both SGD and BGC are temporally 

variable, the measurable changes tend to be on different scales.  Fluctuations in SGD are 

typically much more rapid than the response of the BGC.  As a result, I consider BGC as 

a natural filter, averaging out higher frequency fluctuations in SGD.  Data from West 

Neck Bay, Ubatuba, and Mauritius have been reported previously (Stieglitz et al. 2007a, 

Stieglitz et al. 2007b, Bokuniewicz et al. 2007), and are here used in combination with 

data from Cockburn Sound, Australia. Data are presented in chronological order. 
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A. Cockburn Sound, Australia 

Data were collected in Cockburn Sound from November 27-December 6, 2000. 

Three shore-normal transects (10 m) and one shore-parallel transect (85 m) of BGC 

show fresh groundwater close to the shoreline being replaced by increasingly salty 

groundwater with distance from the high tide mark. The transition occurs along a well-

defined, shallow vertical gradient typical of unconfined aquifers (Stieglitz 2005).  BGC 

increased from ~1 mS cm-1 near the shore to over 15 mS cm-1 less than 10 m from shore.   

Two shore-parallel transects consisting of four manual seepage meters each were 

deployed up to 70 m from shore.  These manual seepage meters show an offshore 

decrease in average SGD; however these drums were deployed offshore from the 

conductivity transects and therefore no direct relationship can be ascertained from these 

seepage meter deployments.  Alongside one of the conductivity transects, an automated 

seepage meter was placed.  Here seepage rates ranging from 4.05 to 60.88 cm d-1 were 

found, with a mean seepage rate of 32 cm d-1.  In addition, there was a strong inverse 

correlation between water elevation and SGD.  This drum was deployed at a site with a 

medium value of BGC (6 mS cm-1).  

 

 

B. Shelter Island, NY USA 

Data were collected in Shelter Island from May 17-24, 2002. Bulk ground 

conductivity measurements show fresh groundwater in the sediment surrounding a pier 

(Figures 2a and 2b).  Here, two shore-normal transects and one shore-parallel transect of 
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BGC measurements were taken extending from the high water mark to 30 m offshore, at 

depths of up to two meters.  In addition, a shore-normal transect of manual seepage 

meters measured coincident flow rates at 8, 11, and 15 m from the high tide mark.  At 15 

m from the high tide mark a shore-parallel transect of seepage meters (manual and 

automated) was placed 0, 2, 3, and 4 m from the pier. 

Sediment BGC values were less than 2 mS cm-1 directly beneath the pier, 

indicating porewater with very low salinity.  East of the pier there was a mixing zone 

about 2 m wide in which BGC values increase from 2 mS cm-1 to 9 mS cm-1.  At the 

ambient temperature of 14˚C and a seawater conductivity of 34 mS cm-1 (both measured 

directly) salinity equals 28, or using (1), 9 mS cm-1.  The mixing zone width (or the area 

in which there was a large gradient in BGC) was negatively correlated with tide and 

ranged from 2.5 m at high tide to 5 m at low tide.  All manual seepage meter 

measurements showed a strong negative correlation with tide ranging from about 32.5 

cm d-1 at low tide to less than 5 cm d-1 at high tide along a transect 2 m away from a pier 

(Figure 3).  This is an expected pattern in situations where SGD is driven by onshore 

hydraulic gradients.  However, other expected patterns, such as an exponential decrease 

in SGD with distance from the shoreline, were not seen (Bokuniewicz 1980; Stieglitz et 

al. 2007a).  Seepage rates did, however, decrease with (alongshore) distance from the 

pier (Figure 4).  The highest average seepage rates of 65 cm d-1, with a peak flow of 190 

cm d-1, were recorded directly under the pier, which is consistent with previous 

measurements close to the pier (O’Rourke 2000, Paulsen et al. 2004).  Moving away 

from the pier, seepage rates of 25 cm d-1 with peak flow of 37 cm d-1 were recorded 2 m 

away. At 3 and 4 m from the pier, the seepage rates were further reduced to 6 cm d-1 
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(peak 12 cm d-1) and 2 cm d-1 (peak 6 cm d-1) respectively (Sholkovitz et al. 2003) 

(Figure 4a and Table 1). 

The salinity of water collected by the seepage meters increased with distance from 

the pier. When the devices were flushed, salinity averaged 10, 19, and 27 in the 

chambers located 2, 3, and 4 m from the pier respectively. 

SGD decreased exponentially with increasing BGC, and with distance from the 

pier (figure 4a, and b).  At sites of high BGC, the discharge was low, though not zero 

suggesting that even without freshwater discharge, there is an amount of water 

originating from the bay present. This water is, perhaps, driven into the sediment by tidal 

pumping, due to the presence of a considerable tidal excursion (> 1 m), or other 

mechanisms, which will be discussed in Chapter IV.  Both the magnitude of the SGD 

and the width of the “low BGC” zone seem to be related to the tidal elevation.  During 

ebb tide, the SGD in each of the devices increased by a factor of 2-4 while the “low 

BGC” zone widened by a factor of 2.  This is likely to be due to a greater water table 

hydraulic gradient present at low tide.  BGC at this site is averaged over time, as the 

BGC in certain locations changes with changing tidal elevation.  Therefore the 

relationship discussed here only considers the average BGC value.  Directly under the 

pier, for instance, the flow rate is negative at high tide, while BGC remains low.  The 

reason for this may be that SGD does not remain negative long enough for sufficient salt 

penetration into the sediments directly under the pier, although it does on the fringe of 

the “low BGC” zone.  
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C. Ubatuba, Brazil 

Data were collected in Brazil from November 16th to 22nd 2003.  BGC profile data 

were collected along a shore-normal transect in Flamengo Bay (Figure 5).  In figure 5, 

the slope of the beach and the water level at the time of recording are included.  

In Flamengo Bay, it was difficult to push the probe into the sediment. A change in 

physical resistance is commonly associated with a change in density/porosity of the 

sediment and hence is likely to mark a change in sediment type. Locations of 

pronounced changes in physical resistance are marked in figure 5 (orange crosses)  

A time series of BGC measurements was recorded at 35 cm and 45 cm below the 

sediment surface at site S6, alongside a manual seepage meter and an automated seepage 

meter (the latter from Woods Hole Oceanographic Institution). The depths at which the 

conductivity time series were recorded are indicated in figure 6 (top). The depth of 35 

cm coincides with the change in sediment type at this location. Conductivity was burst-

recorded for ca. 15 s every 10 min. 

Manual seepage meters were placed along both shore-parallel and shore-normal 

transects.  The shore-parallel transect consisted of three seepage meters at the low tide 

line.  Seepage meters in the shore-normal transect were located at distances of 5, 10, 18, 

32 and 44 m from the low-tide shoreline at (water) depths of 0.33 m, 0.71 m, 1.07 m, 

1.46 m and 1.65 m respectively (Figure 7).  Though the highest discharge (268 cm d-1) 

was measured close to shore, SGD in the shore-parallel transect was variable over small 

distances.  Indeed, discharge decreased with distance from shore, although the 5th and 6th 

locations also displayed significant flow rates (Bokuniewicz et al. 2004) (Figure 8).  The 
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lowest salinity (~20) was measured in the seepage meter with the highest flow rate 

(Table 2). 

As on Shelter Island, measured flow rates were highly dependent on location. 

Salinity in the chambers did show a correlation with flow rates, though the range of 

salinity (20-30) was not nearly as great as in Shelter Island (6-28).  Conductivity 

measurements showed that a layer separating high from low BGC sediments was present 

about 50 cm beneath the surface, (Figure 5).  Where this low conductivity fraction 

extends towards the surface, higher flow rates are measured within the chambers. As the 

location of advection of fresh water in this site is likely to be controlled by the spacing of 

fractures, the pool of lower conductivity water was probably affected by the presence of 

one of these fractures.  

 

 

D. Flic-en-Flac Bay, Mauritius 

Data were collected from March 18th to 25th 2005.  BGC was measured in a 20,000 

m2 grid surrounding a known point of freshwater discharge (Figure 9).  Here 

measurements were taken every 5 m in 100 m long offshore transects every 10 m along 

the beach.  At each location, BGC was measured at 5 depths up to a maximum of 2 m in 

the sediment.  Between locations in which there was a comparatively large gradient in 

BGC, additional profiles were recorded to achieve higher resolution.  Maximum BGC 

was about 14 mS cm-1 corresponding to average surface water salinity in the area (~33).  

BGC in the sediment directly next to the spring was 0-1 mS cm-1.  The influence of the 

spring was widespread, as low BGC values were found within a 25 m radius of the 
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spring.  Outside of this radius, we measured a sharp transition zone (5 m) between low 

(<3 mS cm-1) and high (>10 mS cm-1) BGC (Figure 9). 

Nine chambers were placed at a total of 24 locations (Figure 1d).  These seepage 

devices were deployed in three shore-normal transects (one adjacent to the spring, one in 

a cove 1000 m north of the spring, and one about 500 m south of the spring), as well as 

in a 1500 m shore-parallel transect (Figure 1d), corresponding to areas of low BGC as 

were measured on the first day of the experiment. 

The first shore-normal transect consisted of five devices located adjacent to the 

known submarine spring.  The shoreward device (M1) was placed at a water depth of 50 

cm.  The other four devices (M3, M6, M5, and M4) were placed at distances of 20, 50, 

80, and 150 m from the low-tide shoreline.  The respective water depths at low tide were 

1.6 m, 1.9 m, 1.4 m, and 1.6 m.  The tops of the devices were between 0.04 and 0.1 m 

above the sea floor.  Measurements were taken at this transect over a period of 72 hours. 

The other two shore-normal transects will not be discussed in this paper. 

The shore-parallel transect consisted of measurements taken at various times from 

devices deployed within 15 m of the low tide line.  This transect consisted of 18 devices 

which were in place for a period of 10 hours to 5 days.  Not all measurements along this 

transect were made simultaneously; however, at least six devices along this transect 

measured SGD throughout the sampling period. 

The measured seepage rates were variable over the entire study area, ranging from 

negative seepage (i.e. flow of lagoon water into the sediment) to SGD of >490 cm d-1.  

However, SGD showed a predictable pattern in the vicinity of the spring.  Devices 
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placed near the spring recorded high rates while devices placed away from the spring 

recorded consistently lower flow rates.    

The presence of the spring precluded the observation of an offshore decrease in 

SGD, and was evident in the alongshore transect (Figure 10). All of the devices in the 

alongshore transect were deployed in permeable, and presumably homogeneous, 

carbonate sands.  SGD was 216 cm d-1 15 m south and shoreward of the spring.  At the 

same distance north of the spring, SGD was found to occur at a value of between 5 and 

15 cm d-1, more typical of the rest of the Flic-en-Flac Lagoon.  

Only in the vicinity of the spring did the benthic chambers collect water with a 

significantly different salinity than the ambient lagoon water.  Here waters with a salinity 

as low as 5 were collected by the benthic chambers.  In addition, a linear inverse 

correlation was seen between salinity and SGD rates (Figure 11). 

Below a flow rate of 200 cm d-1, a negative, linear correlation between BGC and 

SGD in the chambers was observed. At flow rates greater than 200 cm d-1, SGD had the 

same salinity as the water coming directly out of the spring.  Average flow rates 

increased to close to 400 cm d-1 at this site and therefore it will be difficult to distinguish 

flows above 200 cm d-1 with BGC measurements alone. Salinities inside the chambers 

were inversely correlated with BGC measurements as well.  At this site the flow rates, 

though variable, showed no correlation with tide.  This suggests that flow was driven 

primarily by the submarine spring.  Of the 24 meters which recorded ambient salinity 

and high BGC, the average flow rate was 10 cm d-1 but reached as high as 30 cm d-1 

(Table 2).  The values seemed to depend on beach slope, with the higher SGD occurring 
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near steeper gradients.  The fairly large recirculated component of SGD at this site 

suggests enhanced mixing processes within the upper few centimeters of sediment.   

 

 

E. Interpretation of BGC results 

In these studies, BGC seemed site-dependent with a sharp interface between high 

and low BGC at the sediment surface at certain sites, while at other sites there is a non-

uniform BGC distribution.  In Cockburn Sound, BGC distribution was likely controlled 

by the discharge of fresh groundwater close to the shoreline as BGC increased rapidly 

from less than 1 mS cm-1 (fresh porewater) to more than 15 mS cm-1 (saltwater) within 

10 m of the shore.  In Shelter Island, BGC was high except along the shoreline as well as 

the immediate vicinity of the pier.  In both of these cases, the transition zone was sharp, 

the gradient being between <1 mS cm-1 and 10 mS cm-1.  It is likely, then that at this site 

BGC was controlled by processes involving the emplacement of the pier.  This idea will 

be fully discussed in the following chapter.  In Ubatuba Bay, BGC is hypothesized to be 

dependent on fractures in the basaltic rock below the sandy sediment.  Once again we 

found sharp gradients in the BGC from less than 1 mS cm-1 to greater 14 mS cm-1. In 

Mauritius, BGC was clearly controlled by the location of the freshwater spring as abrupt 

transitions were found in every direction about 10-15 m from the center of the visible 

spring.  In addition, along the beach there was a small zone of low BGC, where higher 

flow rates were found. 
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F. Interpretation of seepage meter results 

SGD as recorded by seepage meters also seemed dependent on location in the 

area and, in general, corresponded very well with zones of low BGC (A discussion of the 

uncertainty associated with seepage meters is found in Appendix B).  However, the 

negative correlation between BGC and SGD was site-dependent, and seemed to be based 

on several factors which will be explained in the next section (Table 3).  In Cockburn 

Sound, high rates of seepage were located in the vicinity of the shoreline, and therefore 

characteristic of a coastal zone site in which SGD is driven by the onshore hydraulic 

gradient.  Exponential decrease has previously been seen in similar sites (i.e. 

Bokuniewicz 1980) and follows basic hydrogeological theory (Hubbert 1940).  

Meanwhile in Shelter Island, average seepage decreased exponentially from 65 to 2 cm 

d-1 within a distance of 4 m from the pier.  Evidence suggests that this pattern is due to 

the piercing of an apparent confining layer, as will be discussed in the next chapter of 

this thesis.  In Ubatuba, discharge followed an apparently random pattern, with rates 

varying from 8 to 280 cm d-1, most likely explained by fractures in the basaltic 

basement.  If the seepage meters were placed near or above such fractures in the aquifer, 

high flow rates may be measured.  Discharge of great magnitude was found near and 

above the spring in Mauritius (>490 cm d-1).  At this site a large lava tube may have 

served as a conduit (or underground river) of large flow.  There are many examples of 

this type of feature on the island of Mauritius.  Discharge was relatively low elsewhere at 

this site, but not insignificant, suggesting that in the absence of freshwater discharge 

there is still some re-circulated water discharging, perhaps driven into the sediment by 

bioirrigation, tidal pumping or wave set-up.  
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4. Discussion 

A. Extrapolation of SGD values from BGC measurements 

A family of curves is plotted in figure 12 showing BGC as a function of SGD 

(Table 2).  The ability to extrapolate SGD values from BGC would be advantageous 

because it requires less labor to collect BGC data than to take many accurate SGD 

measurements, and it is more feasible to cover a large area.  Using an empirical 

relationship between BGC and SGD: 

σb=Ae-αSGD       (2) 

where σb is bulk ground conductivity.  The parameter A is the value of BGC when there 

is no SGD.  Presumably, this is the conductivity of the sediment matrix with the pore 

fluid at the ambient, oceanic salinity.  Because the open water salinity and the (low) 

matrix conductivity is similar at the coastal sites, the value of A is also similar averaging 

14.6 mS cm-1.  Because the value of A is similar for all sites, this site-specific, empirical 

relationship can be determined with even one measurement, as I have done for Cockburn 

Sound, although with a relatively low the degree of confidence.   

 When α increases the curve relating SGD and BGC becomes steeper, Shelter 

Island has an α of 0.0492 while Mauritius has an α of 0.0063.  The value of α therefore 

represents the ability of SGD to flush the sediment with fresh water. When α is a large a 

small increase in SGD drives salt from the pore water lowering the BGC rapidly. 

Considering the data from Mauritius, for example, a BGC measurement corresponding 

to a salinity of 15 would be proportional to a discharge of 100 cm d-1, while at Shelter 

Island this same BGC measurement would suggest a discharge of 20 cm d-1.  I will show 

later that α might be directly correlated to the freshwater fraction of the SGD.   
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 The value of α may be associated with large-scale aquifer characteristics. The 

more homogeneous aquifers of Shelter Island and Cockburn Sound have the highest 

values for α. The volcanic rock, with its lava tubes in Mauritius, had the lowest value of 

α, and the fractured-rock aquifer in Brazil had intermediate values.  I hypothesize that 

other unconsolidated aquifers would be characterized by large values of α, and that 

heterogeneous aquifers, karsts for example, would be represented by low values of α.  

On a small scale, processes such as bioturbation, tidal pumping, wave set-up, and 

density-driven salt fingers have been previously discussed, in addition to differences 

among the sediment matrix, such as porosity and tortuosity (Ataie-Ashtiani et al. 1999, 

Li et al. 1999, Taniguchi et al. 2005, Jaeger et al. 2005).  Qualitatively as porosity, 

porewater salinity, and temperature increase, BGC increases.  As tortuosity and grain 

size increase BGC decreases.  Meanwhile SGD is directly correlated with hydraulic 

conductivity and tidal elevation.  Table 1 is a partial list of relevant, physical parameters.  

As there is no clear pattern between individual site characteristics listed in Table 1and 

the empirical parameters A and α; it seems that no single characteristic controls this 

relationship.  For example larger grain size, which allows for higher permeability, could 

produce the differences seen between Mauritius (1-0Ф) and Shelter Island (7-5 Ф), but not 

between Brazil (5-4 Ф) and Cockburn Sound (3-1 Ф) (These numbers are based on grain 

size descriptions in the literature Table 1).  Porosity, as reported in the literature, does 

not change much from site to site.  Hydraulic conductivity is generally inversely 

correlated with α, though it does not hold true for all sites.  Meanwhile, tidal range has 

no apparent correlation with the slope of the relationship curve.  It is likely, therefore, 

that the relationship is a function of a combination of these, and, perhaps, other 
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characteristics. The mechanisms which affect this relationship and a quantitative 

relationship between BGC and SGD will be discussed further in Chapter IV. In any 

event, we can largely reproduce the correlation between SGD and BGC at the various 

sites (Figure 12) pending different values of A and α with this empirical relationship 

alone.   

 

 

B. Quantifying SGD using the empirical relationship 

Based upon the site specific correlation between BGC and SGD as well as the 

area covered by BGC measurements we can approximate total discharge per kilometer of 

shoreline into the study areas.  Using the Cockburn Sound BGC data to interpolate SGD 

throughout the study site (3200 m2), and assuming high magnitude SGD occurs only in 

the vicinity of the shoreline (Burnett et al. 2006) the total discharge into Cockburn 

Sound is 2.91 x 103 m3 d-1 km-1 of shoreline.  For Shelter Island, interpolating the BGC 

data throughout the study site (3000 m2) and, assuming the high discharge only occurs at 

the immediate shoreline and in the vicinity of the pier pilings, the total discharge into 

West Neck Bay is 1.59 x 103 m3 d-1 km-1 of shoreline (Table 4).  In Brazil, the 

interpolation of BGC data throughout the study area (1200 m2) yields a total discharge 

into Ubatuba Bay of 7.16 x 103 m3 d-1 km-1 of shoreline.  In Mauritius, the BGC data 

throughout the study site (12,000 m2) yields a total discharge into Flic-en-Flac bay of 

2.45 x 105 m3 d-1 km-1 of shoreline.  These data are reported graphically in figure 13.  
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C. Independent estimates of SGD at the study sites 

 Independent estimates were produced at each of the study sites using a variety of 

techniques.  I have examined the use of the relationship between point measurements of 

SGD and BGC as an integrated measurement of SGD, now I will compare it to other 

integrated estimates made using radium and radon isotopes, including mathematical 

modeling estimates where possible.  

In Cockburn Sound, measurements made using radium (3.2 x 103 m3 km-1 d-1) 

and radon (2.0-2.7 x 103 m3 km-1 d-1) correspond very well to the estimate stated above, 

suggesting that the relationship between BGC and seepage meter SGD could be very 

successful in the quantification of SGD.  All of these numbers compared well with 

estimates of 2.5-4.8 x 103 m3 km-1 d-1made using mathematical models (Burnett et al. 

2006). 

In Shelter Island, integrated estimates of SGD (Burnett et al. 2006) using radium 

and radon were 8-20 x 103 and 16-26 x 103 m3 km-1 d-1 respectively These were an order 

of magnitude higher than the estimated discharge using the method described here.  

However, a revision of the calculation using the same data but considering a different 

geometry of the study area significantly lowered the SGD.  As discussed by Dulaiova et 

al. (2006), the longitudinal Ra gradient out of West neck bay was measured to be -0.84 

dpm m-3 km-1 or -0.84 x 10-3 dpm m-3 m-1.  With a horizontal mixing coefficient of 30.7 

m2 sec-1 (Dulaiova et al. 2006), the flux of radium leaving the bay would be 25.8 x 10-3 

dpm m-2 sec-1.  The calculation of SGD cited above was based on this flux leaving a 



 52

straight shoreline along which radium-enriched SGD was being added over the first 50 

meters from shore. 

These assumptions would be most appropriate for a straight open coastline, but 

West Neck Bay might be better represented by as more-or-less circular bay whose 

circumference (shoreline length) is L. Radium-enriched groundwater enters the Bay in a 

band, with a width, d, of 50m, around the parameter and leaves through an inlet channel 

of cross-sectional area (A) at the specific flux of 25.8 x 10-3 dpm m-2 sec-1 as calculated 

above. (The “m-2” is a square meter of the cross-sectional area through which the 

horizontal flux occurs). SGD would be the product of the specific flux and the cross-

sectional area (A=192 m2) of the inlet, divided by length of the bay shoreline (L=2450 

m), times the width of the seepage face (d=50m), divided again by the concentration of 

Ra in groundwater (220 dpm m-3). When calculated with this geometry the estimated 

SGD will be reduced by a factor of A/ (L*d), or 0.035, relative to the value calculated 

assuming a straight shoreline.  The radium-estimated SGD would then be between 0.280 

and 0.700 x 103 m3 km-1 d-1 compared to 1.59 x 103 m3 km-1 d-1 calculated from the 

BGC. Mathematical models also displayed considerable variation in estimates ranging 

from 0.230-10 x 103 m3 km-1 d-1.  The estimate using BGC is within the ranges estimated 

by these independent methods. 

In Flamengo Bay, Brazil, there was, once again, large variation seen in the radon 

estimates which were from 2-15 x 103 m3 km-1 d-1. The value estimated from BGC of 

7.16x 103 m3 km-1 d-1 was near this independent estimate. Modeling estimates, however, 

were lower, ranging from 0.17-1.6 x103 m3 km-1 d-1 (Oberdorfer, et al. 2007).  
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 In Mauritius, a radon estimate of the area near the spring suggested that there 

was a discharge of 56 x 103 m3 km-1 d-1, which is lower than the estimate of 245 x 103 m3 

km-1 d-1 calculated in the previous sub-section, but this could depend on the area used in 

the calculation of the radon estimate (Burnett et al. 2006).  The radon estimate likely 

integrated a larger area than was studied with the BGC-SGD comparison, and was, 

therefore less influenced by the presence of the spring.  The various estimates of SGD in 

Mauritius might be reconciled by separating the total SGD, as measured with the radon 

method, into two parts, that supplied by the submerged spring and that supplied, at a 

lower rate, across the rest of the lagoon floor.  Therefore, 

SGDRn = SGDspring + SGDlagoon    (2) 

 

Where SGDRn is the total SGD into the lagoon as calculated by the radon 

estimate multiplied by the length of the shoreline; SGDspring is the SGD in the vicinity of 

the spring as calculated by the extrapolated BGC measurements; and SGDlagoon must be 

the discharge remaining in the rest of the lagoon or the difference between the total SGD 

as calculated to by the radon minus the spring discharge. The radon estimate for the 

entire 8-km length of the lagoon was 26 m3 m-1 d-1 (Burnett et al. 2006) corresponding to 

a total input of SGD of 208,000 cubic meters per day.  Radon activities directly over the 

spring which yielded SGD rates between 0.65 and 1.1 m d-1.  Taking the average 

discharge of the spring to be 1 m d-1 for a distance of 100 m from shore (Figure 13b) 

then the discharge in this meter length of shoreline is 100 m3 m-1 d-1.  The spring 

encompasses a swath 100 m along shore (Figure 13b), and, therefore, in this swath there 

is an average of 100 m3 m-1 d-1 and a total discharge of 1.0 x 104 m3 d-1.  In order to 
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account for the total SGD, therefore, 19.8 x 104 m3 d-1 must be supplied from the 

remaining 7,900 m of shoreline. The average width of the lagoon is 500 m, giving a 

surface area (not including the spring) of 395 x 104 m2.  Dividing the total discharge by 

the surface area of the lagoon, the average flow rate would need to be 0.05 m d-1 or 5 cm 

d-1away from the spring.  According to the BGC-SGD relationship there is a small flow 

of 10 cm d-1 within 5 m of the shore, so a diffuse flow throughout the rest of the lagoon 

floor of 5 cm d-1 is reasonable and would account for the flow rates suggested by the 

Radon measurements reported in Burnett et al. (2006).  A water budget model for the 

area resulted in an estimated a freshwater SGD between 26 m3 m-1 d-1(Oberdorfer, 2005, 

San Jose State University, personal communication); the total SGD would, of course, be 

higher. 

With the exception of Mauritius, this method seems to provide an accurate 

estimate of the discharge within the investigated area when compared with independent 

tracer estimates.  As calculations of SGD using tracers are complicated by the difficulty 

in accurately determining end-members, the method utilized in this chapter may provide 

a reliable check of tracer estimates.  In addition, these measurements are often cheaper to 

make then those using tracers and, therefore, may have wider applicability especially in 

developing nations.  Meanwhile, mathematical models often disregard the flow of re-

circulated seawater, which may be an important component of the total SGD budget. 

 

 

 

 


