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ABSTRACT 

 

This study is focused on the application of 
222

Rn (radon, t1/2=3.8 d) as a geochemical 

tracer for evaluation groundwater fluxes in different aquatic systems including submarine 

springs and lakes.  For this purpose improvements of some established methods for detection 

of 
222

Rn in natural waters and investigating the possibilities of concurrent measurements of 

220
Rn (thoron, t1/2=56 s) for detection of groundwater point sources were developed.  The 

222
Rn groundwater tracer technique was applied at study sites in Spring Creek Springs system 

(Florida Panhandle) and several small lakes in central Florida. 

The fresh water groundwater fluxes of Spring Creek Springs were evaluating using 

salinity and 
222

Rn as geochemical tracers.  Two different approaches were applied.  The first 

model is based on time series measurements of either of the tracers (salinity or 
222

Rn) and 

data for stream velocity recorded downstream in the spring area.  To verify the first approach 

we developed a simple two-box model that is independent of stream-point measurements and 

use concurrent salinity data from both upstream and the spring area.  Our results from almost 

two year of monthly based deployments at the study site indicate that the dynamics of the 

springs’ flow is governed most probably by fluctuations of the local water table.  The total 

spring discharge fluctuated between zero to up to ~3.0x10
6
 m

3
/day (March 2008). 

The 
222

Rn approach for assessing groundwater discharge was tested in seven 

relatively small lakes in North and Central Florida (Lake Newnans, Lake Butler, Clear Lake, 

Lake Haines, Lake Shipp, Lake Hunter, and Lake Josephine).  A mass balance advection-

diffusion model a well mixed non-stratified water body showed to be adequate for evaluating 

the groundwater fluxes in these systems.  Comparison of the estimates of some of the lakes 

with independent seepage meters and water balance studies showed very good agreement.  A 

special investigation on the groundwater end-member for the model evaluations resulted in a 

decision of using a sediment equilibration approach for determining this parameter. 

Finally, we used 
222

Rn-time-series to asses the groundwater discharge in small 

shallow lakes.  We monitored the 
222

Rn concentration in lake water over time for a period 

long enough (usually 1-3 days) to observe changes likely caused by variations in atmospheric 

exchange (primarily a function of wind speed and temperature).  We then attempted to 

reproduce the observed record by accounting for decay and atmospheric losses and by 



 xvi

estimating the total 
222

Rn input flux using an iterative approach.  Once a quasi steady-state 

222
Rn flux was evaluated by balancing the calculated outputs, we divided this flux by the 

measured or assumed groundwater radon concentration to determine the groundwater 

discharge. 
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CHAPTER 1 

 

INTRODUCTION AND DEFINITIONS  

 

Because of the variety of mechanisms and the nature of groundwater discharge to 

surface waters, the definition of this phenomenon has been unclear and ambiguous among 

scientists.  It is also the different perspectives of two overlapping scientific fields, hydrology 

and coastal oceanography, which contributes to the difficulty of defining an explicit common 

term.  While hydrologists mainly refer to groundwater discharge as the terrestrial fresh 

component of the discharged water, regardless of the environment, coastal oceanographers 

had recently agreed on a more general definition when defining submarine groundwater 

discharge (SGD) in the coastal zone.  According to Burnett et al. (2003), “SGD is any and all 

flow of water on continental margins from the seabed to the coastal ocean, regardless of 

fluid composition or driving force.”  No matter what definition is applied, scientists from 

several fields agree that groundwater discharge, both as SGD and as fresh water discharge to 

aquatic systems, plays an important role in the ecological balance of these environments 

(Johannes, 1980; Moore, 1996; Burnett et al., 2003).  Groundwater acts not only as a 

pathway for vitally needed nutrients for aquatic and marine ecosystems, but also for land-

based contaminants.  Thus, it is important to know the regime of groundwater discharge in 

order to better understand and help manage the quality of our environment. 

The basic approaches for assessments of groundwater discharge include hydrologic 

modeling, direct physical measurement using seepage meters, and tracer techniques.  The 

principle of natural tracer techniques is that groundwater is enriched in certain elements that 

occur in much lower concentrations in surface water.  The research reported in this 

dissertation shows how the naturally occurring isotope 
222

Rn (radon, t1/2=3.8 days) can be 

utilized successfully as a groundwater tracer for studying hydrological processes in both 

marine (submarine springs) and aquatic systems (lakes).  The possibility of measuring 
220

Rn 

(thoron, t1/2=56 s) in natural waters for identifying point sources of groundwater discharge 

was also explored.  From the same perspective, improvements of already existing 

methodologies for “mapping” SGD sources in the coastal zone via 
222

Rn were achieved. 

 



 2

Organization of the dissertation 

Chapter 2 of the dissertation presents a laboratory investigation on the specifics and 

uncertainties of preparation of radium (
224

Ra; t1/2=3.6 days) standards commonly used for 

calibration of ”radium delayed coincidence counters” (RaDeCC).  This instrumentation, 

developed by Moore and Arnold (1996), has become very popular in the oceanographic 

community for measuring 
223

Ra and 
224

Ra in natural waters via MnO2-coated fibers.  The 

results showed that for quantitative retention of thorium, as well as radium, the matrix of the 

standard solution and pH control are very important parameters.  This investigation has 

already been published in Dimova et al. (2008). 

The results from extensive laboratory experiments in our attempts to improve the 

sensitivity of 
220

Rn (thoron, t1/2=56 s) measurements in natural waters via a RAD AQUA 

system (Duridge Inc.) are presented in Chapter 3.  Our efforts were concentrated on 

developing a system for successful concurrent measurements of both naturally-occurring 

radon isotopes.  We feel that such measurements could significantly improve the 

identification of groundwater point sources and increase the spatial resolution of source 

“mapping” in the coastal zone.  The results from this study are being published in Dimova et 

al. (2009). 

Chapter 4 reports on the seasonal hydrologic fluctuations of the largest network of 

submarine springs in Florida, Spring Creek Springs.  We used continuous measurements of 

salinity and 
222

Rn in the springs’ area to quantify the total fresh water discharge on an almost 

monthly basis for about two years.  We found that salinity might be a better approach in such 

kind of environments when the evaluation of the fresh water component is the final goal.  

Radon on the other hand was found to be a unique tool for identifying the extent of saltwater 

intrusion in the local aquifers. 

The next two chapters, Chapter 5 and Chapter 6, of this manuscript are related to 

the utilization of 
222

Rn for evaluating groundwater discharge in fresh water systems.  We 

found that somewhat similar principles for 
222

Rn used in marine environments apply in 

aquatic systems as well.  We found that these small lake systems could be approached by 

assuming a balance between radon inputs via groundwater discharge and outputs by decay 

and atmospheric evasion.  A two-year seasonal investigation of three small lakes in central 

Florida, Lake Haines, Lake Hunter and Lake Josephine, is presented in Chapter 5.  The 
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findings for some of the investigated lakes were supported by independent seepage meter and 

hydrologic measurements.  Contrasting and comparing the 
222

Rn budgets of two small lakes, 

one with significant groundwater discharge (Lake Haines) and one with zero discharge 

(Round Lake), provided an opportunity for us to examine and model the 
222

Rn trends in these 

systems.  The results of that investigation are presented in Chapter 6. 
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CHAPTER 2 

 

UNCERTAINTIES IN THE PREPARATION OF 
224

Ra Mn FIBER STANDARDS 

 

Article published in Marine Chemistry 

 

 

Abstract 

 

Delayed coincidence counters (RaDeCC), used for measuring 
223

Ra and 
224

Ra 

preconcentrated from water onto MnO2-impregnated acrylic fiber (“Mn-fiber”), require a 

standard Mn-fiber column that has a precisely known activity of 
224

Ra for calibration.  This 

may be done by adding an aged 
228

Th standard solution to adsorb both 
228

Th and its daughter 

224
Ra quantitatively onto a Mn fiber.  We used both seawater and deionized water (DIW) for 

testing the adsorption efficiency of Th and Ra onto Mn fibers.  Our experimental results 

show that more than 50% of thorium (
232

Th and 
228

Th) breaks through the Mn-fiber column 

when DIW is used as a medium.  However, near quantitative recoveries are obtained if 

filtered (0.4 μm) seawater is used to prepare the standard.  In the case of pure DIW, the pH 

(initial pH~5.3) rises to >10 after passing through the column while seawater (initial pH~7.8) 

changes to ~7.2.  Thus, the lack of thorium adsorption in DIW may be attributed to this huge 

increase of pH and the consequent formation of Th(OH)4 and polyhydroxyl colloids.  Based 

on these observations, we recommend that one should use either artificial seawater or natural 

seawater (which has negligible 
224

Ra and 
228

Th) as a loading solution after 0.2 μm filtration.  

In addition, the thorium adsorption efficiency should be confirmed either by thorium analysis 

of the effluent solution or long-term monitoring of the supported 
224

Ra on the Mn fiber using 

the RaDeCC.  Similar cautions are likely necessary for making 
223

Ra standards by adsorption 

of 
227

Ac onto Mn fibers. 
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Introduction 

 

Oceanographers have used “Mn fibers” for many decades to preconcentrate radium 

for determination of 
226

Ra (t1/2=1 600 years) and 
228

Ra (t1/2=5.7 years) in seawater (Moore, 

1976; Reid et al., 1979).  The wide application of this method is due mainly to the relatively 

simple sampling technique and wide variety of options for further measurement.  Another 

advantage is that Mn fibers, short for MnO2-impregnated acrylic fiber, can be prepared 

relatively easily in most laboratories at a relatively low cost.  These MnO2-impregnated 

acrylic fibers have been shown to quantitatively adsorb radium from water when flow rates 

are less than ~2 L/min (Moore, 1976; Moore et al., 1995). 

The long-lived isotopes of radium (
226

Ra and 
228

Ra) collected on Mn fibers can be 

measured by radon emanation and direct counting techniques.  In the latter case the MnO2 

coating is leached off the fiber with HCl and then radium is precipitated as BaSO4 for 

measurement by gamma spectrometry (Moore, 1996).  Fibers can also be ashed in a metal 

crucible, compressed into a flat disc geometry and measured by gamma spectrometry 

(Dulaiova and Burnett, 2004). 

The development of the delayed coincidence counter system “RaDeCC” (Griffin et. 

al, 1963; Moore and Arnold, 1996) enabled the short-lived radium isotopes 
223

Ra (t1/2=11.4 

days) and 
224

Ra (t1/2=3.6 days) to be easily and rapidly measured.  This advance triggered 

many studies on the determination of mixing rates and residence times of coastal waters in a 

variety of environments (Moore, 2000; Charette et al., 2001).  It has also been shown that 

two of the alpha-emitting isotopes of radium (
224

Ra and 
226

Ra) could be measured directly 

from Mn fiber by attaching a column containing the fiber to a radon-in-air analyzer (Kim et 

al., 2001).  While radium has been observed to adsorb effectively onto Mn fibers, the uptake 

of thorium is not necessarily quantitative under certain circumstances (Gascon et al., 1990; 

Rutgers van der Loef et al., 2006). 

We initially prepared 
224

Ra Mn fiber standards using 
228

Th-
224

Ra standard solutions 

made up in deionized water, and we noticed that count rates of 
224

Ra on the RaDeCC system 

would at first be close to the expected values for quantitative adsorption but then dropped at a 

rate corresponding to its 3.6 day half-life.  This indicated to us that while radium was likely 

quantitatively adsorbed onto the fiber, thorium was not, i.e., 
224

Ra was apparently not fully 
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supported by its parent, 
228

Th.  This led us to investigate further the sorption characteristics 

of thorium onto Mn fibers.  We report here on a series of experiments designed to evaluate 

the optimum conditions for radium and thorium adsorption onto Mn fibers. 

 

Materials 

 

Calibration of thorium solutions 

A standard solution at Florida State University (FSU) was made from a Th(SO4)2 x 

nH2O compound that was known to be at least 40 years old.  The old age ensures that secular 

equilibrium would exist between 
232

Th and all the following daughters including 
224

Ra.  

Having the short-lived daughters supported by long-lived 
232

Th (t1/2 = 1.4 x 10
10

 y) is 

attractive as it eliminates the need for decay corrections.  We dissolved approximately 1g of 

the compound in a 50-mL beaker with about 15 mL 2M HCl and applied moderate heating to 

ensure complete dissolution.  When the salt was completely dissolved the solution was 

transferred to a 150-mL PTFE bottle and diluted with 2M HCl to a total volume of 50 mL.  

One milliliter of this solution was transferred to a smaller bottle (50 mL) and this solution 

was diluted again to 30 mL with 2M HCl to prepare our working solution.  The final activity 

of 
232

Th in this working solution was calculated to be 65.0 dpm/mL. 

We used isotope dilution alpha spectrometry to determine the exact 
232

Th activity 

concentration of the prepared solution using a NIST-traceable 
229

Th standard as an internal 

tracer.  Thorium isotopes were separated from their daughter products and other impurities 

using Eichrom’s TEVA Resin extraction chromatographic material.  Sources were prepared 

by CeF3 microprecipitation and filtration and counted in an Ortec Octête alpha spectrometer 

until satisfactory counting statistics were obtained.  The mean result from 6 runs was 

66.8±2.7 dpm/mL, which we will use as our standardized activity.  We also counted the 

standard solution in a well-type germanium detector for an additional verification.  We 

measured the 
228

Ac (direct daughter of 
228

Ra) photopeaks at 338 and 911 keV as an 

independent assessment of the 
232

Th activity.  The mean of the two gamma spectrometric 

analyses was 64.9±0.4 dpm/mL, in satisfactory agreement with the theoretically calculated 

value (65.0 dpm/mL) and that determined by alpha spectrometry (66.8±2.7 dpm/mL). 
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At Seoul National University (SNU), a 
232

U standard (10.2 dpm/mL) in 1M HNO3 

solution was used for preparing 
228

Th-
224

Ra Mn fiber standards since the 
228

Th was known to 

be in transient equilibrium with 
232

U.  The activity of 
228

Th in the standard solution was 

confirmed through isotope dilution alpha spectrometry with a NIST-traceable 
229

Th solution 

following a similar procedure as that described for the FSU 
232

Th standard. 

Preparation of Mn fiber columns 

We prepared the Mn fibers by impregnating acrylic fiber with MnO2 in our laboratory 

following the method of Moore (1976).  All reagents were reagent grade and we used 

radium-free deionized water after reverse osmosis treatment.  To adsorb thorium and radium 

from our standard solutions onto the prepared fibers we used a polypropylene Nalgene
®

 

Funnel (80-mm diameter) mounted to a polyethylene column that held a small handful (~125 

cm
3
) of moist Mn fiber.  Before use each fiber was first washed using radium-free water until 

no brown coloration was apparent in the fluid exiting the column.  Our various standard 

solutions (described below) were then added to the top of the funnel for adsorption of 

thorium and radium onto the Mn fiber. 

 

Experiments and discussion 

 

Radium and thorium adsorption tests 

We prepared loading solutions using either 0.5 L of deionized water (DIW) or 

0.45µm filtered radium-free seawater (pH=8) spiked with 500 µL of the FSU-prepared 
232

Th 

standard solution.  The pH of the solutions was measured before passing through the column 

to ensure that they were near neutral (between 6 and 7).  When the pH dropped because of 

addition of the acidic tracer, we used 2M NaOH to adjust it back to the optimum working pH 

interval (pH~6.5).  We then passed the spiked solution at least three times through the Mn 

fiber column at very slow flow rates (<1 L/min) to ensure the best opportunity for 

quantitative adsorption of the thorium and radium onto the fiber.  We also monitored the pH 

of the solution after each pass through the column. 

In order to assess the amount of thorium adsorbed onto the fiber, we measured the 

amount of thorium that passed through the column without adsorption.  We collected the 

effluent from the Mn fiber load solutions and measured the thorium by alpha spectrometry 
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(La Rosa et al., 2001; Nour et al., 2004).  We followed this analytical approach: (1) while 

stirring the effluent solution, 0.5 mL (18.05 dpm/mL) of 
229

Th solution was added as an 

internal tracer; (2) the solution was acidified to pH=2 by adding HCl as necessary; (3) 

addition of 0.25 mL of a saturated solution of KMnO4; (4) the pH was then raised to 8-9 with 

2M NaOH while stirring; and (5) addition of 0.5 mL 0.5M MnCl2 to reduce Mn(VII) to 

Mn(IV).  Under these conditions, radium, thorium, and other radionuclides will co-

precipitate with manganese dioxide as an amorphous dark brown suspension.  These 

suspensions were stirred for about 60 minutes to keep the MnO2 precipitate suspended, and 

then left to settle.  The supernatant fluids were decanted as much as possible and the 

remaining suspensions separated by centrifuging in 50-mL centrifuge tubes.  We dissolved 

the MnO2 precipitates in 2-3 mL of concentrated HCl and a drop of H2O2 and then diluted to 

10-15 mL with 2M HCl to prepare it for thorium separation on TEVA Resin.  The thorium 

fraction is then co-precipitated with CeF3 and assessed by alpha spectrometry. 

For our first set of experiments we chose three different 
224

Ra solutions to prepare Mn 

fiber standards: (1) the reference 
232

Th solution described earlier (FSU); (2) a FSU 
228

Th 

solution (in HCl) separated from a certified NIST 
232

U solution that contained transient 

equilibrium activities of 
228

Th (NIST); and (3) a 
232

Th reference solution (in HNO3) supplied 

by W.S. Moore (M).  When we used deionized water to make up the standard load solution, 

the thorium retentions ranged between only 32 and 43% for both 
232

Th and 
228

Th on the fiber 

(Table 2.1). 
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Table 2.1 Average thorium retentions onto Mn fiber as a percent of the initial tracer activity 

of different loading solutions and different pH media.  DIW is deionized water, SW is 

seawater, FSU (
232

Th) is the solution standard prepared at FSU from old thorium 

sulfate, M (
232

Th) is the standard from W. Moore’s calibrated solution, and NIST is a 
228

Th solution prepared from 
232

U at FSU.  The retention of thorium is substantially 

higher when filtered Ra-free seawater (SW) is used instead of deionized water (DIW) 

as a loading solution.  All the thorium retentions were determined by analysis of the 

effluent solutions by alpha spectrometry. 

 

SOURCE 

ID                         pH 
4.5 6.6 8.0 

DIW - FSU (
232

Th) 26.7 32.7 (n=2) 38.7 

DIW - M (
232

Th)  28.4 (n=2)  

DIW – NIST 
232

U (
228

Th)  43.6 (n=3)  

SW - FSU (
232

Th)  99.0 (n=2)  

SW - M (
232

Th)  98.7 (n=2)  

 

 

The thorium retentions were assessed either by counting the fiber on the RaDeCC 

system at least three weeks after preparation so the supported 
224

Ra would equilibrate with 

228
Th, or by analysis of 

232
Th and 

228
Th in the effluent solutions by alpha spectrometry.  In 

several cases, we applied both methods and the results were in good agreement. 

We next performed a two-column experiment where we first passed a thorium-spiked 

DIW solution through a Mn fiber column several times and then the effluent from the last 

round was passed through a second Mn fiber column.  In spite of the fact that ~60% of the 

thorium was still present in the effluent solution from the first column, the second column did 

not retain any detectable activity.  The remainder of the initial activity that was not adsorbed 

on the first column was found to be present in the effluent from the second column.  These 

breakthrough tests in DIW show that a significant fraction of the thorium is ultimately 

present in some form that can not be adsorbed onto Mn fibers. 

Additionally, the recoveries of both radium and thorium were lower than 50% when 

the standards were made in deionized water that was first passed through a Mn fiber column 

to remove any radium (“radium-free” DIW) before adding the standard.  We suspect that this 

loss is due to adsorption of both radium and thorium onto very small, nearly invisible 
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particles of MnO2 which came off the initial Mn fiber and then broke through the column 

used to prepare the standard. 

We next designed an experiment to evaluate thorium adsorption from standard 

solutions by counting 
224

Ra repeatedly over a time scale of weeks to document any 

radioactive disequilibrium in the 
228

Th-
224

Ra pair.  The same experiment was performed in 

two laboratories, FSU and SNU using independently prepared Mn fibers and standards.  Both 

laboratories prepared thorium-radium standards to adsorb onto Mn fibers using the following 

solution media: (1) 0.45μm filtered seawater; (2) 0.45μm filtered deionized water; and (3) 

deionized radium-free water (passed through a Mn fiber before standards were added).  In all 

cases when seawater was used, the Mn fibers were washed carefully with radium-free water 

before counting in order to remove the salt from the surface of the fibers which could cause 

lower radon emanation.  The results were dramatically different in each case (Figure 

2.1A&B). 
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Figure 2.1 Ra-224 recoveries as a function of time since preparation of a Mn fiber standard, 

where plot (A) shows FSU results, and plot (B) presents the results for SNU.  The 

different symbols show different aqueous media for preparation: closed diamonds – 

0.45μm filtered seawater; open circles – 0.45μm filtered deionized water; and open 

squares – unfiltered deionized radium-free water.  The curves show the decay of 

unsupported 
224

Ra.  The arrows on the right side of the FSU plot show the recovery of 
232

Th based on the alpha spectrometry analysis of the effluent.  Although the error 

bars for both FSU and SNU represent 1σ counting errors, the SNU errors are larger 

since lower activities of 
224

Ra were used. 
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By counting the 
224

Ra over time, we can see at what level the 
224

Ra has reached its 

supported equilibrium activity with 
228

Th.  The radium recoveries for both filtered seawater 

and filtered deionized water showed quantitative results at both FSU and SNU.  Thorium 

recoveries were not quantitative for any of the preparations in either laboratory.  The filtered 

seawater had the highest thorium retention on the fiber at both FSU and SNU with recoveries 

in the range of 80-85%.  Note that the recovery at FSU was also confirmed by analyzing 

thorium by alpha spectrometry in the effluent solution.  Standards prepared in deionized 

water at pH~6 showed much lower recoveries (~10% at FSU and ~35% at SNU).  The 

“radium-free” DIW prepared standards had the lowest recoveries of both radium and thorium 

in both labs: ~5% and ~25% for thorium at FSU and SNU, respectively.  As suggested 

earlier, we assume that the very low recoveries for a Mn fiber standard prepared in this 

manner are due to very fine MnO2 particles that carried over from the prior Mn fiber (to 

make the solution “radium-free”) and continued to carry radium and thorium through the test 

column. 

 

pH effects on thorium breakthrough 

Knowing from theory (Appelo and Postma, 1999) that the retention of thorium on 

MnO2 is due to an electrostatic attraction of positively charged thorium ions onto the partially 

negatively charged surface, we prepared three deionized water loading solutions with 

different pHs: 4.5, 6.6 and 8.0.  Analysis of the residual solutions showed that large amounts 

remained in the effluent at all these pH levels and did not sorb onto the fiber (Table 2.1). 

We also checked the change in pH for deionized water and seawater as a function of 

volume when passed through a Mn fiber and observed very different behaviors for these two 

cases (Figure 2.2A&B). 
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Figure 2.2 Variations of pH of two types of loading solutions: (A) deionized water; and (B) 

seawater after passing through Mn fiber columns.  The circles represent FSU results 

and the triangles SNU’s.  Data points at zero volume represent the initial pH before 

loading onto the Mn fiber column. 

 

 

In deionized water the pH increases dramatically from pH 5.3 (FSU) or pH 5.6 (SNU) 

to pH>10 after the first liter of water has passed through the cartridge and then stays almost 

constant at this value.  In the case of seawater we see a more subdued and opposite behavior.  

The pH decreases initially from 7.8 (FSU) or 8.0 (SNU) to 7.3 and then rises to 7.5 where it 

remains reasonably constant.  We think that when deionized water is passed through the Mn 

fiber it becomes depleted in H
+
 due to adsorption on the negatively charged MnO2 surfaces.  

In the case of seawater, ion exchange of some major seawater cations with already adsorbed 
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H
+
 may occur initially.  As a result, the pH first drops because of H

+
 release and then the pH 

change is compensated by the high buffering capacity of seawater. 

Literature sources concerning the speciation of thorium confirm that at pH<3 thorium 

remains a positively charged ion or complex, while at higher pH it forms negatively charged 

complexes or stays at zero charge with a strong tendency to form colloids or “pseudo-

colloids” (Choppin and Wong, 1998; Fanghänel and Neck, 2002; Santschi et al., 2006; 

Choppin, pers. comm.).  Based on this information we decided to run some filtration 

experiments to check for the possibility of particulate (filterable) or colloidal (non-filterable) 

forms of thorium in the effluent solutions. 

We filtered the FSU 
232

Th – spiked deionized water standard solution (pH~4) at 

different stages of the standard preparation (Figure 2.3): before the Mn fiber column – filters 

F1a and F1b, and after the Mn fiber column – filters F2a and F2b.  In both cases we used 

both 0.45 μm (filter “a”) and 0.1 μm pore size (filter “b”) filters as shown on the diagram.  

We also prepared an alpha spectrometry source from the residual effluent solution (“EFFL” 

on the diagram). 

 

 

 

Figure 2.3 Filter test results show the distribution of 
232

Th through the different phases of the 

standard preparation.  “F” labels refer to filters, “EFFL” is the DIW effluent solution, 

and “Mn fiber” refers to the amount of 
232

Th retained on the fiber 
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The unaccounted for 
232

Th is assumed to be adsorbed onto the Mn fiber (“Mn fiber” 

in Figure 2.3).  We found that only about 7% of the initial activity was retained on all filters 

(sum of F1a, F1b, F2a, and F2b), about 73% in the effluent (EFFL) and only the remaining 

20% was adsorbed onto the Mn fiber in this case. 

The results imply that when passing a thorium solution with low ionic strength and no 

buffering capacity through a Mn fiber column, thorium is transformed into a chemical form 

which prevents its adsorption onto the MnO2.  Because of the dramatic increase in pH in the 

unbuffered DIW solutions upon passing through the Mn fiber, and our observation that only 

limited amounts of thorium are filterable, we conclude that colloid formation must account 

for a large fraction of the unadsorbed thorium.  This hypothesis is also supported by the 

previously described two-column experiment when no activity was detected on the second 

Mn fiber column while we confirmed that ~65 – 70% of the remaining thorium was present 

in the effluent. 

 

Conclusions and recommendations 

 

We recommend that the method described above using filtered seawater, a calibrated 

Th-supported radium solution, and Mn fibers is appropriate for preparation of standards for 

calibration of the RaDeCC system.  We suggest that the lack of charge of thorium species 

above pH 3 is the reason that we observed lower thorium retention and breakthrough when 

deionized water was used for preparing standards.  It seems very likely that at pH~10 

thorium would form Th(OH)4 or even polyhydroxyl ions and would not remain in solution 

(Santschi et al., 2006).  These colloid formations would therefore prevent its adsorption onto 

Mn fiber.  On the other hand, in the case of seawater, exchange with major ions such as Ca
2+

, 

Na
+
, K

+
 releases H

+
 from the negatively charged MnO2 which lowers the pH near the fiber 

surface.  Under these pH conditions thorium stays as a (IV) valence species and adsorbs onto 

the fiber.  While we did not do an extensive study for 
223

Ra, our first attempts to produce 

224
Ra and 

223
Ra standards using spiked deionized water showed significant breakthrough of 

both 
232

Th and 
227

Ac (Geibert et al., 2002).  Thus, we surmise that similar principles and 

cautions should be applied for preparation of 
223

Ra standards using 
227

Ac. 
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CHAPTER 3 

 

IMPROVEMENTS IN THE AUTOMATED ANALYSIS OF RADON (
222

Rn) AND 

THORON (
220

Rn) 

 

Article published in Environmental Science and Technology 

 

 

Abstract 

 

Natural radon (
222

Rn) and thoron (
220

Rn) can be used as tracers of various chemical 

and physical processes in the environment.  We present here results from an extended series 

of laboratory experiments intended to improve the automated analysis of 
222

Rn and 
220

Rn in 

water using a modified RAD AQUA (Durridge Inc.) system.  Previous experience with 

similar equipment showed that it takes about 30-40 min for the system to equilibrate to 

radon-in-water concentration increases and even longer for the response to returned to 

baseline after a sharp increase.  While the original water/gas exchanger set up was built only 

for radon-in-water measurement, our goal here is to provide an automated system capable of 

high resolution and good sensitivity for both radon- and thoron-in-water detections.  We 

found that faster water flow rates substantially improved the response for both isotopes while 

thoron is detected most efficiently at airflow rates of 3 L/min.  Our results show that the 

optimum conditions for fastest response and sensitivity for both isotopes are at water flow 

rates up to 17 L/min and an airflow rate of 3 L/min through the detector.  Applications for 

such measurements include prospecting for naturally occurring radioactive material (NORM) 

in pipelines and locating points of groundwater/surface water interaction. 

 

Introduction 

 

A recently developed automated radon-in-water measurement system (Burnett et al., 

2001) based on the commercially available RAD7 radon-in-air monitor, product of Durridge 

Inc, has triggered extensive coastal oceanography studies using radon as a tracer.  This 
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variation has been used by oceanographers in two different modes.  In one configuration we 

record changes in the radon-in-water concentration over time at a fixed point.  We then 

estimate groundwater discharge using a simple radon mass balance box model to account for 

all sources and sinks in the seepage area (Burnett and Dulaiova, 2003; Crusius et al., 2005; 

Mulligan et al., 2006; Swarzenski et al., 2007).  The same instrumentation may also be 

combined with GPS navigation, depth sounding, and sensors for salinity, conductivity, and 

temperature and set up on a small boat for “mapping” the shoreline for groundwater sources 

(Dulaiova et al., 2005; Stieglitz,T., 2005).  Our mapping experience shows that the 

conventional RAD AQUA system does not respond quickly to sudden changes in the radon-

in-water concentration in areas with multiple distinct sources such as submarine springs. 

Natural waters may be enriched in both radon isotopes if there is a source but their 

distributions are influenced by their respective half-lives and mixing of water masses.  While 

the half-life of 
222

Rn (t1/2=3.8 days) is long enough so that its concentration could be 

maintained during transport over relatively long distances, 
220

Rn (t1/2=56 s) dissipates very 

quickly.  This provides an opportunity to prospect for 
220

Rn-enriched sources such as 

groundwater discharges using 
220

Rn as a tracer.  Just the presence of 
220

Rn in coastal waters 

would indicate that one must be close to a source. 

Thoron may be used as a prospecting tool for locating 
228

Ra-bearing scale deposits in 

old drinking water systems.  Such an approach includes 
220

Rn measurements at points along a 

pipeline, or at a single site while varying the water flow rate (Burnett et al., 2008).  Radium-

bearing scale deposits have been widely reported over the last decade in both drinking water 

distribution systems (Field et al., 1995; Valentine and Strearns, 1994) and in the oil- and gas-

production industry (Gray, P.R., 1993).  Determination of the precise location of radioactive 

scale could avoid expensive and unnecessary remediation. 

In this paper we present results from extensive laboratory experiments in an effort to 

optimize the parameters for simultaneous detection of both 
222

Rn and 
220

Rn while varying 

water and air flow rates through two different variations of the conventional RAD AQUA 

system. 
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Experimental 

 

The designs for our experiments were driven by two main goals: (1) to shorten the 

response time for 
222

Rn-in-water measurement, and (2) to increase the sensitivity of 
220

Rn 

detection while maintaining high 
222

Rn efficiency.  The response of the system will be a 

function of the water-to-air and air-to-water exchange that occurs in the mixing chamber of 

our device (Figure 3.1).  Higher water flows will presumably deliver the radon-gas faster to 

the system while higher airflows will promote mixing and delivery to the detector.  This will 

be especially important for thoron detection because of its very short half-life. 

To evaluate the influence of the water and gas flow rates we performed a series of 

experiments with a modified version of the commercially available RAD AQUA set up.  This 

set up includes a radon-in-air monitor which uses a solid state passivated implanted silicon 

(PIPS) detector, and thus has the ability to electronically determine the energy of each alpha 

particle.  The RAD7 groups the spectrum’s 200 channels into 8 separate “windows”.  

Window “A” covers the energy interval of the 
218

Po (E=6.00 MeV), the first 
222

Rn daughter, 

while the direct daughter of 
220

Rn, 
216

Po (E=6.78 MeV) appears in the range of window “B”.  

This makes a concurrent detection of 
220

Rn and 
222

Rn with the same instrumentation possible. 

Previous experiments (Dulaiova et al., 2005) to evaluate these factors used water flow 

rates up to 5 L/min.  To be able to process water flow rates larger than this through the 

system we employed a larger nozzle (BETE MP187W, BETE Fog Nozzle, Inc) mounted 

directly to the head of a regular RAD AQUA exchanger and used a high-capacity Redi-Flo 

Variable Frequency Drive (VFD) submersible pump (Redi-Flo2
®

, GRUNDFOS Pumps 

Corporation) to deliver the water.  Because much larger water volumes were processed, the 

regular gas-mixing chamber base was replaced by a larger volume receiver.  In addition, we 

also used an external air pump (UNMP850 KNDC-B, KNF Neuberger Inc.) to circulate the 

radon-enriched air between the mixing chamber and the RAD7. 

For the purpose of our thoron laboratory experiments we produced a high activity 

source (~1 500 dpm total activity) based on 
232

Th that was known to be at least 40 years old, 

i.e., has all daughters in secular equilibrium.  We adsorbed thorium and daughters onto a 

MnO2- impregnated fiber following a procedure described in Dimova et al. (2008).  The fiber 
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was then submerged into a 50-L tank coiled around the submersible pump that delivers water 

to the exchanger (Figure 3.1). 

For the radon optimization experiments we used tap water as a 
222

Rn source.  The tap 

water in our laboratory is groundwater-derived and thus relatively enriched in radon (~300 to 

500 dpm/L).  We also ran an additional RAD AQUA system as a control so we were able to 

monitor any changes in the radon in tap water concentrations that are not due to the 

experimental settings. 

For all our experiments we used 2-min integration time, which is the shortest possible 

on the RAD7 detection unit.  This allowed us to detect any short-time changes in the count 

rate.  The two radon sources were chosen to be relatively high in order to obtain low 

uncertainty within this short integration time.  We assumed that the system is in equilibrium 

when we have at least three consecutive readings that match within the analytical uncertainty 

(1σ). 

To optimize both radon and thoron detection we explored two different variations of 

the modified RAD AQUA set up: a “single loop” and a “double loop” system (Figure 3.1). 
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Figure 3.1 “Single loop” (A) and “dual loop” (B) experimental set ups for measuring thoron 

(
220

Rn) in water.  The thoron source (a) (
232

Th impregnated MnO2-fiber) is coiled 

around a submersible pump (b) placed into 50-L tank with pure water.  Thoron-

enriched water (solid line) circulates through the source and the RAD AQUA 

exchanger (c) at different flow rates in both variations.  Single loop (A): air path 

(dashed line) connects the exchanger to the chamber of the detector (RAD7).  An 

external air pump (p) circulates the thoron-enriched air at various flow rates.  A 

drying tube filled with desiccant precedes the RAD7 detector to maintain dry air.  An 

air flow meter (Mr) indicates the air flow rate through the loop.  Dual loop (B): the 

first loop (water/air) is analogous to the single loop system (A).  A second (adjacent) 

air loop is attached via two T-junctions to the first air loop and the air is delivered via 

a second external air pump (p2) upstream to the detector.  A niddle valve (Vr) and an 

air flow meter (Mr) is placed before the desiccant.  The same set ups can be modified 

for evaluating radon (
222

Rn) in water measurement parameters.  In this case the 

exchanger is simply connected to a tap water high in 
222

Rn (groundwater) faucet and 

water is subsequently discharged. 

 

 

Single loop experimental set up 

The first variation of the RAD AQUA system is very similar to the original set up as 

described by Burnett et al. (2001).  For thoron experiments (Figure 3.1A) 
220

Rn enriched 

water is pumped via a high capacity pump to the large nozzle on the exchanger.  The thoron-

enriched air is then routed to the RAD7 detector chamber via an external air pump.  With this 

set up we can examine different combinations of water and airflow rates in order to obtain 

the maximum thoron response.  The 
222

Rn set up is basically the same except that the 

exchanger is connected to a regular tap water faucet.  The selected flow rates were measured 

by using air (VFB-67-SSV, Cole-Parmer
®

) and water flow (polycarbonate LFME-13-F2, 

Dwyer
®

 Instruments) meters with precisions of ±4 % and ±5% respectively. 
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Dual loop experimental set up 

The dual loop variation was designed as two adjacent air loops (Figure 3.1B).  The 

first air loop circulates the air volume of the RAD AQUA exchanger via an external air pump 

(p1) similar to the single loop mode.  This loop is connected via two T-connectors to a second 

loop that includes the RAD7 detector.  A second external air pump (p2) circulates the air of 

this loop independently from the first loop.  A needle valve (Vr) is placed in the second loop 

to regulate the airflow rate.  Using the dual loop set up much higher air flow rates can be 

achieved through the exchanger while keeping the air flow through the RAD7 detection unit 

at a constant and optimum rate. 

In all scenarios the air pumps have to be placed upstream (Figure 3.1).  Air flow 

meters (Mr) are used to monitor the airflow rates through the loops. 

In order to mimic sharp concentration gradients in radon/thoron-in-water we used an 

extra 50-L water tank filled with Ra-free and low-Rn (equilibrium with the atmosphere) 

water and used a two-way valve so we could direct the water flow through either the high 

222
Rn (or 

220
Rn) or low activity containers and simulate a low-high-low concentration 

transition similar to that described in Dulaiova et al. (2005). 

 

Results and discussion 

 

Single loop system: radon and thoron 

We first examined the time for radon water/gas equilibration as a function of different 

water flow rates at a constant air flow rate (0.7 L/min) driven by the internal pump of the 

RAD7.  We found that it takes only about 15 min for the radon to achieve gas equilibrium at 

a water flow rate of 17.5 L/min (Figure 3.2). 
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Figure 3.2 Radon response time (counts per minute, cpm) as a function of water flow rate 

using the single loop variation of the system at constant air flow rate (0.7 L/min).  

The count rate levels off as the radon-in-air equilibrates with the radon-in-water. 

 

 

This is equivalent to the time required for the 
222

Rn - 
218

Po pair to approach 

radioactive equilibrium and therefore no further improvement is possible.  On the other hand 

it requires only ~ 25-30 min at a water flow rate of 4.5 L/min to achieve stable readings and 

one may prefer to use such conditions since there is no need for a high capacity pump. 

In order to study the response of the single loop system to radon concentration 

changes we used the 50-L low-Rn water tank and switched between high radon tap water to 

the low level radon reservoir via a two-way valve.  We then compared the result from our 

experiment using a 17.5 L/min water flow and ~0.7 L/min airflow rate to an earlier 

experiment that used a much lower water flow rate (Dulaiova et al., 2005).  The results 

(Figure 3.3A) show that at high water flow the response time benefits not only when 

switching from low to high concentration but also from high to low radon in water, i.e., the 

radon escapes from the system much faster. 
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Figure 3.3 Radon (A) and thoron (B) response over time during sharp concentration changes 

using the single loop variation of the system.  The dashed line in (A) (right-hand 

scale) represents results from the standard system with a water flow rate of 5 L/min 

(Dulaiova et al., 2005).  The solid line (left-hand scale) is our result with much higher 

(12.5 L/min) water flow rate. 
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To understand the mechanism of these phase transitions, one needs to consider both 

the kinetics and the thermodynamics of the system.  While in both gas transitions, from water 

to gas phase and from gas to water phase there is a concentration gradient promoting the 

molecule exchange from high to low concentration across the phase interface, the 

thermodynamic conditions are not always favorable for both processes.  The dissolution of 

gas into liquid/water phase is not spontaneous and therefore thermodynamically not a 

favorable process.  In our case this is the only pathway that the radon enclosed within the air 

loop can leave the system.  In order to speed up the kinetics one needs to keep a high 

concentration gradient between the two phases by introducing “fresh”, i.e., low radon water.  

Similar large transition times were also reported by Schubert et al. (2008) and observed by 

other users of the system.  The transition time for the previous experimental design was >90 

min compared to ~20 min with the high flow modification.  Such long equilibration times 

with the old variation of the system could result in overlapping 
222

Rn spikes such as 

sometimes encountered when surveying for groundwater-derived signals.  Thus using the 

high-flow modification of the RAD AQUA system will significantly improve the spatial 

resolution of 
222

Rn based mapping surveys. 

Similar experiments with the 
220

Rn variation of the single loop at water flow rate 17.5 

L/min shows that it only takes a few minutes to fully respond for both concentration 

transition times (Figure 3.3B).  Such behavior is not surprising in view of the very short half-

life of 
220

Rn.  The 
222

Rn equilibration experiments showed that at higher water flow rates (>5 

L/min) the equilibrium concentration between water and air is very quick and the only delay 

in the system response is due to the time (approximately 3 times the polonium half-life) for 

the radioactive 
222

Rn-
218

Po equilibrium.  In case of 
220

Rn, the subsequent polonium daughter 

216
Po has a very short half-life (t1/2=0.15 s) and therefore the pair is almost in immediate 

radioactive equilibrium.  This could be a significant advantage when prospecting for 
228

Ra 

sources such as areas of NORM contaminations (Burnett et al., 2008). 

We also investigated the influence of the air flow rates through the exchanger using 

the same single loop set up while keeping constant the water flow at 5 L/min.  We found that 

the optimum response for thoron registration is obtained at an air flow rate of 3 L/min while 

higher air flows decrease the response for both 
220

Rn and 
222

Rn (Figure 3.4). 
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Figure 3.4 Radon and thoron sensitivities to air flow rates.  Results show optimum response 

at 3 L/min for 
220

Rn and lowered response for 
222

Rn when airflow rates are >3 L/min.  

This experiment was performed on two different days when the 
222

Rn tap water 

concentrations were slightly different.  In order to eliminate this effect we used the 

control system to monitor the concentration over time and account for this variation.  

We thus present the results here as a ratio of the count rate of the experimental set up 

to the known activity in disintegrations per minute (cpm/dpm). 

 

 

We attribute these results to the aerodynamic forces exerted on the charged polonium 

daughters (
218

Po
+
 and 

216
Po

+
) en route to the detector surface under an electrostatic field 

force.  We suggest that under certain airflow conditions some polonium ions may deviate 
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from their original flight path down electrostatic field lines.  Instead some polonium ions 

may terminate somewhere other than on the active surface of the detector.  Presumably, 

aerodynamic forces on polonium ions under low air flow conditions would be small 

compared to the electrostatic forces, but may become significant at higher air flow rates, 

likely greater than 3 L/min based on our experiments. 

 

Dual loop system: radon and thoron 

The results from our single loop gas flow experiments showed that while the gas 

equilibration times shorten as we increase the water flow rate through the exchanger, the 

radon and thoron detection sensitivities decrease at airflow rates > 3 L/min (Figure 3.4).  In 

order to ensure optimum air flow rates we separated the exchanger and the detector chamber 

into two semi-independent air loops (Figure 3.1B).  Using the dual loop set up much higher 

airflow rates can be achieved through the exchanger while keeping the airflow through the 

RAD7 detection unit at a constant and optimum 3 L/min.  We performed 
222

Rn experiments 

at 3, 5 and 8 L/min airflow rates through the exchanger at six individual water flow rates 

between 2.3 L/min and 7.5 L/min (Figure 3.5). 

 

 

 

 



 27

 

Figure 3.5 Change in equilibration time for 
222

Rn based on different air/water flow rates 

using the dual loop variation.  Our observations suggest that the water flow rate is the 

governing factor for the equilibration time.  The system benefits of higher air flow 

rate only at low water flow rates (< 4 L/min). 

 

 

The results show that while the system benefits, i.e., generally reaches faster water-

gas equilibrium with higher air flow rates, there is no significant difference at water flow 

rates greater than 4.0 L/min.  Thus, at water flow rates greater than 4.0 L/min the time to 

reach equilibrium is independent of the airflow rate at least within the range tested here.  This 

again confirms that the water flow rate is the main variable for these kinds of measurements 

and one needs to maintain high airflow rates through the exchanger only in the case where 

high water flow rates are not achievable. 

The sensitivity of the thoron response (count rate of 
216

Po in channel B) using the 

dual loop variation plateaued at about 3 L/min airflow through the exchanger with a water 

flow rate of 5.3 L/min (Figure 3.6). 
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Figure 3.6 Sensitivity of thoron response to different airflow rates in the primary air loop 

using the dual loop variation.  The flow rate through the detector air loop was held 

constant at 3 L/min. 

 

 

This is an important result because it indicates that one can use the single loop 

variation of the system at an air flow of 3 L/min though the exchanger and detector chamber 

(Figure 4) to obtain maximum thoron response, when the water flow rate is limited to ~ 5 

L/min.  This would be an important benefit in cases when the system is used in field 

conditions when it is inconvenient to use a large pump. 

We also compare the radon response to concentration gradients using the dual loop 

variation to the earlier single loop results (Dulaiova et al., 2005).  We found that the response 

of the system from low to high radon is ~24 min while it takes about 76 min on the transition 

from high to low radon (Figure 3.7) at a water flow rate of 5 L/min and an airflow rate 

through the exchanger of 7.5 L/min and a rate of 0.7 L/min through the detector chamber. 
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Figure 3.7 Radon response versus time during sharp concentration changes using the dual 

loop variation of the system compared to single loop variation presented earlier.  Both 

experiments used the same water flow rate of 5 L/min.  The dashed line (right-hand 

scale) is from Dulaiova et al. (2005) and the solid line (left-hand scale) is our result 

with a 7.5 L/min air flow rate through the exchanger and 3 L/min air flow rate 

through the detector chamber. 

 

 

This result showed an improvement in the transition times at relatively low water 

flow rate (5 L/min) and using two air pumps.  Therefore, one would prefer to use a dual loop 

variation with high airflow through the exchanger to decrease the transition times when water 

flow rates >5 L/min are not achievable. 

Based on these results, we suggest that one could use either of the examined here 

variations of RAD AQUA depending on the available logistics.  We recommend use of high 

capacity water pumps (up to 17 L/min) when the main goal is to measure 
220

Rn in natural 

waters.  Our experiments showed that these conditions would benefit the 
222

Rn response 

times as well and significantly increase the resolution of 
222

Rn mapping.  In field conditions 

where such high water flow rates are often not achievable, often because of power demands, 

we recommend using external an air pump to shorten the response times.  Our experience 

indicates that obtaining an approximate 5 L/min water flow rate is easily achievable.  In this 

case the dual loop variation with two external pumps at 3 L/min through the detector 
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chamber and 7.5 L/min through the exchanger would give best results.  We recommend 

always placing the air pump upstream of the RAD7 and connecting the RAD7 outlet directly 

to the return air path to maintain the same pressure as in the exchanger. 

However, with the much simpler single loop tubing set up one can obtain response 

times of 20-30 min at a water flow rate 5-6 L/min and an airflow through the detector 

chamber 3 L/min. 
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CHAPTER 4 

 

A NATURAL TRACER INVESTIGATION OF THE HYDROLOGICAL REGIME OF 

SPRING CREEK, THE LARGEST SUBMARINE SPRING SYSTEM IN FLORIDA 

 

Article in preparation for submission to Continental Shelf Research 

 

 

Abstract 

 

Florida has one of the largest network of springs not only in the US but in the world.  

Among the approximately 700 documented springs in the state, 33 of them are considered to 

be first magnitude with discharge of over 2.9x10
5
 m

3
/day.  With a reported average annual 

discharge of 4.9x10
6 

m
3
/day, Spring Creek Submarine Springs in Wakulla County is the 

leader.  During the summer of 2007 this spring was observed to have reduced significantly its 

flow due to extreme drought conditions.  Our examination of the springs revealed that while 

radon-in water-concentrations were still relatively high, the salinity has increased 

significantly, from 4 in 2004 to 33 in July 2007.  This indicates a massive saltwater intrusion 

into the aquifer. During a nearly two-year investigation from August 2007 to May 2009 we 

deployed almost on a monthly basis a continuous radon-in-water measurement system and 

monitored the salinity fluctuations in the spring’s discharge area.  As a result of a strong rain 

storm (total of 173 mm) at the end of February 2008, the salinity dropped from about 27 to 2 

only two days after the storm.  The radon-in-water concentrations dramatically increased in 

parallel, from about 330 Bq/m
3
 to about 6 600 Bq/m

3
.  Our two-year observations of the 

springs’ fresh water discharge based on both salinity and radon show that the hydrologic 

regime of the system is strongly correlated to local precipitation and water table fluctuations.  

This suggests connections between the deep and the surficial aquifers. 
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Introduction 

 

Submarine springs are common features on continental shelves around the world.  

They are often associated with offshore outcrops of carbonate rocks (Fleury et al., 2007).  In 

Florida, springs have been influenced by sea level changes during the Pleistocene when 

world sea levels fluctuated between 15-20 m above present to about 120 m below present 

(Ferguson et al., 1947; Haq et al., 1987; Rupert and Spencer, 1988).  During periods of 

lowered sea level, large areas of the Florida Platform were exposed to weathering and karst 

processes which resulted in most of today’s submarine springs. 

Springs are usually classified based on their discharge.  Meinzner (1927) categorized 

them on a scale from one to eight with first magnitude being a spring with a flow rate of at 

least 100 ft
3
/s (~2.45x10

5
 m

3
/day).  Based on this classification, Rosenau et al. (1977) 

reported 27 first magnitude springs in Florida which was approximately one third of all 

known first magnitude springs in the US at that time.  More recently, the Florida Geological 

Survey (Scott, et al., 2004) documented more than 700 springs in Florida with 33 of them 

being first magnitude.  This ranks the State of Florida as having the largest network of 

springs, not only in the US but perhaps in the world.  With a combined discharge of 4.9x10
6
 

m
3
/day, the Spring Creek Springs system in Wakulla County (NW Florida) is the leader 

(Rosenau et al., 1977). 

Due to extreme drought conditions during the last several years in the state of Florida 

(Figure 4.1) this largest spring system has significantly reduced its rate of freshwater flow.  

Our inspection of the springs in the summer of 2007 revealed that the water chemistry had 

been altered dramatically compared to earlier observations.  The salinity in the area had 

changed from about 4 in 2004 to a more marine-dominated environment of ~33 in 2007.  

Surprisingly, the high salinity we observed in 2007 was coupled with abnormally high radon-

in-water concentrations for coastal seawater (up to 600 Bq/m
3
).  This suggests that large 

amounts of seawater must have intruded into the aquifer and had a residence time long 

enough to acquire these high concentrations. 
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Figure 4.1 Historical record of annual precipitation measured in the St. Mark’s watershed 

since 1974.  The dash line refers to the average value of the record and the bold line 

the annual precipitation in 2004 when the dry period started.  During the last several 

years the amount of rain was about 18-20 % below average excluding 2005 and 2008 

(http://www.nws.noaa.gov/). 

 

 

The objective of this work was to examine the hydrologic regime of the largest 

submarine spring system in Florida, Spring Creek Springs, under different climatic 

conditions.  To estimate the discharge of the springs we used measurements of salinity, 

current velocities and radon inventories at various times over a two-year period.  We also 

investigated the benefits and constraints of using either salinity or radon as tracers of 

groundwater discharge in a tidally-influenced spring system like Spring Creek.  Our long-

term perspective is to combine this knowledge with climate and geologic data to reveal 

significant land and ocean linkages in the area. 
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Study site, methods and measurements 

 

Study site 

The Spring Creek Springs system is situated in NW Florida (Figure 4.2) and 

is part of the St. Marks watershed. 

 

 

 

 

Figure 4.2 Maps of Florida (A) showing the location of the research area and the exact 

location of the springs (B).  The circles and the stars with the numbers in (B) indicate 

the positions of each of the thirteen recognized submarine springs.  The star symbols 

represent the springs which have installed PTF tubing for sampling.  The solid square 

shows the position of the USGS platform presented in photo (C). 

 

 

There are thirteen documented springs in the area, most of which discharge offshore 

(Scott et al., 2004).  It is believed that the springs are part of a larger and more complicated 

underground cave system, including nearby Wakulla Spring, in the Woodville Karst Plain 

geologic unit (Davis, 2007).  The west-central and north part of the Upper Floridan Aquifer 

in this area is just a few meters thick and it is overlain by a sequence of sand, clay, limestone, 

and dolomite.  The overlying sand generally comprises a surficial aquifer system.  Because 

the Upper Floridan is unconfined or semiconfined in this area (Ferguson et al., 1947; 

Steward, 1980), it is directly connected to the surficial aquifer and the groundwater level 

(A) 

(B) 
(C) 
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fluctuates seasonally in response to recharge from precipitation, evapotranspiration and 

periods of reduced precipitation and droughts.  During the period of our study we found that 

the discharge of the spring system responded very quickly to changes in the water table 

elevation after a rainfall.  This is additional evidence for direct connections between the 

Floridan and the surficial aquifer.  We observed that it would take only one or two days for 

water to travel via underground conduits from an upgradient source to the coast after major 

rainfalls (Figure 4.3). 

 

 

 

Figure 4.3 Time-series observation of precipitation (A) in Tallahassee (FL) area, water table 

(B) and salinity (C) in the research area.  The observation well (USGS 

3007400884293001) is completed in the Upper Floridan aquifer and it is about 14.5 

m (47.33 ft) above sea level (NGVD29).  Salinity measurements were made at the 

USGS platform. 
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A detailed physical description of the springs was last performed by Lane (2001).  

Most spring vents have a conical shape and are as deep as 30 m.  When there is significant 

discharge, many of boils can be seen at the surface.  For example, the active surface of the 

boil of Main Rise, the largest spring in this spring network, can be as large as 9-12 m in 

diameter.  The author was not certain about the depth of this vent because of the enormous 

amount of discharge during his observation “which created so much upwelling and surface 

turbulence that the boat could not be held steady over the spring.”  The sources of the 

springs’ water are still not known, but based on recent dye tracer experiments some 

investigators (H. Davis, USGS, pers. comm.) believe that an important contributor is from a 

small creek named Lost Creek, which flows as a surface water body a few kilometers 

northwest of the springs, disappears into a sinkhole and then is thought to flow out through 

Main Rise.  Another very interesting phenomenon of the springs is their pulsing discharge 

nature.  Numerous Spring Creek investigators have noticed that most of the springs flow in 

pulses, i.e., strong flow for some time followed by reduced or even reversed flow (Lane, 

2001).  This is another sign of the complicated nature of the water pathways through the 

underground conduits.  Conclusive reports on the actual water sources and pathways are still 

pending. 

 

Data collection  

The radon and much of the salinity time-series measurements for this study were 

performed from a platform (USGS) downstream of the creek area (Figure 4.2C).  In addition 

to the platform deployments, salinity time-series measurements were taken in the vicinity of 

the Main Rise (Figure 2B) for several months during 2008.  The platform time-series 

measurements were performed on an almost monthly basis between July 2007 and May 

2009.  In most cases the records were three or more days long with longer periods during and 

after major rain storms.  For the radon time-series deployments we used a portable 

continuous radon-in-air monitor adapted for radon-in-water measurements (RAD AQUA, 

Durridge Company).  Information about the principle of detection of this instrumentation can 

be found elsewhere (Burnett and Dulaiova, 2003).  Water depth was acquired by use of a 

HOBO Depth Data Logger.  Conductivity/salinity measurements were taken using CTD 

divers (Van Essen Instruments), which were always calibrated in the lab before deployment.  
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Stream velocity data for the time of our measurements was obtained by request from the 

USGS (R.J. Verdi, pers. comm.).  The USGS ultrasonic current meter (USM) is set up 

adjacent to the same platform at the downstream end of Spring Creek where our instruments 

were regularly deployed.  At present there are about 130 manually performed stream velocity 

measurements on the site used for calibration of the current meter at the platform.  The USM 

principle of measurement and the calculations are described in detail in Ruhl and Simpson 

(2005) and Roberts and Roberts (1978). 

Because of the position of the research platform, two of the documented springs 

situated in Stuart Cove, numbers 12 and 13 (Figure 4.2B), are excluded from the total flow 

estimates.  These two springs were detected during detailed radon-salinity surveys performed 

in July 2007, July 2008 and October 2008 with a modified version of the conventional RAD 

AQUA system specifically designed to measure rapid changes in radon-in-water 

concentration (Dimova et al., 2009).  The radon survey system was coupled with GPS 

navigation, depth sounding, and CTD sensors for continuous conductivity and temperature 

measurements during the surveys (Dulaiova et al., 2005; Stieglitz, 2005).  In six of the 

springs, cave divers from the Florida Geological Survey have installed long PTF tubing deep 

into the vents with land-based outlets for sampling purposes during their dye experiments.  

During our study we sampled these vents a few times for radon concentrations and salinity.  

We also set up a continuous radon-in-water monitor to the outlet of the tubing of Main Rise 

using a peristaltic pump over a few-day period during the April-May 2009 deployment.  

These continuous measurements together with multiple individual sample evaluations from 

other vents were used to estimate the radon in groundwater end-member concentration used 

in the radon model for evaluation of the springs discharge. 

 

Calculating spring discharge via salinity and 
222

Rn in tidal influenced zone: stream 

velocity approach 

We calculated the fresh water discharge in the spring area using two different 

geochemical tracers.  In the first approach we use time-series data for salinity and stream 

velocity recorded downstream of the main spring area.  Since the water column in some cases 

was stratified, especially when the springs are flowing, we defined the thickness of the fresh 
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water layer based on salinity-depth profile measurements.  To calculate the discharge one 

simply needs to multiply the measured cross-section of this layer by the stream velocity at 

that time.  Because most of the time the fresh layer is brackish (salinity ~2-3) we also 

calculate the freshwater fraction in this layer using the highest observed value for salinity in 

the area (35) as a seawater end-member.  With 15-min intervals for the stream velocity 

measurements, we take a net flow by summing all 96 cycles within a 24-hour period.  Since 

this is a tidal region, we have reversed flow as well as positive flow out of the springs.  The 

net water flux (sum of positive and negative flows) we report as a daily average fresh water 

discharge. 

The main principle of using natural radon to estimate SGD is based on the assumption 

that groundwater is the only significant radon source to the water column (Cable et al., 1996; 

Cruisius et al., 2005; Burnett and Dulaiova, 2006; Swarzenski et al., 2007).  Two corrections 

were made to the measured radon-in-water concentrations.  Since our measurement system 

was deployed at some distance from the main spring source, to correct for the 
222

Rn decay 

while the water travels downstream we calculate an average transit time for each individual 

positive stream discharged segment and correct for 
222

Rn decay during transit.  A second 

correction is made for radon evasion to the atmosphere for the same time interval is applied 

using data for wind speed and water temperature according to gas exchange equations 

presented by Macintyre et al. (2005).  To convert radon fluxes into water flux we divide the 

estimated radon fluxes crossing the measured cross-section area by the radon concentration 

measured in the groundwater.  For the radon-in-groundwater end-member concentration, we 

used an average of the radon activities recorded during the Main Rise time-series deployment 

during April-May 2009.  During this deployment the salinities at the main spring were about 

2 and the average radon concentration was 3.07x10
3
 Bq/m

3
.  As in our salinity-stream 

velocity approach we sum all the positive and negative values to get a net flux to account for 

any re-circulated water contributions and present the result as an average daily fresh water 

SGD. 
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Calculating spring discharge using a salinity two-box model 

To verify the estimates derived by the previously described approaches, we developed 

a simple two-box mixing model that is independent of any stream-velocity measurements.  

For these SGD evaluations we use concurrent salinity time-series measurements recorded 

near the Main Rise (S1) and from the research platform (S2).  In this model each of these two 

sampling points is considered as an individual box with their respective volumes V1 and V2.  

We assume that the sum of these two volumes comprises the total volume of the rectangular 

prism-shaped spring area.  The mixing equations for each box are: 

1

11

1

1sss

0

11 SVSVSVSV =−+                                                                 (1) 

2

22

2

2s

1

1s

0

22 SVSVSVSV =−+                                                                (2) 

Where Vs is the volume discharged by the springs for each 15-minute measuring interval.  

We envision this model as a two-step, two-box mixing process: 

1. At t0=0 the measured salinities of boxes 1V  and 2V  are respectively 
0

1S and 
0

2S  

2. At time t1=t0+15 min spring water Vs with salinity 0Ss =  is added to the first box of 

the canal which induces an equal volume replacement/transfer from the first to the 

second box and from the second box to offshore.  The transferred volume water from 

the first to the second box has salinity
1

1S , a resultant salinity of the mixing of the first 

box with spring water, while the transferred volume from the second box offshore has 

salinity 
2

2S which was made up from water mixing of the first and second boxes.  In 

all cases the net transfer volume between boxes is equal to the initially discharged 

spring volume water Vs, which is what we what to know (equations 1 and 2). 

A third equation for the total volume of the area can be written assuming it has a rectangular 

prism shape, i.e., vertical walls on each side: 

LWdVV 21 =+                                                               (3) 

Where: L is the distance between the platform and the Main Rise; W is the width of the 

spring canal; and d is the average water depth for each 15-minute measuring cycle.  After 

solving for V1 and V2 in equations (1) and (2) in terms of the other parameters and 
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substituting into equation (3) one can evaluate the volume of the discharged volume water 

and the only remaining unknown Vs.  We then average each set of 15-minute flux increments 

and express the final result as a daily average fresh water discharge. 

A basic assumption in our model is that the distance between our measuring unit and 

the source (L) and width of the canal (W) are constant.  While the assumption for the first 

parameter is always valid, we deployed our instrumentation at the same distance from the 

main spring source every time, one could argue that the cross-sectional area in terms not only 

of water depth (d) but also as width of the canal (W) varies with the tidal stage.  We measure 

the depth continuously during our field deployments so that parameter is adjusted as needed.  

Field measurements of the canal width performed on a regular basis by USGS personnel 

show that the deviation from the average value we used in our calculations could be as large 

as 10-15% (R.J. Verdi, pers. comm.).  We feel that such an uncertainty of this parameter is 

acceptable for SGD evaluations of these orders of magnitude. 

 

Results and discussion 

 

Horizontal and vertical surface 
222

Rn and salinity distribution 

In October 2007 under a moderate spring flow regime, a survey revealed strong 

salinity and radon gradients (Figure 4.4). 

The salinity within the spring canal area, where most of the springs are situated, was 

between 6 and 13 and the radon inventories were up to 133-218 Bq/m
2
.  In contrast we 

observed high salinities (up to 32) coupled with low radon (2-20 Bq/m
2
) in nearby offshore 

areas. 
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Figure 4.4 Salinity (A) and radon concentration (B) distributions throughout the area during 

a survey in October, 2008. 

 

 

The strong reverse correlation (R
2
=0.87) observed on a large horizontal scale through 

the area (Figure 4.5) suggests that fresh water from the springs is the major source for radon 

in the water column. 

 
(A) 

(B) 
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Figure 4.5 Radon vs. salinity correlation during a survey in October, 2008 (Figure 4). 

 

 

A reverse correlation between salinity and radon was also evident during the outgoing 

tide in most cases in our time-series observations (Figure 4.6). 

 

 

 

Figure 4.6 Radon vs. salinity relationships under (A) low salinity; and (B) high salinity 

conditions.  The presented data is selected from the outgoing tide intervals from 

deployments in (A) May 2008 and (B) June 2008. 
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Our time-series deployments from the platform between August 2007 and May 2009 

also revealed some interesting fluctuations of salinity and radon-in-water concentration in the 

surface water.  We observed some extreme salinity and radon variations during this period.  

For example, as a result of a very strong rain (total of 173 mm) at the end of February 2008, 

the salinity dropped from about 27 to 2 only two days after the storm.  The radon-in-water 

concentrations dramatically increased in parallel by about two orders of magnitude, from 

about 300 Bq/m
3
 to about 7 200 Bq/m

3
 (Figure 4.7). 

 

 

 

Figure 4.7 Radon-in-water time-series measurements during a February 2008 fresh water 

breakthrough event. 

 

 

The results from a five-point salinity depth profile deployment in April-May 2009 

from the platform confirmed previous measurements that the water column in the area is only 

slightly stratified during spring flowing conditions (Figure 4.8). 
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Figure 4.8 Salinity depth profiles during deployment April-May 2009.  Five CTD divers 

were deployed at different constant distances from the bottom: D1 at 0.2 m, D2 at 0.5 

m, D3 at 0.8 m, D4 at 1.1 m, and D5 at 1.4 m.  In places where salinity drops to zero, 

the respective CTD diver was exposed out of water because of very low water level.  

During the deployment we observed pronounced spring and neap tide water column 

stratification. 

 

 

As one could expect, larger differences in the salinities were observed during spring 

tide stage compared to neap tide.  An example of the spring tide depth profile (Figure 4.9) 

shows that there is really only a significant halocline during the highest tide and, at that time, 

it lies between 1.5 and 2.5 m water depth. 
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Figure 4.9 Salinity depth profiles at several points during the spring tide of April 26, 2009.  

The largest difference in this specific case was ~6 parts per thousands.  We thus think 

that even in spring flowing conditions stratification is not very significant.  An 

illustration is given by the salinity profile during neap tide (Fig. 4.10) where the 

differences between the surface and bottom salinities were very small. 
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Figure 4.10 Salinity depth profiles at several points during the neap tide of May 2, 2009.  

Thus for our salinity-stream velocity SGD estimations we used a stratified water 

depth (1.5 m) only for spring tide stages and during spring flowing conditions.  In 

cases where there was very low or no spring flow at all, we assume that there is a 

vertically well-mixed water column. 

 

 

Comparison of spring discharge estimates 

The results from the three previously described methods applied to evaluate the 

spring flow during the study period are displayed in Table 4.1.  These results are compared 

to independent estimates provided by the USGS (Verdi, 2008) which are based on the 

methodology of Ruhl and Simpson (2005) and use only gauge height and stream velocity 

measurements.  All four methods show similar flow fluctuation pattern (Figure 4.11) and 

very good agreement in estimating the spring water flux through the study period. 
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The highest discharge (~3.0 x10
6
 m

3
/day) was recorded during March 2008.  These 

high flow conditions were preceded by local strong rain from the end of the previous month 

(Figure 4.7).  The high flood conditions during hurricane Fay in August 2008 resulted in 

discharge which was estimated by all four methods as around two thirds of the one in March 

2008.  All calculations, except the two-box model, resulted in “negative” water fluxes during 

the summer of 2007 and June-July 2008.  These negative fluxes are recorded after long 

periods of drought which has resulted in a low water table and high salinity in the Spring 

Creek area (Figure 4.3).  These observations suggest that significant saltwater intrusion 

occurs during periods of drought, even in an area characterized by the very large springs.  

Abnormally high radon concentrations coupled with high salinity during these periods 

support this hypothesis. 

 

 

Table 4.1 Numerical data of the springs’ discharge (m
3
/day) presented in Figure 4.11. The 

USGS data are monthly average. 

 

Column1 USGS Sal-SV Rn-SV Box Model 

Jul-07 -2.72E+05    

Aug-07 -1.37E+05 -9.52E+03 -3.19E+04  

Sep-07 -2.91E+05 4.24E+04 7.12E+04  

Oct-07 -1.68E+05    

Nov-07 -5.65E+04    

Dec-07 -5.65E+04    

Jan-08 9.17E+04    

Feb-08 1.15E+06 1.50E+06 1.58E+06  

Mar-08 2.96E+06 2.59E+06 2.86E+06 2.62E+06 

Apr-08 2.17E+06   2.51E+06 

May-08 1.82E+05 -1.27E+04 1.44E+04 1.26E+05 

Jun-08 -6.26E+04 -8.72E+04 -6.59E+04 8.77E+04 

Jul-08 -3.23E+04 -6.14E+04 -4.50E+04  

Aug-08 1.15E+06 9.91E+05 1.10E+06 1.13E+06 

Sep-08 1.64E+06 1.71E+06 1.48E+06 1.58E+06 

Oct-08  9.03E+05 1.56E+05 1.70E+06 

Nov-08  9.85E+05 6.68E+05 6.45E+05 

Dec-08    1.34E+06 

Feb-09    1.54E+06 

Apr-09  8.76E+05 1.93E+06  

May-09  1.14E+06 8.51E+05  
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Figure 4.11 Comparison results of four different methods for estimation the springs’ 

discharge during 2007-2009: “USGS” are the estimates based on Ruhl and Simpson 

(2005), “Sal-SV” and “Rn-SV” are the estimates based on salinity and stream 

velocity, Rn-in-water concentration and stream velocity measurements, and the “box-

model” evaluations, respectively. 

 

 

Conclusions and implications 

 

The hydrological regime of one of the largest submarine spring systems in the world 

was monitored during and after a period of prolonged drought using salinity and radon-in-

water measurements.  We observed a wide range in salinity and radon during periods of 

drought alternating with large local rain storms.  The rapid response in the coastal waters 

suggest that the surficial aquifer is one of the major contributors for SGD in the area.  

Substantial saltwater intrusion, negative net water discharge, was evident during both 2007 

and 2008 summers in the research area, while high flow spring conditions were observed 

twice a year during spring (March-April) and mid-late summer (August-September in 2008).  

The spring flow during our research period never reached that reported by Rosenau et al. 

(1977).  The maximum flow recorded in March 2008 (~3x10
6
 m

3
/day) was only about two 

thirds of that reported a few decades ago.  This may be a concern of the water management in 

the state.  
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CHAPTER 5 

 

USING RADON TO STUDY GROUNDWATER FLUXES INTO FLORIDA LAKES 

 

Article in preparation for submission to Journal of Hydrology 

 

 

Abstract 

 

The objective of this work was to assess the groundwater discharge component of the 

hydrological budgets of several impaired lakes in north and central Florida using 
222

Rn 

(radon, t1/2=3.8 days) as a quantitative groundwater tracer.  Methane gas and conductivity 

were also used as secondary natural tracers to help locate active sites of seepage.  We present 

results based on a steady-state radon mass balance model developed to assess groundwater 

discharge into shallow unstratified lakes.  Model assumptions include a constant 
222

Rn input 

flux over relatively short (days to weeks) periods and a well-mixed water column.  Detailed 

surveys in several lakes using continuous 
222

Rn measurements supported these assumptions.  

The radon-derived groundwater seepage rates agree well with seepage meters and water 

budget calculations performed independently for some of the lakes.  The approach proved to 

be very efficient, relatively inexpensive, and should be able to be applied as a routine 

procedure for estimating groundwater fluxes for similar lakes in this area and elsewhere. 

 

Introduction 

 

Surface-groundwater exchange may play a major role in the ecological status of some 

lakes.  Groundwater inputs, for example, often determine the trophic status of lakes (Hayashi 

and Resenberry, 2002).  Although the volume of a groundwater contribution may be 

relatively small compared to other surface sources, the concentrations of the solutes derived 

via groundwater could be orders of magnitude higher than surface inputs and thus could have 

disproportionally greater effects.  In some cases, the so-called “seepage lakes” for example, 

groundwater seepage is the only significant source of external loading besides direct 
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atmospheric deposition.  According to a report prepared by the U.S. Geological Survey 

(USGS, 2002), about 70% of Florida’s lakes are seepage lakes with no natural stream inflow 

or outflow.  Therefore, hydrological budgets of most Florida lakes should take into account 

inputs from non-point sources such as groundwater. 

In spite of its potential importance, groundwater sources have typically not been 

estimated adequately.  The main reason is that groundwater flux into lakes is often patchy 

and diffusive and thus difficult to evaluate using traditional methods.  Modeling efforts based 

on water budgets often suffer from a lack of detailed and relevant hydrologic data.  The 

research presented here was conducted to provide information to assist the Florida 

Department of Environmental Protection’s (FDEP) efforts to establish appropriate loading 

values under the TMDL (Total Maximum Daily Load) program for several lakes in north and 

central Florida. 

Our approach uses natural radon (
222

Rn, t1/2=3.8 days) as a geochemical groundwater 

tracer.  Radon is a good groundwater tracer since it is very concentrated in subterranean 

waters compared to surface waters.  In addition, new technology has allowed automated and 

continuous measurements of radon-in-water (Burnett et al., 2001; Dulaiova et al., 2005).  The 

lakes selected for this study are situated in north central Florida and represent a good range in 

geologic and land use settings (Table 5.1).  All the investigated lakes are included in 

Florida’s list of impaired surface waters, have been impacted by nutrient sources, and have 

pending TMDLs. 



 51

Table 5.1 Limnological characteristics of the lakes investigated in this study (FDEP GIS library). 
 

Lake Hydrologic Unit Underlying layers Surface Inputs Outlets Land Use 

Newnans Central Valley Lake 

Region 

poorly drained soils, low 

gradients on the sides, thick 

muck bottom layer (up to 

2.5m) 

north: Hatchet Creek and 

Little Hatchet Creek 

south: Prairie 

Creek 

low to medium, 

mostly rural 

Butler Central Florida 

Ridges/Uplands Lake 

Region/ Doctor Phillips 

Ridge 

phosphatic sands, silty sands, 

clay of the Hawthorn Group 

north: Lake Down and 

Lake Crescent 

southeast: via 

canal to Lake 

Louise 

mostly rural 

Clear Central Florida 

Ridges/Uplands Lake 

Region/ Orlando Ridge 

phosphatic sand and clayed 

sand, poorly drained, low 

slope sands on banks 

no natural inputs, only to 

the north man-made 

canal 

no natural outlets medium to high, 

residential area 

Haines Winter Haven/ Lake Henry 

Ridges 

well-drained upland areas, 

deeply weathered clays and 

sands of phosphatic Hawthorn 

Formation 

north: Gum Lake via 

man-made canal 

south Lake 

Rochelle via 

man-made canal 

west: low to 

medium  

north: high 

Shipp Winter Haven/ Lake Henry 

Ridges 

well-drained upland areas, 

deeply weathered clays and 

sands of phosphatic Hawthorn 

Formation 

north: Lake May west: 

Lake Lulu via man-made 

canals 

south: Wahneta 

Farms Drainage 

Canal 

north and west: 

medium to high 

east and north: 

commercial and 

industrial 

Hunter Green Swamp unconsolidated sand and clay north/north-east: Lake 

Beulah and Lake Wire 

via underground 

stormwater structures 

south: through a 

double gate into 

unnamed creek 

medium 

residential 

Josephine Uplands Lake 

Region/Southern Lake 

Wales Ridge 

sandy, well-drained, recently 

bottom muck removal 

north: Walf Creek and 

Jackson-Josephine Canal 

south: Josephine 

Creek 

low to high 

density residential 
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Surface-groundwater exchange can be driven by different mechanisms but in general, 

a groundwater flow path follows the topography of the area and therefore is expected to 

occur at a higher rate in places with more pronounced topographic gradients (Hubbert, 1940).  

Different permeabilities of the underlying aquifers will affect flow directions as well.  These 

fundamental principles are implemented via Dracy’s Law and widely applied in modeling 

groundwater flow in various systems (McBride and Pfannkuch, 1975).  However, this 

approach often results in large uncertainties because the determination of hydraulic 

conductivities and gradients can often cover several orders of magnitude resulting in a wide 

range of estimates of groundwater discharge.  An alternative approach is to measure 

groundwater flow directly by using seepage meters (Lee, 1977).  Recently, advanced 

technology variations of seepage meters have been developed and applied to both fresh and 

marine systems (Sholkovitz et al., 2003; Taniguchi et al., 2003; Taniguchi and Fukuo, 1993).  

Although the modern instrumentation does not require active water sampling as in the older 

versions, significant operator involvement is still necessary and artifacts are known to exist 

(Shinn et al., 2002).  In addition, seepage meters only provide “spot” measurements of small 

areas (usually ~0.25 m
2
) of lake or sea bed.  Another way to estimate groundwater fluxes is 

to use geochemical tracers, especially those abundant in groundwater relative to surface 

waters like the radioactive isotopes of radon and radium.  While stable isotopes (
2
H and 

18
O) 

are useful for determining water sources and the relative contributions of different 

components to the receiving water bodies (Gat, 1996; Gates et al., 2008), the radioactive 

isotopes have been found to be an excellent tool for quantifying discharge (Burnett et al., 

2001; Gleeson et al., 2009; Kluge et al., 2007).  One important advantage of this approach is 

that since one measures the natural tracers in the overlying waters, the groundwater tracer 

signal is integrated over a large area and thus provides more of a representative estimation of 

the overall groundwater discharge.   

Radon has been used intensively over the last decade as a groundwater tracer for 

coastal marine environments.  It is a naturally-occurring radioactive noble gas () chemically 

and biologically inert, and its concentration in groundwater is typically a few orders of 

magnitudes higher than in surface water.  Recently developed instrumentation (RAD AQUA, 

Durridge Inc.) allows one to easily measure radon-in-water concentrations continuously.  We 

present here results of a two-year groundwater discharge investigation for several relatively 
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small lakes in Florida using continuous radon-in-water measurements coupled to an 

advection-diffusion mass balance model. 

 

Site description and sampling strategy 

 

The groundwater study described here includes seven lakes all situated in north and 

central Florida: Lake Newnans, Lake Butler, Clear Lake, Lake Hunter, Lake Shipp, Lake 

Haines, and Lake Josephine (Figure 5.1). 

 

 

 

Figure 5.1 Map of Central Florida showing the locations of the studied lakes.  From north to 

south: Lake Newnans, Lake Butler, Clear Lake, Lake Hunter, Lake Haines, Lake 

Shipp, and Lake Josephine. 
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This investigation was completed in two stages.  During the first stage, March to May 

2007, initial groundwater evaluations were performed for all lakes except Lake Hunter.  The 

purpose of these initial measurements was to evaluate the 
222

Rn distributions in these lakes 

and chose a few of them for a further more detailed study to evaluate seasonal effects.  Based 

on these initial measurements Lake Haines and Lake Josephine showed well-pronounced 

radon signals and were selected for further investigation.  During the same period an 

independent research group (BCI, Lakeland, FL) conducted groundwater seepage meter 

measurements combined with lake stage and water table monitoring at Lake Hunter, another 

impaired lake in Polk County, central Florida.  We saw this as an opportunity to compare our 

222
Rn tracer approach to conventional seepage meter and hydrologic measurements and 

included this lake in our study as well.  While our 
222

Rn study was in progress, seepage meter 

measurements were also performed by a hydrological team from the consulting company 

PBJ&S (Winter Haven, FL) at Lake Haines on a bi-monthly basis during the period June to 

November 2008.  Thus far, we do not have any independent groundwater evaluations from 

Lake Josephine (Highlands County, FL). 

 

Radon mass balance box model: parameters and assumptions 

 

The advection-diffusion approach 

Estimations of groundwater discharge in these lakes are based on a radon advection-

diffusion model (Figure 5.2).  The model was initially developed by Cable et al. (1996) and 

validated many times by additional methods in coastal marine environments (Burnett and 

Dulaiova, 2003; Burnett et al., 2002). 

 

 



 55

 

Figure 5.2 Schematic of the radon mass balance box model. 

 

 

It is basically a mass balance box model that accounts for all radon sinks and sources 

including diffusion across the sediment-water interface.  Thus, in order to construct a 
222

Rn 

mass balance one should have estimations for the all possible sources and sinks including: (1) 

222
Rn concentration in the lake waters and the lake water depth in order to calculate the 

222
Rn 

inventories in the lake water (assuming that radon is well-mixed vertically); (2) 
222

Rn 

concentration in the groundwater flowing into the lake, the groundwater end-member; (3) the 

concentration of radon-in-air, the temperature, and an average wind speed over the lake area 

during the period of the 
222

Rn measurements for estimation of the atmospheric loses; and (4) 

the area of the lake.  To evaluate the pore water radon concentration that influences the 

diffusive flux through the sediment-water interface, sediments from the lake bottom were 

collected to assess specific hydrogeologic properties such as wet bulk density, porosity, 
226

Ra 

content, as well as the equilibrium 
222

Rn pore water concentration.  In cases where 

groundwater advection is significant, inputs via diffusion can usually be ignored but are 

included in the model presented here for completeness.  Once we have estimated the total 

benthic flux required to support the measured 
222

Rn inventory (including that lost by 

diffusion,

other

processes
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atmospheric evasion), estimations can be made of the advective component required by using 

a form of an advection–diffusion equation (Cable et al., 1996): 

 CP
z

C

z

C
K

dt

dC
2

2

z λ++
∂
∂

ω+
∂
∂

=  (1) 

where C is the radon concentration (activity) in the sediments; z is the depth (positive 

downwards), Kz is the vertical diffusivity; ∂ 2
C/∂ z

2
 and ∂ C/ ∂ z are the 

222
Rn concentration 

gradients across the sediment–water interface for diffusion and advection, respectively; ω is 

the vertical advective velocity; P is the production of 
222

Rn in pore fluids (groundwater) 

which is due to recoil after production by 
226

Ra decay in mineral grains (P =λCeq, where Ceq 

is the activity of 
222

Rn in equilibrium with wet sediment determined experimentally, dpm/m
3
 

wet sediment); and λC is radioactive decay of 
222

Rn.  In this situation, Kz is set equivalent to 

Ds, the effective wet sediment diffusion coefficient which is corrected for temperature and 

sediment tortuosity.  Advection, ω, and radioactive decay, λ, represent losses from the 

sediments and are thus defined as negative terms.  We use a graphical user interface, 

prepared for FDEP under a previous contract, to solve this differential equation.  Many of the 

necessary corrections are already built in so only the basic field data (e.g., 
222

Rn 

concentration in the lake water and pore water concentration, average wind speed, 

temperature, etc.) are required. 

In this application of the 
222

Rn tracer approach we assume that groundwater discharge 

and diffusion into the lakes is nearly in steady-state, at least over a period of days to weeks, 

and these inputs represent the only substantial source of radon.  Because the lakes are 

relatively small and shallow, with average depths of about 2 m, we assume that the water 

column is well mixed, i.e., the 
222

Rn signal is relatively uniformly distributed, both 

horizontally and vertically.  Our surveys have shown that the lakes are, in fact, generally 

uniform with respect to their 
222

Rn concentrations although occasional “hot-spots” have been 

observed.  In general, areas of anomalous 
222

Rn activities are rare and usually restricted to 

portions of the lake where pilings and/or artificial canals have been constructed. 

 

Surface water evaluations 

To collect information about radon in lake water concentrations, we used a three-

detector RAD AQUA instrumentation as described in Dulaiova et al. (2005).  We set up this 
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automatic continuous measuring system on a small boat and surveyed with an average speed 

of ~3-4 km/h as close to the shore line as possible and in transects across the lakes (Figure 

5.3). 

 

 

 

0 4 8 12 16 20 24

2
2

2
R

n
 i
n
 w

a
te

r 
(d

p
m

/L
)

0.0

1.0

2.0

3.0

4.0

0.0

0.2

0.4

0.6

M
e
th

a
n
e

 c
o
n
c
. 
in

 w
a
te

r 
(u

M
)

G AA B C D E F A B

0 4 8 12 16 20 24
2
2

2
R

n
 i
n

 w
a

te
r 

(d
p

m
/L

)

0.0

5.0

20.0

25.0

30.0

M
e

th
a
n

e
 c

o
n
c
. 
in

 w
a

te
r 

(u
M

)

1.0

2.0

3.0

4.0

5.0

6.0

IB C D E A H JGA

(A)

(B)
0 4 8 12 16 20 24

2
2

2
R

n
 i
n
 w

a
te

r 
(d

p
m

/L
)

0.0

1.0

2.0

3.0

4.0

0.0

0.2

0.4

0.6

M
e
th

a
n
e

 c
o
n
c
. 
in

 w
a
te

r 
(u

M
)

G AA B C D E F A B

0 4 8 12 16 20 24
2
2

2
R

n
 i
n

 w
a

te
r 

(d
p

m
/L

)

0.0

5.0

20.0

25.0

30.0

M
e

th
a
n

e
 c

o
n
c
. 
in

 w
a

te
r 

(u
M

)

1.0

2.0

3.0

4.0

5.0

6.0

IB C D E A H JGA

(A)

(B)

Traveled distance (km) 



 58

 

 

 

0 1 2 3 4 5

2
2

2
R

n
 i
n
 w

a
te

r 
(d

p
m

/L
)

0.0

2.0

4.0

6.0

8.0

10.0

S
p
e
c
. 
c
o
n
d
u
c
ti
v
it
y 

(m
S

/c
m

)

0.00

0.04

0.08

0.12

0.16

0.20

M
e

th
a
n
e
 c

o
n

c
. 
in

 w
a

te
r 

(u
M

)

0.0

0.6

1.2

1.8

2.4

3.0

A B D EF GAC

Traveled distance (km)

0 2 4 6 8 10 12 14 16

2
2
2
R

n
 i
n
 w

a
te

r 
(d

p
m

/L
)

0.0

1.0

2.0

3.0

4.0

5.0

M
e

th
a

n
e

 c
o
n

c
. 
in

 w
a

te
r 

(u
M

)

0.0

0.1

0.2

0.3

A GC E FD H IB

(C)

(D)

0 2 4 6 8 10 12 14

2
2

2
R

n
 i
n

 w
a

te
r 

(d
p

m
/L

)

0.0

1.0

2.0

3.0

4.0

M
e

th
a

n
e

 c
o
n

c
. 
in

 w
a

te
r 

(u
M

)
0.0

1.0

2.0

3.0

4.0

S
p
e

c
.c

o
n

d
u
c
ti
v
it
y 

(m
S

/c
m

)

0.00

0.10

0.20

0.30

A B C D E F G H I KJ

(E)

0 1 2 3 4 5

2
2

2
R

n
 i
n
 w

a
te

r 
(d

p
m

/L
)

0.0

2.0

4.0

6.0

8.0

10.0

S
p
e
c
. 
c
o
n
d
u
c
ti
v
it
y 

(m
S

/c
m

)

0.00

0.04

0.08

0.12

0.16

0.20

M
e

th
a
n
e
 c

o
n

c
. 
in

 w
a

te
r 

(u
M

)

0.0

0.6

1.2

1.8

2.4

3.0

A B D EF GAC

Traveled distance (km)
0 1 2 3 4 5

2
2

2
R

n
 i
n
 w

a
te

r 
(d

p
m

/L
)

0.0

2.0

4.0

6.0

8.0

10.0

S
p
e
c
. 
c
o
n
d
u
c
ti
v
it
y 

(m
S

/c
m

)

0.00

0.04

0.08

0.12

0.16

0.20

M
e

th
a
n
e
 c

o
n

c
. 
in

 w
a

te
r 

(u
M

)

0.0

0.6

1.2

1.8

2.4

3.0

A B D EF GAC

Traveled distance (km)

0 2 4 6 8 10 12 14 16

2
2
2
R

n
 i
n
 w

a
te

r 
(d

p
m

/L
)

0.0

1.0

2.0

3.0

4.0

5.0

M
e

th
a

n
e

 c
o
n

c
. 
in

 w
a

te
r 

(u
M

)

0.0

0.1

0.2

0.3

A GC E FD H IB

0 2 4 6 8 10 12 14 16

2
2
2
R

n
 i
n
 w

a
te

r 
(d

p
m

/L
)

0.0

1.0

2.0

3.0

4.0

5.0

M
e

th
a

n
e

 c
o
n

c
. 
in

 w
a

te
r 

(u
M

)

0.0

0.1

0.2

0.3

A GC E FD H IB

(C)

(D)

0 2 4 6 8 10 12 14

2
2

2
R

n
 i
n

 w
a

te
r 

(d
p

m
/L

)

0.0

1.0

2.0

3.0

4.0

M
e

th
a

n
e

 c
o
n

c
. 
in

 w
a

te
r 

(u
M

)
0.0

1.0

2.0

3.0

4.0

S
p
e

c
.c

o
n

d
u
c
ti
v
it
y 

(m
S

/c
m

)

0.00

0.10

0.20

0.30

A B C D E F G H I KJ

0 2 4 6 8 10 12 14

2
2

2
R

n
 i
n

 w
a

te
r 

(d
p

m
/L

)

0.0

1.0

2.0

3.0

4.0

M
e

th
a

n
e

 c
o
n

c
. 
in

 w
a

te
r 

(u
M

)
0.0

1.0

2.0

3.0

4.0

S
p
e

c
.c

o
n

d
u
c
ti
v
it
y 

(m
S

/c
m

)

0.00

0.10

0.20

0.30

A B C D E F G H I KJ

(E)

Traveled distance (km) 



 59

 

Figure 5.3 GPS track map examples (left) and tracers’ distribution plots (right) of 
222

Rn 

(open circles), methane gas (dash line) and specific conductivity (bold line): (A) Lake 

Newnans, (B) Lake Butler, (C) Clear Lake, (D) Lake Hunter (September 2008), (E) 

Lake Haines (March 2008), (F) Lake Shipp, and (G) Lake Josephine (May 2007).  

Grey areas define the ±1σ standard deviation of all 
222

Rn measurements through a 

survey.  The reference points from the plots correspond to these on the GPS track 

maps. 

 

 

The 
222

Rn monitoring system was set up using 10-minute counting intervals and was 

used in conjunction with a logging GPS Map 168 Sounder (GARMIN) recording in 30-sec 

intervals for precise location and water depth.  In addition, automatic logging sensors for 

methane (METS, Capsum Technologies, Germany) and specific conductivity (Van Essen 

Instruments) were occasionally deployed.  Measurements of temperature and conductivity 

from the bottom and the surface of the lake water column regularly collected during surveys 

showed that uniform distribution throughout the study with very few exceptions.  In order to 

demonstrate the level of the supported 
222

Rn activity in the lake water column we collected 

surface water samples (3 21-L “cubitaners” or ~63 L per lake) from different parts of the 
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lakes and analyzed them in the laboratory via a 
222

Rn-emanation approach (Peterson et al., 

2009). 

 

Groundwater radon end-member evaluation 

We applied two different approaches for evaluation of the 
222

Rn concentrations in 

pore water.  First, we collected pore water samples from each lake using a push-point 

piezometer (Charette and Allen, 2006) and analyzed them using either a Liquid Scintillation 

Counting (LSC) technique (Eaton et al., 2005) and/or a RAD H2O (Durridge, Inc.) accessory 

to the RAD7 that can be used in the field.  Water samples from observation wells, where 

such were available, were analyzed and estimates considered for groundwater end-member as 

well.  Our intention was to evaluate the radon concentration in pore water (groundwater) that 

is representative of the fluids discharging into the lake waters.  Secondly, we collected 

sediment samples from some of the lakes, and equilibrated them in gas-tight vessels with 

water for 21 days in the lab to evaluate the supported 
222

Rn concentration using a radon-

emanation approach (Corbett et al., 1997).  In addition, we have also evaluated the activity of 

radon’s parent, 
226

Ra, in sediment samples.  This was done using gamma spectrometry with 

the samples packed in 100-cm
3
 Al-canisters and by measuring the photopeak lines of 

214
Pb 

(E1=295 keV and E2=352 keV) and 
214

Bi (E=609.3 keV) after the lead and bismuth isotopes 

have equilibrated with the parent 
222

Rn. 

 

Evaluating the atmospheric radon loss 

The evaluation of 
222

Rn loss to the atmosphere is based on an empirical equation that 

relates the exchange to temperature, wind velocity measurements, and the air-water 
222

Rn 

gradient (MacIntyre et al., 1995).  The atmospheric loss of 
222

Rn through the water-air 

interface is proportional to the concentration gradient of radon in air (Ca) and radon in 

surface water (Cw) and the gas transfer coefficient k: 

Flux(atm)=k(Cw-αCa)       (2) 

Where k is the gas transfer coefficient or piston velocity (m/d) and α is Ostwald’s solubility 

coefficient: 

k (600)=0.45u10
1.6

(Sc/600)
-b

      (3) 

α=0.105+0.405exp (-0.05027T)     (4) 
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Sc=ν/Dm       (5) 

Where: b=0.5 for wind speed > 3.6 m/s or b=0.667 for wind speed < 3.6 m/s; Sc is the 

Schmidt number; ν is kinematic viscosity; Dm is the molecular diffusion coefficient; u10 is the 

wind speed at10 m above ground; and T is the temperature (
o
C) at the water-gas interface.  In 

most cases, we acquire wind speed data via an internet portal 

(http://www.wunderground.com/) from the closest deployed weather station.  We often 

compared data from several stations around the area to validate the quality of the 

measurements and found no significant differences between the stations examined.  Since the 

gas exchange at the water-air interface is a fairly rapid process we consider only wind speed 

data collected during the duration of the tracer surveys.  During the same time interval we 

record the water-air temperature in 2-minute intervals by a two-channel data logger (HOBO, 

Onset Inc.) placed in the gas mixing chamber of the RAD AQUA system.  Mean values of 

both parameters over the time period of the radon measurements are used in the model 

atmospheric loss evaluations.  Average lake depths and areas are acquired from a FDEP GIS 

library and from a Florida lakes database (www.wateraltas.org). 

 

Results and discussion 

 

Radon groundwater concentrations 

Our analyses of the pore water samples showed large variations in the 
222

Rn 

concentration (Figure 5.4 and Appendix). 

 

 

 

(A) (B)(A) (B)
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Figure 5.4 Radon in pore water distribution around seven lakes: (A) Lake Newnans, (B) 

Lake Butler, (C) Clear Lake, (D) Lake Hunter, (E) Lake Haines, (F) Lake Shipp, and 

(G) Lake Josephine.  Numbers on the maps correspond to the observed levels of 
222

Rn (dpm/L).  The values with the star symbols present the estimates used for 

groundwater end-member in the advection-diffusion model.  Open circles show data 

from field pore water sampling, while closed circles are derived from sediment 

equilibration experiments in the lab. 

  

(C) (D)(C) (D)

(E) (F)(E) (F)

(G)(G)
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This may be due to several reasons.  An investigation by Corbett et al. (2000), for 

example, showed that one should expect higher 
222

Rn in pore water in the lower sediment 

layers compared to the top.  Since 
222

Rn is a gaseous product, it escapes easier from the 

sediment surface layers and stays trapped in the bottom layers.  In addition, the lower 

sediment layers are usually more compacted relative to surface sediments so the solid-to-

fluid ratio is increased, thus producing more radon in the fluid phase.  Because of these 

mechanisms, large gradients may exist in the upper sediment layers that would add to 

variable results, especially when one samples using a push-point piezometer.  Another 

possible explanation for a wide range of pore water 
222

Rn concentrations could be attributed 

to different lithologies of the sediment layers across the area.  Most of the studied lakes sit on 

top of the Hawthorn Formation (Table 5.1), which is a phosphate-rich deposit naturally 

enriched in 
226

Ra, the direct parent of radon.  A patchy distribution of the sediment/rock 

layers within the sampled intervals could contribute to the variability in the radon-enriched 

groundwater. 

In view of these results, we adjusted our sampling strategy for the second leg of our 

study to collect pore water depth profiles and recovered samples from different sediment 

layers, instead of only single pore water samples at any location (Figure 5.5 and Appendix). 

 

 



 64

 

Figure 5.5 Radon in pore water sediment depth profiles derived via sediment equilibration 

laboratory experiments (open circles), field pore water collection (closed circles), and 

the radium content in dry sediment (closed triangles).  The profile is from Lake 

Josephine.  The data for this plot is provided in the Appendix in Table A.13.1. 

 

 

In addition, we shifted our sampling to areas with the highest potential discharge, i.e., 

areas with steeper topographic gradients along the lake shoreline (Figure 5.4).Unfortunately, 

even after these adjustments, there was still considerable scatter in the samples collected by 

the push-point piezometer.  We thus decided to use a combined approach whereby sediment 

equilibration values are used in some cases and sampled pore water values in others.  Radon 

concentrations from observation wells (where available) were also included in these 

estimates. 
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Since the expected groundwater discharge rates are in the range of few centimeters 

per day, the produced 
222

Rn in the pore water is expected to be in equilibrium with its parent, 

226
Ra in the sediment.  Therefore, a reasonable approach to obtain site-characteristic 

groundwater radon concentrations unbiased by sampling technique and/or other physical 

processes would be via sediment equilibration techniques as described earlier.  The 

groundwater end-member value (176±63 dpm/L, n=3) used in the calculation of Lake 

Haines discharge is based on results from analyses from sediment equilibration technique and 

analyses of water from observation well2, situated near the lake at the local surficial aquifer.  

These sampling points are indicated as star symbols in Figure 5.4E (for details see Table A.6 

in the Appendix).  Because of the very heavy rainfall which resulted in special 

hydrodynamics at the study site after hurricane Fay (August 15-26, 2008), we feel that 

presenting the discharge in this specific case in a range instead of single estimate would be 

more realistic.  Our higher range of the September 2008 groundwater discharge into the lake 

is based on groundwater end-member (92±27 dpm/L, n=1) from observation well2 sampled 

during the same time. 

The same approach was applied for the groundwater end-member assessment of Lake 

Josephine.  In this case we used an average value (126±14 dpm/L, n=3) of radon 

concentration in pore water obtained from equilibrating sediments that were collected along 

the northeast parts of the lake (Figure 5.4G).  This value was also our end-member when 

estimating the lower end of the range discharge in the lake during September 2008.  The 

higher end in the discharge range for Lake Josephine during September 2008 is based on 

field pore water collections (68±87dpm/L, n=3) sampled during the same period.  For more 

details, see Table A.12 in the Appendix.  

While the groundwater end-members for Lake Haines and Lake Josephine were 

mostly derived from sediment equilibration experiments, those for the lakes from the first leg 

of our investigation, Lake Newnans, Lake Butler, and Lake Shipp, were based on field pore 

water collections.  The radon values used in the model were derived from up-gradient areas 

with potentially higher discharge in each individual case. 

The radon concentration in the pore water in two of the lakes, Clear Lake and Lake 

Hunter, were consistently very high (Figure 5.4C and D).  If such high values were used in 

our model, any advection at all would result in higher 
222

Rn in the lake than we actually 
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observed (Figure 5.2).  There are two possibilities: (1) our pore water sampling did not 

collect fluids representative of those discharging into the lake; or (2) there is no net positive 

seepage into these lakes.  To evaluate a minimum groundwater discharge in these cases we 

calculated a maximum ground water end-member for each individual scenario, which would 

result in net groundwater discharge.  These numbers are reported as “end-member” values for 

Lake Hunter and Clear Lake in Table 2, but are not real evaluations.  Most likely if there is 

any positive groundwater discharge into these lakes, it is below detection by the radon 

approach. 

 

Groundwater discharge results: stage one 

The assessment during the first part of our study indicated detectable groundwater 

flux into five of the six studied lakes: Lake Newnans, Lake Butler, Lake Haines, Lake Shipp 

and Lake Josephine.  The estimated average discharge rates during March and May 2007 

were evaluated to be between 0.4 and 1.7 cm/day that expands to a total estimated discharge 

between 6.1x10
2
 m

3
/day and 1.53x10

5
 m

3
/day (Table 5.2). 
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Table 5.2 Radon mass balance model parameters and groundwater discharge results from the initial round of assessments.  The 

radon budget of Clear Lake (asterisk) resulted in zero water flux.  The total groundwater discharge into Clear Lake 

reported here is based on a 
222

Rn concentration in pore water of 919 dpm/L and given as less than 0.3 cm/day.  Higher 

radon concentration in pore water would result in no discharge.  The radon in groundwater estimates with superscript (a) 

are based only on pore water field sampling, while those with superscript (b) are using laboratory sediment equilibration 

technique and observation wells. 

 

 

Lake  Area Av. 
222

Rn conc. Av. 
222

Rn conc. Wind Depth Water Discharge Total  

   in pore water in surface water speed  temperature rate discharge 

 (m
2
) (dpm/L) (dpm/L) (m/s) (m) (°C) (cm/day) (m

3
/day) 

Newnans 2.98E+07 358±9.2 (n=2)
a
 3.58±1.6 (n=39) 2.5 1.52 14.7 0.6 1.53E+05 

Butler 6.88E+06 316±157 (n=3)
a
 1.45±0.4 (n=40) 2.3 4.17 28.7 0.5 1.98E+04 

Clear* 1.45E+06 < 919 2.79±0.4 (n=26) 2.5 3.66 21.0 <0.3 <1.8 

Haines 2.91E+06 176±63 (n=3)
b
 2.57±0.7 (n=36) 2.3 2.13 21.7 1.0 2.90E+04 

Shipp 1.12E+06 477±84 (n=2)
a
 2.73±0.6 (n=16) 2.3 1.52 26.9 0.4 6.1E+02 

Josephine 5.80E+06 126±14 (n=3)
b
 4.00±1.8 (n=42) 2.4 1.83 26.7 1.7 9.78E+04 
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Lake Newnans (1.53x10
5
 m

3
/day) had the highest estimated discharge followed 

closely by Lake Josephine (9.78x10
4
 m

3
/day).  Josephine also had the highest seepage rate on 

a per unit basis, 1.7 cm/day.  Since we are assuming that these lakes are well-mixed, the 

estimated seepage rate represents an average inflow over the entire area of the lake bottom.  

This may not actually be the situation as preferential flows through sandier areas are likely.  

As long as the lakes are well-mixed, and our results indicate that they are, the exact sites of 

inflow do not matter for the 
222

Rn model estimation.  For one of the lakes, Clear Lake, we 

report the discharge as “less than” 1.8 m
3
/day and seepage rate <0.3 cm/day as the radon 

values in pore water were so high (up to 9 600 dpm/L) that any significant discharge would 

have resulted in higher radon in the lake water than actually observed.  The discharge into 

this lake should thus be considered below detection by the 
222

Rn model. 

 

Groundwater discharge results: stage two 

According to historical precipitation records (NOAA) central Florida experiences dry 

hydrological conditions from October until May and a wet season during June, July, August, 

and September (Figure 5.6). 

 

 

 

Figure 5.6 Historical data for average monthly precipitation in the area of Lakeland, FL 

(http://www.sercc.com). 
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During the second stage of our groundwater study we evaluated the groundwater 

fluxes into Lake Haines, Lake Hunter and Lake Josephine at different times of the year to 

inspect whether we could detect a seasonal signal.  The seasonal portion of our study was 

carried out during three additional field campaigns: March 2008, September 2008 and 

January 2009, when one would normally consider January to be dry, while the other two 

months would typically be wet.  The results from all three trips showed that Lake Haines and 

Lake Josephine have detectable groundwater seepage during all periods, while the 
222

Rn 

study at Lake Hunter indicated very little to no detectable groundwater discharge at any of 

the times investigated (Table 5.3). 
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Table 5.3 Radon mass balance parameters and groundwater discharge results from several sampling campaigns.  There are two 

estimates for the September 2008 sampling trip.  The values indicated with star superscript are based on end-member based 

on field collected pore water samples (Lake Josephine) and from observation well2 (Lake Haines).  For more detains see 

Tables A.6; A.9; and A.12 in the Appendix. 
 

Date 
222

Rn in groundwater 
222

Rn in lake water Wind speed Water temp. Discharge rate 

Total 

discharge 

  (dpm/L) (dpm/L) (m/s) (
o
C) (cm/day) (m

3
/day) 

Lake Haines  (av. area=2.91E+06 m
3
; av. depth= 2.13 m) 

3/8/2007 176 ± 63 2.57 ± 0.7 2.10 21.7 1.1 2.90E+04 

3/24/2008 176 ± 63 1.68 ± 0.4 3.12 19.2 0.9 2.46E+04 

9/23/2008 176 ± 63 1.15 ± 0.4 2.16 28.5 0.5 9.01E+03 

09/23/2008* 92* ± 27 1.15 ± 0.4 2.16 28.5 0.9 2.48E+04* 

1/30/2009 176 ± 63 1.81 ± 0.8 2.54 21.1 0.8 2.17E+04 

Lake Josephine (av. area=5.80E+06 m
3
; av. depth= 1.83 m) 

5/15/2007 126 ± 14 4.00 ± 1.8 1.07 26.6 1.7 9.78E+04 

3/26/2008 126 ± 14 2.68 ± 0.7 2.21 21.1 1.4 8.08E+04 

9/25/2008 126 ± 14 2.71 ± 3.2 2.34 28.1 1.6 9.14E+04 

9/25/2008* 68* ± 87 2.71 ± 3.2 2.34 28.1 3.0 1.77E+05* 

1/29/2009 126 ± 14 3.24 ± 0.7 2.64 19.6 2.0 1.15E+05 

Lake Hunter (av. area=3.69E+05 m
3
; av. depth= 3.10 m) 

3/25/2008 <3 300 7.68 ± 2.6 3.24 20.1 <0.27 <0.4 

9/24/2008 <1 400 4.58 ± 1.5 2.32 27.6 <0.32 <121 

1/29/2009 < 913 3.45 ± 1.2 1.56 18.0 <0.29 <170 
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The observations showed that the groundwater discharge at Lake Josephine was 

always higher compared to Lake Haines.  For the period of this research, we observed one of 

the highest groundwater discharges in Lake Haines during March 2007, while for Lake 

Josephine was during January 2009.  Higher groundwater discharge was found during 

September 2008 (Figure 5.7 and Figure 5.8 white stacked bars) when using groundwater 

end-member from pore water field sampling.  The groundwater end-member derived from 

sediment equilibration experiments for this month resulted in very low groundwater 

discharge, which is somehow inconsistent with the high water table level during this period 

(Figure 5.7 and Figure 5.8 hatched bars).  Although our feeling is that the sediment 

equilibration approach is a better way to evaluate site specific groundwater end-member, we 

suggest that in extreme hydrological situations, as the one observed after hurricane Fay in 

September 2008, field pore water collection might be more realistic.  Our sampling in 

September 2008 was completed just a month after tropical storm Fay.  This storm crossed 

Florida four times producing torrential rainfall that caused extensive floods across the state.  

From August 19 to 26, the east-central Florida area received between 254 and 635 mm total 

rainfall and wind speeds between 17 and 25 m/s (Stewart and Baven II, 2009).  Fay was in 

the area of Polk County on 20 August and our measurements at Lake Haines took place on 

22 September.  The water level of an observation well placed in the non-artesian sand aquifer 

8 km northwest of Lake Haines increased about 47 cm in 16 days (Figure 5.7).  The level in 

the well reached its highest point on September 2 and dropped gradually back to pre-storm 

levels over the next 34 days.  The lake water level started increasing around the same time 

but peaked five days later than the observation well.  The recorded increase of the lake level 

was about 23 cm over a 25-day period.  The lake water level leveled off again about the same 

time as the observation well.  This coupled behavior of the surficial aquifer and the lake stage 

suggests that there is an obvious connection between the two and that the surficial aquifer is 

mainly responsible for feeding the water column at Lake Haines. 
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Figure 5.7 Hydrological dynamics in the Lake Haines area.  Closed circles on the top of the 

dotted line (lake stage) correspond to the sampling trips of our study.  Grey bar plot 

(from the top) represent the amount of rainfall in the area.  The hatched bars at the 

bottom represent the groundwater discharge values obtained in this study using 

groundwater.  The evaluation for September 2008 is given as a range based on two 

different groundwater end-members. 

 

 

Lake Josephine, Highlands County, also showed one of the highest discharges during 

the September 2008 period while using the end member derived from field pore water 

sampling.  However, the dynamics of the hydrological processes in this area are somewhat 
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different than described above.  Lake Josephine is situated southwest of Lake Haines (Figure 

5.1).  According to NOAA’s February 2009 report this area received less rain (127-180 mm) 

during tropical storm Fay compared to Polk County (Stewart and Baven II, 2009).  The level 

at an observation well northeast of Lake Josephine monitoring the surficial aquifer showed a 

minimum at the beginning of July 2008 (Figure 5.8). 
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Figure 5.8 Hydrological dynamics in the Lake Josephine area.  Closed circles on the top of 

the dotted line (lake stage) correspond to the sampling campaigns of our study.  Grey 

bar plot (from the top) represent the amount of rainfall in the area.  The hatched bars 

at the bottom represent the groundwater discharge values obtained in this study. The 

evaluation for September 2008 is given as a range based on two different 

groundwater end-members. 

 

 

The well level started increasing since then and had a maximum during September 

and October.  The total increase in the well level during these three months was 154 cm.  The 

lake level observations display a similar pattern but on a different time scale.  The lake stage 

was highest during the beginning of July (when the well level was near at minimum) and 

decreased gradually thereafter.  This surficial aquifer-lake stage relationship suggests that the 

groundwater sources for Lake Josephine are different than the sources at Lake Haines.  While 
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Lake Haines is a semi-closed lake (no natural inputs and outlets), Lake Josephine does 

receive some water via a few small creeks, Walf Creek and Jackson-Josephine Canal to the 

north, and discharges some water through Josephine Creek to the south (Table 5.1).  The 

large-scale seasonal similarity in the discharge is probably due to the fact that both areas 

received enormous amounts of rain during the same time after a long dry spell. 

 

Independent groundwater discharge evaluations 

 

During our groundwater study of the lakes in central Florida two independent seepage 

meter measurement studies were performed, one at Lake Haines (PBJ&S, Winter Haven, FL) 

and another at Lake Hunter (BCI Engineers & Scientists Inc., Lakeland, FL).  The work at 

Lake Haines was completed between June 2 and November 18, 2008.  Four “Lee-type” 

seepage meters were deployed and sampled twice a month.  The results from that study may 

be best compared to our September 23, 2008 
222

Rn sampling campaign.  The highest 

discharge observed by the seepage meters was during October 2008 in three out of four 

sampling sites.  For this period of sampling the PBJ&S team reported a range of groundwater 

discharge into Lake Haines between 6.8x10
3
 and 2.1x10

4
 m

3
/day (n=43) (PBJ&S, 2009).  

Our 
222

Rn evaluated discharge for Lake Haines for the whole study period is between 

9.03x10
3
 m

3
/day and 2.90x10

4
 m

3
/day (Table 5.3) which is right at the middle and higher 

end of the seepage meters range. 

There were two detailed groundwater studies performed for Lake Hunter in the last 

few years.  In 2004 Baniukiewicz and Gilbert (2004) compiled and analyzed hydrologic data 

to construct a water budget of Lake Hunter for consecutive years between 1988 and 2002.  

They estimated positive groundwater flux to Lake Hunter during only four of the 15 years 

examined.  The rest of the time the water balance resulted in negative groundwater discharge 

values.  The second study was carried out during the same period we were investigating the 

lake.  Researchers from BCI Engineers & Scientists, Inc. (Lakeland, FL) installed five 

observation wells around Lake Hunter and deployed four seepage meters.  Their results based 

on monitoring wells and lake stage records (Dupuit equation) for the 61-day monitoring 

between July 24 and September 23, 2008 indicate very little groundwater discharge (158 
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m
3
/day) (BCI, 2008).  Our radon observation resulted in a maximum groundwater discharge 

into Lake Hunter of 170 m
3
/day (Table 5.3) and is thus consistent with their study. 

There is no available data on groundwater discharge into Lake Josephine so we do not 

have any basis from which to compare our radon derived estimates.  Our modeled 

groundwater discharge estimates represent between 1.4-2 % of the gross volume of the lake 

per day.  Therefore, the residence time of the lake water, assuming groundwater was the only 

input, would be ~50-70 days, a reasonable estimate for the size of this lake (Brenner, 1990). 

 

Conclusions 

 

The overall purpose of this study was to test a new groundwater tracer approach using 

222
Rn for discharge estimates into small lakes.  A secondary objective was to evaluate the 

groundwater fluxes into these systems under different seasonal conditions.  By using a simple 

222
Rn mass balance, it was possible to detect groundwater fluxes into five of seven 

investigated lakes.  The tracer balance showed very small to no water discharge into the other 

two lakes which have also been shown to have generally negative water fluxes by 

independent hydrological investigations.  In cases where radon-derived groundwater 

discharge was detectable, the radon budgets at different times showed more or less similar 

patterns as revealed by the surficial aquifer and lake stage trends. 

This study showed that groundwater inflows into small lakes can be assessed using a 

222
Rn mass balance.  Future work should be directed at larger lakes and include those with 

seasonal stratification.  Among the most important advantages of this approach are the 

simplicity of 
222

Rn field measurements, shorter field procedures, and the relatively low cost 

of the field studies as well as the follow-up laboratory analyses.  This should result in less 

operator interaction and lower level of uncertainties in the final estimates.  All of these lakes 

have pending TMDLs and adequate and timely actions are needed.  Training of FDEP 

employees on the 
222

Rn methodology is in the on-going stage at present. 
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CHAPTER 6 

 

A SIMPLE MODEL FOR EVALUATION OF GROUNDWATER DISCHARGE INTO 

SMALL LAKES BASED ON TEMPORAL DISTRIBUTION OF 
222

Rn 

 

Article in preparation for submission to Limnology and Oceanography 

 

 

Abstract 

 

In order to evaluate groundwater discharge into small lakes we constructed a model 

that is based on the budget of 
 222

Rn (radon, t1/2=3.8 d) as a tracer.  Radon in lake waters can 

be derived from several sources: production by decay of dissolved 
226

Ra (parent of 
222

Rn); 

diffusion from sediments; inflows from surface waters; and direct groundwater inputs.  

Losses of 
222

Rn from lakes include radioactive decay; evasion to the atmosphere; and 

outflows of lake water either by surface flow or recharge to underlying aquifers.  The main 

assumptions in our model are that the lake’s waters are well-mixed; the only 
222

Rn source is 

via groundwater discharge; and the only losses are due to decay and atmospheric evasion.  In 

order to evaluate the groundwater-derived 
222

Rn flux, we monitor the 
222

Rn concentration in 

lake water over periods long enough (usually 1-3 days) to observe changes likely caused by 

variations in atmospheric exchange (primarily a function of wind speed and temperature).  

We then attempt to reproduce the observed record by accounting for decay and atmospheric 

losses and by estimating the total 
222

Rn input flux using an iterative approach.  Our 

methodology was tested in two lakes in Central Florida: one of which is thought to have 

significant groundwater inputs (Lake Haines) and another that is known not to have any 

groundwater inflows but requires daily groundwater augmentation from a deep aquifer 

(Round Lake).  Our results based on modeling the temporal trends in the radon data were 

consistent with independent seepage meter work at both Lake Haines (positive seepage of 

approximately 6.2x10
3
 m

3
/day) and at Round Lake (no net groundwater seepage). 
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Introduction 

 

Over the past several decades there has developed a high interest and recognition of 

the importance of groundwater discharge for the ecological status of different aquatic 

systems (Johannes, 1980).  Natural radionuclides such as radium and radon isotopes have 

proved to be useful tracers in qualifying groundwater fluxes in marine environments.  Radon 

(
222

Rn; t1/2 = 3.8 d) is a good natural tracer of groundwater discharge because it is 

conservative and is typically found at concentrations 2-3 orders of magnitude higher in 

groundwater than surface waters.  In addition, new portable and relatively inexpensive 

instrumentation (RAD AQUA, Durridge Inc.) has allowed rapid and high quality continuous 

field measurements of dissolved radon in water (Burnett et al., 2001).  The models developed 

to interpret radon data for coastal environments are somewhat complex because of 

corrections needed for tidal mixing with offshore low-radon waters as well as atmospheric 

evasion (Burnett and Dulaiova, 2003; Burnett et al., 2006).  Small shallow lakes, on the other 

hand, should present a much simpler situation. 

We present here a simple model for qualifying groundwater discharge in fresh water 

systems such as small lakes based on a time-series record of radon inventories in the lake 

water.  Our approach was tested in two lakes in Central Florida (Figure 6.1). 



 79

 

Figure 6.1 Map of Florida (A) showing the location of the studied lakes.  (B) Detailed view 

of Lake Haines  showing the locations of the 
222

Rn monitors (closed circles) and the 

observation well used for groundwater sampling (triangle).  (C) Detailed view of 

Round Lake showing the position of the two 
222

Rn monitors (closed circles) deployed 

during June 2009 and the location of the augmentation outlet (star). 

 

 

Lake Haines, located in north central Polk County (FL), has a surface area of about 

2.9x10
6
 m

2
 and average depth of 2.1 m (www.wateratlas.org).  The lake does not have any 

natural inflows or outlets.  There are two small man-made canals in the north and south areas 

through which there is some minor exchange with the nearby Gum Lake and Lake Rochelle, 

respectively.  Round Lake, the other target lake of our study is a much smaller (4.05x10
4
 m

2
) 

privately-owned lake situated in Hillsborough County (FL).  Although the reported average 

depth of the lake is 2.4 m there are several deep sinkholes mainly in the northwest part where 

the water depth reaches 4 m.  There are no surface water contributions to Round Lake.  

Observations during the early 1960s indicated a decrease of the water level at Round Lake as 

well as several other lakes in the area.  These declines were directly linked to an increase in 

groundwater use, lower rainfall and changes in the hydrologic groundwater regime due to 

urban development (Stewart and Hughes, 1974; Metz and Sacks, 2002).  Seepage meter 

Round Lake Lake Haines

(A)
(B)

(C)

Round Lake Lake HainesRound Lake Lake Haines

(A)
(B)

(C)
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measurements at Round Lake in the last few years have confirmed that the lake does not have 

any groundwater inputs but loses water through the bottom sinkholes to the local aquifer 

(Richard Hicks, FDEP pers. comm.).  In order to preserve the quality of the area around these 

lakes, water managers have decided to maintain the lakes’ water levels by daily augmentation 

with deep Floridan aquifer water.  At present, Round Lake receives approximately 790 

m
3
/day via pumping of deep groundwater into the lake.  Recent studies have shown that 

water quality changes as a result of the long years of deep groundwater pumping into the 

lakes, 
226

Ra (t1/2=1 600 years, parent of 
222

Rn) has accumulated in the lake surface waters, 

sediments, and biota (Brenner et al., 2000; Brenner et al., 2007).  The same study 

demonstrated that the 
226

Ra concentration in the overlying Round Lake waters is one order of 

magnitude higher compared to other non-augmented lakes in the area. 

For this investigation, we used Lake Haines as the main target for evaluating 

groundwater discharge via a mass balance model.  Round Lake was used as a control, i.e., a 

lake known to have zero groundwater inputs. 

 

Model description 

 

The model for groundwater evaluation we describe here is based on a 
222

Rn mass 

balance (Figure 6.2). 
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Figure 6.2 Box model presenting the 
222

Rn budget approach used for this study.  We assume 

that 
222

Rn enters lakes only via groundwater discharge and augmentation, and exits 

solely by decay and exchange with the atmosphere.  We can measure 
222

Rn changes 

over time within lake waters and account for decay and evasion.  We can thus 

estimate 
222

Rn (and groundwater) inputs by a simple flux-by-difference approach 

 

 

For lakes without any significant surface inflows or outflows, the only possible 

sources of radon besides the small amount contributed by dissolved 
226

Ra would be diffusion 

from sediments and groundwater discharge (either as discrete springs or disseminated 

seepage).  Radon losses in such situations would include radioactive decay, evasion to the 

atmosphere, and loss by recharge into underlying aquifers.  Presumably, the radon losses in 

such lakes via recharge into the aquifer would likely be minor as the concentration of radon 

seeping into sediments would be much lower than that seeping into the lake.  For example, if 

the same amount of water seeped out of one side of a lake that seeped in the other side, and 

the radon-in-groundwater concentration was two orders of magnitude higher than the lake 

water, the resulting loss of radon via recharge would only be on the order of ~1 %.  Thus, in 

these cases we have a situation where the radon budget is essentially a balance between 

inflows via groundwater and losses solely by decay and atmospheric evasion. 

In cases where groundwater inputs are an important part of the hydrologic cycle, as is 

thought to be the case for Lake Haines, groundwater discharge should dominate the radon 

inputs.  In the case of Round Lake the 
222

Rn in the water column is delivered via: (1) 

augmentation, i.e., pumping from a deep aquifer; (2) diffusion from 
226

Ra-enriched 

sediments; and (3) production from dissolved 
226

Ra in the lake surface waters.  In a steady-

diffusion,

other

processes

Total benthic flux

J (dpm/m2.s)

Fatm

Inventory

I (dpm/m2)

GW

discharge

cm/day

augmentation
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state system that has a constant source of 
222

Rn into that system and the only loss is by decay, 

the inventory can be predicted: 

 
λ
−

=
λ− te1

FI  (1) 

Where I is the inventory of 
222

Rn (dpm/m
2
); F is the 

222
Rn flux (dpm/m

2
 h), and λ is the 

222
Rn 

decay constant (7.56 x 10
-3

 h
-1

).  For a shallow lake that is not stratified the 
222

Rn inventory 

would simply be the concentration (dpm/m
3
) times the water depth (m).  After several half-

lives of 
222

Rn, equation (1) becomes: 

 
λ

=
1

FI  (2) 

Where 1/λ is the mean life of 
222

Rn (~5.5 days).  Thus, if we can assume that the flux of 

radon (groundwater) is reasonably constant over a period on the scale of days to weeks we 

can predict what the inventory (or may convert to concentration by dividing the inventory by 

the water depth) should be if there were no losses other than by decay.  However, it is always 

the case that radon will be lost to the atmosphere so this must be included in the balance.  

Fortunately, a considerable amount of effort has gone into developing models to predict gas 

exchange between water and air (e.g., see review in MacIntyre et al. (1995).  The general 

equation that relates the flux of a gas (Fatm) across an air-water interface is: 

 )CC(kF awatm α−=  (3) 

Where k is the gas transfer coefficient or piston velocity (m/day), Cw and Ca are the 

concentration (dpm/m
3
) of the gas in water and air respectively, and α is the Ostwald’s 

solubility coefficient that is temperature dependent.  The concentrations of radon in both the 

air and water phases can be measured relatively easily and the solubility can be determined 

from a temperature-dependent relationship.  The gas transfer coefficient, k, is the key to 

determining reasonable fluxes.  This parameter is a function of the physical processes at the 

air-water interface, especially the turbulence and kinematic viscosity (ν) of the water, and the 

molecular diffusion of the gas (Dm, molecular diffusion coefficient = 1.16 x 10
-5

 cm
2
/s at 

20
o
C for radon).  Based on a number of studies (Hartman and Hammond, 1985; MacIntyre et 

al., 1995), empirical equations which relate k to temperature and wind speed as a measure of 

turbulence have been developed. 
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We have found through several years of experience that the following empirical 

equation presented by MacIntyre et al. (1995) appears to work very well: 

 
5.06.1

10 )600/Sc(u45.0)600(k −=  (4) 

Where u10 is the wind speed at 10 m height above the water surface and Sc is the Schmidt 

number (the ratio of the kinematic viscosity, ν, to the molecular diffusion coefficient, Dm; 

i.e., Sc = ν/Dm), Sc is divided by 600 to normalize k to CO2 at 20
o
C in freshwater.  Both ν 

and Dm can be adjusted for temperature changes by well-known relationships.  The 

temperature dependence of the molecular diffusion can be expressed by the equation (Peng et 

al., 1974; Ullman and Aller, 1982): 

 59.1)T/980(Dlog wm +=−  (5) 

Where Tw is the temperature of the water in K.  The kinematic viscosity is a simple ratio of 

the absolute viscosity, μ, to the density of the water at a given temperature: 

 ν=μ/ρ (6) 

To adjust the absolute viscosity for the differences in the water temperature (Tw in 
o
K) we 

use the following relationship (Seeton, 2006): 

 
)CT(B w10 A

−=μ  (7) 

Where the coefficients in this equation are: A=2.414x10
-5

 kg/s.m (or Pa.s); B=247.8 K; and 

C=140 K. 

To calculate the water density required in equation (6) as a function of temperature an 

empirical relationship for fresh water as derived by Gill, A.E. (1982) was applied: 

ρ=999.842598+6.793952x10
-2

Tw-9.09529x10
-3

Tw
2
+1.001685x10

-4
Tw

3
–

1.120083x10
6
Tw

4
+6.536332x10

-9
Tw

5
 (8)

 

A comparison of 
222

Rn losses based on MacIntyre et al. (1995) equation (4), to evaluations 

using the empirical relationship presented by Hartman and Hammond (1985) and shown by 

equations (9) and (10), resulted in very good agreement for the data collected in this 

investigation. 

 
1.5

10

0.5

m20ν )(u)(D34.6Rk =  (9) 

 )1)10/zln(a(u/1u z10 +=  (10) 
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Where νR is the ratio of the kinematic viscosity of pure water at 20
o
C to the kinematic 

viscosity of water at the measured temperature, uz is the wind speed at elevation z (m); 

a=0.097 based on Pond (1975), and the other terms are as defined earlier. 

On a few occasions we have been able to estimate radon losses from the sea surface 

experimentally, via comparison to 
224

Ra trends, an isotope of radium that has a very similar 

half-life to radon and often has similar sources, yet no gas phase.  These comparisons, made 

off Thailand (Dulaiova and Burnett, 2006) and Brazil (Burnett et al., 2008) showed good 

agreement to the theoretical treatment as applied here. 

 

 

Table 6.1 Parameters used to evaluate the theoretical budget of 
222

Rn in shallow 

lakes as a balance between groundwater inputs with decay and 

atmospheric losses. 

 

 

 

We are thus in a position where we can estimate groundwater discharge into lakes by 

first measuring radon concentration trends over time within a lake and then modeling those 

trends.  We will assume here that the lake is well-mixed both horizontally and vertically so 

that we can measure the temporal trends at any point in the lake.  We further assume that the 

only significant source of radon is via groundwater transport and that the only significant loss 

besides decay is atmospheric evasion.  We can thus model the trends in the radon 

concentration in the lake by: (1) measuring or making reasonable estimates of all controlling 

 

Parameter Units Evaluation 

Atmospheric 
222

Rn dpm/m
3
 Measure or assume value; model very insensitive to 

Rn-in-air variations 

Wind speed (u10) m/s Measure or download from nearby weather station 

Water/air  temperatures 
o
C Continuous measurement with probes, data loggers, 

weather station 

Molecular diffusion (Dm) of 

Rn in water 

cm
2
/s 1.16 x 10

-5
 cm

2
/s, adjust for temperature 

Viscosity (ν) cm
2
/s Calculate based on water density, temperature 

Schmidt number (Sc) dimensionless Calculate via ν/Dm 

Water depth m Measure 

Decay constant 
222

Rn (l) 7.56 x 10
-3

 hr
-1

 Constant 

Steady-State Flux (FRn) dpm/m
2
 hr Adjust to balance losses, match observations 
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parameters (Table 6.1); and (2) adjusting the radon flux (via groundwater) to balance the 

observed trends. 

Once we have a good estimate of the steady-state flux, we can convert this to a water 

flux by simply dividing by the measured radon-in-groundwater concentration.  We consider 

the input flux to be “quasi steady-state” as it is reasonable to expect relatively constant fluxes 

over time scales of days to weeks when environmental conditions are not punctuated by 

storms or other unusual conditions.  Seasonal variations reflecting dry and wet conditions 

would clearly result in longer-term variations. 

 

Data collection 

 

In order to characterize the radon trends in the lake water, we performed continuous 

measurements over periods long enough (generally a few days) that we would expect to see 

variations in radon concentrations due to changing environmental conditions (temperature, 

wind speed) that would affect radon losses.  We usually set up the radon instrumentation 

(RAD AQUA, Durridge Inc.) on a dock around the lake.  Lake water (from ~30 cm depth) 

was delivered using a submersible pump into the top of an air-water mixing chamber where 

the radon within the air loop that circulates through the RAD7 detector equilibrates with the 

radon in the water stream.  By measuring the radon concentration in the air loop together 

with the temperature in the mixing chamber (via a HOBO temperature probe), one can 

calculate the amount of radon within the water based on its solubility.  In the case of Lake 

Haines, where the radon in water concentrations are relatively low, we used integration times 

of 30 minutes and were able to achieve results with an uncertainty in the radon concentration 

of about ±10% (1σ).  The surface waters of Round Lake, on the other hand, has much higher 

dissolved 
222

Rn and a 10-minute integration time was sufficient to obtain the same precision.  

We used this automated system in conjunction with a continuous temperature/conductivity 

logging system (CTD, Van Essen Instruments) as well as a HOBO Water Level Meter (Onset 

Corp.).  Occasionally, we also deployed a portable weather station (Vantage Pro2, Davis 

Instruments) to collect data for wind speed.  In other cases we acquired wind speed data from 

the internet portal Weather Underground (http://www.wunderground.com) for the nearest 

located weather station.  While the time-series experiment is running, we collected shallow 
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groundwater and pore water samples in 250-mL bottles (RAD H2O, Durridge, Inc.) in and 

around the lake from monitoring wells, if available, and via a push-point piezometer system 

to estimate the radon concentration in groundwater.  To assess the 
226

Ra content in lake 

waters, we collected 63-liter samples (3 21-liter “cubitaners”) from different parts of the 

lakes and extracted the radium isotopes onto Mn-impregnated acrylic fiber.  Radium is later 

evaluated in the laboratory by a radon emanation technique (Peterson et al., 2009).  The 

diffusive fluxes of 
222

Rn through the sediment-water interface were calculated using a depth-

independent relationship described in Martens et al. (1980).  Sediment samples were 

analyzed for some lithological characteristics such as density and porosity and for 
226

Ra 

content by gamma spectrometry. 

 

Results and discussion 

 

Lake Haines deployment results March 2008 

During March 2008 we established a single point deployment on a dock at a private 

golf resort on the east shore of Lake Haines (Figure 6.1B) and monitored radon, temperature, 

and conductivity from 17:30 March 24 to 11:00 March 28 over time.  Radon in air was also 

monitored with a separate RAD7 unit setup at the dock.  This experiment was performed at a 

time of year in Florida when there can be dramatic shifts in the air temperature as cold fronts 

continue to move in from the north while solar warming occurs during the longer spring 

days.  This turned out to be the case during this period with observed temperatures in our 

mixing chamber ranging from an overnight low of 7.2 
o
C to a daytime high of 31.1 

o
C.  The 

temperature in the mixing chamber is where the radon-in-water equilibrates with the radon-

in-air so is the temperature applied when calculating radon concentrations.  The extreme 

temperature range during this mooring was actually a benefit to our objective as it provided 

us with a radon-over-time record (Figure 6.3) showing distinct diurnal variations with radon 

activities higher in the evening and early morning hours (low temperatures and wind speeds) 

and lower concentrations during the day time hours (higher temperatures and wind speeds).  

There was also a general downward trend in the radon concentrations over the several days 

of the experiment.  This was likely related to a general warming of the lake waters during this 

period making the radon less soluble. 
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Figure 6.3 Plot showing the results of observed (open circles) versus modeled (grey line)
 

222
Rn concentrations at Lake Haines for our observations during March 24-28, 2008. 

 

 

We modeled the data by first initializing the model run with a starting concentration 

or inventory (note that since we consider the lake to be well-mixed and the water depth in the 

lake to be constant over the period of our measurements, one can work in either inventories 

or concentrations).  We used the first valid measurement point as a starting point for the 

model. 

We next corrected the value from the previous time step for decay, a very small 

correction because of the short 30-minute interval between measurements.  We now assume a 

radon flux and calculate the inventory gained during each measurement interval via equation 

(1) (the assumed flux will be adjusted later to better fit the observed data).  The rate of loss of 

radon via atmospheric evasion is calculated for each interval according to equations (3) and 

(4) with relevant adjustments made for viscosity (ν) and molecular diffusion (Dm) depending 

upon temperature.  The piston velocity is mostly a function of the wind speed and the Sc 

parameter which ultimately is a function of temperature.  The atmospheric flux is converted 

to an equivalent inventory lost in the same manner as the input flux is converted to inventory 

(eq. 1).  The net inventory for each time step is thus the result of combining the value from 

the previous time step with the sum of the computed input (assumed via groundwater) minus 

the outflow by atmospheric evasion (radioactive decay is already accounted for).  The 
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resulting modeled inventory over time is based on an assumed flux, which can be adjusted to 

the quasi steady-state value needed to best match the observations.  All terms in the model 

are observations of measured parameters or calculations based on first principles. 

In the case of the March 2008 experiment, we found an excellent fit (based on the 

lowest rms, root mean square, value between the observed and modeled values) using an 

input flux of 44 dpm/m
2
 h (equivalent to a steady-state 

222
Rn concentration of 4 500 

dpm/m
3
).  Using a radon-in-groundwater value of 211x10

3
 dpm/m

3
, measured from a 

monitoring well adjacent to the lake, this is equivalent to an average seepage rate of 0.50 

cm/day (0.50 cm
3
/cm

2
 day). 

 

Lake Haines deployment results December 2008 

In order to evaluate our assumption of a well-mixed lake, we returned to Lake 

Haines in December 2008 and established 3 measurement systems around the lake: (1) the 

same golf club location as used in March; (2) a boat ramp on the opposite (west) side of the 

lake; and (3) a dock at a private house in the southwest corner (locations shown in Figure 

6.1B).  The observed results from all 3 locations appear to be very similar (Figure 6.4).  The 

match between the golf club and the boat ramp locations is particularly good with 

overlapping data throughout the over 1.5 day period.  Unfortunately, we could not deploy our 

instrumentation at the private house until the 2
nd

 day so the record is thus shorter.  The 

private house results were also consistently somewhat higher in radon concentration than the 

other two stations, perhaps because the dock there was part of a boat house and thus in a 

more sheltered environment reducing wind effects. 
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Figure 6.4 Plot of observed 
222

Rn concentrations from the three sites (open circles, closed 

circles, and stars).  The theoretically calculated 
222

Rn trend (grey line) for the golf 

club site is also shown. 

 

 

Analyzing the two records that spanned the entire interval produced quasi steady-state 

radon flux estimates of 48 and 51 dpm/m
2
 h for the golf club and boat ramp locations 

respectively.  These estimates are close to each other and close to that estimated from the 

March record at the golf club (44 dpm/m
2
 h).  Again using an estimated groundwater 

concentration of 211x10
3
 dpm/m

3
, average seepage rates of 0.55 and 0.57 cm/day are derived 

for the golf club and boat ramp sites, respectively. 

When scaled to the area of the lake, an average seepage rate of 0.50 cm/day (March 

2008 estimate) is equivalent to 6 200 m
3
/day groundwater inflow.  Since we are assuming 

that the lake is well-mixed, the estimated seepage rate should represent an average inflow 

over the entire area of the lake bottom.  This may not actually be the situation as preferential 

flows through sandier areas are likely.  As long as the lake is well-mixed, and our results 

indicate that it is, the exact sites of inflow do not matter for the discharge assessment.  At the 

estimated rate of groundwater discharge, about 0.3% of the lake’s estimated total volume 
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(~2.2 x 10
6
 m

3
) is replaced each day.  The residence time of the lake water if groundwater is 

the only input would thus be approximately one year.  While we have no way of knowing 

whether our estimate is correct, we do have some independent data obtained by a consulting 

company (PBS&J, 2009) that performed seepage meter measurements at several locations 

and at various times during the same year (monthly from June to November 2008) in Lake 

Haines.  Their combined results indicated an average seepage rate of 0.65 cm/day, just 

slightly higher than our 0.50 to 0.57 cm/day estimates.  While seepage meters are useful as 

the only means available for direct measurement of groundwater discharge, the devices only 

cover a small (~0.25 m
2
) area of lakebed and thus many measurements are needed to obtain 

representative results.  The radon approach, on the other hand, integrates the signal over a 

very wide area (the entire lake if our well-mixed assumption is correct) and thus is an 

excellent way to deal with the spatial variability that is usually associated with groundwater 

discharge. 

 

Round Lake deployment results June 2009 

The field studies at Round Lake were carried out during 1-3 June 2009.  Two radon-

in-water monitoring systems were deployed for about two days: one on a private dock on the 

eastern side of the lake, and one on a small boat anchored in the middle of the lake (Figure 

6.1C).  The instrumentation in the middle of the lake was run only during the first day of the 

trip due to security concerns.  An additional RAD7 monitor to record radon-in-air variations 

along with a portable weather station for recording wind speed were deployed at the dock.  

CTD divers for specific conductivity were deployed on the surface and at the bottom of each 

station to check for water stratification.  A single series of measurements in the middle of the 

lake near the radon-in-water monitor during the first day showed that the water column was 

very well-mixed over the first 2.5 m with just slightly higher conductivities below that point 

(Figure 6.5).  Since the average water depth is about 2.4 m we feel that the assumption of a 

well-mixed water column holds. 
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Figure 6.5 Temperature and specific conductivity water depth profile at Round Lake during 

June 1-3, 2009. 

 

 

The augmentation rates for May 2009 and the pumping regime were provided by a 

local resident who keeps a record of the groundwater well pump (Cathleen Jonas, pers. 

comm.).  The concentration of 
222

Rn in the well water was estimated at 374±36 dpm/L (n=8) 

by analyzing groundwater samples via a RAD H2O system during different times of the 

deployment.  Bottom sediment samples were also collected and analyzed as already 

described.  The calculated total hourly 
222

Rn fluxes to the water column and losses via decay 

and atmospheric evasion are presented in Table 6.2.  It is interesting that the magnitude of 

the 
222

Rn contribution to the water column via diffusion from the sediment-water interface 

(39%) is comparable to the 
222

Rn flux delivered by augmentation (43%).  This is not a 
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surprising result based on the high 
226

Ra in the lakes sediments, apparently caused by the 

augmentation history of the lake.  Deep Floridan aquifer water has been pumped regularly 

into the lake for more than forty years now (Brenner et al., 2007).  Analysis of the bottom 

sediments showed that the level of 
226

Ra has reached 8.8±0.5 dpm/g dry sediment, one order 

of magnitude higher than the level of 
226

Ra in bottom sediments of Lake Haines, where we 

measured 
226

Ra between 0.2 - 0.8 dpm/g.  The dissolved 
226

Ra in the water column, at 

3.9x10
3
 dpm/m

3
, also exceeds normal levels for Florida lakes.  Because of the same reasons 

the production flux of 
222

Rn due to dissolved 
226

Ra is unusually high, at about 18 % of the 

total source fluxes.  The decay loses for Round Lake are also higher than usual because of the 

high 
222

Rn supplied via the augmentation pump.   The pump does not run continuously but 

typically starts around 21:00 and runs until 12:00 the next day, or about 15 hours each day. 

 

 

Table 6.2 Radon budget at Round Lake showing comparison between estimates of tracer’s 

loses via mass-balance and using MacIntyre et al. (1995) empirical gas-exchange 

equation. 
 

Sources  Loss Atm. loss Atm. loss 

  via decay via mass balance via Macintyre et al. (1995)

augmentation 139 min 111 min 93 min 0 

production from 
226

Ra 60 max 234 max 216 max 1268 

diffusion through sed. 128    

Total 327 Average 173 Average 154 Average 137 

 

 

Based a mass balance, the atmospheric loss should fall in a range between 93 - 216 

dpm/m
2
/h, with an average value of 154 dpm/m

2
/h.  The average atmospheric loss using the 

gas exchange formulation shown in MacIntyre et al. (1995) and our field data for wind speed 

and water temperature was calculated to be 137 dpm/m
2
/h, i.e., within about 11 % of the 

mass balance estimate.  We feel that this is a very good agreement and strengthens our 

reliance on use of these models for estimating water-air radon losses. 

Based on this information for the 
222

Rn sources and sinks we were able to reproduce 

the 
222

Rn concentration trends in the water column using the same model described in section 

2 but adding components for radon inputs via diffusion and augmentation and assuming zero 
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groundwater discharge.  The modeled 
222

Rn in water concentrations from the dock versus the 

observed time-series measurements for both stations (dock and middle lake) fit very well 

(Figure 6.6).  This is encouraging and confirms that our assumptions in the model are 

reasonable and that the equation set adequately describes the 
222

Rn budget in well-mixed 

small lakes. 

 

 

 

Figure 6.6 Plot of observed 
222

Rn concentrations for two sites in Round Lake (open circles 

and stars).  The theoretically calculated 
222

Rn trend (grey line) for the station at the 

dock is also shown. 

 

 

Summary 

 

Our radon tracing approach for small seepage lakes consists of deployment of a 

mooring to measure 
222

Rn concentration and temperature variations in the lake water over 

time.  Parallel measurements of wind speed, radon-in-air, and groundwater radon 

concentrations then allow one to model the observed variations in the radon inventories 

within the lake based on a mass balance of radon inputs via groundwater and losses by decay 

and evasion to the atmosphere.  Our results from Lake Haines seem reasonable and are in 

close accord to more laborious seepage meter measurements.  Results from modeling the 
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222
Rn concentration in a lake known to have no groundwater inputs verified that the 

assumptions made in our approach are reasonable and that the corrections for the gas loss 

across the water-air interface are adequate.  It is likely that the same general approach can be 

used in larger lakes, especially those that do not have significant surface water inputs. 
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CHAPTER 7 

 

CONCLUSIONS AND IMPLICATIONS  

 

We reported a reliable way to prepare 
224

Ra standards for calibration of a delayed 

coincidence counter instrumentation (RaDeCC) that allows measuring short-lived radium 

isotopes (
224

Ra and 
223

Ra) for coastal groundwater and other studies.  Our approach strongly 

suggests using filtered artificial or natural seawater as a matrix of the 
232

Th (parent of 
224

Ra 

with t1/2=1.4x10
10

 years) spike solution.  We hypothesized that at such high ionic strength 

conditions, 
232

Th in its (4+) oxidation state that is favorable for adsorption on the surface of 

Mn fibers.  We showed that one should expect about 65-70% breakthrough of the 
232

Th in the 

spike solution when using deionized water.  We feel that one should expect similar behavior 

of 
227

Ac (parent of 
223

Ra with half-life 21.8 years) in solution due to similarity in their 

chemistry and therefore we suggest using the same approach. 

Based on our laboratory results for optimization the concurrent measurements of 

220
Rn and 

222
Rn measurements using RAD AQUA system (Durridge Inc.) we recommend use 

of high capacity water pumps (delivering up to 17 L/min) when the main goal is to measure 

220
Rn in natural waters.  Our experiments showed that these conditions would benefit the 

222
Rn response times as well and significantly increase the resolution of 

222
Rn mapping.  In 

field conditions where such high water flow rates are often not achievable, usually because of 

power demands, we recommend using an external air pump to shorten the response times.  

Our field experience indicated that obtaining an approximate 5 L/min water flow rate is 

easily achievable.  In this case the dual loop variation with two external air pumps, one at 3 

L/min through the detector chamber and the other at 7.5 L/min through the exchanger would 

give the best results.  We recommend always placing the air pump upstream of the RAD7 

and connecting the RAD7 outlet directly to the return air path to maintain the same pressure 

as in the exchanger.  We feel that applications for such measurements include prospecting for 

NORM (Naturally Occurring Radioactive Material) in pipelines and locating points of 

groundwater/surface water interaction in areas with generally high thoron concentrations. 

In this work, we used 
222

Rn and salinity as geochemical tracers to evaluate 

groundwater discharge in two different environments, coastal zone characterized by 
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submarine springs and small lakes.  We reported on the magnitude of total fresh water 

discharge of a network of submarine springs in the Florida Panhandle during a two-year 

investigation (July 2007 to May 2009).  We found that the discharge of the Spring Creek 

system oscillates in response to the variation of the water table of the local aquifer.  The 

quick response of both applied tracers, salinity and 
222

Rn, in the spring area after some large 

rain events in February 2008 and August 2008 suggests that the source of the spring water is 

most likely the surficial aquifer.  We found that SGD varied between 0 and ~3.0x10
6
 m

3
/day 

during the study period.  The spring flow during our research period never reached that 

reported by Rosenau et al. (1977) of 4.9x10
6
 m

3
/day.  The calculated net negative discharges 

were attributed to saltwater intrusion in the local aquifer.  These occurrences were common 

during our investigation because of a long drought in the area during that time.  Comparison 

of results of three different methods for estimation the springs’ discharge showed very good 

agreement. 

During the first leg of our lakes groundwater studies we found that the 
222

Rn 

approach is applicable for five of the seven investigated lakes in central Florida.  The 
222

Rn 

mass balance of the other two lakes showed that the measured 
222

Rn in the overlying lake 

water column is not sufficient to compensate for an additional groundwater source.  This 

suggests that groundwater discharge into these two cases, if any, was below the detection 

limit of the method.  Independent hydrologic and seepage meters measurements (BCI, 

Lakeland) at Lake Hunter supported this finding.  During the second part of our lakes studies, 

we found that the laboratory sediment equilibration technique for assessment of the 

groundwater end-member described previously in the literature by Corbett et al. (1998) and 

applied here might be a better approach compared to field pore water sampling.  On the other 

hand, upgradient observation wells in the area seemed to produce reasonable results.  The 

overall results from the seasonal groundwater study coupled with observation of the behavior 

of the local aquifers at Lake Haines and Lake Josephine showed that the surficial aquifer is 

the major source feeding the lakes water column. 

The simple box model developed for small shallow unstratified lakes based on 
222

Rn 

time-series and tested in March 2008 and December 2008 at Lake Haines proved to work 

adequately.  Evaluations of seepage rates from this approach were comparable with seepage 

meters studies at the lake for the December 2008 deployment.  We also conducted a radon 
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mass balance study at Round Lake during June 2009, an augmented lake with deep Floridan 

aquifer water supplied to the lake on a daily basis, i.e., is known to have zero discharge.  The 

results there confirmed that our assumptions in the model are reasonable.  We were able to 

reproduce approximately two-days of 
222

Rn trends in water concentrations in the water 

column without any groundwater inputs.  A combination of diffusion from bottom sediments, 

ingrowth from dissolved 
226

Ra, and the augmentation waters supplied enough 
222

Rn to 

balance that lost via decay and atmospheric evasion.  We found very good agreement, only 

an 11% difference, between the calculated 
222

Rn atmospheric loss evaluated via a mass 

balance and that estimated by an empirical formula suggested by MacIntyre et al. (1995) that 

we have used routinely in our previous studies to evaluate the 
222

Rn atmospheric losses. 
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APENDIX 

 

Table A.1 Radon in groundwater concentrations at Lake Newnans.  The samples were 

collected via push-point piezometer (PWi) during April 2007 and analyzed by Liquid 

Scintillation Counting technique (LSC).  The last column of the table shows the 

symbol of each sampling point on the lake map displayed in Figure 5.4A.  Averages 

of the results with symbol star on the map are used as groundwater end-member for 

the advection-diffusion model.  These are samples collected at steeper local 

topographic gradients. 

 

Sample 

ID 

222
Rn - piezo 

(dpm/L) 

Latitude Longitude Symbol on the 

map 

NewnansAPR07PW1 BD 29.6352 -82.242 n/a 

NewnansAPR07PW2 BD 29.6527 -82.234 n/a 

NewnansAPR07PW3 364 ± 69 29.6179 -82.253 star 

NewnansAPR07PW4 119 ± 7 29.6653 -82.234 open circle 

NewnansAPR07PW5 BD 29.6695 -82.21 n/a 

NewnansAPR07PW6 351 ± 75 29.6536 -82.203 star 

NewnansAPR07PW7 BD 29.6269 -82.212 n/a 

NewnansAPR07PW8 BD 29.6373 -82.203 n/a 

NewnansAPR07PW9 BD 29.6159 -82.238 n/a 

NewnansAPR07PW10 553 ± 10 29.6312 -82.247 open circle 

NewnansAPR07PW11 131 ± 18 29.6524 -82.251 open circle 

NewnansAPR07PW12 218 ± 14 29.6881 -82.207 open circle 

 

 

Table A.2 Radon in groundwater concentrations at Lake Butler.  The samples were collected 

via push-point piezometer (PWi) during March 2007 and analyzed by Liquid 

Scintillation Counting technique (LSC).  The last column of the table shows the 

symbol of each sampling point on the lake map displayed in Figure 5.4B.  Averages 

of the results with symbol star on the map are used as groundwater end-member for 

the advection-diffusion model.  These are samples collected at steeper local 

topographic gradients. 

 

Sample 

ID 

222
Rn - piezo 

(dpm/L) 

Latitude Longitude Symbol on the 

map 

ButlerMAR07PW1 76 ± 35 28.47818 -81.5597 open circle 

ButlerMAR07PW2 498 ± 29 2849300 -81.5640 star 

ButlerMAR07PW3 84 ± 65 28.49477 -81.5673 open circle 

ButlerMAR07PW4 235 ± 56 28.49669 -81.5687 star 

ButlerMAR07PW5 218 ± 18 28.48437 -81.5493 open circle 

ButlerMAR07PW6 216 ± 41 28.49647 -81.5419 star 

ButlerMAR07PW7 286 ± 82 28.47250 -81.5541 open circle 
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Table A.3 Radon in groundwater concentrations at Clear Lake.  The samples were collected 

via push-point piezometer (PWi) during March 2007 and May 2007 and analyzed by 

Liquid Scintillation Counting technique (LSC).  The last column of the table shows 

the symbol of each sampling point on the lake map displayed in Figure 5.4C.  These 

radon concentrations were too high to result in significant groundwater discharge into 

Clear Lake and thus none of them is used in the advection-diffusion model. 

 

Sample 

ID 

222
Rn - piezo 

(dpm/L) 

Latitude Longitude Symbol on the 

map 

ClearMAR07PW1 5301 ± 249 28.5135 -81.4080 open circle 

ClearMAR07PW2 1785 ± 115 28.5235 -81.4160 open circle 

ClearMAR07PW3 580 ± 45 28.5170 -81.4110 open circle 

ClearMAY07PW1 3162 ± 18 285249 -81.4060 open circle 

ClearMAY07PW2 7453 ± 83 28.5203 -81.4040 open circle 

ClearMAY07PW3 9607 ± 441 28.5151 -81.4090 open circle 

ClearMAY07PW4 1756 ± 156 28.5239 -81.4150 open circle 

ClearMAY07PW5 623 ± 58 28.5273   -81.4110 open circle 

 

 

Table A.4 Radon in groundwater concentrations at Lake Shipp.  The samples were collected 

via push-point piezometer (PWi) during March 2007 and May 2007 and analyzed by 

Liquid Scintillation Counting technique (LSC).  The last column of the table shows 

the symbol of each sampling point on the lake map displayed in Figure 5.4F.  

Averages of the results with star symbol on the map are used as groundwater end-

member for the advection-diffusion model.  These are samples collected at steeper 

local topographic gradients. 

 

Sample 

ID 

222
Rn - piezo 

(dpm/L) 

Latitude Longitude Symbol on the 

map 

ShippMAR07PW1 5468 ± 122 28.0062 -81.73741 open circle 

ShippMAR07PW2 536 ± 61 28.0045 -81.73798 star 

Shipp MAY07PW1 237 ± 3 27.9987 -81.73895 open circle 

Shipp MAY07PW2 1031 ± 13 27.9991 -81.74503 open circle 

Shipp MAY07PW3 1076 ± 62 28.0028 -81.74778 open circle 

Shipp MAY07PW4 1256 ± 40 28.0066 -81.73772 open circle 

Shipp MAY07PW5 417 ± 12 28.0023 -81.73748 star 
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Table A.5 Radon in groundwater concentrations at Lake Haines.  The samples were 

collected via push-point piezometer (PWi) during March 2007 and March 2008, and 

analyzed by Liquid Scintillation Counting technique (LSC).  The last column of the 

table shows the symbol of each sampling point on the lake map displayed in Figure 

5.4E.  The radon concentration of several samples were below the detection limit 

(BD).  None of these estimates is used in the advection-diffusion model. 

 

Sample 

ID 

222
Rn - piezo 

(dpm/L) 

Latitude Longitude Symbol on the 

map 

HainesMAR07PW1 424 ± 162 28.09453 -81.71741 open circle 

HainesMAR07PW2 152 ± 81 28.10165 -81.69966 open circle 

HainesMAR07PW3 455 ± 212 28.09909 -81.69685 open circle 

HainesMAR07PW4 255 ± 20 28.08432 -81.70569 open circle 

HainesMAR07PW5 321 ± 86 28.08946 -81.71678 open circle 

HainesMAR07PW6 161 ± 42 28.09453 -81.71618 open circle 

HainesMAR08PW1 BD 28.09395 -81.71400 n/a 

HainesMAR08PW2 80 ± 34 28.09604 -81.70908 open circle 

HainesMAR08PW3 BD 28.10159 -81.70710 n/a 

HainesMAR08PW4 92 ± 9 28.10094 -81.69754 open circle 

HainesMAR08PW5 84 ± 54 28.09281 -81.69907 open circle 

HainesMAR08PW6 138 ± 61 28.08210 -81.71266 open circle 

HainesMAR08PW7 BD 28.08874 -81.71672 n/a 

HainesMAR08PW8 448 ± 42 28.08517 -81.70482 open circle 
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Table A.6 Summary results from 
222

Rn in groundwater at Lake Haines collected via push-point piezometer and analyzed by 

RADH2O technique (PWi), and from sediment equilibration experiment (SEDi) and analyzed by Rn-emanation line in 

laboratory conditions.  The results from January 2009 are averages from sediments recovered from different depths and are 

reported in the next table (A.7.1 and A.7.2).  Results from two observation wells sampled during September 2008 and 

January 2009 near the lake are presented as well.  The last column of the table shows the symbol of each sampling point on 

the lake map displayed in Figure 5.4E.  The radon end-member used in the advection-diffusion model (176±63 dpm/L, 

n=3) is average of the values with symbol star on the map, except for the value (92±27 dpm/L) from observation well2 

(surficial aquifer) from September 2008 which was used as a second end-member for this specific period.  The final 

discharge in the lake for this moth is given as a range based on these two end-members. 

 

Sample 

ID 

222
Rn - piezo 

 (dpm/L) 

222
Rn - obs. wells 

(dpm/L) 

222
Rn - sed. eq. 

(dpm/L) 

Latitude Longitude Symbol on 

the map 

HainesSEPTPW3 
65 ±

24 
 178 ± 5 28.09860 -81.70840 

closed 

circle 

HainesSEPTPW4 
27 ±

8 
 70 ± 11 28.09250 -81.70840 

closed 

circle 

HainesSEPTPW5 50 ± 3  103 ± 12 28.08460 -81.71590 star 

HainesSEPTPW6 
169 ±

15 
 329 ± 58 28.10220 -81.70020 

closed 

circle 

HainesSEPTPW7 
58 ±

9 
 104 ± 12 28.10100 -81.69600 

closed 

circle 

         

HainesSEPT08 well1  471
±

105   28.09204 -81.71709 open 

triangle 

HainesSEPT08 well2   92 ± 27   28.09204 -81.71639 star 

          

HainesDEC08 well1  85 ± 27   28.09204 -81.71709 open 

triangle 

HainesDEC08 well2   211 ± 58   28.09204 -81.71639 star 

        

HainesJAN09SED1 144 ± 75  215 ± 48 28.08849 -81.70349 star 

HainesJAN09SED2 
184

± 75  875 ± 129 
28.08683

-81.71653 closed 

circle 
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Table A.7 Results from 
222

Rn concentration in groundwater at Lake Haines recovered from 

different depths below the lakebed and analyzed by RADH2O field technique and 

LSC is reported in the second column in each table.  The results in the third column 

are from 
222

Rn analyses after equilibrating known amount of sediment with water in 

laboratory conditions.  The average results and standard deviations are based on 

values from full depth profile.  Radium-226 concentration (parent of 
222

Rn) in dry 

sediment from the same depths below the lakebed is reported in the last column.  All 

the samples were collected during field trip in January 2009. 

 

 

Table A.7.1 Sediment/pore water profile 1 (east side, south of the Golf Club) 

                  GPS: 28.08849N 

                          -81.70349W 

 

Sediment depth 

(m) 

222
Rn - piezo 

(dpm/L) 

222
Rn - sed. eq. 

(dpm/L) 

226
Ra 

(dpm/g dry sed.) 

0.30 101 ± 11 162 ± 16 0.16 ± 0.01 

0.61 100 ± 29 256 ± 20 0.80 ± 0.01 

0.91 231 ± 18 227 ± 18 0.28 ± 0.01 

Average 144 ± 75 215 ± 48 0.41 ± 0.02 

 

 

Table A.7.2 Sediment/pore water profile 2 (west side, south of the boat ramp) 

                  GPS: 28.08683N 

                          -81.71653W 

 

Sediment depth 

 

(m) 

222
Rn - piezo 

(dpm/L) 

222
Rn - sed. eq. 

(dpm/L) 

226
Ra 

(dpm/g dry sed.) 

0.30 122 ± 13 967 ± 75 0.42 ± 0.01 

0.91 501 ± 21 734 ± 14 0.42 ± 0.01 

1.52 85 ± 15 1001 ± 50 0.39 ± 0.01 

2.13   799 ± 38 0.39 ± 0.01 

2.74 30 ± 9      

Average  184 ± 75 875 ± 129 0.41 ± 0.02 
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Table A.8 Radon in groundwater concentrations at Lake Hunter.  The samples were 

collected via push-point piezometer (PWi) during March 2008 and analyzed by 

Liquid Scintillation Counting technique (LSC).  The last column of the table shows 

the symbol of each sampling point on the lake map displayed in Figure 5.4D.  These 

radon concentrations were too high to result in significant groundwater discharge into 

Lake Hunter and thus none of them is used in the advection-diffusion model. 

 

Sample ID 
222

Rn - piezo Latitude Longitude Symbol on the 

map 

 (dpm/L)      

Hunter MAR08PW1 19734 ± 341 28.03477 -81.96311 open circle 

Hunter MAR08PW2 372 ± 81 28.0322 -81.96317 open circle 

Hunter MAR08PW3 5181 ± 198 28.03061 -81.96513 open circle 

Hunter MAR08PW4 615 ± 61 28.02995 -81.96889 open circle 

Hunter MAR08PW5 3535 ± 102 28.03263 -81.96857 open circle 

Hunter MAR08PW6 4040 ± 110 28.03462 -81.96775 open circle 

Hunter MAR08PW7 1622 ± 96 28.03629 -81.96619 open circle 

Hunter MAR08PW8 449 ± 85 28.03597 -81.96424 open circle 
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Table A.9 Summary results from 
222

Rn in groundwater at Lake Hunter collected via push-point piezometer and analyzed by 

RADH2O technique (PWi), and from sediment equilibration experiment (SEDi) and analyzed by Rn-emanation line in 

laboratory conditions during May 2008, September 2008, and January 2009.  The results from January 2009 are averages 

recovered from different depths reported in the next three tables (A.10.1; A.10.2; A.10.3).  Results from sampling five 

wells, situated on the lake shoreline are presented as well.  These radon concentrations were too high to result in significant 

groundwater discharge into Lake Hunter and thus none of them is used in the advection-diffusion model.  The last column 

of the table shows the symbol of each sampling point on the lake map displayed in Figure 5.4D. 

 
Sample ID 

222
Rn - piezo 

222
Rn - obs wells 

222
Rn - sed.eq. Latitude Longitude 

Symbol on the 

map 

 (dpm/L) (dpm/L) (dpm/L)       

HunterMAY0808(N.WELL)    23381 ± 2309 509 ± 37 28.03664 -81.96405 closed circle 

HunterMAY08(S.WELL)    12133 ± 475 559 ± 33 28.02976 -81.96943 closed circle 

HunterMAY08(CRESAR Road)    18799 ± 1946 2880 ± 74 28.03330 -81.96155 closed circle 

HunterMAY08(LINCOLN Av.)    22793 ± 1553 890 ± 48 28.02977 -81.96552 closed circle 

HunterMAY08(NE well Oak 

Hill St.)    15753 ± 369    28.03536 -81.96828 open circle 

HunterSEPT08PW1 456 ± 197     28.02982 -81.96667 open circle 

HunterSEPT08(N.WELL)    34877 ± 711    28.03664 -81.96405 n/a 

HunterSEPT08(S.WELL)    14791 ± 355    28.02976 -81.96943 n/a 

HunterSEPT08(CRESAR Road)    16478 ± 188    28.03330 -81.96155 n/a 

HunterSEPT08(LINCOLN Av.)    27083 ± 436    28.02977 -81.96552 n/a 

             

HunterJAN09PW1 1523 ± 812    329 ± 322 28.03512 -81.96327 closed circle 

HunterJAN09PW2 1848 ± 321    738 ± 281 28.03049 -81.96563 closed circle 

HunterJAN09PW3 2758 ± 742       2618 ± 148 28.03357 -81.96834 closed circle 
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Table A.10 Results from 
222

Rn concentration in groundwater at Lake Hunter recovered from 

different depths below the lakebed and analyzed by RADH2O field technique and 

LSC is reported in the second column in each table.  The results in the third column 

are from 
222

Rn analyses after equilibrating known amount of sediment with water in 

laboratory conditions.  The average results and standard deviations are based on 

values from full depth profile.  Radium-226 concentration (parent of 
222

Rn) in dry 

sediment from the same depths below the lakebed is reported in the last column.  All 

the samples were collected during field trip in January 2009. 

 

Table A.10.1 Sediment/pore water profile 1 (northeast side) 

                    GPS: 28.03512N 

                            -81.96327W 

 

Sediment depth 

(m) 

222
Rn - piezo 

(dpm/L) 

222
Rn - sed. eq. 

(dpm/L) 

226
Ra 

(dpm/g dry sed.) 

0.30 948 ± 48 102 ± 14 0.70 ± 0.01 

0.61 2097 ± 234 557 ± 9 0.23 ± 0.01 

Average  1523 ± 12 329 ± 322 0.46 ± 0.30 

 

Table A.10.2 Sediment/pore water profile 2 (southeast side) 

                    GPS: 28.03049N 

                             -81.96563W 

 

Sediment depth 

(m) 

222
Rn - piezo 

(dpm/L) 

222
Rn - sed. eq. 

(dpm/L) 

226
Ra 

(dpm/g dry sed.) 

0.61 2173 ± 283 420 ± 101 0.67 ± 0.01 

1.22 1840 ± 304 842 ± 44 0.61 ± 0.01 

1.82 1532 ± 418 952 ± 119 0.59 ± 0.01 

Average  1848 ± 321 738 ± 281 0.59 ± 0.04 

 

Table A.10.3 Sediment/pore water profile 3 (west side) 

                    GPS: 28.03357N 

                            -81.96834W 

 

Sediment depth 

(m) 

222
Rn - piezo 

(dpm/L) 

222
Rn - sed. eq. 

(dpm/L) 

226
Ra 

(dpm/g dry sed.) 

0.61 3282 ± 696 2514 ± 554 0.81 ± 0.01 

1.22 2233 ± 110 2723 ± 308 1.18 ± 0.01 

Average  2758 ± 742 2618 ± 148 1.00 ± 0.26 
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Table A.11 Radon in groundwater concentrations at Lake Josephine.  The samples were 

collected via push-point piezometer (PWi) during May 2007 and March 2008, and 

analyzed by Liquid Scintillation Counting technique (LSC) and RADH2O technique.  

The last column of the table shows the symbol of each sampling point on the lake 

map displayed in Figure 5.4G.  The radon concentration of several samples were 

below the detection limit (BD).  None of these estimates is used in the advection-

diffusion model. 

 

Sample 

ID 

222
Rn – piezo 

(dpm/L) 

Latitude Longitude Symbol on 

the map 

JosephineMAY07PW1 BD 27.40110 -81.45750 n/a 

JosephineMAY07PW2 BD 27.40722 -81.45420 n/a 

JosephineMAY07PW3 89 ± 8 27.40417 -81.44750 open circle 

JosephineMAY07PW4 BD 27.39972 -81.41250 n/a 

JosephineMAY07PW5 BD 27.39445 -81.43610 n/a 

JosephineMAY07PW6 185 ± 21 27.38777 -81.44110 open circle 

JosephineMAY07PW7 144 ±  27.39433 -81.44500 open circle 

JosephineMAY07PW8 12 ±  27.38750 -81.42833 open circle 

JosephineMAY07PW9 94 ±  27.40083 -81.43333 open circle 

JosephineMAY07PW10 87 ±  27.40383 -81.42360 open circle 

JosephineMAY07PW11 106 ± 5 27.39277 -81.41767 open circle 

JosephineMAY07PW12 BD 27.39170 -81.42583 n/a 

JosephineMAY07PW13 40 ±  27.39193 -81.43000 open circle 

JosephineMAY07PW14 39 ±  27.41222 -81.45581 open circle 

JosephineMAY07PW15 102 ±   27.40277 -81.43972 open circle 

JosephineMAR08PW1 126 ±  27.39686 -81.45436 open circle 

JosephineMAR08PW2 57 ± 33 27.40355 -81.45904 open circle 

JosephineMAR08PW3 25 ±  27.40776 -81.44979 open circle 

JosephineMAR08PW4 29 ±  27.39807 -81.44287 open circle 

JosephineMAR08PW5 90 ± 23 27.39169 -81.44416 open circle 

JosephineMAR08PW6 231 ± 8 27.39104 -81.43213 open circle 

JosephineMAR08PW7 BD 27.39883 -81.43338 n/a 

JosephineMAR08PW8 BD 27.40181 -81.42946 n/a 

JosephineMAR08PW9 BD 27.40381 81.42322 n/a 

JosephineMAR08PW10 BD 27.39728 81.41837 n/a 

JosephineMAR08PW11 358 ± 83 27.39165 -81.42516 open circle 
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Table A.12 Summary results from 
222

Rn in groundwater at Lake Josephine collected via 

push-point piezometer and analyzed by RADH2O technique (PWi), and from 

sediment equilibration experiment (SEDi) and analyzed by Rn-emanation line in 

laboratory conditions during September 2008 and January 2009.  The results from 

January 2009 are averages recovered from different depths reported in the next three 

tables (A.13.1; A.13.2; and A.13.3).  The radon end-member used in the advection-

diffusion model (126±14, n=3) is average value of results from sediment 

equilibration experiments of the samples noted with star symbols.  To assess the 

higher end of the range of the discharge into the lake during September 2008 we use 

average (68±87, n=3) of pore water field evaluations as a second end-member.  The 

last column of the table shows the symbol of each sampling point on the lake map 

displayed in Figure 5.4F. 

 

Sample 

ID 

222
Rn -  

piezo  

222
Rn -  

sed.eq. 

Latitude Longitude Symbol on 

the map 

 (dpm/L) (dpm/L)       

JosephineSEPT08PW1 12 ± 8 111 ± 27 27.39589 -81.41763 star 

JosephineSEPT08PW2 1362 ± 4 1364 ± 116 27.40296 -81.42826

closed 

circle 

JosephineSEPT08PW3 23 ± 16 151 ± 27 27.39814 -81.43880 star 

JosephineSEPT08PW4 169 ± 57 331 ± 60 27.39524 -81.45145 star 

          

JosephineJAN09SED1 43 ± 20 131 ± 82 27.39704 -81.41815 star 

JosephineJAN09SED2 1071 ± 1297 301 ± 27 27.38770 -81.44041 close circle 

JosephineJAN09SED3 114 ± 10 137 ± 18 27.40220 -81.42760 star 
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Table A.13 Radon in groundwater at Lake Josephine recovered from different depths below 

the lakebed and analyzed by RADH2O field technique and LSC (Liquid Scintillation 

Counting) is reported in the second column in each table.  The results in the third 

column are from 
222

Rn analyses after equilibrating known amount of sediment with 

water in laboratory conditions.  The average results and standard deviations are based 

on values full depth profile.  Radium-226 concentration (parent of 
222

Rn) in dry 

sediment from the same depths below the lakebed is reported in the last column.  All 

the samples were collected during field trip in January 2009. 

 

Table A.13.1 Sediment/pore water profile 1(east side) 

                    GPS: 27.39704N 

                            -81.41815W 

Sed.depth 222
Rn - piezo 

222
Rn - sed.eq. 

226
Ra 

(m) (dpm/L) (dpm/L) (dpm/g) 

0.61 29 ± 24 79 ± 13 0.14 ± 0.01 

1.22 57 ± 46 195 ± 5 0.11 ± 0.00 

1.83 47 ± 24 n/a n/a 

2.44 412 ± 59 n/a n/a 

3.35 603 ± 56 n/a n/a 

Average 230 ± 263 137 ± 82 0.13 ± 0.01 

 

Table A.13.2 Sediment/pore water profile 1(south side) 

                    GPS: 27.38770N 

                            -81.44041W 

 

Sed.depth 
222

Rn - piezo 222
Rn - sed.eq. 

226
Ra 

(m) (dpm/L) (dpm/L) (dpm/g) 

0.30 154 ± 72 241 ± 21 0.10 ± 0.02 

0.91 1989 ± 143 362 ± 27 0.20 ± 0.01 

1.52 306 ± 3 n/a n/a 

2.13 4846 ± 1843 n/a n/a 

Average 1824 ± 2180 301 ± 86 0.15 ± 0.07 

 

Table A.13.3 Sediment/pore water profile 1(northeast side) 

                    GPS: 27.40220N 

                            -81.42760W 

 

Sed.depth 222
Rn - piezo 

222
Rn - sed.eq. 

226
Ra 

(m) (dpm/L) (dpm/L) (dpm/g) 

0.30 BD 152 ± 18 0.15 ± 0.01 

0.91 114 ± 10 n/a n/a 

Average 114 ± 10 152 ± 18 0.15 ± 0.01 
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Figure A.1 GIS Map of Lake Newnans with the position of the pore water sampling points. 

The data from this map corresponds with Table A.1 
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Figure A.2 GIS Map of Lake Butler with the position of the pore water/sediments sampling 

points. The data from this map corresponds with Table A.2 
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Figure A.3 GIS Map of Clear Lake with the position of the pore water/sediments sampling 

points. The data from this map corresponds with Table A.3 
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Figure A.4 GIS Map of Clear Lake with the position of the pore water/sediments sampling 

points. The data from this map corresponds with Table A.4 
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Figure A.5 GIS Map of Lake Haines with the position of the pore water/sediments sampling 

points. The data from this map corresponds with Table A.5 and A.6 
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Figure A.6 GIS Map of Lake Hunter with the position of the pore water/sediments sampling 

points. The data from this map corresponds with Table A.8 and A.9 
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Figure A.7 GIS Map of Lake Josephine with the position of the pore water/sediments 

sampling points. The data from this map corresponds with Table A.11 and A.12 
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